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lD"* Menschen will ich wohl, allein betrübt,

Daß sie mißbrauchen was man Gutes gibt'

Versteck'ich Gold an schmaler Klüfte Wand'

Ats Staub zerstreu'ich's breit in Fluß und Sand;

Und wenn sie's dann mit Müh und Fleiß erhascht,

Wird es sogleich vergeudet und vernascht,

Mit vollen Händen wird es ausgestreut

Und niemand häuf t den Schatz f ür künft'ge Zeit ...

"Gnome", Johann Wolfgang von Goethe (1830)



III

Contents Page

A bstract...

Statement
t

IX.

X.

XI.Acknowledgments

1. General fntroduction

Aims of the Project ..........,...;...........
Geologic Setting.......
Previous Work.........
Terminology of Primary and Secondary Materials.
Methods.....

2. Stratigraphy

l.l
t.2
1.3
1.4
1.5

I
2
5

7

7

2.r
2.2
2.3

2.3.t
2.3.2
2.3.3
2.3.4
2.3.5
2.3.6
2.3.7
2.3.8

2.4

3.1
3.2

3.2.r
3.2.2
3.2.3
3.2.4
3.2.5
3.2.6
3.2.7
3.2.8
3.2.9

3.2.10
3.2.1r
3.2.t2
3.2.13
3.2.t4
3.2.15
3.2.16
3.2.17
3.2.r8
3.2.r9
3.2.20
3.2.21
3.2.22

Introduction
Sampling Locations............
Distribution of Ores and Rocks..

9

l0
t2
l3
I4
15

T7

18

20
2l
23

24

3. Petrology and I\{ineralogy

Introduction
Description of Samples
Uncemented ("soft") OoliteÆiso1ite...............
Cemented Mangcrete (oolitic/pisolitic)...........
Fe-Oolite/Pisolite........
Massive Mangcrete..
Massive Ferricrete...
Hardground.
Envelope Grain.......
Laminar Mangcrete.
Manganese Cave Pearl
Spherulite (manganiferous)......
Fe-Pipc rWal1..........

Radial Pyrolusite..
Siliceous Ore............
Concret ions (surface)..............
Digital Concretion (below ore)............
Laterite (ferruginous/manganifcrous)...............
Chocolate Ore..,.........
Clay..
Soi1...........
Sand..........
Conglomerate..........
Quartzite/Sandstone.

26
27
27
29
30
32
33

JJ
34

35

36
3t
37

38

39

40
4t
4t
43
43
43
44
44
44



IV.

Page

Contents

5.J
3.3.1
3.3.2

3.4

4. Geochemistry

4.1
4.2

4.2.1
4.2.2

4.2.2.1
4.2.2.2
4.2.2.3

4.3
4.3.r
4.3.2

4.3
4.3.r
4.3.2
4.3.3

Mineralogy
X-Ray Diffraction (XRD)..
Fourier Transform Infrared Spectrometry (FTIR).....
Discussion........

Introductibn
Chemical Characterization of Ores and Rocks...'.....'.......
Inter-Element Correlations................
Composition of Ores and Rocks.......
Major and Minor Elements....
Trace Elements
Rare Earth Elements.
Elements in the Vertical Sequence....
Single Element Distributions.................
Shale-normalized Rare Earth Patterns.....................'.
Discussion.....
Relationships between Trace Elements and REEs in Different Materials.
Stratigraphy-cont¡olled Element Variations...
Comparison of REE Patterns from Groote Eylandt and Other Mn Oxide Deposits......

5. Application and Interpretation of Normative Mineralogy

6l
62
62
&
65

68
t)
77

78
81

83

83

85

86

5.1
5.2
5.3

5.3.1
5.3.2
5.3.3
5.3.4

5.4
5.4.t
5.4.2
5.4.3
5.4.4
5.4.5
5.4.6

5.5
5.6
5.7

6. Hydrochemistry

6.1
6.2

6.2.r
6.2.2
6.2.3

6.3
6.3.1
6.3.2

6.3.2.1
6.3.2.2

Introduction
Method of Norm Calculation.
Norm Minerals in the Vertical Geological Profile...'....
Costean 138.....
F3-Quarry
G- and G-South-Quarry............
D-Quarry Laterite......
Characlerization of Ores and Rocks.........
Normative Composition of Ores......
Relationships between Ore Types..
Major and Trace Element Composition of Ore Minerals.
Normative Composition of Associated Rocks............
Relationships between Rock Types
Major and Trace Element Composition of Gangue Minerals.....
Normative Ore Minerals and Microbiological Leaching.
Normative Ore Minerals and Battery-activity Tests.....'.'............
Discussion.

.90
91

103

103

105

r05
ll0
rt2
tt2
115

118

r20
122
r24
r25
128
129

Introduction
Environmental Influences on Dissolved Specics.

Rainfall, Tides, Chlorine and pH.
Temperature, Oxygen Saturation...
Organic Complexes, Phosphoru..
CharacLerization of Watcr Types.........
Mine Vy'ater.................
River \ilater (Angurugu Rivcr).....
pH, Cl, Oxygen Saturation, P and C.............
Mn, Fc, Si and Al



Contents v

Page

6.3.2.3
6.3.2.4
6.3.2.5

6.3.3
6.3.3. r
6.3.3.2

6.4

7. Experimental Work

Rare Earth Elements
Fulher St¡eam Load and Tidal Interaction.
Diurnal Fluctuations
Coastal Seawater.... .......'....................
General Composition Pattern
Rare Earth Elements.
Discussion. 156

159

160

r62
t62
r62
164

rg
165

r67
168

169

7,7
7.2
7.3

7.3.r
7.3.r.r
7.3.t.2
7.3.1.3

7.3.1.3.1
7.3.1.3.2

7.3.2
7.4

Introduction
Design of Experiments..
Results..
Fresh Water Experiments.............
Electro-Chemical Data
Hydrochemistry...........
Mineralogical Investigations.
FTIR -Characterization
XRD-Characterization
Salt Water Experiment, General Observations........
Discussion.

8. Origin of Supergene Manganese Oxide Deposits

Introduction..
Evidence of Supergene Activity
Mobilization Processes
Dissolution of Quartz, Kaolinite, and Gibbsite..........
Thermodynamics of Si-Al-H2O Systems......
Complexation of Quarz by Fe and Mn......
Organically Induced Kaolinite Dissolution.
Dissolution of Iron Oxyhydroxides..............
Thermodynamics of the Fe-H2O System........
Dependency of Fe Minerals upon Kaolinite Stability...'.'
Biological Reduction of Fe Phases.................
Dissolution of Manganese Oxides...
Thermodynamics of the Mn-H2O System........
Redox Reactions Between Iron Phases and Manganese Oxides.

Dependency of Mn Minerals upon Kaolinite Subility......
Pedogenic Conditions..
Biological Activities...
Electrolytic Weathering.
Pressure Solution.....
Disproportionation and Protonation Reactions........
Transport of Dissolved Manganese.......................,
Fixation Processes...
Precipitation of Si-Al Minerals,
Precipitation of Fe Minerals.....
Precipiration of Fe Duríng Redox Reaction with Mn...............
Influence of Foreign Ions on Initial Fe Precipitates.
Furlher Oxidation of Goethite
Microbial Influenccs on Fe Prccipitation....,
Precipitation of Iron Phascs in Scawatcr.....
Prccipitation of Mn Mincrals.,.......
Pedogenic Oxidation of Mn...........
Microbial Mn Oxidation................

8.1
8.2
8.3

8.3.1
8.3.1.1
8.3.r.2
8.3.1.3

8.3.2
8.3.2.r
8.3.2.2
8.3.2.3

8.3.3
8.3.3.1
8.3.3.2
8.3.3.3
8.3.3.4
8.3.3.s
8.3.3.6
8.3.3.7
8.3.3.8

8.4
8.5

8.5.1
8.5.2

8.5.2.t
8.5.2.2
8.5.2.3
8.5.2.4
8.5.2.5

8.5.3
8.5.3, r

8.s.3.2

2AJ
2n
201
202
202
203
203
203
2M



VI.

Pagc

Contents

Mn Precipitation During Disproportionation Reactions....
Precipitate Dependency upon Mineralogy of Substrate Rocks..........
Grainsize Variation of Substrate
Mn Precipitation in Seawater........................
Discussion.

9. The Mangcrete Model

8.5.3.3
8.5.3.4
8.5.3.5
8.5.3.6

8.6

9.1
9.2
9.3
9.4

9.4.r
9.4.2
9.4.3
9.4.4
9.4.5

9.5

205
205
2M
207
207

Introduction
Cyclic Mobility of Supergene Ores and Rocks..
The Mangcrete Profile
Review of Supergene Influenced Mn Deposits...........,.............
Moanda, Gabon.......
Janggun Mine, South Korea...............
Nikopol/Chiatura, USSR.
Urkút Basin, Hungary....
General Comparison of Supergene Products in Different A¡eas.........
Discussion.

10. Résumé and Conclusions.....

Re fer e nc es.................... 225

)))

.....4 I. - l
......4 I. - I
..... At. - 2

Appendix
I

1.1

t.2
1.3

1.3.1
1.3.1. r
r.3.t.2
1.3.1.3
1.3.1.4

r.3.2
r.3.2.1
1.3.2.2

1.3.3
1.3.3.1
r.3.3.2
I .3.3.3
r.3.3.4

r.3.4
1.3.4.1
r.3.4.2
1.3.4.3
t.3.4.4
1.3.4.5
1.3.4.6

1.3.5
l.3.5.1
r.3.5.2
r.3.5.3

I. (methods)*
Rock Samples
Sampling Technique
Equipment and Sample Preparation.........
Rock Analyses
X-Ray Fluorescence (XRF).....
Analytical Background
Equipment and Method
Sample Preparation for Fusion Beads
Sample Preparation for Pressed Powder Buttons................
X-Ray Diffraction (XRD).........
Analytical Background....
Equipment and Sample Preparation.
Fourier Transform Infra¡ed Spectroscopy (FTIR).....
Analytical Background
Equipment and Method
Sample Preparation
Further Computerized Handling
Inductive Coupled Plasma Spectroscopy (ICP).......
Analytical Background
Equipment and Method
Calibration Standards
Calibration Curves....
Instrument Setting.......
Sample Preparation
Atomic Absorption (AA)................
Analytical Background
Equipment and Method
Sample Preparation......

AI 2

AI.-2
AT.-2

AT.-2
......... Ar. - 2
........4 r. - 3
........4 I. - 3

..................4 I. -

.................. A I. -
,................ A L -

AI.-
AI.-
AI.-
AI.-
AI.-
A I..
AI.-
A I..
AI.-

........ A I. _

.........4 I. -
........ A I. _

.........4 I. _

........ A I. -

J

J
J

^

4
4

5

5

5

6
7

8

8

9

9

9
9

* Th" App"ndix number conesponds to the respcctive chapter



Contents vu.

Page

1.3.6
1.3.6.1
r.3.6.2

2
2.1

2.1.r
2.r.2

2.2
2.2.1
2.2.2
2.2.3
2.2.4

2.2.4.r
2.2.4.2

2.2.5
2.2.5.1
2.2.5.2

2.2.6
2.2.6.t
2.2.6.2

2.3
2.3.r
2.3.2

2.3.2.1
2.3.2.2
2.3.2.3

K/Ar-Age Determinations............. .AI.-9
Analytical Background A I..9
Equipment, Sample Preparation, and Method .. A L - 10

Water Samples
Sampling... ..............4I. - 10

Equipment. AI.-10
Sampling Procedures. A I. - l0
Field Tests A I. - 1l
Temperature................ AI I1

11

11

11

n
12

t2
t2

Method and Equipment...,
Oxygen Saturation...........
Analytical Background
Method and Equipment..............
Laboratory Analyses....

AI 12

AI.-13
Ar.-13

..,4 I. - 13

...4r.-13

AL-15

AI 15

Ar.-16
..4r.-16

A IL1, l-3

Chlorine.... AI.-13
Toøl Organic Carbon (TOC) AL-14

AI.-14Application.
Equipment and Method A I. - 14

Procedure.. AI.-14
Bulk Chemical Analysis by ICP..
Experimental Work
Investigations on Redox Reaction.....
Equipment.
Test Vessel Specifications............
Biological Leaching of Mn-oxides......
Battery-activity Tests..

Appendix II. (Stratigraphy)

II.] Sample Localif.ies, Sampling Position in Vertical Section; Grainsize.

2.3.3
3

3.1
3.1.1
3.r.2

3.2
3.3

Appendix III. (Petrology and Mineralogy)

m.l Ore and Rock Types......... A III.I, 1-3

Appendix IV. (Geochemistry)

XRF/AA Major and Minor Element Analyses..... ......... A IV.l, 1-12
ICP Trace Elemenl. Analyses of Ores and Rocks. AlY.2, t-12
XRF Trace Element Analyses of Ores and Rocks.. ........4IV.3, l-l
INAA Analyses of Selected Ore Samp1es.................. .... A IV.4, l-l

IV.I
tY.2
IV.3
IV.4
ry.5 Elcment Corrclation Mat¡ix for Ore and Rock Samples. ...............4 IV.5, l-3



Contents VIII

Page

Appendix V. (Normative Mineralogy)

V.l Mineral Normalization Results from Ores and Rocks.. .A V.l, 1-12
...4 V.2, 1-2V.2 Microbiological Leaching of Mn Ores from Groote Eylandt.

V.3 Battery-activity Daø and Mineral Norm of Samples...... . A V.3, l-3

Appendix VI. (Hydrochemistry)

VI.1
YT.2
vr.3
vI.4
vI.5

Sampling Locations...
Field Test Data...........
Chemical Analyses of Water Samples...........
Rainfall Data....
Correlation Matrix for Water Analyses.....

A VI.l, 1-1

AVr.z, t-2
A VI.3, 1-8
A VI.4, l-l
A VI.5, 1-2

A VII.I, 1-2
A VII2, I I

.A VII.3, 1-I

Appendix VII. @xperimental rilork)

Vtr.l pH and mV Data...
Vtr.2 Hydrochemical Analyses of Experiments.
VII.3 Geochemical Analyses of Solids from Experiments...



IX

Abstract

During three field sessions in 1985 and 1986, ore, rock, and water samples were collected from

the manganese oxide deposit on Groote Eylandt in the Northern Territory of Australia. Detailed

geological sampling of open mine cuts allowed an exact survey of the stratigraphy of the respec-

tive sections and a determination of relationships between ore and rock units. Additionally, wa-

ter samples were taken from mine seepages, rivers, and the sea. Until recently, very limited data

on secondary manganese deposits existed, and the available studies illustrated only single as-

pects of such residual ores. Thus, the mineralogical/petrological examination of the solids and

the geochemical analysis of both solids and waters provides the basis for a better understanding

of the formation conditions for supergene materials dominating the Groote Eylandt deposit. An

improved knowledge about upgrading of low-grade manganese ores is vital for mine manage-

ment and for exploration projects in target areas.

The ores generally indicate that todorokite and cryptomslane occur more commonlyin higher

parts of the stratigraphic prof,rle, that pyrolusite dominates at the base, and that cryptomelane is

often the latest in the sequence of supergene minerals. The broad stratification is also reflected

by many trace elements depicting higher concentrations near the top of the orebody. A normali-

zationtechnique developed to assist in the mineralogical quantification of samples demonstrates

that elements with atomic radii >1Å are mainly incorporated in pyrolusite. Elements with radii

<1Å occur in cryptomelane and todorokite. The sanre method also shows that supergene hori-

zons within the ore can be traced laterally and that the formation of these units is generally inde-

pendent of the protore.

The study of water samples reveals that at present, manganese oxides are being dissolved,

transported, and precipitated by supergene processes. Therefore, the deposit is altered constant-

ly. The availability of water and Fe2* is the main factor for the reduction of Mn4* at Groote Ey-

landt. Evidence for the importance of this process was detected in the field where goethite and/

or kaolinite commonly replace manganese oxides. The redox reaction was duplicated success-

fully in experiments. Seasonal geochemical va¡iations result in alteratiorì"cycles mobilizing or

precipitating the respective ore and gangue minerals. A comparison with other supergene in-

fluenced Mn deposits demonstrates similar secondary products and thus, supergene alteration

processes described for Groote Eylandt are generally applicable for comparable ores.
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1. General Introduction

1-I Aíms of the Project

The present study examines the giant sedimenta¡y manganese oxide deposit of Groote Eylandt

in the Northern Territory of Australia, to determine the geochemical environment which results

in the mobilization of ores and rocks, and which leads to the reprecipitation of extensive secon-

dary Mn oxide units (Fig. 1.1). Until recently, very little was known about the type and

strength of individual mechanisms involved in the redistribution of supergene manganese ores.

Thus, an improved understanding of residual Mn deposits is potentialty of great benefit for mine

managemont and exploration projects that look for metallurgical and battery-active ores. A mo-

del that can be applied to other manganese deposits is of particular interest, because it assists in

the comparison and evaluation of different secondary processes elsewhere. However, it is also

demonsffated that the knowledge of alteration conditions at Groote Eylandt contributes to the

understanding of bauxite and laterite development.

Supergene processes generated some of the world's largest manganese ore deposits (Roy,

1981). For example, the highest grade ores at the giant Moanda deposit in Gabon include super-

gene manganite, pyrolusite and cryptomelane derived from the dissolution and re-deposition of

Mn from underlying manganese-bearing, carbonaceous shale protore (Leclerc and Weber,

1980). Supergene processes also seem to have been important in a number of other deposits,

such as the Rio das Velhas Series and Minas Gerais deposits in Brazil (Dorr et a1.,1956), the

Janggun deposits in South-Korea (Kim, 1980), the Iron Ore Group deposits in India (Fermor,

1909), and many more. Elsewhere, supergene alteration of primary carbonate ores led to the

formation of battery active manganese oxide ores, which are especially valuable for the mining

industry. Examples include the Molango deposit in Mexico (Alexandri et al., 1985) and tho

Nsuta deposit of Ghana (Perseil and Grandin, 1978).



l. General lnt¡oduction

To dissolve manganese under any condition, water is the most essential component. There-

fore, the mild tropical or subtropical conditions at Groote Eylandt a¡e especially favourable envi-

ronments for weathering and alteration processes which upgrade low-quality primary ores. Suf-

ficient water for these processes is supplied from rainfall and perennial streams. Recent studies

on Groote Eylandt have demonstrated that supergene overprinting has played a significant role

in the development of the contemporary orebody (Ellis, 1978; Ostwald, 1980; Slee, 1980; Bol-

ton, 1982; Varentsov, 1982; McHugh, 1983; Pracejus, et al. 1988). Therefore, this project was

initiated to examine the Groote Eylandt orebody and to obtain information for the development

of a genetic model for supergene Mn enrichment. The main aspects of this research wo¡k are

presented below to give an overview of the project:

. stratigraphy, detailed sampling of selected vertical sections,

. petrography / mineralogy (ores and associated rocks),

. chemistry of ores and rocks (major and trace elements),

. theoretical mineralogy (mineral composition of samples)

. chemistry of fresh and salt water samples (major and trace elements),

. experimental work (redox reactions between ore and gangue minerals),

. thermodynamics and other physico-chemical processes (reduction/Éansporíprecipitation),

. development of a genetic model for supergene manganese deposits.

1.2 Geologíc Settíng

Occurrences of manganese oxides on Australias northern coast were first noted in 1814 by early

explorer Captain Matthew Flinders. Nearly 100 years later, Brown (1908) described manganese

samples from a beach site on Groote Eylandt, and it took another 50 years until the Bureau of

Mineral Resources started more intense investigations on the deposits, which led to the current

mining activities (Dunn, 1962). The oxidic manganese ore body on Groote Eylandt is one of the

largest sedimentary deposits in the world, having reserves in excess of 400 miilion tonnes.

Similar to Chiatura and Nikopol in the U.S.S.R., the Groote Eylandt orqs probably formed in

shallow marine environments and occur mainly as primary Mn-oxide oolites, pisolites and small

amounts of hardgrounds, associated with various secondary ores.

Groote Eylandt lies on the eastern margin of the Proterozoic McArthur Basin (Frakes and

Bolton, 1984). The feldspathic sandstone/quartzite basement of the island is largely subhorizon-

tal and it is essentially undeformed, although Cretaceous or post-Cretaceous fault block move-

ments have occurred in the region (Frakes, 1979). These "Groote Eylandt Beds" are of middle

Proterozoic age and they are equivalent to other sandstones in eastern Arnhem Land (Plumb et

al., 1980). The basement is overlain unconformably by shallow-marine, glauconitic sands

(Albian); Upper Cambrian to Jurassic sediments are apparently absent (Fig. 1.2). This time gap

could either be related to an erosion of existing sediments or to tectonically very stable

2
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l. General Inroduction

conditions with negligible sedimentation.

Lower and Middle Cretaceous glauconitic

clays amd sands overlie the Albian sands. The

manganiferous strata, with a maximum thick-

ness of about 9 m, occur in the upper parts of
this sequence, which can reach up to 100 m in

thickness. Oxidic manganese oolites and piso-

lites exhibit several cycles of normal and in-
verse grading, the latter generally to be found

in the lower parts of the deposit. Size grading

of the pisolites often ranges between 2 and25

mm over an interval of 1 to 2 meters.

Straddling the western part of the island,

the manganiferous sediments occupy two sub-

basins separated by basement sandstones

(Fig. 1.3). The northern deposit consists of
Mn-oxides, which are presently being mined,

whereas the southern occurrences are domi-

nantly composed of a manganiferous calca-

reous siltstone, containing rhodochrosite and

manganocalcite as the main Mn minerals.

Quaúernary / Tertiary

_ (soils, pedogenic Mn, Fù, '

I-owerandMddle
Cretaceous

(clays and oolitic /
pisolitic manganese)

Disconformity (?)
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Middle Proterozoic
(Quartzite, Sandslone)
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Fig. 1.2: Stratigraphic section at Groote Eylandt (afrer
Bolton et al., 1988).

4

Frakes and Bolton (1984) relate the formation of the primary manganese ores on Groote Ey-

landt to the existence of a partly anoxic intracratonic basin that acted as a trap for dissolved man-

ganese. Such basins with restricted exchange with the open sea can lead to an accumulation of
dissolved manganese. When the geochemical environment changes, that is, becomes more oxic,

the concentrated manganese can precipitate either as oxide or carbonate. Frakes and Bolton de-

monstrated that sea-level changes(e.g. regressions) lead to a variation of a number of physico-

chemical p¿ìrameters including oxygen concenfration and energy level, whictr in turn can pro-

duce conditions that favour precipitation. The two sub-basins reflect some of these variations

through their mineralogy and their position in the vertical sequence. The northern oxide deposit

formed in an oxidizing environment and at relatively shallow depths (15 - 50m), whereas the

southem ca¡bonate-dominated deposit developed under less oxidizing or even slightly reducing

conditions and at greater depths (S 90m).

Recent trVAr-dating of glauconite grains (Amdel, 1981) from clay units immediately underly-

ing the ores, shows that the beds yielding the Mn, as well as those underlying the orebody are

of Lower to mid-Cretaceous age (- 95 Ma). This f,inding is supported by paleontologic data,

which also show that the faunal assemblages associated with the sediments developed in a
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Fig 13: Paleogeography of Groote Eylandt, showing the shoreline of an intracratonic basin and its relationships to

the manganese deposits on the present isla¡rd (after Frakes and Bolton, 1984).

shallow marine, inner sublittoral environment (Smith et al., 1965; Taylor, 1979,1981). The

poorly preserved fauna (Haplophragmoides spp., Radiolaria spp., Ammodiscus cl cretaceus)

indicates a mid-Cretaceous age. New results from IVAr-datings of a number of cryptomelane

samples seem to provide "secondary" ages of supergene overprinted rocks (Amdel, 1986, 1987;

see also 8.2).

I.3 Prevíous Work

Until recently, supergene rocks on Groote Eylandt and their formation processes have not been

examined systematically (Bolton, 1981; McHugh, 1983; Ostwald, 1988). Although most inves-

tigators acknowledge the existence of secondary lithologies, emphasis commonly focuses on

primary sedimentily features and rock types. It is demonstrated later that this provides only a

small part of the overall picture of the deposit. However, all previous studies agree that super-

gone overprints a¡e probably of Tertiary to Recent age.

Smith and Gebert (1969) attributed little importance to secondary processes. Their explana-

tion of the different textures involves deposition of manganese oxides in different localities of a

shallow marine environment. They concluded, for example, that cemented rock types were de-

posited on substrates composed of permeable material such as sand or loose pisoliths, fronr
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which the clay matrix had been washed by wave action. Loose pisolites are thought to have

been deposited on an impermeable bottom such as clay or cemented pisolites. Other textures are

attributed to different localities or mechanisms.

In contrast to this view, Ostwald (1976) considered secondary processes to be responsible

for the development of some of the ore textures. He suggested that concretionary and massive

rock types developed by colloidal processes acting within and replacing manganiferous clays

and sandy clays. Cementation is attributed to diagenetic processes, and laterization was shown

to produce manganese minerals such as todorokite and lithiophorite.

A slightly different idea was presented by Ellis (1978). He stated that there had been two

types of post-depositional environments, which altered both the physical and chemical charac-

ter of the mineralization. The first of the processes recognized is diagenesis, which is said to be

responsible for compaction, shrinkage, cementation, recrystallization and replacement. These

processes are thought to have been active throughout the entire deposit. In contrast, Ëllis sug-

gests that laterization, the second post-depositional process, has affected only the upper part of

the section.

Slee (1980) concluded that many secondary processes are active on Groote Eylandt and that

they produce textureless and concretionary rock types. These processes include crystallization,

cementation, syneresis fracturing, veining, mineralogical changes, concretionary and septarian

nodule development, replacement of quaftz and argillaceous sediments, leaching of pisoliths and

the destruction of pisolitic texture. However, Slee also acknowledged the primary sedimentary

origin of both oolites and pisolites.

Va¡entsov (1982) presentd a totally different model for the ore formation. He suggested that

the deposit resulted from reworking of a pre-existing weathering crust. The source of this crust

is thought to be a manganiferous marl, which, according to Slee (1980), may exist at depth in

the Cretaceous sediments. Cryptomelane is the major mineral to have been deposited by this

mechanism. Alteration to pyrolusite, followed by formation of laterite, pióducing lithiophorite,

todorokite, nsutite and romanechite, were later processes. Varentsov concluded that this forma-

tion mechanism makes Groote Eylandt an analogue of the Moanda deposit in Gabon.

The importance of supergene processes is emphasized by Bolton (1982). He stated that se-

condary processes were significant in the development of the sequence, in that they led to the

formation of secondary lithotypes superimposed on the primary sediments, frequently oblitera-

ting original textures. He charactenzed the typical profile formed by secondary mechanisms as

mangcrete profile, consisting of an unconsolidated surface layer composed mainly of pisoliths

of pedogenic origin (spheruliths), an underlying laminar mangcrete, a massive mangcrete, and ir

lowermost mottled zone, all of which overlie unaltered parent rock.

6
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1.4 Termínology of Prímary and Secondary Materíals

The terminology used in this study was proposed by Pracejus et al. (1988). However, a brief

definition of the main terms and generalized sketches are repeated here, because of the some-

what confusing descriptions found in the literature (Table 1.1). The terminology is considered

to be important for many deposits and individual terms are thought to provide descriptions with

a common applicability. Nonetheless, it is necessary to explain and describe further supergeno

ore and rock types, which are probably limited to a specific type of deposit and alteration envi-

ronment. This is done in chapter 3 which in detail.examines primary and secondary materials

identified at Groote Eylandt.

I-S Methods

A number of analytical techniques were employed for rock and water analyses. The eqip-ent,
sample preparation and analytical background are described in Appendix I. For further informa-

tion see also Table of Contents.

7
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Table l.l: Terminology for primary and secondary ores and rocks, including sketches of the most coÍunon materials;
pl.' = plural of individuat types; modified after kacejus et at., 1988.

Grain Rock Terminology, Description

@
<2mm

Oolith (pl.'ooliths)
separate ovoid to spherical grain, concentrically
lam inated, primary origin

Oolite (pl. oolites)
rock composed of ooliths, grain- or matrix- sup-
ported

>2mm

Pisolith (pl. pisoliths)
separate ovoid to spherical grain, concentrically
laminated, primary origin

Pisolite (pl. pisolites) '^

rock composed of pisoliths, grain- or matrix-
supported

-3-50mm

Spherulith þ1. spheruliths)
separate ovoid to spherical grain, crudely lami-
nated, secondary origin in soils

Spherulite þ1. spherulites)
mass of spheruliths, matrix supported

no size limit Concretion
separate and/or intergrown particles, rounded
shapes, dense, occasionally'dehydration featu¡es,

centers commonly hollow or filled with detrital
materials, secondary origin

sizc variablc

Mangcrete
The term mangcrete is applied in the same sense

as calcretc @ead, 1974), silcrete, and ferricrete,
and it is specified by additional descriptions; as

example see left. figure: cemented mangcrete
(pisolitic) with upper contact to laminar mang-

crete. Mangcrete is used as a modification of
"manganocroþ", which is the original definition
by Netterberg (1967) for superficial manganesc

oxides.

I
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2. Stratigraphy

2.1 Introductíon

The general stratigraphy of the area is outlined in the previous chapter and thus, emphasis fo-

cuses on individual vertical geological profiles. Since a number of authors have examined the

sedimentology of the Groote Eylandt ores and have prepared detailed geological sections (Slee,

1976; Bolton, 7982; McHugh, 1983; Frakes and Bolton, L984), descriptions were kept brief

(Iocalities, stratigaphic positions, and grainsize data are given in Appendix II., Table 1). The

main concern of this study is to provide background information supporting interpretations

drawn from field observations. Most of the localities discussed here were subjected to a small-

scale sampling procedure (see Appendix I.1) to allow a stratigraphy-oriented geochemical analy-

sis of the materials.

Three vertical prof,rles (2 ore sections, 1 laterite log) were examined in D-Quarry in the south

of the deposit. However, D-Quarry is not discussed in this chapter as it was not possible to

match the profiles. These were obtained from locations 15 - 20 m apart, but are affected by ex-

treme interruptions of the orebody. In many aspects however, the ore types of D-Quarry are

simila¡ to materials of the F-area (Fl-F4). The laterite of D-Quarry is also comparable to that of

F3-Quarry and thus, D-Quarry materials are broadly known. All other soctions discussed below

are typical representatives for the respective localities and most ore/rock types are laterally con-

tinuous over larger distances (tens to hundreds of meters), except for lensoid intercalations and

very thin units. Some of the vertical sections may initially prove to be difficult to interpret, for

instance units with a clay dominance may show grainsizes of several millimeters. Since this

study primarily deals with manganese oxides, the grainsize of these minerals (plus Fe-phases) is

emphasized. This way, it is possible to illustrate grainsize gradients of ore components within

strongly altered and/or replaced materials, as are laterites (e.g.Fig.2.7).
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2.2 Samplíng Locations

10

An overview over the Groote Eylandt geology is given in the previous chapter (Fig. 1.1), the

locations of mining areas in the northern basin and the boundaries with outcropping basement

rocks are presented in Fig. 2.1. The quarries a¡e named with letters and numbers such as F3 or

G-South. Plates 2.1-2 (Figs.2a-h) briefly present the main oolites and pisolites ore units and

two large-scale alteration features that are reprcsentative for many parts of the deposit.

An aerial view of F3-Quarry depicts the large open cut operations typical for mining activities

at Groote Eylandt (Plate 2.l,Fig.2a). The thick laterite cover can also be distinguished by

brown colours which contrast with the black Mn ores. Where present, the laterite is stripped

away to allow direct access to the ore.

Detailed photos of the pisolitic orebody and the extensive laterite overlying the ore show ver-

tical pipe systems which a¡e of particular importance for the geochemical alteration of the ore

(Figs. 2b-d). Da¡k columns outline these pipes within the laterite (Fig. 2c), the light clay materi-

als filling the pipes also stand out in the black ore. Such drainage systems are common through-

out the deposit. Other features impo¡tant for the interpretation of sedimentary processes and

geochemical reactions ¿ìre seen on Plate 2.2 (Fíg.2e); primary and secondary structures of the

orebody are depicted in Figs. zf-h .



Plate 2.1

Flg. 2a: Aerial view of F3-Quarry, showing oPen-cut mining of manganese oxide ores.

Flg. 2b: Overvìew of F3-Quarry ore and laterite.

Flg. 2c: Columna¡ relics of pisolite units in laterite of F3-Quarry (after Pracejus et al., 1988).

Flg. 2d: Overview of D-Quarry'

Plate 2.2

Flg. 2e: Goethitic replacements of manganese oxide ores in costean C-138 near F3-Quarry

Fig. 2f: Overview of G-South Quarry.

Fig. 29: Clay bands in G-South Quarry oolite'

F'lg. 2h: Inversely graded pisolite in G-Quarry.
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2.3 Distríbutíon of Ores a.nd Rocks

The common legend for all stratigraphic sections of this chapter (Fig. 2.3) shows the lithology

of the main ore and rock types, demonstrates the possible combinations of ores with gangues

and supergene features (e.g.pipe systems), and provides structural information.
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2.3.1 FI -Quarry

13

The suatigraphy of Fl-Quary was examined at the northwestern face (Fig. 2.4; location see

Fig. 2.1). The ores are covered by a relatively thin manganiferous laterite containing reworked

Mn oxides. In contrast to most other areas of the deposit, here the clay fillings of pipe systems

are often washed out, leaving open drainage channels.

Most units can be taced throughout the deposit, but unlike other ores, large parts of the ore-

body exhibit strongly undulating features with oscillations of 10 - 20m. Two inversely graded

manganese oxide horizons overly Mn- and Fe-impregnated quartz sands. The upper unit con-

sists of a pisolite with a large grainsize gradient. The top of this unit is srongly cemented by Mn

and, in places, the material grades into a massive mangcrete with relic pisolith outlines.

Commonly, the relic pisoliths, but not the surrounding matrix, are replaced by ferruginous

phases such as goethite.

Although a small grainsize gap exists at the contact to the underlying pisolite, the boundary is

difficult to detect in the field. However, the lower pisolite unit contains clay lenses and pipes,

which are not observed above. The grainsize distribution is uniform and occasionally, mottled

manganiferous laterite containing reworked Mn ores;
clay fillings of pþs are washed out

inversely graded pisolite, very hard Mn cementation and
replacement by Fe of individual pisoliths at top of unit,
the contact to the underlying horizon is difficult to de-
t€ct

pisolite, clay lenses and pþs, patchy manganiferous ce-
mentation of pisoliths

E
ËI

2

051015
Grainsize of Ore Components [mm]

pisolite, inversely graded

femrginous pisolite

Mn cementation of quartz sand; thin and hard layers in
partly femrginous matrix

ferruginous pisolite lenses, poorly sorted, discontinuous

quartz sand; small-scale cross-bedding, red to och¡eous
Fe-imprcgnation

0

1

3

4

I

g99C9CTt

tt9ttÍ93t
tt3trt333
grttec9s
tr¡gÐ¡¡g

Flg, 2.4: Vertical geological profile of Fi-Quarry.
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Mn cementations of pisoliths are found. Below this unit, the second inversely graded Mn piso-

lite occurs. A sharp boundary separates it from the underlying ferruginous pisolite. This latter

unit seems to cut across primary Mn structures, such as pisolith grains, indicating replacement

processes.

The ùnderlying medium grained quartz sand shows ferruginous impregnations. Throughout

the upper 70cm of this sand unit, thin but very hard siliceous Mn oxide layers occur in regular

intervals. The sand grains incorporated in these Layers illustrate the seconday nature of this ma-

terial, which cemented the primary sediment (sand) with remobilized manganese. Discontinuous

lenses of ferruginous pisolite with variable size seem to mark the lower limit of the cemented

Iayers. Below these lensoid bodies, no significant Mn cementation is observed. The ferruginous

sand underlying this material possesses a small-scale cross-bedding.

2 .3.2 F2-Quarry

This section was examined at the eastern side of F2-Quarry, where additional excavation pro-

vided an enrire profile through the orebody. The cover at this location is much thicker (- am)

than in the previous section (< lm) (Fig. 2.5) and the soil contains dense, probably reworked

Mn oxides. Small pipe systems are developed, where Fe impregnations are partly remobilized

(bleached). Pipes in the laterite below are larger than those within soils and they appear through-

out the rock. The laterite also shows varying degtees of Fe cementation forming mottles and ho-

rizons of increased Fe concentration; occasionally, manganese oxide stains are seen. In deeper

parts of this unit, a bleached (white) Mn- and Fe-free clay horizon occurs.

The base of the laterite contains large grains (16mm) of pisoliths replaced by kaolinite. The

log demonstrates that the grainsize of these replacement products extends from the inversely

graded sedimentary sequence of the underlying ore. This particular interval of the laterite thus

strongly suggests that lateritic products remobilize and replace parts of thp orebody. Other ob-

servations made in deeper parts of this section support this interpretation, although these find-

ings are less evident. However, with the exception of the lowermost interval of the laterite,

other parts of this profile do not possess oolith or pisolith relics which could indicate the re-

placement of a former orebody.

The inversely graded pisolite unit below the laterite is strongly cemented by Mn at the top and

it grades into more clay-rich materials deeper down. Relatively thin inversely (2) and normally

(1) graded horizons underlying this sequence often show Mn cementation at respective bounda-

ries. These ores also contain relics of cemented pisolitic ores. Near the base of the orebody

clays and goethitic/hematitic minerals increasingly dominate the matrix of these materials; occa-

sionally, the ores are totally replaced.
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top removed by mining operations

lateritic soils with dense Mn oxides (reworked?) and
small drainage systems (pipes); bleaching (reduction) of
Fe stains

laterite, containing pipes and mottled MnÆe patches

laterite, as above, but wittr increased Fe concenEation

laterite, containing pipes and mottled IvfnÆe patches

bleached laterite, as above, but no Nfn and Fe

laterite, clay replacemens of pisolitic ores, pipe systems

inversely graded pisolite with Mn dominated matrix,
hard Mn cemenûation,
maEix supported pisolite with clays and Mn in matrix

pisolite, inversely graded, strong cementation at the top
of unit, clay-dominated matrix with relics of cemented
ofes

pisolite, top wittr increased cementation, clay-dominated
matrix with relics of cemented ores

pisolite, Fe replacing manganiferous grains, Fe-stained
clay-dominated matrix

oolite with white clay lenses

dense concretionary Mn ores, mottled Mn pods in Fe-
rich sands

siltstone with purple, brown, and yellow colours, at top:
recrystallized l\{n, at the bottom: massive, discontinuous
Mn with high quarø content
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Flg. 2.5: Vertical geological profile of F2-Quarry

2.3.3 F3 -Quarry (orebody )

The examination of orebody and laterite in F3-Quarry ïvas separated into two secúons to allow

an independent discussion, because the laterite depicts features essential to understanding geo-

chemical alteration processes in ttre deposit.

Dipping at abut 10o to the southwest, the orebed is generally flat and undisturbed. In places,

however, the quarøite basement intemrpts the sequence with irregular domal or pillarJike relics

(erosional features). These structures occasionally occur within the laterite and thus, ore sedi-

mentation in these locations appears to have been disrupted.
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F3-Quarry displays pisolites which are mostly well cemented, very ha¡d, and uniform in ap-

pearance (Fig. 2.6). Several sedimentation sequences are observed through normally and in-

versely graded units. Individual horizons generally possess the highest cementation noar or at

the contact between adjoining sedimentation units. Due to the uniformity of the cemented piso-

liæs it is often difficult to discern the bounda¡ies of sedimentation units. At the base of the main

orebody relics of cemented pisolitic ores are embedded in a clay matrix and a dense, structure-

less Mn cementation is observed to be continuous over tens of meters.

Pipe systems appear throughout the orebody, although they concentrate in the middle part of

the section, where an inversely and a normally graded unit meet (grainsize limits of both hori-

zons). This zone shows older, horizontal pipes, and younger, vertical pipe systems cross-

cutting the older sructures. Possibly, the horizontal pipes represent a sequence of primary clays

formed during sedimentation; lateritic pipes are predominantly vertically aligned.

inversely graded pisolite, irregular and angular upper
contact to overlying materials; quartz nuclei and very
ha¡d cementation at top; few drainage systems (pipes),
lower boundary to next unit not visible

many pipe systems, the vertical pþs often cut across
older horizontal pipes
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pisolite,
difficult

normally graded, boundary to lower unit very
o deæct
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pisolite, inversely graded, very hard cemenûation, few
pipes, lower boundary to next unit not visible

6

pisolite, normally graded, hard cementation, occasionally
quarø grains as pisolith nucleus

relics of cemented pisoliæ in matrix of light clays, occa-
sionally cemented by Fe-oxyhydroxides, many seepages
at top of unit

dense cementation, continuous over tens of meters,
probably discontinuous over larger distances, lower
boundary grades into the underlying horizon

pisolite, soft manganiferous matrix and clay lenses
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Flg. 2.62 Vertical geological profile of ore in F3-Quarry
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Geological features of pipes are later discussed in detail (chapter 7), since the association of
distinctive secondary ores and rocks is used to model elecnochemical alteration processes occur-

ring in ores and laterites. Nevertheless, observations of three stratigraphic sections consistently

indicate that lamina¡ mangcretes, lining the outer boundary of pipes (not plotted for simplicity),

are up to 5 cm thick nea¡ the surface. Deeper down the section these ores become considerably

thinner or disappear. This suggests that oxygen availability plays a significant role in the preci-

pitation of lamina¡ mangcretes (and other ores?).

2 .3 .4 F 3 -Quarry ( laterite )

Relic pisoliths found in the F3-laterite (but also elsewhere; compare 2.3.2) indicate former ore-

bodies that were chemically remobilized to a large extent. These preserved grains enable the de-

scription of primary sedimentation units containing normally and inversely graded manganife-

rous horizons (Fig. 2.7). Such "relic grainsize prohles" can be compared with sratigraphic ore/

laterite sections from other parts of the deposit

The laterite is covered by spherulitic soils which occasionally fill vertical pipes or collapse

structures. Generally, spherulites show normal grading, at depth the grains commonly form

larger, accretionary particles with concretion-like shape. Below the spherulite, a dark brown

zone occurs where the laterite is cemented by evenly disseminated femrginous phases. A rela-

tively sharp boundary separates this unit from the underlying light laterite. Intercalated in this

material is a relatively thin horizon containing conglomerates (cemented and massive Mn oxides,

quartzite, and other detrital materials) in a matrix of Fe-stained clay. Deeper down the section,

da¡k columnar structures appear in lighter coloured materials. These columns are en¡iched in re-

lic pisolitic Mn ores and Fe oxyhydroxides, whereas kaolinite dominates the light materials be-

tween the columns.

Near the base of the laterite, large lenticula¡ bodies of conglomerates occur, which possess

strongly undulating erosional surfaces and sub-horizontal bases. These conglomerates were ini-

tially interpreted to reflect both the end of Mn sedimentation and, together with this event, a time

boundary. However, the findings above show that the precipitation of manganese oxides and

the formation of oolitic/pisolitic orebodies must have continued over considerable geological

time spans, after the conglomerates were deposited. Otherwise, the presence of relic ores within

10m of laterite would be difficult to explain. The observation of "clean", continuous grainsize

gradients over 2 to 4 meter also supporte this view.
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spherulite, grading into sandy soils, vertical pipes or
collaps structures are occasionally frlled with spheru-
liths

dark brown femrginous lalÊrite which occasionally con-
tains manganese pisoliths, pþs

light laæriæ, clay dominance, very rare pisolitic grains,
plpes

da¡k brown laterite, containing pebble-sized conglome-
rates (massive Mn oxides, quartzite, and other detrital
materials)

light laæriæ, clay dominance, very rare pisolitic grains,
plpes

chocolaæ ores: relic of former orebody in the shape of
vertical columns separated by light clays (see Plate 2.1,
Fig. 2c); downwards the columns grade into lateritic
materials with less or no Mn; isolated pisoliths in ma-
trix of goethiticÀematitic minerals and clays;

conglomerate (cemented and massive Mn oxides, quart-
zite, and other derital materials); discontinuous, but
very large lenticular bodies with erosional surface and
sub-horizonøl base
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Flg.2.7: Ve¡tical geological profile of laterite covering the ore in F3-Quarry (compare also Fig. 2. 5),

2.3.5 Costea,n C-|38

Costean C-138 is located in the center of the F-Quarries area but contains only a relatively thin

sequence of two inversely gaded pisolite units (Fig. 2.8). The ore is covered by lateritic and

reworked materials and is separated from these rocks by massive bands of manganese and iron

minerals. The manganese pisolite itself shows a distinct replacement by goethitic and hematitic

phases at the top and at the bottom of the sedimentation units (see also Plate 2.2, Fig. 2e), the

center of this "sandwich" structure appears to be mostly unaltered. medium grained quartz

sands below the ores are mainly impregnated with manganese oxides, upper parts are also

stained by Fe phases. Small quarøite pebbles occur at the top of the sand unit and are partially

cemented by manganese oxides. The profile of this location bears strong similarities with the
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section at Fl-Quarry. Although the replacement features are much morc prominent at C-138,

comparable replacements a¡e observod in Fl. The lithology of both areas is also very similar, as

both locations possess two inversely graded pisolites with an abrupt change of grainsize be-

tween the respective units, the laterite cover is relatively thin, and the underlying sands show

Mn-impregnations.

The ores of cosæan C-138 are of particular interest to the geological history of the deposit in

several aspects. First, an extensive overburden sepÍuates the underlying orebody of the F3 a¡ea

(the ore dips at - 10o towa¡ds C-138; see 2.3.3) from this thin pisolitic unit. This supports pre-

vious conclusions that showed a continuation of manganese sedimentation after the establish-

ment of the presently "visible" main orebody. Secondly, although insignificant in thickness

when compared with other locations, this unit is only partially replaced by iron minerals. This

contrasts strongly with several meters of former ores chemically remobilized and removed from

sections, where extensive lateriæs are apparent (compare 2.3.4); the laterite cover here is negli-

gible. Obviously, the abundance of lateritic phases, such as kaoliniæ or goethite, is essential for

the destruction of manganese oxides. On the other hand, associated quarts sand seems to act as

a sink, and dissolved manganese is removed more easily.

soils wittr very dense, reworked Mn oxide blocks

manganiferous lateriæ with pipes

1

massive mangcrete

massive ferricrete

femrginous pisolite (goethitic), cemented at top and bot-
tom of horizon, Fe-dominated marix

manganiferous pisolite, Mn-dominated matrix, cementa-
úon at top and bottom of horizon

femrginous pisolite (goethitic), cemented at top and bot-
tom of horizon, Fe-dominated marix

2

0

E
é
E

quartz sand, uniform medium grainsize, small quartzite
pebbles at úop of unit, manganiferous and femrginous
impregnations

3
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Grainsize of Ore Components [mm] tr'lg. 2,8: Vertical geological profile of costean C-138.
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2.3.6 A-South Quarry

20

Refilling operations with waste materials hindered the examination of an entire section.

However, parts of the orebody were exposed during the field session and are presented (Fig.

,2.9).Larye concretions occur at the top of the ore and are surrounded by white clay minerals; in

many cases these clays a¡e washed out. The concretions show an upwards oriented glowth and,

occasionally, fill sinkholes. The materials at the base of this unit grade into cemented pisolitic

ores, via an inærmittent development of massive mangcrcte. The contact to the underlying sandy

horizon is relatively shary. The medium grained qvartz sand contains relics of probably re-

worked cemented pisolite; in places ûìanganese is replaced by femrginous minerals. Below this

unit, an inversely graded massive mangcrete þisolith relics) grades into a cemented pisolite;

deeper down the section the ore becomes less well cemented. This part of the section is general-

ly well sorted. A contact to the underlying normally graded pisolite is very difficult to detect.

Here, the ore is not very well sorted, has a sandy matrix, and shows a gradational lower con-

tact. The inversely graded pisolite below appears to be reworked, contains many platy fragments

and a sandy matrix, and is poorly sorted; its base undulates but is sharp. The following se-

quence, a femrginous pisolite, is well sorted and possesses uniform grainsizes.

concretions with upwards oriented growth; grading into
the underlying cemented mangcrete; upper parts of con-
cretions a¡e in contact with white clays (mostly washed
out); concretions occasionally fïll sinkholes

massive mangcrete, few pisoliths recognizable; at lower
parts grading into cemented pisolite

cemented pisolite, relative sharp boundary to lower unit

relics (reworked?) of cemented pisoliæ in sand matrix; in
places the Mn pisolite is replaced by goethitic minerals

very hard massive/cemented mangcrete with relic out-
lines of pisoliths; grading downwards into pisolite;
sharp upper contact

pisolite, inversely graded, well sorted

pisolite, normal grading; upper boundary very difficult
to detect, lower contact gradational; medium sorting;
sandy matrix

pisolite, inversely graded; reworked; often platy, poor
sorting, sandy matrix

femrginous pisolite, sharp upper conùact, well sorted
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2. Suatigraphy

2.3.7 G-Quarry

2l

The ores of the G- and G-South Quarries are unique in the deposit, mineralogically and petro-

logically, because they possess a pronounced battery-activity. The Mn oxides a-re mostly soft

and friable, with the exception of hardgrounds and large pisoliths, and strong grainsize varia-

tions exist within both normally and inversely graded units (Fig. 2.10).

The soil covering the deposit contains spheruliths which incorporate ooliths in the core, indi-

cating erosional processes. Since the orebody here is almost at the highest level above sea, it can

be assumed that the reworked ooliths were physically transported to the present location. Thus,

ores must have existed at elevations above the eastern boundaries (inland) of the deposit. Fe-

rich quartz sand below the soil also shows angular, reworked products (massive manganiferous

and femrginous materials).

Oolitic ores underlying this sand are capped by a recrystallized Mn oxide band (a few centi-

meters thick), depicting a strongly undulating erosional surface and a sub-horizontal base. The

uppennost inversely graded oolite is relatively thin and contains clay'lenses in irregular inter-

vals. Although the lower boundary to the underlying normally graded oolite is ha¡d to detect, it
is assumed here that it is reflected through zones of increased Mn cementation. The same obser-

vation applies to the following sedimentation sequence, which consists of an inversely graded

oolite.

Underlying these ores, two clay- and Fe-rich horizons border a thin oolite unit. These layers

are subhorizontal and, in places, they cross-cut neighbouring ore units. The oolite depicts a nor-

mal grading and has fair sorting. Deeper down the section a bi-modal oolite/pisolite occurs

which is cemented at the top. The ore is poorly sorted, shows ripple cross-lamination and occa-

sionally contains tabular Mn intraclasts. Commonly, large pisoliths are accumulated in depres-

sions of the underlying hardground. This ore type is discontinuous over larger distances, but

well developed in places. Occasionally, envelope grains (thick laminae around relic ores), up to

some 20cm in length, seem to take the place of the hardground.

A prominent inversely graded pisolite/oolite unit occurs below the hardground. The ore is

generally well sorted. A manganiferous cementation of the oolite is observed in association with

sandy clays lenses near the base; trough cross-bedding occurs in the lower half of the unit. A

siltstone abruptly interrupts the ore sequence. This rock contains digital, upwards oriented con-

cretions originating from a fine sand layer, through which Mn carrying solutions can move

more easily. Below the siltstone a relatively thin manganiferous oolite, pa¡tly replaced by femr-

ginous materials, overlies Fe-rich sand. The sand also contains clay lenses and thin layers of re-

crystal li zed man ganese oxides.
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Grainsize of Ore Components [mm]

22

spherulitic soil; occasionally ooliths in core; normal
grading

0

Fe-rich sand
ores and À¡In

containing mæsive (reworked?) Mn and Fe
cementations

2

recrystallized Mn oxide layer at op of oolite unit

oolite with clay lenses in upper part of unit; cemented
patches and layers in inegular intervals; inverse grading

normally graded oolite; boundary to upper unit not re-
cognizable

inversely graded oolite, cemenæd at the top

clay-rich horizon with Fe cementation

normally graded oolite, fai¡ sorting

clay-rich horizon with Fe cementation, discontinuous,
but prominent in places

bi-modal oolite/pisolite þlotted are the large pisoliths);
poorly sorted; cemented at the top; pisoliths are often ac-
cumulated in depressions of the underlying horizon; rip-
ple cross lamination; tâbular Mn intraclasts; occasional-
ly composiæ grains

hardground, discontinuous, but well developed in places;
occasionally replaced by large composiæ grains

inversely graded pisolite/ooliæ; well sorted; cemented
parts in the middle (sedimenøtion boundary?) and at the
bottom of the unit, together with lenses of sandy clays;
nough cros-bedding
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2.3 .8 G-South Qt¿arry

23

In many aspects, the materials of G-South Quarry are very simila¡ to the ores in G-Quarry (Fig.

2.11; compare Fig. 2.10). The ore is covered by lateritic and reworked materials, but, when

compared with the extensive laterites of other mining a¡eas in the deposit, this cover although

coarser, is of minor importance. The massive reworked ore components within this part of the

section may have their origin in the karstic ores nearby (ourcrop of orebody) or they may derive

from eroded former orebodies that could have existed at higher elevations.

spherulite with normal grading, lower down
the unit contains more angular Mn/

Fe-rich class

laterite, Mn- and Fe-rich;
pipes, occasionally massive

mangcrete clasts
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The oolites and pisolites show a number of normally and inversely graded units witÌì abrupt

changes of the grainsize at the boundary. Several ore horizons are bimodal and contain re-

worked tabula¡ intraclasts. Generally, the ores of this locality are very soft and füable and they

possess a low density, with the exception of occasional composite grains and the larger pisoliths

deeper down the section. Trough cross-bedding and ripple cross-lamination are observed fre-

quently. Fem:ginous, subhorizontal clay layers, commonly only a few millimeters thick, appear

in many ore units (compare also Plate 2.2, Figs. 2f ,g).These clays sometimes cut across the

original ore bedding and a¡e thus of secondary origin.

Comparable to the previous section, the top of the ore is marked by a characteristic thin but

dense Mn oxide layer. Continuous hardgrounds, such as those found in G-Quarry, a¡e not de-

veloped, but envelope grains occur in the respective stratigaphical position. Digital concretions

below the ore \¡/ere not observed due to inaccessibility.

2-4 Díscussion

The information in the eight stratigraphical profiles can be used to generalize some primary and

supergene features. Commonly, grainsize gaps between neighbouring ore units a¡e observed

which probably are indicative of short erosional events during sedimentation or an intemrption

of the manganese input. Such variations of the grainsize are preferred sites for increased cemen-

tation of the larger grains near the contact of two units. This fact is emphasizedby the weather-

ing profile of "softer" vertical sections in the freld (e.g. G-South Quarry). Here, the cemented

parts of the profile resist the erosional forces longer than the less cemented ores and as a result,

cemented bands stand out and act as an aid for the detection of unit boundaries, which might

otherwise be difficult to detect. Similarly, cemented and massive mangcretes are often bound to

positions adjacent to sedimentation boundaries. Thus, the secondary cementation of ores by

manganese oxides (also Fe phases?) is strongly controlled by grainsizes and by grainsize gaps

between different uni ts.

Other genetic information for the development of ores is found, when concretions below and

above the ore and their host materials are examined. Concretionary ores are always associated

with clay-rich units, either in siltstone (e.9. G), in clays (e.g. A-South), or in clayey sands near

the surface elsewhere. Obviously, this type of ore does not form in "pure" sands, as is indicated

by many Mn-impregnated or cemented sands which do not show the development of concre-

tions (e.g. Fl, C-138).

Open drainage systems (clay-pipes) create a similar type of geochemical environment. They

are partly filled with clays and they act as conduits for fast moving oxygenated surface waters

that percolate downwards. Thin layers of manganese oxides (laminar mangcrete) line thesc
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pipes. Compared with concretionary materials, this very fine grained ore type encloses derital

products such as sand grains. The importance of oxygen in the formation of laminar mangcrEte

is demonstrated by the fact that the thickness of the entire unit decreases significantly down the

section. The association of lamina¡ mangcrete with kaolinitic, K-bearing clays may alr,eady point

to the formation of cryptomelane, which is the dominant manganese mineral in this ore, and

which is also the main K-carier of the Mn oxides.

Femrginous minerals such as goethite or hematite often replace manganese orcs partly or to-

tally, as seen particularly well in ores and laterites of F3- and D-Quarry and costean C-138. In

many cases this replacement is found either near the orebody-laterite interface or in the lowest

parts of the ore section, where clays and sands dominate. The same replacement structures exist

near clay pipes and in the vicinity of clayÆe-rich units. This frnding will be discussed in follow-

ing chapters on the interpretation of supergene processes which liberate manganese oxides and

replace them with Fe-phases and clays.

25



26

3. Petrology and Mineralogy

3.1 Introduction

The previous chapter presented an overview over the stratigraphy of those parts of the deposit,

which had been selected for detailed sampling. Below, the materials from these vertical geologi-

cal profiles are examined to provide further descriptive and analytical information to assist in the

interpretation of supergene mobilization and precipitation processes. Therefore, emphasis con-

cen¡ates on features of secondary products supporting conclusions drawn from freld observa-

rio¡s. Detailed work by Frakes and Bolton (1984) and Bolton et al. (1988) focused on primary

sedimentary aspects in the deposit.

Although it has been demonstrated that a large number of superficial ores and gangues are as-

sociated with the deposit, additional types of ores and rocks exist, which could not be incorpo-

rated into the geological profiles for technical reasons (e.g. supergene materials in pipes).

Therefore, the srratigraphic setting for each material is briefly outlined or repeated in the follow-

ing handspecimen descriptions. Observations on handspecimens and petrological descriptions

illustrate the general appearance of ores and rocks; the discriptions are ordered in such a way

that similar ore and rock types a¡e discussed in succession. The terminology used here follows

that of section 1.4.

As mentioned before, oolitic and pisolitic ores predominate over all other ore types at Groote

Eylandt and laterites are the main rocks associated with the deposit. Although other ores and

rocks discussed below are of minor importance in quantity, many of them are important indica-

tors for alteration processes. Therefore, it is also necessary to examine those supergene pro-

ducts, which might otherwise be excluded from the description because of their scarcity.
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It must also be said that though oolites and pisolites can be grouped into uncemented and ce-

mented ores, transitional stages between both types commonly occur, so that an unambiguous

description is sometimes difficult to make. The same applies for a number of other combinations

of ores and gangues. Therefore, it must be kept in mind that only endmembers are discussed

here to depict individual types. Relationships to other materials are mentioned where appro-

priate. A summary of the examined ores and rocks is presented in Tables 3.la-c.

The X-Ray diffraction (XRD) study that follows the descriptive part of this chapter examines

most of the rocks and ores, with the exception of sorne rocks that are of minor importance for

the development of the deposit (e.g. conglomerates or sandstones). V/ith this technique, about

90 samples were scanned for their main components, minor peaks in the spectra were also

checked for trace minerals. The study by Fourier Transform Infrared Specnoscopy (FTIR), on

the other hand, focuses on a single stratigraphic section (F3-Quarry) which is dominated by ce-

nented mangcrete. With the help of this method relatively uniform ores are investigated to iden-

tify stratigraphy controlled mineralogical variations (the same suit of samples was alsó subject

of microbiological leaching tests; see 5.5). A detailed description of the analytical techniques is

provided in Appendix I. (XRD: 1.4.2; FTIR: 1.4.3): a listing of the sa-pte specifications (ore/

rock types) is given in Appendix III., Table 1.

3.2 Descriptiort of Samples

3.2.1 Uncemented ( " soft" ) Oolite/Pisolite

Handspecimen (Plate 3.1, Figs. la, b)

With the exception of some outcropping parts of the deposit, where previous structures and tex-

tures are destroyed, uncemented oolites and pisolites occur as subhorizontal units throughout

the deposit, together with their cemented equivalents. Several cycles of normal and inverse

grading can be recognized in various locations and small to medium scale cross-bedding can

also be identified. Locally, vertical and horizontal pipe systems cross-cut the ore and replace it
with manganiferous and ferruginous supergene products and clays.

Although the ore mineralogy is relatively simple in most cases, with pyrolusite, cryptome-

lane, todorokite, and romanechite (romanechite) being the dominant oxide phases, more com-

plex and structurally less well defined minerals occur in the G/G-South area (e.g. birnessite,

nsutite, vernadite). Paragenetic minerals, which are probably not syngenetic, a¡e kaolinitic clay

(- 5 - 157o) and ferruginous impregnations (- I - 57o), both concentrated in the matrix. The rel-

ative proportions of these matrix materials result in ores that are black, greyish, or dark brown.

The grains are spherical to ovoid, sometimes flattened, and their sizes vary between <<l mm and

- 25 mm. Locally, the sorting can be poor or good, and occasionally, bimodal units occur.
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Generally, the ores are porous, poorly consolidated, and relatively soft. Different types of

cementation (Mn, Fe, clay) result in the development of mottled ores that can grade into cement-

ed mangcretes. This type of ore thus contains the products of alteration processes overprinting

the primary sedimentary material.

Microscopy (Plate 3.1, Figs. Ic, d)

As above, oolites and pisolites are discussed together, because they are only distinguished by an

artif,rcial size boundary. Internally, the grains a¡e laminated concentrically and individual lami-

nae, often less than l0p thick, show radially and/or tangentially oriented crystallites (Bolton et

al., 1988). V/ith the exception of the G/G-South Quarry area where a number of poorly crystal-

lized manganese oxides occur (see above), most other localities show a dominance of pyrolusite

and romanechite and/or cryptomelane alternating as laminae in ooliths and pisoliths. Generally,

the thickness of the laminae seems to increase in outer parts of the grains. Occasionally,'abraded

and truncated featues (micro-unconformities) indicate erosional processes during the growth of
the grains. Rarely, silt-sized detrital materials are accommodated between the manganiferous

laminae.

Although ooliths and pisoliths generally do not exhibit nuclei, they occasionally contain detri-

tal materials. Commonly, such nuclei consist of poorly rounded to angular quartz grains, re-

worked Mn ores (abraded oolithsþisoliths), argillaceous materials, or cellular organic remains.

The contours of these materials tend to be levelled out by a few laminae so that the overal mor-

phology of nuclei is mostly not reflected in the shape of the oolithsþisoliths.

The complex mineralogy of the G/G-South Quarry ores results in friable materials that are

easily deformed. Ooliths show sutured contacts and compressed grains have an angular shape,

less frequently they are fractured. Thus, the appearance of these ores indicates that the precipi-

tating material must have been very friable during and after deposition. Jhis finding strongly

contrasts with the broken and dislocated outer laminae of larger pisoliths observed in other

areas. In these cases, a much harder material probably formed initially, which broke under

stress.

The matrix of ooliths and pisoliths often consists of extremely fine grained manganese oxides

(" 5p) of varying ha¡dness and cementation, diffuse kaolinite impregnations, and traces of iron

oxyhydroxides. However, ores with almost no matrix have also been observed (Bolton et al.,

1988). Locally, quartz sand can become an important matrix component. The angular shape of
these quartz grains indicates a short distance of transport, and they are also poorly sorted (size

ranging between -50 and 500p).
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3.2.2 C emented. Mangcrete ( oolitic/pisolitic )

Hartdspecinten (Plate 3.1 , Fig. 2a)

Cemented mangcretes are found throughout thb deposit, overprinting the original uncemented

oolitesþisolites to a lesser or greater extent. An exception is the mineralogically distinct area of

G/G-South, where the ores are mostly unconsolidated. Stratigraphically, cemented mangcretes

often develop where abrupt changes in the grainsize occur and are concentrated in the coarser-

grained horizon. Primary sedimentary features, such as normal and inverse grading, can easily

be distinguished. Depending on the original setting, the ores are generally subhorizontal and

they form layers of varying thickness (from a few centimeters to 3 or 4 meters).

Although pyrolusite dominates this ore, the emphasis shifts towards cryptomelane, when

compared with the uncemented oolites/pisolites. The crystallinity of the matrix visibly increases

(coarser grains) and the samples contain less todorokite and nsutite (G/G-South Quarries). As in

the uncemented ores, pipes cross-cut the units, and in places, clay occurs in the matrix.'Primary

grains a¡e occasionally replaced by manganiferous and ferruginous phases.

These ores are mostly black, dark grey, or silvery grey. Individual grains are spherical to

ovoid, in some cases flattened, and occasionally closely fitted polygonal gtains are found, sug-

gesting compaction during sedimentation and/or oriented cementation. The sorting is poor to

good, depending on the precursor (unconsolidated material). Normally, the ores a¡e hard and

dense, but they can also grade into poorly cemented and mottled oolites/pisolites that show com-

posite grains (small-scale cementation of a few primary grains). When wet, micro-pores in the

sample matrix quickly absorb water, thus indicating that although difficult to detect in handspe-

cimen, the material is more porous than expected. The description above already demonstrated

that the origin of this ore type is secondary and that uncemented units are overprinted. How-

ever, the cementation occasionally is superimposed on all primary sedimentary features and the

ore grades into a massive mangcrete, which is described below.

Microscopy (Plate 3.1, Figs. 2b-d)

Oolitic and pisolitic structures and textures were examined in the previous section, therefore,

emphasis here is put on the manganiferous cement. The dominant mineral of the matrix is cryp-

tomelane. Its slightly darker grey colour (brownish tint) helps to distinguish it from the bright

silvery grey of the pyrolusite in the adjacent ooliths/pisoliths. Often extremely fine grained

(<5p), matrix cryptomelane tends to crystallize into larger idiomorphous crystals (200¡t or

rnore), when vacuoles are available.

29



Plate 3.1

Flg. la: Bimodal poorly cemented oolite/pisolite from G-South Qurrry; sample 903-l0l; the scale equals 2cm.

Flg. lb: Mottled manganiferous cementation of otherwise uncemented pisolite; matrix contains kaolinite; G-South

Quarry; sample 903-77b; the scale equals 2cm.

Fig. lc: Uncemented oolite with suongly defo¡med grains; G-South Quany; darker colour: vernadite; sample 903-102;
polished section; parallel polarizers; the ba¡ equals 200p.

Fig. ld: Mainly uncemented pisolite; the large pisolith depicts an angular quartz grain as nucleus; the matrix contains

also quartz grains, clay minerals, and minor arnounts of Fe-oxyhydroxides; F3-Quarry; sarnple 903-10; polished sec-

tion; crossed polarizers, the bar equals 200p.

Fig. 2a: Cemented mangcrete (pisolitic) with closely fitted polygonal grains; Fl-Quarry; sample 66161 courtesy of
B.R. Bolton; the scale^equals 2cm.

Flg. 2b: Different generations of manganese oxide cement in largely uncemented pisolite; lighr: pyrolusite, darke¡

gray: cryptomelane; F3-Quarry; sample 903-6; polished section; crossed polarizers; the bar equals 200p.

Fig. 2c: Cemented oolite; G-South Quarry; sample 903-38; polished section; parallel polarizers; the ba¡ equals 200p

Fig. 2d: Strongly cemented oolite grading towa¡ds massive mangcrete; recrystallized ore wirh ¡elic laminae of primary
grain; G-South Quarry; sample 903-38; polished seclion; crossed polarizers; ¡he ba¡ equals 30p.
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In ores influenced by supergene mobilization processes (selective removal) parallel to a

strong zone of cementation, first the pores between the primary grains are filled, and later

ooliths and pisoliths themselves are replaced by fine-grained matrix type cryptomelane. This

leads to a massive, structureless ore, which only contains relic outlines of primary laminae.

Rarely, the matrix seems to enhance textural deformation structures, such as those of closely

fitted polygonal grains. Pressure solution at contacts between grains leads to partial dissolution

of ooliths/pisoliths and to successive cementation in adjoining open pore spaces. Thus, grains

appear to fit closely with their neighbours.The amount of detrital material such as quartz, kaoli-

nite, or goethite varies from sample to sample (< 10Vo). However, gangues generally do not

play a vital role in cemented mangcretes. This ore type is strongly dominated by manganese

oxides, both in ooliths/pisoliths and in the matrix.

3 .2.3 Fe-Oolite/ Pisolite

Ilandspecimen (Plate 3.2, Figs. 3a,b)

Femrginous oolites and pisolites are observed throughout the F area and also around G- and G-

South Quarry. Commonly, this rock occurs diiectly below the Mn orebody at the boundary with

underlying kaolinitic clays, but in some cases it appears within or on top of the ore (C-138).

The ¡ock forms laterally extensive bodies and only occasionally it is found in lenses and thin

layers. Generally, Fe-oolites/pisolites cut across manganiferous units and replace these partially

or totally.

Ferruginous oolite/pisolite exhibits ochreous colours which are darkened by hematite. Most

structures and textures observed in this rock, such as the fine lamination of ooliths/pisoliths, are

identical to those found in the initial ore which is replaced. Thus, the characteristics of both un-

cemented and cemented Mn oolites and pisolites apply to this gangue material. Individual grains

are spherical to ovoid, occasionally elongated and flattenéd; sorting and'grading also depend

upon the precursor. Grainsizes vary between lmm and about 20mm; the full size range detected

in Mn ores \ilas not found, because these materials are rarer than their manganiferous equiva-

lents. Bimodal units were not observed for the same reason. As with the cemented mangcretes,

a harder and more dense cementation seems to concentrate where grainsize changes occur.

Whether this directly reflects the initial material or whether the effect relates to actual Fe precipi-

tation independently of the precursor, is unknown.

Normally, the material is porous and relatively soft. The mostly fine-grained matrix is rela-

tively soft, kaolinite occurs less frequent when compared with the manganese ores. Near thc

surface, hentatite occasionally forms a hard cement between ooliths and/or pisoliths. However,
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the predominant mineral of this rock is goethite; hematite is generally much rarer. Fine secon-

dary qllartz crystals and supergene Mn phases are rarely associated with vacuoles; here, quartz

shows idiomorphous crystals covering secondary manganese oxides.

Intermediate replacement stages between manganese ores and ferruginous rocks occur com-

monly in association with cemented mangcretes, where pyrolusite-rich oolithsþisoliths are re-

placed by ferruginous materials. The cryptomelane-dominated matrix remains relatively un-

changed. Such replacements can vary between negligible amounts of Fe minerals in Mn ores

and a total destruction of the manganese oxides.

Microscopy (Plate 3.2, Figs. 3c,d)

Though ferruginous oolites and pisolites appear to be supergene replacement produçts, they

nonetheless exhibit all primary features such as grainsize, shape, and laminae, recognizable in

handspecimens and polished sections. Surprisingly, this rock type seems to enhance primary

structures and textures that may have been overprinted intermittently by a prior manganiferous

cementation of the material. As an example for such successive overprints a pisolith is shown

which is cross-cut by ferruginous replacement products. This grain contains very dense and

highly reflective manganese oxides (mainly pyrolusite), and although a fine lamination is appar-

ent, it is weak and without much contrast. The replacing material on the other hand regained the

strongly visible alternation of the laminae from the primary manganiferous glains.

Contrasting with Mn oolithsþisoliths, the femrginous materials do not possess the radially and/

or tangentially oriented crystallites commonly observed within laminae of their manganiferous

counterpilts. These crystals are instead replaced with even finer, disordered pafiicles. Nuclei

were not detected in ooliths and pisoliths, but this is probably also due to the lower abundance

of this rock type.

Goethite and the much rarer hematite, present in both matrix and oolithsþisoliths, are very

fine grained and individual grains are much smaller than the manganese oxides in the cemented

mangcretes. Clay minerals, such as kaolinite, though present in most samples in small quanti-

ties, are difficult to discern. They blend into the fem:ginous matrix as disseminated and diffuse

occurrences
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3.2.4 Massive Mangcrete

Handspecimen (Plate 3.2, Fig. 4a)

Massive mangcrere is found in most pilts of the deposit, with the exception of the G/G-South

area. In places it occurs at the top of the orebody (e.g. C-l38), but more frequently it is deve-

loped as subhorizontal units at the top of cemented mangcrete at various stratigraphic levels.

Massive mangcrete consists predominantly of cryptomelane and small amounts of todorokite.

This ore overprints and replaces various other ores and gangues and thus, its appearance varies

according to its precursor. Commonly, massive mangcrete is the final stage in the development

of cemented mangcretes (compare Plate 3.1, Fig. 2d), but it was also recognized as a replace-

ment of lateritic soils (see microscopy) or even quartz sands. The ore is dark grey to black, fine

grained, and it is very ha¡d and dense. Commonly, it contains thin subparallel horizontal veins

of recrystallizedcryptomelane which shows crystallites oriented vertically to the elongation of

the veins (strongly reflecting in handspecimen). Although Smith and Gebert (1969) iríterpreted

massive mangcretes to be sedimentologically controlled ore types. The. gradational development

from cemented mangcretes, however, and/or the replacement of various ore and gangue mine-

rals clearly point to a supergene origin.

Microscopy (Plate 3.2, Figs. 4b,c)

At first sight, massive mangcretes appeil as what the name implies. However, they contain a

number of clues on the nature of their precursors, and are thus, valuable to understanding the

formation of supergene Mn ores. The material is generally extremely fine grained (- lp or

slightly larger) and it contains relic detrital materials, such as qlarfz grains (-10-30p) or partly

replaced vermiform kaolinite (up to -200p long). These minerals are gradually replaced by man-

ganese phases and in some cases only the outlines and/or cleavages are preserved (e.g. kaoli-

nite). Occasionally, cemented mangcretes develop into massive mangcrgtes, when the ore is

strongly overprinted by recrystallization and cementation processes, and the primary structure is

partially or completely destroyed (compare Platel, Fig. 2d).

The reflectance colour of the massive mangcrete indicates a dominance of cryptomelane,

other manganese oxides have not been detected but may be present in the matrix. Horizontal de-

hydration cracks containing secondary Mn minerals show a sub-parallel growth of fibrous cryp-

tomelane that crystallized perpendicular to the orientation of the crack. These fibers are up to

about 150p long and they show a common optical orientation (also in handspecimens). Fine

grained and granular cryptomelane containing higher amounts of diffuse gangue minerals suc-

cessively fills the remaining open spaces in cracks.
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3 .2.5 Massit¡e Ferricrete

Handspecimen

33

(Plate 3.2, Fig.4a)

Massive ferricretes a¡e much rarer than their manganiferous equivalents and they are also less

abundant than fernrginous oolites/pisolites. This rock type was been observed in the F-Quarries

area. Generally, massive ferricretes are laterally continuous over at least tens of meters and they

are associated with Fe-ooliteþisolite_. Normally this rock type consists of structureless, dense,

and very fine-grained goethite. Except for occasional Mn oxide impregnations and thin manga-

niferous veinlets, goethite is predominant. The colour is ochre; red hematitic stains have not

been recorded. This rock is of supergene origin.

Microscopy (Plate 3.2, Fig. 5)

Massive ferricrete is extremely fine grained (- ip or slightly larger). Since this rock does not

exhibit a lamination, it appears structureless, massive, and dense. Goçthite strongly dominates

this material and hematite is absent. Other detrital or primary minerals, such as quartz and kaoli-

nite, are generally subordinate in their abundance, and ate easily overlooked. These minerals are

finely disseminated in the matrix, they rarely concentrate in vugs. Occasionally, 10p thick sub-

horizontal dehydration cracks a¡e filled with fine grained cryptomelane. Next to these fractures,

thin rims occur (- 20 - 30p thick) where manganiferous phases impregnate and stain the goethi-

tic material. Associated are bleached parts with dendrite-like shapes (- 150p long), indicating

small-scale Fe mobilization from goethite. The lighter appearance of the bleached materials sug-

gests enrichments in kaolinite and/or other clay minerals, since hydrated or oxidized iron mine-

rals a¡e generally darker in colour.

3 .2.6 llardground

Handspecimen (Plate 3.3, Fig. 6a)

Hardgrounds are locally distributed in the G/G-South, F, and A areas, where they overlie an in-

versely graded pisolite. Hardgrounds are laterally continuous over tens of meters although some

4-cm-thick. The upper surface is strongly undulating probably due to erosion and exhibits struc-

tural features that resemble ripple marks. A broad subhorizontal banding is also visible. Latge

grains of the overlying bimodal pisolite unit are accumulated in small depressions of the hard-

ground. Occasionally, blocky reworked fragments of Mn-oxides are observed. These charac-

teristics indicate a primary origin. The black colour of the ore indicates that cryptomelane is

dominant in the ore and that the concentration of paragenetic minerals, such as kaolinite or Fe-

phases, is negligible. The ore is fine grained, hard, and dense.
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Microscopy (Plate 3.3, Figs. 6b,c)

In handspecimen, hardgrounds appear to be massive but show large scale banding (> lcm).

Polished sections illustrate, however, that the upper parts of the hardground possess an undula-

ting fine sub-horizontal lamination, whereas the lower parts become increasingly more massive.

Enclosed in the fine matrix (< 20p) are detrital materials, such as quartz grains (- 70p) and

other unidentifred particles (rounded, varying sizes, opaque). Deformed and/or fractured ooliths

are also contained in the matrix in irregular intervals. Generally, these grains are replaced to va-

rying degrees by fine-grained manganese phases.

Hardgrounds a¡e dominated by pyrolusite, but cryptomelane increasingly appears to gain im-

porrance in patches. The minerals can be distinguished by their reflectance colour (pyrolusite:

bright grey, cryptomelane: yellowish grey) and their grainsize. Pyrolusite reaches grainsizes of

about 20p; cryptomelane on the other hand is much finer grained (- 5p) and replaces pyrolusite-

rich parts of the ore. Thus, cryptomelane overprints and destroys previous minerals, stfuctures,

and textures.

3.2.7 Envelope grain

Ilandspecimen (Plate 3.3, Fig. 7 )

Envelope grains are restricted in their distribution to the G/G-South area. Stratigraphically, they

occur approximately at the same level as the hardground described above, that is, at the top of

an inversely graded pisolite unit.

The ore consists of a crudely laminated envelope of fine grained material containing tabula¡

fragments of cemented mangcrete (oolitic/pisolitic). The general appearance of this material is

comparable to the hardground, but individual specimens do not exceed a length of some 20 cm.

The shape of the envelope grains is round to elongated ovoid, occasionally with angular mar-

gins. Apart from cryptomelane, no other ore minerals have been identified. Cryptomelane co-

lours the ore a lustreless black. Envelope laminae are generally dense, whereas spaces between

ooliths/pisoliths can pafily be empty. Often, the exterior of envelope grains is coated with kaoli-

nite.

Although the features and stnrctures of envelope grains point to primary sedimentary deve-

lopment perhaps initially within hardgrounds, a secondary origin similar to concretionary

growth cannot be excluded totally. It has already been demonstrated that the formation of mas-

sive mangcrete can result in structureless ores that replace almost any precursor. In such a case,

a local geochenrical micro-environment (early diagenetic and/or supergene) may well have de-

veloped concretion-like ores that enclose existing materials (compare 3.2.13, concretion).
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3 .2.8 Laminar Mangcrete

Handspecimen (Plate 3.3, Figs. 8a,b)

Generally, the distribution of laminar mangcretes is not restricted to specific ore t)¡pes, and thus,

this ore can be identified in almost any locality within the deposit. However, depending on the

geochemical environment of the surrounding ores, laminar mangcretes vary in their develop-

ment and they can be overlooked in places where they consist solely of thin coatings in vugs.

In most cases, however, this ore type lines the outer boundaries of vertical and horizontal

pipe systems and is much less apparent in vugs. In pipes, laminar mangcrete decreases strongly

with increasing depth. This fact points to an effective geochemical control (oxygen) over the

formation of lamina¡ mangcrete, and it is supported by observations from D-Quarry, which ex-

hibits large numbers of vertical pipes that contain little or no laminar mangcretes. Here, the ore-

body underlies extensive laterites and the abundance of laminar mangcrete is thus negligible.

Thick crudely laminated ores can also be found near or at the surface, where the orebody

crops out (e.g. in the east of G-Quarry, K-deposit in the south of the island). Here, environ-

mental factors lead to the development of karst features. In this manganese karst, where open

drainage channels (up to 1m wide and - 0.5m.high) are lined, the higher walls a¡e covered with

an extensive layer of lamina¡ mangcrete (cm), whereas the coating at the bottom is relatively thin

(mm).

As the name suggests, lamina¡ mangcretes consist of subparallel layers of manganese phas-

es. Individual laminae range from about a centimeter in karst materials to much less than a milli-

meter in vugs. There is a dominance of cryptomelane over other manganese oxides. Paragenetic

minerals are quartz and kaolinite. Goethite and hematite are associated with the laminar mang-

crete of pipes, where femrginous cementations are seen as supergene cements. Often, the ore is

fine grained, hard, dense, and well cemented. A description and a generalízed model of the en-

tire suite of secondary products of a clay pipe is presented in the experi.mental section (Figs.

7.1 a-d).

Microscopy (Plate 3.3, Fig. 8c)

Laminar mangcretes in clay pipes are generally fine grained (< 10p) and they show a thin lami-

narion throughout (20-40¡t thick), which outlines the surface of underlying materials. Laminar

mangcrete consists mainly of cryptomelane enclosing dispersed detrital materials, such as quartz

grains (< 200p, rounded), kaolinite, goethite, and hematite. Occasionally, relic oolithsþisoliths

are also incorporated.
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Plate 3.3

Flg. 6a: Hardground below bimodal pisolite unit; undulating surface collects larger grains in depressions; broad ban-

ding; G-Quarry;,sample 903-78b; the scale equals 3cm'

Flg. 6b: Enlargement of hardground; note oolith partially replaced by Mn oxides; oolith shows deformation structu¡e

and fracrure; note cryptomelane (very fine grained, yellowish) replacing pyrolusite (coarser, gray); G-Quarry; sample

903-78b; polished section; c¡ossed polarizers; the bar equals l00p'

Flg. 6c: Contact of hardground to overlying bimodal pisolite unit; quartz grains and kaolinite in mat¡ix; G-Quarry;

sample 903-78b; polished section; parallel polarizers; the ba¡ equals 200¡r.

Flg.7: Envelope grain; note cemented pisolite sur¡ounded by dense Mn oxides; G-South Quarry; sample 903-312; the

scale equals 2cm.

Fig.8a: Lamina¡ mangcrete developed on cemented pisolite; note thin cover of Fe-pipe wall; F3-Quarry; sample

66167 courtesy of B.R. Bolton; the scale equals 2cm.

Fig. 8b: Outcrop of orebody; development of Mn karst features; east of G-Quarry; the came¡a cap equals 5cm.

Fig. 8c: Enlargement of lamina¡ mangcrete containing quartz grains;F3-Quarry; sample 903-16; polished section;

parallel polarizers; the bar equals 200p.
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3-2.9 Manganese Cave Pearl

Hand.specim,en (Plate 3.4, Fig.9a)

The occurrence of manganese cave pearls is limited to solution channels near the surface in the

manganiferous karst materials of K-deposit (southern sub-basin; see Fig. 1.1). These channels

are irregular open structures that allow a fast water movement. Accumulations of hundreds of of

loose cave pearls a¡e found in depressions at the bottom of the channels.

Although cave pearls do not resemble laminar mangcrete at first sight, they are compilable in

thei¡ internal structure. V/hen opened, a fine concentric lamination is visible outlining the peb-

ble-sized nucleus. All examined samples contain this large nucleus, generally consisting of an

Mn-impregnated sandstone or quartzite. The nucleus often comprises about half of the diameter

of individual grains. Coarse quartz grains are also embedded in the laminae. The shape of cave

pearls varies from round to elongated and flattened, and they reach sizes up to about 8 cm.

Generally, the sorting within an accumulation is poor. This ore has a relatively low deñsity. The

dull and lustreless black colour of the material indicates that cryptomelane is the main manga-

nese mineral, other Mn-oxides cannot be discemed.

Microscopy (Plate 3.4, Figs. 9b,c)

In polished section it becomes even more evident that cave pearls are comparable to laminar

mangcrete. Throughout the very fine grained manganiferous matrix, detrital quartz grains are

diffusely disseminated. In contrast to lamina¡ mangcrete, however, the concentric laminae out-

lining the substrate (nucleus) of cave pearls are strongly disrupted by abrasional processes. This

indicates a high rransport energy; generally angular quartz grains additionally suggest a short

transport distance. Obviously, the precipitation processes that are responsible for the formation

of manganese cave pearls are physically much more active than processes in the pipes.

The fine grained nature of the manganese phases in cave pearls hinders the determination of

the mineralogy, but the reflectance colours of the manganese phases (bright grey, yellowish) in-

dicate that both pyrolusite and cryptomelane are present in approximately equal quantities. Rela-

tively high amounts of other fine grained detrital materials (undetermined) are also evenly dis-

tributed within the matrix.
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3 .2 .1 O Spherulite (manganiferous )

Handspecimen

3.2.11 Fe-Pipe Wall

Handspecim.en (Plate 3.3, Fig. 8a; see upPer
contacî of laminar m.angcrete)
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(Plate 3.4, Fig. 10a)

Spherulites occur in laterally continuous beds'over large areas throughout the deposit and a¡e

found in all places above the deposit where soils exist. The formation of karst seems to inhibit

the development of spherulite. This ore type is purely pedogenic (forms only near the surface),

although vertical pipes a4d sinkholes have been observed to introduce spheruliths into deeper

parts of the section. The size of the spheruliths ranges between some millimeters and a few cen-

timeters and they are of rounded, irregular shape. Further down the section the grains tend to

form concretionary bodies. Poorly crystalline Mn phases together with iron oxyhydroxides co-

lour the spherulite dark brown, thus masking large amounts of cemented detrital materials, such

as quartz grains. Mostly, the spheruliths have a low density and they are relatively soft.

Microscopy (Plate 3.4, Fig. lOb)

Spheruliths possess a poorly defined colloform concentric banding that varies considerably in

thickness. The laminae of spheruliths resemble those of Mn cave pearls or laminar mangcrete,

but their spacing is much wider than in those'ores. As in cave pearls, large amounts of detrital

quartz are incorpo¡ated in the matrix. Goethite and hematite are very fine grained and it is often

diffrcult to distinguish individual grains. Quartz grains on the other hand show a large range of

sizes from approximately 50p to some 500p; reworked manganese ores were observed in sizes

up to several centimeters. Clay minerals also appear in small quantities in the matrix, but their

distribution is d.iffuse and they are often hard to detect. All detrital materials, with the exception

of kaolinite, are angular to sub-angular, thus indicating short transport distances.

Ferruginous pipe walls are distributed throughout the deposit but is limited to places where clay

pipes are developed. This rock is structureless and has a fine grained matrix. Its appearance va-

ries from soft and diffuse Fe impregnations to hard and massive goethitic/hematitic cementations

of relic ores and gangues. The naine of the Fe-pipe walls implies thei¡ association with super-

gene clay pipe systems and thus the rock is also of secondary origrn.
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(Plate 3.4, Fig. I I )Microscopy

In polished section Fe-pipe walls often look similar to spheruliths, but this rock lacks the broad

lamination observed in the soil spheruliths. Goethite and hematite are extremely fine grained,

and it is often difficult to detect individual hematite grains in the section, although the red and

pink colouration of the rock results from an even distribution of very fine grained hematite (it

will be shown in chapter 5 that, nevertheless, goethite dominates over hematite). Quartz is much

coarser and generally well rounded, but it does not depict the same strong size variations (50 -

200p) as the spherulite.

3.2.12 Radial Pyrolusite

Handspecimen (Plate 3.4, Fig. I2a)

Radial pyrolusite is only observed in the G/G-South area, where it occurs at the top of the ore-

body and at a second level approximately 1.5 to 2 m deeper down the.section. Its upper surface

strongly undulates and thus indicates erosion, its base is subhorizontal. Both boundaries a¡e

sharp, and the ore laterally extends over tens of meters.

Perpendicular to the thin horizons (- 2cm), elongated prisms of silvery pyrolusite are set in a

fine grained matrix of da¡k grey pyrolusite. The paragenetic minerals kaolinite and iron phases

a¡e often concentrated directly below the ore unit. Radial pyrolusite is usually well cemented and

ha¡d, but it breaks parallel to long axes of the crystals. The upwards oriented gowth of pyrolu-

site that seems to cut across primary materials indicates its secondary origin.

Microscopy (Pløte 3.4, Fig. l2b)

The large sub-parallel pyrolusite crystals (l-2 cmlong) of this ore type ardintergrown with each

other and thus, they develop irregular feathery shapes. The crystals are strongly pleochroitic and

their colours range from a yellowish grey to an intense blue. Throughout this dense ore, detrital

materials are evenly distributed. The brown reflections of these small grains (30-70p) indicate

ferruginous minerals such as goethite. Kaolinite is probably also present, but clay minerals are

generally ha¡d to determine when they occur as indistinct small grains.

A close examination of radi¿rl pyrolusite reveals that the precursor of this ore type is an oolite.

Although most ooliths are entirely recrystallized and destroyed, some ghost structures remain.

Such relic ooliths contain a fine grained and structureless pyrolusite, which enables a differenti-

ation of the primary shapes from the superimposed acicular pyrolusite. Only the outlines of thc



Plate 3.4

Flg. 9a: Mn cave pearls;K deposit; samples 903-344; the scale equals 2cm

Flg. 9b: Enlargement of cut cave pearl; note large Mn-impregnated sandstone/quartzite nucleus; K deposit; samples

903-344; the ba¡ equals 0.5cm.

Fig. 9c: Enlargement of cave pearl lamination; note detrital quartz grains incorporated in laminae; K deposit; samples

903-344; polished section; parallel polarizers; the bar equals 200p.

Fig. 10a: Separate spheruliths; G-Quarry; sample 903-327; the scale equals 2cm.

Fig. 10b: Enlargement of cut spherulith; note coa¡se lamination and the cementation of detrital materials; F3-Quarry;
sample 903-30; polished section; partially crossed polarizers; the bar equals 200¡r.

Fig. l1: Contact betweenFe-pipe wall a¡d lamina¡ mangcrete; F3-Quarry; sample 903-16; polished section; partially
crossed pola¡izers; trè'Uar equals 200p. '

Fig. 12a; Radial pyrolusite; G-South Quarry; sample 903-63; the scale equals 2cm

Flg. 12b: Enlargement of radial pyrolusiæ; note relic oolith within sub-parallel pyrolusite crystals; G-South Quarry;
sample 903-63; polished section; c¡ossed polarizers; the bar equals 200p.
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relics are visible and in soms cases prismatic pyrolusite "perforates" the ooliths, leaving the

shell-like structures of the outer laminae.

3.2.13 Siliceous Ore

Handspecimen (Plate 3.5, Fig. 13a)

Siliceous ore is distributed in varying quantities throughout the deposit and is even found in mi-

nor amounts in the G/G-South area, although this location generally favours the formation of

different types of ore. The units are subhorizontal and often they occur in lower parts of the ore-

body, sometimes cementing underlying sands. The ores a.re structureless and massive; occa-

sionally they contain recrystallized Mn phases.

Cryptomelane and pyrolusite dominate the manganese mineralogy, but the dark and mostly

lustreless colour probably indicates a higher abundance of cryptomelane. Vugs are frlled with

kaolinite, quartz sand, and goethite. The matrix of siliceous ore is generally fine grained and

dense. In places, the manganiferous cementation can be observed to gradually increase from es-

sentially Mn-free quartz sand to highly cemented siliceous ore.

Microscopy (Plare 3.5, Fig. 13b)

Siliceous ore can best be examined in partially cemented qtrafiz, sand/sandstone that has not yet

undergone a complete recrystallization. Often, sand grains are partially covered with f,rne pris-

matic felt-like manganese oxides that radiate into open pores. It is diff,rcult to determine the mi-

neralogy of these needles under the microscope because the crystals are so small (<10p long,

<lp thick), but XRD determinations show cryptomelane and pyrolusite (see Fig. 3.19a, sample

903-2s4).

Occasionally, pores of the sand/sandstone are filled with cryptocrystalline manganese phases

which possess a high reflectance and which show multiple nuclei (diameter: - 50 - 300p) with

radially oriented fibers. These crystallites suggest rapid precipitation from manganiferous gels

with many crystallization nuclei. Individual crystallization a¡eas commonly have sha¡p bounda-

ries with their neighbours and this results in a mosaic-like texture. Slower precipitation rates are

indicated on the othe¡ hand by the formation of separate crystals, as described above. Depen-

ding on the type of sand/sandstone which is cemented by the manganese minerals, the quartz

grains vary in their size from 50 to about 500p in diameter, and they vary from angular to

rounded.
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3 .2.1 4 C oncretions (surface )

Handspecimen (Plate 3.5, Figs. 14a-c)

Concretionary ores were identified in numeròus localities of the F-, A-South, and G-Quarry

areas. However, they seem to be missing in the southern areas which possess extensive laterites

covering the orebody (D-Quarry). Concretions occur both on top of the ore and below. Because

there are significant differences between these two types, they are discussed separately- In this

section, concretions from near the surface are examined.

Stratigraphically, the ore horizons occur above the ore and below the soil, they are also

found at the surface. Concretions are generally associated with clay-rich materials and they

show an upwards oriented irregular growth. When opened, these ores reveal colloform struc-

tures and dehydration cracks that a¡e either open or partially/totally filled with recrystallized

manganese minerals. Hollow centers occasionally contain small amounts of clay or sand.

The dull and lustreless colours of these ores indicate cryptomelane as the dominant manga-

nese phase. The concretions usually range in size between a few centimeters to some 30 cm and

they become larger with inc¡easing depth. This ore type is very hard and dense. The structural

appearance classifies the concretionary ores aQ supergene materials.

Microscopy (Plate 3.5, Fig. I4d)

Concretions that developed near the surface generally possess colloform banding and structures

that reflect their formation from metalliferous gels. Generally, the ores are very fine grained

(<10p) and they enclose small to large amounts of detrital materials from the rocks in which

they developed, such as sand grains and dispersed clay minerals. However, in most cases the

detritus is of minor importance, when compared with the spherulites that are dominated by the

incorporated gangues.

As can be expected from ores that originate from gels, the concretions frequently show dehy-

dration cracks containing recrystallized manganese oxides. These thin bands contain much less

detrital material than the surrounding material, they are "cleaner", and thus, their reflectance is

brighter. Such precipitates probably indicate a small-scale redistribution of Mn within individual

concretions. In contrast, wider cracks occasionally accommodate clay-rich or fem¡ginous pro-

ducts mixed with manganese oxides (contacts to surrounding rocks?). These parts have a lower

reflecrance than the main matrix. Cryptomelane is the only manganese mineral identified in alì

examined concretions.
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Plate 3.5

Flg. 134: Siliceous ore; D-Quarry; sample 903-340b; the scale equals 2cm'

Fig. 13b: Mn-impregnated sand; note extremely fine grained matrix and radial fibres; Costeari 138; sample 903-190;

polished section; crossed polarizers; the bar equals 200p.

Fig. 13c: Mn-impregnated sand; note free Mn oxide crystals radiating into open pore sPaces; Costean 138; sample

903-178; thin section; crossed polarizers; the ba¡ equals 50p'

Flg. l3d: Mn-impregnated sand; note Mn oxides cementing and partially replacing quartz grains; Costean 138; sam-

pte gO¡-tgO; polished section; crossed polarizers; the ba¡ equals 50p'

Fig. l4a: Concretion from near the surface; A-South Quarry; sample 903-330; the scale equals 2cm'

Fig. 14b: Felt-like crypromelane needles in dehydration crack of concretion; A-South Quarry; sample 903-341c; the

bar equals lmm.

Flg. l4c: Cur concrerion (compare Fig, 14a); A-South Quarry; sample 66160 courtesy of B.R. Bol¡on; the scale equals

Zcm.

Fig. l4d: Enlargement of concretion from nea¡ the surface; note colloform textures; A-South Quarry; sample 66030

courtesy of B.R. Bolton; the bar equals 200p.
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3. Petrology and Mineralogy

3.2.15 Digital Concretions (below ore)

Handspecinten

4t

(Plate 3.6, Figs. I5a,b)

Digital concretions are well developed in the G-Quarry area, where they occur below the main

orebody, but they a¡e also found in the A and F quarries. The concretions a¡e coral-like, their

growth is oriented upwards, and they increase in diameter upwards. When cut along their verti-

cal axis, they rgsemble manganese dend¡ites (- 10 cm long). Digital concretions mainly consist

of cryptomelane; they are black, dense and hard. '

This ore type originates from thin sand layers within siltstone underlying the orebody.The

sand obviously acts as a conduit for solutions carrying manganese, and from here the growth of

the Mn digits starts. The siltstone itself seems to be pressed away, thus suggesting supergene

formation. Red hematitic stains a¡ound the concretions change their mineralogy towards hydra-

ted yellow iron phases (e.g. goethite). Occasionally, dehydration cracks are observed in the

thicker parts of the digits.

Microscopy (Plate 3.6, Fig. I5c)

In many aspects digital concretions from below the ore a¡e similar to the previously examined

concretions that overly the orebody. However, digital concretions contain much less detrital ma-

terials and they thus appear homogeneous. The ore is very fine grained and it is often impossi-

ble to distinguish boundaries between separate mineral grains. A coa¡se colloform banding is

found in most digits, which seems to have accumulated fine dust-like products (unidentified)

berween the laminae. Quartz grains (mostly <3001t) that were incorporated during the growth of

the concretions occasionally show dissolution and replacement features. Relatively few dehy-

dration cracks can be found and these are mainly unmineralized.

3 .2. I 6 Laterite (ferruginous/ manganiferous )

Handspecimen (Plate 3.6, Figs. I6a,b)

Laterites cover most areas of the deposit, except for localities with outcropping ores. Depending

on the basement topography, the laterites tend to increase in thickness from east to west. The

greatest thickness was recorded in D-Quarry (15 - 20m). Laterites generally underly spherulitic

soil layers sub-horizontally and they occur in most cases directly above the ore.

Near the surface laterite frequently exhibits diffuse Mn cementation that results in a darker

colour than in the underlying material. A common feature that all laterites show to varying
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degrees is a small-scale bleaching of the oxidic ferruginous pafis of the rock (brown to white/

greenish), which causes a mottled appearance. Horizontal and vertical drainage systems þipes)

are usually well developed in the laterite and they can be up to 0.5 m in diameter. Often, typical

laterite minerals, such as kaolinite and Fe-oxyhydroxides, invade the orebody through these

pipes. Kaolinite dominates over all other minerals (goethite, hematite), although brown or black

colours of the laterite seem to imply a dominance of femrginous or manganiferous phases. Mi-

nor amounts of quartz sand in pockets and conglomerate lenses are also associated with late-

rites.

In many places laterites replace manganese ores and thus, relics of cemented ores and/or

ooliths and pisoliths are still visible. Occasionally, vertical columns of dark materials a¡e ob-

served in a matrix that essentially consists of clay (compare chocolate ore; see also Plate 2.1,

Fig. 2c). The degree of cementation and the colour (white, yellow, brown to red-brown,

brown-black) depend on the presence of manganese and iron phases. Due to their clay-

dominated nature, laterites are generally very fine grained. However, relics of ore pf"cu.so.s

may give the rock a coar.ser appearance. Laterites a¡e of secondary origin.

Microscopy (Plate 3.6, Fig. I6c)

The examination of the laterites also includes the chocolate ores, because these rocks are related

in their development. The predominantly kaolinitic clays a¡e often stained with extremely fine

grained goethite or hematite. These impregnations are irregular in shape and they result in a

mottled appearance. Most laterites contain angular to rounded detrital quartz of varying size.

All laterites contain residual manganese oxide ores, although these are difficult to detect in

many cases. Commonly, the ores are replaced by goethite/hematite or kaolinite. However, in

places ooliths and pisoliths are only partially replaced, or their shape is preserved (see hand-

specimen; Plate 3.6, Fig. 16b), and these grains present valuable clues for"the understanding of

supergene mineral reactions.

Relic manganiferous grains are generally surrounded by femrginous stains which can them-

selves be replaced by kaolinite. Because the replacement process does not destroy primary

sfructures, primary concentric laminations are still visible in the kaolinitic material. In the late-

rites and chocolate ores all stages.of this process are manifest. However, the order in which the

grains are replaced is vital, and it must be kept in mind that the final step, from iron phases to

kaolinite, depends on the first stage, in which manganese oxide are replaced by iron precipi-

tates. A direct mineral reaction of the type manganese oxide to kaolinite has not been detected in

the laterites and associated products of the Groote Eylandt deposit.
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3.2.17 Chocolate Ore

Handspecimen (Plate 3.6, Fig. I7)

Chocolate ores are immediate precursors of laterites and thus, they occur in most places where

laterites are developed. However, they appear stratigraphically between the manganese orebody

and "pure" laterite as intermediate alteration products of ores. Chocolate ores afe normally ireg-

ular in their shape, they occur in small patches, larger sub-horizontal bodies, or in vertical col-

umns that can be several meters high. This "ore" represents a heterogeneous mixture of different

types of manganese ores, depending on the respective locality, with high amounts of kaolinite

and hematite/goethite in the fine grained matrix (compare Plate 3.6, Fig. 16c). The material is

dark brown, soft and brittle, and it has a relatively low density. As with laterites, pipes are com-

mon (and essential) features of chocolate ores. This material is a supergene product.

3.2.18 Clay

Ilandspecimen (Plate 3.6, Fig. I8)

Next to the manganese ores, clays of different origins are the most common minerals in the de-

posit. They are laterally continuous over exteïsive areas, either in the laterites that overlie the

orebody, or as thick sub-horizontal layers underlying the ore and capping the bedrock (e.g. as

claystone/siltstone in the G-area). Clays are also dominant phases in pipes, where pedogenic

features such as subhorizontal layering are occasionally observed.

The main clay mineral is kaolinite. However, small deposits of montmorillonite have been re-

corded in the A-South area, and nontronite has been described recently (this material was not

available during the present work). The rocks are clay to silt sized and show white, greenish,

yellow, brown, and pink colours. Secondary kaolinite often impregnates many ore units. Usu-

ally, relatively coarse qûartzgrains are dispersed in the clay matrix or they are accumulated in

thin subhonzontal layers. Concretionary manganese oxides frequently'develop within clay-

stones and clay-rich horizons. The rocks are generally soft and friable, but occasionally harder

cementation by Mn and Fe phases occurs. Clay/claystone units can be of both prima¡y and sec-

ondary origin and without additional geological information it is often impossible to discern the

mode of their development.

3.2.19 Soil

Soils are encountered in all parts of the deposit, with the exception of areas with outcropping

ores and the successive development of Mn karst which is rare. Their distribution is irregular,
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PIate 3.6

Fig. lSa: Siltstone containing digital concretions from below the main orebody; note upwards oriented growth, de-

colouration of hematitic stains next to digits, and porous sand laycr f¡om which the concretions start to grow; C-Quany;
sample 903-163; the scale equals 2cm.

Fig. 15b: Concretionary growths from below the main orebody; same stratigraphic level as material from Fig. l5a;
G-Quarry; sample 903-288; the scale equals 2cm.

Fig. 15c: Enlargement of digital concretion in siltstone matrix; note colloform banding and occasional quartz crys-
tals; G-Quarry; sample 903-164:' the ba¡ equals 2cm.

Fig, 16a: Manganiferous laterite; from near the surface; F3-Quarry; sample 903-29; the scale equals 2cm.

Fig. 16b: Ferruginous laterite below Mn laterite (Fig. 16a); note the various stages of Mn replacement by goethite

and kaolinitet D-Quarry; sample 903165a; the scale equals 2cm.

F'ig. 16c: Ferruginous laterite; note partially replaced Mn pisolith; D-Quarry; sample 903-166b; polished thin sec-

tion; the bar equalslmm.

Fig. 17: Chocolate ore with clay pipe in center; D-Quarry; sample 903-166a; the scale equals 2cm.

Fig, 18: Selected clay samples; greenish: Fe2*-carrying and unoxidized; yellow: impregnated with hydrated Fe mine-
rals (goethite); pink: stained with oxidized Fe phases (hematite); D-Quarry; samples 903-147a-c; the scale equals 2cm.
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but they are concentrated in a¡eas of low topography. Soils occur laterally continuous at tho sur-

face, only occasionally they frll pipes and channels. They belong to the red tropical soils, which

mainly contain quartz sand, clays, ferruginous impregnations, and relatively small amounts of

organic material. Iron colours the soils from ochreous to red- or dark brown; the degree of ce-

mentation varies considerably. Generally, manganiferous spherulites develop above the deposit.

3.2.2O Sand

Sand generally occurs in soils and stratigraphically in places below the ore (e.g. C-138, A-

South); sometimes it accumulates in small pockets within clay pipes and laterites. Occasionally,

small to medium scale cross-bedding can be found. The sand associated with the deposit is nor-

mally devoid of accessory heavy minerals and it is medium to coarse grained quafiz. Mostly

well sorted, the grains are generally angular to sub-angular in shape, and they show light grey

to brown colours, depending on the type of impregnation. In places, manganife.ou, t"-.ntu-

tion of the sand leads to the development of siliceous ore. Although the quartz sand plays only a

minor role in the supergene recycling of minerals (replacements in siliceous and massive ores),

qùaîtzhas been identified in small quantities in idiomorphic crystals within supergene materials.

How far this process is applicable to the presence of quartz grains in laterites cannot be esta-

blished here.

3 .2.2I Conglomerate

Irregular lenses and pockets of conglomerate appear mainly in lower parts of laterites in the

northern areas of the deposit (F-Quarries). This rock is laterally discontinuous, but large bodies

appeff occasionally. Generally, the conglomerate consists of pebble to cobble sized quartzite,

reworked manganese ores, and iron oxyhydroxides, with a matrix of clayey sand. The material

is not well sorted and mostly unconsolidated.

3 .2 -2 2 Quartzite / S andstone

Quartzite and sandstone form the bedrock of the island, and these rocks crop out at the eastern

margin of deposit. The material is relatively dense and few sedimentary features other than pla-

nar bedding can be discerned. The predominant mineral is quartz, but very small quantities of

Mn-impregnations or detrital/reworked other materials are found. The rocks are usually very

light in colour, their medium to coarse grains are rounded to sub-angular and they are mostly

well soned. The degree of cementation varies widely.
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Table 3.la: Primary Mn ores (modified afler Pracejus et al.' 1988).
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Name Structure/geometry MineralogY Secondary overprint

Oolite
(rurcemented)

Pisolite
(uncemented)

Siliceous o¡e

Hardground

Normal and inverse grading,

subhorizontal, following the

relief of the bedrock, small/
medium scale cross-bedding

Normal and inverse grading,

subho¡izontal, following the

relief of the bedrock, small/
medium scale cross-bedding

Massive cementation of sand

grains; sand grains in matrix.
of oolitic/pisolitic ores

Dense, thin layers (cm), oc-

casionally erosional features

on surface, laterallY continu-
ous over tens of meters; in-
corporation of reworked ooli-
tic, pisolitic, and massive
ores

Pyrolusite, todorokite, cryp-
tomelane, birnessite, nsutite,
romanechite, lithiophorite,
vernadite, (manganocalcite);
nuclei contain silt, sand
grains arrd reworked Mn-ores

,Pyrolusite, todorokite, crYP-

tomelane, birnessite, nsutite,
romanechite, lithiophorite,
vernadite; nuclei contain silt,
sand grains and reworked Mn-
ores

Pyrolusite, cryptornelane, to-

dorokite, quartz

Cryptomelane, pyrolusite

Replacements: Fe, Mn, clays;
cementation: Mn, compaction

Replacements: Fe, Mn, clays;

cementation: Mn, compac-
tion, pressure solution along

ffacntres

Infilling of cracks by secon-

dary Mn/Fe-phases; replace-
ment by Fe-oxides and claYs;

replacement of primarY struc-

tures and textures by Mn
oxides
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Table 3.lb: Secondary Mn o¡es (modified after Pracejus et al', 1988)'

Name Structure/geometrY Mineralogy

Cemented mangcrete
(oolitic/pisolitic)

Massive mangcrete

Envelope grain

Laminar mangcrete

Mn cave pearls

Spherulite
(manganiferous)

Radial pyrolusite

Siliceous ore / manga-
nife¡ous sand

Concretions
(near surface)

Digital concretions
(below ore)

Chocolate-ore

Oolitic/pisolitic ores, massive, very
hard, generally subhorizontal

Massive, hard to very hard cementations

in oolites, pisolites, and in othe¡ ore

types, often relic structures of primary
features, horizontal to sub-horizontal

Laminated envelope containing loose or

cemented ooliths or pisoliths, within
oolite/pisolite units, round to angular
shapes

Finely laminated on pipe walls, follow-
ing vertical and horizontal pipes, in out-

crops as Mn-ka¡st

Loose, rounded and elongated shapes

with concentric layering, comparable to

laminar mangcrete, but with much lower

density

Cementation of different materials (e.9.

sand, pebbles) in ovoid masses in soils,

Iaterally continuous horizons

Laterally continuous over tens of meters,

strongly undulating, erosional upper

boundary and flat base, following the top

of the orebody (G-South) and within clay

units, overprinting oolitic/pisolitic tex-

tures

Massive to recrystallized, often horizon-

tal, partly cemented sands

Varying in size, sometimes dehydration
features, laterally continuous horizons,
upwards oriented growth

Digital or coral-Ìike growth, increasing
upwards in thickness, dehydration fea-

tures, below main orcbodY

Strongly leachcd, irregular, brittle ma-

trix with Fc-oxyhydroxides and clays,

rare pisoliths/ooliths or cemcnted frag-
ments

Pyrolusite, cryptomelane, todorokite,
nsutite

Cryptomelane, pyrolusite, sometimes
pisolittrs are weathered out

Cryptomelane, pyrolusite

Cryptomelane, quartz

Cryptomelane, pyrolusite, quartz

Todo¡okite, cryptomelane, goethite, he-

matite, quartz

Pyrolusite

Pyrolusite, todorokite, cryPtomelane,
quaftz

Cryptomelane, goethite

Cryptomeland'

Pyrolusite, cryptomelane, todorokite,
kaolinite, Fe-oxyhydroxides
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Table 3.lc: Rocks and sediments associated with Mn ores (modified after kacejus et al,, 1988).
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Name Structure/geom€try Lithology/mineralogy Secondary overprint

Clay

Soil

Sand

Laterite (Mn)

Laterite (Fe)

Fe-oolite /
pisolite

Massive ferri-
crete

Fe-pipe wall

Conglomerate

Quartzite /
sandstone

Irregular, lalerally exten-
sive, concentrated in low to-
pography, vertical in pipes

and channels

Laterally extensive, occa-
sionally in pipes, small to
medium scale cross-bedding

and massive

Laterally extensive, under-
neath soils, vugular

Lateral, underneath mangani-
ferous laterite, vugular

Plana¡, regionally up to 50m
thick, sometimes layered,
mostly irregular in laterites
and pipes, rarely layers in
vugs, as impregnation in the

matrix of ores

Soft to hard cementation,
cross -cutting mang aniferous
units

Dense, hard, lateral cementa-
tions

Dense cementation of relic
rocks and minerals, follow-
ing outer boundary of piPes

Irregular pockets a¡rd lenses,

discontinuous

Dense, bedrock with eros¡on
features

Quartz sand, organics, con-
glomerales, clays

Mainly quartz, along coast:
coral and shell debris

Sands, cementations of Mn/
Fe-oxyhydroxides, clays

S ands, Fe-oxides/oxyhydrox-
ides, clays

Kaolinite, (nontronite, mont-
morillonite), as clays, silts,
claystones, siltstones, and
clayey sands

Goethite, occasionally hema-
tite

Goethite

Hematite, goethite, kaoli-
nite, quartz

Sand, quartzite pebbles, re-
worked Mn-ores, Fe-oxides,
clays

Quarø

Fe/Mn-spherulites, fining up
to the top, Mn-concretions,
lateritic alterations

Fe/lr{n-impregnations and ce-

mentation, rare silification

Pipes and sinkholes with
spherulites

Horizons with Fe-en¡ichment
and pipes, replacement of
o olites/pis olites

Impregnations of Fe-oxides/
oxyhydroxides, Mn-concre-
tions and digital concretions

Occasionally patchy manga-
nese oxide minerals, rarely
quartz

(Mn)-impregnatiors
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3.3 Míneralogy
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Below, bulk samples representative for the various ore and rock types are analyzed by X-Ray

Diffraction (XRD) to determine the dominant rnineralogy of the samples. The specimens, cho-

sen from some 90 spectra, provide information on the full range of ore/rock types in the depo-

sit. Other ore samples were selected from a vertical geological prolfile in F3-Quarry to investi-

gate mineralogical variations within the relatively homogeneous materials of the section. The

latter samples were analy zed by Fourier Transform Infrared Spectroscopy (FTR), because this

technique can detect minute compositional changes., even when the ores are poorly crystalline.

Generally, minerals occu:ring in very small quantities were not investigated in detail; this study

was undertaken to establish a common basis for general comparison, and an examinations of

trace or ultra-trace minerals was not attempted.

The lattice dimensions of many manganese oxides can vary considerably, depending on sub-

stitution effects altering the cell structure. Therefore, XRD and FTIR analyses of thoSamples

were mainly based on mineralogical studies from Groote Eylandt to guarantee sample compati-

bility (Frazer,1969; Anthony et al., 1983; Fysh and Fredericks, 1983; Fredericks et al., 1984;

Dubrawski, 1985). Occasionally, it was necessary to use additional mineral data from other lo-

calities for the interpretation of FTIR analyses (Potter and Rossman,1979), because some spec-

tra of the present study did not match with results of Ostwald (1988).

3.3.1 X-Ray Diffraction (XRD)

The X-ray diffraction patterns of the most common ores of the deposit are illustrated together

with some less frequent materials (Fig. 3.I9a; oolitic and pisolitic ores, radial pyrolusite and

Mn-impregnated sand). The following figure shows the patterns of laminar and massive mang-

cretes, concretionary ores, and an Mn cave pearl, which are all of supergene origin (Fig.

3.19b). Additionally, another ore is shown which has strongly been overprinted by alteration

and/or supergene processes (hardground). Lateritic products such as spherulite, massive ferri-

crete, and different types of laterite, are examined in the final plot of this section to investigate

the mineralogy of the main gangue minerals (Fig. 3.19c). The d-spacings of the discussed dif-

fractograms are listed in Table 3.2.

Radial pyrolusite was selected to be shown first, because the sample is almost monomineralic

(Fig. 3.19a). Only small quantities of kaolinite are detected in addition to the high pyrolusite

contents. For this reason, the XRD-trace can be used for comparison with other ore samples.

Similarly, uncemented oolite contains insignificant amounts of kaolinite together with abundant

pyrolusite. However, this ore type exhibits the highest concentrations of todorokite, when com-

pared with all other ores and rocks (at -10.9'2û). Loose, but hard andrecrystallized pisoliths
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sampled from the same geological section as the previous ore types possess a comparable Mn

oxide composition 'with slightly less todorokite, but the pattern shows larger quantities of kaoli-

nite and quartz, and the presence of goethite is indicated. These gangue minerals form the matrix

between the grains.

In the pattern of cemented pisolite, cryptomelane gains importance although pyrolusite is still

the dominant mineral. Todorokite appea¡s in small amounts and with the exception of a small

quartz peak no other ore and gangue minerals can be identified. Uncemented pisolite shows less

well crystallized Mn oxides than the cemented pisolite; the major peaks of pyrolusite and crypto-

melane are smaller. Small amounts of todorokite, quartz and kaolinite are also seen. The manga-

nese oxides of manganiferous sand exhibit similar, but relatively low, pyrolusite and cryptome-

lane concentrations. The small broad peak for the main todorokite line at -10.9 o2ù indicates

this mineral. However, when compared with the other Mn phases of this sample it is an impor-

tant component, because the quantities of all manganese minerals are generally low and still the

todorokite peak is visible. Even under "normal" conditions, in cases when the ore'minerals

dominate, the latter line does not become very large (see previous XRD-traces).

The XRD-pauern of the hardground closely resembles the diagrams of uncemented oolitic

and pisolitic ores of the previous plot (Fig.19þ). In the field, this ore type is found within most-

ly uncemented oolitic/pisotitic units of the G-Quarry area and the mineralogical similarities a¡e

therefore not surprising. Pyrolusite dominates largely over small amounts of todorokite, less

cryptomelane and insignificant kaolinite concentrations. Laminar mangcrete, which lines the

walls of clay pipes, is mainly composed of cryptomelane, although pyrolusite is present. Small

amounts of todorokite, quartz, and kaolinite are also apparent.

The manganese oxides of massive mangcrete seem to have a low crystallinity, which is illus-

trated by the low intensities of the reflections. Cryptomelane is the main ore mineral and todoro-

kite shows comparably high concentrations, although its dominant peak overlaps with a kaoli-

nite line. Goethite, kaolinite, and quartz all exhibit relatively small peaks. The mineralogy of

concretionary ores appears to be very simple as only cryptomelane lines can be identif,red, with

the exception of a minimal indication for kaolinite. Digital concretions from below the orebody

are similar in their mineralogical composition to the concretions from the top of the ore. Crypto-

meiane dominates in the sample and small pyrolusite peaks are recognized. However, strong

lines are observed for quartz and less important peaks show kaolinite. These two gangue mine-

rals form the matrix between the digital masses of this ore type. The last example of this figure

is the Mn cave pearl. Though this type of ore is very rare, it is shown for comparison. The crys-

tallinity of the manganese oxides is very low, pyrolusite seems to dominate ove cryptomelane,

quartz is one of the main constituents of the sample, and kaolinite is of minor importance.
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The secondary rocks associated with the deposit are mainly composed of kaolinite, quartz,

goethite, and small amounts of hematite (Fig. 3.19c). Depending on the rock type, one or the

other mineral dominates over the other phases. Commonly, remnants of the precursor of the

present rocks, such as manganiferous pisoliths ïn laterite, can still be recognized.

The Fe-pipe wall constitutes another important feature of clay pipe systems (compare lamina¡

mangcrete, Fig. 3.19b) and its close association to the pipes is reflected in its mineralogical

composition. Fine hematite impregnations strongly colour the rock and lead to the impression

that hematite is the dominant phase. However, the line scan reveals that this colouration is only

due to a masking effect and that hematite is a minor phase, as is goethite. Kaolinite and quartz

are the two main minerals while very small peaks indicate the presence of todorokite and possi-

bly pyrolusite. Cryptomelane cannot be detected.

Although in appearance, the Mn-laterite differs greatly from the Fe-pipe wall, the mineral as-

semblages are comparable. The crystallinity of kaolinite seems to have increased, the ainount of

quafiz is similar to that in the Fe-pipe wall, and relatively small quantities of hematite and goe-

thite are present. Manganese oxides, easily observed in hand specimen, obviously have low

concentrations and they possess low crystallinities. Very weak reflections indicate small

amounts of todorokite and even less pyrolusite.

Chocolate ore possesses well developed kaolinite lines and quartz is also a dominant part of

the rock. Goethite, hematite, pyrolusite and todorokite are indicated by small reflections. The

XRD-patrern of spherulite is dominated by quartz and kaolinite, whereas goethite and hematite

show a number of relatively weak lines. Surprisingly, todorokite seems to be the only well

crystallized Mn oxide in the sample. Pyrolusite and cryptomelane cannot be identified.

The ferruginous laterite exhibits quartz peaks much smaller than in the previous samples

(compare Mn-laterite in the same plot). Also the kaolinite lines a¡e prominent and goethite and

hematite show small concentrations. Mn-minerals cannot be found, although a very weak and

broad reflection at -10.9 o2r) could indicate todorokite.

The two remaining rocks of the diagram are comparable in their mineralogical composition.

Goethite predominates in the samples, hematite has slightly higher concentrations in the femrgi-

nous pisolite, whereas massive ferricrete contains more kaolinite. The quartz levels of both

rocks are fairly low and manganese phases cannot be detected. Thus, these samples seem to

stand out from all other ore and rock types analyzed in that they do not contain Mn minerals.

However, it must be pointed out again that in a few cases enrichments of pyrolusite were ob-

served in both massive and pisolitic ferruginous materials.

!
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eo2ù 60 55 50 45 40 35 30 25 20 15 10 5

Fig. 3.19a: X-Ray Diffraction parterns of manganese oxide ores and supergene manganiferous Pro-

ducts; sample numbers a¡e indicated at the left of the respective spectra; all samples have lhe coÍunon

prefix 903.
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eo2 ù 60 55 5045403s302s201510s

Fig, 3.19b1 X-Ray Diffraction patterns of supergene manganiferous materials; sample numbers are

inãicated at the left of the respectivc spectra; all samples havc the co¡runon prefix 903.
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(-o2 r) 60 55 50454035302s2015105

Fig. 3,19c: X-Ray Diffraction patterns of supergene a¡rd dominantly femrginous materials; sample

numbers a¡e indicatedat the lefiof the respective spectra; all samples have the coÍImon prefix 903'
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Table 3.2: Observed d-spacings [,Ð of X-Ray diff¡action (XRD) patterns f¡om Mn-ores and associaþd rocks (see Figs.

3. I 9a-c).

pyrolusite Cryptomelane Todorokite Goethiæ Hematite Kaolinite Quarø

54

9.40

7.14

6.90

4.90

3.47

3.10

2.r4

r.82

4.74

(4.3)

2.49

2.28

r.97

5.02

4.22

2.70

2.59

2.45

2.26

2.r5

7.r9

4.47

4.36

3.7r

2.70

2.53

1.81

3.59

2.57

2.54

2.50

2.39

2.34

2.30

.-2.r3

r.99

r.94

1.90

r.79

4.26

3.34

2.46

2.29

2.24

2.13

1.98

r.82

4.t9

3.88

3.48

3.r4

2.4r

2.27

2.r3

2.Il
1.98

1.72
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3.3.2 Fourier Transþrm Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy was applied to a limited number of samples to exa-

mine mineralogical variations in a stratigraphic profile containing relatively homogenous ores

(Fig. 3.20, Table 3.3). General data from some samples that were used for experimental inves-

tigations are also compiled in this section to assist the identifrcation of mineral peak positions

(Mn ores a¡ld kaolinite-quartz mixtures; chapter 7).

It was also attempted to determine the mineral composition of the samples from the respective

spectra (Table 3.4). Such an approach involves the numerical subtraction of designated "pure"

mineral spectra from the specimen to produce a relative concentration of the various minerals

(Ostwald, 1984). Unfortunately, the samples contain too many different phases, and at present,

these ores and rocks are thus unsuitable for a computerized analysis (ClRcoM=Computerized

lnfrared Characfenzation of Materials). However, the examined spectra conelate well with the

theoretical evaluation of the mineralogical composition in chapter 5, but this is discussed later

(compare also Figs. 5.3a,b; all samples of this section were analyzedby FTIR, with the excep-

tion of the 2 top samPles).

The sample specffa are plotted in stratigraphic order as taken from the orebody. Strong mine-

ralogical variations are evident in the samples at the bottom of the ore (near the clay unit), when

compared with higher samples. Prominent kaolinite peaks appear, together with large pyrolusite

lines. Peaks typical forkaolinitecan be observed at900 - 1100 and 3600-3700 cm-1, these

peaks are largely unaffected by overlying lines from other minerals. Pyrolusite usually possess-

es a few sharp lines between 500 - 700 "--1 
und some smaller, but also sharp peaks at340 -

410 cm-1. Above the initial kaolinite-rich samples, the spectra smooth out and the pyrolusite

content decreases gradually upwards, with the exception of sample 9. Parallel to this decrease,

cryptomelane increases up the section and kaolinite also reappears in the upper parts of the ore-

body near the contact with the overlying laterite. The spectmm of cryptomelane is cha¡acterized

by less and broader peaks, which occupy positions next to pyrolusite tines (650 - 750 cm-1¡.

Though some spectra indicate todorokite, only sample 13 in the middle of'the section clearly ex-

hibits this mineral (see peak at -1630 cm-1). However, the abundance of todorokite seems to

increase in the vicinity of kaolinite-rich samples.

This vertical geological profile illustrares a broad mineralogical stratification in the deposit,

although the ores examined in this sections are macroscopically relatively uniform:

. pyrolusite is obviously restricted to deeper parts of the orebody,

. cryptomelane dominates in horizons near the surface.

Another inrportant aspect of the spectra is displayed in the shape of the individual sample

scans. Generally, the overall peak intensity, and thus the crystallinity, for Mn oxides decreases
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4400 3200 2000 1400 800 200

Wavenumbers [ [cm'l]

Fig. 3.20: FTlR-spectra of samples from a stratigraphic section from F3-Quarry. The ores predominantly

consist of cemented pisolire, with clay enrichments at the bottom and the top of rhe section. All Spcctra have

a coÍtmon scale, the sampling distance is not to scale. Sarnple numbers are indicatedat the left of illc rcspec-

tivc spectra; all samples have thc common prcfix 903.
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Table 3.3: Line posirions [cm-r] of Fourier Transform lnf¡a¡ed Spectroscopy (FnR) on samples f¡om a vertical geo-

logical section in F3-Quarry (dominantly cemented pisolite)'

Pyrolusite Cryptomelane Todorokiæ Kaoliniæ

57

3600* 3694 r. t
3620

3400* 3400-3200*

1633

1100 -

- 1030

1100+2
1031 + I
1005 + 2

9r2t2
699+5

677 +2
590.5 + 2.5

549*

582+ r

550* 5s0 - 560

516*

468

440*

430+1

470+l

407+2
390*

340+2 344

277+l

* 
denotes FTIR lines for Groote Eylandt Mn oxides (Ostwald, 1988) which ì,¡/ere not detected in the spectra.

Table 3.4: Relative mineral abundances from computer spectrum analysis of FTIR diagrams (CIRCOM analysis)'

No. Pyrolusite CryPtomelane Todorokite Kaolinite Quarø

4

J
,7

4

4

5

4

3

)
I
0

0

0

0

0

2

3._

T2

6

J

J

0

0

0

I
I
1

28
,,

T9

59

69

50

70

70

75

92

62

47

92

68

6r

0

0

0

7

0

0

6

6

0

0

20

0

0

0

0

0

0

0

0

0

J

2

J

5

5

6

24

6

9

9

4l
97

94

t7

16

15

t4

r3

l2
t1

l0
9

8

7

6

5a

4
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3.4 Discussiott

The penological and nineralogical examination of ores and associated gangues demonsmtes

that many supergene products are stratigraphically conüolled in their formation. Aspects gover-

ning the secondary overprinting of the deposit, supergene mobilization, and precipitation pro-

cesses are examined later. However, when the descriptions and data of this chapter are com-

pared, a picture emerges that reflects the dominant alteration processes in the Groote Eylandt

deposit. This means in general terms that the supergene mechanisms result in the following

mineralogical/geological relationships :

. depth dependency ofores and gangues,

. development of specific parageneses.

According to the stratigraphical positions of ores and gangues, two main groups are identifred:

. near the surface and upper parts ofore,

. lower parts of orebody and below.

Although these groups often grade into each other and cannot be separated clearly, there are also

materials that are typical for specific places.

The most resrricted manganiferous products in the deposit are probably spherulites in soils

and concretions slightly below soil. Todorokite shows its strongest enrichments in the spheru-

liths, whereas other manganese oxides are subordinate in these materials. Deeper down the sec-

tion, cryptomelane is most prominent in concretionary ores, laminar mangcretes (thick near sur-

face, disappears with depth), cave pearls, and Mn karst.

All mentioned ores commonly developed in clay-rich materials or quartz sand, and thus, the

paragenesis with kaolinite, which is the main clay mineral at Groote Eylandt, and quartz, indi-

cates a geochemical control over the formation of these ores. Additionally, the higher oxygen

concentrations of groundwaters near the surface may play a role during the precipitation of man-

ganese oxides. However, as similar parageneses exist below the ore, the availability of oxygen

may be much less effective in the mineralogical control of secondary precipitates than expected.

Cemented and massive mangcretes emphasizeÍhe dominance of cryptomelane near the sur-

face, because these ores are generally more prominent in the upper parts of the orebody, and

clay minerals from the overlying laterites are easily available for interaction with local precipita-

tion processes. Digital concretions from below the ore and siliceous ores that formed at the base

of the orebody support the above findings. Again, the secondary products are dominated by

cryptomelane and they are closely associated with either kaolinite or quartz, or both.

Ores in strati$aphically intermediate positions can contain larger amounts of kaolinite in their

matrix (uncemented oolites/pisolites). Together with the clay impregnations of uncemented

oolites/pisolites small areas of increased cementation occur, and these co-existing ore types may

s8
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indicate the initial stage of a development towatds cemented mangcretes. Ores of this type are

still dominated by pyrolusite.

The FTIR analyses also confirm that the abundance of pyrolusite generally increases with in-

creasing depth, which is in contrast to the behaviour of cryptomelane. The geochemical stabili-

ties of these two minerals a¡e obviously linked, but the presence of one or the other phase does

not explain which of the minerals is replaced. However, under the microscope it is evident that

in most cases cryptomelane forms at a later stage and that it replaces pyrolusite-rich ores.

So far, the only detected exceptions to this observation are the ores of the G/G-South area.

Here, pyrolusite replaces cryptomelane and other poorly crystalline manganese phases. An ex-

treme example for this process is the radial pyrolusite which overprints oolite units near the top

of the orebody. Although less evident than in the case of radial pyrolusite, but usually more

common in the field, oolites and pisolites of this location possess mottled cemented patches

which mainly consist of a relatively coarse pyrolusite. This contrasts strongly with firìdings in

other areas where the cementation of primary materials is normally dominated by cryptomelane.

If, through a stabilization process, such as the availability of certain trabe elements, the materials

of the G/G-South area altered more slowly than the ores of the surrounding locations, then they

might represent an intermediate stage in the delelopment of the orebody.

Excluding unknown initial precipitates and their early successors, formed through diagenesis

and aging processes, the mineralogical history of the Groote Eylandt deposit may have pro-

ceeded in the following steps:

. poorly crystalline phases, such as those found in the G/G-South quarries, alter to pyrolusite

and comparable tetravalent Mn-oxides,

. cryptomelane replaces pyrolusite, as is evident in many ores of the deposit (e.g. cemented or

massive mangcretes).

The latter finding is also supported by gangue minerals,.such as goethite, replacing Mn ores.

Commonly, cemented mangcretes are partially destroyed by supergene piocesses that first act

on pyrolusite-rich ooliths/pisoliths, selectively remobilizing these grains and replacing them

with other phases, and excluding the cryptomelane-rich matrix.

processes in which gangues replace manganese minerals are very common, and often, the

mobilized manganese precipitates elsewhere as supergene products. These processes prevail

near the surface, within laterites or closely associated in pipes, and at the interface between ore

and underlying claystones. It was demonstrated that many supergene ores develop in the same

position and obviously, the dissolved manganese has its highest concentration near places

where the replacement reactions work. Thus, a secondary formation of Mn oxides is likely tcl

occur nearby.
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As mentioned before, goethite is the main gangue mineral to replace manganese oxides.

Typically, pyrolusite is much more affected than cryptomelane, which often remains as a resi-

dual matrix mineral. Kaolinite also seems to replace manganese minerals, but polished thin sec-

tions clea¡ly illustrate that the clay represenrs the latest stage in the mobilizaúon reactions which

led to the removal of both manganese and iron. This observation is particularly important, be-

cause it provides direct evidence for the remobilization of femrginous minerals through kaolinite

precipitation. It will be discussed later that this mechanism sustains the main process responsi-

ble for the reduction of manganese. Thus, the formation of supergene Mn ores indirectly de-

pends on an earlier development of kaolinite. Hematite, although present in the deposit, mostly

appears in minor quantities in higher parts of the section, where oxidation processes dominate.

This short discussion shows that a detailed petrological and mineralogical examination of

ores and associated rocks provides a wealth of information on secondary alteration products and

supergene processes. The following chapter on the geochemisry of the samples, analyzes the

srratigaphical distribution of the various elements, and it also examines whether the bioad his-

tory of the deposit described above is also reflected in the geochemical data.
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4. Geochemistry

4-7 Introduction

One of the main tasks of this study was the geochemical characterization of the different ores

and associated rocks at Groote Eylandt. Until recently, geochemical analyses on these mate¡ials

either focused on individual minerals (Ostwald, 1988) or on larger areas of the deposit (Ellis,

1978). Thus, a close examination of the predominantly secondary alteration products is neces-

sary to investigate supergene reduction and oxidation processes occuring in the orebody; infor-

mation on the nature of trace elements in specific materials also assists mine planning opera-

tions. Additionally, some of the elements are used for comparison with ores from deposits

elsewhere to identify possible genetic relationships in ore formation.

Table 4.1: Elements and methods used for geochemical
characterization.

Method N o. Elements

All ore types and rocks identified (Pracejus

et a1., 1988) were the subject of detailed

sampling procedure. First, five stratigraphical

sections \ilere sampled at.closely spaced inter-

vals (3 - 20 cmin ores, +O - SO cm in laterites;

see also chapter 2). Secondly, with the excep-

tion of a few rarer ores (e.g. manganiferous

hardgrounds), which did not provide suffi-

cient material, at least 10 samples of each ore

and rock type were collected to provide 10 or

more "pure" samples for each individual set

(up to -40). An overview of the elements and

the respective analytical techniques is given in

Table 4.1.

XRF

XRF

ICP

INAA

365

100

365

8

Al, Ba, Ca, Fe, K, Mg, Mn,
Na, P, Si, Sr, Ti

As, Mo, Pb, Sc, Th, U, rW

B, Ce, Co, Cr, Cu, Eu, Gd,
La, Nd, Ni, P. Sm, Sr, Yb,
7n,Zr

Ba, Ce, Co, C¡, Cs, Eu, Fe,

cd, Hl Ho, La, Lu, Mo, Na,
Nd, Sb, Sc, Sm, Ta, Tb, Th,
u, w, Yb, Zf

t_Dr 365 HÐ
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Major, minor, and some trace elements were analyzed by X-Ray Fluorescence (XRF), Rare

Earths and other trace elements were examined by Inductive Coupled Plasma Analysis (ICP)

(Appendix IV., Tables I - 3; for methods see Appendix I.1). Initially, a small number of sam-

ples were analyzed by Instrumental Neutron Activation Analysis (INAA; Appendix IV., Table

4) to determine upper and lower concentration limits for the development of an analytical ICP

progran which had to cope with the unusual matrix of ores and rocks. I.oss On Ignition was

determined for all samPles.

The Rare Earth Elements were normalized,with European shales (Haskin and Haskin, 1966)

to simplify comparison of multi-element patterns, the deviations of Ce and Eu from the overall

trend (anomalies) were calculated from the normalized values. A statistical treatrnent of the raw

data was attempted (correlation matrix; Appendix IV., Table 4.5), but multiple regressions for

many elements made it necessary to visually compare each parameter against all other' How-

ever, average element abundances and concentration ranges of ores and rocks are prorrided in

the respective sections.

4.2 Chemical Characterízatíon of Ores and Rocks

The following section shows the three major components of the deposit, Mn-, Fe-, and SVAI-

phases, which occasionally incorporate specific elements; major, minor, and trace element abun-

dances (including the Ra¡e Earths) are depicted for individual ore and rock types. Information

gained from element composition patterns of these materials is taken to determine whether it is

possible at the present stage of investigation to establish a cornmon host for each element.

4.2.1 Inter-Element Correlations

main element
of group

associated major and trace
elements

Table 4.2: Visual cross-correlation of major and trace

elements; underlined elements appear in several groups;

elements in brackes show weak correlations; n = 365.

First, the materials domìnating in the deposit

are examined for their rolè in concentrating the

various elements. Three main groups were

visually identified on the basis of their major

constituent (Table 4.2); these groups are the

Mn oxide ores, ferruginous rocks with an iron

oxyhydroxide dominance, and clay-rich mate-

rials. Since the secondary products commonly

occur in close association within the samples,

multiple regression trends are observed. Thus,

statistical methods are often unable to fully

analyze such complex aspects in large samplc

Mn

Fe

1þ, B, Ba. Ca, Ce, Co, Cu, Eu, G-d'

K, La, Mg, Mo, Na,
Nd, Ni, P, Pb, Sc, Sm, Sr, GÐ, U'
Y,Yb,ZN

Al, As, Gd, Pb, Sc, Th, (U), Eu-

anomaly

Cr, Fe, Gd, Sc, Si, Th, Ti, W (only

for Si!), Zr
AI, Si
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sets, and examination relied on a visual cross-comparison of all samples and all elements under

investigation. Below, the mentioned groups are discussed together to determine general element

relationships within, and between, ores and rocks; later, ores and gangues are studied sepa-

rately.

The tabulated elements illustrate the complex nature of the materials, because many elements

occur in more than one particular group. Manganese and iron are good examples for the difficul-

ties arising from such multiple element correlations. Nearly all elements identified with iron also

occur in the Mn oxides. However, this finding does not surprise, because finely disseminated

Fe phases are often present within the ore; the general question about the host for specihc ele-

ments remains unanswered. The same applies to combinaúons of femrginous/clay-rich materials

and to Mn ores/clays. This means that this relatively simple and broad scheme does not provide

sufficient detailed information and that small-scale differentiations, such as ore types or mine-

rals, are necessary.

However, a few generalizations can already be made. Interestingly, many of the elements

that might be expected to occur in conjunction with Mn, such as Co, Cu, or Ni (deep sea ferro-

manganese nodules), do not show a signifrcant relation to manganese, although these elements

appear in the manganiferous group. Thus, a strong variation within different ore types is likely

to occur. Occasionally, elements with a weak correlation to one of the main groups show a

much better relation to other elements, which, in turn, corrleate well with the respective major

group. Such behaviour is frequently observed and was used to establish the element associa-

tions of Table 4.2.

Calcium serves as example for the observation above (Fig. 4.1a). The data in the regression

plot for Ca and Mn scatter widely and the same can be said about elements such as Mg or Mo.

However, these elements correlate much better to each other (J[\4o, Fig. 4.1b); they also show

a negative or zero correlation to elements dominating the gangues (Mo/Al, Fig. 4.lc). In con-

trast, elements like U correlate well with Mn. Therefore, a combination.of Ca with other ele-

ments produces recognizable patterns, which are attributed to the manganiferous gloup in a suc-

cessive interpretation step.

Elements associated with Fe are less well correlated within the group and they also occur in

the two other main groups. However, a very pronounced correlation is obtained from Fe and

Eu-anomalies. This finding is later used in the interpretation of supergene processes, but is not

discussed further here. The clay-rich group (alumina/silica) generally possesses relatively low

trace element concentrations. Well developed regression patternss are identified for elements

such as Tj orZr (Fig. a.1d). These good correlations are generally associated with kaolinite

containing gangues. Quartz, in contrast, only correlates well with W, which obviously derived

from the grinding process (tungsten carbide mill), and is not considered further.
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4.2.2 Composition of Ores and Rocks

Below, major and trace element abundances of manganese oxide ores and associated gangues

are separated into three main groups (major and trace elements, REEs); for simplicity, the

groups are further sub-divided into four sets, as follows:

o cemented oolitesþisolites and soft, uncemented oolites/pisolites (often clay-rich maüix),

. concretions (surface), digital concretions (below ore), hardgrounds, aminil mangcretes,

massive mangcretes, radial pyrolusites (layers), spherulites,

. sands (with Mn-impregnations), siliceous ores,

. kaolinitic clays, laterites, "chocolate" ores, Fe-pipe walls, Fe-pisolites.

For each ore and rock type the average is plotted; elements are plotted in order of the respective

atomic numbr. Statistical data, such as average, maximum, nrinimum, sample number (n), and

standard deviation, afe provided in Tables 4.3-5 in the respective sections.
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4.2.2.1 Maior and Minor Elements

Table 4.3: Statistics of Major and Minor Elements; [7o]'

Al Ba Ca Fe K Mg Mn Na P Sl Sr Tl

cemented o
average
maximum
minimum
n
s¡d. dev.

olites
3.4
4.7

2
8

I

1.8 8
2.93
0.65

8

0.72

0.07
0.r2
0.04

8

0.03

L.4
2.4
0.9

8

0.5

0.46
o.67
0.24

8

0.16

52.3
55.6
46.3

8

3

0.r2
0. l9
0.07

8

0.05

0.07
0.09
0.05

8

0.01

4.5
13.1

1.9
8

3.5

0.41
o.61
0.75

8

0. l5

0.34
0.53

0.2
8

0.r3

0. l4
0.23

0.1
8

0.04

cemented
average
maximum
minimum
n
std. dev.

chocolate
avera8e
maxrmum
minimum
n
std. dev.

kaolin itic
avetage
maximum
minimum
n
std. dev.

concretions
average
maximum
minimum
n
std. dev.

pisolites
4.7 L62
8.1 5.84
1.8 0.01
31 31
r.7 1.6

ores
24

clays
2r.5
33.7

6.5
8

11.9

3.2 1.09
4.2 2.t2
2.r 0.23
10 10
0.9 0.66

0.07
0.22
0.03

31
0.04

1.59
2.66
0.71

3l
0.49

0.33
0.67
0.01

31
0.22

0.23
0.5 7

0.t2
3l

0.08

0.08
0.42
0.03

31
0.09

2.7
23.2

0.6
31

4.8

2.6
10

1.9

5.1
35.4

0.9
10

10.7

49.2
5ó

31.8
31

5.2

5

14.2
t.2
31

3.1

0.22
0.4

0.03
3t

0.12

0.1ó
0.29
0.07

31

.p.07

0.21
0.34
0.05

10
0.09

0.02
0.08
0.01

10
0.02

0.3 6

0.7 6

0.22
10

o ']

0.04
0.09
0.03

10
0.02

8 0.04
9 0.t7
9 0.01
0 10
7 0.05

0.02
0.0ó
0.01

10
0.02

0.02
0.03
0.01

10
0.01

1.41
t.62
0.3 6

10
0.37

7.5
9.2

9.
47.
l.
I

13

0.6
3.2
0.1

8

1.1

3 8.8
49.2
10.1

10
11.5

27.3
5.5
10

6.6

0.02
0.03
0.01

J

0.01

0.01
0.01
0.01

5

0

0.7
8

6.8

0.14
0.26
0.06

8

0.06

0.02
0.04
0.01

8

0.01

0.01
0.02
0.01

8

0

57 .7
78.7
45.5

I
lt.4

0.02
0.03
0.01

3

0.01

6

16.9

0.02
0. l4

0
8

0.05

0.96
1.71
0.3

8

0.5 5

0.16
0.2

0.1 I
l0

0 .03

0.23
0.32

0.2
6

0.05

0.09
0.2

0.04
l0

0.05

0.07
0.2

0.03
10

0.05

49.t
54.9
20.5

10
t0.2

3.1
7.6
t.2
10

2.1

47 .8
60.4
36.5

5

tL.2

9.7
48.7

1.3
18

12.1

3.',|2
5.35
0.61

10
1.33

0.19
0.26
0.07

10
0.06

0.16
0.24
0.06

10
0.06

0.09
0.18
0.05

l0
0.05

Fe-p ipe walls
average I 9.6
maximi:m 22.7
minimum 14.1
n5
std. dev. 3.4

digital
a\efage
maximum
minimum
n
std. dev.

Fe-plsolltes
av erage

maxrmum
mrn¡mum
n
std. dev,

concreti ons
4.2

5.7
8.4
1.4
18

2.3

6

3.5
6

0.9

4.65
8.91
0.15

6

4.r7

0.04
0.06
0.02

6

0.02

4.8
10.2
r.2

6

3.4

0.03
0.03
0.02

6

0.01

0.08
0.l4
0.04

6

0.04

0.19 tr.4
0.28'35.6
0.09 |.7

66
0.08 15

2.28
4.33

0.8
6

1.36

4l .8
52.4
31.3

6

7.1

18
7.4

0.08
0.2 8

0.01
6

0.1

0.23
0.63
0.01

_t

0.3 5

0.01
0.01
0.01

1

13.4
20.2

'7 .t
5

4.9

0.18
0.29
0.12

5

0.07

0.01
0.02
0.01

5

0

1.8
6.3
0.2

5

2.6

0.01
0.03
0.01

5

0.0 r

0.02
0.04
0.01

5

0.01

0.01
0.01
0.01

I

0.97
I .15
0.7 4

5

0.16

0.09
0.3 3

0.01
14

0.1

46.6
59.9
22.7

18
10.8

021 4.8
3 0.8

0.3

0.01
0.02
0.01

7

0

0.94
o.o2

18
o.22

0.03
o.14
0.01

l8
0.04

o.o2
0.11
0.01

18
0.02

0.39
0.5 3

0.05
l8

0.14

0.03
0. r3
0.01

l2
0.04

0.25
0.41
0.04

l8
0.1 I
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Table 4.3 (contlnued): Sradstics of Major and Minor Elements; [%].

Al Ba Ca Fe K Mg Mn Na P Sl Sr Tl

hardgrounds
avefage
maximum
minimum
n
std. dev.

laminar
avefaSe
maximum
minimum
n
std. dev.

m ângcretes

laterites
average
maxrmlun
minimum
n
std. dev.

23.4
28.3
16.5

26
3.3

m assive
averaSe

maximum
mrnunum
n
std. dev.

man gcretes

radial pyrolusites
average
maxunum
minimum
n
std. dev.

si I iceous
avetage
maximum
minimum
n
std. dev.

ores
2.7
4.5
1.8
l0

0.8

u ncem en ted
average
maximum
minimum
n
std. dev.

ool ites

54.1 0
55.8 0
50.8 0

3

2.8

4.2
4.4
3.8

3

0.3

2.7
4.5
t.7

3

l.ó

6.3
8.9
2.5

7

2

3

3.9
2.L

9
0.6

1

1

0

0.69

0.05
0.08
0.03

3

0.03

0. 67

0.7
0.64

3

0.03

0.54
0.9

0.31
3

0.31

0.09
0.1

0.08
3

0.01

0.18
0.3
0.1

3

0.11

0. l3
0. l9
0.08

3

0.06

0.9
1.3
0.7

3

0.3

J

4.3
1.6

7

1.1

02
79
47

3

l5
.26
.08

3

0.1

2.16
4.2t

0.1
7

r.82

0.r4
0.46
0.01

24
0.1

t2.5
27

0.9
26

5.6

0.3
0.7 8

0.08
26

0.16

5

16.3
0.1
26

4.5

0.31
0.5

0.r2
7

0.72

0.02
0.1

0.0i
26

0.02

3 8.8
66.3
26.9

26
9.4

5.3
t4.4

1.6
13

4.r

85.2
99.4
52.7

l8
.t5.4

0.29
0.4

0.11
7

0.09

t.2
.1 .56
0.81

26
0.21

0.26
0.67

0.1
13

0.18

0.19
0.25
0.13

9

0.04

0.1
0. l7
0.08

10

0.03

0.22
0.64

0.1
39

0.13

0.09
0.19
0.03

J

0.09

1.74
3.07
r.29

7

0. 65

0.07
0. r7
0.01

7

0.05

44.1
47.4
37 .7

7

3.5

0.07
0.32
0.02

7

0.11

tt.2
28.8

5.8
7

8.1

0.06
0.t2
0.04

7

0,03

0.01
0.06
0.01

24
0.01

0.03
0.05
0.01

26
0.01

0.02
0.07
0.01

26
0.0.2

0.02
0.05
0.01

23
0.01

4.9
72.6

)
13

3.6

0.66
3.t6
0.01

I3
0. 85

3.01
4.36
1 .83

t3
0.89

0.04
0.r2
0.01

l3
0.03

0. 16

0.25
0.03

l3
0.07

0.16
0.42
0.04

13
0.1l

0.t2
0.53
0.02

13
0.13

0.09
0.2

0,01
13

0.06

6.6
3 0.5

7.4
I3

9.1

45.5
54.6

26
13

8.6

4.5
24.5

0.1
18

8.7

42.5
54.7
27 .3

10
11.8

0.07
0.28
0.01

9

0.1

0.06
0.18
0.03

9
0.05

0.17
0.5

0.06
9

0. r4

0.43
0.84
0.02

l0
0.3

0.9
5.3
0.1
18

1.3

0.3
|.67
0.03

t8
0.52

0.03
0.07
0.01

8

0.02

2.7
4

1.8
9

0.8

0.07
0.13
0.01

9

0.03

54.8
5 6.6
s2.2

9

1.4

3.4
4.7
2.1

9

0.9

0.03
0.11
0.01

1

0.04

0.35
2.09
0.06

9

0. ó6

Mn-impregnated sands
average 2.'l 0.26
maximum 10.6 2.7
minimum 0.6 0.01
n 18 18

std. dev. 2.7 0.65

0.01
0.07
0.01

15

0.02

0.01
0.03
0.01

18

0.01

0.02
0.0ó
0.01

l8
0.01

0.01
0.04
0.01

18

0.01

0.15
o.54
0.04

18

0.15

0.02
0.11

0
18

0.03

0.06
0.13
0.02

l0
0.03

1.59
2.28
0.91

10
0.42

0.06
0.14
0.01

l0
0.05

0.07
0. l5
0.01

10
0.04

0.09
0.16
0,03

l0
0.05

0.1
0.16
0.01

39
0.03

1.1
3.6
0.4
10

0.9

2.3
10.1
0.7
39
1.6

0.57
0.86
0.09

39
o.2

46.4
55.5
21.9

39
8

0.18
0.3

0.03
39

0.07

0. r5
0.25

0.1
l0

0.05

24
48.9

5.9
l0
19

9.2
30

2

39
7.4

4.9
14.7
2.4
39

3.2

r.53
2.47
0.41

39
0.43

0.7 4
1.48
0.28

39
0.25

0.07
0.53
0.04

38
0.08

0.55
L07
0.11

39
0.24
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Table 4.3 (continued): Statistics of Major and Minor Elements; [7o]

67

Al Ba Ca Fe K, I\lg Mn Na P Si Sr Ti

u nceme n ted
averaSe

maximum
minimum
n
std. dev.

p isolite s

5.4 0.81
l3 4.09

0. 8 0.03
19 19
3 t.34

0.04
0.12
0.01
,19
0.03

l 0.45
6 l.0l
I 0.02
9 19
2 0.31

0.07
0.19
0.01

l9
0.07

0.24
0.56
0,04

19

0.13

2.
5.
0.
I

1.

0.1
0.4

0.04
l9

0.08

50, I
61 .1

36.4
l9

7.1

ll
46.3
0.7
l5

13.9

0.06
0.1

0.03
l9

o.o2

7.7
19.7
0.9
19

5.8

0.04
0.l9
0.02

19
0.05

spherulites
avefaSe
maximum
minimum
n
std. dev.

16.6
23.9
4.7

15
5.2

0.04
0.1

0.01
9

0.03

16.7
37 .5

2.4
l5

10.8

0.28
0.59

0.1
15

0.15

31.8
55

13.1
l5

16.3

0.04
0.2

0.01
t2

0.06

0.46
t.76
0.06

15
0.51

0.07
0.25
0.02

l5
0.0ó

0.02
0.07
0.01

l5
o.o2

0.04
0.15
0.01

15
0.03

0.7 6
r.t7
0.23

l5
0.26

Although markedly different in mineralogy and petrology, oolitic (G-a¡ea) and pisolitic ores (F-,

A-South, and D-Quarries) exhibit remarkable similarities in their majór/minor element co¡cen-

tration patterns (Frg. 4.2a; compare also Table 4.3). The curves of both the cemented and unce-

mented pisolites are almost identical to those of the oolitic ores. The largest va¡iations are ob-

served for A1 and Si (main kaolinite components). Uncemented ores show concentrations of Al

and Si which are twice as large as in cemented ores. Cemented pisolites are enriched in K; the

other ores possess about half as much K.

The plot for supergene ores shows concentrations and patterns comparable to the previous

group (Fíg. a.zb). The Si-, Al-, and K-concentrations of concretions (surface), hardgrounds,

massive mangcretes, and radial pyrolusites (exception: K, lowest amount of all ores) approxi-

mate those of cemented oolites/pisolites. Laminar mangcretes and digital concretions from be-

low the ore are similar to uncemented oolites/pisolites. Mn-impregnated sands and siliceous ores

are dominared by silica (Fig. 4.2c). Al is of little importance and only the.siliceous ores exhibit

significant levels of Mn.

The remaining ores and rocks are strongly dominated by kaolinite (Fig. 4.2d). Si and Al

show high concenrrations and the ratio of the Si/Al peak is approximately 2 in all types. This in-

dicates that additional silica from quartz is probably not present. V/ith the exception of femrgi-

nous pisolites, all other ores/rocks (laterites, chocolate ores, clays, spherulites, Fe-pipe walls)

show relatively high Si and Al values. Chocolate ores are almost identical to laterites, except for

the higher concentration of Mn and lower levels of Fe. The strongest variation within the group

is exhibited by Fe. Rocks with the highest concenrations of Si and Al contain the least Fe, and

vice versa. Generally, Mn is not very important, probably with the exception of spherulites and

chocolate ores, where the concentrations of Mn are higher than those of Fe.
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NaMgAl Si P K Ca TiMnFe Sr Ba

Elements

tr'lg. 4.2b: Major and minor element concentrations rn
different ore types.
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Flg. 4.2c: Major and minor element concentrations in
different ore types.

NaMgAl Si P K Ca TiMnFe Sr Ba

Elements

F'lg. 4.2d: Major and minor element concentrations in
different ore and rock types.

4.2.2.2 Trace Elements

The trace elements (TEs) allow a further separation of ore types. In general, the abundance of

the TEs in oolitic ores is slightly higher than in the pisolites, and both are chatacteized by a

sharp peak for Ni (Fig. 4.3a; see also Table 4.4). High concentrations are also observed for V

in most ores and gangues (400 - 1200ppm). The highest concentration of V appears in digital

concretions from beneath the main orebody (Fig. a.3b). Here, V reaches its strongest concen-

tration in the Mn-ores, and only oolites possess Ni concentrations that are slightly higher. Sili-

ceous ores are generally depleted in trace elements, but depict V levels similar to those of oolitic/

pisolitic ores (Fig. 4.3c). For most of the elements the curves of siliceous ores and Mn-

impregnated sands are comparable, though the former materials are normally higher in their

trace element concentration. The exceptionisZr, which gains importance in lateritic, clay-rich

products where it reaches levels similar to V (Fig. 4.3d). Femrginous pisolites deviate from the

general pattern in that they show enrichments in V, Ni, Co, Zn, As, Mo, Pb. Boron, which

normally has very low concentrations, is enriched in some kaolinitic clays.
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Table 4.4: Statistics of trace elements in ores and rocks.

69

As B Co Cr Cu Mo Nl Pb Sc Th U V Zn Zr

cemented
averaSe

maximum
minimum
n
s[d. dev.

ool ites
6 1 t7 .32 17 .39 14.95 1 3 8 .8

72 20.89 134.2 l7.tl 184.7
50 12.83 35.88 13.93 98.84
28888

1ó 2.9r 35.58 1.07 29.64

73 342
77 427
69 258
28
663

57
58
56

2
1

43
5ó
34
t4

6

132
344

28
3l
7t

4l
72
23
l4
15

9
15

4
t4
4

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

n.d
n.d
n.d
n.d
n.d

n.d.
n.d.
n.d.
n.d.
n.d.

n.d
n.d
n.d
n.d
n.d

2 2.7
3 7.'l
20
28
0 2.9

10
l3

6

2
5

t4
15
t2

L

2

n.d.
n,d.
n.d.
n.d.
n.d.

tL2
3t4

24
l0
96

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

59
103

24
6

26

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

46.89
7 4.44
28.9'1

6

20.42

6 12 330.8 1t5.3 43.t7
6 l3 493 161.9 61.88
5 I l 256.8 99 .24 3r.48
22888
l 1 76.99 22.2 12.15

4 l0 200.5 97 .53 38.27
8 13 516 185.7 72.75
0 6 37.33 65.29 14.79

t4 L4 31 31 31
2 2 t0r.2 28.49 15.75

261 49.7 257 .5
396.9 81.04.-274.8
t59 .7 44 .95 742.3

10 l0 l0
72.8 11.05 40.7

3 L36.6 42.'16 193
4 923.7 49.48 279.5
1 5.58 36.23 63.34
2888
2 318.8 4.81 78.15

t22.6 120.7 33.26
296 20s.4 54.37

53.82 32.28 22.86
l0 r0 10

83.22 51.89 8.01

8

l0
5
)
4

l4
l5
13

2

I

cem en ted
averaSe

maximum
minimum
n
std. dev.

pisolites
39 14.13 95.06
55 31.24 71r.8
26 0 35.78
t4 31 31
8 7.28 28.15

14.5 8 9:5
18.4 19t.2
13.4 42.9
3t 3l

r.25 36.77

chocolate
average
maxtmum
minimum
n
std. dev.

ores
n.d.
n.d.
n.d,
n.d.
n.d.

77.14 40.05 23.65 50.42
26.36 63.66 26.33 83.09
6.4r 24.25 17.13 38.48

10 10 l0 l0
7.28 t2.7 2.5r 12.83

22
100
5.3
l0
29

kaolin itic
averaSe

maximum
minimum
n
std. dev.

clays
2 65.02 17.87 40.16 25.26
2 5tr.6 22.33 76.38 40.7
l 0 13.5 ',|.09 14.92
28888
1 180.5 2.87 24.99 9.07

concretions
average n.d.13.83
maximum n.d. 43.57
minimum n.d. 1.73
n n.d. 10
srd. dev. n.d. I 1

15.16 158.7
18.82 287.8
L3.26 53.28

l0 10
1.53 70.5

I 18.7
15 6.3
89.22

10
22.06

digital concretions
average n.d. 13.67 131 16'33 131 .2

maximum n.d. 23.67 174.1 19.98 162.4

minimum n.d. 6.8 85.47 13.98 72.92
nn.d.6666
std. dev. n.d. 5.63 30'67 2'07 34'47

n.d. lI54
n.d. 1522
n.d. 344
n.d. 6

n.d. .423.9

122.3
t4t.2
7 6.02

6

25.16

Fe-pipe
averaSe

maxrmum
mrnrmum
n
std. dev.

walls
50 5 286.7 44.93

5 398.1 54.87
5 83.05 32.13
155
013r.9 8.17

32
32
32

1

0

1.8
2.9
t.2

5

0.7

57
57
57

I
0

0.55 20.05 37 .1 32.55
2.61 28.87 50.38 40.98

0 14.27 27.t9 26.92
5555

1.r5 6.08 9 5.33

t4 9

9

9
I
0

4
4
I
0

l6
24
l3

5

5

209.1
256.2
15 5.6

5

37.54

50
50

I
0

Fe-pisolltes
avetage 333 17.41 50. L9 23,04 190.3

maximum 436 133 .l 97 .37 79.13 418.7

minimum 228 23.86 12.85 52.13
n 5 18 18 18 18

std. dev. 94 34.6 22.27 16'26 113.8

5 20 864.4 r9l.l 118.8
9 26 153 5 281 .5 180.3
1 l5 70.89 r23.5 50.75
5 5 18 18 l8
3 5 426 49.21 41.32

120
203

67
5

57

324
938

90
l8

195

1t2
163
62

5

47
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Table 4.4 (continued): Statistics of trace elements in ores and rocks'
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As B Co Cr Cu Mo N¡ Pb Sc Th U V Zn Z¡

hardgrounds
average
maximum
minimum
n
std. dev.

laminar mangcretes
average n.d. 13 . 1 6

maximum n.d.31.?3
minimum n.d. ó.8
n n.d. 7

std. dev. n.d. 8.5

n.d. 61 .58 75.27 14.r4 9t'63
n.d. 97.92 82.87 14.36 118.5
n.d. 9.48 62.72 13.93 55.7 |
n.d.3333
n.d. 46.28 10.95 0.22 32.37

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

t7 | .4 86.4',1 58 .97
185.6 89.77 85.56
159.7 82.2 37.29

333
73.12 3.88 24.51

73.54 16.36
173.7 19.61
27.23 15.59

77
46.34 1.45

1t2.7
144

100.4
7

14.9

198
207
191

8.1

5 13

l8 32
1 0.3
't 26
6 10

n.d.
n.d.
n.d.
n.d.
n.d.

62
186

18
7

6'7

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

62.94
82.58
43.8 I

7

I 1.45

n.d. 509.4 79.65
n.d. 1067 97 .19
n.d. 161.5 63.86
n.d. 6 7

n.d. 303.4 74.41

I a terites
avelage
maxunuTl
minimum
n
std. dev.

52 4.6t 4r.7
94 44.97 92.26
3 1 0 14.67
72626

23 8.'77 2t.7 |

40.'l
105.7
r 8.79

26
2r.62

43.52
68.5 8

20.43
26

13.55

5l
82
25

7

l9

24
JJ

19
7

6

t7
2l
13

7

J

6 301.7 50.95 243.6
9 738.4 '72.83 268.6
4 9 .2 39.37 f 80.6
7262626
2 168 8.2ó 19.85

massive mangcretes
average 12 10.47 169 .2

maximum 12 21 .4I 294.9
minimum 12 1.52 90.98
n I 13 13

std. dev. O 4.98 69.44

17 90
17 311
lJ 19
1 13

095

56
5ó
56

I
0

28
28
28

I
0

46
88
20

9

25

t22
t22
122

I
0

4
26

1

15
6

9

53
2

15
13

J

10
0

15
2

n.d
n.d
n.d
n.d
n,d

84
187
24
10
43

n.d
n.d
n.d
n.d
n.d

n.d.
n.d.
n.d.
n.d.
n .d.

n.d
n.d
n.d
n.d
n.d

15.94 1ó8.5
18.79 4r5.9
t4.33 5t.39

13 13

1.38 rr9.2

8

8

8

I
0

10
10

1

0

15

15
15

1

0

6

6

6

1

0

10 360.3
1189
66.2

t3
385

136.2 62.58
248 166.3

6r.22 2r.67
i3 13

61..12 45.93

radial pyrolusites
average 9 6 3l '51 23 .14 16.03 5l '66
maximum 96 42.72 58'88 20.65 82.ó9
minimum 96 17.73 8.89 lI.O2 29-75
n19999
std. dev. 0 6.48 15 '62 2'83 20.35

4
4
4
I
0

7 397.5 77.t9 35.74
7 1030 100.8 4l.l
7 t27 .4 54.36 28.19
1999
0 351 15.41 4.72

1 l6l .4 42.01 55.64
7 1462 86.96 121.6
0 r.09 32.78 32.2

15 18 18 l8
2 392.7 t5.92 22.26

n.d. 251.4 118.1 33.41
n.d. 828.5 195.8 49.92
n.d. 51.39 74.38 ló.6
n.d. l0 l0 10

n.d. 230.5 34.6 10.9'l

13 329.3 137 61.39
I 8 5 1 2.8 224 .4 t'l0 .9

8 144.7 67 .14 20.99
t7 39 39 39
3 94.58 36.78 3ó.13

Mn-impregnated
average 2

maximum 12

minimum 0

n 15

std. dev. 3

sands
2.06 53.18 16.3 62.92
29.9 t9r.4 28.r8 341.6

0 8.71 14.34 11.63
18 18 18 18

6.99 49.72 3.35 98.16

1.2
8.1

0

18

2.3

4
r7

1

15

4

siliceous
avefage
maximum
minimum
n
std. dev.

ores
n .d.

n.d.
n.d.
n.d.
n.d.

15.53 149.3
25.6 216.3
3.87 86.69

10 10
7.35 46.49

14.97 135.2
17 .05 262.8
14.32 68.45

l0 10
0.81 69.27

u ncemented
averaSe

maxunum
minimum
n
std. dev.

oolites
53 13.48 83.39 14.67 128.7
66 21.13 149.9 24.44 190.2
39 4.07 26.48 12.53 40.36
17 39 39 39 39

9 4.t7 26.98 1.83 37.13

79 440
108 703

729
17 39
26 160

97
t24
38
t'l
26

8

12
3

t7
2

6

12
2

L7
J
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Table 4.4 (contlnued): Statistics of trace elements in ores and rocks.

7l

As B Co Cr Cu Mo Nl Pb Sc Th U V Zn Zr

uncemented
average
morimum
minimum
n
std, dev.

sp herulltes
average
maximum
minimum
n
std. dev.

70
L25

9
8

42

98
233
4r
19
53

58
79
32

8

16

90
48

8

t6

plsolites
70 37.49 55.34 16.16 71.68

tr4.6 102.8 27.88 120.4
o 22.24 L4.Lr 39.22

19 19 19 19
32.35 23.62 3.0L 26.89

28 ó.59 51.18 55.5L 72.69
28 21.85 83.41 119.1 138.9
27 018.17 17.11 39.3
2 14 15 15 15

1 6.85 18.07 29.33 32.2

6

t2
3
8

4

5 13 245.4 84.78 63.07
8 52 532.8 123.5 136.4
0 4 9r.59 64.L 1 1.16
8 8 19 19 19
2 16 rlr.4 17.44 35.87

763
7 266
7 5.5
215
090

49
54
44

2
7

23
26
19
2
5

16
18
13

2
4

7 512.7 66.13
7 r47t 123.3
6 t72.4 42.67
2 15 15
| 379 28

197.8
263.9
61.88

15
59
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4. Geochemistry

Some of the "end-members" of ores and

gangues are compared in an overview, ran-

ges of the respective materials are also pro-

vided (Figs. 4.3e,Ð. Although the cemented

pisolitic ores from F3-Quarry possess a

smaller variability in their trace element com-

position than the mostly uncemented oolites

from the G/G-South Quarry area (Fig. 4-3e),

the patterns for most elements of both areas

are similar. Some of the oolitic ores show

marked depletions in Cu and B, whereas

others contain relatively high concentrations

of these elements.

Kaolinite and goethite can also be consi-

dered as "end-members" in the sense that

they are the dominant gangue minerals (in

association with quartz sand). These mine-

rals appear in almost any possible combina- .
tion as gangue or within ore (Fig. 4.3f; see

also chapter 3). Thus, kaolinite and goethite

"dilute" bulk sample compositions of ores

with lower trace element levels (e.g. As in

kaolinite) or they may superimpose their

signature upon ores with relatively low trace

element concentrations (e.g. V in kaolinite or

goerhite).

72

BScVCrCoNiCuZnAsZMo PbTh U

Tracc Elements

E\EH l":il"' m

1
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Fig, 4.3e: Trace element range of all samples, pisolitic

ores (F3) and oolitic ores (G-South).
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Fig. 4.3f: Trace element lange of all samples, concentra-

tions in kaolinite and goethite.

Both gangue minerals contain a numbr of elements in concentrations near the upper limits

observed. The ranges of kaolinite and goethire overlap for the lighter el;'ments (B to Co) and

also for Zr andTh. In an intermediate group the trace elements of goethite dominate over those

of kaolinite, although the trace element abundance of both gangues is above average (Ni, Cu,

Zn). Athird group shows insignificant levels for kaolinite (As, Mo, U) and high concenÍations

for goethite.
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4. Geochemistry

4.2.2.3 Rare Earth Elements

73

Although the Rare Earrh Elements (REEs) belong to the trace elements in the case of the Groote

Eylandt deposit, they are discussed separately,because of their chemical properties. In general,

the REEs occur in one oxydation stage and they are thus relatively stable over a wider range of

geochemical conditions. Ce and Eu are an exception in ttrat these elements appeil in different

valencies, which makes them more mobile. Therefore, a depletion or enrichment of the REEs in

the various secondary materials may reflect supergene processes much better than the elements

discussed before. An overview over statistical data is given in Table 4.5.

The unnormalized REE concentration pattems are used to differentiate some of the ore and

rock types. Generally, the manganese oxides show a decrease from the light REEs (LREE) to-

wards the heavy REEs (HREE), with the strongest drop in the concentration between Ce and

Sm @igs. 4.4a-d; after Pracejus et a1., 1990). Most ores are depleated in Eu relative to the con-

centration of the neighbouring elements and a¡e enriched in Ce. Strong differences acc.ording to

the presence of the respective ore and rock types are observed. Cemented and uncemented

oolites/pisolites exhibit almost identical patterns for most of the HREEs (Fig. 4.4a). A pro-

nounced Ce enrichment occurs in the pisolitic materials and a small depletion characterizes the

oolites. The latter pattern is unique, except for associated hardgrounds, and this fact can be used

to chemically distinguish the oolitic/pisolitic ores of the G-Quarry a¡ea from ores of other parts

of the deposit.

A variety of secondary ore types show REE patterns similar to those of cemented and uncon-

solidated oolites/pisolites (Fig. 4.4b). However, REE concentrations of some of these super-

gene ores are relarively high compared with oolitic and pisolitic materials. Radial pyrolusite, in

particular, possesses an extreme enrichment of the LREEs, which is unequalled by any other

ore/rock of the deposit. Laminar mangcretes and concretionary ores display patterns that are

identical to each other and while massive mangcretes are also comparable, they have higher Ce

concentrations. Hardgrounds and digital concretions (below main o¡ebody) both show uncom-

mon patterns with relatively low REE concentrations. Mn-iinpregnated sahds and siliceous ores

exhibit a positive Ce anomaly, and the concentrations are the lowest of all ores and rocks (Fig.

4.4c).

The last group of rocks analyzed is mostly dominated by Fe enrichment, with the exception

of kaolinite samples and Fe-pipe walls, which are dark red and contain high amounts of clay mi-

nerals and quartz (Fig. a.ad). All samples show high Ce concentrations and relatively high

abundances of Gd. Strongly ferruginous rocks exhibit an inverse pattern with a Gd dominance

over the Ce concentration (compare Fe-pisolites and laterite).
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Table 4.5: Statistics of Ra¡e Ea¡th Elements in ores and associated rocks.

74

Ce Eu Nd Sm YbGd La

cemented
averaSe

maxrmurn
minimum
n
std. dev.

cem ented
average
maximum
mrrumum
n
std. dev.

pisolites
73.6

t64.2
11.9

3l
44

oolites
55.3

126.7
31.9

8

31.4

24.8
29.3
2r.5

8

2.8

22.7
27.6
15.6

8

3.6

6.5
7.9
3.8

8

t.4

19.2
64.8
10.3

31

11.6

23.7
30

16.9
10
4

20.7
75.9

8.7
10

19.9

23.7
39

5.8
6

I 1.5

31
46.4
1 6.8

5

ll

93.5
1t2.7

48.7
l8

17.3

51.5
60.4
37.9

8

7.6

52.6
79.4
32.7

31
12.t

24.5
53.2
r6.4

l0
10.8

37
55.5
16.1

l0
11.3

16.8
35.2

6.9
18

7.6

90
1t4.4

5 r.l
8

20.7

53.9
97.9

28
31

15.7

33.2
I 02.8

t7 .L
10

25.3

.9

.4

.2
8

.3

2.4
3.4
1.3

6

10

4

a

chocolate
averaSe

maxrmum
minimum
n
std. dev.

ores

k aolinitic
average
maxunum
mrmmum
n
std. dev.

clays

concretions
average
maximum
minimum
n
std. dev.

Fe-pipe walls
average
maximum
mlnlmum
n
std. dev.

Fe-p lsolltes
avefage
maxrmum
minimum
n
std. dev.

digital concretions
average 5 1 .6

maximum 67.6
minimum 44.4
n6
std. dev. 8.3

28.3
32.6
22.',l

6

3.3

26.7
33.7
t't .5

6

6.3

8.5
14.7
2.4

6

4.3

Lr.2
16.5
8.4

5

3.1

396

2t0.3
337.3

61.8
r0

80.3

28.1

J.J

7.9
1.3
31
1.4

r.2
6

0.2
10
t.7

13.9
25 .8

5.2
3l

5.1

10
8.5

13.7
20.8

8.7
l0

3.4

1.4
3.1
0.2

5

t.4

12.4
L7 .7
7.6
l8

2.3

5.1
9.4
2.7
3l

1.5

l0
0.7

33
.9
.5

{
8

.4

7.5
30.7
2.r

0.7
3.7

0
8

1.3

0
8

6.2

8.6
14.3

0
8

5

7.1
8

t2.3

11.5
19.1

l 1.3
1 6.3

0.7
2.2

0
8

0.7

0.2
0.6

0
8

0.2

t.7
2.4
0.6

6

0.7

0
0
0
5

0

I

1 15.9
226
11.3

10
67 .6

35
66.6
11.8

5

21.3

ó3 .8
94.6
30.6

18

15.7

2.7
3.9

0
10
I

33.4
55.9
17.8

l0
14.2

2.6
6.5
1.1
10

1.8

6.5
l1

2.1
18

2.t

5.8
7.2

4
6

1.2

1.5
2

I
5

0.5

8.7
5

2.9

,0
0.5

0
18

0.1

20.5
36.2

0
l8

9
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Table 4.5 (contlnued): Statistics of Rare Ea¡th Elements in ores and associated rocks.
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Ce Eu Gd La Nd Sm Yb

hardgrounds
averaSe

maximum
minimum
n
std. dev.

laminar mangcretes
average 117 .3

maximum 231
minimum 42.6
n7
std. dev. 73

16.4
25.r
I1.5

7

4.9

35.9
47.4
28.3

7

8.1

9.7
19.8
4.9

7

5.1

28.6
34.4
t7 .9

3
9.3

t7 .3
24.9

9.2
3

7.9

40.2
43.8
37.5

3

3.3

4.4
5.6
2.9

3

t.4

3.5
4.9
r.7

3

t.7

1.1
5.4

0
26
1.5

2.3
4.1

0
l3

1.5

0.6
1.3
0.1
18

0.3

l0
0.8

29.6
61.5

0.5
26

12.6

25.5
'l 1.9
I l-.8

13
18.4

1.8
l3.l

0

18

3.5

13.9
20.3

7.9
l0

4.7

20.9
34.8

6.9
39

7.4

22.2
51.ó
tt.4

26
1l

3 8.5
ó 1.1
22.2

13

12.3

77
111.9

45.5
9

22.7

52.r
6l

43.7
3

8.7

3 0.3
94.5
11.8

26
2t.7

40.5
63.7
r 9.6

13
17 .3

14,8
22.L
3.3

J

10

4.6

12.5
20.5

7

13
4.4

1.1
8.4

0
18

2.r

t2.4
17.5
5.1
10

4.7

t2.t
24.7
4.r
39

5.1

2.8
7

0.4
26
1.5

4.4
10.6

2
l3

2.6

0.5
4.3

0
18

1.2

3.5
7.4
1.8
10

1.9

7.t
13.4
l.ó
39

2.8

2
4

0.9
7

t.2

2.8
4.7
1.6

7

t.2

35.9
68.2
23.4

7

16.5

7.3
17.6
0.4

laterltes
average
maximum
minimum
n
std. dev.

radial
average
maxrmum
minimum
n
std. dev.

Mn-impregnated
average
maximum
minimum
n
std. dev.

siliceous
avefage
maximum
minimum
n
std. dev.

ores

uncemented
averaSe

maximum
minimum
n
sld. dev.

pyrolusites

15 8.5
416.8
28.t

26
105.2

292.2
396

r92.7
9

61 .5

sands
32.6
87.2
18.7

18
15.5

7 4.8
187.2
38.3

10
48

oolites
50.9

105.6
8.5
39

23.9

26

massive mangcretes
avetage 170.4
maximum 368.2
minimum 35.9
n 13

std. dev. 1 16

12.8
19.1

49.4
72.4
20.5

9
75.4

212.6
3r5.7

60.7
9

78.3

68. l
98.3
20.r

9
24.9

3.6
5.2
2.7

9
0.9

3.9
9

4.8

2.5
3.6
1.4

10. ó

r9.I
5.7
18

3.6

34.5
49.9
I 8.7

l0
12.6

43.7
5 8.4
29.3

39
6.5

39.9
56.7
21.6

10
t4.5

58
92.5
3 8.6

39
t4.2

11.5
29.4
5.2
i8

5.2

3.7
6.5
1.4
39
1.3
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Table 4.5 (contlnued): Statistics of Rare Earth Elements in ores and associated rocks.
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Ce Eu Gd La Nd Sm Yb

uncemented
avefage
maximum
minimum
n
std. dev.

plsolltes
79.7

t77.9
L4.4

19
48.6

4.3
10.1

1.5
19

2.1

5.9
0

15
r.9

2t.6
37.6

6.9
L9

8.7

43.7
82.4
21.5

15
20.r

53.9
91.9
30.2

19
t4.3

28.4
52.8
14.3

15
11.6

65 .6
t2t.4
26.3

r9
23.9

40.2
t02.7

17.6
15

24.3

17.7
30.7

6

19
7.3

10.5
22

J

15

5.6

3.8
8.5
t.4
r9

1.8

sp herulltes
average
maximum
minimum
n
std. dev.

L4t.3
204.5

6L.7
15

56.1

3.'l
5.6
1.8
15

t.2

t.4
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Fig. 4.4e; Raage of REEs in all samples compared

with cemented pisolitic materials from F3 and uncemen-

ted oolitic ores from G-South.
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Fig. 4.4f: Range of REEs in all samples comPared

with kaolinite and goethite.

The shale-normalized REEs (Haskin and Haskin,1966) of both oolitic and pisolitic ores are

very similil to each orher, with pisolites showing a larger variability. The IREE and HREE are

slightly enriched in oolites (Fig. 4.4e). REEs of kaolinite and goethite show a comparable beha-

viour in the LREE, but the concentration of La, Ce, and Nd is moderately higher in the goethitic

rocks (Fig. a.af . The heavier elements display the largest fractionation. The normalized REE

concentrations of kaolinite decrease gfadually from Ce to Sm and then increase slightty to Yb.

In contrast, goethite possesses a reverse pattern and exhibits a strong increase from Nd to Gd,

with the exception of Eu which shows a large depletion. From Gd to Yb the normalized concen-

trations decrease.

4-3 Elements in the Vertícal Sequence

Contrary to the previous approach, which compared various ore/rock typ.?s, the distribution of

elements is now examined in the stratigraphic context. Attention focuses on the ores of G/G-

South Quarry (mainly unconsolidated oolites/pisolites) and F3-Quarry (cemented pisolites), be-

cause of their mineralogical differences. These locations were sampled on a small scale from

vertical geological profiles (see chapter 2).

Element abundances within the vertical sequence ale studied in nvo \vays:

. as single elements, to determine zones of enrichment or depletion,

. as element group, in which variations relative to neighbouring elements are described; the

role of the REEs is emphasized here, because some members of this group (Ce, Eu) behave

differently in the weathering environment , when compared with the other REEs.
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4.3 -I Single Element Distributions

78

Commonly, manganese displays a decrease with depth in one a¡ea and an increase in other loca-

tions (Fig. 4.5a). Elements such as Si, Fe or Al plot in a reverse order in the same quarries

(Fig. a.5b). It is unclear, whether such a "dilution" of Mn with gangue elements reflects a loca-

lized detrital input of sand and/or clay during sedimentation. A stratigraphy-controlled super-

gene mobilization of certain elements in one part of the orebody and reprecipitation elsewhere

could also result in simila¡ patterns. One of the most striking features observed with many ele-

ments is the development of one or more horizons where specific elements are concentrated.

The best example for such a pronounced enrichment is Zn in samples from G-South, which

reaches its highest concentrations at a depth of approximately 7m (Fig. 4.5c). Similar horizons

are recognized for Sr (and many other elements) in G-Quarry (-4 m) and F3-Qua,rry (-72 m)

(Fig. a.5d). Data of G-South Qua:ry materials are plotted to generally illustrate enrichments and

depletions of elements in the vertical sequence (Figs. 4.6a,b). This locality was chosen for its

horizontal uniformity of ores and gangues (Gquarry, for instance, produces a similar geoòhemi-

cal profrte); a large number of samples are also available for this particular section. Frequently,

element associations occur that are comparable to those discussed above'(Tabte 4.2).
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Fig. 4.5a: Mn-distribution in vertical sections of G-,
G-South, and F3-Quarry.
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Fig. 4.5d: SrO-distribution in vertical sections of G-,
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4 .3 .2 S hale-normal ized REE-patterns

8l

As with the elements discussed above, the REE concenffitions of orcs and rocks strongly de-

pend on the stratigraphic level from which the samples were taken. Sampling profiles at F3 and

G-South Quarry exhibit a comparable decreasing concentration of the entire group of the Ra¡e

Earths ()REn; not plotted) downward. A similar correlation between depth and the abundance

of single REEs is also observed, with the exception of Yb, which increases slightly in concen-

tration downwa¡d.

The concentrations of Eu and Ce decrease more rapidly downward than the other REEs. This

behaviour is best seen by plotting the anomalies of the shale-normalized data against depth @ig.

4.7b). The calculated anomalies for Eu and Ce show the deviation of the respective element

from the interpolated values between adjacent elements, the di¡ection of this deflection is indi-

cated by plus or minus signs (Eu 
[anomaty] = Eu* - (1/2 S-* + l/z Gd*); Ce ¡unom"lyl = Ce* - ('/,

La* + 1/3 Nd*¡; 
*shale-normalized,element). 

An analysis of the normalized REE patterns from

F3- and G-South Quarry demonstrates that though the ores differ in their appearance and mine-

ralogy, the stratigraphic distribution of the Eu anomaly is comparable. '

The oolitic/pisolitic ores of G-South Quarry show a decreasing Eu anomaly (- 0 to - -1 )
from the surface to a depth of approximately 6 m, below which the anomaly increases further

down to almost -0.5 at about 12 m. From about 10 m depth the cemented pisolites of F3-Quarry

continue this trend until -13 m (- 0), from where the values again decrease to -1 at 18 m. Simi-

lar intervals of en¡ichment and depletion have already been detected for other trace elements and

in other locations of the deposit, but at the moment it is unclear, which processes are responsi-

ble for the development of these chemical trends.

Fe-rich laterites and spherulites (Fe- and Mn-rich) near the surface from both locations dis-

play a wide range for the Eu anomalies (0 to about -4.5). The Ce anomalies (not plotted) from

o
ores of the two areas are not as consistent in

their small-scale stratigraphic variations as

the Eu anomalies, but generally they have

larger negative values with increasing depth.

Associated Fe-rich laterites and spherulites

fall into the same broad trend as the ores.

20 That not only the anomalies of Ce and Eu

are depth-dependent, but also the normalized

concentrations of the other REEs, is demon-

strated on the example of ores and rocks

from F3 and G-South Quarry @igs. 4.8a,b
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Flg. 4,7: Correlation of Eu-anomalies and depth in ores
and associated rocks from F3- and G-South Quarry; after
Pracejus et al., 1989.
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and 4.8a-d). Additionally, the patterns indi-

cate differences bet\peen the various ore and

rock types. Generally, the cemented pisolitic

materials from the F3 area possess a very

strong negative Ce anomaly (-1.8; Fig.

4.8a). However, the most striking feature of
the individual patterns is the behaviour of
this anomaly, because it decreases gradually

from the bottom to the top of the section.

From Nd to Gd the pattern increases almost

linearly, exhibiting a very small negative Eu

anomaly, whereas normalized Gd is slightly

higher than normalized Yb. In contrast to the

cemented pisolites, Fe-rich and Mn-bearing

laterite exhibits a distinctive positive Ce

anomaly (up to 2.4) and a large negative Eu

anomaly (until -5.5; Fig. 4.8b). In this dia-

gram 2 samples were interpolated for Eu,

which was below the detection limit.
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Fig. 4.8a: Shale-normalized patterns and depth (against

European shales; Haskin a¡rd Haskin, 1966) of cemented
pisolites fron l{ì-Quarry; after Pracejus et al., 1989.
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Uncemented oolites show a surprisingly Atomlc Number

similar REE pattern to the cemented piso- 
lil;i;iti"ålït"îråit'.'r"loÏ"ff"rTi,"nl"liÏ,tî:l:

lites, though the former ores possess smaller 1989.

negative Ce anomalies (-1.1; Fig. 5.9a). The

slopes of the REE patterns of partly recrystallized manganese oxides ttrat also contain clay mine-

rals gradually increase from La to Gd, then decrease towards Yb (Fig. 5.9b). The Ce anomaly

is absent or slightly positive and Eu exhibits small negative anomalies. One ore type which is

mainly composed of radial pyrolusite, exhibits a REE pattern that does not resemble any of the

other ore types. For this sample the pattern shows a ma¡ked increase of the sample-shale ratio

from the LREE to the IREE, a weak negative Eu anomaly (average - -0.5), and a large decrease

of Yb compared to Gd. Specimens of this material possess the highest Lnng concentrations (-
1000 ppm) encountered in the deposit.

Ce developed a small positive anomaly and the slope of the LREE curve is slight for ores and

rocks containing higher amounts of kaolinite, iron hydroxides, and less recrystallized Mn-

minerals (Fig. 5.9c). These REE patterns closely resemble those of Fe-rich Mn-bea¡ing laterites

(F3-area, Fig. 5.8b), although the Ce anomaly is smaller. Eu again displays a distinctive nega-

tive anomaly. Manganiferous laterites and soil spherulites (Fig. 5.9d) possess a strong positive

Ce anomaly (- -4.5), ratios that increase to\ilards the IREEs, and a dominant negative Eu anom-

aly (until - -7.6).

SEE¡G Ybl¡G l\U

\ 7h
t¡ Cs

T_
SE E¡ Gd

\

Yb



4. Geochemistry

tol

lü
56 57 5t 59 @ 61 62 63 @ 65 66 gl 6t 69 ?O 71

Atomlc Number

Ftg. 4.9a: Shale-normalized REE-patterns of unce-
mented oolites from G-South Quarry, containing little or
no clays; after Pracejus et al., 1989.
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Fig. 4.9c: Shale-normalized REE-patterns of i¡on-rich
clays from G-South Quarry; after Pracejus et al., 1989.
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F'lg. 4.9b: Shale-normalized REE-patterns of oolitic
ores f¡om G-South Quarry and radial pyrolusite, con-
taining recrystallized Mn-minerals and clays; after
Pracejus et al., 1989.
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niferous laterites from G-South Quarry; after Pracejus et
at., 1989.

4.3 Díscussíon

4.3.1 Relationships bet-''ueenTrace Elements and REEs in Different Materials

An examination of the major element concentrations in the dominant ore types of the deposit,

oolites and pisolites, shows that these ores are remarkably similar. Comparable patterns are ex-

hibited by most supergene prducts, and therefore, these elements cannot be used to distinguish

ore and rock types from each other. Only in the very general sense of MnÆe-ores, laterites/

clays, etc., which show a predominance of one element, it is possible to separate the materials.

In contrast, the trace elements cân help to differentiate some of the ore types, mainly on the

basis of strong variations in the Ni and V content. The most striking difference is noted between

oolites and pisolites, the former possessing a dominant Ni-peak. With the exception of V,

which often shows an elevated abundance, most of the other elements are distributed relatively

evenly. Gradual elemental changes from one ore type to the next are probably due to small
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variations in the mineralogy of the materials. The following chapter concentrates on this issue

and with the help of normative mineralogy it is possible to elaborate in fa¡ more detail about

which minerals concentrated trace elements. However, ore and rock types dominated by one

particular mineral, such as ferruginous pisolites (goethite), can already be examined here in ge-

neral terms.

It has also been shown that multi-element patterns of the REEs (not normalized) can readily

be used to chemically distinguish some of the ore and rock types. For example, cemented piso-

lites from F3-euarry and unconsolidated oolites/pisôlites from the G-South area possess distinct

differences in the Ce-content, although the concentrations are generally very similar for all the

other Rare Ea¡ths. However, the shapes of the patterns are comparable, with the exception of

strong variations for Ce, and to a smaller extent for Gd. V/hen the samples are shale-normalized

a clearer picture emerges.

The main ore types (cemented and uncemented oolitesþisotites) both possess shalê-norma-

tized REE patterns that a¡e enriched in the LREEs, when compared with the gangues. For the

IREEs, the main ore types show lower rarios than goethite, but higher ratios than kaolinite.

Nevertheless, the overall patterns of the ores do not exhibit large variations. On the other hand,

the normalized patterns of kaolinite and goethite are comparable in the LREEs, but the patterns

diverge for the IREEs and HREEs. This behaviour, where associated minerals show a preferen-

tial uptake of LREE, IREE, or HREE, indicates fractionation by various mineral phases (Gold-

berg, 1965). This results from the electron charge properties of the REEs (lanthanide contrac-

tion: decreasing ionic radii with increasing atomic number).

Strong negative correlations between Eu anomalies and Femo1 (= goethite) suggest that con-

tinuous redox reactions between Mn and Fe are responsible for the remobilization of manganese

oxides and a subsequent removal of Eu (and other REEs). Iron-bearing kaolinite (F.2*) and iron

minerals such as goethite or hematite are important reaction partners for manganese ores during

supergene alteration processes in Groote Eylandt and elsewhere (Pracqjus et al., 1988). The

first step of this interaction is the dissolution/reduction of tetravalent Mn-oxides and their re-

placement by iron hydroxides. Once formed, goethitic phases can selectively remove IREEs/

HREEs from the REEs available in ground waters, and these elements can be incorporated into

new supergene phases. Parallel to this process, LREEs such as La and Ce, and some of the

IREEs, can be taken up by other secondary minerals. During a second stage, where supergene

processes result in the reduction of iron phases and a successive replacement by clay minerals

(not always present), a part of the LREEs from the lattice of the iron hydroxides may be trans-

ferred to kaolinite, as the concentrations of La and Ce are seen to be very similar in both mine-

rals. In kaolinite, IREEs and HREEs are much less abundant than in the goethite. Obviously,

the lattice allows only a specific range of elements to be used for charge balances. Adsorption

processes may also be very effective in the selection of a limited number of elements.
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Further remobilization of secondary kaolinite, Fe-hydroxides, and manganese oxides (see

chapter 8) results in the release of varying amounts of REEs. Precipitating supergene manga-

nese oxides may reflect this changing availability of LREEs and HREEs. The fact that negative

Eu and Ce anomalies of the ores increase with depth support this interpretation. Ce and Eu a¡e

the most mobile members of the REE group and a general decrease of these elements in deeper

parts of the orebody can be linked to prolonged reaction times that result from an increasing

availability of ground waters, which thus enable the redox reactions to take place. In contrast to

the REEs, other trace elements do not show such strong fractionation between kaolinitic and

goethitic materials, although supergene products such as kaolinite-rich laterites are occasionally

enriched in minor or trace elements (e.g. B, Ti,Zr), when compared with other secondary ores

and gangues.

Ce and Eu anomalies similar to those described from Groote Eylandt developed in supergene

products from different protores, for example from manganiferous carbonates (Kalaha¡i depos-

its, South Africa; N. Beukes, perS. commun., 1988) or from oxidic Mn-ores (China; P. Yang,

pers. commun., 1988). This means that although the alteration materials may no longer exhibit

the REE composition of their parent rock, the final product could develop characteristic features

that can be recognized worldwide in supergene ores.

4.3 .2 Stratigrøphy-controlled Element Variations

It has been illustrated that most trace elements and Rare Earths decrease down the section and

that elements such as Ce, which are geochemically more mobile than many other REEs, are rela-

tively more depleted. Also, enrichment zones can be observed over several hund¡ed meters,

Since water movement (mobilization/precipitation processes depend on water to operate) is pre-

dominantly vertically oriented, the f,rndings above probably reflect prolonged interaction of ores

and groundwaters at greater depth within the deposit. Near the surface the water levels are sub-

ject to strong seasonal variations.

However, great care must be taken when samples are examined from different stratigraphic

levels. These samples should, sensu strictu, not be compared directly without stratigraphical

background information; materials from the top and the bottom of the section are likely to show

strong variations in the element composition. Similarly, an assessment of element abundances/

patterns in manganese oxide minerals and associated rocks may prove to be difficult, because a

number of secondary materials occurring in the same sample possess cha¡acteristic trace element

and REE concentrations. A bulk chemical analysis of such ores/gangues inevitably produces

mixed patterns. Analytical work is underway to determine trace element and REE concentrations

in the various materials precisely, and to prepare mineral correction factors. This will allow the

development of gangue-mineral-free conrposition patterns for comparative work.
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4.3.3 Comparison oÍ REE Patterns from Groote Eylandt and Other Mn Oxide
Deposits

The Rare Earth Elements were chosen for this comparison, because of the redox control on REE

abundance and the availability of comparable data from other deposits. Most of the trace ele-

ments on the other hand are often incompatible, because different authors have determined dif-

ferent elements. This renders an overall comparison more difficult.

Because the ores of Groote Eylandt have a histo¡y of repeated mobilization and reprecipita-

tion which may have been in effect since the Late Cretaceous, it is almost certain that time-

dependent Eu anomalies (and similarly Ce) of initial precipitates (Fryer, l9ll) have been over-

printed by supergene processes, thus presenting obstacles to identifying unaltered primary man-

ganese oxides for further comparison. At present, there seems to be no obvious way to deter-

mine whether the Rare Earths analyzed here derive from primary or secondary minerals.

Mineral-specific incorporation of REEs (and also TEs) into the lattice of supergene phaSes and a

fractionation of the various elements in the successive precipitates can produce patterns that

show little or no relation to primary concentrations. It is therefore'difficult to compare the

Groote Eylandt ores with other deposits that are still close to their initial geochemical composi-

tion. Nevertheless, minerals that have only altered and which were not replaced totally by super-

gene phases, may possess signatures which ðould pafily be comparable to the initial precipi-

tates.

Before the Groote Eylandt ores are compared with other manganese oxide deposits, it is ne-

cessa.ry to briefly introduce the basis for this part of the discussion. It was demonstrated that the

deposit has been influenced by supergene processes (e.g. Figs. 4.8-9) and it was also possible

to show that individual ore and rock types within a stratigraphic section keep a comparable

shale-normalized REE signature (except for larger Ce va¡iations), although the REE concentra-

tions generally decrease downward. The largest REE depletions were detected in the lower parts

of the orebody, where interactions with local groundwaters can persist over much longer time

intervals than in the upper parts of the section.

Manganese enrichments (cementations) are observed in many positions within different sec-

tions and therefore, REE enrichment processes coupled to an additional uptake of Mn cannot be

ruled out. Such processes have been noted by Fleet (1983) and Hein et al.(1989) in connection

with an increasing manganese content in samples that were influenced by supergene processes.

However, the present data only partly support this finding. Mn concentrations were observed to

increase with depth in one locality of the deposit, elsewhere the concentrations decrease with

depth, and in both cases the abundance of REEs (and other trace elements) decreases down-

ward. It is therefore concluded that the shape of the patterns of the ores, but not the actual con-

centrations, remained similar to earlier precipitates. The various ores are compared on this basis.
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The most important features for comparison are the pronounced negative Ce anomalies and

the variations in the Eu content of the Groote Eylandt ores (Fig. 4.10). These anomalies are

characteristic of the geochemical environment in which the manganese oxides developed, and

the type of the anomaly (positive, negative) reflects the thermodynamic conditions during the

formation of the ores (Piper,l974; ElderFreld and Greaves, 1981; Ingri and Pontér, 1987; De

Carlo and McMurtry, 1989).

It is known ttrat most marine nodules showingnegative anomalies precipitated mainly under

the influence of hydrothermal processes (e.g. Rankin and Glasby, L979; De Carlo and McMur-

try, 1989), although some were formed by diagenetic processes (Elderheld and Greaves, 1981;

Calvert er al., 1987). It is unlikely that the Groote Eylandt ores accumulated under hydrotherrnal

conditions, because there is no evidence of any Cretaceous volcanic activity in the region. Dia-

genetic formation in precisely the same \ilay as in marine nodules is not very plausible, given the

nearshore marine environments of deposition. Morphological and petrological features (e.g.

cross-bedding, normafinverse grading) also argue against a purely diagenetic origin @olton et

al., 1988). However, the shape of the shale-normallzed REE pattems and the REE concentra-

tion levels of the Groote Eylandt ores are very similar to diagenetic nodules, thus indicating that

the processes influencing ore minerals and associated sediments are comparable in both types of

deposits.
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Flg. 4.10: Comparison of ma¡ine manganese oxides with oolitic ores (soft = uncemented oolites) from the G-a¡ea at

Groote Eylandt. Pisolitic ores produce a similar pattern and were thus omitted. The following ore types a¡e included
above:
. deep sea rna¡ine nodules after Piper (1974),
. marine nodules formed by hydrothermal processes from depths < 2000 m, averages from De Carlo and McMurtry

(l 986),
. marine nodules formed by hydrothermal processes from dcpths > 2000 mr averages from De Carlo and McMurtry

( l 986),
. marine nodules associated with diagenetic processes, from Elderfield and Greaves (1981),
. shallow water marine nodules (flat, discoidal and spheroidal concretions), taken from Ingri and Pontér (1987),
. oolitic ores, averages from this study; cemented pisolites have nol. bccn plotted for simplicity rcasons; their pat-

tem is comparable to the oolitic ores, with the exception of rhe positive Eu anomaly.
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piper 097aù describes marine nodules from water depths greater than 3000 m that show ex-

traordinary similarities to a few Groote Eylandt ore samples (radial pyrolusites); though the REE

concentrations diffe¡, they possess comparable patterns. From sedimentological studies (Bol-

ton, 1981), it is known that the ores developeä in a shallow-water marine environment, so the

similarities are puzzling. Nevertheless, most Groote Eylandt ores and gangue minerals do not

show the pattern of radial pyrolusite.

Discoidal and flat concretions from the Gulf of Bothnia (Ingn and Pontér, 1987) collected

from a water depth of 70 to l2O m possess REE concentrations simila¡ to the Groote Eylandt

ores, but the shape of the curves for the IREEs and HREEs is nearly horizontal for the concre-

tions, whereas the Groote Eylandt ore patterns increase towards Gd. However, the concretion

patterns also show negative anomalies for both Ce and Eu. On the other hand, spheroidal con-

cretions from the same area but in water depths of about 50 to 70 m show strong positive Ce

anomalies. If supergene processes are not able to completely overprint the initial pattern of the

REEs, then the discoidal and/or flat concretions might represent in some aspects a modern-day

analogue to the Groote Eylandt ores, which also formed under shallow-marine conditions.

Grasselly and Pantó (1988) recently examined the REE geochemistry of the Jurassic Mn-

deposits at Úrkút, Hungary, and found remarkably coincident patterns for clay minerals and

manganese oxide ores. Both display positive Ce anomalies, negative Eu anomalies, and are

LREE enriched. At Groote Eylandt, the ores and clay minerals show different compositions,

which might be due ro the almost continuous activity of supergene dissolution and reprecipita-

tion processes (Pracejus et al., 1938). Generally, the ores have negative Ce anomalies and the

normalized concentration for Yb is slightly less than Gd. Depending on the sample, Eu can ex-

hibit strong negative or positive anomalies. In IREE, the ores from the two deposits are nearly

identical, but this is not so for the clay minerals. The levels of individual REEs in the clay mine-

rals at Úrkút are two to thirteen times higher than in the Groote Eylandt kaolinites. This sug-

gests significant differences in the development and subsequent alteration of the two deposits. It

also indicares rhe possibility of a much higher mobility of REEs in a trppical to sub-tropical

weathering environment. The fact that the shape of the REE panerns in the clay minerals of both

deposits is comparable, could imply that the clay mineralogy in Úrkút and Groote Eylandt is

similar. At present, however, the available information about supergene terrestrial deposits is

too limited to allow a detailed comparison.

Some authors suggest the use of the Ce/La ratio for an assessment of the rate of Ce depletion

in the sedi¡rents, which then can be taken as an indicator for the redox conditions during the

formation of the ores (e.g. Dubinina and Volkov, 1986; Glasby et al., 1987). However, this

technique cannot be applied to the Groote Eylandt ores, because of the sffong influence of su-

pergene processes which overprinted the ores to varying degrees. Similarly, Grasselly and

Pantó (1983) came to the same conclusion in their examination of the Úrkút deposits.
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The possibility that the ore minerals have only been altered during supergene processes, and

that these phases may have kept most of the initiat REE concentrations,leads to the conclusion

that in terms of the REE geochemistry a present-day analogue to the Groote Eylandt manganese

ores can probably be found in the shallow-water marine nodules of the Gulf of Bothnia (disco-

idal and flat concretions from depths between 70 and 120 m). These Mn-oxides bear the closest

resemblance to the examined ores. Even though strong similarities to diagenetic nodules exist,

sedimentological studies of the Groote Eylandt deposit suggeslthat the ores did not form diage-

netically. However, the redox conditions within thê sediments where these nodules developed

may have been comparable to the geochemical environment of the supergene ores, on at least

relatively small scales.
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5. Application and Interpretation of Normative Mineralogy

5-l Introductíon

Until recently, researchers examining manganese oxides had to overcome a number of prob-

lems, when a quantitative mineralogical analysis of their samples was required. Many Mn-ores

are extremely fine grained and their manganese minerals possess low crystallinities and are in-

tergrown with other minerals. The crystal structures are not well defrned, or hybrid structures

exist. This makes quantification, and even identification very difficult, because traditional mi-

neralogical techniques, such as ore microscopy, X-ray diffraction (XRD), and the more ad-

vanced Fourier Transform Infra Red analysis (FIIR) fail when confronted with such complex

material. Therefore, a method has been developed which approaches the problem from a theo-

retical viewpoint @acejus et al, 1988a; Pracejus, 1990). Suggestions on the development of a

normative method for manganese minerals can be found in a paper by Babenko et al. (1983),

who quoted calculated mineral compositions (partly different to those used here) of manganese

ores from Nikopol in the USSR. Unfortunately, they do not specify the method for their calcu-

lations, nor do they state whether this is only an approximation.

It is not intended here to replace sophisticated analytical techniques, such as FTIR (including

Computeriz-edlnfra Red Characterization of Materials: CIRCOM) or Differential Thermal Analy-

sis (DTA), because this would go far beyond the capability of the proposed method. However,

the norm provides a tool to quickly process large sample sets, once the calculation procedure

has been established in a computer program. The obtained data can then be correlated with re-

sults from other analyses.

The necessary background information for the normalization technique has been obtained

from Ostwald (1980, 1988) and Pracejus et al. (1988b), who examined the mineralogy and geo-

chemistry of supergene Mn-ores from Groote Eylandt in the Northern Territory of Australia.
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The deposit shows an extensive supergene alteration of the primary sedimentary sequence,

which mainly comprises oolitic and pisolitic manganese oxides. Because the secondary Mn-

minerals precipitated in a number of host lithologies (e.g. Mn-ores, sands and sandstones, clays

and claystones, Fe-oxides and oxihydroxides),'they have created a large range of assemblages.

The deposits of Groote Eylandt contain pyrolusite, cryptomelane, romanechite and todorokite

as the main ore constituents. Manganite, vernadite, birnessite, and a number of other manganese

oxides can also be identified, but they appeu in much smaller quantities (Ostwald, 1988) and

are therefore neglected in this theoretical approach. The dominant gangue minerals are quartz,

kaolinite, goethite (plus other Fe-oxihydroxides) and hematite. These minerals set the frame-

work for the norm model and, sensu strictu, they can only be applied to conditions similar to

those of Groote Eylandt (tropical/sub-tropical supergene alteration of manganese oxide pro-

tores), but the norïn can easily be adjusted to comparable geological environments (e.g. baux-

ites). At the moment it is difficult to assess how well this method can be applied on manganese

minerals of other origins (e.g. deep-sea nodules), but it may prove to be helpful for tire under-

standing of other deposits.

5.2 Method of Norm Calculation'

'When the first mineral norrn (CIPW; Cross et al., 1902) was developed, the complex stnÌcture

of silicates and many other minerals was not yet known. The chemical composition of minerals

was generally described in terms of molecules and the molecular weights of oxides. This idea-

lized approach provides a relatively easy theoretical assessment of mineral quantities in very fine

grained rocks or even glass, but it has serious disadvantages, when minerals occur in higher

amounts in the natural sample which ale not covered by the calculation.

Additional minerals such as rhodochrosite (MnCO3) or alabandite (MnS) can also be incorpora-

ted into the present method without difhculty, provided that the necessarycarbonate and sulf,ide

analyses are available. However, the latter compounds can only be found in trace element quan-

tities in Groote Eylandt and thus, they only serve as examples for possible extensions of the

noÍn.

Often, it has not been possible to incorporate specific elements, such as K, Mg, Al, Fe, or

Ba, in more than one nofin mineral, because of strong element variations in a number of host

minerals (see for instance Ba in cryptomelane). The minerals also rely on at least one element

for their calculation, and this element is subsequently "consumed" for the formation of the re-

spective norm mineral. K for instance, can be found in cryptomelane, romanechite, todorokite,

and also kaolinite, but the normalization uses K only for cryptomelane and kaolinite, all other

phases are calculated on a K-free basis. This means that relatively small errors are automatically
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introduced for the remaining minerals which also accommodate K. For the same reasons, inter-

growths of different manganese oxides had to be neglected (e.g. romanechite-todorokite or

romanechite-hollandite; Turner and Buseck, 197 9).

In the following sections, the various minerals are discussed in the same order in which they

should be calculated, because a number of phases depend on preceding minerals for thei¡ re-

spective calculations. The numbers in parenthesis next to the formulae conespond to the steps

shown in Figs. la-d. To simplify understanding of the norm method, two example calculations

are also shown (Table 5.1: Mn-ore; Table 5.2: Fe-ore). Average norrn mineral concentrations

and other statistical data are provided in the relevant text sections (Tables 5.3 - 6), results for all

samples are given in Appendix V.1.

The norm calculation comnences with the numerical division of the weight percent of the an-

alyzú elements by their molecula¡ weights. The result will be called mol equivalent (ME). Since

the ME is represented by fairly small numbers, it is multiplied by 1000 (ME 1000). The latter

step is not necessily, but it makes handling easier for separate calculations which are not done

on computer. The next step distributes the ME 1000 product to the various norrn minerals. The

consumption of the appropriate elements must be calculated after each step. The addition of each

oxide that is needed to produce one mineral, b followed by a division of the sum of all ME

1000 products of the total of the analysis, and a multiplication by 100 to produce the final mine-

ral percentages.

As every chemical analysis contains an analytical enor, the reliability on the final results may

not exceed one decimal place or even less. Despite these limitations it is advisable to calculate

the norm to two decimal places, this improves the quality of plots which otherwise might be dis-

torted. Errors that could develop from the necessary simplifrcations for some of the minerals are

in most cases negligible, especially when ores of the same type are compared, because the er-

rors will also be comparable. The basis on which each mineral is calculated is underlined. The

nomenclature of this norm has been chosen in such a way that mineral abbreviations used in al-

ready existing noÍns are not duplicated.

an anatase: TiO,, 11)

The mineral anatase is used instead of rutile (also TiO), because it is the main constit-

uent in bauxitic and lateritic soils (Bárdossy, 1982). At present , its abundance is

calculated separately. However, later development of this normalization method might

lead to an incorporation of TiO2 into kaolinite, because it has an excellent correlation

with the latter mineral.
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quafiz: SiO2 Q)

A decision has to be made as to whether there is excessive quaÍz or not. This is also

the basis for the determination of kaolinite and gibbsite. In the system quaftz (q) - kao-

linite (ka) - gibbsite (gb) no more than two minerals can be in equilibrium at one time

(Kittrick, 1969). In aqaeous systems kaolinite will form at the expense of either gb or

q. This means that q > 0 when gb = 0 of q = 0 when gb > 0 in the present calculation.

Under natural conditions this thermodynamic rule can be broken, because of the slow

reaction kinetics of the involved mineral species. Nevertheless, the final stage leads to

a two mineral configuration, which is accounted for in this calculation. The decision as

to excessive quatrz depends on a preliminary calculation of kaolinite (only step 3a!).

The result indicates excess quartz (remaining SiOt or alternatively, an overestimated

consumption which leads to no quartz, but also to the calculation of gibbsite (4).

ka kaolinite: AI2Si2O5(OH)¿ = AlrQ" +2 SiO2 +2H2O (3a)

+ sio, +tlr$lr}l + H2O (3b)

Depending on the result of the previous decision, kaolinite is either determined from

(3a) or (3b). If there is excessive quartz, then the abundance ãf kaolinite is calculated

on the basis of the available alumina. In the case of quartz deficiency, the mineral

abundance relies on the total silica coptent of the sample and there will be free alumina

for the formation of gibbsite as an additional phase (4). Analyses of reasonably pure

clay samples have shown that kaolinite from Groote Eylandt contains -I.7 Vo FeO

and -0.L7 Vo KzO; these values are incorporated in the final result of the kaolinite cal-

culation. The latter two steps should be checked in materials from other deposits and

adjusted accordingly. Because these compounds are relatively low in their concentra-

tion, they could also be omitted from this part of the norm calculation.

gb gibbsite:2AI(OH)3 + A-tzg¡+3H2O Ø)

The conditions for the stability of gibbsite have already been discussed in context with

quartz (2) and kaolinite (3). Though gibbsite has been described as an accessory in the

deposits on Groote Eylandt, it must remain a theoretical phase under the present nor-

malization program, because it is not known to what extent the excess alumina is in-

corporated in minerals like goethite or henratite. If excess quartz has been determined,

then gibbsite does not exist in the sample.

cryptomelane: K<1Mn6O16 + K2O + MnO + 15 MnO2

Correlations with SrO strongly suggest that Sr is incorporated in the lattice of crypto-

melane, and the size of its ionic radius (within a range of + 15 7o) implies that it can

substitute for potassium. This is also in accordance with Post et al. (1982), who dis-

cuss a cryptomelane with the following fomtula:

(K6.eaNas.25Srs.138ao.l)(Mn, Fe, AI)s(O, OH)lo.

cm
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Because cryptomelane at Groote Eylandt varies in its Ba content, and also because Ba

is needed for the calculation of romanechite, this element is not used here. The same

applies for Na, which is taken for the development of todorokite. The following oxide

formula is used:

(KzO + SrO) + MnO + 15 MnO2 (5)

A small amount of potassium is taken for the kaolinite calculation, and it therefore may

happen that manganese samples with a very low cryptomelane content give a result of

cm = 0. Theoretically, such a sample could be calculated on the basis of the Sr content,

if present, but the normalization procedure neglects cryptomelane if there is no K. Sep-

arate Sr-minerals such as celestite have not been detected in the deposit. MnO is calcu-

lated (!) from the total MnO2 analysis, because it had not been determined for the

Groote Eylandt samples. However, if an analysis of Mn2* is available, it should pre-

ferably be used.

rm romanechite: Ba2tMn3a+ vtnli o¡ol * 4H2o fr.

+ BaO + Mn2O3 + 5.5 MnO2 + 2H2O (6)

The barium content of the sample is taken as the basis for the romanechite calculation

(Giovanoli and Balmer, 1983; Burns and Burns, Igll; Burns et al., 1985)' Mn2O3 is

calculated (!) from the total MnO2 content, as is the case for the previous mineral for

MnO. The strongly varying K2O contents of romanechite in Groote Eylandt (BaOÆ<2O

rarios of 1.8 to 34.7: Ostwald, 1988) have been neglected in favour of cryptomelane,

because no consistent values could be obtained.

todorokite:

This mineral seems to be fairly complicated, having different compositions in different

deposits. A number of formulae have been proposed by various authors:

(Ca, Na, K, Mn2+)(Mn4*, Mn2*, MgO)6O12 x 3 H2O after Straczek, ef al. (1960);

(Ca, Na, K, Ba, Mn2*¡MnrOrz* 3 H2O after Burns and Burns (\977);

(Mn2*, Zn, ¡i¿.g, Ba, Sr, Ca, Na2, K2, Cu, Pb)3Mn fi Ort * g lH2O after Larson

(1962).Calculations of analytical results from Groote Eylandt ores demonstrate that a

high number of rock samples show a very limited range for the ratio between calcium

and sodium to magnesium (Ca + NazO)MgO = 0.30-0.34. This indicates a strong

sfuctural association of these three elements, which most probably is due to a concen-

tration in a single mineral. Though a few samples contain excess MgO, when com-

pared with the ratio mentioned above, no correlation to any other mineral has been

found for this element. Therefore calcium, sodium and magnesium are taken as the

basis for the todorokite calculation. The error introduced knowingly by the incorpora-

tion of all the magnesium into todorokite is fairly small, and it saves the nomlalization

from further complications. Frondel et al. (1960) and Straczek et al. (1960) report

94

to
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significant amounts of Mg in todorokites. The present author favours the composition

quoted by Larson (1962), because it contains all elements that a¡e believed to play an

important role in the todorokite under investigation. This formula is shortened and ad-

justed in the following waY:

(Mg, Ca, Nar)rtvtnff-Oz¡ * 9 H2O +
=+ (MgO. CaO. NazQ) + 3.33 MnO 2 + 3 HzO (7)

pyrolusite:MnO2+MnOz+xH2O (x=0-0.5) (8)

Pyrolusite, the last Mn-phase, is calculated from the remaining manganese which has

not been consumed by the previous minerals (cm, rm, to). Correlation plots between

pyrolusite and excess water also led to the additional incorporation of up to 507o wa-

ter, though water does not take part in the structure of pyrolusite. However, this find-

ing is in accordance with analytical results from Gryaznov and Danilov (1980) and

Ostwald (1938). It is assumed that the pyrolusite lattice contains micro-inclt',sions of

cr-MnOOH or y-MnOOH, which thus result in a larger LOI thzur expected.

pr

gt

xw

As indicated by x = 0 - 0.5 for the water portion of the norm mineral, the water content

of pyrolusite can be variable. Normally, the excess water of the sample will be larger

than 50Vo of the remaining manganese (after the calculation of the previous Mn-

minerals) and therefore, the "inclusion-water" can easily be accommodated, while a

small rest of \vater is left. In a few cases however, less water is available at this stage

of the calculation, and all remaining water is then added to the manganese component

of the formula above.

goethite (a):2 FeOOH + Eez!3 + H2O (9)

Goethite is calculated from the remaining iron (a small amount has been used for kaoli-

nite) and its equivalent to water. As there are many samples which have undergone ox-

idation, it is necessary to adjust the goethite content in a later step (11). The decision

for this correcrion is based on step (10). If an adjustment has tq be made, then it re-

sults in the production of hematite.

structural water: xw + LOI - H2O ¡ta, Bb, Bt, rm, tol (10)

The loss on ignition (LOD and most of the previously calculated phases which contain

\ilater are used for a first approximation of the remaining structural water in goethite.

The only exception in this calculation is pyrolusite, because of its variable water con-

tent. If the value of the calculation becomes negative at this stage, it is an indication of-

the formation of hematite in iron-rich samples. Therefore this operation is essential for

the adjustment of goethite in step (11) and for the establishment of hematite (12). The

LOI of the Groote Eylandt ores relates entirely to water-bearing phases, because other

compounds such as carbonates are absent in the deposit or exist only as traces.
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goethite (b):2 FeOOH + FizQs + H2O - 2lxwl (11)

If hematite is seen to have replaced goethite, then the amount of goethite must be cor-

rected. This is done by a corection based on negative structural water.

he hematite: Fe2O3 =+ lxwl (12)

In the case of oxidized goethitic rocks where hematite has formed, the amount of

Fe2O3 is equivalent to overestimated structural water from step (10).

Pzos phosphorus: Pl9s (13)

All P2O5 is normalized only, and it is not put into a mineral. The most appropriate

phosphate mineral which has been described from Groote Eylandt is vivianite (hydra-

ted iron phosphate), but it is very rare and is therefore not calculated as a separate

phase. Further treatment relies on correlations with other minerals, where it may be in-

corporated. This phase is not essential for the normalization procedure and can be

omitted in most cases, as long as its amount in the sample is negligible.

w excess water: w + LOI - ¡l2O¡xa, Bb, gr, rm, ro, prl (14)

The final determination of excess (free) water is based on the l,oss on Ignition (LOI)

and all phases containing water.

final sum: I + I1no.. minerars) (15)

Normally it is not necessary to calculate the sum of the normalized minerals, because

the result should be very near to l00Vo, if existing and normative minerals coincide.

Deviations of more than * 2Vo are considered to be indicative of analytical mistakes,

erroneous input, or additional minerals that contain mate¡ials, which have not been ac-

counted for in the normalization (e.g. organic remains). The latter case might be ca-

mouflaged by a larger LOI and could probably go undetected. Nevertheless, the total

sum is a quick way of checking the correctness of the norm result (statistics of a large

batch of samples; n=364,Ø =99.82, max = 102.24, min = 98.7, std.dev. = 0.529).

Additional manganese minerals which could easily be incorporated into the calculations before

pyrolusite at step 8 are for instance, rhodochrosite and alabandite. These minerals are not

known to occur in the Groote Eylandt deposit, but are mentioned as examples for the develop-

ment of additional nonnative phases. Such mine¡als may be required for an examination of other

deposits. More complex Mn-phases require an exact knowledge about the element(s) that can be

taken as the calculation basis.

T

rhodochrosite: MnCO3 + 1.6 MnO + CO2

alabandite: MnS à L.7 Mn + S

(7B)

(7C)

rh
ad
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5.3 Norm MínerøIs in the vertícal Geological Profíle
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Since the norm provides numerical data on the abundance of the main minerals in the deposit, it

is possible to plot this information against the stratigaphic position of the respective sample.

paragenetic relationships and environmental factors, such as enrichment or depletion of minerals

in specihc horizons, can thus be examined easily. The five main locations with a detailed samp-

Iing, described in the perological section (Chapter 2), arc taken to illustrate the distribution and

co-existence of normative ore and gangue minerals in the vertical profrle. In each geological sec-

tion one mineral is used as marker for defined horizons with an increased concentration of this

particular phase (see horizontal lines). Commonly, kaolinite is the best indicator for supergene

reactions operating in the orebody, because this mineral is important for mobilization processes

affecting manganese oxide ores; also, kaolinite is often the final replacement product.

5 .3 .I Costean I38

This vertical profrle is covered by soils containing dense, reworked manganese oxide ores. The

main part of the section consists of a sandwich-like structure, where the top and the base of a

manganiferous pisolite unit is replaced by iron oxihydroxides. Manganese oxides have impreg-

nated quartz sands underlying these ores.

Kaolinite, taken as marker mineral in this section, generally decreases downwards, but is

also concentrated in two horizons at approximately one and two meters depth (Fig. 5.2a). The

enrichments occur at the upper boundary of the upper goethite replacement layer fe-pisolite)

and in the lower part of the second goethite unit, respectively. The abundance of both gibbsite

and phosphorus approximately coincide with the goethitic materials that are embraced by the

kaolinite, whereas hematite only appears in the top layer of the ferruginous pisolites. The pre-

sence of hematite near the top of the indicates an increasing dehydration of higher horizons'

Similarly, todorokite is snongly enriched near the top of the section when compared with the

materials below (Fig. 5.2b).

It also must be recalled that the dominant part of the section, a manganife¡ous inverse graded

pisolitic layer is "sliced" by the femrginous secondary rocks. It is most likely that the oldest ma-

terial, which may still be present, can be found in the middle of this sandwich-like structure,

and younger secondary manganese products should have developed further away in the upper

and lower layers. This is supported by the fact that adjacent to the kaolinite peaks, cryptomelane

is concentrated with two major peaks, the larger one being at the top; cryptomelane is a common

supergene product. In contrast, pyrolusite has its main enrichment in the center of the sandwich

structure. This means that a srong differentiation of the various Mn oxides occured, which may

reflect age relationships. Romanechite shows a pattern similar to cryptomelane, but its main
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peak coincides with the lower one of cryptomelane. The development of todorokite seems to be

largely dependent on near-surface conditions, whereas pyrolusite appears as the unaltered (?)

.,sandwich-filling". partly enriched within the pyrolusite layer, romanechite also seems to indi-

cate an older age than cryptomelane. \ù/ater follows the main trends of cryptomelane and roma-

nechite.

5.3.2 F3-Quarry

The profile shown below represents the main orebody of F3-Quarry. The ores consist predomi-

nantly of a relatively uniform cemented pisolite, which is interrupted occasionally by vertical

and horizontal clay pipes. Again, kaolinite was taken as the marker mineral to identify relation-

ships to other minera-ls (Fig. 5.3a). Apart from the two main kaolinite peaks in the upper and

lower part of the section, the clays decrease almost linearly with depth. Gibbsite is absent at the

kaolinite horizons, but it increases in the immediate vicinity of these enrichments. Generally,

this mineral increases with depth. Goethite and quartz are concentrated in the kaolinite layers,

whereas phosphorus seems to be enriched in some of the femrginous phases'

The Mn ore minerals do not show a good correlation to any of the previous phases (Fig.

5.3b). Cryptomelane and todorokite generally decrease with depth, and they drop to insignifi-

cant levels below the lower kaolinite layer, where groundwaters are probably present over most

of the year. An inverse pattern is observed for pyrolusite, which increases with depth. Roma-

nechite first increases downwards, then it quickly decreases where in contact with groundwater.

Surprisingly, the free water of the norrn does not increase with the availability of water in the

orebody down the section, but rather it decreases in parallel with cryptomelane and todorokite.

5.3.3 G- and G-South-QuarrY

The first vertical section discussed below mainly consists of oolitic ores, but it also contains a

distinct pisolite horizon (G-Quany, Figs. 5.4a, c).Inverse grading is found in both the pisolites

and oolites. The ores are partly covered with a thin laterite and spherulitic materials in soils. In

rhe east the ore crops our. The profile of G-South Quarry orebody is very similar, though it is

much thicker and covered by a lateritic horizon (Figs. 5'4b, d)'

With the exception of three thicker horizons, kaolinite is cconcentrated in the G-Quarry sec-

tion in thin subhorizontal layers (Fig. 5.4a). Kaolinite is again taken as the marker mineral'

Goethite exhibits a similar pattern, but there is also one additional prominent peak at the bottom

.f the section. The latter coincides with the main peak of phosphorus, which displays no
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significant variation in the profile. An interesting separation bet'ween gibbsite and quartz can þ
observed. Gibbsite dominates the upper part of the section, from where it decreases down-

\ryards. At the top, quartz levels are insignificant. Approximately half way down the profile,

gibbsite disappears and quartz gradually increases further down to relatively high concentra-

tions. Quartz also correlates well with kaolinite.

With the exception of goethite, which is concentrated in the laterite, all other gangue mine-

rals from G-South are comparable in their behaviour with the G-Quarry ores (Fig, 5.4b). Phos-

phorus does not vary much over most of the section, but shows one prominent peak in 7 - 8 m

depth in the two localities. This peak only correlates positively with goethite in G-Quarry and

with a strong pyrolusite peak in G-South.

When the normative stratigraphy of both G- and G-South quarry is compared, it is evident

that G-Souttr Quarry (Fig. 5.ab) exhibits more distinctive kaolinite peaks than G-Quarry. How-

ever, both locations demonstrate that the most prominent peak positions of kaolinite ocôur at the

same depth. Thus, supergene processes clearly resulted in comparable horizons, although the

initial lithologies were different.

Among the ore minerals, cryptomelane in G-Quarry initially exhibits a small increase down

the section until about 3 m depth, from where it gradually decreases (Fig. 5.4c). At approxi-

mately 7 m depth the mineral shows its snongest enrichment in the examined part of the profile

(digital concretions). Generally, a similar pattern is shown by todorokite, but it seems to in-

crease gradually with depth in G-South (Figure 4d). The orebody in G-Quarry is less thick and

thus it is not known whether a simila¡ increase could have developed here. Cryptomelane and

todorokite are enriched immediately below the kaolinite horizons in both locations. The free

noûn water depicts a pattern strongly related to those of cryptomelane and todorokite. Roma-

nechite does not have a definite trend, but it decreases in the lower parts of the profile. Pyrolu-

site shows strong variations, but no definite relation to any other ore mineral. Cryptomelane and

todorokite Seem to Suggest a negative correlation to each other.

The direct comparison between G- and G-South Quarry ores generally depicts similar pat-

terns of the individual Mn minerals over the first seven meters. These patterns have developed

on different parts of the initial sedimentary sequence (the ore in this area is dipping with approx-

imately 10o from East to West; for the geological logs see Figs 2.10 and2.11) Deeper down the

section in G-south, the different ore components become less variable in their concentrations

(Fig. s.ad).
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5 .3.4 D-Quarry Laterite

110

The ores in D-Quarry a¡e difficult to interpret, because the orebody varies greatly in some parts

and a geological log may not be comparable to another which has been analyzed only a few me-

ters away. Observations in the field demonstrate that ore horizons disappear within very short

distances. Whether this lenticularity was caused by small:scale tectonics or by supergene re-

moval of lower parts of the orebody was not examined in this study. However, the late¡ite over-

lying the ores also contains relic manganese oxides, either as loose pisoliths or as cemented

fragments, and it'rvas therefore examined in detail.

Hematite seems to play an important role in the laterite and it was used as the marker mineral

for the section. The main enrichments of hematite are all found in the top five meters, depicting

layers of increased oxidation (Fig. 5.5a). The same horizons also possess phosphorus peaks,

which are not correlated to any other mineral. Kaolinite and goethite do not show significant va-

riations over the entire profile, the latter mineral decreasing slightly downwards. Quartz gradual-

ly decreases with increasing depth.

The manganese oxides have higher values a short distance above the hematite horizons (= JQ

cm) and these minerals generally increase down the section, with the exception of romanechite,

which has its highest concentrations in the uppei 4 m of the profile (Fig. 5.5b). The free water

content of the samples increases gradually downwa¡ds.
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5.4 Characterízat¡on of Ores and Rocks

t12

In order to compare the characteristics of the various manganese oxides and associated gangus

minerals, they are displayed in two different ways. First, average concentrations are plotted to

show the distribution of individual minerals in the respective ores and rocks. Second, the gene-

ral relationships between the different members a¡e illustrated in temary diagrams as follows:

. Mn-oxide diagrams including pyrolusite (pr), romanechite (rm), cryptomelane (cm) and to-

dorokite (to) for ores and all rocks containing Mn,

. gangue diagrams including kaolinite (ka), anatase (an), quartz (q), goethite (gt), and hematite

(he) for ores, which normally contain gangue minerals in their matrix, and for all associated

rocks.

The objective here is to gain an understanding of ore/rock genesis. In some cases, the results

seem to support field observations, such as those bearing on parageneses. However, it must be

kept in mind that points on terna.ry plots represent ratios rather than data that can be cpmpared

directly. Thus, a careful assessment of the data is essential and interpretations that result from

this theoretical approach, while they may support the field f,tndings, cannot ovem¡le them.

5.4.1 Normative Composition of Ores

Below, the normative Mn oxide mineralogy of ores and rocks is examined to give an overview

over phase abundances in individual materials (fable 5.3; Figs. 5.6a-f). The diagrams for ores

commonly show a dominant pyrolusite peak; the gangue diagrams exhibit strong kaolinite en-

richments. Although there are distinct differences between the various ore and rock types, it is

diff,rcult to distinguish some individual ores or rocks, such as cemented pisolites and cemented

oolites, purely on the basis of ttre normative calculations.

The Mn-oxide composition patterns of uncemented and cemented mangcretes, both oolitic

and pisolitic, ale similar in their shape, but they possess surprising differehces when mineralo-

gically compared (Fig. 5.6a). Generally, pyrolusite dominates strongly over all other manga-

nese minerals and reaches relatively high values, while the concentration of the other oxides re-

main comparatively low. However, two groups are identified according to the mineralogical

composition. The first is formed by cemented oolite and uncemented pisolite, which have al-

mosr identical patterns. In both types, pyrolusite is strongly enriched (- 70 7o) over all other

Mn-oxides, which are uniformly low in their concentration (- S-lOVo). The second group con-

sists of uncemented oolite and cemented pisolite, which are also very similar to each other. In

this group cryptomelane and romanechite gain importance (15-2OVo) and pyrolusite decreases to

about 4T%o.These findings conf,irm analytical results from chapter 3 which showed that cemen-

ted pisolites increasingly contain cryptomelane, in contrast with the increasing pyrolusite
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Tabte 5.3: Statistics of Mn oxide minerals in ores and rocks.
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10.70
17.30
4.7 0
5.7 0

4.48
7 .37
2.8r
1.70

3 9.06
71.75
16.08
20.94

7 .24
I 1.60
2.48
2.73

siliceous
average
maximum
minimum
std. dev.

spherulite
avera9e 1

maximum 4
minimum 0

std, dev. I

ore
17.79 1.59
25.91 3.14
9.92 0.07
4.81 1.13

0.5 0
2.40
0.00
1.00

1.60
5.10
0.20
2.ro

0.20
0.90
0.00
0.40

2.45
6.r9
0.44
l.83

68.93
97 .24
40.55
15.10

1.90
8.46
0.00
2.72

0.40
0.90
0.20
0.30

uncemented pisolite
average 4.77 2.99.
maximum I0.47 15.42
minimum 0.34 0.11
std. dev. 3.32 4.97

1

2.50
2.60
0.10
3.00

0,30
1.40
0.00
0.40

0.60
3.20
0.30
0.70

5.20
35.20

0.00
9.30

l'80
ó.30
0.00
2.00

5.66
9.24
1.7 |
l.86

t3.45
2t.34

2.00
4.7 |

uncemented oolite
average 12.09 5 .28
maximum 22.36 8.77
minimum 4.97 1.50
std. dev. 3.96 |.52

43.78
7 4.47
I 6.15
12.03

h ardground
average 8.40
maximum 8.80
minimum 7.90
std. dev. 0.40

80
70
00
80

3.60
6.10
l.70
2.30

4. l0
ó.8 0
2.40
2.40

66.10
7 4.60
52.80
1 1.60

7 .'lo
11 .40
5.10
3.30

1.50
6.40
0.20
1.70

0.80
2.50
0.20
0.70

9.20
52.00

0.00
13.10

1.70
ó.30
0.00
2.00
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dominance in cemented oolites. A simila¡ separation of the ore types cannot be made on the ba-

sis of the gangue minerals. Rather, the separation which is seen between uncemented and ce-

mented materials (Fig. 5.6b), with the latter ores having approximately half the clay content of

the uncemented materials (- 167o).

The following plot (Fig. 5.6c) shows mineral concentrations in other ore types; only radial

pyrolusite and hardgrounds have larger pyrolusite concentrations than in Fig. 5.6a (70-80Vo).

Lamina¡ mangcretes, digital concretions, concretions, and massive mangcretes have all much

less pyrolusite (-10-407o),bat they contain larger amounts of cryptomelane (up to 407o) and

romanechite (e.g. digital concretions: -20Vo).In Fig. 5.6d the gangue mineral composition of

this same group of ores is presented. Laminar and massive mangcretes are seen to contain the

highest kaolinite concentrations. The remaining ore types possess lOTo or less of each gangue

mineral. Mn-impregnated sands have very low manganese oxide contents (generally pyrolusite;

Fig. 5.6e), high quartz concentrations (- 80Vo:Fi9.5.6Ð, and low kaolinite values (- 107o). Si-

liceous ores show a reverse pattern with approximately 70Vo lvln-oxides and -30Vo quartz and

kaolinite.
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5.4.2 Relationships between Ore Types

The distribution of the four manganese nonn minerals in ores and gangues, respectively, is de-

picted in ternary diagrams to examine relationships between the various secondary products.

The first major field is that of the pisolitic ores, which in fact covers most of the other main ore

types (Fig. 5.7a). This freld splits into three subgroups:

. uncemented pisolites with a relatively soft, often clay-rich matrix, and which are dominated

by pyrolusite,
. cemented pisolites, which show an increasing influence of cryptomelane and romanechite,

and

. siliceous ores, much of which overly the field of cemented pisolites but also cover part of

that for uncemented pisolites. Siliceous ores have either quartz nuclei, qlrafiz gtains in the

matrix, or both. They contain only small concentrations of romanechite and seem to concen-

trate considerable amounts of cryptomelane and todorokite.

The second major ore type, oolitic ores, lies entirely within the freld of pisolites. Uncemented

oolites occur mainly within the field of uncemented pisolites, but they extend into the cemented

pisolite freld and to the boundary of the siliceous ores. As is the case with the uncemented piso-

lites, the cemented oolites are dominated by pyrolusite and romanechite. An interesting feature is

displayed by one of the rarer ore tyf)es, the hardgrounds (mainly from the G-Quarry area). This

ore plots along the boundary be¡¡veen cemented and uncemented oolites, indicating genetic simi-

larities.

It is now necessary to look again at the siliceous ores which are shown in a detailed section

of the triangle (lower part of Fig. 5.7a). The siliceous ores are shown again, together with Mn-

impregnated sands, clays, and massive mangcrete. The overlap of manganiferous clays with the

siliceous ores produces a shape which is very similar to the field of the massive mangcrete. This

finding suggests that the ore mineralogy of secondary Mn-precipitates strongly depends on the

- 

Mn-ioFogubdmdr

- 

¡iliocou@
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chemical character of the host rock. The more clays and/or sands are available, the more it

seems that the formation of cryptomelane and todorokite is favoured. This is best demonsEated

by the Mn-impregnated sands, which contain virtually no pyrolusite and only small amounts of

romanechite. Concretions that developed near the top of the orebody show a similar pattem with

the enhanced appearance of cryptomelane and todorokite. This type of ore is always associated

with clays and sands and its field overlaps partly with siliceous ores.

A more complex history of formation is suggested by spherulites. There are three major areas

of spherulites in the diagram. The first field shows analyses from spherulites that formed direct-

ly on outcropping ores (G-Quarry).There are nearly no overlying materials such as laterites or

soils covering the ore. Pyrolusite dominates here, cryptomelane and todorokite are of minor im-

portance. Though the field overlaps partly with the uncemented pisolites, it is close to the ce-

mented oolites from which the materials must have been derived. The second type of spherulites

formed on an extensive laterite profile overlying pisolitic ores in F3-Quarry. As with the sili-

ceous ores, cryptomelane and todorokite gain importance and this leads to a horizontâi shift of

the field, away from the pisolite f,reld. The remaining area overlaps with the cemented pisolitic

ores. This field represents spherulites from both D-Quarry (very thick laterite cover) and G-

South-Quarry (thin laterite). It is uncertain whether this coincident appearance is the result of in-

dependent shifts from different initial compositions. Radially crystallized pyrolusite, not shown

for reasons of simplicity, from the contact between ore and laterite from G-South, plots nea,r the

base of the siliceous ore field at the extreme left side (pyrolusite corner).

The following diagram gives an overview for the gangue minerals/rocks that are associated

with the deposits (Fig. 5.7b). Since small quantities of manganese oxides a¡e also present in

these materials, it is possible to determine the field positions for the various rocks and to com-

pare them. Mn-minerals that form within or next to goethitic rocks (either as femrginous piso-

lites or massive segregations) exhibit a mineralogy that is dominated by pyrolusite, cryptome-

lane and todorokite. Romanechite does not seem to play any significant role in these ores.

Overlying the field of goethite, a large area is shown for the laterites. They are predominantly

oxidized (hematitic) and they grade from the pyrolusite-rich "chocolate ores" towards the man-

ganiferous stains of greenish clays which a¡e enriched with cryptomelane and todorokite. Late-

rites in an intermediate position seem to concentrate romanechite. Whether this is a transitional

step or not, cannot be said from an analysis of these diagrams.

Close relationships are exhibited by the laminar mangcretes from pipe walls and the femrgi-

nous coatings of the same pipes. Both rock types overlap goethitic and hematitic parts of the

previously described fields, with a dominance of hematite for the laminar mangcrete. Cryptome-

lane and todorokite seem to be of less importance than in the clays, laterites and ferruginous

rocks. Contrary to this, the dendritic concretions that formed within siltstones below the main

orebody, possess only minor amounts of pyrolusite.
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5.4.3 Trace Element Composition of Ore Minerals

118

Until recently, most of the ores and rocks of the Groote Eylandt manganese deposit had not i

been analyzed for their trace element contents,, and it was not known which of the minerals con-

centrated the various trace elements. Therefore, the mineral normalization technique was applied

to examine the role of individual minerals'

The previous sections have illustrated the great variety of ore and rock types and some of

their inter-relationships. Variability in mineralogical composition largely results from the contin-

uous activity of supergene processes, which produced numerous combinations of both ores and

gangues. This fact is also reflected in the trace element composition of the samples. Often, the

trace elements show a positive correlation to

Table 5.4: Correlarion of rrace elements and normarive several minerals. zn for instance, is an ele-

minerals; *elements show a positive correlation to unce- ment that COrrelates tO nearly all the available
mented oolites and a negative or no correlation to cemen-

ted pisotites. phases, with the exception of quartz ahd kaoli-

nite. However, if the large-scale comparison

Minerat REEs Radius [Å] (valency) is reduced to specific ores or rocks, then a

clearer picture emerges.

Pyrolusite

Cryptomelane

Todorokite

0.22 (3+)

1.07 (3+), 0.9a @+)

1.24 (2+),1.15 (3+)

1.la (3+)

1.04 (3+)

0.4 (3+),0.35 (5+)

1.00 (3+)

0.72 (2+),0.63 (3+)

0.96 (1+), 0.72 (2+)

0.70 (4+),0.62 (6+)

0.97 (4+),0.80 (6+)

0.74 (3+), 0.59 (5+)

0.74 (2+)

l.l3 (2+),0.86 (3+)

0.70 (4+), 0.62 (6+)

0.69 (2+)

0.97 Ø+),0.80 (6+)

0.74 (3+),0.59 (5+)

0.74 (2+)

1.13 (2+),0.86 (3+)

B

(ce)

Eu

La

lt
P

Sm

Co

Cu

Mo

U
*

V

Zn

Yb

Mo

Ni

U

V

The additional problem of a positive corre-

lation of one element to a specific mineral in

one location and a negative correlation to the

same mineral in a different area is illusrated in

the example of Mo contained in todorokite

(Fig. 5.8a). Similar effects are detected for

several elements. Nevertheless, it reflects the

availability of the respective trace elements

within the deposit, and the positive conelation

to a mineral in a particular area is used below

to generally determine ihe main host mineral

for the various elements. This does not mean

that other minerals do not contain small

amounts of the same element, but the correla-

tìon is much weaker in these cases.

Trace elements identified in the various mi-

nerals, together with their ionic radii, are listed

in Table 5.4. This tabulation shows a selective

incorporation of the trace elements into the lat-

tice of minerals, which obviously depends on

Zn

Yb

romanechite

't
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the ionic radius of the respective element. Py-

rolusite seems to be very specific in its uptake

of trace elements. It incorporates some rela-

tively light elements with radii of less than 0.4

Ä for the trivalent ions (B and P), then a large

gap exists, and only from ion sizes larger than

1Å, are further trivalent elements accommo-

dated. In the latter case pyrolusite correlates

particularly well with La (Fig. 5.8b), Eu, Nd,

and Sm. Ce appears to be concentrated in the

pyrolusite and goethite fraction (see 5.4.6) of

lateritic rocks, but it cannot be related to ooli-

tic and pisolitic ores.
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Cryptomelane and todorokite are comparable in their preference for elements with radii of ap-

proximately 0.7 Å 1Z+ and 3+). However, each mineral contains elements which cannot be

found in the other (crypromelane: Co, Cu; todorokite: Ni). Yb, the smallest member of the ana-

lyzedREEs when trivalent species are compared, is found in varying quantities in nearly all

norm minerals (Fig. 5.Sc), with the exception of kaolinite, quartz, and anatase. However, the

best correlation between Yb and norm minerals is obtained for cryptomelane and todorokite in

oolitic manganese oxides. No trace elements have been identified in conjunction with romanech-

ite.
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5.4.4 Normative Composition of Associated Rocks

t20

A small group of rocks, seemingly dominated by iron oxides and oxyhydroxides when exa-

mined in the field (dark brown, red and yellow colours), demonstrates that, with the exception

of femrginous pisolites, all these rocks contain predominantly kaolinite and less quartz (Fig.

5.9a). The concentrations of kaolinite vary between 50 andTÙVo and those of quartz be¡ween 10

and30Vo. Goethite rarely exceeds lÙVo n the samples and only Fe-pisolites show the expected

high values of approximately 607o (Tabte 5.5).

Most rocks associated with the deposit also contain small amounts of manganese oxides, ei-

ther in the form of primary relics or as supergene impregnations. This can be seen in the rela-

tively high pyrolusite peak of some of the rock types (Fig. 5.9b). Chocolate ores and spheru-

lites both show approximately lÙVo pyrolusite and about 2Vo cryptomelane. The other rocks

generally differ in the pyrolusite concentration, but they are simila¡ in other aspects of their ore

mineralogy. An exception is the spherulitic ore which possesses comparable levels of both cryp-

tomelane and todorokite. Normally, cryptomelane dominates over tdorokite.
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Table 5.5: Statistics of gangue minerals in ores and rocks.

721

Ore Types an q ka gb gt Ore TYPes an q ka gb gt

cemented
average
maxrmum
minimum
std. dev.

cemented
avera8e
maximum
minimum
std. dev.

pisollte

oolite
0. 10

0.l7
0.07
0.03

8.5 0
21.50

3.07
5.49

8.40
r7.70
4.60
5.00

60.20
72.7 0
43.30
11.50

15.70
31.60

4.50
7.30

0.00
0.00

0.54
2.28

t.7 t
5.33

25.60
0.00
9.60

t0
2l
05
05

0
0
0
0

1.03
9.46

2.00

2.57

0.97
5.20

r.83

0.86

0.00

0.00 5.13
18.79

7.83 -

0.00

lamlnar mangcrete
average 0.21
maximum 0,29
minimum 0.08
std. dev. 0.07

4.10

laterite
average
maximum
minimum
std. dev.

massive mangcrete
average O.20 0.20
maximum 0.46 1.90
minimum 0.08 0.00
std. dev. 0.12 0.50

radial pyrolusite
average O.L4
maximum 0.18
minimum 0.10
std. dev. 0.03

Mn-lmpregnated sand
average 0.12 82.92
maximum 0.40 97.15
minimum 0.03 48.24
s!d. dev. 0.11 77 .34

0.20
0.90
0.00
0.3 0

8.20
11.50
5.40
2.20

0.40
2.70
0.00
0.90

2.60
3.90
1.70
0.8 0

l.l6
27.4L
0.50
5.7 6

17.50
25.50

7 .40
5.50

0.70
1.80
0.00
0.80

2.70
4.10
1.50
1.00

1.03
7 .34

0.97
2.08

8.5 0
13.69
4.77
2.93

1.16
2.r0
0.73
0.45

0.89
1.14
0.64
0.14

1 r.20
44.50

0.10
10.60

69.40
80.40
48.20
8.10

9.30
22.10

0.00
5.70

0.00

c hocolate
average
maxunum
minimum
std. dev.

clay/sandy
averaSe

maximum
minimum
std dev clay

concretion
average
maximum
mlnlmum
std. dev.

Fe-pipe
avetage
maxrmum
mrnrmum
std. dev.

ore
1.01
1.16
0.26
0.27

clay
0.67
1.15
0.24
0.35

wall

si liceous
average
maximum
mrnlmum
std. dev.

ore
0.08
0.13
0.06
0.02

10.20
18.10

1.70
6.40

68.80
7 6.90
16.10
18.60

32.75
68.08

7 .04
25.57

60.12
90.27
20.85
30.44

0.00
0.00

7.10
1.60
2.O0

L2.90
33.50
4.30
9.5 0

1.40
3.50
0.0ô
I .10

7 .40
3 8.70

0.5 0
1 1.50

4.60

0.13
0.17
0.10
0.03

ó.90
13.10
3.10
3.3 0

2.70
6.60
0.00
2.50

ó.00
44.00

0.90
t 3.40

8.09
3i.11

1.7 6
7.89

0.6 6
4.66
0.00
1 .18

0.70
5.90

1.90

digital concretlon
average 0.18 8.20
maximum 0.24 3l'40
minimum 0.16 0.00
std. dev. 0.03 13.40

3.90
7 .00
0.00
3.10

5.5 0
t2.50
0.70
4.40

8.12
13.36
5.3s
2.23

0.97
3.68
0.15
1.00

20.6r
46.56
2.77

l 9.03

0.75
0.92
0.51
0.14

25.10
44.80
10.40
14.50

0.00
0.00

8.40
11.90
5.20
2.'10

15.01
37 .60

2.27
8.99

uncemented Pisolite
average 0.17 1.62
maximum 0.41 10.98
minimum 0.03
std. dev. 0.10 3.31

Fe-pisolite
average 0.24
maximum 0.39
minimum 0.04
std. dev. 0. I I

h ard gro und
average 0.09
maximum 0.13
minimum 0.06
std. dev. 0.04

5.60
49.60
0.00

13.40

4.50
I 1.10
0.00
3 .90

62.50
85.20
26.50
17.20

13.t7
40.09

4.63
9.17

1.89
9.7 4
0.5 3

1.50

uncemented ooilte
average 0.1 6
maximum 0.44
minimum 0.07
std. dev. 0.09

3.47
23.91

0.80 1.13

0.3 6

3.65

0.775.14

60
70
00
00

0
I
0

I

spherul¡te
average
maximum
minimum
std. dev.

1.30
2.20
0.00
1.20

6.80
10.30
5.00
3.00

0.70
l.00
0.ó0
0.20

0.62
0.90
0.26
0.17

13.00
35.7 0

0.00
15.3 0

53.00
73.20
26.70
12.10

0.80
5.70
0.00
1.80

15.60
3 8.70

3.30
9.90
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5.4-S Relationships between Rock Types

122

The concentrations of the matrix forming gangue minerals in manganese ores demonstrate that

Mn-cemented materials possess compressed fields, when compared with those which contain

higher amounts of gangue minerals (Fig. 5.10a). Uncemented oolitic ores exhibit strong varia-

tions in their mineralogical composition for goethite, hematite, kaolinite, and excess silica con-

tent. Cemented oolites on the other hand do not vary much and consequently their field is fairly

small. Uncemented pisolites, not shown for simplicity, are comparable to cemented oolites. The

shape of the field is similar, but shows an additional dominance of kaolinite.

Strongly contrasting to the previous ores, the cemented pisolites split into two groups, each

with a relatively small variability of one gangue component (either q or gt+he). The first (D-

euarry ore) shows nearly no ferruginous material in its matrix, it extends approximately from

the upper end of the hardground, and it overlaps with the siliceous ores. The second group

(ores from Fl, F3, F4, C-138) has nearly no excess quartz, but minor to high amounts of goe-

thite and hematite. Siliceous ores show large variations in the quartz and kaolinite content and

relatively small contents of iron phases. The field for the hardgrounds essentially forms at the

kaolinite-quartz boundary of the cemented oolite field. Massive mangcrete and concretions

(above ore) develop a comparable pattern with small quantities of quartz and large variations be-

tween the clays and the femrginous materials. The concretionary ores are not shown, because

they are similar to cemented pisolites. Dendritic concretions that formed below the main orebody

also plot in this area, with a dominance of goethite and hematite and little quaftz. Radiat pyrolu-

site (not plotted) which overprinted oolitic ores, shows a field at the base of the cemented oolites

with a stight increase of the iron phases.

Rocks that appear to be dominated by iron minerals when examined in the field plot far away

the Fe-corner of the triangle (Fig. 5.10b). This means that these rocks contain larger amounts of

other gangue mineralssuch as clays and quartz, masked by the dark color of the oxidized iron.

Spherulites show ma¡ked differences in their gangue mineral content, depending on the mate-

rials on which they formed. Those spherulites that developed directly on ôutcropping ores or on

very rhin laterites plot neil the base of the diagram (G- and G-South-Quarry), and they show

the influence of iron phases. The others that formed on extensive laterite profiles (F3- and D-

euarry) are dominated by clays and qtrartz. The kaolinitic clays themselves exhibit a wide range

in quartz content. Separated from all the previous rocks are the ferruginous pisolites and the

dense goethitic ores (within the pisolite field). Both ores can contain up to one third clays, but

quafizis negtigible. Laminar man'gcretes from pipe walls plot relatively near to the laterites and

shows relations tospherulites. Both rock types form near or at the surface and thus they are

comparable to pipes that act as conduits for fast moving meteoric waters.
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5.4.6 Trace Element Composition of Gangue Minerals

r24

Table 5.6: Correlation of minor and trace elements and

normative minerals.

Mineral TEs Radius [A] (valency)

The gangue minerals vary g¡eatly in their abili-

ty to accommdate trace elements in their

structure. Kaolinite seems to incorporate most

elements that f,rt into regular radius intervals (-
0.6, 0.8, and 1.0 .,Ä,; Table 5.6), regardless of

the valency (2+,3+, and 4+). This contrasts

strongly with the finding that minerals such as

pyrolusite obviously prefer specific valencies

(3+). From the example of TiO2 it is demon-

strated that some of the trace and minor ele-

ments co¡relate extraordinarily well with kaoli-

nite (Fig. 5.11a), Zr gives a comparable

result. This indicates that both elements are

probably incorporated directly into the lattice

of kaolinite, although the Ti component of the

analyses is presently calculated as a separate

phase (anatase).

Kaoliniæ

Gibbsite

Goethite

As

Cr

(co

Sc

Ti

Zr

Th

Pb

Gd

Ce

0.58 (3+),0.44 (5+)

0.63 (3+),0.52 (6+)

0.97 (3+)

0.81 (3+)

0.80 (2+),0.68 (4+)

0.79 (4+)

t.02 (4+)

r.20 (2+),O.84 (4+)

0.97 (3+)

1.07 (3+), 0.9a (4+)

0.40 (3+), 0.35 (5+)P

Goethite concentrates fewer elements than kaolinite, leaving out ttìe entire range of ionic sizes

berween - 0.4 and - 1 Å. This mineral accumulates most of the available Gd (Fig. 5.1lb) and it

also has a pronounced deficiency in Eu. The remaining minerals are of little or no importance.

Gibbsite only seems to correlate positively to Pb, and hematite is not discussed here because it

is relatively rare in the deposit (compare Fig. 5.9a) but also because it did not provide reliable

correlations to any of the ana,lyzedelements. However, the previous sections suppofi the exis-

tence of a fractionated incorporation of the trace elements in the various minerals.
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Fig. 5.11a: TiO2 content of kaolinitic clays from ores

and associated rocks (n = 364).

!'ig. 5.llb: Correlation of Gocthite and Gd in ore and

rock samplcs (n = 364).
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5-5 Normative Ore Minerals and Mícrobiologícal Leaching

t25

Growing interest in the role of biological processes in manganese metallogenesis (Ostwald,

lggl; Bolton et al., 1988) and biotechnological studies which tried to assess microbiological

leaching techniques (Madgwick, 1987), led to a cooperative study which combines both fields

of research. The following examination correlates norm data with results from laboratory based

microbiological reduction[eaching tests.

The experiments, made by R. Varga and J. Madgwick (Dept. of Biotechnology, University of

New South Wales), were conducted on cemented pisolites collected from F3-Quarry during the

course of the present study, further data processing in context with norm calculations was done

by the present authot. Experimental setting and method are discussed in Appendix I.3.2, results

from the leaching tests are compiled in Appendix V.2 (see also noÍn calculations in Appendix

v.1).

Microbial reduction of manganese oxides can be an important mechanism for mobilizing Mn

in a wide range of contemporary sediments, including anaerobic/aerobic terrestrial, freshwater

and marine environments. This factor is therefore discussed together with other mobilization

processes in chapter 8. It is likely that microorganisms have been active over geological time,

despite the paucity of direct evidence preserved in the rock record, and it can be assumed that

general conclusions drawn from laboratory studies will enhance the understanding of natural or-

ganic-inorganic systems, in both modern and ancient environments.

Throughout previous investigations, reliable methods of quantification for the various minerals

were not available and thus the influence of the mineralogy on microbiological manganese re-

duction processes was unknown. However, the examination of norm data and experimental re-

sults illustrates that it is possible to correlate leached Mn2*, pH and the calculated proportions of

the manganese oxides (Figs. 5.12-13). The diagrams exhibit varying amounts of manganese in

solution and associated pH-changes, both depending on the nature of the ores. Cryptomelane

and todorokite give a positive correlation to the leachate €igs. 5.12a-b), romanechite initially

produces a positive trend which levels out and becomes horizontal (Fig. 5.12c), and pyrolusite

correlates with a reverse curve (negative slope; Fig' 5'12d).

The theoretical background of the reduction processes is discussed in detail in chapter 8, it is

however necessary to give a very brief introduction about the main factors that facilitate a micro-

biota-induced mobilization of Mn oxides. Thermodynamic considerations show that in a rela-

tively simple system pyrolusite is the most stable phase within the examined group of manga-

nese oxides (Bricker, 1965). Generally, minerals like cryptomelane are more vulnerable to

changing environments, which means that any interaction of redox or other reductive processes

with the ores results in a preferred selective removal of the less stable phases.
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The dissolution/reduction of manganese oxides through biological mechanisms in both aque-

ous natural and industrial systems derives mainly from two independent processes (Madgwick,

19 87 ):
. bacreria- or fungi-induced production of organic acids with high reducing capacities (e.g.

oxalic acid),

. enzymic reduction through bacteria at the ore-water-interface.

Both types of processes operate with the help of acids, which provides a relatively easy way for

monitoring the activity of microbiota through pH changes under controlled laboratory condi-

tions.

The release of Mn2+ as a function of pH is plotted for two norrn minerals, contained in the

same samples, to demonstrate the development of prominent relationships in analyses derived

from different time intervals (Fig. 5.13a). Most of the examined minerals form specific
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Fig. 5.13a: Breakdown of cryptomelane and romanech-

ite monitored through pH-variations and Mn-concentra-
lions at different time intervals.
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correlation patterns only in one distinct data set, analyses outside this time interval normally

scatter strongly. In the twelfth week of the test, cryptomelane (and also todorokite, which is not

plotted, for simplicity) seem to be largely destroyed. Five weeks after the disappearance of

cryptomelane and todorokite (sixteenth week), romanechite breaks down, and again, Mn2+ and

pH correlate positively. The inc¡ease of manganese in the solution directly reflects the lower

concentration of romanechite in the samples, and its pattern in the diagram extends from the low

end of the cryptomelane pattern. That pyrolusite apparently was not removed from the samples

may have resulted from the test series being too short (21 weeks), as pyrolusite is more resistânt

to this type of attack, and it may be inert under the conditions of the experiments. This and the

preceding diagram show that the thermodynamically least stable minerals break down first, that

time gaps occur before the next phase becomes unstable, and that minerals like pyrolusite resist

the attack of organic acids far longer than any other of the examined manganese oxides. There-

fore, the activity of microbiota leads to a selective destn¡ction of manganese oxides, depending

upon which minerals are present.

In the following diagram the calculated amounts of cryptomelane and romanechite are plotted

against dissolved manganese (Fig. 5.13b). The time interval for cryptomelane is the same as in

the previous diagram (week 12), whereas romanechite exhibits comparable patterns in two suc-

cessive weeks (16th week, not plotted for simplicity, and the 17th week). This plot shows an

unexpected feature for the two norm minerals, because the highest concentrations of Mn2* in

solution can be seen together with the lowest amounts of the respective minerals, thus indicating

an increasing strength of the reduqing capacity in low grade ores and sediments.
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5.6 Normøtive Ore Mínerals and Battery-actívíty Tests

128

r20

The normalization technique is also applicable to data derived from battery-activity tests. Man-

ganese oxides from some areas on Groote Eylandt are an important source for natural occurring

banery grade ores. However, these materials often contain Mn-minerals which have poorly de-

fined structures and which are problematic for an examination by XRD, DTA, or FTIR, espe-

cially when they appear in a complex sample. The normalization method may thus provide a

simple predictive tool for the assessment of the battery-activity of ores, particularly because ac-

tivity tests must be determined experimentally. In cases in which the norm is calculated for other

pu{poses, the predicted battery-activity can be obtained as a by-product.

Unfortunately, the chemical analyses of Mn oxide ores from Groote Eylandt discussed by

Swinkels and Williams (1982) together with activity test results are incomplete. Thus, the norm

of these samples had to be interpolated for some data (e.g. LOI), while others were neglected.

Nevertheless, the correlation diagrams (Figs. 5.14a-d) show positive trends for 2'of the 4
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oxides, despite the crudely reconstructed norm. Below, one of the test parameters (drain time) is

plotted against the normative manganese mineral composition of the samples. The drain time

represents the time interval that elapses from the initial discharge potential to a specified voltage

and it is a measure for the battery-activity of the ore. Other test data, such as the charge capacity,

provide simila¡ results and are therefore not shown.

Todorokite and cryptomelane corelate positively with the d¡ain time (Figs. 5.14a-b), where-

as pyrolusite seems to show a slight negative correlation (Fig. 5.14c). The latter mineral there-

fore dilutes the battery-active minerals and reduces the output voltage. Romanechite does not

produce any recognizable trend and probably does not take part in discharge reaction (Fig.

5.14d).

5.7 Díscussion

The development of a number of normative manganese phases and asspciated gangue minerals

has been discussed for the example of supergene Mn oxides from Groote Eylandt. The method

was applied with success to over 400, partially very complex ore and rock samples (-20 differ-

ent types), and the results of this normalization procedure have been encouraging. However,

only further work on materials from other deposits can test the wider applicability of the tech-

nique.

The application of the normative mineralogy on vertical geological profiles demonstrates that

the technique is able to detect compositional variations within ores and gangues. When the re-

sults from the different sections are compared with each other, it is seen that some of the obser-

vations can be gneralized and that genetic information on supergene ores and gangues can be de-

rived.

The pyrolusite concentrations often increase downwards, both in the ore.and laterites, where-

as cryptomelane, romanechite, and todorokite have their highest concentrations near the top of

the ore, usually within the first 4 m. In deeper parts of the orebody, where groundwaters are

probably present over much of the year, these minerals decrease to insignificant levels. All man-

ganese oxides exhibit enrichments shortly above hematitic layers, thus emphasizing the fact that

hematite represents horizons of increased oxidation. Additionally, cryptomelane often appears

enriched slightly below kaolinite horizons. The free water of the samples generally correlates

positively with cryptomelane and todorokite, but in neither case can it be associated with a spe-

cific phase.

Kaolinite decreases with depth in the ores, but shows no definite trend in the laterites. How-

ever, it is found together with goethite in laterites and also in the matrix of manganese ores.
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Goethite appears in various parts of the deposit, on top, within, and below the ores, and it does

not show any clear preference for any specific position. Phosphorus enrichments ale often rela-

ted to goethite, sometimes to hematite, and in one case a strong P-peak coincides with a pyrolu-

site peak (G-South). Quartz increases down the section, whereas gibbsite normally decreases

with depth. Sometimes, gibbsite initially increases downwards but decreases at greater depth.

This short resume of the mineral distribution in the vertical sequence shows that strong rela-

tions exist between ore and gangue minerals, and which also reflect the formation conditions for

the various supergene phases (e.g. horizons of increased oxidation). The processes that lead to

the development of these minerals are not discussed here, but in context with the examination

and evaluation of supergene mobilization and precipitation processes in chapter 8.

Further indications for a geochemical control on the development of the manganese oxides

and the associated rocks are found in the mineralogical composition of the samples. Although

pyrolusite seems to predominate in the ores, a detailed analysis of the ore types reveals that py-

rolusite, cryptomelane, romanechite, and also todorokite are strongly dependent on the respec-

tive gangue mineral paragenesis. The best examples to support this'finding are siliceous and

massive ores, Mn-impregnated sands and kaolinitic clays with manganese oxide stains. It is also

demonsfiated that ores such as hardgrounds and radial pyrolusite possess a mineralogy that is

comrnon with the ores from which they were derived. The latter case again reflects the mineral

composition of the "host rock".

But first, silica-rich ores shall be examined. In siliceous ore, which occasionally contain

quafizgrains as nuclei of ooliths/pisoliths or in the matrix, pyrolusite plays a relatively strong

role in samples of low quaftz content. The higher the quartz concentration becomes, the lower

are the pyrolusite values. In contrast, cryptomelane and todorokite gain importance with increas-

ing amounts of quartz. This is also seen in massive mangcretes, which still contain evidence for

replacement of gangue minerals (relic quartz grains, vermiform kaolinite) and in Mn-stained

clays. The most extreme example is manganiferous sand, which contains nearly no pyrolusite

but almost exclusively cryptomelane and todorokite. Concretions that developed near the top of

the orebody, and also below the main orebody, show a similar pattern with enhanced concentra-

tions of the latter two minerals. These ore types are always associated with clays and sands.

Considering the facts presented above, the conclusion can be drawn that increased availability of

kaolinitic clays and qvartz sands during ore formation leads to increased development of crypto-

melane and todorokite.

As with the above materials, the mineralogy of spherulites from different locations seems to

be dependent on the rocks and ores on which they develop. Spherulites that formed directly

above oolitic ores have compositions very similar to ores from which the manganese originated.

Pyrolusite and to a lesser degree romanechite dominate he.re, cryptomelane anrl torlorokite do

130
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not play an important role (G-Quarry). Cryptomelane and todorokite gain importance in spheru-

lites that formed on extensive laterite profiles (F3-Quarry; compare siliceous ores).

A very interesting difference between cemented and uncemented materials can be detected in

the mineralogy of these ores. Generally, cemented pisolites are more enriched in cryptomelane

and todorokite, when compared with uncemented pisolites, which are strongly dominated by

pyrolusite. However, the reverse is observed in oolitic and pisolitic ores from the G/G-South

area. Here, cemented oolites contain more pyrolusite than the uncemented oolites. This means

that the development of the two ore types is distinctly different, which is also reflected in the

composition of the trace elements.

In the ternary plot of the ore components, the hardground samples fall at the boundary of ce-

mented and uncemented oolites (Fig. 5.7a). It has already been shown in the petrology chapter

that many hardgrounds obviously replaced oolitic ores. Therefore, the normative mineralogy

strongly supports the previous findings. Also, the geochemical environment must have been

very similar to that which altered the oolitic ore s; otherwise the composition of the hardgrounds

could be expected to be different. A comparable material is the radial pyrolusite which occurs

near the top of the oolitic ores in G-South Quarry. This ore also overprinted oolitic products

(see petrology) and it plots at the base of the ternary diagram near the lower end of the hard-

grounds at the pyrolusite corner. Again, close relations to the replaced protore are visible.

Close similarities are exhibited by laminar mangcretes from pipe walls and ferruginous coat-

ings of the same pipes. Both ore/rock types compate mineralogically with goethite- and hema-

tite-rich rocks (laterites, chocolate ores), and with an increasing hematite content the romanech-

ite concentration seems to increase. Ores and rocks with goethite dominance possess lower

romanechite values. The gangue minerals of associated rocks and gangues which form the ma-

trix of ores, generally exhibit similarities in those cases in which the genesis of the materials is

comparable, and they are therefore not discussed further.

The normalization technique is also very useful for the determination of trace element concen-

trations in the various minerals. Many of these elements are concentrated by manganese oxides,

with the exception of romanechite, which seems to exclude "impurities" from its sfmcture. Ba,

with its large ionic radius (1.34,Ä), cannot easily be replaced by the available trace elements,

and therefore the other oxides are probably the preferred host minerals. Cryptomelane and todo-

rokite both seem to take up trace elements with a relatively small range of ionic radii (- 0.7 Å for

di- and trivalent ions: Co, Cu, Ni, (U), V, Zn). Pyrolusite is also very specific in its trace ele-

ment enrichment. It incorporates some relatively light elements with radii of approximately 0.4

Å G, P) for the trivalent ions, and from ion sizes larger than 1Å, additional trivalent elements,

such as Eu, La, Nd, and Sm, are accommodated in its sffucture. Significantly, the two elements

of the analyzedgroupof rareearthelements(GdandYb)withradiiof slightlylessthan 1.Åare
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not incorporated. Ce, which gives a weak positive correlation to pyrolusite, is probably more

mobile than most of the other REE members. Due to its chemical nature, this element occurs in

both tri- and tetravalent states according to the present geochemical conditions. Thus, it can be

assumed that minerals incorporating Ce reflect the environment in which they formed.

Kaolinite and goethite, which appear as gangue minerals in almost any ore type of the depos-

it, occasionally show trace element concentrations above the average, and thus a control of kao-

linite and goethite over a number of elements could be expected. Theoretically, this could lead to

a situation where trace element patterns of gangue minerals are superimposed upon ore mine-

rals. However, the normative mineralogy of the analyzed samples reveals that relatively few ele-

ments are specifically incorporated into these two minerals. As, Cr, Sc, Ti,Z.r, and Th are asso-

ciated with kaolinite (preferred radius intervals:0.6,0.8, (and 1.0) Å), and only P can be

atrributed to goerhire (- 0.40 Å). G¿, which does not fit into the pyrolusite structure, is predo-

minantly enriched in goethite. All other minerals play a subordinate role in accumulating trace

elements, although most of the ore and gangue minerals contain small amounts of many of the

trace elements. However, the mineralogy of the samples generally favours a strongly fractiona-

ted incorporation of the trace elements into the various Mn and Fe minerals (Goldberg, 1965).

Another possibility to use the norm is its application on an experimental leaching of manga-

nese oxides by microorganisms. This leads in a slightly different direction, but it provides some

answers for natural and technical manganese-reducing processes. Until now, it had been very

difficult or even impossible to examine mineralogical controls over microbial reduction proces-

ses, because of problems in the quantification of the Mn oxides. However, the diagrams above

clearly demonst¡ate differences in the mobilization of these minerals. It has been shown that the

thermodynamically least stable mineral breaks down first, that time gaps occur before the next

phase is broken down, and that minerals like pyrolusite resist the attack of organic acids far

longer than any other of the examined manganese oxides. Therefore, it can be concluded that the

activity of microbiota leads to a selective destruction of manganese minerals, depending upon

which Mn minerals are present.

The highest concentrations of Mn2* in solution have been detected together with the lowest

amounts of the respective minerals, which means that the strongest decrease of the pH and

therefore the highest reduction rate is achieved, when the microbiota (which are kept constant in

their concentration) can interact with relatively small amounts of the specific ore mineral. The ef-

fectiveness of this reduction process therefore seems to depend directly on the ratio of orga-

nism- and mineral-concentration. The decreasing ability to reduce the available oxide minerals

probably relates to a "dilution effect" on the constant production of organic acids, through the

increase of the reactive minerals. If this finding can be transposed onto natural conditions where

microorganisms occur in much smaller quantities, then the most likely place for a highly effec-

tive activity of manganese reducing bacteria, algae and fungi is to be found in rocks and soils
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(highest organism concentration) with relatively low Mn-levels. Preliminary results of work

presently underway also suggest that the type and concentration of organisms play a significant

role in the mineral breakdown. This finding is in accordance with the above interpretations and

it reflects the fact that different organisms produce different types of organic acids which vary in

their reducing capacities.

Oxidic ores dominared by pyrolusite are less prone to microbiological leaching than those

with lower pyrolusite contents. This means that technological leaching methods are less effec-

tive when they interact with ores of high pyrolusite content. This is also true for Mn-rich ores,

because of the mentioned d.ilution effect. On the other hand, ores with relatively unstable oxides

dissolve more easily under the attack of microo¡ganisms. Therefore, rocks with lower manga-

nese concentrations or waste materials from mining operations are the most likely targets for the

application of leaching techniques.

With the help of the normalization method a small batch of samples was examined to deter-

mine whether it is possible to predict the battery-activity of natural ore samples. At present, a

common lack of battery-activity data in conjunction with chemical analyses to be used for the

normalization, prevents a detailed study. Therefore, it is too early to make assumptions on the

overall capability of this technique to fully quantitate the battery-activity of samples. However,

the diagrams suggest a reasonably good correspondence to analytical results which correlate to-

dorokite-rich ores to higher battery-activities in Groote Eylandt ores (e.g. Dubrawski, 1985). If
the available results can be substantiated by more experimental data, then the mineral norrn may

provide an easy tool for a general assessment of the battery-activity of the ores.

The few examples discussed above demonstrate the practical use of the method, but it must

be emphasized agaínthat a mineral norm should only be an aid in cases where other methods of

quantification have failed, are very difficult to obtain or are too expensive. Such a theoretical

technique must also go hand in hand with studies of the relevant deposits and should come as

close as possible to the natural conditions of the rocks/ores, otherwise the results are superhcial

and of no use.
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6. Hydrochemistry

6-I Introductíott

As is demonstrated later, water is the essential medium for the formation of supergene manga-

nese ores. Analyses of the various water types found in and near the deposits should therefore

provide some help in understanding the nature of the ore body, its rocks and its interaction with

local waters. Included in the study are also some sealvaters that were collected nea¡ the shore

from different localities around Groote Eylandt. The study of higher alkaline waters was under-

taken to assess the importance of pH, chlorine, and electrolyte chariges on dissolution and preci-

pitation of manganese oxides. The first part of this chapter generally outlines information about

environmental effects on the stability of dissolved elements. Successively, various water types

are discussed to show their characteristics in context with the respective environment.

The samples were analyzed in the field for temperature, pH, oxygen content, total manganese

and total iron. Untreated samples were taken for chlorine analysis (AgNO3-titration), filtered,

and acidifled samples were later examined by Inductive Coupled Plasma Spectroscopy (ICP) for

a range of 34 elements. By means of an organic carbon analyzer, total organic ca¡bon (TOC)

was determined. The flux rate of small springs and seepages was measured where possible.

The sampling stations are shown below in Fig. 6.1. Sampling methds, analytical techniques

and background information are described in Appendixl.2; analytical results and rainfall data

are listed in Appendix VI., Tables VI.1 - 4. Average values for individual water types are pro-

vided in the respective text sections (Tables 6.1-3). Though statistical methods were applied to

the analyses, they were unsuccessful, because of multiple regressions for a number of elements

(see correlarion matrix in Appendix VI.5). Therefore, the interpretation of the data relied on vi-

sual evaluations of correlation diagrams.
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0 l0 20 30
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No. lùy'ater Sampling Localities õp

ì

Groote
Eylandt

a6

o\I
2
3

4
5

6

7

8

Ba¡talumba Bay Jetty
Milner Bay Jetty
Creek near bend of Rowell Highway
Umbakumba Jetty
Emerald River bridge
Amagula River near spring
Amagule River Ponds

- 2km west of Amagula River mouth

o
2
a3

A
N

I

No. Wáter Sampling Loialities

9
l0
11

t2
l3
t4
15
16
l7
18
l9

F3-Quarry, pumping station
- 2km north of Angurugu River mouth
Angurugu River, opposite sand bank
Angurugu River, large bend
Tailings Dams a¡rd Nashe's Gash

Angurugu River, Rowell Highway bridge
Angurugu River, bridge near Mission
Angurugu River, drinking water pump
Angurugu River, top crossing, near spring
G-South Quarry
D-Quurry

a9
'Watcr

sampling
slations

tr ßffil
Ila scmcnt
outcrop

Flg. 6.1: Watcr sampling stations on Crootc Eylandt;
thc cnlarged segment shows the mining area; numbcrs of
individual localities correspond to tabulated locations.
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6.2 Genersl Environmental Irtfluences ort Dissolved Ionic Species

6.2.1 Rainfall, Tides, Chlorine and. pH

To be able to estimate the influence of the waþr input, rainfall data and all analyses \ilere colTe-

lated. A plot of the rainfall between 1980 and 1987, measured at the meteorological station, An-

gurugu Mission, and the mean rainfall for l921to 1985 shows a distinct separation of dry and

rainy season (Fig. 6.2). The highest water input occurs between December and March, while

the time between June to September is the driest period'

Correlation with the dissolved ionic species (inclusive of particulates, which are partly ana-

lyzed by additional field tests (see Fe* and Mn*)) demonstrates that most of the elements de-

crease in abundance with a higher water input. This is due to a simple dilution effect. Neverthe-

less, there is no straightforward trend, because the samples exhibit very diffuse patterns. An

exception to this behavior can be found with P, Ba, and Ga, which seem to increase.together

with the availability of more water.

Higher phosphorus contents may be related to increasing biological activity in the rainy sea-

son (December-March); barium and gallium are probably flushed out and collected from areas

that normally are out of the reach of groundwaters. Because there is no other information availa-

ble on gtoundwater chemistry, the subject is not considered any further'

Since the deposits are situated near the western coast and the island is fairly flat, tides can

easily force seawater upstream into rivers and creeks for several kilometers. This estuarine wa-

ter may interact with local groundwaters and thus have an effect on dissolution and precipitation

processes. Indications for alkaline groundwaters were found in Nashe's Gash nea¡ the tailing

dams, where water is being pumped for industrial purposes (J. Alcott, pers. commun., 1985)'

Water samples taken from rivers suspected of having tidal influence should therefore be tested

for their chlorine content, because this allows an easy assessment of the water type.

The following plot shows minimum and maximum tide levels for the Milner Bay Jetty on

Groote Eylandt, together with a water level curve taken approximately 2 km upstream from the

mouth of the Angurugu River during water tests (Fig. 6.3; after data from the Horace Lamb In-

stirure of Oceanography). Although these samples are discussed later (6.3.2), the diagram al-

ready demonstrates strong vertical fluctuations of the river level several kilometers inland.
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Fig. 6.2: Rainfall on Groote Eylandt for the time between 1980 and 1987, measured at Angurugu Mission. The line

indicates the mean values for the time interval 192U1985'
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When the effect of chlorine on the water system is analyzed, it can be seen that many ele-

ments that appear in "fresh water" samples, are in fact imported from the sea (e.g. Ca, K, Na,

Mg, Sr). These elements correlate almost perfectly with Cl (e.g. Ca in Fig. 6.4). An excellent

correlation coefficient can be produced for Cl and pH, incorporating two groups of samples

(Fig. 6.5). The first part represents fresh waters with very little or no relation between chlorine

and pH; only for pH values > 6 is the regression almost linear. Similar developments are found

in a number of analyses and this demonstrates that an examination of the statistics of a large

sample set, which includes various types, must be accompanied by a visual confirmation.

Finally, the statistics fail in the examplé of cerium and chlorine which exhibit a negative trend

in the regression curve, but they possess a positive correlation coefficient and a positive regres-

sion line (Fig. 6.6). At or nea¡ the detection limit a large cluster of coinciding values almost cer-

tainly produces the statistically erroneous values. Nevertheless, the behaviour of Ce is very in-

teresting, because it reveals that although the highest concentrations of this Ra¡e Eanh Element

(REE) were recorded from sea\ryater, it was most probably imported by fresh waters.The REEs

are discussed in detail in section 6.3.3.
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Flg. 6,4: Regression pattern of 97 water samples for chlorinc and calcium, with a large cluster of analyses at the dc-

tection limit for both elements (indicated by circle).
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5000 10000

Cl [ppm]
15000 20000

Fig. 6.5: Regression pattern of 97 water samples for chlorine and pH, exhibiting a chlorine independent pH (<6) and

a linea¡ dependent pH for values >6.
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Fig. 6.6: Regression pattern of 97 water samples for chlorine and cerium, showing clustering nea¡ the detection lim-
its of both elements (circle) and a negative correlation for the remaining samples.
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6.2.2 Te mperature, Ory gen Saturation

140

The correlation of all elements to the temperature of the \vater samples does not provide many

recognizable patterns, but as the oxygen saturation partly depends on the temperature (also on

mixing conditions), there is an indirect effect on the concentration of some elements. The best

positive correlation is shown by silver (Fig. 6.7). It is difficult to determine in the present study

in which form the Ag species are present, but their conelation to the oxygen content could be an

indication for the presence of oxo-complexes. Similar trends, but not as well developed as fo¡

silver, are exhibited by t, Zn and Zr. Negative correlations are obtained from boron (Fig.

6.8), tithium and strontium. All other patterns a¡e diffuse and difficult to interpret.

& 60 100

Oxygen Saturation l%ol

Fig. 6.7: Regression pattern of 97 water samples for oxygen saturation and silver, with positive correlation for some

samples.
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Flg. 6.8: Regression pattern of 97 water samples for oxygen saturation and boron, with negative correlation for
some samples.
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6.2.3 Organic Compounds, P hosphorus

Organic carbon does not relate well to most of the analyzed elements, but there are a few posi-

tive and even fewer negative associations. The best conelation is given by Ce with a positive

regression for some samples (Fig. 6.9). This might be an indication for an adsorption or bond-

age of cerium to organic macromolecules. B, Ba, Ca, K, Li, Na and Sm belong to the same

group with positive correlation and. some of these elements may also be fixed to organic com-

pounds. Ag, Be and Gd show a reverse development when compared with the carbon content.

phosphorus exhibits only some very weak positive correlations and it is not plotted.

I

46
ToC [ppm]

10

2

EÈÈ
c)()

0
820

Fig. 6.9: Regression pattern of.97 water samples for cerium and total organic carbon (IOC), with the development of

a positive trend for some samPles'

6-3 Characterization of Water Types

6.3 .I Mine Water

Waters sampled from the mine site, came from various host materials such as laterites and ores

and therefore it was difficult to obtain reasonably good information. Nevertheless, some diffuse

nends could be recognized which might help in further interpretations (see also average values

in Table 6.1). Generally, elements like K, Mg, and Na which would normally be typical for a

marine environment are associated positively with the very low chlorine content (-10 - 40 ppm).

This could be an indication of preferred dissolution of specihc minerals in the deposit. Silica can

be found increasingly together with AFe (total Fe minus dissolved Fe), which may be due to a

bondage of iron to silica polymers. The most interesting information for this study comes fronr

AMn (total Mn minus dissolved Mn) and organic carbon. This sample set yielded the best
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correlation observed.There is a negative reg¡ession for the two parameters, which means that at

least the additional particulate manganese transported together with the dissolved manganeSe in

the mine waters, is not complexed by organic compounds. For the groundwaters of the mining

area, the existence of va¡ious manganese species in solution can therefore be reduced to inor-

ganic complexes and/or ionic forms (mainly Mn2).

Table 6.1: Statistics of water analyses from the deposit; n = sample no., average to std.dev. = ppm.

laterlte
n
avera8e
minimum
maximum
std. dev.

n
average
minimum
maximum
std. dev.

n
average
mini¡num
maximum
std. dev.

n
average
minimum
maximum
std. dev.

n
averaSe
minimum
maximum
std. dev.

Ag
l0

0.002
0.002
0.004
0.001

cl
8

13. ó8 8

9.200
15.000
2.222

La
10

0.007
0.003
0.013
0.004

P
10

0.274
0.040
t.7 67
0.549

Zr
10

0.005
0.003
0.009
0.002

AI
l0

0. r36
0.0r7
0.27 6
0.103

Co
l0

0.004
0.003
0.012
0.003

Li
10

0.017
0.017
0.017
0.000

Pb
10

0.054
0.030
o.250
0.069

oc
l0

29.560
29.000
31.000
0.800

Cr
10

0.006
0.002
0.028
0.008

Mg
10

0.540
0.413
0.790
0.t25

si
10

3.895
3.396
5.064
0.547

pH
9

4.493
4,350
4.620
0.109

Cu
l0

0.002
0.002
0.002
0.000

Mn
10.

0.045
0.007
0.089
0.026

Sm
10

0.028
0.020
0.050
0.013

o2
l0

2.460
0.800
6.000
2.043

Be
10

0.000
0.000
0.002
0.001

Eu
10

0.001
0.001
0.003
0.001

Mo
10

0.100
0.030
0.227
0.082

Sr
t0

0.005
0.000
0.008
0.003

Fe*
10

0.0r 0
0.000
0.040
0.0L2

org. C
9

3.tr2
0.600
9.000
3.052

Fe
10

0.01 1

0.001
0.078
0.025

Na
10

8.846
7.261
L4.379
2.r52

Ti
10

0.007
0.004
0.013
0.004

Ca
10

0.074
0.003
0.254
0.o74

Ga
10

0.076
0.060
0.r22
0.026

Nb
10

0.399
0.110
0.874
o.296

Y
l0

0.007
0.003
0.027
0.008

cd
10

0.005
0.001
0.017
0.005

Gd
10

0.027
0.010
0.060
0.021

Ce
10

0.050
0.030
0.082
0.019

K
10

0.143
0.080
0.473
0.122

B
r0

Ba
l0
.015
.000
.028
.009

0
0
0
0

025
004
067
o26

0
0
0
0

Ni
10

0.004
0.033
0.011

O -sat
10

32.68 8

L0.47 0
79.700
27.356

Zn
l0

0.026
0,001
0.056
0.016

0.017

Yb
l0

0.002
0.001
0.004
0.001

Mn*
9

0.r42
0.000
0.600
0.t82
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Statistics of water analYses from the deposit.Table 6.1 (contlnued):

ole
n
avefage
minimum
maximum
std. dev.

n
avetaSe

minimum
maximum
std. dev.

n
avera8e
minimum
maxlmum
std. dev.

n
average
minimum
maximum
std. dev.

Ag
l8

0.002
0.002
0.002
0.000

AI
18

0.083
0.017
o.251
0.083

Co
18

0.003
0.003
0,003
0.000

Li
18

0.017
0.017
0.017
0.000

Pb
18

0.039
0.030
0.195
0.03 9

B
l8

0.014
0.004
0.046
0.014

Cr
l8

0.004
{.00r
0.019
0.005

Mg
l8

0.694
0.296
l,936
0.364

St
l8

5.494
2.409
9.990
2.0r5

pH
l6

Ba
l8

0.005
0.000
0.018
0.005

Cu
l8

0.002
0.002
0.002
0.000

I$n
18

0.200
0.024
0.672
0.18 8

Sm
l8

0.020
0.020
0.023
0.001

Be
l8

0.000
0.000
0.003
0.001

org. C
9

I .531
0.890
2.810
0.7 69

Ca
18

0.3 53
0.003
I .251
0.438

cd
l8

0.001
0.001
0.004
0.001

Ce
18

0,031
0.030
0.047
0.004

cl
16

14.488
7.800
30.000
5.88 3

La
18

0.003
0.003
0.007
0.00 I

P
18

0.205
0.040
1.85 0
0.429

Eu
l8

0.001
0.001
0.001
0.000

Mo
l8

0.032
0.030
0.05 7

0.006

Sr
l8

0.006
0.000
0.029
0.00 8

Fe*
18

0.06 8

0.000
0.250
0.082

Fe
l8

0.002
0.001
0.009
0.002

Na
l8

9.7 44
5.7 49
20.020
3.ó85

Ti
18

0.004
0.004
0.006
0.000

Ga
l8

0.060
0.060
0.060
0.000

Nb
i8

0.r44
0.110
0.520
0.1 05

v
18

0.005
0.003
0.023
0.006

Gd
l8

0.011
0.010
0.022
0.003

Ni
18

0.010
0.004
0.039
0.011

Yb
18

0.001
0.001
0.005
0.001

K
18

0.407
0.080
1.390
0.407

O-sat
18

66.112
26.600
9 8 .200
r7 .932

Zn
18

.'0.147
0.001
0.905
0.224

n
average
minimum
maximum
std. dev.

Zr
18

0.003
0.003
0.008
0.001

oc

18

29.344
2ó.000
30.500
0.97 6

3.900
5.37 0
0.3'12

o2
l8

5.033
2.000
7.500
r.400

Mn*
18

0.296
0.030
0.800
0.272

4.616

sxJn}
n
average
minimum
maxunum
std. dev.

n
avelage
minimum
maximum
std. dev.

n
average
minimum
maximum
std. dev.

n
avefage
minimum
maximum
std. dev.

Ag
10

0.002
0.002
0.002
0.000

CI
7

12.r57
7.800
21.000
4.593

La
10

0.003
0.003
0.005
0.00 1

P
10

0.600
0.040
2.545
0.804

AI
10

0.07 6
0.017
o.ztr
0.07 6

Co
10

0.005
0.003
0.013
0.003

Li
l0

B
10

0.007
0.004
0.016
0.00s

Cr
l0

0.010
0.002
0.031
0.013

Mg
10

0.59 6

0.18 7

0.964
0.220

Si
10

3.419
0.893
5.913
1.563

Ba
l0

0.007
0.001
0.023
0.007

Cu
l0

0.002
0.002
0.002
0.000

Mn
10

0.228
0.032
0.621
0.204

Sm
10

0.020
0.020
0.020
0.000

o2
l0

6.5? 0
5 .600
7.500
0.595

Be
10

0.001
0.000
0.003
0.001

Eu
10

0.001
0.001
0.001
0.000

Mo
l0

0.03 3

0.030
0.041
0.005

org. C
7

1.503
0.ó 60
2.8 90
0 .695

Ca
10

0.1ó3
0.003
0.650
0.210

cd
10

0.001
0.00r
0.001
0.000

Ce
l0

0.032
0.030
0.03 9
0.003

0 014

Fe
10

0.019
0.001
0.0 83

0.028

Na
10

6.417
1.844
8.052
1.856

Ti
l0

0.004
0.004
0.004
0.000

Ga
10

0.060
0.060
0.060
0.000

Nb
10

0.13 6

0.1 10
0.228
0.048

v
l0

0.008
0.003
0.024
0.008

Gd
t0

0.011
0.010
0.015
0.002

Ni
10

0.013
0.004
0.048
0.015

Yb
10

0.001
0.001
0.002
0.000

K
10

0.160
0.080
0.36'l
o.trz
O -sat

10
8 6.691
72.300
96.7'7 0

8.648

Zn
l0

0.04'7
0.001
0.1 01

0.037

0.000
0.0r 7

0.007

n
âvefage
minimum
maxrmum
std. dev.

Zr
l0

0.021
0.00 3
0.060
o.o27

oc

10
29.500
27.000
33.000
2.O14

pH
10

4.937
3.910
5.520
0.425

Mn*
10

0.281
0.000
r .200
0.3ól

Pb
l0

0.1 l6
0.030
0.325
0.139

Sr
10

0.002
0.000
0.007
0.003

Fe*
l0

0.008
0.000
0.03 0

0.010
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6.3.2 River Water (Angurugu River)

t44

The diagrams presented in this section concern the chemistry of the Angurugu River as it varies

due to seasonal or diurnal variations (averaged data in Table 6.2). This river crosses the main

ore body from east to west and is probably fed by ore fluids, but it may also contribute to local

groundwater compositions. The plots are oriented on the geographical position of the sampling

stations, thus covering the deposit (0 km = sea = tù/; 10 km = upstream = E; see Fig.6.1).

Table 6.2: Sratisrics of water analyses from the Angurugu/Emerald Rivers; n = semple no., average to std.dev. = ppm.

rlver
n
average
minimum
maximum
std. dev.

n
average
minimum
maximum
std. dev.

n
average
minimum
maximum
std. dev,

n
averaSe
minimum
maximum
std. dev.

n
average
minimum
maximurn
std. dev.

Ag
48

0.006
0.002
0.028
0.007

ct
42

4697 .7 67
9.900

1808 0.00
5862.308

L¡
48

0.037
0.003
0.143
0.046

P
48

0.307
0.040
3.699
0.643

Zr
48

0.010
0.003
0.040
0.011

AI
48

0.065
0.017
0.287
0.o72

Co
48

0.008
0.003
0.o47
0.008

LI
48

0.025
0.017
0.229
0.033

Pb
48

0.054
0.002
0.458
0.072

oc

48
26.929
3.000
35.000
4.283

B
47

0.11 1

0.004
0.339
o.t24

Cr
48

0.012
0.002
0.070
0.014

Mg
48

327.687
0.3 68

1613.500
470.707

si
48

3.974
1.014
6.373
1.210

pH
48

6.311
5.030
7.980
1.066

Ba
48

0.026
0.002
0.073
0.018

Cu
48

0.009
0.002
0.143
0.o24

M4
48

0.170
0.013
0.540
0.t37

Sm
48

0.049
0.020
0.165
0.o42

o2
48

6.031
0.100
8.200
1.316

Be
48

0.000
0.000
0.002
0.000

Eu
48

0.010
0.001
0.040
0.012

Mo
48

0.1 85
0.030
0.648
0.198

Sr
48

1.991
0.000
9.O4r
2.867

Fer
46

0.300
0.000
0.800
0.1 80

org. C
42

2.r99
0.500
5.300
0.903

Ca
48

I 18.081
0.003

512.900
r65.557

Ga
48

0..o74
0.0ó0
o.379
0.048

Nb
48

0.43 8

0.110
r.226
0.322

Y
48

0.028
0.003
0.106
0.034

cd
48

0.006
0.001
0.0r 8

0.005

Gd
48

0.042
0.010
0.13 8
0.041

NT
48

0.037
0.004
0.106
0.034

Yb
48

0.001
0.001
0.004
0.001

Ce
48

0.258
0.030
1.575
0.341

K
48

96.85 8

0.080
419.000
132.409

tr'e
48

0.005
0.001
0.060
0.0t2

Na
40

t697.74r
3.720

14126.50
3057.993

Ti
48

0.011
0.004
0.030
0.008

Mnr
46

0.175
0.000
0.500
0.1 l3

O -sat
48

78.97 8

53.420
100.000
13.65 8

Zn
48

0.082
0.001
0.5 85

0.116

6.3.2.1 plf , Cl, Orygen Saturation, P, C

Chlorine analysis is essential for estimating the effect of salt water intrusions into the river sys-

tem, which affect the stability of many inorganic and organic compounds being transported in

the fresh waters of the river. The plots for Cl in the various seasons a¡e similar, though often it
is not possible to sample river waters with comparable chlorinities from the same locality, due to

tidal changes and the complex nature of mixing of fresh and sea waters (Fig. 6.10). The dia-

gram shows that saline solutions pushed into the river system by high tides can travel upstream
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for about 4.5 kilometers, though they are strongly diluted on their way. The plots for pH are al-

most linear and they exhibit small changes which probably are due to varying tidal influences

(Fig. 6.11). The values for January, which represents the peak of the rainy season, increase

only slightly. Both chlorine content and pH therefore seem to be far more dependent on short-

term changes than on seasonal intervals.

Oxygen exhibits a recognizable trend in the river (Fig. 6.12). However, this does not seem

to be related to any season. From the spring the water gradually saturates with 02 on its way

downstream, until the tides enter the river. Their inf,luence leads to a sharp decrease in the oxy-

gen content, because under a higher salinity many dissolved elements precipitate as oxides or

oxyhydroxides.

Organic carbon begins with high values near the spring, decreasing on its way and again tak-

ing up organics further down the stream, coincident with peaks for oxygen and Mn, until the

tides cause a second decrease (Fig. 6.13). The curves for carbon and the ratios of Fe*'and Mn*

are comparable in their shape (see also Fig. 6.18). In areas of the river where iron is more abun-

dant, the carbon content is significantly higher than in parts with manganese dominance. The

analysis of the data did not produce any easily recognizable relations between the dissolved spe-

cies, particulates and the organics; the nature of interaction is probably very complex. Perhaps

there are few direct links among these compounds. Therefore, inorganic species seem to be-

come more important in this river system. Phosphorus, which would be expected to form stable

complexes, is difficult to interpret, because it changes drastically within short distances and

from one sampling run to the other.
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Fig. 6.101 Cl concentration in the Angurugu River on Groote Eylandt (distances are measured from the sea)
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6 l0
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Fig. 6.12: Oxygen saturation in the Angurugu River

6 l0
River [km]

Fig. 6.13: Organic ca¡bon in the Angurugu River

6.3.2.2 Mn, Fe, Si and Al

It has already been mentioned that the Angurugu River crosses the deposit. This means that if

there is any interaction with the ores, this should be reflected in one way ü the other in the river

waters. First, mangarìese and iron a¡e examined to determine whether any elemental changes oc-

cur that are independent from tidal input. Indeed, dissolved and total manganese both appear in-

creasingly to form an anomaly when the river passes over the deposit. Under the influence of

incoming tides, Mn is no longer in equilibrium with the fresh water and (þcreases (Figs. 6.14 -

15; Sholkovitz,1976;Laxen et al., 1984). Iron on the other hand, does not seem to get enriched

when in contact with the local groundwaters. Fe values generally decrease with the higher pH

towards the sea (Figs. 6.16 - 17).

That nonetheless both elements are in a very stable relationship to each other, is shown by

the ratio of total iron and manganese. The curves for all four sample sets from different seasons

are nearly identical (Fig. 6.18). Going downstreanr, with manganese in dominance over the de-

posit, the plots reach a minimum which is broken by the influence of alkaline seawaters. Obvi-

ously, the processes are linked which are responsible for the appearance of both elements in thc

river. Possible factors for the dissolution of the two elements are discussed later.
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Dissolved silica varies during the different seasons in the following manner: June > Septem-

ber > January Gig. 6.19). This clearly indicates a strict dependence on the most significant en-

vironmental change, the rain. June is one of the driest months, in January the annual rainfall

peak is reached. This means that the highest amount of Si is set free in the dry season, which

generally produces more acidic conditions in the groundwaters. The behavior of silica and clay

minerals is discussed in detail in chapter 8. However, it is necessary to examine this element

here, together with alumina, to improve the knowledge about physico-chemical conditions that

govern the supergene processes. Further information may derive for the understanding of the

replacement of Mn- and Fe-phases by clays and quartz, and also for the development of new su-

pergene manganese and iron minerals under varying concentrations of Si and Al. When silica-

rich solutions come in contact with more alkaline conditions (tides), then the amount of dis-

solved Si decreases. Alumina shows strong variations upstream, but it does not follow the gen-

eral trend of Si. It seems to decrease in its concentration on its way down the river. Only under

tidal influence does it exhibit the same sharp drop in concentration (Fig. 6'20). The interpreta-

tion of the ratio of Si and Al is somewhat difficult, because of an inconsistency in Jarrùary. For

June and September the ratio shows reverse curves, with silica dominance during the dry sea-

son (Fig. 6.21).
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Fig. 6.14: Total manganese concentration in the Angurugu River, measured with field test.
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Fig. 6.16: Total i¡on concenrrations in the Angurugu River, measured with field tests.
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Fig. 6.17: Dissolved iron i¡ the Angurugu River
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Fig. 6.18: Ratio of total iron and marganese in the Angurugu River, exhibiting strong relationships.
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Fig. 6.20: Alumi¡a in the Angurugu River
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Fig. 6.21: Silica/alumina ratio in the Angurugu River

6-3.2.3 Rare Earth Elements

Cerium is the most interesting element in the group of the Rare Earths (analyzed: La, Ce, Sm,

Eu, Gd, Yb), because the concenffations of about 1.5 ppm reached in the \ilaters near the depo-

sit are extraordinarily high (Great Whale River estuary = 0.3ppm Ce; Goldstein and Jacobsen,

19SS). As similar results are obtained from different samples and seasons, these data are con-

sidered to be true from the aspect of incidental contamination. The island lacks rock types other

than the manganese ores that could provide sufficient amounts of REE. Therefore, the dominant

member of this group, cerium, is used as example for the enrichment of tiltese elements in the
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river (Fig. 6.22).Its level is at the detection limit upsüeam near the spring, but it increases grad-

ually over the deposit and drops slightly when the sea is reached. All other analyzed Rare Earths

have similar patterns, but are lower in their actual concentrations. The appearance of REEs in

the waters can also serve as a reasonably good indicator for the existence of dissolution/

mobilization processes that operate within the orebody.

6.3 -2.4 Further Stream l-oad and Tidal Interaction

The remaining elements can be separated into two groups:

. Elements predominantly transported by the stream and those carried upstream by tides,

where they mix to some extent with the stream load. Barium is the best example for elements

that derive from the local gloundwaters (Fig. 6.23). Its concentration increases almost line-

arly downstream, with the highest input during the rain season. An addition to seawater val-

ues at the river mouth is not detectable. B, Cr, Mo and Zn show comparable patterns.

. All other analyzed elements show the typical high input from the sea at the river mouth and

then decrease rapidly: Ag, Ca, Cd, Co, Cu, Ga, K, Li, Mg, Na, Nb, Ni, Pb, Sr, Y andZr'

Some of these also indicate an enrichment from groundwaters, thus demonstrating mobiliza-

tions from local rocks (Fig. 6.24; K, Na, Sr).
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Fig. 6.23: Barium load of the Angurugu River
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The influence of tides on the river system

was studied in detail on a day with high

tides at a sampling station approximately

2.5 km upstream of the river mouth (Ap-

pendix VI., Table VI.3, sample nos. V/55 -

W65). Many elements illustrate the exis-

tence of the two groups mentioned above.

As expected, B, Ba, Ce, Mn, Si and a num-

ber of other elements decrease with higher

salinity (Fig. 6.25), and the typical seawater

elements, Ca, K, Mg, Na, increase.
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Fig. 6.25: Barium concentrations in the Angurugu River,
depending on the tidal input of chlorine (compare Fig. 6.2).
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6.3.2.5 Diurnal Fluctuations

A fascinating aspect was found in a part of the Angurugu River which.is beyond the reach of ti-

dal influences. Waters sampled from a small dam at the fresh water pumping station near Angu-

rugu Mission exhibit time dependent concentrations, which in some aspects are reverse to re-

sults that Harbison (1986) reported about elemental release from mangrove muds of tidal

swamps. Harbison showed that in the examined atea, oxygen saturation, pH, and Eh reached

the highest values in the early afternoon (-15.00h) and related this to biological activities, which

includes bacterial sulphate reduction at night (H2S-production). This system leads to an increas-

ing reduction (solubilization) of compounds like manganese and iron during the night.

On Groote Eylandt however, the pH exhibits the lowest values in the afternoon and increases

towards the night. The tests in the River were started at 15.00h and repeated every hour until

19.00h (one hour after sunset). Conesponding to an increasing pH, organic ca¡bon decreases in

its concentration, indicating a lower availability of organic compounds at night.

The oxygen saturation possesses a very similar shape of the curye over the time, which dem-

onstrates the strong relation between organics, oxygen and time. Most probably, the acidifica-

tion of the water is caused by the production of organic acids that are released during photosyn-

thesis, which reaches its peak around midday. Even though organic carbon does not correlate

very well with most of the analyzeÅ elements, it can interact indirectly with various elements via

pH-changes.

Organo-metallic complexations, which could influence the solubilities of the present species,

do not seem to play a significant role, otherwise the analyses would provide much better core-

lation coefficients and regression patterns. Vy'hether organics have played an active role in thc

dissolution of manganese or in short-terme stabilization processes, cannot be established, but if

a

ao

a

a
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pH-variations were the main driving forces for

the development of the compositional pattern,

then three major groups could be expected in

the water:

. elements with increasing solubility under

acidic conditions,
. elements with increasing solubility under

alkatine conditions, and

. elements that are independent of pH-

variations.

Indeed, these groups can be identified in

the following diagrams. Al and Mn* are

shown as examples for decreasing concentra-

tions towa¡ds the night, together with an in-

creasing pH, (Fig. 6.26; same trend: B, Ba,

Ca, Cd, Co, Eu, Fe*, Mg, Na, Pb, Zn).If
manganese and iron are considered to be the

dominating elements in this group, they could

be responsible for the behavior of most of the

other members. Adsorption of the latter to par-

ticulates of Mn and Fe would result in a

coupled co-existence. During the development

of more alkaline conditions, the second group

increases in its concentration (Fig. 6.27; Ga,

Gd, Mo, Nb, Ni, oxygen saturation, P, and

Sm). Atl other elements are relatively stable in

their quantities.
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Fig. 6.262 Examples for time dependent decrease of
elements in the Angurugu River, out of the reach of tidal

influences.
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Fig. 6.27; Examples fo¡ time dependent increase of
elements in the Angurugu River, out of the reach of tidal

influences.

Unfortunately, the sample number is too limited to allow a quantitative examination of the re-

sults and a relation to environmental factors (C, Cl, pH, oxygen saturation, P, temperature).

Later work should focus on these findings, because knowledge of processes responsible for

elemental changes in fresh waters could improve the general understanding of the manganese re-

lated hydrochemistry.
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6.3.3 Coastal Seawater

6.3.3.1 General Composition Pattern

153

The diagram that summarizes the analyses of seawater samples from a¡ound Groote Eylandt

clearly illustrates that the sample set contains three major groups (Fig. 6.28). The first one

shows elements that are nearly identical to values that were given by Krauskopf (1979) for aver-

age sea\ilater (atomic numbers <20). This includes all major seawater species like Na, Mg, Cl,

K and Ca. The second group exhibits slight to intermediate enrichments of the elements with

atomic numbers between 2l and 56; included are, for instance, Mn, Fe, and Ba. Heavier ele-

ments, mainly members of the lanthanide group, but also lead, are strongly enriched, when

compared with average seawater. The group of the REEs is discussed separately below

(6.3.3.2), because it is significant for the identification of redox conditions in the \ryaters and it
is also believed to be a strong indicator for manganese deposits that undergo supergene altera-

tion processes. Table 6.3 presents statistical information on the seawater samples. Data from

other parts of the Gulf of Carpentaria are not available for comparison.

Average seawater

Groote Eylandt,
coastal seawater

E' roaÈÈ
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Flg. 6.28: Pattern of elements from seawaters a¡ound Groote Eylandt" aveiage seawater aftei{rauskopf (1979).

Table 6.3: Statistics of seawaters; n = sample no,, average to std.dev. - ppm.

sea

n
average
minimum
maximum
std. dev.

sea
n
average
minimum
maximum
std. dev.

Ag
9

0.01 6
0.002
o.024
0.008

cl*
6

19280.00
17700.00
20070.00
916.r44

AI
9

0.019
0.0L7
o.034
0.006

Co
9

0.033
0.003
0.125
0.038

B
9

0.2t3
0.004
0.784
o.248

Cr
9

0.062
0.028
0.218
0.059

Ba
9

0.035
0.007
0.105
0.036

Cu
9

0.060
0.002
o.239
0.087

Be
9

0.000
0.000
0.001
0.001

E¡
9

0.032
0.017
0.043
0.010

c*
6

I 5.865
2.920
28.700
12.236

Fe

9
0.00 I
0.00 I
0.002
0.000

Ca
9

525.454
377.390
t002.984
t90.2tr

Ga

9
0.1 54
0.060
0.514
0.162

cd
9

0.013
0.001
o.023
0.008

Gd

9
0.08 6
0.025
0.148
0.o47

Ce

9
l.082
0.221
L.632
0.584

K
9

450.609
351.7 69
545.300
'to.8r7
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Table 6.3 (contlnued): Statistics of seawaters

154

sea

n
average
minimum
maximum
std. dev.

sea

n
average
minimum
maximum
srd. dev.

sea
n
average
minimum
maximum
std. dev.

t-a
9

0.r47
0.1l0
0.220
0.03 6

P

9
l.l7l
0,040
7.491
2.454

h
9

0.03 8
0.009
0.r27
0.03 7

Li
9

0.1 82
0.020
0.572
0.19 I

Pb
9

0.37 8
0.030
1.692
0.550

['c]
9

27.967
24.000
33.000
2.7 40

Ms
9

15t4.527
970.064
17 49.900
299.479

Mn
9

0.051 '

0.019
0.099
0.030

Sm

9
0.17 I
0.070
0.282
0.06 7

Mo
9

0.509
0.2t2
0.97 6
o.259

Na
6

1 1577.18
1754.000
16748.O
5408.472

Ti
9

0.031
0.004
0.105
0,031

Nb
9

1.t37
0.1 10
2.974
1.249

V
9

0.153
0.08 9

0.312
0.071

Ni
9

o.123
0.024
0.344
0.096

Yb
9

0.005
0.001
0.022
0.007

O-sat
I

7r.524
48.500
84.920
l 1.908

Zn
9

0.331
0.150
0.57 5

0.16 7

Si
9

L.129
0.500
2.281
0.603

pH
9

7.933
7.1 90
8.200
0.3t7

02*
8

5.55 0

3.500
6.700
1.007

Sr

9-
8.969
7.201
10.688
1.388

Fe*
8

0.050
0.000
0.1 00
0.044

Mn*
8

0.035
0.000
0.250
0.08 8

That strong enrichments of many elements in waters from the coast of Groote Eylandt are not

due to artifrcial sample contamination or erroneous analysis is demonstrated in the example of

Ce data, although the points below also apply to other analytical results:

. the sample bottles were soaked in concentrated HCI for over I \ryeek,

. the amount of analysis-grade HNO3 is fa¡ too small to cause final Ce concentrations of

-2pp : the acid must have contained Ce concentrations of between 100 and 200 ppm to re-

sult in such large values,

. fresh- and saltwaters were treated in the same way; however, some freshwater samples are

near the detection limit for Ce,

. there should not be any positive anomaly over the deposit, if the samples contained a random

contamination,

. a¡tificial seawater (sea salt for aquarium) sampled in the same way as the natural samples

generally possessed trace element concentrations below detection limit (# B'WSa, Table

Yr.z),
. seawater samples re-analyzed after approximately four months showed a decrease of most

trace elements due to adso{ption to the bottle walls,

. saltwater analyses are consistent for specific localities; different locations possess different

element patterns when compared with each other.

Thus, it is most unlikely that the data are false, except for small analytical errors, although the

unusually high values of some samples might be interpreted to be erroneous.
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6.3.3.2 Rare Earth Elements
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It was already mentioned that unusually high concentrations of Ra¡e Earth Elements were found

in coastal seawaters from around Groote Eylandt, but the extent of their deviations from "nor-

mal" or average quantities only becomes obvious in the following diaglam, which is derived

from the data discussed in the previous section (Fig. 6.29). The elements are normalized to eu-

ropean shales after Haskin and Haskin (1966). To my knowledge these are the highest values

ever ieported. The samples were taken from near the mouth of the Angurugu River on \ilestern

Groote Eylandt (Wl3, W29, J8, J9, J22) , and from localities on the eastern side of the island,

further away from the assumed input area (W43 from Umbakumba and V/68 -2km west of the

mourh of the Amagula River; for localities see also Fig. 6.1). The levels of the Rare Earths vary

according to the sample location. Average sea water, far below the concentrations of the Gulf of

Carpentaria near the island, is plotted as a line after data from Goldberg (1965). Even if these

data have been adjusted by other authors in recent years, dramatic differences still exist.

Near the area of input from streams, a small positive Ce anomaly is shown. From Sm to Yb

the values decrease (Fig. 6.29). 'When the pattern that exists farther away from the deposit, for

instance on the other side of the island, is compared with the initial input area, it can be seen that
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although the concentrations are remarkably high, the lighter Rare Earths change their behaviour

Cerium no longer possesses a positive anomaly, but develops a slightly negative tendency

Generally, the curve pattern of these waters begins to resemble average seawater in its shape.

6.4 Díscussíon

Below, some of the most important elements are discussed to see whether chemical or physical

indications can be found to prove that these elements derived from the island itself. Though

manganese is the main target for this study, it is also necessarry to look at its co-existence with

other elements, because of their role in dissolution, stabilization, and precipitation processes.

Cornell and Giovanoli (1987) showed that for instance higher Mn concentrations in solutions

can trigger or suppress the formation of specific iron minerals. Effects simila¡ to this interaction,

but on the side of Mn oxide development, can also be expected. This matter is not discussed

further here, but it is vital for the understanding of supergene manganese ore formation that the

type and abundance of dissolved elements appearing together with manganese are known.

It was demonstrated that most of the fresh waters carry manganese, more or less indepen-

dently of seasonal variations of the water supply. A manganese anomaly develops over the ore-

body through the input of local groundwaters and a continuous mobilization seems to take place

in the deposit. The process that is thought to be mainly responsible for this liberation is exa-

mined separately. At the moment the dissolution of manganese is considered to be afacf, though

it may seem to be diff,rcult to reduce and release tetravalent Mn into the water.

Till now, the state in which Mn is being transported in the river-, gtound- and minewaters

has not been discussed in detail. All studies indicate that inorganic complexes and/or ionic forms

(e.g. Mn2*) are the dominant species. Correlation plots between dissolved manganese and or-

ganic ca¡bon do not provide recognizable patterns, and negative regressions were obtained from

particulate manganese (total Mn minus dissolved Mn) and organic carbon. lfhis means that it is

almost certain that neither dissolved nor particulate Mn is associated with organic complexes.

Nevertheless, an indirect influence of organics on dissolution rates via pH changes cannot be

excluded.

It is also possible that shortterm interactions (complexations) with several elements may in-

crease solubilities, but none of these effects has been detected during this study. Contrary to

manganese, a number of elements show positive correlations with organic carbon (e.g. B, Ba,

Ca, K, Li, Na and Sm). This might be indicative of adsorption on organic macromolecules or

the presence of organo-metallic compounds. Phosphorus, another complex-forming element,

does not provide better correlations, and in our case it may not be important as a stabilizing rea-

gent fbr any of the analyzed elements.
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The Rare Earths are of particular interest for further discussion, because this group of ele-

ments indirectly confirms the dissolution of manganese ores. Though it could be argued that the

REEs are brought into the river system by tides which press saline waters upstream, where they

could influence local gtoundwaters, it is demonstrated on the example of cerium that these ele-

ments have been mobilized under freshwater conditions. V/hen the chlorine value of a specific

sampling starion is examined (e.g. 2.5 km; Fig. 6.10) and itis assumed that Cl is equivalent to

the amount of saltwater that mixed with the riverwater, then the Cl concentration would lead to

approximately one quarter of the seawater conqentration of Ce, considering a simple mixing

model. Cerium nevertheless shows values near those of the sea. This means that Ce and most

other trace elements are being transported to the sea by the river. This fact is supported by the

negative correlation between cerium and chlorine (Fig. 6.6).

It was also illustrated that the Angurugu River gradually becomes enriched in the Rare Ea¡ths

downstream (Fig. 6.22), and that apart from the manganese ores there are no otherpossible

rocks from which REE could be mobilized in sufficient quantities. Although the otheritEEs do

not follow Ce with the same regression patterns (indistinct), there is no reason to believe that

they derive from different materials before they are en¡iched in the sea to comparable levels' It is

known that their chemical cha¡acteristics are different to that of cerium, which is fa¡ more sus-

ceptible to environmental changes such as Eh or pH. This means that the redox behavior of Ce

and the knowledge of the geochemistry of the ores not only provide the confrrmation for Groote

Eylandt being the source area, but they also identify the manganese ores as source rocks. This

information and probably an enhanced study of the REE in seawater may provide an ideal tool

for the selection of target areas for manganese exploration at river mouths along the coasts,

where specific curve shapes should develop near input areas'

When the remaining elements are examined, a large number of elements is found that also

move with the freshwaters. Occasionally, mobilizations can be linked to seasonal variations of

water input or dehydration processes, but very often there is no clear picture that could indicate

one or the other. One of the few elements that clearly reflect changing conditions is silica. Kit-

rrick (1969) showed that kaolinite (Al2Si2Os(OH)¿) breaks down when it dehydrates, releasing

silica sheets from its structure into solution and leaving gibbsite (AI(OH)3) as the remaining mi-

neral.

As this reaction is reversible, it is difficult to prove in the Groote Eylandt deposits, because

gibbsite is a fairly rare phase, it also beconres unstable under the increasingly acid regime of the

dry-season. That probably most of the dissolved Si originates from kaolinite destabilization,

seems to be supported by the increase of Si concentration in waters during the dry-season. In

some instances, sandstones and recent quartz sands, which are both common in this area, arc

also subject to mobilization of silica, butthis is probably much less important, because of tho

higher stability of quartz.
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Until now, seawaters were only mentioned as the final place, where elements derived from

Groote Eylandt can become enriched. The interaction of various compounds with the saltwater

in the course of the Angurugu River is another interesting aspect and it provides an ideal model

for mixing and inter-elemental dependencies. Manganese and iron a¡e coupled strongly to each

other, even when their total amount decreases drastically under the influence of incoming tides

(Figs. 6.14 - 18). Increasing salinity is probably the cause for the cracking of organic com-

pounds such as humic and fulvic acids or inorganic complexes. Elements bound to these com-

pounds would be released and might be subject to oxidation, which would show up immediate-

ly in decreasing oxygen saturation (compare Fig. 6.12). Oxidized species could flocculate and

precipitate. Elements like iron and manganese in fact a¡e found in much smaller concentrations

in areas with increasing tidal influence. Most likely, these and other elements are found in river

sediments (clay fraction) in quantities that depend directly on the nature of the waters above.

Unfortunately, the above interpretation for the organics is only partly supported by the analysis

of organic carbon. Relatively high concentrations of organic carbon have been analyzed from

the jetty at Milner Bay, which could theoretically conradict the statements made above. Though

many of the analyzed elements decrease when in contact with seawater, a comparison with aver-

age seawater shows that an overall enrichment exists.

In contrast to the elements that precipitate in contact with saltwater, the Rare Earths seem to

retain reasonably constant concentrations (compare final values from the river). That their resi-

dence times in the sea are probably much longer than a few hours could be indicated by the ex-

traordinarily high amounts of Ce (and the other REEs) which can even be found on the other

side of the island. If these elements had only a very short residence in the seawater, they would

not concentrate to quantities of up to 1.6 ppm (Ce), which is equivalent to an enrichment factor

of about 4000, when compared with average seawater. Goldstein and Jacobsen (1988) studied

the removal of REE in estuaries and although these authors discuss concentrations in the pmoV

kg-range, they were able to show for the Great Whale River that the Rare Earths already start to

disappear from the water column at a reasonably low salinity (<2vo) and that the concentrations

drop to about one quarter of the initial values at seawater salinities. This seems to contradict the

findings of the present study, but if the input from Groote Eylandt (rivers-, but also submarine

freshwater springs that have been in contact with orebody fluids) was large enough, it could

well compensate for the loss that occurred during the mixing.
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7. Experimental Work

7.1 Introductiott

During the first freld trip of this research work a geochemical redox reaction benryeen manganese

oxides and kaolinitic clays was detected which soon became very important for the description

of supergene mobilization processes in the Groote Eylandt deposits'(Pracejus, 1985). Ea¡lier

studies had noted a number of manganiferous precipitates that were believed to be of supergene

origin, but no process seemed to be approprilte for large scale dissolution, from where succes-

sive precipitation of Mn-oxides could derive Golton, 1982: Ostwald, 1988). Sulfuric acid for

insrance, which is being produced during the weathering of sulfides in other types of deposits,

can account for extensive remobilization reactions (Thornber, 1983). The manganese ores, as-

sociated sedimentary and lateritic rocks on Groote Eylandt however, contain extremely small

amounts of sulfides and are therefore not able to use this type of liberation process.

Initial investigations demonstrated that the natural conditions of the redox reaction could be

simulated and examined in the laboratory. The basic necessities for this study were Mn-oxide

ores, kaolinitic clays, water, and the possibility to observe the occurring variations and to store

the obtained geochemical data. Since the reaction involves an electron transfer between different

minerals, the varying charges between the two separated materials can be monitored for instance

with a continuous chart recorder, together wìth pH-changes. Below, the experimental setup and

results are presented.

Major and trace elements of all samples were analyzed as well, as XRD and FTIR spectra

were determined.Sampled solutions were examined by ICP for their contents of dissolved ele-

ments, and the electro-chemical v'ariations were recorded continuously (Appendix VII., Tables

1-3). The theoretical background for the redox reactions and their wider context for the forma-

tion of the various supergene rocks will be given in chapters 8 and 9.
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7-2 Desígn of Experíments
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One of the outstanding features in the field are

the vertical and horizontal pipe systems which ,

cross-cut the orebody in many places. These

clay pipes must play a dominant role in reduc-

ing the ore, because they cross-cut primary

and secondary ore units. Thus, a detailed

study was undertaken which led to the deve-

lopment of a battery-cell by modelling bne

side of such a pipe. To see the relations be-

tween field findings and experiments, it is ne-

cessary to look briefly at a pipe and a general-

ized model, before the laboratory setup and

the design of the cell are being discussed (Fig.

7.I, after pipes in F3-Quarry, and Plate 7.1,

Figs. 7.2a-c).
Fig. 7.1: Model of a clay pipe from F3-

Qua¡ry (see also Plate 7,1). The size of such

As already mentioned, rhe center of the i:tj:"ät j",tïïååj:"i,ï":'Ï:','rit"
pipe is filled with kaolinitic clays and varying clays with roots and Fe-oxyhydroxide im-

amounrs of quarrz sands (a). occasionally, ffi:ïïil; 3 == ri:-::fïÏi:iiìA'.î
tree roots are observed some fifteen meters in ï:ï-,îiÏ';,å;ilîiiJi:lT:,îi$Ït:::
the ground. Whether these roots opened mented pisolite.

cracks in the orebody or if they followed exis-

ting pipes (water conduits), is unknown. Goethitic stains occur in irregular patches within the

clays. Lining the kaolinite, iron oxides have cemented existing materials (b; kaolinite, sand

grains or Mn pisoliths). Lamina¡ Mn cementations occur further outward in contact with manga-

nese ores (c). The next zone is comprised of pisolitic ores with a relatively soft, clay-rich matrix

(d). Gradually, this type of ore changes towards a very hard cemented pisolite with linle or no

gangue minerals (e).

Considering this succession of rock t)æes, it is possible to identify two materials that a¡e the

endmembers of the electro-chemical reaction:

. kaolinitic clay (carrier of divalent Fe), the innermost part of thepipe, and

. pisolite ores (tetravalent Mn), farther away from the pipe.

In the field a portable mV-meter can measure a potential difference between these two rocks.

Therefore, a reaction vessel was constructed to duplicate this process. To come as close as pos-

sible to the natural conditions in the experimental setup, ores, clays, and waters were taken from

the area where the mentioned pipes had been examined in detail (F3-Quarry).

0
O

e
c
c
0
0
c
0

e
0
()

e
c
c

I
0 c

e
c
c

3
e

c
0
c
c
e
c

0
e
e
e

0
0
.)
0
0
O

c
3
e

0
c
c

c
e
c

c
c
e

c
e
c
c
e
c
c

c
O0

e00e
ce()oco

f)
0
0
0
e



Plate 7.1

Flg. 7.2a: Pipe in F3-Quarry; scale shows centimeters.

f,'lg. 7.2b: Pa¡t of pipe from F3-Quarry; thin lamina¡ mangcrete in contact with clay; scale shows 2cm.

Flg. 7.2c2 Relics of vertical pipe systems in F3-Quarry laterite; the hammer is - 30cm long.
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The cell closely resembles a car battery. It contains compa^rtments for both solids and water

(Fig. 7.3; for cell parameters see Appendix I.3). To increase the reactive surface area of the ma-

terials, the rocks were ground to a ñne powder. The materials a¡e in direct contact with carbon

electrodes connected to a multi-channel cha¡t recorder. The various \ilater types used in the ex-

periments (distilled, mine-, and seawater) can penneate through sintered glass plates into the

rock powders to facilitate the redox reaction. Since the field conditions generally vary between

26 and32oC, the closed system was kept at a constant temperature of 30oC in a sand bath. Addi-

tionally, a small magnetic stirrer produced a perrnanent convection in the inner \ilater-containing

chamber. A recorder monitored pH-changes and voltage variations between the solids. After the

finish of the respective experiments, the cell was topped with controlled amounts of distilled

water to replace water that had been used for mineral reactions and to reach the initial volume,

which was necessary to avoid dilution elrors in the f,rnal analysis.

thermometer

outlet

anode

pH-elecrode

carbon-electrode
(100 cm'?) è carbonelecrode

(100 cm2 )

clay (100 cm3 )

sintered glass

magnetlc
stir-bar

manganese-ore
(100 cm3 )

sintered glass

water (200 ml)

sand bath

rccuder

recorder

electric hot-plate (-30"C)

Fig. 7.3: Experimental sctup for nranganesc-clay battcry; for further information see Appendix I.3
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7.3 Results
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A number of short initial tests with distilled and natural fresh water were conducted in order to

overcome problems in the filling operations, suph as air bubbles trapped in rock powders or the

temperature control, to ensure undisturbed battery runs. The solids used in all tests are the

sÍune, only water types and the setup of the experiments vary.

7.3.1 Fresh Water Experiments

In this section, results of th¡ee different tests are presented:

. 15 days (BW 1); connected to recorder, rocks and water were analyzed,

. 89 days (BW 2); connected to recorder, rocks and water were analyzed,

. 7 , 14,2L, and 28 days (BW 3 parallel tests); separate test vessel, not connected to recorder,

rocks and \ilater were analyzed.

Because these experiments and the obtained data a¡e strongly related to each other, they are dis-

cussed together.

7.3.1 .I Electro-Chemical Data

The fi¡st two tests provided almost identical results for the recorded mV and pH values of the

same time interval (15 days; Table 7.1; see also Appendix Vtr., Table l). Therefore, the second

test is used to illustrate the geochemical reactions of the cell (89 days; Figs. 7 .4). The changes

of the electrical potential can be separated into three major intervals:

. generally increasing values for -35 days,

. overall decreasing values between 35-55 days, and

. very small oscillations after 55 days.

The shape of the curye is not linear, but a saw-tooth pattern develops, where the first part of
the individual peak increases relatively slowly. Then it drops abruptly until the next peak rises,

without leveling out in the intermediate positions. The shape of the pH-curve shows much less

va¡iations. The values quickly reach an equilibrated level of pH = 4.2 (after 20 days), from

where only small-scale oscillations occur. That despite these seemingly so different curves

strong relations between both exist, is demonstrated in the enlarged segment of the diagram (day

15-20: lower part of Fig.7 .4). This intermediate stage, replotted on an expanded time scale for

clarity, shows small short-term changes superimposed on the two main curves. The pH depicts

depressions and highs that generally do not deviate from the original curve for more than 10.05,

and with the beginning of most pH depressions the mV-readings also decrease.
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Table 7.1: Electro-chemical va¡iations in battery tests

No. Water type Test length [days] pHstarr pHend mVrrrrt mVend DV-*

163

BTV I

BV/ 2

mrne \ryater

distilled waær

l5

89

4.35

4.13

5.00

4.87

85

394

3&

306

470

605

q

5.0

4.6

4.2

4.8

4.4

4.0

5.0

4.8

4.4

4.2

4.0

0
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50

Time [days]

t7 l8
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60 70 80 90

Ê

t6 r9 20

Flgure 7.4: Electric potential and pH versus timc during battcry test; below enlarged segment of upper dìagram.
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7.3.1 .2 Hydrochemistry

The chemical analyses of the waters confirm

that the redox reaction is able to reduce/.

dissolve manganese oxide ores in the battery

cell (Appendix VII., Table 2). Potassium

shows the most impressive increase in solu-

tion of all elements (enrichment factor after 15

days: 3*103). Manganese is also strongly en-

riched (2*10\; less prominent are Sr, Ba; Ca,

and B (all 1 to 2*rc\.However, almost all

dissolved elements increase after a short time,

except for some trace elements and Fe, which

generally remain below the detection limit. To-

gether with the elements deriving from manga-

nese ores, the main clay components Si and Al

also appear in solution, with silica being far

more enriched than alumina.

t64

100

20 40 60
Time [days]

80 100

Fiq. 7.5: Oxygen saturation of test solutions versus ex-

periment time BWI and 2 and BV/3 (adjusted to filst set).

Be

80E
'.¡=

ÉE

860
c€(t)

3o ¿O

x

20

0

The concentration of most elements conimonly decreases after a period of two or thlee

weeks, independently to the experimental setup; only Zn íncreases steadily. This general de-

crease indicates the presence of a mechanism responsible for element removal, such as adsorp-

tion of dissolved species onto existing solids or oxidation/precipitation reactions. The continual-

ly decreasing oxygen saturation of the water shows that parallel to the reduction and dissolution

of manganese minerals oxygen consumption oscurs (oxidation; Fig. 7.5). Additionally, the vo-

lume of the cell water reduces approximately l\Vo in the 89-day test. This fact clearly illustrates

that in this closed system hydroxyl g¡oups are being used for the formation of precipitating ma-

terials. An analysis of the test conditions reveals that the essential factor for 02 depletion is not

the variation of amounts/volumes of the test materials, but rather the ratio of the weights of Mn

oreandkaolinite.Thefirstsetof testshad orelclay-ratiosof -2:1 (BW'-l and2),the second

showed a -7:l ratio (BW 3). When the oxygen saturation of this latter test was adjusted to the

first test group, then almost identical curves were derived'

7.3 .I .3 Mineralogical Investigations

Another aim of the experimental work was to see whether the redox reaction also resulted in mi-

neralogical changes of the two reaction partners, ore and clay, apart from the dissolution of the

manganese ores. To determine this, the materials were analyzedby infrared and X-ray tech-

niques. The examination of the infrared spectrum provided information about more subtlc

BV/ 1,2

BW3
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changes within the material, whereas X-ray diffraction was used to back up results obtained by
this method, where possible.

It was also hoped to gain information about chemical changes in the rock samples, but most data

obtained lay within the analytical error margins of the original materials. An exception to this
general observation was observed in a short-term en¡ichment of boron in kaolinite (-1l0ppm;
normally less than 10ppm; see Appendix Vtr., Table 3). The time interval of this concentration

increase co-incided with intermittent mineralogical,changes that occurred in both the clay and the

Mn oxide fractions (see following section). Fleet (1965) and Palmer et al. (1987) demonstrated

a B adsorption onto kaolinite and other clay minerals. Although they point out thar the highest

concentration occurs in alkaline media such as seawater, this does not contradict the experimen-

tal frndings at low pHs, because the adsorption strongly depends on the mineralogy of the re-

spective sample. Prominent B variations thus reflect a va¡iation of the present phases. The ex-
amination of all other elements provided no valuable information about geochemical changes

and therefore, this technique is not discussed further.

7.3.1 .3.1 FTIR-C haracterization

FTIR spectra of ore and kaolinite were examined to determine whether the mineralogy of the
materials varied according to the length of the experiments (Fig. 7.6a,b). The patterns of the ore

do not change very much, when all samples are compared, but it must be remembered that the
manganese oxide minerals are mainly reduced and dissolved during the interaction with the

clays. The largest va¡iations are observed between the initial material and the ore specimen of
the longest test run (89 days; B II.c). The Mn oxide peaks for wave numbers from 200 to 800
become stronger and indicate an increasing crystaltinity through aging and maturation of exist-
ing phases. However, much more interesting is the appearance of peaks at wave numbers grea-

ter than 3200 and between 800-1200, together with the overall vertical shift of the left part of the
pattern. These additional lines are kaolinite peaks, and they derive from increasing amounts of
clays in the ore (see Fig. 7.6b).

This observation is evidence for a direct replacement of manganese oxides by kaolinite. hon
hydroxides, which are commonly the first replacing phases, in this case only stained the ca¡bon
electrode that was in contact with the manganese oxides. A small sulfur contamination of the
electrode may in fact support precipitation in this place, rather than within the manganiferous
material. However, a diffuse Fe distribution and essentially cryptocrystalline Fe phases could
also contribute to a masking effect. This would explain why the low concentration levels were
not detected by the analytical techniques. The structural variations in the examined kaolinites a¡e
more obvious than in the ores (Fig. 7.6b). Strong oscillations of the left shoulder of the patterns
(high wave numbers), together with increasing or decreasing peak heights, can be correlated to
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the duration of the experiments. The spectra plotted are representative examples, all FTIR anaty-

ses demonstrate simila¡ behaviour. Sample B I.a is the initial test clay, B I.b shows the same

material after 14 days. The height of all kaolinite peaks and the shoulder part of the spectrum in-

creases for a few weeks and then declines. For comparison a clay sample from below the ore-

body is shown (no. 20), which most probably has been in permanent contact with groundwater.

In this case the shoulder of the pattern flattened out significantly, although the positions of the

peaks havenot changed.

1.8

0

44p,0 3200 2000 1¿lO0 800 2ffi
Wavenumbers lcm -1]

Fig. 7.6a: FTIR patærns of Mn ores; B ILa = starting material, B II.c = after 89 days; prefix for samples: 903.
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Ftg. 7.6b: FIIR patterns of kaolinite: B l.a = starting material, B I.b = after l5 days, 20 = below ore (F3-Quarry);
prefix for samples: 903.

q)
I
cg

ott
Ê

2

0.6

e)
cJ

cE

v)Ê

200

B tr.c

B tr.a

B I.b

B I.a

20



7. Experimental Work

7.3.1 .3.2 XRD-Characterization

167

The X-ray diffraction patterns of ores and clays exhibit only small variations, when compared

with the initial materials (Fig. 7.7a). Neverthelcss, some of the kaolinite peaks demonstrate a re-

organization of the lattice through an increase of peak intensity. On the other hand, the d-

spacings do not shift which means that no new clay phases a¡e formed. The manganese minera-

logy contrasts with this last observation (Fig. 7.7b). The two main peaks of the ore initially re-

semble the panem of cryptomelane depicting comparable peak heights at 33.1 o2r) and 43.6 o2ù.

After the experiments the peak at 33.1 o2û increases. and suggests an increasing amount of pyro-

lusite in the sample.

60 55 50 45 40 35 30 25 20 l5 l0 5

o2ù

Fig,7.7a: X-ray diffraction pattem of kaolinite; B I. = initial sample, B Ld4 = after4 weeks; sampleprefix:903

B I.d4

BI.

B tr.c

B tr.d4

8tr.

60 55 50 45 40 35 30 25 20 t5 l0o2û

Fig.7.7b: X-raydiffractionpatternof Mnoxides; B IL= initial sample,BII.d4= after4weeks,BILc=aftc¡89
days; samplc prefix: 903.
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Unfortunately, the strongest lines of both minerals appear approximately at the same posi-

tion, and it is therefore difficult to make precise statements abut mineralogical changes. It is un-

clear, why the intensity of this pafücula-r peak decreases slightly after 89 days.

7.3.2 Salt Water, General Observations

For technical reasons the experiment which used artificial seawater was only partially success-

ful. Nevertheless, some of the general observations assist in understanding the redox process

examined in the following chapter. Almost certainly, the test vessel material (clear plastic) took

part in the interaction between the solids and the alkaline \¡/ater by adsorbing some of the major

seav/ater constituents (e.g. Cl-, SO?-, and other ionic species). Thus, it is difficult to correlate

specific findings to natural conditions. Later work could focus on this aspect of the experiments.

Though for a short time the electron transfer seemed to work in a comparable manner as with the

f¡esh water, it soon reversed its flow direction, indicating that manganese ores *"." no longer

being reduced/dissolved, but stabilized instead through oxidation processes. This occurred de-

spite the behaviour of the pH, which quickly became very low (3.77 in test cell, 3.45 n filtered

sample).

After the test the solids were washed to remove sea salt, dried and then analyzed by chemical

and physical methods. The chemical analyses provide no evidence for any significant mineralog-

ical changes in the rock samples, but some very faint peaks in XRD-patterns of the ore indicate

early stages of the formation of manjiroite, the sodium analogue to the potassium-carrying cr}p-

tomelane, and also an increase in manganese oxide crystallinity (Fig. 7.8a). A maturation of the

kaolinite is also observable in some of the main peaks (Fig. 7.8b). The fact that both clay and

ore minerals develop well defined lattices, instead of being dissolved, is supported by a strong

increase of the infrared absorbance patterns of the two reaction products. There is no significant

change in the position of the FTIR-peaks, which would indicate the existence of new minerals.
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60 55 50 45 40 35 30 25 20 l5 10 5o2ù

Fig. 7.8a: X-ray diffraction pattern of Mn oxides; B IL = initial sample, B tr.e = after 7 weeks; sample prefix: 903

60 55 50 45 40 35 30 25 20 l5 l0 5
o2ù

Fig. 7.8b: X-ray diffraction pattern of kaolinite; B I. = initial sample, B I.e = afte¡ 7 weeks'; sample prefix: 903

7.4 Discussion

This chapter illustrates that it is possible to duplicate the redox reaction between kaolinitic clays

and manganese dioxides under controlled conditions in the laboratory. Though the experimental

setup \ilas based on a relatively simple closed system, in contrast to the open system in the field,

it can be expected that similar conditions prevail on a small scale in the orebody and in the adja-

cent laterites. Future investigations should examine different materials and changing conditions.

Additions to the cell that allow a continuous water exchange or the variation of the oxygen con-

tent of the water, could be used to study the development of lamina¡ mangcretes in pipes.

169
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The initial large increase of dissolved elements that specifically derive from manganese

oxides demonstrates that the redox reaction is a driving force for reduction of the ores. This mo-

bilization occurs in cycles which probably depend on the thermodynamic stability of the diffe-

rent Mn minerals that are present, and which break down successively (see mV/time curve, Fig.

7.4). Iron, being oxidized during the reaction, remains constantly below the detection limit in

the cell water. This finding is supported by the detection of brown iron oxihyd¡oxide precipi-

tates near the Mn chamber of the cell and on the electrode itself. kon continually consumes oxy-

gen and when its availability ceases, divalent manganese is increasingly oxidized. This is indi-

cated by a srrong overall loss of oxygen from solution (see Fig. 7.5). The concentration levels

of most elements in the water also decrease after a u,hile, thus indi¡ectly conf,rrming precipitation

processes. Zinc, however, increases until the end of the experiments, probably because of con-

ditions that exclude this element from incorporation into the lattice of existing or newly forming

minerals.

Parallel to the reduction of the Mn oxides a smaller amount of kaolinite (At2Si2Os(OH)a) ini-

tially also dissolves, with Si being far more dominant in solution than Al. Under an acidic re-

gime, kaolinite alters to gibbsite (AI(OH)3) by loosing a silicon sheet from its lattice (Birkeland,

P.W., I974). The hydrochemistry of the cell seems to back up this fact, but the mineralogical

analyses do not confirm it. Obviously, the time of the experiments was not sufficient fü a total

mineralogical change, and some of the alterations may have reversed when the conditions

changed in the later stages of the tests. Successively, kaolinite precipitates within the ore com-

partment. This appearance in place of the ore can often be found in the field, whe¡e manganese

oxides are being replaced by goethite and kaolinite.

The general impression gained from the mineralogical analyses of the remaining materials af-

ter the tests is that the manganese oxides mature, as shown by an increase of crystallinity. Re-

crystallization processes also seem to favour pyrolusite at the expense of less stable oxide pha-

ses, despite the availability of sufficient cations. On the other hand, the kaolinite samples do not

exhibit indications for new minerals, though small va¡iations in XRD and FTIR patterns occur.

Similarly, kaolinite is preferentially formed under the natural conditions'ât Groote Eylandt, as

demonstrated by its strong dominance over other clay phases.

An improved maturation of the minerals was observed in the salt water experiment, which

probably is due to the growing thermodynamic stability of the ores and clays in the alkaline me-

dium. It is not known, how fa¡ kaolinite was involved in the drastic drop of pH in these tests.

However, Zachara et al. (1988) showed that the tendency of kaolinite to adsorb anions, such as

SO42-or Cl-, increases with decreasing pH values. An auto-catalytic effect, where adsorption of

initially small amounts of the mentioned anions leads to a lower pH, could indeed trigger an in-

creasing removal of these compounds from the solution. Whether this is the case or not, was

not the objective of this study and has not been determined.
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However, another mechanism discussed by Balzer (1982) may provide an answer to this

question. He reported experimental studies of Mn and Fe solubilities at the water/sediment inter-

face of the western Baltic Sea. His data are in many aspects similar to the present seawater ex-

periment. The redox potential measured in situ dropped from initially +600 mV to -300 mV,

oxygen became dedepleted, and the pH also decreased towards more acidic values (from 8.3 to

7.5). Balzer explains these geochemical changes with sulfate reduction processes exerting con-

rrol over anoxic conditions; redox couples are in this case either SCÉo mS- or SOfr-/S0. Sulfate

was not determined in the test solutions and it is therefore unknown whether this reaction also

occurred in the battery-cell.

Nevertheless, whatever process finally dominated the saltwater system, kaolinite with its

small Fe2* content acted as an electron donator for a short time until other reactions proved to be

stronger. Therefore, it can be assumed that even in a nearshore marine environment the redox

reaction may contribute to a short-term mobilization of manganese and other elements, if kaoli-

nite is available through riverine sediment input.
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8. Origin of Supergene Manganese Deposits

8.1 Introductíon

A number of aspects of the development of supergene manganese deposits were examined in

previous sections, but processes that mobilize or precipitate Mn oxides were not fully analyzed,

and the driving forces were not discussed. In view of the fact that runoff from the Groote

Eylandt deposit causes an accumulation of many elements in the sea srurounding the island

(atomic numbers > 20), it appears that all major ore and rock types contribute to this enrich-

ment, and therefore, supergene mechanisms need a careful assesment as to thefu ability to alter

primary ores. The dominant type of alteration also determines the strength of overprint and if it
is possible to discern some of the main mobilization processes, it is much easier in geochemical

exploration to identify the best target area.

In this chapter a detailed discussion is given on dissolution, transport, and precipitation pro-

cesses, including their "supergene alteration potential". The main gangues associated with the

deposit are examined first, because some liberation and fixation processes-of these rocks have

direct implications for the formation or destruction of manganese ores, and a discussion of these

initial conditions is vital for the understanding of more complex geochemical, mineralogical, and

biological reactions.

Thermodynamic data for the theo¡etical calculations are taken from Bricker (1965), Robie

and Waldbaum (1968), Robie et al. (1978), Hem and Lind (1983), and from the Handbook of
Chemistry and Physics (1976). Theoretical stability conditions were calculated on the basis of
the maximum concentration of the respective element in water samples to determine the type of
naturally occurring ionic species, to examine the oversaturation of ions relative to minerals, and

to analyze phase stabilities. Generally, the thermodynamic determination of the stability of mine-

rals and dissolved ionic species focuses on the main phases expected for the given natural
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conditions. The more "exotic" compounds are not discussed here, although many were exa-

mined for possible interactions. In cases of polymorphy, such as for MnO2 (cr = cryptomelane,

B = pyrolusite, y = nsutite, ô = bimessite), the most stable mineral is used to represent the entire

group. The less stable phases usually appear within the stability fields of the respective domi-

nant mineral.

8.2 Evidence of Supergene Activíty

The formation of many materials in the deposit has been interpreted to be related to supergene

processes on the basis of cross-cutting relationships between ore and rock units, replacement

features, and the distribution of trace elements. Other direct evidence for secondary mobilization

and precipitation comes from IlAr dating of glauconite, found immediately below the orebody

and from paleontologic data. These data show that the ores are probably of Cenomanian age

(-95 Ma; Smith et al., 1965; Taylor, 1g7g,1980; Amdel, 19S 1). Ages younger than 
'C"nornu-

nian therefore suggest supergene alteration.

Cryptomelane (K-rich) is the main supergene product at Groote Eylandt and it is present in

most samples. Five samples consisting predorninantly of cryptomelane were selected for IVAr

dating. The initial examination was of an experimental nature (Amdel, 1986), because this mine-

ral had not been dated previously. In addition to these and further age determinations (Amdel,

1987), four manganese oxide samples from Groote Eylandt were examined by Varentsov and

Golovin (1987), who used the same technique (all samples are represented in Fig. 8.1 and

Table 8.1).

The data demonstrate that the cryptomelane of the examined samples is much younger than

the deposit itself, despite the primary structures that prevail in pisolite samples or hardgrounds.

No cryptomelane-age in excess of 41.5 Ma was identified, which is approximately half of the

age of the primary ore. One pyrolusite-rich sample from Varentsov and Golovin that contained

detrital material, was dated at 168 Ma. In this case, the obtained age is not directly related to the

supergene material. However, it is demonstrated below that even this "deviating" result has im-

plications for the analysis of some of the other data.

The fact that all cryptomelane analyses point to the relatively short time interval from about

2l to 4I Ma (early Miocene to late Eocene) indicates that a strong alteration of the deposit oc-

curred at this time. Obviously, the climatic conditions of this period significantly enhanced alter-

ation processes operating on the early manganese precipitates. Although no ages younger than

21Ma were detected, it is shown later in different context that supergene alteration processes

continue to be active at Groote Eylandt, and that secondary ores and rocks form in the present

geochemical environment.
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Fig. 8.1: IÇAr age disribution of manganese oxides versus srratigraphical position of samples; own data and data
from Va¡entsov and Golovin (1987); upper limit: y = -0.049405x; lower limit: y = -0.23362x.

Table 8.1: Results of K/Ar-Age determinations on cryptomela¡e-rich samples; except for sample 13 (pyrolusite)
which is shown for comparison.

No. Ore Type Location Depth [m] Age [Ma]

903-78b

903-8s

903-rG

8866l50

24

2t

903-252

27

hardground

large pisolith

digital concretion

concretion

concretion

?

pyrolusiæ

lamina¡ mangcrete

2

J

G

G

G

A-S

A-S

A-S

A-S

F3

E-NV/

4.6

4.3

8.r

-1.5

-1.5

-3.5

-8.2

-r4.0

-2.3

41.3 + 0.8

24.5 + 0.5

34.8 t 0.0

29.6 ! 0.2

32.0 + 0.4

41.5 I 0.5

168.0 r 20.0

2t.0 ! 0.2

24.0 ! 1.0

Prefix 903 and BB = own datå; prefix BB = sample from B.R. Bolton; 
*aflerVarentsov 

and Golovin (1987).



8. Origin of Supergene Manganese Deposis t75

Generally, the data scatter widely when plotted against the sample depth, although an overall

age increase with increasing depth can be observed (Fig. 8.1). Since the sample set is very limi-

ted, it is difficult to state how representative the analyses are. Nevertheless, the data depict two

major trends and one sample with a large discrepancy:

. "pure" samples with little or no contamination by detrital minerals such as clays; the materi-

als possess a larger depth gradient than the other samples and they plot at the lower boun-

dary of the shaded field (isolated pisoliths, digital concretions);

. samples that contain detrital products are srongly affected by ages deriving from these inclu-

sions, with sample 13 of Varentsov and Golovin as the best example which should not con-

tain potassium, because it is predominantly composed of pyrolusite; the age of this sample

group increases together with increasing contamination and thus, the depth gradient is smal-

ler than before and the ores plot nea¡ the upper boundary of the shaded area (interpolated un-

til sample 13);

. laminar mangcrete seemingly appears far below all other samples; it must, however, be re-

called that this ore type develops at the wall of drainage pipes, and therefore, thc oxygen

availability is comparable to conditions near or at the surface; thus, the age is independent of

the sample depth of such materials.

If the interpretation above is correct, and.the findings reflect the natural conditions of the

samples with va¡iable contaminant concentrations, then samples with no admixed detrital materi-

als (near lower limiÐ can be used to re-calculate other ages (Table 8.2). Sample 903-164 was

examined under the microscope and with the exception of occasional quartz grains the sample

consists of dense cryptomelane. Therefore, it is probably the most suitable supergene product of

the ores under investigation to use as calibra-

Table 8.2: Re-calculated K/Ar ages of Table 8.1. tion Standard.

No. Age Mal Age"or.. [MaJ The corrected data illustrate variations from

recent geological times (-6 Ma) to ages of ap-

proximately 35 Ma. This is consistent with the

present knowledge that a lateritic alteration of

the Groote Eylandt deposit is currently active,

and that the supergene overprint must have

worked over a considerabìe length of time to

produce the large secondary ore units. The un-

corrected data on the other hand possess an

age gap of some 20 million years. Younger

supergene products have not been identified,

despite an ongoing alteration of the ores. The

re-calculated data thus account for a crucial

part of the geological history of the deposit,

903-78b

903-8s

903-t&

8866l50

4t.3

24.5

34.8

29.6

32.0

4t.5

168.0

21.0

24.0

19.6

18.5

34.8

4.4

4.4

-15.0
+

-(35. I ) '

(21.0) | |

9.8

24

2t

13

903-252

27

' samples from Varentsov and Golovin (1987);

ipyrolusite-rich sample; ttlurninu mangcretc not cor-

rected.
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whereas the initial analyses of both sample sets imply that during the past 20 million years no

further supergene ores have formed. Laminar mangcrete has not been corrected, as this ore type

has almost unique formation conditions. Its direct contact to aerated meteoric water classifies it

as a surface material which may be very young, an incorporation of kaolinite (K-carrier) additio-

nally complicates a correct IlAr age determination.

In a general sense, both the raw data and the corrected values show a broad tendency ofin-
creasing sample ages with increasing depth, with the youngest ores at the top of the deposit.

Since mobilization and reprecipitation processes occur most commonly in higher parts of the

stratigaphic profile, due to water abundance, temperature, and organic activity, the supergene

products here are recycled continuously and must, therefore, reflect the lowest values.

The close agreement between the two data sets demonstrates that tr(/Ar dating of cryptome-

Iane provides reproducable results. Further studies should evaluate differences between va¡ious

secondary ore types to identify materials most suitable for age analysis, the role of different de-

trital minerals such as ltaoliniíe or other Mn oxides in producing erroneous data should also be

investigated. Nevertheless, all analyses demonstrate that the deposit underwent a strong altera-

tion which probably overprinted most, if not all ores. Therefore, it is necessary to look in detail

at mobilization and precipitation processes. An understanding of these supergene mechanisms

should reveal the nature of processes that dominate at Groote Eylandt.

8.3 Mobílizatíon Processes

8.3.1 Dissolution of Quartz, Kaolinite, and Gibbsite

Quartz, gibbsite (AI(OH)3), and their hydrated forms are closely associated with soils,laterites,

and bauxites. Numerous combinations of ionic compounds result in various clay minerals, de-

pending on the geochemical environment. Under the present tropicaVsubtropical conditions at

Groote Eylandt, kaolinite is obviously the most stable phase'and it stronglydominates over all

other clay minerals in the laterite profile. Montmorillonite and nontronite were found recently

(pers. commun. B.R. Bolton, 1986; H. Berents, 1989), but are of subordinate importance. The

latte¡ clays are not incorporated into the calculations and plots because of their scarcity. Al-

though gibbsite has been described at Groote Eylandt, this mineral is also rare in the deposit and

is considered here as an intermittent unstable phase. However, gibbsite stabilities a¡e examined

to determine the major dissolved Al-species.

Many previous studies indicate that kaolinite and quartz interact in many ways with associa-

ted minerals, although they are often regarded as relatively immobile phases. It has, for in-

stance, been illustrated that both quartz and kaolinite invade the manganese orebody through
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pipe systems, that kaolinite replaces ores and rocks, and that quartz is replaced by manganese.

This, and the fact that solutions sampled from va¡ious localities of Groote Eylandt carry dis-

solved Si and Al, clearly implies that these two minerals are mobilized in the present geochemi-

cal envi¡onment.

8.3 .1 .I Thermodynamics of Si-Al-II20 Systems

Fresh- and seawater samples are plotted in the SiO2-H2O system, which is described by Eqs.

(8.1-3) (Fig. 8.2a). All results plot in the HaSiOa field and they are slightly undersaturated with

respect to quartz. Towards higher pH values (seawater) the concentrations decrease and trend

parallel to the H4SiO4ÆI3SiOa boundary. The samples thus indicate an increasing removal of

dissolved silica from solution in contact seawater. If this were not the case, silica would conti-

nue its trend parallel to the SiO2ÆI4SiO4 interface. The only hydrated silica compound detected

in this diagram is HaSiOa.

SiO2 + 2H2O =
SiO2 + 2H2O =à

H4SiO4 =

H4SiO4

H3SiOi + H+

H3SiO; + H+

(8.1)

(8.2)

(8.3)

(8.4)

(8.5)

(8.6a)

(8.6b)

The stability fields of gibbsite and dissolved species are determined by Eqs. (8.4-6b). Al-

though the Al concentrations of many samples a¡e below the detection limit, the remaining ana-

lyses demonstrate that the speciation of alumina is more versatile than that of silica (Fig. 8.2b).

Al3* and AI(OH)ä dominate in waters associated with the deposit (ore, laterite, river), whereas

AI(OH); seems to gain importance with increasing alkalinity at the river mouth and in the sea.

Although AI(OH); cannot be represented properly because only one sample is above the detec-

tion limit, the pH of these waters indicates that Al(OH)j is present, if these samples contain any

alumina.

Al(oH)3 + 3 H+ =) Al3+ + 3H2O

A1(OH)3 + H+ =â AI(OH)ä + H2O

AI(OH)3 +H2O Ð AI(OH)¿+ H+

AI(OH)3 + AlO2+H2O+H"
(not plotted, parallel to (8 6a) and slìghLly bclow)
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(8.7a)

(8.7b)

46

+
F¡

'èD

ç

(â
ç

¡.i

Ê.

5

4

5

6

7

3

3 5 7 9 l1 3456789
pH

Fig. Zat Thermodynamic stability of silica com-
pounds in aqueous systems.

Al2Si2Os(OH)o + 6 H+

Al2Si2Os(OH)¿ + 5H2O

pH

Fig. 2b: Thermodynamic stability of alumina com-
pounds in aqueous systems.

In addition, some analyses fall within the gibbsite stability field. This means that in a pure

AI-H2O system this mineral precipitates. In mixed chemical systems however, which for ins-

tance contain dissolved silica, other phases form. For the composition of the waters in this

study, kaolinite or montmorillonite (Mg-carrying seawater) are the most likely clay minerals to

develop. To approximate a diagram with general applicability that includes quartz, gibbsite, and

kaolinite, it is assumed here that all dissolved alumina species are represented by Al3*. All hy-

drated silica is considered to be equivalent to H4SiO4 (Eq. 8.7a).

+ zAf++2H4sio4+H2o.

+ 2AI(OH)3+2HaSiOa

According to the phase relationships, mineral couples form which explicitly exclude the co-

existence of three or more minerals (Kittrick, 1969). Thus, the following mineral pairs are pos-

sible in the system Si-Al-H2O: quartz/kaolinite and kaolinite/gibbsite (Fig. 8.2c). Amorphous

silica and montmorillonite are not considered, because their stability boundaries are above the

observed H4SiO4 concentrations. Analyses that plot above or to the left of the mineral stability

lines are supersaturated relative to the respective phase, whereas samples below or to the right

are undersaturated.
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The samples cover a wide range above

the kaolinite bounda¡y and only very few

data from seawater plot above the gibbsite

stability line. This suggests that in the SVAI

group of minerals, kaolinite is the main

phase to take part in remobilization process-

es. Nevertheless, small quantities of hydrat-

ed silica compounds deriving from dissolved

quartz may be masked by the higher abun-

dance of silica originating from kaolinìte.
'Waters from the orebody indicate an increas-

ing influence of dissolved quartz, because

some of these samples plot near the stability

line for quartz. Those waters that show a su-

persaturation in respect to gibbsite are alka-

line seawaters that probably precipitated alu-

minosilicates, thus causing a shift towards

gibbsite.

3.5 4.5

pH¿ SiO¿
5.5

Fig. 2c: Thermodynamic stability of quartz, kaoli¡ite, and
gibbsite in aqueous systems.
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The mobilization products from quartz andïaolinite and the pH provide the basic tools for an

understanding of the weathering processes (Figs. 8.2a-c).It was demonstrated that natural pH

variations do not change the dissolved silica species (H4SiO4), that mobilized alumina is domi-

nated by one compound (41(OH)Ð, and that almost all water samples indicate a mobilization

from kaolinite (Fig. 8.2c).It was also shown that the pH is predominantly acidic, with the ex-

ception of seawater and some river waters that are influenced by a tidal input of saltwater.

Therefore, the discussion focuses on dissolution processes associated with relatively low pH

values.

The mobility of quartz is constantly very low over a large pH range (Kittrick, 1969) and

thus, variations in pH most probably do not play a direct role in the dissoiiltion of this mineral.

Also, quartz does not contain structural water, which makes dehydration and destabilization

processes ineffective. Mechanisms that form unstable inorganic or organic complexes are much

more likely to mobilize quartz under lateritic conditions (see 8.3.1.2 and 8.3.1.3). Alumina on

the other hand, strongly reflects the geochemical environment in which it occurs through the

formation of pH dependent ionic species. Since the groundwaters of the deposit a¡e acidic,

gibbsite is highly unstable in most places (Eqs. 8.4-5). This finding is also supported by the

scarcity of this mineral at Groote Eylandt.

Similarly, a pH control over the dissolution of kaolinite also seems to be insignificant; thc

water samples depict only snrall variations within a large pH range. Probably, much moro
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effective in the remobilization of kaolinite is the dehydration of this mineral. The breakdown of
kaolinite involves the initial removal of a silica sheet from its structure (Birkeland, 1974) and

successive dissolution of the remaining gibbsite under the acid regime (Eq. 8.7b). That both

steps occur is demonstrated by most samples, in that they concentrate above the kaolinite stabi-

lity field (Fig. 8.2c). If, for instance, the second step in kaolinite dissolution did not take place,

then the samples would plot above the gibbsite stability field (low I{4SiO4 activity), and gibbsite

would appear more frequently in the deposit.

8.3.1 .2 Complexation of Quartz by Fe and Mn

Iron (or manganese) phases and quartz seem to be so different in their chemical and mineralogi-

cal characteristics that reactions affecting the t'wo would appear to be irrelevant. However,

Morris and Fletcher (1987) were able to demonstrate that ferrous iron may form an ephemeral

microlayer of ferrous silicate on the grain surface of quartz. Surface or nea¡-surface seasonal va-

riations that result in more oxidizing conditions break down the complex, mobilizing silica in

quantities far in excess of normal silica solubility, and replacing it with.goethite.

How far comparable reactions apply for kaolinite is not known, but this mineral may also be

sensitive to such replacement processes, because its stn¡cture contains silica layers that might

develop similar complexes. An indication of the possible formation of these compounds might

be seen in the small Fe2*-concentrations of most kaolinite samples. If this is the case, then it
could mean that kaolinite also disintegrates faster than simple thermodynamic considerations

would allow.

Another possibility for the destabilization of qua.rtz and kaolinite is seen in some of the super-

gene manganese ores. A regular feature of siliceous ores and Mn-impregnated sands is the re-

placement of quartz grains by manganese oxides (see Plate 3.5, Fig. 3.13d; also Ostwald,

1988). Vermiform kaolinite can also be observed to be replaced by Mn phases (Plate 3.2,Fig.

3.4c). These findings strongly point in the same direction as the iron replacement reactions

above, particularly since the chemic¿rl properties of Fe and Mn are very similar in many aspects.

8.3 .1 .3 Organically Induced Kaolinite Dissolution

It is uncertain how fa¡ microorganisms, such as bacteria, take part in the destabilization of kaoli-

nite in the Groote Eylandt laterite. Bacteria undoubtedly are resident in the deposit, because the

rocks and ores are not isolated and sterile, but the availability of microorganisms may vary con-

siderably laterally and venically within the stratigraphic section. Thus, it is difhcult to determine

the overall efficiency of an organically induced breakdown of kaolinite.
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It has been demonstrated that bacteria are able to reduce octahedral Fe3* to Fe2* in clay mine-

rals (Stucki et al., 1987; Vy'u et al., 1988). This process is accompanied by a partial or total col-

lapse of the kaolinite structure. This leads to a general increase of the pH and in turn, the preci-

pitation of other minerals is favoured. Near 'the surface, other organogenic processes may

include:
. the degradation of kaolinite through interaction with the metabolic products of microorga-

nisms (McFarlane and Heydeman, 1985; Heinen, 1979; Silverman, 1979),

. the change of soil properties by filamentous algae and fungi (Bond and Haris, 1964), or

. the formation of organo-clay complexes cementing sand grains (Tazaki et a1., 1989).

This incomplete list of microbially induced destn-rction of minerals includes some processes

which involve a direct interaction with the environment via the production of organic acids,

which lowers the pH. Also, siliceous or aluminous organic complexes can develop under spe-

cial conditions. Once the physico-chemical parameters of the accompanying solutions change,

the compounds break down and dissolve. Such a destabilization of inorganic/organic complexes

most likely releases much higher element quantities into the water system, than "normal" pH va-

riations could induce. Therefore, the formation of complexes is probably more effective in the

remobilization of clays and quartz. The successive breakdown of these complexes results in the

development of more alkaline conditions.

8.3.2 Dissolution of lron Oryhydroxides

The laterites at Groote Eylandt indicate that iron is mobilized within the rock and transported to

other locations, where it either precipitates directly or takes part in redox reactions (see follow-

ing section). The remobilization often occurs on a small scale, resulting in mottled materials

with dark brown femrginous patches and light parts dominated by kaolinite. Dissolved Fe also

occurs in water samples from various localities, thus supporting the observation that iron is mo-

bile under certain conditions. It was mentioned earlier that úe deposit is practically devoid of

minerals such as sulfides that could strongly influence Eh/pH conditions during their own

breakdown. Therefore, less potent processes must be present that are still able to liberate iron.

Such mechanisms may include small-scale Eh/pH variations or a biologically controlled reduc-

tion.

8.3.2.1 Thermodynamics of the Fe-H2O Systent

Goethite dominates in the deposit, but from thermodynamic considerations it is certain that the

mineral is an alteration product of initially amorphous or poorly crystalline precipitates, such as
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iron hydroxide or ferrihydrite. Hematite plays a subordinate role, although frequent stains in

many rocks seem to suggest a larger importance. The remaining Fe minerals reported from

Groote Eylandt, such as siderite, vivianite, and pyrite, only occur as traces in one particular area

(G-Quarry; Ostwald, 1988), and they are not discussed further here. For the majority of femrgi-

nous rocks in the deposit, carbonate, phosphate, and sulfide activities are negligible and they are

thus not considered in the following phase stability diagrams.

kon occurs both in divalent and trivalent ionic forms, from which Fe2* is stable over a much

larger Eh and pH range than Fe3+. The extended stability of divalent Fe and the strong domi-

nance of the goethite precursor (Fe(OH):), are thus the main factors to be examined in the fol-

iowing section. The highest detected Fe concentration from all water samples (0.083 ppm) was

used for the calculation of the stability diagrams. Therefore, the stabiliry of iron minerals is mi-

nimal in the diagrams, whereas dissolved i¡on is at its maximum. The equilibria of all examined

iron redox couples and the stability boundaries for water are given below (Eqs. 8.8-14 and

8. 15- 16, respectively).

Data from water samples cannot be plotted in Eh/pH diagrams, because there is no informa-

tion on the natural Eh conditions of the deposit. However, this type of diagram can be examined

on a theoretical basis to determine the general stability of the two major phases (Fig. 8.3a). The

stability fields of Fe2* and Fe(OH)¡ ile apprbximately equal in size, although the boundaries

were calculated for the maximum amount of dissolved iron. Since most samples are less
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concentrated, many fall below detection limit; the stability of Fe(OH)3 is generally larger and it
dominates over all other iron phases. This means that under natural conditions iron mobility is

restricted to a relatively acid geochemical environment.

Fe3* + e-

Fe(OH)2 + 2}J+

Fe(OH)3+3H++e-

Fe(OH)2++H++e-

FeIOH¡2+ + H+

Fe(OH)3 + 2H+

Fe(OH)3+H++e-

2IJ}O

H2

=+ Fe2*

+ Fe2* + 2H2o

+ Fe2*+ 3H2o

= Fe2*'+ Hro

=+ Fe3* + HrO

+ Fe(oH)2+ + 2H2o

+ Fe(OH)2 + H2O

<+ C,2+4H++4e-

<+ 2lFf+ +2e-

(8.8)

(8.e)

(8.10)

(8.1 l)

(8.12)

(8.13)

(8.14)

. (8.1s)

(8. l6)

(8.7a; rep.)

(8.10; rep.)

When plotted in a pFVconcentration diagram, the samples fall near the boundary, indicating a

strong association with the field of Fe2+ mobilized from Fe(OH)¡ (Fig. S.3b). However, some

water samples appeil in the Fe(OH)2+Æe(OH)3 field or even in the area of Fe2*ße3*. This can

be explained by precipitation processes resulting in an overall decrease of the Fe concentration,

which, at a constant pH, leads to a change of the ionic species. Since goethite dominates in the

deposit over other iron minerals, and its stability field is comparable to that of Fe(OH)3, it can

be expected that it is the main iron phase to release Fe2* into solution.

8.3.2.2 Dependency of Fe Minerals upon Kaolinite Stability

The most common mineral of the laterite is kaolinite and the. data suggest that within the Al-Si-

H2O system this mineral is the most mobile (compare Fig. 8.2c). Therefore, its equilibrium re-

action is again examined in context with the relevant reaction for iron @qs. 8.7a and 8.10).

Al2Si2O5(OH)a+6H+ €

Fe(OH)3+3H++e- =

zAf*+2H4Sio4+H2o

Fe2* + 3lHzo

The equations demonstrate that during the formation of kaolinite the conditions in the vicinity

of the precipitate become more acidic, the equilibrium shifts from the right side of the reaction

towards the left. This means in general terms that the geochemical environment supports the re-

mobilization of femrginous minerals, and that parallel to this process kaolinite can replace the
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dislocated iron. This Fe mobilization is evident in most parts of the deposit where kaolinite and

goethite are associated, and the physical appe¿ìrance of the reaction products obviously supports

the theory (Plate 3.6, Fig. 3.16b,c). Although such replacements are discussed later, it must be

mentioned here that this mechanism of kaolinite precipitation and Fe reduction is vital for the

existence of supergene manganese dissolution.

8.3.2.3 Biological Reduction of Fe Phases

Among biogenic reactions in which organisms gain part of their energy needs from interacting

with iron minerals, most processes result in the oxidation of fenous compounds to ferric phases

(MacDonald and Clark, 1970). However, Woolfolk and Whiteley (1962) demonstrated that en-

zymicreduction of Fe3+ by bacteria can occur under natural conditions and that the enzymes in-

volved in these reactions are widely distributed in soils. Therefore, it is likely that bacteria and

other microorganisms take part in the solubilization of Fe in the deposit. Unfortunat"ly, f"*
studies focus on this subject and it is difficult to assess the overall importance of the biota.

Mercz and Madgwick (1982) showed that Mn reducing capabilities of microorganisms are

enhanced by the addition of organic nutrients.(e.g. decomposing leaf litter). Thus, humic com-

pounds may be more important as substances sustaining biological processes than as di¡ect Et/
pH regulators. How far this mechanism can be transposed onto the Fe reduction process is un-

clear, but comparable reactions could be expected (Shafia and Wilkinson, 1969), because iron

and manganese have simila¡ chemical cha¡acteristics. Release of divalent iron from pyrite in the

presence of bacteria has also been described by Hiltunen et al. (1981), but as sulfide minerals

are extremely rare at Groote Eylandt, this process is not discussed further.

8.3.3 Dissolution of Manganese Oxides

A number of chemical reactions can reduce/dissolve tetra- and trivalent manganese oxides under

natural conditions. These minerals have long been considered to be very stable in oxygenated

waters, and only to become unstable under anoxic conditions in the p¡esence of reducing

agents. The presence of extensive secondary ore units examined in previous chapters clearly il-

lustrates that large quantities of manganesewere available for alteration to supergene materials.

As the ores of the Groote Eylandt manganese deposit are highly oxidized, the following discus-

sion focuses on the tetravalent oxides. Lower valency Mn minerals a¡e only mentioned where

appropriate although they may have played an important role in the early history of the deposit.
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(8. l7)

(8.1 8)

(8.1e)

(8.20)

(8.21)

(8.22)

(8.23)

As mentioned above, manganese oxides are generally highly insoluble in aqueous solutions.

However, under certain conditions the solubility of these minerals can increase considerably.

Hem (1978) demonstrated that the only significant dissolved Mn species in natural systems are

divalent ionic forms. As ca¡bonates are practically absent in the deposit, the MnHCOf complex

and rhodochrosite (MnCO3) stabilities are not examined in the following diagrams. The stability

fields of major ore minerals are determined only in context with Mn2+. 'Where applicable, the

highest detected concentration of dissolved manganese (0.672 ppm) was used to calculate

bounda¡ies. This produces a minimal size for the minèral stability frelds and a maximum a¡ea for
dissolved Mn.

Unfortunately, no Eh-values for the water samples from Groote Eylandt a¡e available. Thus,

the data cannot be ploned in Et/pH-diagrams and it is not possible to determine whether EVpH
variations are important for the reduction of ore minerals. Nevertheless, minerals such as sul-

fides that could strongly influence these parameters through their own breakdown (e.g. forma-
tion of sulfuric acid) are generally absent, and this seems to largely exclude a mineralogy driven

control over the pH ((Eq. 8.17); Burdige and Nealson, 1986).

Generally, the thermodynamic stability fields for manganese oxides and hydroxides become

relatively small when the maximum Mn concentration of Groote Eylandt waters is used for the

calculation ((Eqs. 8.17-23); Fig. 8.4a; Morgan and Stumm, 1965, Dubinina, 1973: Crerar and

Barnes, I974). This means that at almost all pH values of the samples the minerals are unstable

for a wide range of Eh conditions. However, many samples possess concentrations far less than

those used in the diagram, and this leads to a considerable increase of the overall stability.

MnO2+4H++2e-

MnOOH+3H++e-

Mn3O4+8H++2e-

Mn(OH)2 + 2H+

Mn3Oa + z}JzO + 2IJ+ + 2 e-

3 MnOOH + H+ + e-

MnO2+H++e-

+ Mn2* + 2H2o

=+ Mn2* + z:HzO

=+ 3Mn2* +4H2O

+ Mn2* + 2:H2o

+ 3 Mn(OH)2

+ Mn3Oa + 2H2O

=+ MnOOH

Although the Eh is not known, the daø of manganese concentration and pH can be compared

with the theoretical Eh-dependent mineral stability areas (Fig. 8.4b; Crerar et al., l98l). Such
plots should indicate the range of Eh-values to be expeceted under natural conditions, if Eh and

pH were the main driving forces.
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Fig. 4b: pH-contolled ionic species of Mn in aqueous

systems.

The majority of the waters plot in a narrow range within the field of divalent manganese

which derives from the dissolution of tetravalent oxides (pyrolusite was used for this calcula-

tion, cryptomelane and comparable minerals possess a slightly smaller stability area). The dia-

gram clearly demonstrates that much higher Mn enrichments in the solutions are possible, when

lower valence minerals are broken down at the encountered pH values. Therefore, the main mi-

nerals to dissolve under natural conditions at Groote Eylandt are found in the normally most

stable group, the tetravalent manganese oxides, including pyrolusite, cryptomelane, birnessite,

nsutite. This does not surprise, because oxides with lower valencies are rare in the deposit.

On the other hand, some samples from the mouth of the Angurugu Riùer and nearly all sea-

water samples appear in the field of Mn2* mobilized from manganite. This suggests that differ-

enr types of equilibria develop which lead to successive precipitation of manganite and associa-

ted hydroxide minerals. A recalculated version of this diagram is used later to distinguish

between different reduction processes.

186
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During the course of study it became obvious that redox reactions between Fe2+ and Mn4* a¡e

probably the most powedul mobilization processes at Groote Eylandt (Pracejus, 1985). Al-

though these processes are very common in the deposit, they were not recognized and described

until recently (Pracejus et al., 1986, 1988). Experimental work examined this type of reaction in

detail (chapter 7) and the results a¡e discussed and put into a theoretical framework below. That

the process under examination is not confined to tropicaVsubtropical environments, such as

those on Groote Eylandt, was demonstrated by Pracejus (1989), who described supergene re-

placement products from the V/afangze ferromanganese deposit in northeastern China. Else-

where, reactions between Co2* and Mn4* may also be important (Hem et al., 1985), but as co-

balt is a trace element in Groote Eylandt, it is not considered further.

Aqueous chemical systems that contain either manganese or iron proceed from dissolved

ionic species towards more or less ordered solids which precipitate (amorphous, crystalline).

Below, the main independent half-cell reactions of Mn and Fe illustrate the processes and com-

pounds (Eqs. 8.17, 8.20, 8.10). Mn2* and Mn(OH)2 oxidize to Mn4* (MnO2), Fe2* reacts to

Fe3* 6elOH)3), and all reactions produce free electrons.

Mn2* + 2H2o +
Mn(OH)2 +

Fe2* + 3Þzo =à

MnO2+4H+ +2e'

MnO2 +2}J+ +2e'

Fe(OH)3+3H++e-

(8.17; rep.)

(8.20; rep.)

(8.10; rep.)

Thus far, stability consideraúons for manganese and i¡on were separated, but it will be dem-

onstrated that as soon as Mn and Fe appear in an aqueous system, they will interact immediate-

ly. Then, the "normaf'EVpH conditions for the stability of tetravalent manganese oxides are no

Ionger valid. Electrons a¡e exchanged with dissolved iron and the reaction of manganese rever-

ses from Mn4* to Mn2* (or Mn(OH)2) to reach an overall equilibrium (Eqs. 8.24-25). Iron on

the other hand retains its previous reaction path and precipitates. This is exalnined in more detail

for its role in replacement processes in the section on precipitation. Here, emphasis is directed

towa¡ds manganese dissolution. However, it must be recalled that although many \ilater samples

possess Fe concentrations below the detection limit, this does not mean that iron has not been

frequently remobilized on a small scale. Also, Fe2+ can physically be transported adsorbed on

kaolinite. This almost continuous supply of divalent iron guarantees the basis for further redox

reactions. It is important to note that only tefavalent manganese oxides are affected by these re-

dox reactions. Though Mn-minerals with lower valencies a¡e considered to be less stable, they

are passive under these conditions, thus being concentrated when the higher valence oxides are

leached away.
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(8.24)

(8.2s)

The calculation of Eo(r,"Ð md K(n"Ð demonstrates that both reactions will go from left to right

(Eqs. 8.26-27). Since the half-cell reactions of Mn involves twice the electrons as does the Fe

reaction, only half (!) the potential of manganese is required for this calculation (Campbell,

1970), in which pyrolusite as the most stable tetravalentoxide was used as basis. The other

members of the MnO2-group produce sinrilar results, but slightly smaller values.

MnO2+2Fe2++4H2O

MnO2 +2Fe2++ +6H2O

Eo (r,"t, (8.24) = 443 [mV]

Eo (net, (8.25)) = 665 [mV]

Iog [Fe 
2* 1; Redox Equilibrium

=+ Mn2*+2Fe(OH)r+2H+

= Mn(OH)2 + 2 Fe(OH)r+ 4 H+

K1n",, 1a.za¡¡ = 3'04 * 107

K(n". (8.25)) = l32 " l}lr

(8.26)

(8.21)

The theoretical Eo1,r",¡ of 443 mV (Mn2+/

MnO2) and the remarkably low pH of 3.9

detected in the field are used to modify the

manganese stability diagram (Fig. 8.5; see

also Fig. 8.4a), consequences for iron stabi-

lity are later discussed in detail. Above the

redox potential of 443 mV (horizontal

boundary) and at higher pHs, Mn4* is re-

duced to Mn2+, and Feh precipitates as Fe3*

(Eqs. 8.24-25). Such fixed parameters for

Mn and Fe result in an equilibrium and there-

fore, the concentrations of both elements in

solution are directly linked. Since the process

consumes all free electrons, the border be-

tween the two sides of the reaction formulae

must be Eh-independent (vertical). At a pH

<3.9 and at relatively high natural Eh values,

tetravalent manganese oxides are stable; simi-

larly, Mn4* can exist at potentials < 443 mV

and higher pHs. These remaining stability

As already mentioned in chapter 7, the highest voltage recorded in experimental work with

the battery-cell was 605 [mV], which lies between the theoretical values of Eq. (8.26) and Eq.

(8.27). Though pyrochroite (Mn(OH)) normally precipitates under alkaline conditions, it is as-

sumed here that it also forms in an acidic environment as a meta-stable or transitional phase

which breaks down quickly. If this mineral additionally takes part in the redox reaction, then the

recorded potential of the battery and the even higher values of the field can be explained.
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Fig. 8.5: Fc-dependcnt stability gap of telravalent Mn
oxidcs (pyrolusitc rcpresents all Mna* mincrals).
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fields lie in extreme Eh/pH regions and are probably rarely met in the deposit. Thus, outside the

set limits the redox reactions examined here do not apply and the electro-chemical conditions re-

turn to independent half-cell reactions. All tenavalent Mn oxides possess such a stability gap,

where individual stabilities of mineral are interrrupted by a region of instability. In deposits with

an iron mobility higher than at Groote Eylandt, the vertical pH boundary shifts further to the left

towards lower pH values and thus, the stability gap widens. In contrast, the stability of the oxi-

dized iron phases generallly increases.

The diagram also demonstrates that the Fe conc€ntrations required to produce the recorded

manganese enrichments are very low (approximately 10-9 - 10-12 moVI for the pH range of 4-6).

However, these values cover the range described by Kopeykin and Lebedev (1985) in their exa-

mination of iron mobilities during leaching processes in bauxites of Central Timan (10-to - l0-11

moI/I). Most water samples showed Fe concentration below the detection limit (-10-8 moVl).

Whether this reflects redox reactions that precipitated iron, or whether the solutions had low

amounts of Fe initially, is unclear. Some waters contain additional dissolved iron, when com-

pared with the required minimum. In this case, organic complexes might inhibit o¡ slow down

the interaction with manganese.

One fact that needs attention is the dominance of cryptomelane over pyrolusite in many of the

supergene ores. Thermodynamic considerations reveal that pyrolusite is the most stable phase of

all tetravalent manganese oxides, but often, cryptomelane is the latest phase to replace all precur-

sors, including pyrolusite. On the other hand, experimental data indicate that cryptomelane takes

part in the redox driven dissolution of manganese minerals. These statements seemingly contra-

dict each other and an explanation is needed that can accommodate these apparant contradic-

tions. To preferentially remobilize pyrolusite in the presence of cryptomelane, stabilization pro-

cesses must occur which increase the stability of cryptomelane relative to pyrolusite. Such

protective mechanisms might be found in small quantities of Fe3* occupying Mn3* sites of the

cryptomelane lattice (Post et al., 1981). Trivalent iron incorporated in a mineral might slightly

shift the redox equilibrium towards the left side of the reaction, where MnO2 and Fe2+ can co-

exist. Additionally, other trace elements such as Co or V apparent in crypiomelane might cause

similar effects.

The above process leads to an initial removal of pyrolusite and a successive breakdown of

cryptomelane, once new redox equilíbria form. That the latter reduction processes are less domi-

nant in the deposit follows from the relative enrichment of cryptomelane during the development

of the supergene ore units. Eventually however, large parts of former orebodies (5-6 m) are

leached out and replaced by secondary lateritic materials. This vast amount of dislocated manga-

nese is available for the formation of supergene ores at other locations in the deposit.
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That the formation of kaolinite can directly influence the activity of iron was illustrated above

(8.3.2.3). Through a similar process, kaolinite can also affect the stability of manganese oxides.

V/hen kaolinite precipitates, the solutions become more acid, and Mn phases dissolve in this in-

creasingly acid environment @qs. 8.7a and 8.17). In thermodynamic terms, the least stable of

the tetravalent Mn oxides is reduced first, whereas pyrolusite as the most stable mineral of this

group breaks down last: However, it is difficult to estimate the relative strength of this process,

because of the presence of other reduction reactions, which are probably much stronger, and

which mask the effect of a purely pH-dependent dissolution.

Al2Si2Os(OH)4 + 6 H+

MnO2+4}J++2e-

€ zAl3*+2HaSioo+H2o

= Mn2* + 2H2O

(8.7a; rep.)

(8.17; rep.)

8.3.3.4 Pedogenic Conditions

To understand conditions that could lead to the mobilization of manganese in soils, a brief cha-

racterization of Groote Eylandt soils is necessåry. Langkamp and Dalling (1979) examined the

Red Acid Earth (Stace et al., 1968; Northcote, 1974) of Groote Eylandt and showed that the O-

horizon is absent and the top of the A1-horizon is hardsetting with an earthy fabric. A1 is about

30 cm thick, structureless and it grades evenly into the B-horizon (-50cm thick), which contains

increased amounts of clays. Manganiferous spheruliths (5-20 mm) are concentrated in this hori-

zon. The materials below a¡e charactenzed as hardpan, but probably they belong to the top of

the underlying laterites.

The data provided by Langkamp and Dalling (1979) demonstrate that elements such as C, P,

or N, which theoretically could influence the solubility of manganese oxides through the forma-

tion of complexes or through the increase of surface reactivity, are present'only in low concen-

trations (Fig. 8.6; Wadsley and V/alkley, 1951). Elements like K and S that could change the

pH towards more alkaline or acidic conditions are also very low. The pH itself, buffered by at-

mospheric carbon dioxide, does not seem to be influenced strongly by other processes. It de-

creases only slightly over the first 150 cm of the profile.

As oxygen generally concentrates in surface waters, the environment is also highly oxidiz-

ing. This fact, and the findings above point to a very low mobility of manganese in soils. This

is supported by the manganese analysis which shows only small variations over about 130 cm

depth. Though Langkamp and Dalling state that spheruliths are concentrated in the relatively thin

B-horizon (depth -30-80 cm), the diagram (Fig. 8.6) indicates that manganese is present in
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similar concentrations abve and below this horizon, macroscopically certainly less evident than

the solid spheruliths. Evaporative precipitation processes therefore are probably far more impor-

tant in the soils than the remobilization of manganese oxides. However, solubilization may be

induced by organic substances, such as amino-, carboxyl-, or phosphorus-containing com-

pounds (decomposition of leaf litter), which have been identif,red to reduce manganese oxides

(Putilina and Varentsov, 1980). These dissolution processes may act for short time intervals and

over relatively small distances.

8.3 .3 .5 Biological Activities

Microbial reduction of manganese oxides can be an important mechanism for mobilizing Mn in a

wide range of contemporary sediments, including anaerobic/aerobic terrestrial freshwater and

ma¡ine envfonments (Hariya and Kikuchi,1964; Stone, 1987; Adams and Ghiorse, 1988). It is

likely that microorganisms have been active over geological time, despite the paucity or lack of

direct evidence preserved in the rock record. However, some studies indicate that microbiota

have taken part in the metallogenesis of the G¡oote Eylandt deposit (Ostwald, 1981; Bolton et

al., 1988) and it has been demonstrated that nricroorganisms are able to remobilize the ores un-

der laboratory conditions (Madgwick, 1981).

6.6
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More than thirty organisms have been recorded, including bacteria, fungi, and algae, which

are capable of catalysing the reduction of manganese dioxides. These microorganisms produce

extracellular organic acids such as formic, citric, or oxalic acid during their carbohydrate meta-

bolism, and these acids attack the ore (Perkins and Novielli,1962: Troshanov, 1968; Agate and

Deshpande,1977; Marsalek, 1977; Marshall, 1979; Ehrlich, 1980). The acids reduce Mn4* to

Mn2*, being oxidized themselves to CO2 and water (Eq. 8.28) (tlart and Madgwick, 1986).

MnO2+H2(CO2)+2H+ +2e- Mn2* + nco2+zHzo (8.28)

Investigations indicate that the reducing capacities of bacteria generally seem to be stronger

than those of algae. However, the co-existence of bacteria and algae improves the overall

strength of the dissolution process (Mercz and Madgwick, 1982). Such an improvement results

from the addition of algae or other organic energy sources for the bacteria (e.g. yeasts, molas-

ses). Simila¡ nutrients may also be found in natural surface waters that carry humic acids or

phenolic compounds (J. Madgwick; pers. commun., 1985), which accumulate in decomposing

organic litter. In a number of cases an elecÍon transfer process between organics and Mn oxides

is coupled to an intermediate formation of organo-metallic complexes (Marshall, 1979; Kung

and McBride, 1988). Although this can take place in a highly aerated system, demonstrating that

an organogenic reduction process can active_ly inhibit oxidation reactions, it has also been

shown that some bacteria are only able to reduce Mn oxides under anaerobic conditions (Myers

and Nealson, 1988). Organisms which are naturally resident on G¡oote Eylandt manganese ores

(Pseudomonads, Enterobacter cloacae, Chlostridia, Aspergilli; Kozub and Madgwick, 1983)

show improved reducing capabilities under microaerobic to anaerobic conditions and at a pH of
approximately 5, which is comparable to the natural geochemical environment of the deposit

(see chapter 6).

It was demonstrated that microbiological processes preferentially mobilize the thermodynami-

cally least stable manganese oxides first (chapter 5). Thus, the introduction of organic acids into

the aqueous system leads to a pH-dependent manganese reduction that paralels inorganic disso-

lution processes. Such biologically confolled processes might be indicated by the oxides of one

pafiiculil area (G/G-South Quarry). Although in most other parts of the deposit an increasing

alteration and cementation of the ore results in cryptomelane dominance, the ores of this location

show that pyrolusite replaces the thermodynamically less stable cryptomelane. This means that

the latter mineral must be remobilized by processes that are in conrast to the reduction processes

of other areas. A biota-controlled dissolution of the ores could explain this observed succession

of the major manganese oxides, since inorganic compounds such as sulfates or phosphates,

with high reducing or complexing capacities, are either absent or negligible in their concentra-

tion. The input of organic nutrients that would enhance microbiological activities is also

favoured in this location, because the orebody is close to the surface (in places it crops out). Ad-

ditional findings to support this interpretation are discussed in the section on precipitation.
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Investigations demonstrated that rocks in connection with waters of both high and low electro-

lyte content can forrn a voltaic cell (Kurdyukov, 1967; Taylor and Fischer, 1973; Winkler,

1973: Taylor and Bond, 1979). The small potential which always develops at the electrolyte-

mineral interface accelerates weathering processes and it leads to the destruction and dissolution,

or re-ordering of the mineral structure.

At its western margin the Groote Eylandt deposit extends to the sea. Intruding sealvater, a

strong electrolyte, therefore can come in contact with some parts of the orebody. Generally, the

groundwaters of the island contain only small trace element concentrations, and most pafis of

the deposits are out of the reach of seawaters. Therefore, interactions with seawater are proba-

bly of subordinate importance. However, at "Nashe's Gash" near the tailing dams, where

pumping operations move large water volumes, occasionally a relatively high salinity can be ob-

served, probably due to a subsurface saltwater wedge. Although dissolution effects related to

electrolyte variations are regionally restricted to coastal pafis of the deposit, such processes can

be expected to take place on a small scale.

The experimental section showed that in a closed chemical system, alkaline seawater quickly

becomes acid when in contact with manganese oxides and clay (chapter 7). Unforunately, the

mineralogical and chemical reactions leading to the dramatic drop of pH are not fully under-

stood. Partial adsorption of some of the major seawater ions, such as Na, K, or Mg, to the sur-

face of manganese or clay minerals, or an incorporation into new manganese phases (detection

of traces of manjiroite = Na-analogue to cryptomelane) may have led to the increasing acidity.

Elements like Mg possess a strong buffering capacity and if such elements are removed from the

chemical system, then the pH can be expected to change towards lower pH values (Corliss et

al.,1979). Parallel ro the increasing acidity the dissolution rate of the present mineral species

will increase. How far these experimental results can be transposed onto the open chemical sys-

tem of the orebody is not known, but small-scale geochemical environments may develop that

are comparable to the closed system of the laboratory cell.

8.3 .3 .7 Pressure Solution

The basic concept for this process is that at point contacts between grains pressures can develop

that result in the preferential dissolution of the material at this point of stress. Immediately adja-

cent precipitation occurs in open pores or at places with less pressure. Additionally, the pre-

sence of thin clay films can speed up the transfer of dissolved material to open pore spaces via

the provision of diffusion paths (Pettijohn et al., 1987).
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The consideration of pressure solution may seem to lead off the main track, because evidence

indicating this type of mobilization process is very scarce in the Groote Eylandt orebody. How-

ever, some specimens exhibit features which strongly suggest that pressure solution has been

responsible for dissolution on a small scale (Plate 3.1, Fig. 3.2a). Unfortunately, the complex

nature of manganese oxides together with the additional complication of pressure-, volume-,

temperature-, and redox-dependencies, obviously inhibits detailed scientific discussions about

this subject.

Nordstrom and Munoz (1985) demonstrated that it is possible to obtain reasonably good re-

sults from simplified calculations using their theoretical results on the pressure solution of
quartz and data from V/alther and Helgeson (1977). They showed that the assumption that the

molecular volumes are not functions of pressure and temperature is relatively good for lower

pressures. They also state that at higher temperatures changes in the actual mol volume become

more apparent. This suggests that for the ambient conditions of the manganese orebody the tem-

perature control is negligible, that molecular volumes are approximately constant, and that the

main factor for pressure solution is the overall pressure. However, the complex manganese

mineralogy with its tunnel structures, structural inhomogeneties, mineral intergrowths, etc.,

suggests a totally different situation and therefore, the simplified theoretical approach cannot be

applied to the ores.

The above mechanism of intergranular pressure solution, which is often believed to be the

dominant process of pressure solution, is nonetheless 7 to 9 orders of magnitude smaller than a

different type of mobilization described by Tada et al. (1987). They propose a "plastic deforma-

tion plus free-face pressure solution", which is especially effective when the grain contact area

is very small (beginning of compaction of sediment). Intergranular pressure solution only gains

importance at the final stages of compaction. As the overburden of the deposit possesses a rela-

tively low density (porous laterites), it can be expected that pressures large enough to induce

any type of pressure solution are rarely reached. However, diffuse clay impregnations in the

matrix of the oolitic/pisolitic ores occur frequently and they may have resulted from this mecha-

nism. Nevertheless, textural evidence for pressure solution reactions is raie and it can be con-

cluded that this process is very limited in the deposit.

8.3 .3.8 Disproportionation and Protonatiotx Reactions

Various manganese oxides undergo aging processes in an aqaeous system after their formation.

Early stages of the ore development were probably dominated by diagenetic and aging processes

that included disproportionation (Eqs. 8.29-30) and protonation reactions (Eq. 8.31). Two of

these alteration paths are discussed to demonstrate the type of reactions that occur (Hem and

Lind, 1983). A disproportionation reaction is illustrated by the examples of feitknechtitc
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(p-MnOOH) altering ro pyrolusite and related minerals (MnO2), and by hausmannite (Mn3O4)

altering to pyrolusite, respectively. During a protonation reaction, initial divalent and trivalent

oxidation stages of the manganese phases are preserved in the newly formed minerals and'/or

ionic species, in contrast to the previous tv/o reactions.

2B -MnOOH+ 2H

Mn3Oa + 4 H+

Mn3Oa + 2}J,+

<+ MnO2 + Mn2+ + 2H2O

<Ð MnO2 +2}/rn2+ +2lF,,2O

<Ð TMnOOH +2}/rn2+

(8.2e)

(8.30)

(8.31)

An examination of these equilibrium conditions reveals that through the reactions, approxi-

mately half to two thi¡ds of the original precipitate are remobilized. Most probably this release of

Mn2* happened during early diagenesis of the sediments, because feitknechtite and hausmannite

have been recognized among the initial precipitates from alkaline solutions (Bricker, 1965; Mor-

gan,7967; Hem et al., 1985). After the deposit of Groote Eylandt was uplifted above.sea level,

the environment could have provided the more acidic conditions which are necessary for both

the disproportionation and the protonation reactions. However, supergene alteration produces

manganese oxides of higher valencies (pyrolusite, cryptomelane, etc.). This means that in the

present geochemical environment, phases such as feitknechtite are not available for dispropor-

tionation, or if they are, then only in quantities which are negligible for the overall mobilization

processes.

Generally, protonation reactions are still likely to occur in deeper parts of the deposit, espe-

cially in sections of the orebody which are under the influence of sfrongly fluctuatìng ground-

waters, or in areas with seawater input. Such waters are subject to drastic changes in their

physico-chemical parameters, and a continuous oscillation between reducing and oxidizing envi-

ronments could favour the formation of minerals that take up protons during subsequent agingl

alteration reactions.

8.4 Transport of Dissolved Marrganese

Examination of transport mechanisms focuses only on manganese, since the dissolution of

gangue minerals is mainly of interest for the reduction/re-mobilization of Mn oxides. For this

reason, transport conditions for ionic species of gangues are not discussed here. However,

these minerals a¡e again examined for their role in replacement processes. Several geochemical

and biochemical processes were described that a¡e able to reduce manganese ores and associated

rocks. It was also demonstrated that all dissolution processes depend directly on the availability

of groundwaters. Therefore, a good drainage system within the deposit is a prerequisite. With-

out water, any mechanism that could lead to the redistribution of manganese is unlikely.
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Dissolved manganese can be transportsd either in divalent ionic form, in complexes or as

particulates. Laxen et al. (1984) demonstrated that for a pH <7.5 in river waters, essentially all

Mn in the fraction <0.015 pm is present as reduced Mn2* -species, which seems to indicate that

parriculates do not play a significant role in oxic freshwaters and that they are not in equilibrium

with dissolved manganese.

In places with a high input of organic nlatter, manganese is complexed by various biogenic

compounds, such as amino-, carboxyl-, sulphur-, or phosphorus-containing groups with high

molecular weights. Putilina and Varentsov (1980) state that in the presence of these compounds

Mn can increase dramatically in concentration, whereas Mn2* is oxidized much faster without

the protecrive mechanisms of the phases mentioned (Hallberg et al. 1979). The formation of

chelate complexes thus enable freshwaters to carry high amounts of manganese in a relatively

stable condition over large distances.

Contrary to freshwaters, manganiferous oxyhydroxide particulates seem to dominate in the

ma¡ine environment, where they may be associated with organic molecules or bacteria (Van Der

Sloot, et al., 1938). Although particulates generally tend to flocculate in strong electrolytes,

manganese seems to have a surprisingly long residence time in the sea (-20 years; Bishop and

Fleisher, 19S7). This finding is supported by the strong enrichment of manganese along the

coast of Groote Eylandt. Despite this, large quantities of the river load are removed from solu-

tion through precipitation processes (see chapter 6).

The two dominant mechanisms of manganese liberation at Groote Eylandt are pH controlled

dissolution processes (e.g. kaolinite precipitation, biological acidification of water) and redox

reactions between Mn and Fe; they a¡e distinctly different in their physico-chemical parameters.

For instance, redox reactions produce their own electrochemical environments (electron trans-

fer, pH, etc.), largely suppressing other co-existing reduction processes. An acidification of the

warer on the other hand, be it biologically or mineralogically mediated, is generally more pas-

sive. Such pH variations frequently occur as a result of environmental changes and then the pH

alone may affect the solubility of present minerals.

Thus, the mobilized reaction products and physico-chemical parameters should reflect their

origin. To identify the predominant mode of reduction, a diagram was developed that superim-

poses both the theoretical Eh values and the "equilibrium Fe concentration" (EFC) onto a pHûog

[Mn2*] plot. The EFC is here defined as the amount of iron needed to balance Mn-Fe redox re-

actions at preset pH and Mn concentration values. Occasionally, the amounts of Fe in solution

can be much higher than the EFC, but if this surplus iron is complexed by organics, then it

probably does not take part in redox reactions.
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Sample data shown in this type of diagram indeed illustrate some important features (Fig.

8.7). Although water samples from ores, laterites, and mine sumps do not develop a definite

trend, they plot exactly in the EFC range that was described by Kopeykin and Lebedev (1985)

for iron mobilized from bauxites (10-10 - 10-11 moVl). Nevertheless, these samples are probably

not in equilibrium with surounding materials, and therefore the data are relatively diffuse. Once

local groundwaters reach river systems, reduction processes are interrupted, and the waters

equilibrate with the new environment, forming element patterns that reflect the respective mobil-

ization (or precipitation) reaction.

The manganese concentration of river samples generally increases with increasing pH, paral-

lel to an EFC value of approximately -11.5. Obviously, Mn reaches an equilibrium and stabiliz-

es in solution. Such a stabilization of Mn compounds may be the result of chelate-complexes

that can develop through the activity of bacteria (e.g. formation of 2-ketogluconic acid; Duff et

al., 1963). This interpretation is not supported by TOC analyses (total organic carbon), which

do not demonstrate a significant correlation to any element, but more complex organic/inorganic

interactions with other dissolved elements could mask the presence of manganiferous chelates.

At a pH of about 5.8 the pattern suddenly becomes horizontal under the influence of tidal sea-

water mixing with the riverwater. Here, the geochemical conditions seem to inhibit Mn concen-

trations above 10-5 moUl, and the variation of the Mn load is generally small. On the other hand,

the pH interval of this transitional brackish zonè is large (5.8 - 8.0).
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In the sea, rhe samples again change their orientation and they finally align parallel to Eh

boundaries (0.5 - 0.45 V). The manganese concentration now decreases with increasing pH.

This means that Eh/pH controlled processes result in the destruction of the previously stable

complexes and manganese is removed from solution. The type of precipitate (MnOOH) is deter-

mined by the electrochemical parameters that dominate this environment; this is discussed in the

following section.

A particularly interesting sample group (freshwaters) collected from a sampling station at the

eastern edge of the deposit, where the aquifer has little or no contact with the main orebody,

clearly illustrates an Eh/pH control over Mn reduction. The manganese enrichments probably

originate from outcrops in swampy areas where biological processes dominate the geochemical

environment (see 6.3.2.5). The Mn concentration in the samples increases with decreasing pH,

parallel to an Eh of about 0.8 V.

The descriptions above illustrate that manganese reduction processes can be distinguished

easily. Thus, the waters ¿Lre grouped into two major sets:

. samples not in equilibrium with their surrounding and with diffuse trends; from ores, late-

rites, and mine sumps, and

. samples at equilibrium, depicting EVpH or redox control mechanisms (shown with [Fe] pat-

tern on Fig. 8.7); from rivers and the sea. '

When the second group is examined, it is possible to determine the type of process that dom-

inates the mobilization of manganese. This has serious implications for the detection of super-

gene ores, because deposits similar to Groote Eylandt do not possess a strong Eh control. If,

for example, samples from rivers indicate an Eh dominance, then the waters are likely to have

collected their Mn near the surface of a deposit, under the control of biological mechanisms. In

such a case, redox processes in deeper parts of the orebody may be of minor importance for the

formation of secondary ore units, and therefore, the ore is less well upgraded. If, on the other

hand, a redox control appears to dominate, then supergene overprinting and upgrading was

probably active for significant time intervals.

8.5 Fixatíon Processes

Although water samples collected in the deposit itself do not show much evidence for precipita-

tion processes, the presence of many supergene ores and rocks illustrates active deposition of

secondary minerals. Many of these newly formed phases change their geochemical environ-

ment, for instance by influencing the pH, and thus, the formation of one particula¡ mineral has

direct implications for the stability or instability of other co-existing phases (Merino and

Ransom, 1982; Jones and Weir, 1983). The various replacement products observed in thc
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Groote Eylandt deposit support this view and it is demonsrated below that most of the precipi

tation and replacement processes can be explained in relatively simple teÍns. Since most of the

chemical equations were discussed ea¡lier, only with a reverse reaction direction, the formulae

are only mentioned by their respective numbers'

8.5.1 Precipitation of Si-Al Minerals

The stabilities of minerals and ions in the Si-Al-H2O system are not redox-dependent, because

all species retain their valency state during dissolution or precipitation processes. Thus, redox

reactions with other elements need not be considered @qs. 8.1-7a). Although this seems to sim-

plify the discussion, silica and alumina a¡e known to form numerous polymers (Hemingway,

lgS}),which can result in rather complex interactions. Such mechanisms that could reta¡d or in-

crease the development of equilibrium with stable phases are not discussed, because of a general

lack of data. Instead, attention is focused on element interaction during precipitation.

Since Al and Si co-exist in most water samples, these elements are discussed together. The

fact that silica always dominates in the waters (Si/Al ratios vary between 5x101 and 3x102)

leads to the conclusion that pure Al mineral¡ such as gibbsite or boehmite, a.re generally less

mobile than silicates under present-day conditions. It is also deduced that the Al defrciency re-

flects a much lower availability of these phases. Additionally, a high silica input further decreas-

es the Al potential through the formation of kaolinite (May et 41., 1986).

Thus, the development of kaolinite in the presence of surplus dissolved silica results in the

suppression of søble alumina phases, which explains the scarcity of minerals like gibbsite in the

deposit (compare also Figs. 8.2b,c). Because of its implication for the reduction of iron oxyhy-

d¡oxides, the formation of kaolinite was already examined earlier. During kaolinite precipitation,

OH--ions are consumed and the H+ concentration in the solution increases, which means that the

pH becomes more acidic (Eq.8.7a). This happens under the generally more alkaline regime of

the wet season, when water is more abundant, because this clay mineral strongly depends on

the presence of water for its development (Eq. 8.7b) and because dehydration destroys the kao-

linite structure.

To a certain degree, kaolinite formation (and dissolution) counters the seasonal va¡iations

normally imposed on laterite profiles with a different mineralogy (e.g. in bauxites). Small pl-l

changes in the Angurugu River over the year support this view (Fig. 6.1 1). The probability for

kaolinite to precipitate is also larger than for gibbsite, because both Si and Al in most waters of

the deposit are oversaturated with respect to kaolinite (Fig. 8.2c). Only a few alkaline seawater

samples indicate the possibility of gibbsite formation (Figs. 8.2b,c).
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8.5.2 Precipitation of Fe Minerals

8 -5.2 .I Precipitation of Fe During Redox Reaction with Mn

200

That redox reactions with manganese oxides result in the dissolution of Mn was demonstrated

above. However, the basic principle of such a redox reaction is that parallel to the reduction of

one reacrion partner the other must precipitate (Eqs. 8.24-25,rep.). This leads to a situation

where the newly forming iron mineral takes the place of the dissolving Mn oxide (Plate 3.2,

Fig. 3.3c). Thus, manganese and iron dominate their geochemical environment during their in-

teraction and other less powerful reduction processes normally affecting either element are inter-

rupted.

Mno2 +2Fe2+ +4Þzo ë Mn2*+2Fe(oH)r+2H+ (8.24rep.)

Mno2 +2Fe2+ +6H2o <+ Mn(oH)2+2Fe(oH), +4H+ (8.25 rep.)

During the redox reacrion the generally large Fe(OH)¡ stability field extends further towa¡ds

the boundaries dictated by the available Fe2* concentration and the developing pH, contrary to

the stability gap that forms for pyrolusite and other tetravalent manganese oxides (Fig. 8.8a).

When the stability diagrams of both the manganese and the iron systems are superimposed, it

can be seen that the thermodynamic theory supports the field and laboratory observations (Fig.

8.8b). The entire area in which pyrolusite is unstable is covered by Fe(OH)3, although the
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bounda¡ies for the latter compound were calculated for a minimal size (maximum F"2*). There-

fore, a redox reaction between Fe and Mn under the narural conditions at Groote Eylandt always

results in a total replacement of pyrolusite, etc., by iron phases, as long as divalent i¡on is avai-

lable. The type of femrginous precipitates is discussed in the following section, because the ini-

tial iron minerals strongly depend on other co-existing elements.

8.5.2.2 Influence of Foreign lons on Initial Fe Precipitates

Transformation reactions of the initial unstable Fe precipitate (ferrihydrite) display strong depen-

dencies on the presence of foreign ions (Cornell et al., 1987; Cornell and Giovanoli, 1987,

1989) and on the availability of various minerals (Krishnamurti and Huang, 1988). Although

most of these processes \pere examined in alkaline media and at elevated temperatures, it can be

expected that the results of these studies can be applied to field conditions with lower lempera-
tures and more acid pHs (Fischer and Schwertmann, 1975; Cornell and Schwertmann, 1979;

Schwertmann and Murad, 1983). However, for kinetic reasons, the transformations are then

likely to be much slower.

The implications for mechanisms influencing the mineralogy of the deposit are fa¡ reaching.

If, for instance, iron phases form that a¡e relatively stable in the present geochemical environ-

ment (e.g. hematite or magnetite), then redox related reduction processes of manganese oxides

cease to operate and the alteration of the orebody slows down significantly. On the other hand,

preferential formation of less stable minerals, such as goethite, support the continuation of su-

pergene enrichment processes.

The transformation of ferrihydrite to more crystalline phases (goethite, hematite) is stongly

retarded in the presence of high concentrations of silica, alumina, cobalt and copper, which

seem to stabilize the structure of ferrihydrite (Cornell et al., 1987; Cornell and Giovanoli, 1987,

1989; Krishnamurti and Huang, 1988). When the concentrations of Si, Al or Cu are low

enough to allow transformations to proceed, the development of hematite is promoted and the

formation of goethite is hindered. Manganese shows the opposite effect by supporting the trans-

formation of ferrihydrite to goethite and by suppressing hematite development.

Both of the above observations are indeed valid for the Groote Eylandt manganese deposit

and the associated laterites. Near the surface in soils and fenuginous laterites, where quartz and

kaolinite dissolution products are abundant, hematite can be observed occasionally. However,

in manganiferous laterites and within the orebody itself, goethite dominates strongly. A fascina-

ting relationship is thus developed, in which the two main metalliferous components of the de-

posit, Fe and Mn, obviously are interdependent in their formation and destruction:
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dissolved manganese favours goethite, which is less stable than hematite or magnetite, and

which can be reduced more quickly;

dissolving goethite in turn facilitates redox reactions that reduce tetravalent manganese

oxides.

8.5.2.3 Further Oxidation of Goethite

Above, it was demonstrated that under the present'geochemical conditions Fe(OH)3 predomi-

nantly transforms into goethite after dehydration (Eq. 8.32). Further dehydration may occur and

hematite is formed @q. 8.33), which can be found in pipes and laterites. However, when com-

pared with the overall amount of goethite in the deposit, hematite is far less abundant than goe-

thite, and it also concentrates in horizons near the surface, where higher oxygen concentrations

a¡e available. Changing EVpH conditions and precipitation of new minerals (e.g. kaolinite) can

trigger a re-dissolution of the iron phases. Fe2* is again mobilized to take part in Mn-Fe redox

teactions and the entire process of replacement and dissolution star"ts again.

Fe(OH)3

a

2 FeOOH

<Ð FeOOH +HrO

(+ Fe2O3 +H2O

(8.32)

(8.33)

8.5.2.4 Microbial Influences on Fe Precipitation

Near the surface, filamentous iron-oxidizing bacteria, such as Thiobacillus Ferrooxidans, ate

known to utilize available organic matter for their carbohydrate metablism. These bacteria com-

prise a group of acidophilic and chemolithotrophic organisms, which are also able to ur" F"2*

as an energy source (Lundgren et al., 1974). Generally, precipitates of poorly ordered Fe-

oxides and ferrihydrite are described together with iron bacteria and it can.be assumed that such

organic-inorganic interactions are widely distributed (Chukrov et aI., 1973; Carlson and

Schwertmann, 1980).

However, Fe commonly forms chelate complexes with humic and fulvic acids, and in this

condition iron is relatively stable. Once the organic ligands are oxidized, Fe can be oxidized by

biological or inorganic mechanisms (Schwertnrann et al., 197 4). Although it is generally accep-

ted that organic processes concentrate near the surface, it is not known how fa¡ this biologically

active horizon extends downwards. Therefore, it is impossible at present to estimate the strength

of a microbially induced Fe precipitation in the Groote Eylandt deposit.
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8.5.2.5 Precipitation of lron Phases in Seawater
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Together with most other elements with atomic weight grcater than 20, dissolved iron was ob-

served to decrease strongly at the mouth of the Angurugu River, where fresh- and seawaters

mix. Therefore, the geochemical parameters of this particular environment, such as salinity, Eh,

or pH, cause Fe2* to oxidize and precipitate. It was demonstrated in the example of manganese

that a narrow EVpH range develops at the river mouth and in the sea (Fig. 8.7; Eh = 0.45 -
- 

0.5V, pH = 8.0 - 8.5). Since the data reflect general conditions in these specific water types, the

parameters a¡e also applicable to other elements. An examination of the Eh/pH stability diagram

reveals that these set conditions lead to the precipitation of Fe(OH)3.

It is d.ifficult to deduce generally reliable precipitation rates, because Fe2*, forming complex-

es with the different ligands present in solution, can be expected to vary considerably (Millero,

19S5). However, experimental results discussed by Millero et at. (1986) indicate that salinity

and pH possess pseudo-first-order oxidation rates in the range of pH 6-9, although it is also

stated that this is only applicable to waters with low amounts of organic ligands.

8.5.3 Precipitation of Mn Minerals

At several places in the deposit it can be seen that a thickness of five or six meters of ore has

been leached out and replaced by secondary materials. The following section examines the pre-

cipitation conditions for this vast amount of dislocated manganese. Manganiferous cementation

occurs in many parts of the orebody, and thus, low grade ores are enriched by these supergene

products.

8.5.3.1 Pedogenic Oxidation of Mn

Enrichments of manganese near the surface in the form of spherulites, concrelions, or mangani-

ferous laterites indicate the presence of evaporation processes with upwards moving solutions.

Although dissolved manganese is generally transported down the section (see chapter 4), preci-

pitation is obviously far more important in the upper horizons than is remobilization. This mech-

anism is particularly visible in the spherulites, which show a normal grading. Evaporating wa-

ters carry dissolved Mn from deeper parts of te orebody and precipitate most of their load in

soils above the deposit. A coalescence of the grain coatings is prevented by gradual soil move-

ment ("creep") in a manner somewhat similar to that described for calcretes (Read, 1974).The

most intense movement occurs near the surface and thus, the spheruliths in this position are

abundant but relatively small. Grains deeper down are moved less and they form larger accre-

tions that occasionally resemble concretions.
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That manganese (and iron) is fixed at or neil the surface, no doubt depends strongly on the

availability of oxygen (O2 saturations: river water = 85Vo, water from lateriÍe = 68Vo, water

from the orebody = 55floi Pracejus, 1936). Therefore, ore minerals from near the surface are

mostly cryptocrystalline, caused by rapid precipitation of the oxides. Atmospheric CO2 also

contributes to precipitation processes in upper parts of the deposit through a buffering of the

groundwaters. This effect stabilizes the pH at about 5.5 - 6.5, thus preventing stronger acidifi-

cation reactions which could enhance the dissolution of manganese oxides. The appearance of

laminar mangcretes in vertical pipe systems supports this view. These ore types can be several

centimeters thick near the surface, but they often disappear in deeper parts of the section.

Tyuryukanova and Konova (1987) state that supergene Mn accumulation in soils is generally

of biogenic origin, but nonetheless, it is difficult to assess the role of organics in the deposit,

because of very limited data. Initially, biological degradation products may form stable organo-

metallic complexes that break down successively during further oxidation. The manganese

oxides then take parr in the cementation of the surrounding material. Ionic Mn compounïs could

also be adsorbed on large organic molecules and would, thus, be retained in síru.

8.5.3 .2 Microbial Mn Oxidation

The influence of bacteria or algae on precipitation reactions has attracted some interest in recent

years, because microorganisms seem to enhance the oxidation of Mn2* (Chapnik et al., 1982;

Burdige and Kepkay, 1983). Diem and Stumm (1984) reported that even in the presence of re-

latively high oxygen levels Mn did not precipitate from sterile solutions, implying the need for

catalysis. Such catalytic reactions have, for instance, been observed on the surfaces of dormant

bacterial spores (Nealson and Tebo, 1980; Rosson and Nealson, 1982) or in association with

exopolymers (extracellular oxidation ; Ghiorse, 1 986).

Studies of Morgan (1964) also indicate that the oxidation of manganese is strongly in-

fluenced by particulates acting as surface catalysts. In natural systems, organisms of the lepto-

thrix family often catalyze the manganese oxidation (Adams and Ghiorse, 1988). Other publica-

tions refer to these bacteria as metallogenium and Ostwald (1981) indicates that this bacterium

was identified in samples from the Groote Eylandt deposit. It can thus be assumed that organ-

isms of the metallogeniwn type are active.

At present, the concentration and distribution of microorganisms in the Groote Eylandt ore-

body is unknown, although many biota were identified (pers. commun., J. Madgwick, 1989).

Therefore, extensive research is needed, before a qualified assessment of the biological in-

fluence on precipitation processes can be made.
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8.5.3.3 Mn Precipitation During Disproportionation Reactions
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As mentioned above (8.3.3.8), precipitation and aging processes of manganese oxides can in-

volve disproportionation of the manganese phgses, where a ne\il solid is formed, but also where

Mn2* is liberated into solution from the pre-existing mineral (Eqs. 3.29-30). Minerals coupled

to disproportionation during their formation reduce the amount of manganese in the rock, thus

leading to degradation of the deposit.

8.5.3 .4 Precipitate Dependency upon Mineralogy of Substrate Rocks

It was noted in numerous instances above (chapters 3 and 5) that depending upon the type of

substrate, different manganiferous parageneses develop. For instance, cryptomelane and todo-

rokite form increasingly in the presence of kaolinite and quarz (e.g. in spherulites and concre-

tions), whereas pyrolusite overprints Mn ores in cases where little or no silicates a¡e aSiociated.

This clearly illustrates that supergene precipitation processes are at least partly controlled by the

materials in which the precipitation occurs.

It has been demonstrated in the example of ferruginous precipitates that the type of mineral

formed strongly depends on the presence of various other dissolved elements. From the chemi-

cal similarities between Mn and Fe it would appear that comparable dependencies are possible in

the case of manganese precipitation. This seems to support the findings above, but so far, re-

search work on this aspect is very limited @binger and Schulze, 1989) and thus, the observa-

tions above remain tentative.

The replacement of quartz and kaolinite by manganese oxides also results from chemical/

mineralogical interactions between Mn-carrying solutions and specific substrate rocks, and it

probably relates directly to observations made ea¡lier (see 8.3.1.2). Manganiferous silicate com-

plexes, if they do exist under natural conditions, are likely to form in more acid environments

containing abundant dissolved manganese. Once these complexes dehydraie, silica is mobilized

and Mn oxides develop. However, the dissolution of silica produces an increase in alkalinity,

which in turn forces more manganese to precipitate. Similar reactions may apply to the replace-

ment of kaolinite by Mn minerals. Except for general microscopic observations, there is no di-

rect evidence at present for the existence of such Mn-Si complexes in the deposit. Therefore,

this mechanism only provides a speculative answer to the fact that quartz and kaolinite are being

replaced by Mn oxides.
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8.5.3.5 Grainsize Variation of Substrate
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Above, various possibilities were discussed that lead to the formation of manganese oxide mine-

rals. This section examines the enhancement of precipitation processes through grainsize varia-

tions of the substrate, regardless of the type of process that is active. In the field it was observed

that cementation frequently concentrates at gtainsize boundaries (Fig. 8.9; see also Pracejus et

al., 1988). To determine the parameters responsible for this preferred precipitation, a number of

assumptions about initial conditions are necessary:

. the sediment is largely unconsolidated,

. pores are open and interconnected,

. a vertical grainsize gradient or a grainsize bounda¡y exists,

. the hydrostatic pressure is constant,

. the solution moves vertically,

. tìe Mn input is constant, and

. the precipitation rate is constant.

Following these basic settings, the resulting model is relatively úmple. In ores with large

grainsize, the open-pore volume is large and the internal surface a¡ea of the material is small. In

contrast to this, ores consisting of small grains have small pore volumes and large internal sur-

unit boundaries

face areas. Under constant hydrostatic pres-

sure the water passes relatively quickly

through fine grained materials, whereas in

coarse grained ores the velocity of the solu-

tion generally decreases, caused by the in-

crease in open-pore space. Therefore, the ve-

locity of a solution changes abruptly at

grainsize boundaries.

0

I
grainsize boundary

2

q)

I-I

grainsize

relative hardness

Precipitation processes are more effective

when more time is aüailable and thus, the

pores in coarse materials promote more rapid

precipitation and a¡e filled much faster than

those of fine grained ores/rocks. This mech-

anism works until an equilibrium between

both coarse and fine ores is reached, but the

degree of cementation is finally much larger

in coarse materials. This is especially evident

in the field, where boundaries between sedi-

mentation units can often be identified by

their resistance to weathering in quarry faces.

-1

Flg. tì.9: Corrclation of ore grainsize and incrcascd Mn

cemcntation; for futhcr information on log see Ftg.2.8'
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8.5.3.6 Mn Precipitation in Seawater

Hydrochemical data show that the load of dissolved Mn in the Angurugu River decreases by a

factor of about 6, where the freshwaters mix with seawater (Figs. 6.14-15; Laxen et al. 1984).

Although this interaction of highly saline water with manganese carrying solutions does not af-

fect most a¡eas within the deposit, narginal parts of the subsurface orebody may be under the

influence of invading seawater. As the physico-chemical parameters are likely to change in the

same way as they do at the river mouth, precipitation'¡eactions therefore dominate in this type of

environment. It can be expected that the resulting cementation of ore causes the build-up of a

barrier with which the orebody effectively "plugs" itself against further seawater intrusions.

Such barriers probably contain high grade ores, because most of the Mn load of the ground-

water is forced out of solution.

An examination of the thermodynamics allowing the precipitation of manganese oxides under

such specific geochemical conditions reveals that the most likely minerals to form are'those of

the MnOOH group (a = groutite, P = feitknechtite, T = manganite). These minerals are stable at

the na¡row Eh/pH intervals that prevail (Eh = 0.45 - 0.5, pH = 8.0 -'8.5; see Figs. 8.4a, 8.5,

and 8.7).

8.6 Discussion

During the course of this chapter a great diversity of mechanisms leading to the mobilization or

precipitation of manganese oxide ores and associated rocks was examined. It is almost certain

that all of these processes have altered the orebody at Groote Eylandt at one or the other stage of

the geological history of the deposit. At present however, the majority of these processes are of

minor importance to the supergene overprinting of the deposit, or they can even be neglected, if
considered individually. The only exception is the redox reaction between Mn and Fe, which

seems to be much more prevalent than all other mechanisms. A combination of several reduction

or precipitation processes can nevertheless enhance the overall effectivity, and it is the co-

existence of such reactions that probably drives the continuous alteration of the ore.

The following example illustrates that a combination of different processes may also result in

a decreasing effectivity of the overall system. If, for instance, redox reactions and microorga-

nisms are working parallel to reducç the ore, then organo-metallic complexes of both Mn and Fe

are likely to form. These compounds, however, lead to a general decrease of the dissolved ionic

species of both elements. It is shown above that the pH of the examined redox process is a

function of the Fe2* activity and that with increasing iron concentration the geochemical envi-

ronment becomes more acid. A complex development reducing the concentration of dissolved

iron thus results in an increasing alkalinity, because less Fe is available for redox reactions. This
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also means that less manganese is mobilized through the co-operation of both mechanisms. Al-

though an addition of individual reaction effectivities could be expected, the general efficiency

decreases when these particular processes act together.

Age analysis of supergene manganese oxides illustrates that the secondary materials at

Groote Eylandt are less than half the age of the deposit. This supports previous petrological and

mineralogical findings showing a large variety of supergene features within ores and rocks. The

age data generally demonstrate that the youngest cryptomelane occurs at the top of the strati-

graphic section and that the age increases downwards, where the ores are less overprinted.

Since supergene minerals such as cryptomelane or tdorokite appear increasingly near the top of

the section (see chapters 3 and 5), they contribute most to the stratification of the deposit. Simi-

larly, the trace element geochemistry is also stratigraphically controlled. Thus, it is possible to

state that the youngest ores and rocks accumulated the highest trace element concentrations.

It is evident that many supergene processes depend on each other to operate, including the

availability of water which can stabilize or destabilize certain reactions. Therefore, a generalized

alteration path for the dominant minerals (kaolinite, goethite, tetravalént Mn oxides) is outlined

to demonstrate the interdependence of the phases. Kaolinite was shown to precipitate from solu-

tion mainly during the wet season when abundant water is available (compare January and June

in Figs. 6.19-20). This clay formation results in an acidification of the respective micro-

environment, which in turn leads to the reduction of goethite on a small scale and its successive

replacement by kaolinite. The oxidation of Fe2+ to ferrihydrite by Mna+ is the main factor for the

reduction and dissolution of manganese, because this dominating redox reaction imposes speci-

fic geochemical conditions on the environment. It must be repeated that only tetravalent manga-

nese oxides participate in the described redox reactions, lower valence minerals are passive un-

der these conditions. The generally balanced nature of these processes is illustrated by the

lateritic products that overprint former orebodies. Here, mottles of oxidized and bleached Fe-

free parts often co-exist in a ratio of approximately 1:1, which is rema¡kable considering the fact

that the overall system is dynamically changing with the seasons.

Once Mn enters solution, the alteration of fenihydrite to goethite predominates. Because

cr-MnOOH (groutite) is isostructural with goethite, up to 15 molVo of the Fe in this mineral can

aìso be substituted by manganese. The formation of more stable femrginous phases, such as he-

matite, is suppressed by the presence of Mn. It must be noted here, that some observations also

point to a comparable dependency of various Mn minerals upon foreign ions (Si, Al + crypto-

melane or todorokite, but much less pyrolusite). During dissolution, manganese is responsible

for its own replacement by a mineral that is reduced easier than hematite or magnetite. The pre-

ferential formation of goethite ultimately closes the described cycle of iron mobilization/

reprecipitation and manganese reduction, because any process liberating Fe2* from goethite re-

sults in the continuation of redox reactions with Mn4+.
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It is unclear whether the formation of kaolinite, as described initially, is the only mechanism

to reduce goethite, which is suggested because of a lack of direct evidence for other processes.

However, it can be assumed that for instance microorganisms participate in the dissolution of

goethite in at least some places near the surface, where additional organic nutrients are available.

Such an organically active zone may extend further down into the orebody through drainage

pipes. It is also possible that organisms or femrginous/manganiferous silica complexes contrib-

ute to the mobilizarion of silica and alumina compounds from quartz and kaolinite. These ionic

species then precipitate elsewhere and again, their geochemical environment changes.

Although Fe mainly precipitates during the redox reaction with Mn, microbial influences on

the formation of iron oxyhydroxides cannot be excluded (e.g. Thiobacillus Ferrooxidans).

Similarly, bacteria such as Metallogenium ntay support the successive formation of manganese

minerals under conditions that favour Mn oxidation. Other processes leading to ihe development

of manganese minerals at Groote Eylandt include rapid precipitation through oxygen-rich sur-

face waters or the mixing of groundwater with highly saline seawater. Field observatiòns indi-

cate that whatever precipitation process is active, it is strongly supported by grainsize variations

of the substrate. The larger the size difference between different units, the higher is the precipi-

tation rate in the larger grained material.

An examination of dissolved manganese during transport in river waters revealed that only in

one situation, where Mn is reduced in freshwater, do Eh controlled processes dominate. Else-

where in the deposit and associated rivers, manganese is dissolved by interactive redox process-

es with iron. Thus, this mobilization mechanism appears to be the most effective process to lib-

erate Mn at Groote Eylandt. As the solutions reach equilibrium with the river water, the

geochemical parameters of these waters should favour the precipitation of tetravalent Mn oxides,

once the concentrations are high enough. However, the development of chelate complexes pro-

tects manganese from rapid oxidation and the concenÍation limits of Mn2* a¡e exceeded, thus

enabling manganese to ffavel larger distances in the river load. In seawater the geochemistry

changes dramatically and much of the reduced Mn is forced out of solution. Under these cir-

cumstances, manganese precipitates in the form of Mn oxyhydroxides, ðuch as manganite or

groutite.

This chapter presented individual supergene mobilization and precipitation processes and dis-

cussed ilguments for or against the existence of these mechanisms. In the final section an over-

view over the dominating processes is given in context with geochemical and geological mo-

dels
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9. The Mangcrete Model

9.1 f nfioductíon

Above, detailed investigations focused on various aspects of the Mn oxide orebody to detennine

the type and geological history of residual ores and associated rocks at Groote Eylandt. Some of
the supergene mobilization and precipitation processes are now combined to produce a genetic

model for the dominant alteration mechanisms operating in the deposit. A supergene reaction cy-

cle is examined and the following discussion puts secondary products into context with their re-

spective geological position within an idealized stratigraphic section (modifred after Pracejus et

al., 1988b). A comparison of the Groote Eylandt manganese orebody with other deposits as-

sists in the identification of general concepts and their applicability to deposits with similar min-

eralogy and alteration systems.

9.2 Cyclíc Mobilíty of Supergene Ores ønd Rocks

The tropical to subtropical conditions at Groote Eylandt create a strongly changing geochemical

environment affecting both ores and rocks through the seasonal input of water. It is certain that

supergene processes are influenced by such variations, because all examined alteration mecha-

nisms directly depend on water to operate. Thus, it can be expected that supergene cycles gene-

rally follow climatic patterns. However, as the dehydration of the deposit proceeds much slower

than the weather changes, the geochemical reactions are likely to continue into the dry season.

Deeper parts of the orebody may rarely dry out and here continuous mobilization and precipita-

tion processes are supported.
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The following model illustrates interactions between the main ore and gangue minerals of the

deposit (Fig. 9.1). Processes relevant for the formation of each specific phase are summarized

by a keyword such as oxidation, and mechanisms such as biogenic influences, are not described

separately; further information is provided in the previous section. The model does not distin-

guish between different tetravalent Mn oxides, because these minerals behave similarly during

alteration or mobilization processes. Contrasting with this necessary simplification for manga-

nese, goethite is taken to represent the FeOOH minerals (a = goethite, p - åkaganeite, T = le-

pidocrocite, õ = feroxyhyte) for an examination of aging processes of the initial iron precipitate.

Although gibbsite (AI(OH)3) is rare in the deposit, it is incorporated in the model as an analogue

for quartz during the alteration of kaolinite.

MnO 2+

Mn(OH) ,,

I

i
H

M Fe(OH) 3

Ar(oH) 3

Ar(oH);

HaSiO 4 Al3

tr-ig. 9.1: Model of mobilization and precipitation paths for dominant supcrgene ore and garigue minerals in the laæ-
ritic weathering environment of Crootc Eylandt.
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To start the model mechanisms operating in the deposit, abundant water is needed. There-

fore, the beginning of the \¡/et season sets the pammeters for all further geochemical reactions.

Silica and alumina previously liberated from unstable phases co-precipitate as kaolinite under the

influence of abundant water. This clay formation results in an increased acidification of the

aqueous system in the vicinity of the newly formed mineral. Locally, the pH becomes low

enough to reduce goethite to Fe2+. This mobilized iron can either form semi-stable ferrous silica

complexes, it can be oxidized through contact with oxygen, or it can take part in redox reactions

with Mn oxides. If goethite is mobilized through the formation of kaolinite, and many findings

suggest that this is the main reduction process for this phase, then successive kaolinite develop-

menr leads to the replacement of goethite by clay (see Plate 3.6, Figs. 3.16c and 3.17).

The availability of divalent iron is the major factor for the reduction of tetravalent manganese

at Groote Eylandt, although other processes such as microbial interactions with the ore may be

involved. Nevertheless, redox reactions with iron seem to outlast other mechanisms, because

ferruginous replacements of manganese oxides are commonly found in the deposit. During the

reaction manganese predominantly dissolves as Mn2*, although experimental data also point to

an intermittent formation of the relatively unstable Mn(OH)2. Parallel'to the reduction of Mn4*,

Fe2* is oxidized and it precipitates at the reaction site, replacing manganese with ferrihydrite.

This phase is also unstable and it alters to the generally more crystalline minerals of the FeOOH-

group. The presence of manganese in solution promotes a further alteration to goethite. Al-

though goethite is the most abundant ferruginous mineral in the deposit, it can be remobilized

faster than, for instance, hematite. This strong dominance of goethite over all other Fe phases is

a clea¡ indication of the continuous interaction of the minerals examined so fa¡; otherwise differ-

ent parageneses would have developed at Groote Eylandt.

Similar to iron, dissolved manganese can pafiicipate in the formation of semi-stable Mn-Si

complexes, ultimately replacing qrrartz and kaolinite, or it can be transported by pore waters to

precipitate elsewhere. Thus, new materials such as siliceous ores develop elsewhere or low-

grade Mn ores are upgraded to economically significant concentrations. The precipitation of

manganese oxides is particularly supported during the dry season, when'environments in the

deposit become more oxidizing. However, kaolinite is destabilized by dehydration and the mi-

neral breaks down, liberating hydrated silica polyme¡s and Al ions into solution. This process is

reversed once sufficient water is available in the wet season. Thus, the cycle closes and the re-

duction of iron and manganese minerals again proceeds in successive Steps.

Although this model seemingly represents a closed geochemical system, field observations

clearly demonstrate that the various processes belong to a dynamic open system with a strong

vertical component. Ores are predominantly replaced by goethite and kaolinite neil the top of thc

deposit and manganese precipitates deeper down the section. Successively, goethite is also re-

moved from higher parts of the stratigraphic section and the remaining materials are strongly
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bleached white clays. Chemical systems that a¡e almost closed form wherever porewater move-

ment is resricted to a micro-environment. Here, a balance between reduction and oxidation pro-

cesses develops, which is simila¡ to the frnal equilibrium of the kaolinite-ore-battery examined

in the experimental section (compare Fig. 7.4).

9-3 The Mangcrete Profíle

Contrary to detailed stratigraphic profiles artalyzed earlier, the following cross section is

strongly generalized to provide the geological context for the supergene manganese orebody at

Groote Eylandt (Fig. 9.2a). Enlargements of the section are used to point out secondary features

of ores and associated rocks. Additionally, the dominant direction of water movement is indi-

cated by arrows (Fig. 9.2b; Figs. 9.2 modified after Pracejus et al., 1988b).

The ore occurs as a stratiform body within an essentially undeformed sedimentary sbquence

(Fig. 9.2a). The close contact of the ore with underlying siltstones and overlying laterites illus-

trates that many parts of the deposit are exposed. to geochemical reactións associated with these

clay-rich rocks. Additionally, the siltstones below the ore form an impermeable horizon and lo-

cal groundwaters must move through the overlying ores. At Groote Eylandt, a high annual wa-

ter input through rainfall provides extremely favourable conditions for the continuous activity of
supergene alteration and enrichment processes.

Below, small sections of this profile a¡e examined individually, starting at the top and going

down successively (Fig. 9.2b). However, it should be noted that the natural mangcrete profile

does not necessarily contain all discussed features in one locality. This model combines

supergene rock types and superficially influenced rocks found in different areas of the deposit.

"Multiple profiles" occur commonly in the form of repeated cycles of mangcretes probably

caused by erosion, removal of manganese from higher horizons, and a coupled invasion of late-

ritic materials. Incomplete mangcrete sections form where local factors, such as outcropping

ores or deep burial under extensive laterites, inhibited development.

Where basement sandstones/quartzites and the orebody occur together at the surface, a man-

ganese karst is developed with massive, coarsely layered and concretionary oxidic ores (Fig.

9.2b/G; east of G-Quarry and on K-deposit). Additionally, manganese cave pearls simila¡ to
ca¡bonate cave pearls, can be found at the bottom of solution channels in the karst. Mn stalac-

tites have not been observed at Groote Eylandt but have been reported from pisolitic manganese

oxide deposits in'Western Australia (8.R. Bolton, pers. commun., 1986).

In other areas, the uppermost, unconsolidated earthy zone mainly consists of a yellow to

brown sand or a conglomerate, composed of clasts of manganese and iron oxides/hydroxides
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Fig. 9.2a: Idealized section through the Mn oxide deposit of Groote Eylandt; I. overview; II. enlarged segment; de-
tails of II. in Fig. 2b.

and sandstones (and quartzites) with sizes ranging from pebbles to cobbles. Above the deposit,

sands generally contain manganiferous spherulites and occasionally Mn concretions. Both a¡e

mainly horizontally distributed, but they also occur as fillings of sinkholes and vertical pipes

Gigs. 9.2b/A,D). Spherulitic and concretionary ores from near the surface are related to pedo-

genic processes, where evaporation and oxidation are the main controlling factors. Generally

normally graded, spherulites indicate rapid precipitation through the occurrence of many small

grains in higher parts of the profile. A slower, but probably more continubus growth in deeper

areas is depicted by fewer large grains. The same process is applicable to concretions, which

sometimes form below the spherulites. Concretions mostly show an upward oriented digital

growth.

Fafiher down the spherulitic zone grades into manganiferous laterites that display dense ce-

mentation of predominantly Mn and smaller amounts of Fe. This type of laterite often consists

of vugular material, through which water can drain reasonably quickly. The femrginous laterite

that follows, contains little or no manganese phases. Horizontal or vertical pipe structures oc-

cur throughout both types of laterite. Often, the vertical pipe systems of laterites form

subparallel columns of strongly oxidized and altered manganese ores (referred to as chocolate

II.
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ore), which are separated by bleached white clays (Fig. 9.2bß).Seen from a distance the co-

lumns clearly outline the shape of former ore bodies (5-6 m thick). Occasionally, erosion of
these bodies is indicated by strongly undulating upper contacts. The columns were produced by

mostly vertical clay pipes that developed along fractures in the ore. Infilled Fe2+-bearing kaoli-

nite reacted with the surrounding manganese phases (see redox process) and dissolved and re-

placed them with trivalent iron minerals and clays (Fig. 9.2b/B; particularly F3- and D-Quarry;

compale also Figs. 7.7 and 7.2a-c). Similar pipes appear beneath the laterites in the present
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oreMy. Development of laminar mangcretes in these pipes strongly depends on the availability
of oxygen. This secondary ore generally decreases in thickness with increasing depth. The same

reaction products, which can be recognized throughout the deposit, are found in connection
with diffuse clay impregnations or horizontally continuous clay layers and siltstones. Within the
ground water zone and at lower levels of the orebody, the dominant electro-chemical reaction

that produced the pipes, also created a boxwork of patchy relict ores and clays. Here the extent
of the process is much more visible, because these horizons pernanently contain water and re-
placement reactions are continuously active.

Elsewhere, massive mangcrete develops when primary manganese ores are replaced by

dense secondary Mn-phases, which overprint initial structures and textures (lower parts of Fig.

9.2b/D). Cemented mangcretes can grade into massive mangcretes without distinct bounda¡ies.

As mentioned earlier, cemented horizons and/or massive mangcretes a¡e often found at sedimen-

tation unit boundaries, where the cementation is usually associated with coarser grains. Sili-
ceous ores conìmonly underlie primary orebodies (Fig.9.2b/E; D-, F2-QuarÐ/, C-138). The lat-
ter ores mainly derive from supergene processes mobilizing manganese from other parts of the
section and reprecipitating the material within qtrartz sands.

At the contact between the manganese ore and underþing siltstones, hydrated iron phases of-
ten replaced primary Mn-ores, thus creating "Ëe-oolitesþisolites" (upper part of Fig.9.Zb/C:
F1-, F2-, F4-, G-Quarries). Again the first step of the redox reacúon can be recognized. The
liberated manganese then migrated and precipitated within siltstones as digital concretions or
"dendrites" (lower part of Fig.9.2blC). Reaction products, such as iron oxides, may also be re-
placed by clays, thus camouflaging the existence of former orebodies. In other places, where
only iron was available and no clays precipitated from ground waters, the replacement features

are clearly visible in pisolite grains that have been cross cut by their alteration products (Fig.

9.2b/E; Costean 138; see also Plate 3.2, Figs. 3.3c,d).

9.4 Review of Supergene Influenced Mn-Deposits

An idealized section through the orebody of Groote Eylandt was developed above to demons-
trate that specific localities within the profile consistently produce distinct ore and rock types.
Below, a few other manganese deposits of the "Non-Volcanogenic-sedimentary-Type" (Roy,
1981), which include the Groote Eylandt ores, are discussed to examine whether the same su-
pergene rock types and secondary features appear elsewhere under similar alteration conditions
(Pracejus et al., 1988b), and whether formation conditions can be generalized.

In only a relatively small number of deposits supergene ores developed directly from oxidic
minerals; in most cases residual ores are superimposed on carbonate or metamorphic rocks.
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Recent descriptions of manganese occrurences from Western Australia (8.R. Bolton, pers.

commun., 1986) and China (Pracejus, 1989) indicate that simila¡ alteration patrerns resulted in
parageneses and mangcrete profiles identical or comparable to those at Groote Eylandt. It is
worth noting that the assemblage oxidic manganese ores-goethite-kaolinite-gibbsite is very often

described in context with strong supergene/ateritic processes (Holnop, 1965; Weber, 1970;
Anderson et al., 1974; Nahon et al., 1984). This suggests that chemical redox reactions like
those discussed in Pracejus et al. (1986, 1988b) are probably very abundant and that the pro-
posed model section may be useful for other deposits.

The sequence of supergene manganese ores has many equivalents in other weathering pro-
files (e.g. calcretes, silcretes, ferricretes, bauxites and laterites) and the developing secondary

products show parallels in their physical appearance (e.g. laminar mangcrete laminar calcrete;

manganese spherulites lateritic spherulites; manganese cave pearls ca¡bonate cave pearls;

manganese karst carbonate karst). The terminology for the description of the residual manga-

nese ores therefore was kept close to that used for other rock types. Though supergene pro-
cesses occasionally overprint the initial rock so extensively that it becomes difficult to identify
primary structures, the final minerals will be, whatever their protores, pþolusite, cryptomelane,

todorokite, nsutite, and lithiophorite, plus a few rarer phases. Thus, low concentration ores are

upgraded and develop into economically interesting deposits.

9.4.1 Moanda, Gabon

According to I-eclerc and Weber (1980) the superficial manganese ores of Moanda developed
from a Mn-carbonate-bearing ca¡bonaceous black shale containing 10-20Vo mînflãnese. They
conclude that the main en¡ichment derives from drastic changes of the ground water levels and a

coupled oxidation of the shales. The richest parts of the deposit are said to have formed in situ
during the decarbonation of the shale, producing mainly manganese oxides and hydroxides in
association with minor amounts of Fe-Al-hydroxides, kaolinite and illite. In opposition ro this
more "passive" formation of supergene ore, the Groote Eylandt deposit stro,fus evidence of ver-
tical and horizontal transport of leached manganese, which leads to an upgraded ore in other ar-

eas. In Moanda remobilization produces topographicatly controlled concretionary cementation of
cryptomelane in lower parts of the deposit. Here the dissolution of manganese-bearing rocks
seems to degrade supergene rocks, which is in contrast to Groote Eylandt. Nevertheless, in
both deposits the topography is important for the control of dissolution and precipitation. Fea-

tures favoured by specific conditions themselves take part in shaping the landscape and the in-
temal structure of the deposit.

Moanda also exhibits rock types similar to some ores at Groote Eylandt. These are pisoliths
(or spheruliths?) embedded in ochreous materials. Though the pisoliths from Gabon basically
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differ in their mineralogy (alternate concentric layers of lithiophorite, gibbsite and goethite), it is

known from the present study that a selective replacement of specific minerals occurs in many

cases. Another similarity is a clay-sand/manganese unit: "This superficial horizon is leached of

manganese, but still contains some pisoli¡s5?' (Leclerc and'Weber, 1980, p.105). In Groote

Eylandt it was demonstrated that clays are important iron carriers, although the overall Fe2* con-

centration of the examined kaolinite is low (-1.77o). The redox reaction between Mn and Fe

may have worked in Moanda as well, replacing manganese oxides with clay phases.

9.4.2 Janggun Mine, South Korea

The manganese deposits at the Janggun Mine, South Korea, initially consisted of Mn ca¡bonate

ores (rhodochrosite, manganiferous dolomitic limestone). Metamorphism, hydrothermal solu-

tions, and supergene alterations later overprinted the ores. The latter process resulted in a num-

ber of superficial rocks comparable in many aspects with the mangcrete profile observed in

Groote Eylandt. Kim (1980) listed the following secondary materials:.

. Earthy zone: wad, dolomite and quartz particles, rock fragments, small manganese grains.

The last could be simila¡ to Mn-Spherulites (?).

. Network zone: Mn-oxides that fill fissures and replace the host rock (mostly carbonates).

Though this sort of pseudomorphism is fairly rare in Groote Eylandt, it can be observed in

small amounts in several areas with the replacement of quartz grains, clays and iron phases.

These replacements are not stratigraphy controlled in the Groote Eylandt deposit.

. Concretionary zone: large concretions, often with hollow centers, which sometimes are filled

with different minerals. Similar concretions, but much smaller in most cases, can be found

near the surface and below the main orebody at several places on Groote Eylandt.

. Cementation zone: Mn-oxides plus intermixed supergene carbonates. In many quarries of

Groote Eylandt parts of the orebody are also strongly cemented, but by oxides. Occasio-

nally, this cementation grades into massive ore types (see the following zone), in other cases

it is affected again by supergene dissolution processes.

. Compact zone: in the Janggun mining area this compact, massive material is developed at the

contact with rhodochrosite ore and replaces it. In contrast to this, the massive ores of Groote

Eylandt are not restricted to deeper levels and a specific protore, but finally they also replace

and overprint existing manganese-rich rocks.

. Dendritic ores and karstic features: these materials and structures indicate extensive migration

of manganese. They also occur in some areas of Groote Eylandt (e.g. in and west of G-

Quarr); K-deposit).

There are many similarities between the two deposits in terms of rock types, but because thc

initial mineralogical composition of the rocks is different and the climatic conditions are also not

the same, the reaction tracks for the formation of supergene phases differ as well. Thus, thc
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following manganese minerals reported from the Janggun deposits are absent or very rare on

Groote Eylandt: manganite, nsutite, rhodochrosite, manganocalcite, janggunite, birnessite,

braunite, hausmannite. Minerals common to both deposits are cryptomelane, pyrolusite and to-

dorokite.

9.4.3 Nikopol / Chiatura, US^SR

The sedimentological characteristics and the develbpment of the giant manganese deposits at

Nikopol and Chiatura are described by Varentsov and Rakhmanov (1980). The formation of the

two deposits is said to be very similar. The ores contain primary oxides and and carbonates,

both as oolites/pisolites, and a massive matrix. Gryaznov and Danilov (1980) suggested a trans-

formation of the primary manganese hydroxides to Mn- carbonates under reducing conditions.

From these initial rocks, supergene hydrated Mn oxides and Fe oxyhydroxides formed se-

condary ores, all of which can be seen in the Groote Eylandt deposit,.with the exception of la-

minated ores which inherited their stn¡cture from carbonates. Manganese impregnation and ce-

mentation occur as colloform, concentric and partly very fine grained masses in sandstones and

underlying rocks. Additionally, massive or e¿ìrthy ores, sintered films, and concretions can be

observed. Similar to some of the Groote Eylandt ores, the colloform (laminar) material consists

mainly of romanechite (psilomelane). Some authors (Stanaway et al., 1978) attribute the greater

abundance of romanechite over pyrolusite in supergene mineralizations to the availability of ba¡-

ium. 'Whenever manganese hydroxides precipitate in the presence of Ba, the colloidal Mn-

phases strongly adsorb Ba to build a crystal stmcture with increased stability.

The coincident appearance of green silts and clays 1Fe2+-bearing), manganese oxides and an

intermediate reaction horizon containing iron oxides/hydroxides (brown, F.3*) indicates the

existence of the same redox reactions described ea¡lier from Groote Eylandt. Also the replace-

ment of oxidic manganese ores by clays is very typical for this sort of reaçtion (Varentsov and

Rakhmanov, 1980).

9.4.4 Úrkút Basin, Hungary

Similar to many other manganese deposits, the ores in the Urkút basin initially consisted mainly

of rhodochrosite and manganocalcite with possibly smaller amounts of additional primary

oxides in the northern part of the basin (Szabó and Grasselly, 1980; Grasselly and Pantó,

1988). Since the deposit contains many sulfides, such as pyrite, the development of secondary

oxide ores is certainly much different to those previously discussed. The weathering of pyrite
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releases SOI--ions into solution, which, in addition to HCOã from carbonates, strongly

influence geochemical conditions and mineral solubilities through EVpH variations.

However, the final products show some of the characteristics recognized in Groote Eylandt.

Szabó and Grasselly (1980) describe nodular (concretionary?) and blocky (massive?) oxidic

ores in lower parts of the deposit. These developed from ca¡bonates that dissolved in higher ho-

rizons. Manganese dend¡ites in underlying rocks were also observed. All these features are di-

rect indicators for the mobilization of Mn, but thç assemblage of manganite, pyrolusite, crypto-

melane and nsutite in the secondary ores clearly points to different conditions during

precipitation (Zwicker et al., 1962). Layered (laminar) manganese oxides in the Úrkút deposits

resulted from in situ oxidation of primary carbonates and they are most probably not compa-

rable to the laminar mangcrete in pipe systoms at Groote Eylandt.

'Whether dissolution factors other than strongly acidic sulfurous rwaters are relevant for the

production of supergene ores cannot be decided here. Nevertheless, the existence of grêen clays

1Fe2*-bearing?) and goethitic materials could indicate the presence of redox-reactions between

iron and manganese. A remobilization of manganese due to such proc'esses might occur at least

on a small scale. Again, the secondary manganese profile here and in Groote Eylandt is similar

in some aspects of the geology, but not in the mineralogy of the residual manganese ores.

9.4.5 General Comparison of Supergene Products in Different Areas

When allthe information about supergene ores and rocks from the discussed localities are con-

sidered, the following comparison emerges (Table 9.1). Supergene reaction products and redox

partners described from Groote Eylandt can be detected in most other deposits. Concretionary

ores, laminar and massive mangcrete, and manganiferous dendrites are commonly found in

many places. Spherulites seem to be restricted to nopical and sub-tropical deposits, and only the

cemented mangcrete is restricted to Groote Eylandt and the Janggun deposits, although the ma-

terials are not directly comparable. It is very interesting to see that kaolinitic clays and iron

oxides/oxyhydroxides are nearly always associated with supergene ores. Obviously, they play a

role in the formation of superficial manganese ores and minerals which is far more important

than was assumed before.
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Tsble 9.1: Comparison of supergene msnganese products from different localities' (after Pracejus et al., l9S8b).

Supergene ores/rocks Localities

22r

Groote Eylandt
Ausfalia

Mærda
Gabon

Úrkrit Basin
Hungary

Janggun,
S-Korea

NikopoVChiatura
USSR

Spherulites
Concretions
Massive mangcretes
I-amina¡ mangcretes
Digiøl concretions
Cemented nungcretes

x
x

x
x
x
x
x
x

x
x

x?

x
(x)

n.d.
n.d-
n.d.

n.d.
(x)
(x)
(x)
x

n.d.

n.d.
x
x
x

n.d.
n.d.

x?

x
x

n.d.
x
x

n.d.
n.d.

x
x

Clays
Feoúdesþxyhydroxides

'Clays and Fe-oxides/oxyhydroxides are mentiond for thei¡ relevance in supergene processes at Groote Eylandr;
"n.d. = not described.

9.5 Díscussíon

The genetic model above illustrates that many of the supergene processes are interdependent and

that the resulting secondary materials effectively control the destruction or formation of asso-

ciated phases. The best example for this dependence is the promotion of goethite development

by the presence of dissolved Mn. If for instance the precipitation of minerals such as hematite

were supported instead, redox reactions between Fe and Mn would certainly be less prevailing
in the deposit, because less i¡on would be available from a reduction of the more stable hema-

tite. With sufficient time, this process might cease or only work at insignificant levels. Thus, a

deposit similar to Groote Eylandt but which lacks one of the main reaction parrners (e.g. kaoli-
nite), thus inhibiting any of the necessary processes, is unlikely to develop prominent supergene

units.

As most of these residual ores and rocks are bound to specific geological positions, it is pos-

sible to generalize the description of va¡ious superhcial features and materials. In some aspects,

the supergene mangcrete profile recognized in this study also seems to be applicable to other de-

posits. Though elsewhere protores and dissolution processes can be totally different, for in-
stance Mn ca¡bonates being leached with sulfuric acid, the final products are partly simila¡ to rhe

secondary ores described from Groote Eylandt. The mangcrete model should, therefore, be ap-

plicable to a wide variety of other manganese deposits with necessary arlaptations to additional
mobilization processes.

x
x
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L0. Résumé and Conclusions

The stratigraphy of the Groote Eyladt manganese oxide deposit exhibits both clearly defined

and gradational supergene ore and rock units. Generally, these materials occur as sub-

horizontal layers extending over tens to hundreds of meters. V/hen in contact with clay-rich

horizons, Mn ores tend to be replaced by femrginous phases and,/or clay minerals. This re-

placement is particularly prominent at the top and at the base of the orebody. A cementation

of ores by secondary manganese oxides of the main orebody commonly develops at grain-

size or unit boundaries.

Petrological and mineralogical examinations indicate a relatively small number of minerals

representing the butk of ores and associated rocks. Pyrolusite and cryptomelane are by far

the most common manganese oxides, followed by small amounts of todorokite and roma-

nechite. Similarly, kaolinite and goethite dominate the gangue minerals. Quartz and additio-

nal clay phases are generally less important within the deposit, although quartzite forms the

basement. The dominance of specific minerals in defined stratigraphic positions (e.g. todo-

rokite or cryptomelane near the surface) points to a selective geochemi-cal environment that

supports the development of these minerals in dependence on the concentration of oxygen or

organic compounds. Additionally, many of the typical parageneses directly depend on the

presence of particular precursors. Goethite, for instance , predominantly replaces manganese

oxides, and goerhite itself is replaced by kaolinite. Thus, the paragenesis of Mn minerals,

goethite, and kaolinite is common in the deposit.

Major, minor, and trace element analyses of ore and rock samples show a strong differentia-

tion of most elements within the stratigraphic section. Generally, the elements decrease with

increasing depth, although some initially increase downwards before the trends reverses.

The Rare Earth Elements possess particularly marked variations reflecting enrichment

o
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processes in higher horizons.

A normative method has been developed to assist in the mineralogical quantification of very

complex supergene ore and rock samples. The technique demonstrates that secondary units

can be traced over at least hundreds of meters and that similar units develop on different li-
thologies. Individual noÍn minerals also possess a good correlation with specific trace ele-

ments. Additionally, the abundance of various minerals can be used to determine genetic as-

pects of the respective materials. A prominent example is the development of cryptomelane

in association with kaolinite. The application of the norm on microbial reductionÂeaching

processes showed that the thermodynamically most stable Mn oxides a¡e broken down later

than less stable minerals, which is in contrast to some other reduction processes (see redox

reaction). Initial correlations of normative mineralogy and battery-activity of ore samples

also indicate that it is possible to determine the electric potential of such materials. Thus, the

technique seems to be useful for a wide range of geological and mineralogical applications.

The analysis of water samples demonstrates a mobilization of many elements from the de-

posit. The fact that manganese occurs in all examined water types during all seasons is evi-

dence for a continuous Mn reduction in the orebody. Thus, supergene ores are forming at

present. Since the climatic conditions were c.omparable over relatively long geological times,

it is certain that the supergene overprint of the deposit was active for prolonged time spans.

This is supported by determination of cryptomelane-ages that a¡e less than half the age of the

deposit (<41 Ma compared with -95 Ma).

Experimental work on a redox process between Mn and Fe operating in the Groote Eylandt

manganese deposit duplicated the reaction under controlled laboratory conditiorfs. The me-

chanism causes the reduction of tetravalent manganese oxides and the replacement of manga-

nese by trivalent iron phases. Because such replacements are common in the field, it is pos-

sible to state that the destruction of manganese minerals and the formation of iron phases is

strongly interdependent.

The above mentioned reaction was determined to be the main process for the reduction of

manganese oxides in the deposit. Other mechanisms leading to the mobilization of Mn are of

subordinate nature, although processes such as microbial leaching or inorganic Eh/pH varia-

tions are not discounted entirely. However, without a continuous supply of divalent iron,

the redox reactions does not work unintemrpted. Therefore, other reactions must be coupled

to provide sufficient Fe. Such mechanisms are for instance found in the formation of kaoli-

nite, which causes a partial reduction and mobilization of goethite. The development or des-

truction of kaolinite on the other hand are both strongly dependent on the seasonal availa-

bility of water. Other inorganic and organic reactions are also impossible in the absence of
water and thus, the climatic variations are finally responsible for all supergene process.



10. Résumé and Conclusions

It was demonstrated that manganese deposits elsewhere show supergene products compara-

ble to those at Groote Eylandt, although the geological history of these deposits is different

to ttre geochemical environment examined in this study. Therefore, the "Mangcrete Model" is

suggested as an initial idea for more elaborate future models that incorporate mobilization

and precipitation mechanisms adjusted to local or global conditions.
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Appendix I. AI.-1

Appendix I.

1 Rock Samples

1.1 Samplíng Techníque

Selected Locations of the Groote Eylandt manganese deposit were stratigraphically logged (see

chapter 2) and sampled, beginning at the base of the section to avoid contamination from overly-

ing materials. Sampling intervals of uniform ores were approximately 20 - 40cm, more complex

parts of the orebody \ilere sampled at3 - 20cm apart. Sub-samples were taken, where neces-

sary, to show local mineralogical and petrological variations.

1.2 Equípment and Sample Preparation

Massive and hard materials were broken into chips of a few cm3 with a hand-operated jaw

breaker. The instrument was thoroughly cleaned after each sample to prevent contamination

from previous material. Soft ores and rocks and crushed chips were ground to a fine powder in

a tungsten carbide mill (inner Ø - l1cm). Depending on the sample type, the mill was cleaned 5

- 10 times with quartz sand ground to powder and washed with ethanol. Larger samples were

then quartered in a sample divider until the remaining sample was reduced to 100 - 2009, small

samples were totally retained.



Appendix L

1.3 Rock Analyses

1.3.1 X-Ray Fluorescence (XRF)

I .3.1.1 Analytical Background

AT.-2

Fused samples or pressed mineral powders are iradiated with X-rays. Elements pressnt in the

sample a¡e excited to emit a radiation with an element-specihc wavelength. This wavelength to-

gether with the respective intensity of the line allow the measurement of a large number of ele-

ments.

1 .3.1.2 Equipment

A Siemens SRS-1 X-ray Fluorescence instrument at the Department of Geology and Geophy-

sics, Adelaide University, was used to analyse 100 ore and rock samples for trace elements (As,

Mo, Pb, Sc, Th, U, W). All major and minor elements were determined in the qualiiy control

laboratory of GEMCO, Groote Eylandt (Philips, PW 1410).

I .3.1 .3 Sample Preparationfor Pressed Powder Buttons

5 drops of PVA-solution were added to 2.5 g of the powdered sample and mixed for some mi-

nutes. The sample was then filled into a plastic cylinder and pressed by hand into a preliminary

tablet. This tablet was transfened to a steel cylinder with a slightly larger diameter. The empty

space between sample and cylinder wall was filled with boric acid (H3BO3). The button is final-

ly pressed for some minutes under a pressure of about 50,OOO kPa (=Tggg lb/inch2).

I .3 .I .4 Sample Preparation for Fusion Beads (GEMCO, 1984 )

Dried lithium tetraborate (Li2BaO1;69) is mixed thoroughly with 0.600010.0005 g of pow-

dered sample, transferred to a Pt crucible, and fused at 1200oC for 12 minutes in a muffle fur-

nace. The sample is stirred intermittently at about 4 and 8 minutes. Successively, the melt is

poured into a pre-heated mould and removed from the oven. After the glass bead has cooled, the

sample can be analyzeÅ.
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1.3.2 X-Ray Diffraction (XRD)

I .3.2.1 Analytical Background

AI. 3

Randomly oriented mineral grains (powder) a¡e irradiated with X-rays, which a¡e reflected at

the lattice of the examined phases. The reflection angle and the peak intensity are mineral-

specific and through the Bragg equation (n*À = 2d*sint)) the d-spacings of the mineral is ob-

tained. Tabulated phase data (e.g. ASTM) allow the comparison and identification of the sample

spectrum (Liebhafsky and Pfeiffer, I97l).

I .3.2.2 Equipment and Sample Prepara.tion

Most samples were analyzed with a Philips diffractometer (PW l3l0) at the Department of Ge-

ology, La Trobe University, Melbourne, using both CuÇ and CoKo tubes. Additionalpatterns

were recorded with a Philips diffractometer (PW1050) at the Department of Geology and Geo-

physics, Adelaide University, where CoKo radiation was used.

The sample is ground by hand in a agate mortil until it is finely powdered. A small amount is

then mixed with methanol, mixed, and poured onto a glass sample holder, to produce a f,rne

coating of the holder. This procedure was applied to all samples to allow direct spectra compari-

son of small sub-samples with larger samples.

1 .3.3 Fourier Transþrm Infrared Spectroscopy (FTIR)

1 .3.3.1 Analytical Background

For about twenty years Infrared (IR) Spectroscopy has been used for the cha¡acterization of

both organic and inorganic compounds. Though this method was mainly applied to organic ma-

terials (Fredericks et al., 1983), minerals have been analyzed increasingly over the last few

years. Fourier Transform Spectroscopy is a time dependent technique which analyzes the whole

spectrum together. It has improved the initial method dramatically in its resolution and in con-

trast to X-ray diffraction (XRD), it provides a good tool for poorly crystalline or amorphous

phases (e.g. complex manganese oxides; Potter and Rossman,1979), because it does not de-

pend on the presence of reasonably well ordered structures. Instead, the IR absorption of the

sample produces spectra which contain information about oscillations of chemical bonds and

about atoms that are present in the sample. Thus, additional information about hydroxyl groups,

structural water, etc. can be obtained.
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1.3.3.2 Equipment and Method (Fysh and Fredericks, 1983)

AI. 4

FTIR analyses were made at the Central Resea¡ch Laboratories (CRL) of B.H.P.Co.Ltd. in

Newcastle. The spectra were produced with a Nicolet MX-IE FIIR spectrometer equipped with

a Nicolet 12005 data processing terminal. The instrument is continually purged with dry nitro-

gen and is internally referenced to a He-Ne laser (632.8 nm), thus requiring no external calibra-

tion.

The applied method of transmitting the sample with laser light obeys Lambert-Beer's Law,

which states that the absorption is proportional to the sample concentration (E = ecdl Näser,

1974).It must be noted that this law is only valid for strongly diluted samples. The diluting me-

dium, caesium iodide, is transparent for IR over the whole analyzedrange of wavelengths (À =

50-4000). Nevertheless, it produces a spectrum which is subtracted automatically to give a true

sample spectrum.

I .3.3.3 Sample Preparation

Exactly 2 mg of the sample are finely ground (1ZOp¡ in an agate mill, added to 450 mg of high

puriry caesium iodide (CsI from Merck, 99.5Vo) and placed in the agate vessel of a small vibra-

rory mill. After 2 minutes two pellets each weighing 200 + I mg are pressed in a die (Ø 13 mm¡

with a load of approximately 9 tons for 1 minute. To minimize the analytical error which can de-

velop from the small sample size and possible inhomogeneties of the mixtute, normally two pel-

lets are prepared and analyzed.

1 .3.3.4 Further Computerized Handling

The digital form and the high accuracy of the data make it suitable for furtheqcomputerized ma-

nipulations, like subtraction and addition of mineral spectra (evaluation of quantities) or curve

differentiation. Also, CRL has developed a method which presently is used for the quality con-

trol of processed ores and other materials (CIRCOM = Çomputerizedlnfra{ed Characterization

qf Materials). Here, the FTIR analysis in connection with CIRCOM provides chemical analyses

as well. Unfortunately, this technique cannot be applied at the moment to most of the samples

that were examined in this thesis, because they contained a number of different minerals (Mn-,

Fe-ores, clays) that obscure the sample spectrum.



Appendix I.

1 .3.4 Inductive Coupled Plasma Spectrometry (ICP )

I .3 .4.1 Analytical Background

AI. 5

The technique is based on the excitation of atoms from the dissolved sample in a plasma. The

resulting light spectrum is analyzed at wavelengths which show little or no interferences from

neighboring peaks. Inductive Coupled Plasma Analysis offers a range of advantages over other

methods. It is normally considered to have less matrix effects than other emission techniques

(e.g. X-Ray Fluorescence or Atomic Absorption Spectrometry) and it is highly sensitive for the

detection of trace elements, especially for those with low atomic numbers. This leads to im-

proved accuracy, speed of analysis, easier sample preparation and decreases dilution problems.

Computer manipulation further helps in the interpretation, because it is possible to view the

spectrum of a specif,rc sample and to identify overlapping lines for various elements.

1.3.4.2 Equipment and Method

365 rock samples were analyzedby a sequential ICP (ARL 3520) at the School of Earth Scien-

ces at Flinders University (Adelaide). An inert Ar atmosphere is used to prevent sample oxida-

tion and ionization effects. The argon itself is ionized in the induction coil of a high frequency

generator and ignited by Tesla sparks. The sample solution is nebulized and introduced into the

center of the flame. The high temperatures of the plasma (>8000"C) result in the excitation of

sample atoms, which emit element specific spectra. The intensities depend on the concentrations

of the va¡ious elements.

Since most of the manganese oxides were expected to contain relatively high Trace Element

(TE) and Rare Earth Element (REE) concentrations (previous neutron activation analyses for in-

srance showed Ce levels of up to 250 ppm), it was possible to analyze the ores directly by In-

ductive Coupled Plasma Spectroscopy (ICP), after a simple dissolution technique and without

pre-concentration in ion exchange columns. TEs and REEs were not separated from the major

matrix elements (Mn, Fe, Al).

The insnument was calibrated with USGS standards (Nod-A-l and Nod-P-l; Flanagan and

Gottfried, 1980), single element standards, and mixed standards, which were prepared to simu-

late the matrix of the various ore types and gangue nrinerals. Another standa¡d contained a com-

bination of both manganese and iron concentrations equivalent to 60 Vo of the respective ele-

ment, alumina equivalent to 3O Vo, and the TEs/REEs with the highest expected concentrations.

Results of an Instrumental Neutron Activation Analysis of 8 samples (INAA; Australian Na-

tional University, Canberra) were also used in the development of the the final calibration

curves. Because of strong spectral interference from manganese and iron, all element peaks

were scanned to identify possible interferences from neighbouring peaks. Different analytical
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channels were selected in cases where associated lines seemed to dominate, matrix corrections

were applied for peaks with less interference. Subsequently, REE concentrations were normal-

ized against European shales Qlaskin and Haskin, 1966) to allow direct comparison with pu-

blished data.

I .3.4.3 Calibration Standards

Table I.l: Artificial standa¡ds prepared to simulate various natural samples ([ppm]; a-d: Mn ores; e: clay; f: Fe ore; Hi-
mix: mixture containing maximum elcment concentrations; Lomix (not shown): distilled water); all concentrations

equal to samples with a dilution factor of 100.

Element f Himixedcba

AI

B

Ba

Ca

Ce

Co

Cr

Cu

E¡

Fe

Gd

K

TÂ

Li

Mg

Mn

Na

l\¡d

Ni

P

Sm

Sr

Ti

v

Yb

Zn

7l

0

7

500

20

2

5

2

4

0.1

0

0.05

350

1.5

0

80

6000

30

I

2.5

0

0.5

100

1

l5

0.1

6

0.5

500

6

200

l0

I

2

1

3

0.08

100

0.2

150

I

0.05

40

5000

20

0.5

2

5

0.4

50

l0

l0

0.08

4

I

1000

5

50

5

0.5

1

0,5

7

0.06

500

0.4

50

0.5

0.1

l0

4000

l0

0.1

1.5

10

0.3

l0

50

5

0.06

a

I

l 500

5

5

I

0,1

0.5

0.1

I

0.04

1 000

0.ó

5

0.1

0.15

I

3000

5

0.05

I

20

0.2

I

100

2.5

0.04

I

1.5

3000

I

0.5

0.1

0.2

0.1

0.5

0.1

0.02

0

0.6

0.1

0.25

0.3

0.1

0

l0

0.1

0.3

0

0.05

0.1

200

I

0.02

0.1

2.5

500

l7

50

0.1

I

0.5

1

I

0.06

6000

1.5

0.5

0.25

0.15

0.1

0

10

0.5

4

60

0.3

0.1

50

l0

0.1

3

I

3000

l7

2

3

2

4

0.1

6000

1.5

1.5

ó000

I

4

60

0.5

100

l5

0.1

6

2.5
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I .3.4.4 Calibration Curves

Table I.2: Equations for ICP calibration curves

AI. 7

Element Calibration Cun¿e

B

Ce (Mn)

Ce (Fe)

Ce

Co

Cr

Cu

Eu

Gd

l-,2

l.¡d

Ni

IF(Inrensiry<3.g I ,0, (4.8349-4.1 877*Intensi ry+0.7 8 ó',*Inrensiry2-0.005 I *Intensity3)/weigtrt)

IF(Intensity< 150.9,0,(-30 3.377 6+2.2821*Intensity-0.0018*Intenslty2)/Welgtrt)

IF(Inrensiry< 15 7.4S,0,(- l3 8 +0.87 63 *Intensity)/IVeight)

IF(Fe<15,Ce (Mn),Ce (Fe))

IF(Intensity<2.39,0,(-19.3 47 +8.0932*lntensity)/lVei ght)

(1.4092+3 .9 28 1 
* Intensity+0. 7 I 3 ? * Intenri ty 

2¡lW 
"i 

ght

(0. 5 279 +0.05 3 I *Intensi ty )/lVei tht

IF(Inrensiry< 123,0,(- 12. 18 8 7+0. 105 8 *Inrensity-0.0000543 6*Intensity2)nv"igtrt)

IF(Intensity< 127 -25,O,(-27 .8057 +Q.227 8*Intensity-0.00007285*Intensity2)ÄVeight)

IF(Intensity< lg2.l,o,(-12.382+0.0518*Intensity+0.00006586*Intensity2¡¡weight¡

IF(Intensitycl9l.65,0,(-48.9626+0.24t7*Int.+0.00007191*Intensityt)/W'"igtt)

IF(Intensiry< =24.43,0.730g -L3279*Inr.+0.199 6*Inrensiry2+0.0066*Intensity3,- 104,8052+1 I.5594

*Intens ity-0.0009 502* Intensity2)

IF(Inrensiry<3.5g74,0,(8.8 151-32.1877*tnr.+A.OS95*Inrensity2-0.1092*Intensity')/w"igttt)

IF(Intensity< I 03.07,0, (-46 .3545 +0.4497 *Intensity )/Weight)

IF(Intensity< 231.48,0,(-141.6986+0.615 8*Intensity-0.00001579*Intensity2)/Weight)

IF(Intensity<g.S2,0, (- 1 .5 619+0.0185 *In rensity +0.01 82*Intensity2-0.0000241*Intensity3)/weight¡

IF(Intensity< I 8 9. 5,0, ( -3 .0 I 3 5+0. 0 1 5 9 * Intens i ty )ÄVe i ght)

(27 .8 83 9+ l.0524* Intensity-0.0002018 *Intensity2)¡lVeight

IF(Intensity< 6.42,0,(-4.3g23+0.6395*Intensity+0.0072*Inrensiry2-0.00002096*Intensity3)¡lVeight)

P

Sm

Sr

v
Yb

Zn

7r
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I .3.4.5 Instrument Setting

Table I.3: Analytical Insftunent Settings of ICP.

AI. 8

Channel Number Brfval 'Wavelength Sp. Ord. H. Voltage Bgrd Corr., l. Bgrd Corr., r

B1

Ce4

Col

Crl

Cu2

Eu1

Gd2

La2

Ndl

Ni3

PI

Sml

Sr2

vl
Yb1

7f,1 |

7n3

Zf,2

tL2

257

133

135

139

144

r54

t71

188

19r

t93

220

224

244

250

25L

253

255

18 2.58 9

413.3 8 0

228.6t6

205.552

324.754

381.965

342.247

39 8.85 2

430.357

23t.604

77 8.287

359.260

407 .771

290.881

328.937

202.551

213.856

343.823

127

t27

r27

t27

li0
t27

r27

L27

L27

r2'7

t27

127

80

110

727

r27

r27

110

0.00000

160.738

2.64000

2.20000

0.00000

135.600

r08.600

0.00000

0.00000

0.00000

2.61490

t04.584

0.00000

0.00000

0.00000

2.65104

0.00000

14.900r

3

I
3

J

a

2

1

1

1

2

3

2

1

t

2

3

J

2

0.0320

0.0110

-0.0083

0.0190

-0.0230

0.0202

0.0240

0.0118

0.0444

-0.0390

-0.01l0

0.0077

-0.0190

0.0000

-0.0194

-0.03 80

-0.0277

-0.055 6

I .3.4.6 Sample Preparation

Powdered ore samples (1g) were digested in a teflon beaker with 5 drops of HCIO4 and l0 ml

HF and dried on a hot plate to break down clay minerals and to drive off all silica. Five addi-

tional drops of HCIO4 were added and the samples were dded again. Residues were dissolved

10 ml HCl, heated, diluted with -20 ml distilled water, and kept hot until they were transferred

to a 100 ml flask for the final dilution (1:100). This procedure prevented the fbrmation of co-

lourless precipitates occasionally produced by Fe-rich samples when the solutions came in con-

tact with the cold flasks.
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I .3.5 Atomic Absorption

I .3.5.1 Analytical Background

AI.-9

This technique uses the spectral interference of light of a specified wavelength from a lamp with

light emitted from vapourized and heated atoms. Sample atoms act as a filter by absorbing the

light from the lamp.

1 .3.5.2 Equipment and. Method

365 ore and rock samples were analyzed by AA (Perkin Elmer, model 5000) in the quality con-

trol laboratory of GEMCO, Groote Eylandt. The dissolved sample is nebulized and passed

through a flame where the ionic species are reduced to their atomic states (Butler and Kokot,

I97I). The temperature of the flame is kept sufficiently low to prevent the formation of ionic

states; too high temperatures significantly decrease the detection limit of the respective elements.

Light with a wavelength characteristic for the element to analyze illuminates the atomic vapour

and the light is partially absorbed by the excited element. The overall decrease in intensity of the

analytical wavelength is measured by a photo-spectrometer.

1.3.5.3 Sample Preparation (GEMCO, 1984)

Powdered and dried ore samples (0.100010.00059) are dissolved in 5ml of concentrated HCl.

The sample is boiled until the ore is dissolved. After cooling the solution is transferred to a vol-

umetric flask, 20ml of KCI (2 weight Vo) are added as ionization buffer, and this mixture is di-

luted with distilled water (1:1000). This procedure prepares the sample for Na2O and MgO ana-

lysis.

I .3.6 K/Ar-Age Determinations

1 .3.6.1 Analytical Background

The analyses that were carried out were part of an investigation to identify primary manganese

oxides in the deposit and to see, whether it was possible to determine the age with a IVAr me-

thod. Normally, minerals like glauconite which contains potassium, can easily be analyzed by

this technique, but the behavior of K-carrying manganese phases (preferably cryptomelane) was

not known. Though this work was of experimental nature, it will be assumed that the samples

behaved simila¡ to other minerals which are used conventionally. The samples also were ana-

lyzed by X-Ray Diffraction to identify the cryptomelane and to exclude detrital K-bearing mine-

rals.
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I .3.6.2 Equipment, Sample Preparation and Method

AI. 10

The samples were analyzed by AMDEL (Service Reports, 1985 and 1986). First they were

crushed and a -36+72 B.S. mesh (-0.42+O.21.mm) fraction was screened out for analysis. Ar-

gon was extracted by fusion under vacuum following a degassing bake-out at 180oC. This re-

moves most of the adsorbed atmospheric argon from the sample without interfering with radio-

genic Ar. The reports state that significant amounts of radiogenic Ara0 were detected which can

be di stin gu i shed from atmo spheric contamin ation.

2 Water Samples

2.1 Sampling

2.1 .I Equtpment

The waters were collected with a syringe (50 rnl) and filtered through a micro filter, cohtained in

a Micro-Syringe 25 mm Filter Holder with Luer Inlet (Millipore Pty. LTD.). The filter material

had a pore size o10.22¡t,. Samples for ICP- and Cl-analysis were stored in polyethylene bottles,

samples for organic carbon determinations were kept in glass bottles and covered with Al-lined

caps. The polyethylene bottles were soaked in concentrated HCI for approximately 2 weeks to

eliminate the possibility of sample contamination from the bottle walls.

For the collection of borehole waters a sampler was built in the Department of Geology and

Geophysics, Adelaide University, in close resemblance to that one developed by Dr. A. Giblin,

Division of Mineralogy, Institute of Energy and Earth Resources, CSIRO Sydney. It basically

consists of a plastic cylinder (-50 cm long, Ø 4 cm) with with a screw top and a one way valve

on each end, where the water can only pass when the sampler is lowered.

2.1 .2 Sampling Procedures

The va¡ious waters were taken from a number of localities on Groote Eylandt under different

sampling conditions (e.g. availability of organic macro molecules, amount of particulates).

Thus, it was necessary to obtain a basis for comparison. This was done by applying a standard

procedure for each sample. The procedure includes collection, preservation and field tests. The

sampling was done with a syringe that was rinsed three times with the water from the location,

where it was taken. Then the sample was passed through the filter to prevent polution by partic-

ulates or coarser solids. The samples for the ICP were acidified with approximately I ml con-

centrated HNO3, samples collected for organic carbon determinations were acidified with 10

drops of concentrated HCl. Additionally, untreated waters were collected for chlorine analysis.
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Waters \r/ere also taken from a number of new boreholes, where it was attempted to sample

approximately from the middle of the orebody. Thus, the samples were expected to resemble

those springs deriving from ores. Once obtained, further treatrnent was the same as above.

2.2 Field Tests

2.2.1 Temperature

For pH-measurements and oxygen determinations it was necessary to know the exact tempera-

tures of the sampled waters. Therefore a laboratory thermometer (-10 to 40oC) was used.

2.2.2 pH

The pH was measured with a portable pH-meter (Watson Victor 5003) and a glass electrode

was used. The meter was standardized against two buffer solutions (pH a and 7) in the labora-

tory and recalibrated in the field for temperature and against one buffer (pH 7).

2.2.3 Flux Rate of Springs and Seepages

The flux rate was determined, where possible, by collecting the water in a 500 ml beaker and

measuring the time to fill the vessel. This was repeated 5 times to obtain an average value. The

result is expressed in t/min.

2.2.4 Total Manganese

2.2.4.1 Analytical B ackground

The colorimetric determination of manganese is based on the formation of a red-brown complex

of Mn with formaldoxime (Hofmann and Erhardt, 1913), after an initial addition of an alkaline

masking solution. Complexes of accompanying metals such as Co or Ni, formed despite mas-

king are selectively destroyed afterwards by a reducing Titriplex@ solution. This method offers

an increased reproducibility and higher sensitivity, when compared with the well-established

colorimetric determination of manganese as permanganate. The only limitation seems to be the

use of the test for sea waters which together with the color complex produce colorless precipi-

tates. These could theoretically be filtered out, but it is not known whether the reaction is also

affected.
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2.2.4.2 Method and Equipment (Merck information leaflets, manganese)

To determine the total a¡¡ount of manganese transported in the waters (Mn*; including dissolved

Mn2*, compounds adsorbed on organic macrq molecules, and particulates), a field test kit was

used (Merck; Aquaquant@ ru406 Manganese). The two test vessels were rinsed three times

with the test solution, the chemicals were added to one of the tubes and after a final reaction time

of five minutes the colour of the solution was compared against a colour chart and the solution

without chemicals to compensate for its own colour.

Since these samples could not be filtered, it was always attempted to get waters as clean as

possible. In some cases small particles changed the result to higher values, but normally this

could be detected, because they settled down fast and a reaction halo built up around them.

Those waters were rested again. The detection limit for this test kit is approximately 0.03 ppm

Mn. Occasionally, the measured concentrations were higher than the upper limit of the test kit.

In such cases the test solutions we¡e dilutedto 507o with distilled water. \ù/hen necessary, the

dilution was repeared. The sensitivity of the test kit was tested in the laboratory against ICP

analysis, with a setting similar to field conditions, and it showed only an error of approximately

lTTo after an 8Ofold dilution of the initial solution. This includes the dilution error, which is

most probably much larger than the analytical elror.

2.2.5 Total lron

2.2.5.1 Analytical Background

A similar colorimetric method was used for the determination of iron. The red to blue-violet col-

or of the solution is produced by the reaction of iron with an ¿ìromatic compound. In this region

of the spectrum the human eye is most sensitive. A reagent, which contains ammonium thiogly-

colate, is added to the water sample. This mineralizes weak iron complexes, reduces trivalent

iron, while at the same time, acting as a buffer. This procedure is essentiaLbecause the main re-

agent Ferrospectral@ reacts only with divalent iron. Sea waters, when in contact with the chemi-

cals, also produce colorless precipitates (see manganese) and it is not known, if there is any in-

terference with the iron.

2-2.5.2 Method and Equipment (Merck information leaflets, iron)

As already mentioned for manganese, iron can be transported in aquatic systems in a number of

conditions, therefore total iron (Fe* in tables and plots) must be determined additionally. A field

test kit was used (Merck; Aquaquant@ t+¿O¡ Iron). The same technical procedure as for
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manganese is applied.

2 .2 .6 Ory gen-saturation

2.2.6.1 Analytical Background

The method used in this field test is based on the Winkler titration. Divalent manganese reaéts in

an alkaline medium with the dissolved oxygen and it is oxidized to Mn hydroxides with higher

valencies. After acidification trivalent Mn ions are formed which are able to oxidize iodide ions

to elementary iodine. During this reaction, an amount of iodine equivalent to the dissolved oxy-

gen is liberated and this is titrated against sodium thiosulfate ( Na2S2O3). Most oxidizing and

reducing substances (like organics, higher valent Mn, Fe, sulfide and sulfite ions) can interfere

with the reaction, but as the sampled waters in most cases are very pure, the resulting error is

expected to be relatively small.

2.2.6.2 Method and Equipment (Merck information leaflets, orygen)

A test kit (Merck, Aquamerck@ 11107) was used. The test vessel is rinsed three times with the

water to be measured, then the solution is conditioned fo¡ the titration with four different rea-

gents. The developing blue complex is titrated until it disappears. It is essential to know the tem-

perature of the water to calculate the oxygen saturation on which all samples can be compared,

because oxygen concentrations depend strongly on the temperature (Truesdale et al., 1955). The

detection limit is approximately 0.2 ppm Oz. Every three months field tests are made by

GEMCO and samples were taken for further analysis. Sample sets were taken in MayÆune

1985, September 1985, January 1986, September 1986.

2.3 Laboratory Analyses

2.3.1 Chlorine

Chlorine was first determined with a chloride sensitive electrode (June 1985) and an Orion Eh/

pH meter was used. The read out was in mV. The Cl-concentration'was taken from a calibration

curve. Since September 1985 samples are analyzed in the chemical laboratory of GEMCO with

an AgNO3-titration.
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2.3.2 Total Organic Carbon (fOC)

2.3.2.1 Application of TOC

AI. - 14

Very little is known about the interaction between organic matter and major elements like iron

and manganese in the waters from the deposits of Groote Eylandt. A number of publications in-

dicate that in contrast to iron manganese does not seem to undergo a strong bonding with organ-

ics. It was part of the study to investigate the conditions in the examined a¡ea.

2.3 .2.2 Equipment and Method (S),bron/Barnstead, Instruction Manual for the
P IIOTO c hemrM O r g anic C arbon Anallt zs7 ¡

The water samples were examined at Chisholm College in Melbourne with a Barnstead PHO-

TOchemrM Organic Carbon Analyzer. After introducing the sample 1 ml of UVDR solution

(0.05N H3PO4 with 47o dissolved (NHd2S2Os) is injected into the analyzer at the beginning of

each analysis cycle to stabilize the pH in the irradiation chamber. Inorganic carbon, in the form

of dissolved CO2 is first stripped out of the sample by a continuous stream of carrier air. The air

caries the inorganic carbon dioxide to a measuring chamber containing 18 megohm-cm, zero-

organic water. The CO2 dissolved in the pure water , and the resultant change in resistivity of

the pure water is measured, converted to ppm as carbon, and stored in memory. At the end of

this first cycle, the analyzer automatically subtracts the stored inorganic carbon value and the

background value, which is determined by running a cycle with 1 ml UVDR solution alone'

Then the ultra-violet lamp in the irradiation chamber is energized , and in the following 6.5

minutes all dissolved organic compounds, both volatile and non-volatile a¡e oxidized. The re-

sulting ca¡bon dioxide is ca¡ried by the air stream to the measuring chamber where it dissolves

in the water. The analyzer again measures the resistivity of the water to determine the total or-

ganic carbon of the sample, which is displayed on the digital readout.

2.3.2.3 Procedure

The preparation of the sample is fairly simple. Samples that are known to be free of alkalinity do

not need a special pre-treatment. All other samples need an adjustment of the pH to slightly less

than 4 with with a dilute solution of 0.1 or 1.0 N of ACS grade H3PO4 before analysis. The

few sea waters that were collected \'/ere not analyzed. As all samples were filtered when they

were taken, it was not necessary to homogenize them with an acid treatment prior to analysis.

After the calibration, which will not be described here, the samples can be analyzed in inter-

vals of roughly 15 minutes. This time is required for the analysis and the rinsing cycle. The sy-

ringe that is used for injecting the sample must be rinsed three times with the sample liquid,
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After l0 ml of the sample have been entered, I ml of UVDR solution must be added within 30

seconds. The result is displayed in ppm after 10 minutes.

2.3.3 Bulk Chemical Analysis by ICP

The warer samples were examined with a ARL ICP machine (ARL 34000) at the Department of

Earth Sciences, Melbourne University. For pre-treatment of samples and further information see

1.3.4 and 2.I-2.1.2.

3 Experimental work

3.1 Investígations on Redox Reactíon

3.1 .1 Equipment

A Multi-Pen Recorder (R-OX Series; Rikadenki Kogyo Co., Ltd.)'and two portable pH-V-

meters (Watson Victor 5003; glass electrode) were used to record parameter changes of an ex-

perimental battery cell. The vessel was kept at a constant temperature with a hot plate (including

a magnetic stirrer) that had been modified to allow a small-scale temperature adjustrnent.

3.1.2 Test Vessel Specifications

The battery cell was built at the Department of Geology, La Trobe University, Melbourne, from

clear perspex for visual examination during experiments (inner size: 100 x 100 x 10mm; see

also Fig. 7.2).lthas a rectangular design comparable to a car battery and it contains three com-

partments separated by permeable plates of sintered glass beads. Each sample compartment for

the solid materials has a volume of 100 crn3. Th" water compafiment in the center of the cell has

a volume of 200 cm3 and it is also equipped with the stir ba¡ of a magnetic stirer. The solids

comparfrnents are in direct contact with rectangular carbon electrodes (100 x 100 x 5mm). Al-

though the electrodes were relatively pure (see listing of analyses below), they were additionally

boiled in concentrated HCI for several days.

Carbon electrode specification s :

grade ATJ; NITECH, Adelaide

Total ash average:0.I587o, containing 0.042Vo Fe,0.004Vo Y,0.043Vo S, 0.01llVo Ca.
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3.2 Bíologícal Leachíng of Mtt-oxídes

AI. - 16

A laboratory scale process has been developed by Madgwick and Varga, University of New

South Wales, which can dissolve/reduce manganese oxides from slurry tailings residues, where

a bacterium under microaerobic conditions has been demonstrated to be an efficient, low-cost

system. Each ore sample (1.89 g) was heat sterilized three times for 2 hour intervals at l00oc,

mixed with 8 ml of l%o (w/v) molasses, inoculated with leaching bacteria, Enterobacter species

(Silverio and Madgwick, 1985) and incubated at 32 oC. After one week each culture was treated

with concentrated H2SO4 (0.02 rnl), centrifuged and Mn2+ concentrations determined in the su-

pernatant. Soluble manganese (Mn2*) was determined by Atomic absorption spectroscopy

(Varian, AA-1475). Fresh molasses and leaching bacteria were then added to the solids and in-

cubated for a fu¡ther week. This process was repeated for 2L weeks.

3.3 Battery-actívitY Tests

The method described here is the Pulse Galvanostatic Analysis which was adopted by the Cen-

tral Resea¡ch Laboratories of BHP in Newcastle (Freeman et a1., 1977: Swinkels and Williams,

lg82). A battery-cell is filled with the ores to"be tested and discharged under controlled condi-

tions. The discharge cunent is intemlpted frequently and the potential of the test material is

measured against a reference electrode. The d¡ain time between the initial voltage and a specified

voltage is used as an indicator for the battery-activity of the sample.
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Table II.1. Sample Localities, Sampling Position in Vertical Section [m], Grainsize [mm].



Table II.1 : Sampling Localities, Posirions, a¡rd Grainsizes. AII. - I

No. I-r¡cafion l)pnfh [mì Grainsize [mml No- I ¡rction Denth fm Grslnsizp [mml
903-3 F3 16.60 3-4 903 - 62 G-South 1.62 1
903-4 F3 r 6.55 3-4 903 - 63 G-South 1.60

903 - 5a F3 t 5.75 34 903 - tt4 G-South 1.30
903 - 5b F3 15.75 903 - ll5n G-South 0.80
903-6 F3 15.45 3-4 903 - 6sb G-South t.s
903-7 F3 15.20 3 903 - 66 G-South 0.30
903-8 F3 14.90 7-4 G-South 0.00
903-9 F3 14_50 3-4 903 - ó8a G-ouarrv l-s.

903 - r0 F3 14.20 3-5 903 - 68b G-ouarw l-s-
903 - tl F3 13.80 5 903 - 69 G-ouarru i.53 2
903 - 12 F3 13.65 5 903 - 70 G-quarrv 5.43 2-3
903 - 13 F3 1 3.15 4 903 - 71 G-ouarrv 5.33 2-3
903 - 14 F3 12.90 34 903 - 72 G-ouarrv 3
903 - 15 F3 12.50 3 903 - 73 G-ouarrv 5.13 5
903 - 16 F3 12.00 2-3 903 - 74 G-qua¡rv 4.98
903 - 17 F3 1l _5-5 3-5 903 - 7s G-ouarrv 4.88
903 - l8 F3 I 1.30 4-6 903 ,76 G-ouarn, s
903 - rs F3 I 1.10 4-5 9O3 - 77ø G-ouaru 4.68
903 - 20 F3 IS 903 - 77b G-quarrv 1.S

903 - 2t F3 1.S 903 - 78 G-ouarrv 4.58 2-3 + 15
903 - 22 F3 t -s. 4 903 - 79 G-ouarrv 6.41
903 -23 F3 !-s- 4 903 - 80 G-ouarrv ( 1-2
903 - 24 F3 s 5 903 - 8r G-ouarn, 6.13 t-2
903 - 25 F3 l.s 10 903 - 82 G-quarrv 6.03 1-2
903 - 26 F3 903 - 83 G-ouarrv 5.93 1-2.
903 -27 F3 l.s. 903 - 84 G-ouarrv 5.83 12

903 - 28a F3 4.60 903 - 8s G-ouarn¡ 2-5 + 20
903 - 28b F3 l.s. 903 - 86 G-orrarn¡ 4.18 1-5
903 - 29 F3 1.90 903 - ß7 G-ouarrv 4.13 5
903 - 30 F3 1.10 5-20 903 - 88 G-ouarrv 3.98 2-5

903 - 31a F3 0.40 l0 903 - 89 G-ouarrv J 1

903 - 31b F3 I.S. 903 - 90 G-quarrv 3.73
903 -32 F3 0.00 903 - 91 G-ouarrv 3.63 1
903 - 33 G-South 6.82 1 903 -92 G-ouarrv 3.53 I
903 - 34 G-South 6.4'1 2 903 - 93 G-ouarn, .4? t-2
903 - 35 G-South 6.42 r-2 903 - 94 G-ouarrv .i3 r-2
903 - 36 G-South 617 l-2 903 - S5 G-ouarnr 3.23 2
903 -37 G-South 6.31 1-2 903 - S6 G-orran 3.13 2-3
903 - 38 G-South 6.27 <<1 903 - 97 G-quarrv 3.03 2-3
903 - 39 G-South 6.23 <<1-1 903 - 98 G-ouarrv 2.93 2-3
903 - 40 G-South 6.13 <<l 903 - 99 G-ouarw 2.83 2-3
903 - 41 G-South 6_10 I 903 - t00 G-ouarrv 2.73 7-2
903 - 42 G-South 6.03 <<l 903 - 101 G-quarrv 2.53 <l +-5
903 - 43 G-South 5.78 <<l 903 - 102 G-ouarrv 2.28
903 - 44 G-South ,5.5I <<1 903 - r03 G-ouarnr 2.25 1

903 - 4s G-.South 5.53 <<1 903 - I04 G-quarrv 2.15 <l
903 - 46 G-South 5.03 <l 903 - 105 G-ouarrv 2.10 1-2
903 - 47 G-South 4.97 <<l 903 - 106 G-ouarn¡ 1-2
903 - 48 G-South 4.87 <1 903 - 107 G-quarrv 1.90 2
903 - 49 G-South 4.72 <<l 903 - 108 G-ouarrv l-s.
903 - 50 G-South 4.57 <1 903 - 109 G-ouarrv 1.70 2-3
903 - 5l G-South 4.10 1-2 903 - lr0 G-ouarru 1.60 <l
903 - 52 G-South 3.95 <<1 903 - rrl G-quarrv 1.50 I
903 - 53 G-South 3.75 <l 903 - tl2 G-ouarrv 0.30
903 - 54 G-South 3.60 <<l 903 - l13 G-ouarrv l-s-
903 - 55 G-South 3.50 <l 903 - lt4 G-ouarn¡ 0.00
903 - 56 G-South 7.40 <l 903 - llSa I). z 72.90
903 - 57 G-South 3.37 903 - l15b D.a t.s.
903 - 58 G-SouLh 3.12 <l 903 - ll6a D.a 12.10
903 - 59 G-South 2.'17 1 903 - 116b D.a l.s.
903 - 60 G-Sourh 2.52 903 - tt?h D.a 1 1.80 <1
903 - 61 G-South 2.22 I 903 - 1l8a D.a lr_40

903 - llSb D t.s_ 903 - t80 c-138 1.75 4
903 - 119 D 10.50 3-6 903 - l8t c-138 1.65 4-6
903 - 120 D 10.20 2 903 - t82 c-r 38 1.55 5-7
903 - t2l D 9.80 <5 903 - 183

903 - 184
c- 138 1.45 3-5

903 - 122 D 9.50 5 c-r 38 1.35 5-7
903 - 123 D 9.20 2-3 903 - tfrs c-138 1.25 't
903 - 124 D 8.so )-1 903 - 186 c-138 1 10 8-l0

i.s. = individual samplc bclonging to no particular stratigraphic sct.; mT = mixturc of materials



Table ILI: Sampling l¡calities, Posi¡ions, a¡rd Grainsizes. AII.-2

No. Locsf lon Gralnslze fmmì lr_o. Locstlon Grainslze [mmì
903 - 125 D 8.tn 2-3 m3 - 187 c-138
903 - 126 D 7.50 2-? 903 - 188 c-138 r.98

903 - 127 f) 7fi) 3-5 903 - tft9 c-138
903 - r28 D 650 5 903 - I9tR c-r 38 s

903 - 129 D 6.00 903 - t90 c-138 ,-l 0
903 - 130 D 5.50 5-10 903 - 200 f) t-s-

903 - 131 D 5.00 5-6 903 - 20t D t-s-

903 - r32 D 4.50 5 903 - 202 D l-s-
903 - 133 D 4.OO 4-5 903 - 203 D ls
903 - 134 D 3.50 3-5 903 -2M D
903 - 135 D 3.00 3-5 903 - 205 D l-s-
903 - 136 D 2.50 5 903 - 206 D I_S-

903 - 137 D 2.00 1 903 - 207 D ls
903 - 13ß l-) r.50 l0 903 - 208 D l.s
903 - 139 D 1.00 903 - 209 D t-s-

903 - 140 D 0.50 903 - 210 D l-s,
903 - I41a D l-s- 903 - 2tl D t.s
903 - 141h l-) t-s- 903 - 212 D l.s
903 - l4lc D l S. 903 - 213 D 1S

903 - 141I' D ls 903 - 215 D t-s.

903 - r42 D 13.80 2-3 903 - 216 D I _S-

903 - 143 D 13.30 3 903 - 217 D ts
903 - 144 l) 12.80 2-3 903 - 218 D l.s
903 - 145 D r 2.10 2-3 903 - 2'.t9 D
903 - 146 D 1 1.80 2-1 903 -220 l) l.s-
903 - 147 D 1 1.30 L-2 903 -221 FJ t -s-

903 - 148 D 10.80 2-3 903 -222 F3 l.s
903 - 149 l-) 10.30 2-4 903 -223 F3
903 - 150 D ls 2-4 903 - 224 F3 1-S-

903 - 151 D 10.00 t-2 903 -225 F3 l-s-

903 - l52a D 9.60 t-2 903 - 226 F3 ls
s03 - r52h D l.s. 1-2 903 - 227 F3 1S

903 - r53 D s.30 903 - 228 F3 ls
903 - 154 D 9.00 903 - 229 F3 l -s_

903 - 155 G-ouarrv 8.93 903 - 230 F3 ls
903 - 156 G-ouarn¡ 8.86 903 - 232 c-138 ls
903 - ls7 G-orrarnt 8.81 903 - 233 c-138 l.s-
903 - 158 G-ouaru 863 903 - 234 c-138 l S-

903 - 159 G-ouarrv 8.58 I 903 - 235 C-13R l-s-

903 - 160 G-ouarrv 8 .38 I 903 - 237 c-138 ls
903 - 161 G-ouarrv 8.23 1 903 -239 F2 I.S.

903 - 162 G-ouarrv 8.13 2-3 903 -Ul F3 ls
903 - 164 G-ouarn¿ 7.9? 903 -US F3 1S

903 - 170a c-138 2.80 903 -246 F3 l-s-

903 - 170b c-138 l.s 903 -U9 F3 1S

903 - lTla c-138 2.'70 903 - 250 F3 ! .s.

903 - 17lb c-138 t.s, 903 - 251 FJ ls
903 - 772 c-138 2.60 903 - 252 F3 l.s.
s03 - r73 c-l3R 2.50 903 - 253 F3 1.S-

903 - 174 c-138 2.40 903 - 254 F3 1.S.

903 - r75 c-138 2.30 903 - 255 F4 r.s,
903 - 176 c-r38 2.20 903 - 256 F4 1S

903 - 177 c-138 2.05 903 - 259 A-South l-s-

903 - 178 c-138 1.95 903 - 260 A-South t -s

903 - r79 c-138 1.85 2-3 903 - 261 F4 t.s
903 - 262 F4 I -S. 903 - 318 G-South 8.72 2
903 - 263 F4 t -s- 903 - 3t9 G-South 8.62 1-2
903 - 264 F4 1.S 903 - 320 G-South R.77 1-2
903 - 265 F4 l.s. 903 -322 G-South 7;77 1-2
903 - 266 F4 l.s- 903 -323 G-South 7.37 1-2
903 - 268 F4 t.s. 903 -3U G-South I-S-

903 - 269 F4 ls 9$3 -325 G-South l -s-

903 - 270 FI 1S 903 - 326a G-ouarrv ls
go3 - 271 FI l.s. 903 - 326b G-ouarrv 1.S

903 - 272 FI l.s. 903 - 326c G-ouarnv l_s-

903 - 273 FI s 903 - 327 G-ouarrv t.s
903 - 274 FI t.s. 903 - 328 G-ouarrv l.S

903 - 275 FI l.s. 903 - 329 G-ouarrv t.s
903 - 276 FI I .S. 903 - 330 A-South t.s.

i.s. = individual sampìc bclonging to no particular stratigraphic sct; mf = mixture of materials.



Table II.l: Sampling L,ocalities. Positions, and Grainsizes. Atr.-3

No. Locetlon f)enth [mì Gralnslze fmmì No- I ¡¡cstlon Gralnslze fmml
903 - 277 FI r-s 003 - 33t Ä-South ls
903 - 27ß FI t.s 903 - 332 A-South ls
903 - 279 F1 l.S 001 - 333 A"South ts
903 - 280 FI l.s 903 - 334 A-South ls
903 - 281 F1 l.s 903 - 335 A-South ts
903 - 282 FI t.s 903 - 3s6 F4 ls

903 - 283a FI t-s 903 - 337 F3 ls
903 - 283b FI t -s- 903 - 338 F3 ls
903 - 283c F1 t-s 903 .339 A-South l.s,
903 - 283d F1 r,s 903 - 340a A-South s

903 - 283e F1 l.s 903 - 340b A-South ls
903 - 284 G-ouarrv t-s. 903 - 34ls A-South 1S

903 - 285 G-orrarn¡ l.s. 903 - 342a A-South l_s-

903 - 286 G-ouarrv rs 903 - 343 K ls
903 - 287 G-ouarrv ts 903 -94/. K ls
903 - 290 G-South l.s- 903-A F ls
903 - 291 G-South l-s, 903-R F l-s-
903 - 252 G-South l.s- 903 - R I-a F3 t.s-
903 - 293 G-South ls 903 - R r-h F3 l-s-

903 - 294 G-South l.s. 903 - B I.c F3 l.s
903 - 295 G-ouarrv t.s. 903 - B r.dr F3 ls
903 - 296 G-ouarrv t-s. 903 - B r.d2 F3 l-s.
903 - 297 G-onam,¡ l-s- 903 - ß r.d3 F3 l-s-

903 - 298 G-ouarrv rs 903 - B I.d4 F3 l.s
903 - 299 G-ouarrv l-s. 903 - R I.e F3 t-s

903 - 300 G-South I _S- 903 - B II.a F3 t -s-

903 - 301 G-South ls 903 - B II.b F3 t.s
903 - 302 G-South ls 903 - B II.c F3 r.s
903 - 303 G-South 11.57 1-2 903 - B rr.dl F3 l.s
903 - 3(}4 G-Sorrth 11.27 1-2 903 - B rl.d2 F3 t.s.
s03 - 305 G-South 11.O2 1-2 903 - ß rr.d3 F3 l_s-

s03 - 306 G-South 10't), 3 903 - R rr-d4 F3 l-s
903 - 307 G-South 10.52 4 903 - B TI-e F3 ls
903 - 308 G-South r0.32 4 lùln2
903 - 309 G-South 10.12 5
903 - 310 G-South 9.92 5-l r
903 - 311 G-South 10.92 2
903 -312a G-South 9.62 2-10

903 - 3r2b1 G-South l.s -

903 - 312b2 G-Sorrth I-S-

903 - 312h3 G-South ts
903 - 312b4 G-South 1.S

903 - 3r5b5 G-South l-s
903 - 313 G-South 9.M 5
903 - 314 G-.South 9.?4 4
903 - 315 G-South 9.07 4
903 - 316 G-South 9.O2 4
903 - 317 G-South 8.92

i.s. = individual sample bclonging to no particular stratigraphic sct; mt = mixture of materials
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Table ltr.l: Ore and Rock Types.



Table Itr.l: Ore and rock types. Am.-1

No- Rock Tvne Nn- Rock Tvne
903-3 uncemented oisolite 903 - ól mixed materials
903-4 uncemented oisolite 903 - 62 mixed materials
903 - 5a uncemented oisolite qo3 - 63 radial owolusite
903 - 5b clav 903 - 64 laterite
903-ó cemented oisolite 903 - 65a laterite
903 -7 cemented oisolite 903 - 65b rnixed materials
903-8 cemented pisolite 903 - 66 mixcd materials
903-9 uncemented pisolite q03 - 67 spherulite
903 - l0 cemented oisolite 903 - tlßa mixed materials
903 - ll cemented oisolite 903 - 68b mixed materials
903 - 12 cemented pisolite 903 - 69 mixed materials
)03 - t3 cemented oisolite 903 - 70 mixed materials
903 - t4 cemented oisolite 903 - 71 mixed materials
903 - 15 cemented nisolite 903 - 72 mixed materials
903 - 16 cemented pisolite 903 - 73 mixed materials
903 - 17 cemented oisolite 903 - 74 mixed materials
903 - 18 cemented oisolite 903 - 75 mixed materials
903 - 19 cemented oisolite 903 -76 mixed materials

903 - 20 clav 903 -77a hardsround
903 - 2l Fe-pipe wall 903 - 77b mixed materials
903 - 22 uncemented Disolite 903 - 78 mixed malerials
903 - 23 cemented oisolite 903 - 79 mixed materials

903 - 2A mixed materials 903 - 80 uncemented oolite
903 - 25 mixed materials 903 - 81 uncemented oolite
903 - 26 sand 903 - 82 r.¡.ncemented oolite
903 laterite 903 - 83 uncemented oolite
903 - 28a I aterite 903 - 84 uncemented oolite
903 - 28b laterite 903 - 85 r¡.ncemented oolite
903 - 29 laterite 903 - 86 uncemented oolite
903 - 30 soherulite 903 - 87 uncemented oolite
903 - 3la sand 903 - 88 uncemented oolite
903 - 3lb sand 903 - 89 uncemented oolile
903 - 32 sand 903 - 90 mixed materials
903 - 33 uncemented oolite 903 - 91 uncemented oolite
903 - 34 uncemented oolite s03 - 92 uncemented ooìite
903 - 35 uncemented oolite 903 - 93 uncemented ooìite
903 - 36 uncemented oolite 903 - 94 uncemenferi oolite
903 - 37 uncemented oolite 903 - 95 uncemented oolite
903 - 38 r¡ncemented oolite 903 - 96 uncemented oolite
903 - 3S uncemented oolite 903 - 97 uncemented oolite
903 - 40 uncemented oolite 903 - 98 uncemented oolite
903 - 41 cemented oolite 903 - 99 uncemented oolite
903 - 42 uncemented oolite 903 - 100 uncemented oolite
s03 - 43 uncemented oolite 903 - 101 uncemented oolite
903 -U uncemented oolile 903 - 102 uncemented oolite
903 - 45 uncemented oolite 903 - 103 uncemented oolite
903 - 46 uncemented oolite 903 - 104 uncemented oolite
903 - 47 uncemented oolite 903 - 105 cemented oolite
903 - 48 uncemented oolite 903 - 106 cemented oolite
903 - 49 uncemented oolite 903 - 107 cemented oolite
903 - 50 uncemented oolite 903 - 108 mixed materials
903 - 5t cemented oolite 903 - 109 cemented oolite
903 - 52 mixed materials 903 - 110 mixed materials
903 - 53 mixed materials s03 - tll mixed materials
903 - 54 mixed materials 903 - ll2 soherulite
903 - 55 mìxed materials 903 - lt3 snhcrulile
903 - 56 mìxed materials 903 - 1r4 sand

903 - 57 mixed materiaÌs 903 - lISe clav
903 - 58 mixed matcrials 903 - llsb cìav
903 - 59 mixed maLerials 903 - ll6a mixed materials
903 - 60 mixed materials 903 - 1 t6b mixed materials
903 - rtTh mixed materials 903 - 176 Mn-imnrcsnarcd sand

903 - 1l8a mixed materials 903 - t77 Mn-imprcgnated sand

903 - llSb mixed matcrials 903 - r78 Mn-imorecnated sand
903 - 119 cemcnted pisolite 903 - r79 fernrcìnous oisolite
903 - 120 uncemented oisolite 903 - 180 ferrrpinous oisolite
903 - t2l uncemented nisolite 903 - 181 lcrrurinous oisolite
903 - 122 uncemented oisolite 903 - 182 rÌncemented nisoliLc
903 - t21 cementecl nisolitc so1 - 181 unccmcntcd oisolìte



Table ltr.l: Ore and rock types AItr.-2

Nn- Rock Tvne Nn- Rock Tvne
903 - tùl laterite 903 - tß4 uncemented oisolite
903 - 125 laterite 903 - t85 fem¡sinous oisolite
903 - t26 laterite 903 - lßtt femrsinous oisolite
903 - t27 laterite 903 - 187 massive ferricrete
903 - 128 I aterite 903 - l8ß masslve manscrete
903 - 129 laterite 903 ; lßg laterite
903 - 130 laterite 903 - 190 mixed materials
903 - l3l laterite 903 - tglB uncemented oolite (batterv)
903 - 132 laterite 903 - 200 chocolate ore
903 - 133 ìaterite 903 - 20r chocolate ore
903 - r34 laterite 903 -202 chocolate ore
903 - 135 laterite 903 - 203 chocolate ore
903 - 136 laterite 903 -2M chocolate ore
903 - 137 laterite 903 - 205 chocolate ore
903 - 138 laterite 903 -206 chocolate ore
903 - I39 laterite 903 - 207 chocolate ore
903 - 140 laterite 903 - 208 chocolate ore
903 - 141a clav 903 - 209 chocolate ore
903 - l4tb clav 903 - 210 soherulite
903 - l4lc clav 903 - 211 soherulite
s03 - r4r R clav (batterv) 903 - 212 laminar mâfrscrete
903 - 142 cemented oisolite 903 - 213 cemented pisolite
903 - 143 mixed materials 903 - 215 Fe-oipe wall
903 - lM cemented nisolite 903 - 216 uncemented oisolite
903 - 145 mixed materials 903 -217 Fe-oioe wall
903 - 146 mixed materials 903 - 218 lamina¡ mangcrete
903 - 147 mixed materials 903 - 219 uncemented pisolite
903 - 148 mixed materials 903 -220 cemented oisolite
903 - 149 mixed materials 903 -221 Fe-oioe wall
903 - r50 uncemented oisolite 903 - 222 Fe-nine waìl
903 - 151 cemented oisolite 903 -223 cemented pisolite
903 - 152a mixed materials 903 -224 cemented pisolite
903 - 1S2b mixed materials 903 -225 cemented oisolite
903 - 153 mixed materials 903 - 226 cemented oisolite
903 - 154 mixed materials 903 -227 laminar mârpcrete
903 - r55 mixed materia-ls 903 - 228 laminar manqcrete
903 - 156 clav 903 -229 sÞherulite
s03 - r57 mixed materials 903 - 230 soherulite
903 - 15ß mixed materials 903 -232 massrve manscrete
903 - 159 fernrsinous oisolite 903 - 233 massrve mâfìgcrete
903 - 160 mixed materials 903 - 234 fermsinous pisolite
903 - 161 mixed materials 903 - 235 femrcinous pisolite
903 - 162 mixed materials 03 -237 Mn-imoresnated sand
903 - 164 dieital concretions 903 -239 disital concretions
903 - ló8 B cemented Disoli te fbatterv) 903 - 241 mixed materials
903 - 169 B uncemenlerl ni sol ite fhattervl 903 - 245 femrcinous ¡isolite
903 - l70a Mn-imoresnated sand 903 - 246 fermpinous oisolite
903 - 170b Mn-imoresnated sand 903 - 249 lamina¡ mangcrete
903 - 171a Mn-imnresnated sand 903 - 250 femrsinous oisolite
903 - lTlb Mn-impresnated sand 903 - 251 concretrons
903 - t72 Mn-im¡resnated sand 903 - 252 laminar manqcrete
903 - t73 Mn-imoresnated sand 903 - 253

903 - 254
siliceous ore

903 - 174 Mn-imnresnate<l sand siliceous ore
903 - 175 Mn-impreenated sand 903 - 255 cemented nisolite
903 -256 cemented oisolite 903 - 314 mixed materiaìs
903 - 259 siliceous ore 903 - 315 mixed materials
903 -260 siliceorrs ore 903 - 316 mixed materials
903 - 261 femrsinous pisolite 903 - 317 mixed materials
903 -262 femreinous oisolite 903 - 318 mixed matcrials
903 - 263 cemented oisolite 903 - 319 mixed materials
903 - 2(A ccmented pisolite 903 - 320 mixed materials
903 - 265 uncemented pisolite 903 -322 mixed materials
903 -266 uncemented nisolite 903 - 323 mixcd matcrials
903 - 268 masslve maf)qcrcte 903 -324 sDherulite
903 - 269 m&ssrve manpcrcte 903 - 325 sohcrulite
903 - 270 ma-ssrve manpctete 903 -326a sohcrulite
903 - 27t massrvc manÊcrele 903 - 326b

903 - 326c
spherulitc

903 - 272 ccmcntod nisolite srrherulire
903 - 273 cemcnted oisolite 903 - 327 snhcnrlite.



Table Itr.l: O¡e and rock tYPes. AIII. - 3

No- Rock Tvne No- Rock Tvne
903 - 274 uncemcnted pisolitc qo3 - 32ß ha¡dsmund
903 -275 uncemented oisolite 903 -329 hardpmund
903 - 276 fermsinous oisolite 903 - 330 concretions
9I3 - 277 femrcinous nisolite 903 .331 concfetrons
q03 - 278 Mn-imoresnated sand 903 - 332 massive manscrete
903 - 279 siliceous ore 903 - 333 massive manscrete
903 - 280 massive manqcrete 903 - 334 siliceor¡^s ore
903 - 28t concretions 903 - 335 siliceous ore

903 - 282 concretrons 903 - 336 femrsinous pisolite

903 - concretions 903 - 337 laterite
903 - 283b concretlons 903 - 338 laterite
903 - 283c concretrons 903 - 339 siliceous ore
903 - 283d concretions 903 - 340a siliceous ore
903 - 283e concretlons 903 -340b siliceous ore
90? -2tu. dieital concretions 903 - 34la mixed materials

903 - 285 disital concretions 903 -342t masslve mangcrete

903 -286 dipital concretions 903 - 343 laminar manscrete
903 - 287 dieital concretions 903 -344 Mn cave oearl
903 - 290 radial pvrolusite 903 - ß I.a clav lbattervl

903 - 291 radial ovrolusite 903 - B I.b clav fbatterv)
903 -292 radial pyrolusite 903 - B I.c cìav fbatterv)
)03 - 293 radial ovrolusite 903 - B l.dl clav (batterv)

903;294 radial ovrolusite s03 - B I.d2 clav fba¡terv)

903 - 295 fermsinous oisolite 903 - R r.d3 clav fbatterv)
903 - 296 fermsinous oisolite 903 - B r.d4 clav lbatterv)
903 - 297 r¡ncemented pisolite 903 - B I.e clav fbatterv)
903 - 298 massive manqcrete 903 - B II.a cemented oisoli te lbatterv)
s03 - 299 massive mangcrete 903 - B If.b cemented pisolite (battery)

903 - 300 radial ovrolusite 903 - B II.c cemented pisolite (batterv)

903 - 301 radial owolusite s03 - B Ir-dt cemented pisolite (batterv)

903 - 302 radial ovrolusite 903 - B II.d2 cemented oisolite fbatterv)
903 - 303 mixed materials 903 - B II.d3 cemented oisol i te lbattervl
q03 - 3(M mixed materials 903 - B II.d4 cemented pisolite (batterv)

903 - 305 mixed materials 903 - R II.e cemenred pisolite (batterv)

903 - 306 mixed materials 903-Mn2 Mn standard fGEMCO)
903 - 307 mixed materials
903 - 308 mixed materials
903 - 309 mixed materials
903 - 310 mixed materials
903 - 311 mixed materials
903 - 312a mixed materials
903 - 3l2ht envelooe srains
903 -3t2b2 envelooe srains
903 - 312b3 envelooe srains
903 -312b4 envelope grains 'mixed m aterials" contain numerous
s03 - 3rsh5 envelooe grains ores and sanques and were not further
903 - 3r3 mixed materials soecified to avoid misintemretation



Appendix fV.
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Table fV.5: Element Correlation Matrix for Ore and Rock Samples.



Table IV.l: )GF/AA major and minor elcment analyses. AIV.l - 1

\lo- At2()1 B¡O ie() K2l) MoO Mn
903-3 5.9 o_30 r^o3 1.7 o ).2. o05 5r.0 0.01 .M3
903 -4 2.O o.40 r_05 o.42 o05 58.3 0.01 0.056
903 - 5a r30 )41 o.oi 2. o.20 0.15 36.4 o.o2 0.Ms
903 - 5b 32.5 0.01 0.01 t.2 0.13 0.01 0.1 0.01 0.008
903-6 3.5 3.6't 0.05 0.6 t.32 0.35 54.6 o-21 0.M9
903 -7 4.1 5.84 0.04 o.7 0.75 0.30 51.3 0.1? 0.038
903-8 3.5 3.M 0.05 0.6 r.57 0.38 52.7 o.22 0.035
903-9 3-5 4.O9 0.03 1.6 0.45 0.16 52.4 o.09
903-l 4,9 1.56 o.06 1.0 r.82 o.52 49.6 t-25 .o30
903 - 11 5 o.71 o.05 l.l 1.73 50.0 t.25 .M2
so3 - 12 5.J o.65 .05 1.1 1.51 ( .56 49.6 t.2? .o-50

903 - 13 4.1 o_65 .06 0.9 1.87 51.1 t.27 .036
903 - t4 5 o.93 r.06 1.1 1.55 0.65 48.3 t.26
903 - 15 7.t 2.20 0.()4 4.2 1.13 0.41 42.1 0.17 0.M5
903 - tr 4.1 2.20 0.06 1-1 1.77 0.45 52.7 o.22 0.043
s03 - r7 4 o.72 0.07 0-8 2.17 0.50 51 .3 o.22 0.037
903 - 18 7.1 3.41 05 2.2 1.(M o.32 45.2 o.21 0.032
903 - 19 6.8 r.75 _05 2.8 1.82 0.31 44.6 o.21 0.033
903 - 20 15.4 o.o1 .ol 0.11 0.01 o.l 02
903 - 2l 20.0 0.63 ).ol r.0l 6_3 ).03
903 -22 7.0 3.19 0.04 M r4O 40.5 t07 0.054
903 - 23 5.0 2.63 0.05 1.1 1.38 0.50 48.9 0.21 0.035
903 -24 21.8 0.60 0.01 10.5 0,28 0.01 5.9 0.02 o.M4
903 - 25 15.0 0.40 0.0r r7.5 0.40 0.03 7.6 0.01 0.034
903 - 26 1.5 o.0l 0.01 0.3 0.03 0.01 0.1 0.01 0.00r
903 - 27 19.2 0.01 0.01 27.O 0.08 0.03 0.1 o.0r 0.036
903 -2 ã 0.04 0.01 14.9 0.17 0.01 o.7 0.01 0.014

ì o_or ).o1 15.5 0-14 o.o2 0.1 0.01
s03 - 2s 20.l o_16 )-ol .o2 1.8 ).01 )_o't 6
903 - 30 17.1 o06 ).o1 .17 _o3 o.8 ).ol .o16
903 - 3la lo6 o02 5.i _11 .o2 o.2 lol o ff15
903 - 3lb 6.0 0.01 0.02 ti 0.01 0.1 0.01 0.001
903 -32 4.4 0.01 0.07 1.6 0.06 0.01 o.2 0.01 0.004
903 - 33 3.2 1.46 0.11 t.4 0.91 0.19 51.1 o.25 0.M8
903 - 34 2.4 1.(t7 o.r 1 1.3 0.82 52.8 o.27 0.048
903 -: 3-6 1.17 o.07 0.8 0.57 0.50 52.9 ).0-50
903 - 3( 2.1 1_55 )_ro 1.2 0.78 t;ìo 52.? t.27 0.050
903 - 31 2 1.67 )_l 3 I r-93 la2 5l -l 0.27 0.055
903 - 3t 5 1.\2, .l I 2; ).8s 46.5 0.23 0.056
s03 - 3s ?s L& 0.r2 2,.), 08R 0.72 48.5 0.24 0.059
903 - 40 3.4 r.& 0.13 )) 0.91 0.80 48.5 0.25 0.530
903 - 4l 2.0 0.65 0.07 t.2 0.38 0.36 55.6 0.09 0.093
903 - 42 9.6 1.30 0.09 4.7 0.68 0-s0 37.3 0.15
903 - 43 14.1 1.26 0.07 5.8 o.62 0.3s 25.1 ).()45
903 - 44 7,9 1.83 0.10 3.? o.77 1.60 40.7 r.1 I 0.072
903 - 45 11 ) 1.27 )-08 4.' 64 t.46 31.3 0.15 0.049
903 - 46 4 r5s 0.86 0.69 48.7 0.25 0.067
903 - 47 3.0 1.59 0.09 1.4 0.58 0.59 50.7 0.19 0.080
903 - 48 3.2 2.r5 0.09 2.4 0.63 0.60 44.9 0.18 0,073
903 - 49 13.4 r.62 0.06 3.7 0.48 0.34 29.4 0.09
903 - 50 3.5 2-2t 0.09 1.2 0.59 0-58 50.4 0.18
903 - 5r 3.0 2.24 0.09 1.2 0.67 0.60 52.2 ).1g r.075
903 - 52 20.7 1.27 0.02 10.4 0.33 .16 14.7 0,04 0.048
903 - 53 26.R 0.1I l.0r 1l _0 .35 M 2.0 0.01 0.025
903-: r 2.8 t.93 0.05 4.0 0.31 0.27 33.6 0.06 0.059
903 - 55 3.3 3.t4 0.08 t.2 0.36 0.49 51 .8 o.r0 0.077
903 - 56 3.9 4.65 0.1I 2.1 o.52 0.66 47.8 o.14 t.o'14
903 - 57 25.5 0.35 o.0r 6.5 0.19 0-()4 ?.? ).01 0.011
903 - 58 5.r 2.27 ( )-05 2.4 30 28 47.9 0.09 0.063
903 - 59 -5.9 3.SO l.o8 I _: .4? 0.44 46.7 0.09 0.058
903 - 60 9. l.gl ).o3 4, 0.31 0.ll 39.2 0.1I 0.043
903 - 6l 2. 3.33 o.07 o I 0.59 0.35 53.4 0.09 0.07r
903 - 62 1.47 o.lM 1.5 0.25 0.16 53.1 0.03 0.059
903-l 3, ot5 0.04 3.7 0.44 0.06 53.3 0.M
903-f 20.0 0.13 0.01 19.3 0.35 0.03 7.2 0.03 .071
903 - 65a 18.8 0.18 o.0l 2r.2 o.41 0.05 7.7 t.o2 0.050
903 - 65b 4.5 o.74 0.19 1.5 3.56 _01 52.4 0.16 0.186
903 - 66 20.6 o.34 0.06 14.7 ;t5 r-O5 13.6 0.03 0.M5
903 - 67 14.2 0.33 0.07 7.5 .53 ro 5 oo? 0.039



Table IV.l: )GF/AA major and minor clement analyses AIV.l - 2

No. At203 RnO CnO Fe K2() MqO Mn Nq2ô P
903 - 6tls 3.6 1.89 0.0i o-28 o.12 3S.O 0.07 0.052
903 - 68b 4-4 2.67 o.08 o.40 o_66 46.9 ol? 0.077
903 - 69 5.0 2..77 .39 o_63 47 _5 O.l 15 o.078
903 - 70 6.1 2.66 o_o' _40 0.63 46.? o.1' 0.o66
903 - 71 4.0 2.49 0.0 1.1 .40 0_68 50.s o.t, o.o't2
903 - 72 4.0 2.65 0.08 1.6 t.44 o.7s 45.6 o.?.o o.o77
903 - 73 5.4 2.25 0.08 r.3 0.42 0.77 47.7 0.23 o.o6s
903 - 74 8.8 2.24 0.06 1.8 0.53 0.80 40.4 o.24 0.057
903 - 75 6_8 2.24 o-07 t.4 o.62 0.86 45.5 0.25 0.065
903 - 76 7.6 1.92 o.07 1.4 0.63 0.75 43.5 0.23 0.055
903 - 77s 4.5 1.79 't.3 o.& 0.90 50.8 o.26 0.078
903 -77h 3.1 2.12 0.0( s 0-70 0-63 52.7 o.r7 0.079
903 - 78 3.2 r.t4 0.07 ).53 o.74 53.'r O.2¿ 0.096
903 - 79 15.2 n.d. 0.01 36' o.o 2.4 o.ot o.o37
903 - 80 2.8 0.41 0.05 1.3 o.og 54.2 o.061
903 - 8l 2.6 2.30 0.07 t.4 o.36 48.3 oo' o.05?.
903 - 82 3.8 2.47 0.08 1.6 o40 o.42. 442 0.10 0.053
903 - 83 2,7 1;13 0.06 t.3 0.28 0.33 50.3 0.07 ...056
q03 - 84 3.5 1.S8 0.06 t.4 0.31 0.35 31.7 0.08 0.046
901 - 85 2.7 1.27 o.0-5 o.7 l.(X 0.40 55.5 0.13 0.098
903 - 86 4.1 o-s4 O-0r 2.2 1.48 o.29 45.8 0^1¿ o.124
903 - 87 11.4 o.77 10.1 0.s8 0.12 2t.9 0.o' o.o6s
903 - 88 6.3 1.83 o_1 -58 0_5-5 M.7 0 069
903 - 89 5.8 2.08 o.o ;l .83 0_48 42.6 o.r 1 0.086
903 - 90 22.7 0.49 n.d. I ).o o24 o.o2 5.1 0.03 0.024
903 - 9r 5.0 r.62 0.09 t.g o.57 o.56 45.4 0.l8 0.061
903 - 92 5.1 Ly 0.10 2.O o64 o.64 47.O 0.27 0.054
903 - 93 4.5 1.19 0.10 2.O o.63 0.63 49.1 0.22 0.053
903 - 94 4.3 r.06 0.10 1.8 o 6), 0.67 45.5 0.2r 0.050
903 - 95 3.8 7.26 0.12 t.7 o;'14 0.77 51.0 0.25 0.M6
903 - 96 2.8 1.39 0.13 1.6 0.82 0.85 52.6 0.26 0.M7
903 - 97 3.2 1.27 o.l3 1.7 0.81 0.74 5l.8 0.24 0.M9
903 - 98 2.(t r.06 0.10 1.4 o.67 0.65 53.7 0.19 0.052
903 - 99 3-9 1.13 0.13 2.2 0.87 0.70 49.5 o-22 o.M4
903 - toO 4.4 2.13 0.15 2.7 .11 0.77 48.3 o.26 0-035
903 - r0l ?.4 1.44 o,l6 1.9 l.3l 0-86 51.3 0.30 0_(M5
903 - 102 3.5 1.21 o_ 11 1.5 0_90 0-48 53.3 0,1 o_073
903 - to3 2.4 2.M o_o )-57 o.30 54.9 o.l1 o.o74
903 - r(}4 4.7 r.36 .4 1.27 o_25 46.? o.o' o_068
903 - r05 3.1 136 o.or t-9 1.24 o.25 54.4 o.o' o.064
903 - t06 3.3 2.39 oos t.s t.52 o.4g 53.3 0.054
903 - 107 4.2 2.93 o.t2 o61 504 0.r7 0.057
903 - 108 5.0 3.34 0.11 )..1 0.77 o5R 46.4 0.18 0.M5
903 - 109 4.3 2.ro 0.07 1.7 0.37 0.39 5 r.5 0.10 0.063
903 - 110 1 1-8 2-(n o.o2 9.7 0.39 0.15 26.5 0.os 0.()46
903 - lll 3.2 2.10 o.06 1.3 0.45 0.20 -54.8 0.05 0.083
903 - 112 g_1 1.'76 o_01 3,S o.29 o.17 40_5 0.055
903 - 113 72.9 0.32 n.d. 1.4 0.16 0.05 6.9 0.01 0.r49
903 - lr4 6.1 0.24 n.d. 2.8 0.14 0.03 4.7 0.01 0.00s
903 - 1l5a 10.1 n.d. n.d. 0.7 0.08 0.01 0.3 0.0r 0,006
903 - lrsb 6.5 n.d. n.d. 16.9 0.06 0.01 0.3 0.0r 0_016
903 - tl6a ?.7 0.54 n.d. 2.4 1.97 0-01 30.6 0_r 0 0s2
903 - lr6h 1.2 0_4r 4.9 0_0r 35_0 ol 0 0R3
903 - llTb 3.1 o_ l5 n-d. ¿.2 :_81 o.o2 5l _6 0.050
903 - llßa 30 o06 o,o 4.? o.07 30r o.t2 0.r34
903 - t18b 16.1 0.0r 0.01 3.1 0.23 0.02 4.5 o.o2 0.014
903 - 119 3.9 o.o2 0.15 1.6 2.66 0.02 46.0 0.30 0.1 53
903 - 120 7.5 0.03 o.t2 2.4 0.75 0.07 4t.t 0.17 0.075
903 - r2I 5.0 0-06 o.09 2.8 1.01 0.05 49.O 0.r ) 0.0s5
903 - 122 7.O o.r0 0-08 2.9 0,78 0.07 40.4 o_l r 0.068
903 - I23 4.2 o_05 o-l I 1-2 0_0s 49.2 0.27 0.089
903 - t2A ).7.7 o.2.4 5 ).7R 0.03 16.3 0.06 0.01I
903 - 125 26.0 0.22 0.o2 6.6 0.62 0.04 13.0 0.M 0.013
903 - t26 27.0 0.22 o.o2 6.8 o.47 0.04 11.0 0.03 0.oo8
903 - 127 25.4 o.23 0.0r 13.2 o.3l 0.03 7.O o_03 o.ol2
903 - t28 26.O 0.10 o_ol 12.4 0.01 4.6 0.01 0.005
903 - 129 27.5 0.08 0.01 0.22 0.04 3.4 0.0r 0.0r0
903 - 130 26.0 o.t2 o.o2 7.9 0.48 0.04 13.0 0.03 0.01 l
903 - tlr )61 o r1 ool 14 oiq O(M 10 4 o.o2 0.005



Table IV.l: )ßF/AA major and minor element analyses, AIV.I-3

rlo. At2C)3 Rc() Crf) f,'e l(2fl Moll Mn Na2O P
903 - 132 23.3 0.r0 0.01 14.4 0.32 o.03 3.9 0.01 o_txx)
903 - 133 28-3 0.05 0.01 9.5 0.22 0.05 1.7 o.or o-m7
903 - 134 23.5 0.10 0.0r t2.4 o.22 0.03 2.4 0.or o.ol 1

903 - 135 25.5 0.25 0.0r 12.4 o.2'l 0.M 5.4 o.or o-tn-5
903 - 136 23.5 0.13 0.01 12.5 0.31 0.04 3.7 0.o1 0-016
903 - 137 24.6 0.14 0.ol r3.0 0.28 0.03 2.5 0.or 0.014
903 - r38 24_7 o.46 0.02 12.6 0.38 0.04 6.4 0.or 0.010
903 - r39 24.1 0.06 0.02 15.2 0.25 0.04 2.3 0.01 0.018
903 - 140 r 6.8 0.()4 o.06 4.0 0.19 0.M 1.3 0.01 0.01 1

903 - l41e 41.7 n.d. o.or l.o 0.17 0.04 o.2 0.01 0.005
903 - 141b 42.1 n-d. o,0l 5.3 0.17 0.()4 o.2 0.ol 0.012
903 - 141c 29.8 nd o_01 5.7 0.16 0.()4 o.2 0.or 0_tnß
903 - 141 B 35.0 0.00 0.02 1.4 .18 0.0r o.1 0.or 0.006
903 - 142 6.7 0.04 0.05 2.4 o.t 1 48.2 0.26 0.043
s03 . 143 6.7 0.M 0.08 t;l l.63 0.12 49.7 0.38 0.036
903 - 144 4.7 0.12 0.08 1.3 1.51 0.18 53.0 0.31 o.M7
903 - I45 ?.7 0,l0 0.03 1.1 1.16 0.07 55.2 o.21 0.0-51

903 - 146 6.5 0_r 0 0.03 1.5 1-52 0.05 50.1 0.3r 0_06R

903 - t47 4.8 0_07 0.0r 1.5 1.49 0.06 51.4 o.26 0,078
903 - 148 3.1 0.43 olo 1?.2 0.r4 4l,8 0.23 0.128
903 - 149 7.9 0.08 0.08 s.1 1.56 0.04 38.9 0.26 0.072
903 - r50 3.1 0.08 0.03 1.0 0.93 0.07 56.6 0.17 0.()40
903 - l5r 7.4 0.08 0.03 3.0 1.30 0.07 47.O o.24 0.064
903 - l52a 9.4 0.(M 0.09 7.5 1.33 0.04 40-0 0.25 0_071

S03 - l52lt 5-8 0,()4 0.0s 15.3 1.30 0.10 ?7.4 o.2? 0.r 10
903 - 153 7.1 0_68 0.05 3.9 2.31 o.o2 46.4 o.21 0.106
903 - 154 8.2 0.14 0.07 ?.(l 0.o3 45.2 0.24 0.081
903 - 1s5 2.4 0.32 0.16 4.O 1.36 0.17 34.7 0.09 0.179
903 - 156 8.0 0.03 n.d. r 5.s 0.26 o.o2 3.2 0.01 0.1 37
903 - 157 2.2 o.o2 n.d. 2.9.7 0.47 0.02 6.4 o.o2 0.367
903 - 158 6.4 0.04 n.d. 27.O 0.25 0.02 2.7 0.01 0.309
903 - r59 3.0 0.04 0.01 22,,7 o17 0.09 6.3 0.01 0.350
903 - 160 t-2 0.07 o.02 o8 oo? 0.06 49.3 0.01 0.085
903 - 16l 2.4 0.06 0.02 1.3 0.44 0.02 36.5 0.01 0.087
903 - t62 2.3 0.05 0.02 2,.6 ,,.4| 0.03 27.r 0.16 0.(X1
903 -t@ 6.0 0.15 o05 1t. 34R 0.03 38.4 o.l I 0.091
903 - 168 B 7.4 0.10 0.05 r.8 lRr 0.05 47.2 0.33 0.(X0
903 - 169 B 6.0 0.09 0.07 2.1 1.34 0.05 50.2 o.22 o.M2
903 - 170a 0.9 0.01 0.0r o.2 0.03 0.01 0.1 0.ol 0-rnr
903 - 170b 2.8 0.02 0.01 0.3 0.08 0.01 0.3 0.0r o.tn5
903 - l71a 1.0 0.01 0.01 0.3 0.04 0.01 0.1 0-01 o.fi)r
903 - 171b 0.9 0.01 o.0r 0.2 0.(M 0.01 0_1 0.01 o ff)l
903 - 172 0.8 0.01 o.0l 0.2 0.()4 0.01 0.r o.or o tnl
903 - 173 0.8 0.01 0.01 o.2 0,06 0.01 o.2 o_or o.fi)2.
903 - t74 0.8 0-()4 0-01 0.3 0.r 1 0-01 l_0 0.01 0.005
903 - 175 o.6 0.03 0.01 o.2 0.0s 0.01 0.7 0.01 0.003
903 - 176 0.6 o.o6 o.or o_3 0.14 0.01 1.6 0.01 0.006
903 - t77 2.7 0.10 0.01 0,5 0.19 0.01 2.0 0.01 0.013
903 - 178 2.1 o.67 0.01 0.4 1.53 0.01 22.5 0.0r o.o'12
903 - t79 8.4 0.01 0.01 46.9 0.10 0.01 0_3 0.01 o.20s
903 - 180 7.1 0.05 0.01 48.5 o.29 0.01 3.6 0.01 0 528
903 - 181 6.6 0.16 0.01 44.0 o,46 0-01 s.5 0.02 0.522
903 - 182 4.4 o.2R o.M 2.O o.21 0.0s 52.9 0.01 0.080
903 - 183 4.7 0_33 o.()4 1.7 ).3r o10 54.1 0.03 0.095
903 - 184 4,O o.),R o.()4 2.6 0.24 0.08 54.0 0.o2 0.101
903 - lß5 7.7 0.01 0.01 5 r.8 0.08 0.01 0.9 0.01 0.515
903 - 186 5.1 0.01 0.01 54.6 0.06 0.01 o.4 0.0r o.448
903 - t87 t2.l o.o2 0.01 41.0 0.53 0.01 3.2 0.0r o 583
903 - t88 9.4 0.1 8 0.08 2.7 2.56 0.01 47.O 0.13 0.074
903 - r89 16.5 0.15 0.0r 16.5 o.21 0.01 3.5 0.10 0.056
903 - r90 8.8 o.71 0.13 ?.4 0.02 39.5 0.01 0.333
903 - rgt Iì 2.? r.6s o.l I 1.2 0.91 0.78 53.0 o.25 o.M7
903 - 200 25.8 0.05 0.01 6.9 0.22 0.03 1.9 0,0r 0.or 5
903 - 201 26.3 0.09 0.01 6.9 0.24 0_03 2.4 0.01 0.015
903 - 202 24.6 0.19 0.0r 8.6 o.27 0.03 3.8 0.02 0.0r 2
903 - 203 25.O o.1'1 o.0r 8.1 0.24 0.03 3.7 0.03 0.01 3
903 - 204 2s.5 0.26 0.01 8.0 0.25 0.03 4.7 o.o2 0,01I
903 - 205 26.7 0.24 0.01 8.6 0.30 0.04 5.8 0_03 0.009
903 - 206 )1 1 olr oor RI o.3r 0.03 6.7 0.03 o 01)



Table IV,l: XRF/AA rnajor and minor element analyses. AIV.l-4

At2()3 RsO CeO Fe K2l) MpO Mn ¡ s2O P
903 - 207 o.ol s.2 0.50 0.03 lo.9 t_o-5 0.006
903 - 208 2't:: t.21 o.or 7.R o.46 0.04 9.7 1.04 o.or 0
903 - 209 5-! 1.34 o.o8 2.6 0.76 0.09 47.9 l.t7 o.oi s
903 - 210 21.1 ì.07 o.02 1 rl.o o.26 0.03 1.8 )_ol o.02:
903-2ll 20.' o.10 R3 o.23 0.05 4.8 ).ol
so3 -272 R.S 0.23 0.03 3.7 r.38 0.07 42.O 0.02'
901 - 2t1 3.0 0.0r 0.22 0.6 1.96 o.r3 55.4 t.57 O-10r
903 - 2r5 14.1 n.d. n.d. ll.4 0.12 0.01 o.-5 r_ol o.tn5
903 -216 3.5 0.05 0.03 0.9 0.86 0.08 55.8 o.l6 0.041
903 - 217 19.1 0.()4 n.d. 7.t o.21 0-02 l_s 0.01 0.009
903 - 2r8 7.6 0.lo 0.05 2.3 1.30 0-07 47 1 0.27 0.049
903 - 219 5.2 0-l r o-o2 1.8 o.8i o.08 51.4 0.11 0.M8
903 -220 8_l 0,06 0.03 l.g 1.44 0.07 4't.8 o.32 0-M6
903 -221 I n.d- n.d 20.2 0.13 0.0r 0.2 0.01 0.0r
903 - 222 2r.9 0.0r n.d. 15.5 0.15 0.01 0-3 0.026
903 - 223 3.4 3.07 0.04 0.7 1.80 0.45 53.6 1.24 0.035
903 -224 3.6 3.72 0.M 0.6 1.27 0.38 5?.7 0.18 0.037
903 - 225 3.9 1.40 0.05 0.8 1.O2 o..56 52.9 0.16 0.053
903 - 226 6.6 1.25 o.()4 1.4 1.1 o61 47.1 0.25 0_039
903 - 227 5-3 n.d. 2_5 7.. 0.t7 47.4 0.50
903 - 224 6.',: n.d- 4.1 1.29 0.01 44.2 0-38
903 - 229 ta s 0.11 n.d t3.2 0.16 0.04 1-1 )_or
903 - 230 16.8 0.08 n.d. 12.4 0.18 o.()4 o-7 .ol 0.018
903 -232 10.8 0.27 0.08 3.9 1.83 0.03 40-0 I .10 0.106
903 - 233 12.6 0.45 0.10 1.5 2.40 0.03 i88 0.13 0.o44
903 -234 7.3 n-d. n.d. -50.9 0-0r 0.01 0.3 0.01 0.527
903 - 235 8.1 n-d- n-d. 52.O o.l I 0.01 0.8 o.o1 0.50!
903 - 237 2. t.7? n.d- o.t 1.67 0.01 24.5 0.06 0.08f
903 - 239 35 0.45 0.02 4.0 2.24 o.o2 3r.3 .14 0.095

3.2 o.7L 0.03 0.9 0.79 0.08 56.4 0.77 0.031
3.7 0.04 n.d. 56.1 0.20 0_03 ?.o 0.01 o.445
2.7 0.06 n.d. 59.9 0.0ç o.o2 2.0 0.01 o_527
6.6 3-27 n.d. 2.5 l-g o.os 46.5 0.34 0.01r
3.6 0.33 o.o2 26.3 0.Sr o-ol 30.8 0.11 0.0-5,
2.7 0.23 0.()4 35.4 0_6 o.20 20.5 0.07 0-l(
7.0 3.32 n.d. 4.3 o_os 43.9 0.28 0.021
4.5 0.r 1 0.09 o.6 2.21 o_03 50.8 o.25 0.0r'

)o3 - 254 2.0 0.25 0.06 l.l 1.5 o-or 27.3 o.t2 0-02
)03 - 255 2.8 0.43 0.06 11.4 2.61 0.04 37.3 o.14 o.27'
)03 - 256 1.8 0.50 0.10 23.2 I _S', 0.04 31.8 o.12 o.42:

2.8 o.67 0.03 0-6 1.48 0.r0 53.8 o.osr
2.4 0.84 0.04 o.7 7.67 o.r4 54.5 .18 0 081
6.1 0.13 n-r1- 49.1 o.27 0.01 5.7 0.390
8.4 0.07 n-d- 49.? 0.19 0.01 3.2 r-ol 0.3r2
4.4 4.23 o_06 2.5 0.97 o.52 49,5 t.r7 0.M0
6.3 .41 o.o7 7.7 0.71 o,67 47.2 0.r3 0.M6
o.8 o.l r 0.05 0.5 0.02 0.09 6l_l 0.01 0.032
I ,..66 0.06 0.6 o.24 0_0-5 57.5 0.04 0.M5
3 R2 0.08 6.5 4.06 0-(M 47.7 0.23 o.226
3 1.77 0.17 4.1 3.1 6 0.05 50.5 0.17 0.095
3. 0.01 0.01 30.5 o.03 26.0 0.l l

I 3 0.24 0.10 5.5 4-t) o.l)4 48.1 0.19 o.2'1,
2.1 0.69 0.10 1.4 2_1 0.01 56.0 0.r3 0-r 8:

)o3 - 273 2.4 0.18 0.10 1.4 2.? 0.01 55.9 0.15
,o3 - 274 9.6 0.05 o.o2 2.8 0.07 42.8 0.0r
to3 - 275 8.3 0.07 0.02 2.6 0.16 0.08 45.9 0.052
to3 - 276 7.5 0.05 n-11- 48.O 0.19 0.01 3.8 0.503

5.7 .27 n.d. 29.0 0.16 o.0l 2.7 0.01 0.302
3.7 70 n.d. 1.3 1.03 o.0l 22.5 0.05 0.1 l3

t.02 0.07 0.4 1.45 0.0r 29.3 0.22 0.014
2.( 0.2t 0.05 22.5 0.03 34.5 0-10 o.n(
4.2 0.51 0.05 2.3 0.06 50.0 0-17

,o3 - 282 2.9 0.80 0.r 3 ?.4 3.77 0.06 51 .4 0.195
2.5 0.44 0_07 0.9 5.35 0.07 54.2 0.t2 0.1 30
3.9 0.08 1.4 4.16 o.06 50.2 0.20 o.27
4.O 1.76 0.07 1.3 4.35 0.05 51.8 o.21 0.226
? 1.54 0.06 r.8 0.08 5r.7 0.1 83
4.1 2.12 0.06 1.4 0.05 52.4 .2t 0.226
?g 7.67 0.03 6,6 149 o.o2 44.O o07 o.224

- 263
-2&

903 - 265
903 - 266
903 - 268
903 -

- 277
- 278

903 -2
903

- 283c
- 283d

b

903 -



Table IV.1: XRF/AA major and minor element analyses, AIV.l-5

Nn- ,Àt2()3 RsO CnO Í'e I 20 l! pO Mn Ne2O
903 - 285 3.7 2.12 0.06 1.4 ,.o3 52.4 o.()4 .233
903 - 28tl 3.8 8.59 o.01 5_a o.03 44.1 o.07 o.2r3
903 - 287 4.1 8.91 10-i 80 0.02

0.01
39.9
54.r

0.04
0.28

0.284
,03 - 290 2.9 0.50 .o7 2.O9 o.r R2

903 - 291 2.7 0.20 .ol 1 o.o8 0.08 56.3 0.01 025

903 -292 3.9 0.09 ,-Ol o.08 0.09 52.2 o02 _0-51

903 - 293 2.9 0.06 2.2 o.06 0.08 55.7 o.ol 0.0-50

903 - 294 3-3 0.08 n.d. 0.16 0.07 54.5 0.03 o.o27
q03 - 295 2.5 n.d. n.d. 55-l 0.03 0.07 0.3 o.o? .241

- 296 6.9 0.06 n.d. 37.: o.12 0.14 13.0 o_ol

903 - 297 6.3 o.l8 0.01 0.35 0.(X 49.3 0.01 r-076

903 - 298 2;l 0.15 0.02 1.( -36 o.12 52.5 0.03 0.t27
903 -299 2.4 0.08 0.04 1.9 .22 0.()4 53.6 o.25 0,200
903 - 300 2.1 o.22 0_03 3.2 0 t.05 55.2 0.18 0.027
903 - 301 2.4 0.09 o.o2 1.8 0.09 56.6 o_o1 0.034
903 - 302 2.7 0.08 o.o2 2.5 0.09 0.09 55.5 o.0r 031

903 - 303 3.2 1.58 1.4 o.47 o.M 48.4 0.r2 0.061

903 - 3M ?.4 1.25 0.07 t:, o.42 o.46 3'7.9 0.14 0.057
903 - 305 4.L 1.42 0.06 1.6 r54 0.08 M.2 0.01 0.064
903 - 306 6.8 t.26 0,07 2.3 0.61 42.1 o.21 0_07s

903 - 307 5.1 1.95 0_06 1.0 0.63 0.57 49.5 o.20 .0sr
s03 - 308 4.O r.76 l-o 0.57 0.77 52.r 0.25 0.092
903 - 309 6.4 r.57 l-5 0-55 0.90 4't.o 0.28 0.086
903 - 310 7.6 1.60 0.05 60 o.77 43.r o.2't 0.075
903 - 311 5_1 1.52 0.08 l.: t.62 0.82 46.7 0.29 0.079
903 - 3l2a 4;7 1.32 0.09 1.3 0_7r 50.9 o.29 0.102
903 - 312b1 1.7 o.19 0.05 0.9 0.41 t.72 56.1 o.26 0.084
903 -3r2b2 t.9 o.6'1 0.07 0.7 0.61 0.90 55_ I 0_43 0.ff)6
903 - 312b3 2.t o.5s 0.06 1.1 0.47 0.68 54.3 o.28 1.113

903 - 312b4 1.9 0.73 .o7 1.0 o-51 o;t2 55.0 0.31 0.106
903 - 315b5 2.1 0.56 1.0 0.48 o.70 54.8 0.28 0.099
903 - 313 5.2 1.48 0.09 1 0.65 47.3 o.26 o.tl2
903 - 314 6.2 'r.58 0.09 1.7 ).70 46.6 o.25 0.088
903 - 315 6.4 1.21 0.07 1.8 0.49 44.9 0.20 o.074
903 - 316 5.4 o.94 0.06 t.7 t.44 47.2 o.24 t.o73
903 - 317 5.1 1.03 0.11 2.2 0.56 0.74 47.9 o.31 r.058

903 - 318 4.2 1_09 0.lo 2.0 0.67 0.72 4qr o.26 l_0.51

903 - 319 3.0 1.O7 0_0s 1.3 0.7r 0.70 51.7 o.21
903 - 320 4.L 1.O8 0.11 1.8 0.68 0.70 49.8 o.2L 0.o50
903 - 322 2.6 1.'to ).11 1.3 0.85 0.81 53. l 0.27 o.M4
903 - 323 2.9 t.20 )_08 1.0 0-60 0.58 53.8 0.19 0.057
903 - 324 20.7 0.36 16.4 0-59 0.06 11.5 o.03 0.M6
903 - 325 20.3 0.23 t 8_l t_49 0.0-5 8.5 0.02 0.037
903 - 326a 19.5 o.23 n.d. 29.r ).14 t.o2 3.0 o.ol o.M2
903 - 326b 14_4 0.69 n.d 29.0 o 2,4 )_06 s_8 0_01 .o6'l
903 - 326c 15.2 o.22 n.d. 37.5 0.10 o.02 ?.4 o_ol r.()4l
903 -327 22.6 0.95 0.03 11.8 0.40 o.l I l -5.o o.o2 )_o33

903 - 328 1.8 0.81 0.04 0.8 0.70 o.42 55.6 o-l I
903 - 329 1.7 o.47 0.03 0.7 0.67 55_R o.o8 ).097
903 - 330 2.1 1.O2 0.20 1.1 2.99 0.04 \4.9 o.2? 0.171
903 - 331 2.5 o."13 0.13 2.0 2.72 0.03 57.7 o.22 o.oø
903 - 332 2_O 0.63 o.l5 2.2 3.06 0.M 54.6 o.24 r.106
s03 - 333 2.? 1.24 o.20 1.7 2.94 0.05 540 o l8 0.t44
903 - 334 ?.2 o.21 0.03 t.2 r.26 0.09 49.4 o.10 0.058
s03 - 335 1.8 o.2? 0.03 1.0 0.91 0.11 54.7 0.l l 0.062
903 - 336 1.4 n-d- n.d- 56.0 o.o2 0.03 0.3 0.01 o.269
903 - 337 23.9 n.d. n.d- 0.9 0_14 o.o2 o.2 0.01 0.006
903 - 338 19.4 n.d. n.d. r 8_5 0.r 0 0.02 o.2 0.o1 o.026
903 - 339 2.4 0.48 0.13 3.6 2,.2R ).(M 45.? o.1'l 0.r48
903 - 340a 2.5 0.65 0.05 1.0 t.u 0.01 30.7 o.1r
903 - 340b 2.6 0.84 0.02 l.l 1.50 0.02 29.5 0.1I 0,071
903 - 341e 1.7 o.33 0.06 1.2 4.03 0.02 55.9 0.13
9O3 - 342s 5.8 3.16 0.03 r.4 2.21 0.03 48.5 0.24 0.055
903 - 343 2.5 0_40 0.19 1.6 3.07 0.01 37.7 o.t2 0.316
s03 - 344 5.5 o.49 0-04 6.7 0.82 0.03 35.3 0.M 0.545
903-A 1.8 0.60 t.12 12.9 3.M o.M 44.5 o.12 0.1 97
903-R 7.2 0.01 0,09 2. .o3 o_18 33.4 o.63
903 - B I.a 29.1 0.01 0.01 1.0 o.12 0.01 o.l 0.0r 0.003
903 - Il I.b 28.6 0.01 oor ro o 15 o0l o.l ool o oo5



Table IV.l: )GF/AA major and minor elcment analyses. Ary.l - 6

No. 412()3 ReO CnO tr'e K2r) Mol) Mn Nn2O P
903 - B I.c 24.6 n.d. n-d. o-8 o.t4 o,or o.2 o.ol o_fn6
903 - B r.dr 28.5 n.d. n.d. o-8 o.12 o.or o.2 o.ol o_(n6
l0_3 -_BJ-d2____
903 - B r.d3

28.5 n.d. n-d. 0.8 o.r2 o_o1 o.2 0.or o.(n3
29.3 n.d. n.d. 0.8 o.t2 o.ol o.t 0.0r 0.00s

903 - B r.d4 29.0 n.d. n.d. 0.8 o.r2 0-o2 o.2 0.01 0.008
903 - B I.e 27.9 n.d. 0.01 0.8 o.13 0-o1 o_l 0.03 0.006
903 - B II.a 4.2 5.10 0.05 0.6 0.93 o-34 52.O 0.19 0.036
903 - B rr.b 4.2 5.20 0.05 0.6 0.97 0.34 52.7 o_1s 0.039
903 - B II.c 4.O 5.06 0.04 0.6 0.94 0.33 52.4 o.27 0.039
903 - B rr.dl 4_1 5.08 0.03 0.6 0.91 o.36 52..4 0.20 0.039
903 - B Ir.d2 4.2 5_r0 o.03 0.6 o.92 0_36 5?_ 5 0.20 0.037
903 - B rr.d3 3.9 5.11 o-03 0.6 o.92 o_35 52.7 0.20 0.M0
903 - R rr.d4 4,O 5-O6 003 o_rl o.92 o.35 52.4 0.20 o.o32
903 - R II-e 3.S 5_O5 o-05 o_6 o.94. 0.33 52.9 o.27 o.(M1
qo3 - R trr- 4.O 2..18 0.06 1.0 0.70 0.65 49-4 o-17 0.067
903-BY. 5.2 4.54 0.05 1.1 0.25 0.39 49.7 o.o-5 0.064
903-Mn2 q5 ,14 o06 )R nqs o.32 51.4 o.r 6 0.059



Table fV.l: )ßF/AA major and minor element analyses AIV.l - 7

No- st()2 rO I,OI IO ;-8000 r,or 800-10000 LOr to00-t2000
903-3 6.8 .o2 lo-i n-d- n-d.
903-4 21 t_()4 r.l ( 2.70 n-d
903 - 5a r5I .l I 11.1 n-d. n-d.
903 - 5b 51.3 _01 1r-q n.d- n.d-
903-6 15 t.17 o.os 10.5 n.d. n.d-
903-7 2.4 o.r 3 r_l: I 10.3 n.d- n.d.
903-8 r.9 I r0.6 n.d. n.d
903-9 3.0 o.l I r.l : 9.9 n.d. n.d
903 - 10 4.'l 12.7 n.d. n.d
903 - ll \2. .32 0.16 13.2 n.d. n.d
903 - t2 55 r.3l t.77 13.2 n.d. n.d.
903 - 13 4.7 t?7 .12 11.8 n.d. n.d.
903 - 14 5.9 13.3 n.d. n.d.
903 - 15 9.1 .28 1 1.6 n.d. n.d.
903 - 16 3.2 0.2s r_11 10.7 n.d. n.d.
903 - 17 4.2 0.3s r_11 I t.1 n.d- n.d.
903 - 18 8.1 0.18 0.28 11.2 n.d. n.d.
903 - 19 7.5 0.23 0.24 11. n.d. n -<1-

903 - 20 67.2 0.or 1.02 7.1 n.d. n.d.
903 - 2l 38_8 0.01 0.93 10.0 n,d. n.d.
903 - 22 s_8 0.r 9 0.30 tt.2 n.d. n.d.
903 - 23 5.R o.22 0.16 12.0 n.d. n.d.
903 -U 42.1 ).ol o.91 10.2 n.d. n.d.
903 - 25 37.6 o.o3 ).68 8.9 n-d. n.d.
903 - 26 95.4 0.01 0-: n-d. n.d.
903 -27 29.6 0.01 o.92 g.( n-<1- n-d
903 - 28a 42.7 0.01 1.16 9 I 0.30 n.d.
s03 - 28h 40.0 o-01 r.22 9.1 n.d. n.d.
903 - 29 47.9 0-01 1.17 8.9 n.d. n.d.
q03 - 30 55.O t_ol o.8l 7.8 n.d. n.d.
903 - 31a 76.7 )01 o.54 4.7 0.30 n.d.
903 - 3rb 82.6 oor I 25 n.d. n.11-

903 -32 90.6 0.01 oi ?.'. n.11- n-d.
903 - 33 3.9 o;13 0.13 1i I 1.80 n.d.
903 - 34 2.7 0.?9 0.11 13.3 n.d. n.d.
903 - 35 3.9 o.43 0.15 72.0 n.d. n.d.
903 - 36 2,7 o.67 o.t2 r3.0 n.d. n.d.
903 - 37 3.6 0.88 o.l5 r4.0 n.d. n.d.
903 - 38 6.9 o.7'1 0.23 13.9 n.d. n.d.
903 - 39 5.2 0.81 0.19 t4.t n.d. n.d.
903 - 40 4.5 ).85 o.17 14.3 n.d. n-d.
903 - 41 33 I t2.O 1.20 n-d.
903 - 42 14.6 0.55 13. I n-d- n,¡1.

903 - 43 23.7 0.36 0.& 73., n-d- n.d.
90s - 44 12.5 0.58 0.30 r3.0 n.d. n.d.
903 - 45 17.9 o.46 0.56 13.2 n.d. n.d.
903 - 46 5.4 o.78 0.r7 13.2 n.d. n-d.
903 - 47 5_3 t.40 0.r 3 12.O n-d. n-d-
903 - 48 L2.7 0.40 I ll.i n-¡1- n.d.
903 - 49 21.8 0.30 t2.2 n.d. n.d.
903 - 50 4.8 0.44 0.16 I 1.8 n.d. n.d.
903 - 51 3.5 0.46 0.14 11.9 n.d. n.d.
903 - 52 29.5 0-11 0.81 tt.7 n.d. n.d.
903 - 53 42.? r_01 l.39 ro.7 n-d. n-d.
903 - 54 17.4 0_51 l1.l n-d. n-d
s03 - 55 4.0 0.29 r_l i 10., ¡-d- n.d,
903 - 56 4.9 0.54 0.19 ll.' n.d. n.d.
903 - 57 43.3 0.03 1.06 11.0 n.d. n.d.
903 - 58 6.3 0.19 o.20 10.7 n.d. n.d.
903 - 59 6.9 o.37 o.25 10,4 n.d n.d.
903 - 60 12.7 0.09 0.37 ro.7 n.d n.d.
903 - 61 2.8 o.32 o.l3 10.7 n.d. n.d.
903 - 62 5.2 0.10 o.r8 10.0 n.d- n.d.
903 - 63 4.4 o.03 o.23 ro.2 n.d. n.d.
903 -& 2A.? )_or o.8-5 I1.5 n.d- n.d.
903 - 65a 26.9 0.02 0.81 11.0 0.70 n.d.
903 - 65b 3.4 0.13 o.26 9.6 n.d. n.d.
903 - 66 24.6 0.03 0.78 11.9 n.d. n.d.
90? - 67 50q oo? o65 R1 nd nd



Table IV.l: )GF/AA major and minor clement analyses. AIV.l-8

Nn. st()2 SrO Ttl)2 LOr IO-q-ROOo t.or ßoo.roo00 r.or rooo-12000
903 - 68¡ 26.2 o.24 0.18 8.9 n.d. n.d.
903 - 68b r 1.1 o.27 0.r8 l l.5 n.d n.d.
903 - 69 9.7 o.26

o.24
o.2l 11.8 nd n.d.

903 - 70 10.8 o.23 I 1.8 n.d. n.d.
903 -71 5.4 0.21 o.r6 I 1.8 n.d. n.d,
903 -72 5.9 o.23 0.19 12.2 n.d. n.d.
903 - 73 8.2 o.l9 o.2t t2-t n.d. n.d.
903 - 74 14.4 0.20 o.v 12.8 n.d, n.d.
903 - 75 9.3 0.26 o.1 12.9 n.d. n.d.
,o3 -76 9.7 0.26 o_3( I i.o n.d. n.d.
9O3 - 77a 4.4 0.30 o_lr ) ti 7 n.d. n.d.
903 - 77b 4-6 0.25 o.r( r 1.4 n.d. n.d.
903 - 78 3.8 0.28 o.ll 11-g n.d. n.d.
903 - 79 63.0 n.d. o.7! I ;.8 n.d. n.d.
903 - 80 7.O 0.17 0.14 7 n.d. n.d.
903 - 81 72.6 0.30 0.15 s n.d. n.d.
903 - 82 16.9 o.3'l 0.19 lr t.2 n.d- n.d.
s03 - 83 10.9 o.24 0.15 10.2 n.r1- n.d-
903 - 84 29.1 o.27 0.r7 8.8 n-d. n-r1-

903 - 85 2.7 o.26 0.10 10.5 n.d. n.d.
903 - 86 14 1 o.21 o,21 10.4 n.d. n.d.
903 - 87 30,o 0_l I 0-52 10.0 n.d. n.d.
903 - 88 1). ). o.36 l1.6 n.d. n.d.
903 - 89 13.3 o_45 o.30 1 1.5 n.d. n.d.
903 - 90 30.2 o.ol 0-83 12.3 n.d. n.d.
903 - 91 11.9 0.46 o.2': t 1r.9 n.d. n.d.
903 - 92 8.8 0.54 o.2': l: I n.d. n.d.
903 - 93 6.9 0.56 o.2? 1" :-5 n-d. n.d.
s03 - 94 5.7 0.56 o.2r 1': 2 n-d- n.d
s03 - 95 4.1 0.70 0.19 1', .4 n-11- ri-d-
q03 - 96 2.5 0.82 0.16 1 irs 14.80 15.8
s03 - 97 ?.2 o.79 0.17 13.1 n.d. n.d.
903 - 98 2.2 o.62 0.13 12.3 13.60 14.9
903 - 99 4'l o_R7 0-20 13.3 n.d. n.d.
s03 - roo 3.S 1_O2 0.1| t4.r n.d. n.d.
s03 - l0l 2.O l.o7 ì 13.5 n.d. n.d.
903 - lo2 3-5 o.62 o_11 11.5 n.d. n.d.
903 - 103 lg o.22 o.l 0.6 n.d. n.d.
q01 - llM t 3.1 o.20 o.2': n.d. n.d.
903 - 105 3.1 o 2.2. o-1, r0.l n.d- n-d.
903 - 106 2.8 0.45 0.ri n-d- n.d-
903 - 107 4.4 0.53 0.16 nd n.d.
903 - 108 6.8 0.68 0.18 12.0 n.d. n.d.
s03 - 109 4.2 o.34 0-16 tt.2 n.d. n.d.
903 - 110 22.4 o.12 o_50 10.7 n.d. n.d-
903 - lll 3.0 0.16 n-d. n.d-
903 - tt2 14.0 o.14 0.36 n -¿l- nd
903 - 113 11.2 o.o2 0.52 11.6 n.d n.d.
903 - 1r4 77.7 0.01 0.33 3.4 n.d. n.d
903 - 115a '18.7 n.d. 0.45 3.7 n.d. n.d.
903 - 1lsb 63.3 n.d. 0.30 5.0 n.d. n.d.
903 - ll6a 39.4 0-03 o.24 6.5 n.d. n.d.
903 - lltlh 28.5 0.(M o.17 7,9 n.d n.d.
s03 - trTh 67 o_o3 o.2' Ll n-d n.d-
903 - 118a 6.9 0.u o.l1 I t.7 n-d- n-d
903 - 1t8b 65.2 n.d. 0.68 ( ,8 n.d n.d.
903 - 119 14.2 0.05 0.23 9.4 n.d n.d.
903 - 120 19;l o.o2 0.29 9.8 I1.60 13.3
903 - 721 9.3 o.o2 o.28 10.r n.d. n.d.
903 - t22 1S.6 o.03 0.? 9.8 n.d- n-d-
903 - t23 ro7 o.o3 o.rI 0.3 n-d- nd-
903 -lu 28.3 0.05 t.l" n.d, n.d.
903 - 125 32.2 0.03 1.26 12.6 n.d. n.d.
903 - t26 33.9 o.03 t-29 12.4 n.d. n.d.
903 - 127 32.4 o.0r l.l9 I 1.6 n.d. n.d-
903 - 12ß 35.8 0.01 1.': n.d. n.d.
903 - 129 38.8 0.01 l.: (\ n.d. n.d.
903 - 130 30.7 0.03 1.34 12.5 n.d. n.d.
s01 - tlr a4? ool 1Á7 119 nd nd



Table IV.l: )GF/AA major and minor clcment analyses. AIV.I -9

No- sll)2 Srf| TtC)2 LOr 105-8000 LOI ROO-IOOOo LOr 1000-12000
903 - r32 38.3 0.0r r.30 ro.7 n.d. n.d.
903 - r33 41 2. n.d. r.49 I 1.8 12.70 l3.l
903 - r34 44.1 ool 1.35 9.6 n.d- n.d.
903 - 135 35_8 o_02 1.47 r0.9 n.d. n.d.
903 - 13ó 41 .6 0.01 r.32 9.8 n-d- n.d.
903 - 137 40.5 0.02 r.27 10.0 n-d- n.d.
903 - 13ß 35.4 0.02 1.23 10.s n.d. n.d.
903 - 139 38.2 0.01 1 -15 70.2 n.d. n.d.
903,140 66.3 0.01 o.96 7.1 n.d. n.d.
903 - 141a 49.3 n.d. r.60 12.2 12.20 12.5
903 - 141b 45.5 n.d- 1.21 t2.r n.d. n.d.
903 - l4lc 48_3 n-d- 1.04 tl.7 n.d. n-d-
903 . r4t R 52.6 0.01 1.79 tt.7 n.d. n.d.
903 - 142 5.9 0.()4 0.29 rl.7 n-d- n.d.
903 - 143 5.9 0.03 0.18 11.6 n-d. n.d.
903 - tu 3.3 0.M 0.11 I 1_0 n.d. n.d
903 - r45 5.5 o.o2 o_r 3 10.4 n.d. n.d.
903 - 146 5.0 0_03 o.16 11.3 n.d. n.d.
903 - 147 5_O o.o?_ 0.16 ro.7 n.d. n.d.
903 - 148 3.9 0.09 0.14 11.3 n.d- n.d.
903 - r49 10.6 0.03 0.36 11.0 n.d. n.d.
903 - t50 2.6 o.o2 o.l1 10.r n.d. n.d.
903 - 151 8.3 0.M o.2s I r.o n.d. n.d.
903 - 152a 9.8 0.05 o.37 I I _1 n.d. n.d.
903 - 152b 5.3 o.03 o.21 r 1-5 n.d. n.d.
903 - 153 6.8 0.05 o.30 11.2 n.d. n-d-
903 - 154 9.0 0.03 o.38 11.2 n.d. n,d.
903 - 155 32.5 0.36 o.r0 8.0 n.d. n-d,
903 - 156 58.3 0.03 o.?7 5.2 n.d. n^d-
903 - 157 39.0 0.03 o_08 6.9 7 -20 7.7
903 - 158 49.8 o.03 o.2'1 6.4 n.d. n-¡l-
903 - 159 48.7 0.07 o.r 3 6.2 n.d. n-d-
903 - 160 18.0 0.03 o_06 8.3 n.d. n-d-
903 - 161 36.5 0.05 o_13 6.8 8.00 10.2
903 - 162 47.3 o_14 o.r4 5.3 n.d. n.d.
903 - 164 25.O o.28 0.32 8.3 n.d. n.d.
903 - 168 B 7.5 0.04 0.23 70.2 n-d- n.d.
903 - 169 B -5-8 0.03 0.23 10.4 n-d- n.d.
903 - l70a 98-3 0.01 0.05 0.3 n.d. n.d.
903 - 170b 85.6 0.01 o.r4 1.2 n.d. n.d.
903 - lTla 8S.6 0.01 0.06 0.4 n.d. n.d.
903 - lTlh 99.4 0.01 0.06 o.4 n.d. n.d.
903 - 172 96.5 0.01 o.05 o.4 n.d. n-d-
903 - 173 98.5 o.0l o.05 o_3 n.d. n-d-
903 - 174 94.7 0.0r o_06 0.6 n.d. n.d.
903 - 175 96.5 0.ol 0.04 0.5 0.0-5 n.d.
903 - 176 97.9 0.01 0.05 0.5 n.d. n.d.
903 - t77 87.4 0.01 0.r4 1.4 n.d. n.d.
903 - r78 59.4 0.04 0.11 4.5 n.d. n.d-
903 - 179 1 1.5 0.01 039 I 1.1 n.d. n-d.
903 - r80 4.4 o.0r o_35 I 1.5 1.00 n.d.
903 - 181 4.5 0.03 o-33 l l.6 n.d. n.d.
903 - 182 5.1 003 0.20 10.1 n.d nd
903 - 183 4.6 0.03 0.20 r0.2 n-d- n.d

4.3 o.o). 0.19 10.0 n-d- n.d.
4.9 0.01 0.36 10.8 n.d. n.d.
3.9 0.01 o.23 10_3 n.d. n-d-

72.1 0.01 o.62 r 0.8 n.d. n.d,
9.8 0.l l O.4(l 1l.9 n.d. n.d.
40.6 0_0r 0.84 8.8 n.d- n.d.

)03 - 190 14.4 o.26 0.43 14.7 n.d. n.d.
2.3 0.77 0.ll 12-2 n.d. n.d.
49.2 0.01 1.55 9.6 n.d. n.d-
48.3 o.0l 1.57 9.9 n.d. n.d.
46.0 0.01 1_47 9.6 n.d. n.d

)03 - 203 45.3 o_0r L.54 9.8 n-d- n.d.
43.O 0.01 1.57 10.3 n.d. n.d.
40..5 0.02 1.62 10.8 n.d. n.d.
385 oor r.57 11,4 nd n.d.

-t8/,
- r85

903 -
903 -
903 -

-1918
903 - 200
903 -

- 205



Table IV.l: )GF/AA major and minor clement analyses. AW.l- r0

Nr¡- st()2 ro Trô2 r,or r0-s-Ro00 LOt ß00-r0000 LOr l000-12000
903 - 207 o.03 1.44 I1.9 n-d- n-d-

903 - 208 t4 0.02 1.39 12.1 n-d- n^d.

903 - 209 10. 0.02 0.36 I t.2 n-d- n.d.
903 - 210 38.' n.d. t.t7 I 1.2 n.d. n-d.
903-2lt 48,! 0.01 1.06 4 n.d- n-d.
903 - 2t2 13.: 0.M 0.40 lr ìs n.d. n.d.

903 - 213 I o.()4 0.07 I I n.d. n.d.
903 - 215 60.¿ n.d. o.74 ( i.5 n-d- n.d-
s03 - 216 3.( 0.02 0.10 n-d- n.d.
903 - 2t7 58.8 n-d. 0.95 7.7 n-d- n.d.
903 - 218 8.0 o.29 11.4 n.d. n.d.
903 - 219 6.4 0.03 o.26 10.4 n.d. n.d.
903 - 220 7.7 0.04 0.25 r 1.3 n.d. n.d.
903 - 221 n.d. l.l5 .5 n.d. n.d.
903 - 222 44.1 n.d. 1.07 ß n.d. n.d.
903 - 223 1.4 o.21 0.09 10.3 n-d. n.d.
903 -24 1.8 .1'1 0.09 10.4 n,11- n.d.
903 - 225 3.1 0.11 12.2 n.d. n-d-

903 - 226 7.r 0.33 o.21 13.8 n.d. n.d.
903 - 227 5.8 o.r2 0.24 I 1-0 n.d. n.d.
903 - 228 1.5 0.04 o.32 )_5 n.d- n.d.
903 - 229 53_ n.d. 0.70 .8 n.d. n.d.
903 - 230 o.77 8.2 n-d. n-d.

903 - 232 11.6 t.14 0-53 11.9 n.d. n-d-

903 - 233 14.4 0.09 o.67 12.5 n.d. n.d.
s03 - 234 6.7 n.d. 0.y 11.2 n.d. n.d.
s03 - 235 6.1 n.d. 0.41 n.d. n.d.
s03 - 237 0.04 0.10 4.7 n-d- n.d.
903 - 239 35.( 0.10 o-22 7.2 n-d- n.d.
903 -Ul 2.1 o.t2 10.1 n-d- n.d.
903 -US 1 0.18 10.2 n-d. n-d.
907 - 7.46 1: r.01 0.13 10.7 11.20 I1.5
903 -249 6. 0.07 0.31 10.6 n.d- n-d-
s03 - 2-50 3_ 0.13 0.13 r0.2 n-d- n-d-
q03 - 251 7.1 o.r 8 0.11 10.4 n-r1. n-11-

90? - 252 7 0.07 0.34 11.4 n-d n-r1.

903 - 253 o.14 o.t7 9.7 n.d. n.d.
903 - 2S4 4A t,74 0.09 5.4 n.d. n.d-
s03 - 2s5 5.( o.26 0.17 9.8 n.d. n.d.
903 - 256 4. 23 0.10 10.5 n.d. n.d.
903 - 259 (M 0.08 9.5 n.d. n.d.
903 -260 5S .o7 0.08 9.1 n.d. n.d.
90? - 7-61 42 _01 0-28 10.7 n.d. n.d.
903 - 262 7.4 .01 0.35 10.8 n.d. n.d.
903 - 263 3.0 24 o.l7 l1 .5 13.10 14.5
903 -2ø 5.2 o.26 o_28 12-O n.d. n.d.
903 - 265 0.9 0.02 0.04 )-7 n-d. n.d.
903 -266 1.6 0.05 0.07 4 n-d. n.d,
903 - 268 4.1 0.16 0.19 R.3 n-d- n.d.
903 - 269 2.9 0.53 0.19 9.6 n-d- n.d.
903 - 270 2.9 0.03 0.19 9.7 nd n.d-
903 - 271 ?.4 0.18 o.23 9.3 n.d. nd
90? - 272 I o_37 0.0s 9.3 n.d n.d.
903 - 273 7:, .40 o.12 9.8 n.d. n.d.
903 - 274 12.7 0.43 11.1 n.d. n.d.
903 -275 11.0 0.02 o.?7 l1,l 12.30 14.6
903 - 276 7.3 0.01 0.2'l n.d. n.d-
903 - 277 34-r n.d. 0.26 n.d, n-d-
903 - 274 52.7 0.03 0.15 5.4 6.20 6.8
903 - 279 46. .16 0.0s 6.1 n.d. n.d.
903 - 280 2.1 r.og 0.1I l0.g n.d. n.d.
903 - 281 4.8 0.05 o.20 s n.d. n.d-
903 -282 1.9 o.r7 0.14 I n-d- n-d.
903 - 283a 1.8 0.08 0.13 6.3 n.d. n.d.
903 - 283h 5.2 0.06 0.19 8.0 1 1.80 12.2
903 - 283c 1.9 .o6 o.r 9 7.1 n-d. n.d.
903 - 283d 2.3 0.08 0_tg .6 n.d n.d.
903 - 283e 1.7 0.06 0.20 .3 n-d n-d-
903 -2U 2.2 no) o21 fl) n-d nd



Table IV.l: )GF/AA rnajor and rninor element analyses. AIV.I - u

No. sto SrO Tt()2 LOr 105- L()r 800.10000 LOr l000-1200"
903 - 285 r-7 0.06 o_20 n-d. n.d.
903 - 286 2.t 0.0r o_1 8.: n.d. n.d.
903 - 287 1.8

2.1
o-or n.d n.d.

903 - 290 0.11 n.d. n.d.
903 - 291 2.6 o02 o.l 10.4 n.d. n.d.
903 -292 4.7 o.ol 10.5 n.d. n.d.
903 - 293 3.5 n.d. I r0.5 n.d. n.d.
903 -294 4.t 0.02 10.6 n.d. n.d.
903 - 295 8.0 n.d. 0.0 ) 10.1 n-d. n.d.
903 - 296 9.1 0.01 0.27 ll. n.d. n.d.
903 -297 8.6 0.02 0.26 10.: 12_O0 l3_6
903 - 298 5.{ o.o2 0.16 7.7 n.d.
903 - 299 3.0 o-02 0.20 7.6 n.d. n.d.
903 - 300 3.4 0.01 .13 10.2 n.d. n.d.
903 - 30t 2.9 n.d. 0.1: 10.3 n.d n.d.
903 - 302 3.2 0.01 0.20 r 0.l n-d. n.d,
903 - 303 l t-8 0.38 0.16 1l.c n-d- n-d^

903 - 304 29. 0_28 0.17 8.7 n.d n.d.
903 - 305 17. o.28 0.18 11.0 n.d. n-d.
903 - 306 t4.7 O.2(t o.34 11.6 n.d n 11.

903 - 307 6.6 o.26 0_18 12.7 n.d. n.d.
903 - 308 4.6 0.24 _tl 12.2 n.d. n.d.
903 - 309 8.5 0.24 o" n.d. n.d.
903 .310 10.7 0.2't 0.36 n-d- n.d.
903 -3tl 7.6 o.29 0.20 t2.4 n-d- n-d-
903 - 312a 5_f 0.34 0.17 12.l n.d. n.d,
903 - 312b1 o.17 0_08 12.2 n.d. n.d.
903 -3r2b2 2.2 o,2R 0-07 12.8 n.d. n.d.
903 - 312b3 3.8 0.22 r.l I 12,3 n.d. n.d.
9O3 -312b4 2.1 0.26 0.08 12., 14.70 l5-1
903 - 3lSbs 2.7 0.19 0.10 n-d- n-d.
903 - 313 a4 o.42 0.2'l 12.2 n.d. n-d-
903 - 314 9-1 0.40 0.28 12.8 n.d. n.d.
s03 - 315 11_ o.37 o.24 12.6 n.d. n.d.
903 - 316 10_t 0_31 o.24 r 1.6 n.d. n.d.
903 - 317 8_1 o_45 12.3 n.d. n.d.
903 - 318 67 o.62 tt.7 n.d- n.d-
903 - 319 49 o.54 r_1 i 12.6 n.d- n.d-
903 - 320 7.0 o.\2 I 12.3 n.d- n.d.
903 -322 3.2 o.72 t.1', 12.',. 14.20 14-9
903 - 323 3.6 0.50 o.r i n-d. n-d-
903 -3U 26.2 0.03 o.9), l3_( n-d- n-d-
903 - 325 27.r o.o2 o_8s l1- n-d- n-d.
903 -3262 23.2 0.01 r fN) s_ n-d. n r1.

903 - 326b 15;t 0.01 0.66 12.¿ 'I 1.1O l3 6
903 -326c 16;7 n.d. 0.72 nd- nd
903 -327 23.1 0.03 0.91 1),;l n.d. nd
903 - 328 3.8 0.13 0.11 10.7 n.d, n.d.
903 -329 4.3 0.10 0.08 10.3 n.d, n.d.
903 - 330 1.2 0.07 0.13 9.3 n.d. n.d.
903 - 33t 2.4 0.05 0.16 8.9 n.d. n.d.
903 - 332 1.6 0.06 0.10 8.6 n.d. n.d.
903 - 333 1.8 o.l0 0.16 9.3 n.d. n.d.
903 - 334 0_03 0.13 8.8 n.d. n.d.
903 - 335 7.7 o.03 0,0s 9,2 n.d. n.d.
903 - 336 7.7 n.d 10.( n.d- n-d-
903 - 337 63.5 n.d t.20 8.i n-d- n.d.
903 - 338 42.6 n.d 0.93 9.0 n.d. n.d.
903 - 339 14;l 0.r 3 0.10 8.9 n,d. n.d.
903 - 340a 42.9 0-08 0.09 6.4 n.d. n.d
903 - 3¿t0b 44.7 0.05 0.09 5.9 n.d. n.d
903 - 34Ia I _l 0_02 0.os 7.1 n.d. n.d
9O3 - 142s 6.! o.03 o_18 9.4 n.d. n,d.
903 - 343 o.o5 r-l I 7.7 n-d. n-d-
903 - 344 19.7 0.03 0.26 t2.: 13.00 14.8
903-A 2.O 0.03 0.10 9.0 n.d. n.d.
903 - Il 27 _2 o.07 0.78 10.3 n.d. n.d.
903 - R I.a 56-l 0.0r 1.52 t.l.0 n.d n.d
903 - Il l.tr ool 1-t nd n.d



Table IV.l: )RF/AA major and minor cleme¡rt analyoes. AIV.l - 12

st()2 Sr() I.Or tos-Rono ioo-10000 LOI 1000-12000qol - I.c 55.7 n-d- t_! 10.9 l.tx) ll.o
903 - B l.dl 56.9 n.d- 1.4 r o-3 n.d- n.d.
903 - R r_d2 55.8 n.d. 1.4', 10_4 n.d. n,d,
903 - R r-d3 55.8 n.d. r.5i 10.8 n.d. n-d-
903 - I r-d4 55.5 n.d. lo.6 r0.70 10.8
qo3 - B I.e 57.r 0.01 l-¿ Il-5 n.d. n.d-
0Ol ' R II-n 2.3 o.r4 o_1( t 1-o n.d. n.d-
qo3 - R tf-h 2.2 o.l4 r 1.O n.d. n.d-
903 - B II.c 2.2 o.l4 o.r0 10.7 n.d. n-d.
903 - B II.dl 2.2 o.r4 0_l lo_5 n.d. n.d-
903 - B rr.d2 2.2 o.l4 o_l( to_5 n.d. n-d-
903 - B rl.d3 2.2 o.l4 10.5 n.d. n.d.
903 - R lr.d4 2.1 o.r4 o_r o 10.4 n.d. n.d.
903 - fI.e 2.O o 1? o10 10.9 n.d. n.d.
903 - I lII. 6.4 o).5 0.r6 12.3 n.d. n.d.
903. v 4.R 0.15 0.18 10.8 n.d.
)03 - lln2 33 o) o 1? 11.3 n-d- n.d.



Table IV.2: ICP race element analyses of ores and rocks. AIV.2-1

No. R Ce Co Cr Cu Eu Gd La
903-3 46.67 35.96 36_Sl 15.40 45.55 2.21 13.46 4\ 1Á
903-4 55 34 40.88 64.85 14.72. 49.8'l ?.25 15.72 52.60
903 - 5a l7.ss 58.58 26.49 16.83 43.r9 1.96 12.46 30.19
903 - 5b 1.41 38.2S 19.r4 23.50 20.?5 0.44 0.48 t4.29
903-ó 20.41 1244 76.6), 13.90 60.06 2 0{) r4.08 60_1r
903-7 18.77 ttt.72 69.23 14.48 75.42 2.87 12.94 47.25
903-8 18.81 24.17 70.06 14.31 69.5r 2.49 14.29 53.97
903-9 19.20 l3l 96 33.26 14.91 54.46 3.51 16.07 46 ?,4

903 - l0 18.42 59.57 91.66 13.51 88.13 3.65 18.71 70.73
903 - 11 18.80 46.28 68.26 t3.73 62.70 3,S0 17.95 6l -39
903 - 12 16.96 51.18 65.80 14.76 62.3r 3.81 l't.66 58.86
903 - 13 1ß.gs 11.93 35.78 13.48 'l5.rr 4.09 r 8.8S 79.41
903 - 14 l -5_81 94 1R 82.80 13.42 't6.87 4.99 21.25 65.8S
903 - 15 14.15 123.17 77.55 18.06 67.'t6 3.03 2t;'lr 45.74
903 - 16 17.71 73.32 r 0s_Rs 13.66 141.97 4.46 15.98 -50.2R
903 - 17 18.12 25.O3 150_21 13.4t 108.69 4.51 23.4r 69.68
903 - r8 r5.96 tt7.36 9r.30 15.77 125.32 4.46 21.37 58.62
903 - 19 15.52 82.48 r03.44 16.87 117.91 4.07 21.40 55.72
903 - 20 6.97 ?4.27 13.50 56.83 18.24 0.00 0,00 R57
903 - 2t 2.61 66.57 t7.72 32.16 2S;t2 0.00 29.88 l6 4R
903 - 22 9.21 114.O0 61 .tX) 27.88 39_22 t.77 6.87 40,66
903 - 2i 10.33 56.40 84.75 13.40 49.71 2.65 10.30 56.70
903 - 24 2.)4 64.01 r7.43 29.R2 29.7r 0.oo 24.8r 15.33
903 - 25 l _70 56.77 28.80 47.20 41.50 0.00 44.RO r7.t9
903 - 26 0.00 18,71 lgl.16 t4.4r 11.63 o 13 0.00 5-73
903 - 27 r.26 45.35 18-77 105.67 33.37 0.00 61.51 13.01
903 - 28a 6.93 79.M 14.67 6?.27 26.00 0.00 33.R4 11.41
903 - 28b 6.?4 34.94 15.36 65,5 r 27 01 0.00 36.1 5 11.91
903 - 29 2.28 23R.6R 38.86 39.71 ?7.29 0.29 35.99 rg 2R
903 - 30 2.13 203_88 45,1) 44.45 47.44 0.23 29.53 15.52
903 - 31a 1.84 87.17 25.67 28.1 8 25.11 0.36 13.10 12.06
903 - 31Ìr 0.98 27.53 18.34 't't.R). 16.23 0_3s OR? 9.28
903 -32 0.84 33.35 8.71 18.74 23.75 0.36 15S 8.81
903 - 33 20.o), 28.38 64.00 13.54 155.38 2.87 22.94 42.96
903 - 34 14.62 33.32 80.46 13.09 t63.49 3.06 24.15 47.94
903 - 35 11 .24 20.27 46.24 r4.32 't69.75 3.10 19.88 38.06
903 - 36 l4-89 ?4.77 80.35 14.51 r 8r _6R 3.39 23.18 40,79
903 - 37 12.47 53.rI 105.r s 13.93 173.86 3.65 26.84 M.&
903 - 38 tt;13 54.68 82.17 15.60 163.93 3.45 26.M 40.41
903 - 39 12.61 56.42 97.35 14.46 161 .03 3.90 27.46 42.21
903 - 40 11.60 60.1 8 102.98 l3.go 158.91 3_SS 28.50 42.28
903 - 4r 20.8S 31.91 35.88 14.6 157.35 3-78 22.57 3'1.91
903 - 42 9.22 72.76 62.52 15.47 t34.L4 2.95 24.42 35.5ó
903 - 43 8.00 90.44 49.r1 15.81 9?.25 2.23 24_25 32.94
903 - 44 11.47 l0-5.61 7290 r3.95 151 .71 3.92 26.92 49.R6
903 - 43 13.77 79.19 r 28.tx) 15.53 124.59 7,O), 26.77 3't.17
903 - 46 2r.13 74.61 116.40 13.56 187.00 5.22 34.79 53_93
903 - 47 19.58 54.65 84.29 14.33 r53.97 5.45 32.33 49.7R
903 - 48 15 r6 67.60 't3.30 13.74 140.56 5.20 30.88 43,r I
903 - 49 s.3s 72.95 41.39 15.4q 127.52 3.37 25.55 4t _11

903 - 50 't7.12 38.90 83.80 14.56 181.99 -5.95 32.59
903 - 51 r s.30 38.71 108.21 14.R7 184.73 5.64 29.3r 46.57
903 - 52 8.47 99.87 29.84 19.M 62.7r 1.89 32.42 35
903 - s3 2.42 47.56 18.04 3t.25 o.86 0.00 27.40 14.47
903 - 54 128.(t'l 102.2? 46.62 14.60 129.6 4.43 26.O8 45.21
903 - 55 29.99 91.47 so 33 14.12 210.27 6.57 28.20 53.93
903 - 56 22.59 l12.05 140.26 13.75 243.35 6.61 30.17 67.40
903 - 57 41 .16 55.94 1 8.19 31 .77 37.ô2 o.70 t7;10
903 - 58 26.17 9S-56 70.25 13.9'l 166.16 5.2t 24.53 44.t',l
903 - 59 )5 71 125.94 140.61 14,94 )17 19 6.M 21 ?S 52.10



Table IV.2: ICP trace element analyses of ores and rocks. Afv.2 -2

No- R Ce Co Cr Clr Eu Gd La
903 - 60 20.86 161.68 43.34 17.25 roR 41 4.81 28;t8 4) 14

903 - 61 20.90 175.08 r29.28 14.28 209.87 6.47 27.O2 45.43
90? - 62 21 .76 132.r 3 34.6R 14.28 108.54 5.92 2? 69 45.2r
903 - 63 32.49 250.41 r 3_87 Il-o2 4r.26 8.08 36.08 46.17
903 - 64 5.3'l 54.27 25.v 22.(t1 67.60 o.2.4 48.23 28.19
903 - 65a 5.95 28.14 29.36 76.35 44.54 0(n 45.2.O L2.40
903 - ttsh 15.27 234.25 111.24 15.60 87.80 5.11 22.19 5r _87

903 - 66 5.S3 217.11 63.13 19 2.4 63.56 1.43 40.06 30_08

903 - 67 3.38 141 .26 40.25 2'l ,81 47.38 1.32 22.77 2?;t5
903 - llSe 958 39.6S 63.1 3 r 4_58 71.O7 1.56 7.47 25.07
903 - 68b 16.45 2't.13 76.90 11.29 58_60 1.35 8.39 35.48
903 - 69 16.58 30.r 9 87-68 r 5.02 55.18 1,1'l 8.34 35.59
903 - 70 r5.09 25.61 67.16 14.1 -5 -50,3 r 1_r 1 7.26 33.36
903 - 7t 14.95 28.3r 67.82 14.73 5l .53 'I .15 7.t8 36.09
qo? -72 15.35 10 );l \).77 73.79 53.26 1.(X 8_87 7't )'1
903 - 73 11.27 ??.o2 56_10 14.65 50.33 l.2l 8.06 ?7.82
903 - 74 7 _33 37.80 _59.51 14.7? 47 49 0.83 7.'t5 3l_r5
903 - 7s 9;t5 37 -19 73.74 15.O2 53.84 136 8.34 ?4.95
903 - 76 tl.25 35.55 77.& n.d. 50.26 1.72 8.14 33_51

9O3 - 77e 9.48 34.4t 80.23 14.36 55.71 1.66 9.17 31.52
903 - 77h 1l_16 47.8'l 125.85 15.39 r44.28 6.26 I 7 _515 47.03
903 - 78 17.36 28.M 55.21 14 44 6r.43 3.30 11.52 4a 4R

903 - 79 o.37 37.55 18.06 28.9? r 6.84 0.37 12.72 12.24
903 - 80 13.15 8.49 26.48 73.29 40.36 'r.sg 8.31 35.40
903 - 8r 12.9{'l )q 9'l n.oo 74.36 89.72 1.76 8.75 35.22
903 - 82 10_08 43.56 75.01 't?.72 R5 0l 1.41 7.79 40.o0
903 - 83 14.36 29.82 68.98 14.65 76.96 1.58 7.17 37.5r
903 - 84 8.42 36.28 56.99 14.29 70.82 1.64 6.85 29-81
903 - ß5 16.91 26.96 85 ?S 15.09 106.24 5.26 14.35 45.52
903 - 86 r 5_s6 55.77 8r.60 t4.73 89.06 5.70 20.25 48.88
903 - 87 4.O7 8l _R8 55.29 24.44 56.33 2.O1 29.11 ).s.)6
903 - 88 12.84 37.07 82,62 14.44 110 ).7 4.72 14.86 40.s9
903 - 89 15.42 7r.07 59.32 15.54 101 _20 4.56 19.11 49.10
903 - 90 1.68 34.98 24-19 71.31 0.53 o.or 42.r5 r 9.99
903 - St 20.R4 4) ).). 67.27 14.58 97.21 3_S6 17 10 50.14
903 - 92 r 8.fn 20.22 R3.70 13.15 109.08 3-44 16.03 48.24
903 - 93 20.92 34.18 68-48 11.41 tt7.42 3.32 16.10 46.06
903 - 94 r6.79 29.96 86.81 't4.65 124.22 3.41 r5.77 45.62
903 - 9s t4.M 30.73 93.48 13.s3 1??.27 1 1). 16.62 M.50
903 - 96 r l.ßo 31.23 93.26 12.53 133.62 ?.o2 r 6.48 45.46
903 - 97 r o.75 ?o.62, I r3.10 14.08 130.45 3.?2 t6.77 46.43
903 - 98 s_69 7?.28 '16 7). 14.29 139.98 4.15 r 6.58 46.40
903 - 99 8.O2 56.56 124.17 74.95 147.9r 3.99 't7 _27 45.61
903 - 100 6.86 80.(M 142.O? 16_9r 1 1 1.13 5.28 22.55 50.68
903 - 101 9.05 78.53 149.93 15.17 r 36.3R 6.46 25.M 58.44
903 - 102 14.92 97;'t9 119.20 13.97 I g0_l g 6.31 23.80 54.0.5
903 - t03 19.16 126.66 71.20 13.93 r 15.70 7R7 27.6r 60.40
903 - l{M 16.29 71 1). 44.96 t7.rr 98.84 5_60 21.52 47.96
903 - los 17.?4 36.1r 39.74 14.53 1M.86 6_59 21.82 49.11
903 - 106 13_50 40.0s 92,79 74.r9 148.28 1.?5 24.& 56.22
903 - 107 12.8? 53_56 1?,4 2.O 14.38 155.60 7.92 26.54 59.38
903 - 108 28.35 73.M 10R.42 8.82 t2'1.59 8.88 l3 40 40.70
903 - 109 19.21 M.M 92.56 15.98 145.30 7.34 24.60 54.56
903 - 110 6.59 1 35.1 3 62.89 l04.33 95.10 4.19 33.49 42.t9
903 - lll 22.76 94.63 64-78 15.14 117.40 8.48 2?.16 59.45
903 - tt2 1r.94 172.29 59.67 I9.86 117.82 5.91 22.80 52.81
903 - ll3 ovetTanse 67.74 52.O9 I I 1.61 I 15.3? 0,00 69.46 34.30
903 - t14 0.00 53.& 18.26 19.21 22.90 0.89 4.46 13.1 1

903 - llSa o rR t9.66 14.42 20.40 l7-08 o.)7 0.00 8.44
903 - t15b 0.txt r5?o r8 7? 6S SO 40.70 0.o0 7? 4S R.0s



Tatrle IV.2: ICP t¡ace element analyses of ores a¡rd rocks. AIV.2-3

No R Ce Co Cr Cu En G.l Le
903 - ll6n 8.5S 79.05 92.55 14.63 134.96 r _50 744 35.51
903 - l16b 1136.90 107.03 109.89 r5.49 104.45 1.95 1-5-R8 17_80

903 - rrTb 12.18 166.01 t7l.t2 13.95 86.49 1.85 9.61 43.19
903 - 118a r o.87 5(r.29 168 S4 12.70 67.m ooo 55 RO 30.45
903 - ll8b 4.08 37-85 24.80 106.91 23.81 0-70 4_S8 14.42

903 - 119 21.86 89.35 771.82 14.89 80.23 2.72 to_2'Ì 46.56
903 - 120 19.93 35.11 67.56 17.37 60.83 2.84 12.82 44.65

903 - 121 23.52 26.92 66.(A r ?_o3 \7.17 5.53 2r.74 66.90
903 - t22 12.07 R1.64 65.(M 16.21 5r _94 3.S6 15.93 52.33
903 - 123 2r.01 6l_19 125.O7 14.54 89.79 ?.12 10.35 48.82
903 -tu 5.16 270.O7 82.8-5 18.79 65.54 5.?'l 2?.10 5r.5R

903 - 125 7.42 223.29 68.40 20.58 56.06 4.15 21.8S 40.71
s03 - 126 1.t9 231.40 51.31 20.M 46.85 2.97 20.17 31 .82

903 - 727 3.96 183.38 41.76 30.10 41.82 0.9'1 29.11 20.24
s03 - 128 0.00 r43.92 31.48 27.68 37.27 0.20 26.08 15-60

903 - 129 44.9'7 123.80 32.53 22.67 34.23 0.36 2r.86 15.42

903 - 130 l.84 261.93 70.16 21 .12 56 40 ? 9). 23.e 41.74
903 - 131 5.26 244.10 55.rS 21 .46 52.5R 3.tx) 20.86 35.79
903 - 132 0.fn 138-Sr 34.31 38.89 4?.13 o.42 ?o.2.s 17.95
903 - 133 o.o0 98_54 29.O5 26.18 33.14 0.48 18_5S 16.20

903 - 134 0.00 rr5.26 27.43 34.58 33.48 0.00 26.32 1.5-6fl

903 - 135 0.00 243.99 39.57 42.62 39.83 0.78 29.71 22.80
903 - 136 0.00 236.30 47.26 50.80 40 17 0.14 29.M 24.9r
903 - 137 o.cn ?48.54 49.9? 3S.78 17.92 0.53 30.50 21.55
s03 - 13ß 7.52 416.80 92.26 32.31 &.4R 2_08 1?..54 ?6 47

903 - 139 0.00 135.15 76.23 70.29 57.t3 0.00 32.97 15.2r
903 - 140 0.00 8L.47 35.77 25.11 32.32 0.90 1.r1 14.52
003 - 14la o,rn 38.46 22.?? 28.54 27.RR 0.58 0.00 14.13
903 - r4lh 0_cn 39.63 17.O7 1Á_38 25.65 o.21 s.ßo 11.91
903 - l4lc 0.00 31.53 19.82 38.67 33.28 0.1I 10 55 3-59

903 - t42 0.00 48.45 88.21 13.93 90.47 5.01 20.13 59;t1
903 - t43 o.rn 63_S5 R1 .97 14.M 138.46 3S3 15.03 54.50
903 - 744 0.00 62.36 r28.03 14.00 186_72 4.91 16.17 60.61
903 - 145 0.00 44.39 58.43 13.58 s5.14 4,39 13_88 53,06
903 - 146 0.00 56.81 103.35 14.29 138.60 5.06 19.41 62.6'l
903 - 147 0.00 89.22 84.00 15.69 r21.57 6.97 22.90 68-78
903 - t48 0.rn r 55_r 3 81.25 15.92 r 7r.o5 4.73 53.36 55.56
903 - 149 o.tn 165.44 7S.88 17.30 r 02.83 476 33.63 56.47
903 - 150 0.00 55.90 69.44 15.02 702.20 10.0s 33.r 3 sr R?

903 - 151 0.00 156.75 l15.08 18.40 118.37 7.87 26.26 '12.87

903 - l52a 0.00 |t9.78 134.34 15.69 r93.23 7.86 37.86 7'1 .20
903 - l52b 5.26 86.24 12?.42 15.47 220.O1 6R) 52.46 68.48
903 - r53 6.53 235.50 165.42 17,22 't17.52 6.5S 24.22 68.30
903 - 154 8.84 212.15 101 .24 16.29 10/..20 7.15 25.30 17.77
903 . 155 896.88 50.60 108.36 r4.65 84.O7 2.11 14.'lg 32.06
903 - 156 5r1.62 '1.05 17.96 't.09 14.92 0.00 s.0s o00
903 - 157 3.78 34.06 43.46 13.79 40.39 0-00 58.62 I 1.69

903 - 158 13.02 36.88 47.58 14.58 50.04 0.00 47.60 16.()4

903 - 159 1l.(M 48 s? 43.21 13.58 61.70 0.49 48.68 25.ß0
903 - tll0 92."ì5 14.& 49.45 14 tx) 60.04 3.98 t6.o7 32.38
903 - t6l 31.80 44.80 52.28 r 4.tn 69_80 3.00 t2.3r 30.85
903 - 162 72.10 33.87 67.01 14.44 39 31 o_55 5.85 77.79
903 - 164 13.08 44.39 85.47 14.86 161.83 0-5s 5.80 22.73
903 - l70a 0.00 24.43 38.84 15.33 15.20 0_58 o.tx) 7.81
903 - t70b 0.00 35.r2 13.69 16.37 19.72 0.68 0.o0 12.48
903 - lTla 0.00 26.62 24.16 14.U 15.48 o,52 0_00 8.88
903 - 17lb 0.00 21.41 16.22 t4.91 16.26 0-50 0.o0 8.76
903 - 172 0.tx) 24 99 42.79 t4.59 16.25 0.41 0.00 8.46
903 - 173 o.00 2R.27 48_r 5 14.47 r 8.08 0.51 0.00 8_36

903 - t74 0.00 30.06 39.52 14.63 25.78 0.66 ooo 9.35



Table IV.2: ICP trace elemertt analyses of ores and rocks. AIV.2-4

No. n Ce Co Cr Cu Flu Gd r.n

903 - 175 o_fi) 26.32 49.16 14.47 23.50 0.57 0.00 8.12

903 - 176 0.00 22.03 67.16 t4 i5 12 8S o.57 o lxl 796
903 - 177 0.00 29.s9 30.45 15.21 38.75 o.55 0-(n 9.41

903 - r78 0.98 27.20 83_50 14.91 251 .61 0.93 2.40 r7 -45

903 - 179 44.41 72.78 36.52 45.38 257.66 0.00 95.66 20.54

903 - 180 13.17 94.62 39.92 r6.54 4r8.72 0.00 s4.8S 35_18

903 - l8l 133.O7 89.87 60.22 15,27 20r _53 o.tx) 87.6S 29-21

s03 - 182 100.95 r77.92 68.77 14.67 99.M 4_35 24.23 62.11

903 - 183 tt4.& 146.54 102.84 15.43 l 18.13 4.58 24.76 55.12

903 - 184 84.r0 150.93 85-67 15-30 109.70 4.84 28.r5 55.18

903 - 185 7.22 60.22 35-84 19.41 306.58 0.00 96.79 13.48

903 - 186 8.87 77.98 76.05 15.88 r27.99 0.00 104.90 19.97

903 - 187 11.ß0 49.88 40.19 37.55 . 101.69 0.00 83 r2 r0.97

903 - 188 7;75 1&.69 205.37 t7.56 415.92 4.10 16.67 46 A7

903 - 1ß9 9.S0 59.96 45.81 54.65 68.58 o.rx) 36 S8 14 49

903 - 190 28.26 246.08 192;t2 18.28 r44.t7 6.5S ?.4;t8 6?..O)

903 - 200 10.37 118.37 24.25 23.36 3R.4R o.22 16.S3 16.39

903 - 201 6.41 165.03 30.54 21.51 40.87 0.33 'lL()4 18.S2

903 -202 7.80 207.55 33.11 27.94 43.?4 0.35 23.97 21.00

903 - 203 1't.R2 201 .47 v.16 24.39 43.20 0.41 22.48 18.32

903 -2M 14.91 243.06 35.e 24.95 45.29 0.51 23.70 r9.54
s03 - 20s 2?.6s 236.41 40.M 25.56 49.74 0.51 24.77 2t.M
903 - 206 21.68 239.00 41.07 22.99 50.16 0.75 23 68 ).1 4)
903 - 207 25.83 337.3r 63.66 24 70 \7.20 1.41 i0_03 30.1 4

903 . 208 26.36 292.45 61.06 26.7? ,52.85 1.29 25.11 24.85

903 - 209 16.58 61.80
"6.96

17.1? 83.0S 5.S8 28.64 5?.20

903 - 210 0.00 t83.22 83.41 61 .42 55_80 0,08 41.18 't7 -25

903 - 2tr 0.00 2M.52 67.93 48.05 &.49 1.68 26.79 28.40
903 - 212 11.09 l 13.83 68.67 19.61 l10.63 4.03 25.13 47.35
903 - 213 7,27 22.36 144.83 L4.70 tgr.t7 2.39 1\ )) 4) 14

903 - 215 0.00 45.12 28.81 27.19 40.98 0_o0 26.28 8.4r

903 -216 16.?4 62.90 63.89 14.41 120-38 6.94 36.60 71.90
903 - 217 0.oo 11.?5 23.6t 34.43 33.79 0.01 16.84 10.63

903 - 218 10.83 42.55 67.L5 16txl ro5 65 29R 20 76 47.22
903 - 219 6.52 74.74 45.71 l5-96 89.84 5.82 26.77 59_89

903 - 220 4.84 67 -70 97.5'l r4.86 130.71 3.52 24.53 55 53

903 - 221 0.oo 27.82 15;t6 50.38 31.36 0.00 46.43 9.69
903 - 222 0.14 23.56 14.27 4r.33 26.92 0.00 35.69 10.66

903 - 223 3L.24 19.68 '19.95 l4.tI 5R_23 1.54 10.9? 46 19

90? -224 20.'14 41.83 83.76 14.06 80.70 2.45 13.71 49.8r
903 - 225 17.1'l 146.71 83.62 13.68 72.94 3.49 15.06 49.49

903 - 226 I l.o0 r59.49 107.65 13.88 70.35 3.2r 16.49 50.r0
903 - 227 8.91 92.36 54.60 15 64 ro0 38 1.40 12,3R 35 ?S

903 - 228 6.80 ?6.t)0 27.23 16.20 1ff)_83 0_88 l5_58 2R.72

903 - 229 o_oo 185.10 50.32 63.61 47.15 o.37 ?4.36 16.25

903 - 230 0.0s 203.15 47.69 50.74 55.34 o.2r 31.16 14.31

903 - 232 11.78 248.66 277.M r7.73 413.52 3.98 27.33 54.26
903 - 233 10.35 368.21 294.93 18.79 205.83 3.72 17.19 38.1 3

903 - 234 r;t3 &.89 26.82 t9.t7 355.36 0.00 ro2.r9 16.39

903 - 235 3.74 Ø.56 23.86 20 rs 300 5?. oo0 100.77 16.46

903 - 237 25.90 27.61 157-69 14.44 ?41 .56 0_83 ?.71 r s.07
903 - 239 2?.67 67.62 114.O9 13.98 72.92 1.26 18.18 26.96
903 - 2At 63_89 122.16 M.88 15.40 91.34 7.64 32.84 104.31

903 -2AS 1.78 83.70 v.70 13.82 10q_65 0.00 l 11-58 20.15
903 - 246 2.55 64.06 44.95 15.67 86.94 0.00 112,69 10,48

903 - 2A9 31.73 205.65 61.28 15.80 114.26 1.20 I 1_53 3l-lI
903 - 250 5.88 30.57 96.77 13.53 52.r3 0.00 59.32 20.52
903 . 251 t.73 47.7r 12t.2t t3.26 53.28 0.00 75.89 16.05
904 - 2s2 r 3.s8 59.s2 62.15 15.70 r r 3.04 1,lg 16.63 32.28
903 - 2S3 r 5.00 r87.r5 r 15.41 14.93 153.42 2.96 13.20 16 ß0



Table IV.2: ICP race elemcnt analyses of ores and rocks. AIV.2.5

No. R Ce Co Cr Cu Eu Gd La
903 - 2s4 3.87 m.54 183.91 14.?2 r77.63 1.90 9.M ).1 St
903 - 255 7.O2 l64 ts 74.49 13.95 15.52 245 52.60 32.72
903 - 256 5.18 107.00 6?..67 l1 ?s 56.08 2.11 641\ 34.7't
903 - 259 24.06 96.49 140.29 14.47 73.e 3.19 14.60 4't.70
903 - 260 20.46 1l1.95 156.44 14.82 96 07 3.26 15.26 4S.30
903 - 261 orn 58.74 97.37 t6-7r r96.69 o.fi) 99.97 9.Sl
903 -262 o_fn 5S.10 74.O2 21.94 172.57 0.(n 97.17 9.93
903 - 263 18.23 -56.(X ltn-o0 t4.39 42.9{J 1.79 l1_82 79.29
903 -2& 12.39 61.68 93-50 14.?4 45 05 1.80 12.54 35.44
903 - 265 59.92 18.93 28.89 14.r 1 45.O2 1.49 12.55 36.02
903 - 266 23.29 14.4r 32.O8 14.16 5r.65 5.66 37.63 66.05
903 - 26ß 776 16R 14 234.31 14.33 157.47 2,O1 25 1) 35.79
903 - 269 8_54 ?2R.?2 182.7R 15 l8 122.90 4.08 25.96 46 14

903 - 270 1.52 83.08 r 56-3S 16.1O 73.46 0.00 '11.91 22.2L
903 -271 LS8 75.79 122.48 'I 5.96 51.39 r.05 18.84 27.98
903 - 272 11.54 52.15 106.27 14.91 roR s0 1.29 10.38 32.97
903 - 273 10.60 14.96 105-83 15_25 s5.4R 1.88 13.10 36.RR

903 - 274 37.r0 I I1.89 22.24 16.99 68.Or 4.t4 24.47 -53_t S

903 - 275 37.99 105.40 25.M 15.69 7?.12 3jg 20.76 54,08
903 - 276 oo0 5S O1 46.27 79.13 s6.89 0.00 95.28 12.54
903 - 277 o-rn 64.55 42.99 30.55 343.65 0_o0 73.68 10.91
9ß -274 2.58 ?'7.?9 82.S3 16.89 217.83 1.31 7.O7 15.62
903 - 279 4.29 40.47 89.r0 15.?,o 80.58 1.93 7.91 24.30
903 - 280 6.& 35.92 r 0-5.8-5 t -5_84 8r.42 0.57 57.73 22.24
903 - 281 13.10 100.08 I10.3r 'r 8.82 200.56 2.16 14.85 45.47
903 -282 72.r5 tt.27 756.27 15_08 161 ?5 3.87 25.44 46.82
903 - 2ß3s 12.30 60.53 147.35 14.38 287.R2 1.60 8.73 30_85
903 - 283h 10.01 l 54.15 r34.53 16.57 116.29 207 t2.56 33.45
903 - 283c r0 85 t32.95 110.95 14.40 127.89 r.ß7 I 1.33 31 .94
903 - 283d s.7R 91 )2, 96.r9 14.63 231.O1 2.11 13.10 35.69
903 - 283e 10.27 129.94 s9 )7 14.46 147.88 1.SO 7r.72 34.16
903 -2U 6.80 49.45 r 35_3S 16.43 141.91 2.43 30_59 28.85
903 - 285 14.86 46.10 111.09 l -5 _96 162.4t 1.59 20.28 30.34
903 - 286 1).,9). 50.83 149.92 16.77 l3ß.?5 2.34 28.10 32.57
903 - 287 10.67 51.03 129.95 19.98 109.A 1.R). 39.03 28.56
903 - 290 17.73 't92.66 58 8R t4.75 82.69 3.94 20.47 45.53
903 - 291 33.45 290.25 17.73 14_R5 78.96 16.20 58.34 l1l.9l
903 - 292 32.30 256.20 15.42 20.65 2S;t5 11.11 45.39 6R.R2
903 -293 33.87 320.59 8.89 16.1 3 ?i.o7 14.50 50.49 88.40
903 - 294 32.14 280.10 35.61 19.45 4't.s5 15.4r 58.09 91 .M
903 - 295 0.93 54.35 3S.35 t4.34 82.54 0.o0 I 06.s6 8.78
903 - 296 3.8 8 47.80 55.21 30.83 154.58 0.00 86.61 16.00
903 - 297 ).7.so 62.81 85.76 15.00 1R 2,R 4.U 26.M 40.o'l
903 - 298 r7.4R 58.34 93.77 15.45 203;13 1.51 13.36 29.13
903 - 299 21 .41 38.86 so.g8 16.35 152.49 1.42 13:52 30.36
903 - 300 42.72 278.10 24.31 14.6i 30.30 10.12 42,?2 63.92
903 - 301 29.85 365.49 23.31 15.79 55.81 16.38 61.27 80 q4

903 - 302 29.(n 39s.98 14.22 17.M 65.17 19.10 72.39 9-5_80

903 - 303 22.M 33.S5 56.03 14.M 122.'12 2.61 18.58 44.30
903 - 304 r 5.03 24.87 5s.?8 13.81 r08_19 2.?9 14.70 34.92
903 - 305 20.90 18.05 't't6.84 14.06 159.05 3.23 2t.09 39.86
903 - 306 22.60 22.98 126.M 14.4R 191.1r 3.8 r 25.87 39.56
903 - 307 26.75 29.54 250.03 14.61 250 io 4.52 24.88 41 76
903 - 308 28.15 27.72 236.48 14.08 2M.71 4.L2 22.72 40_r0
903 - 309 23.61 42.67 211.36 14.86 232.51 3.54 21.22 37 -O2
903 .310 20_88 56.74 169.95 20.16 I96.93 3.48 22.82 37.29
903 - 311 26.'79 22.27 19t.40 13.98 21'l .60 4,14 25.51 40.51
903 - 3l2s 2't.94 29.77 181.25 14.7 t r77.26 4.(9 24.33 40.78
903 - 312b1 32.33 24.OO 140.50 13.88 143.O7 5.29 45.30
903 - 312h2 )s 04 lq 65 8l .08 1?.'t5 RR 47 3.91 ?,6 ).R 45 Rl



Table IV,2: ICP trace element analyses of ores and rocks. AIV.2-6

No. R Cp f-o Cr Crr Du Grl Ls
903 - 312b3 33.74 2r _66 I 05.?.O 14.15 129.42 4.47 25.88 42.O8
903 - 3t2h4 30.56 36.60 78.74 14.0s 93.74 4.72 21.88 47.66
903 - 3r5bs 30.69 2,R 92 l10.46 14.03 140.52 5.09 27.1? 45.06
903 - 313 28.99 33.71 s4.25 14.77 134.16 3.S6 24.12 M.S1
903 - 314 27.31 36.13 89-12 14 41 128.04 3.51 20.39 38.66
903 - 3r5 2.).76 34.3r 58.52 14.84 108 02 2;t9 17.15 35 ?q
903 - 316 22.21 25-M 6?.;t1 14.55 105-43 2;t2 16.83 33.70
903 - 317 20.70 38.1l 88-73 14.83 r2t.46 2.79 19.19 3-5.71
903 - 318 21.20 38.1 7 76.11 l3.qR t39.74 2.96 20.os 40.M
903 - 319 20.M 28.98 59^87 13.55 125.39 2.15 l6.ss 36;t5
903 - 320 2L.43 34.95 47.9 13.77 17?.67 2.44 19.16 4t.7t
903 - 321 17 41 34.98 55.06 14.06 r 40_10 2.34 19.70 42.4?
903 -322 17.R2 ?s.6Ã 66.07 14.05 163.85 1.O2 22.75 44.M
903 - 323 19.53 36,45 57.16 14.35 775.29 3.?4 2t.28 40.l'.?
903 -3U 4.& 138.55 56.64 65.88 62.23 1.il 45.22. 30.48
903 - 325 4.56 126.23 39.45 63.54 60.74 1.14 49.?5 ).R S'l
903 - 326a 7.18 65.99 20.93 57.29 3S_30 0.00 67.57 27.21
903 - 326b 7.1a 90.82 75.72 56.35 138.93 0.54 71.29 25.92
903 - 326c 1?.12 't2.65 18.17 l19.05 41 .34 o.rx) 82.42 21 .7?
903 -327 21.85 r s8_10 65.2R 25.97 98.23 2.?'l 39.37 40.39
903 - 328 97.92 17.91 82.87 14.r3 118.53 4.9? 24.89 43.80
903 -329 17.33 33.51 62_'12 13.93 100.66 3.97 17.93 39.1 I
903 - 330 43.57 226.ú 121.39 14.R4 182.97 3.25 16.77 55.47
903 - 331 14.55 203.42 89.22 l -5.16 78.03 2.59 16.30 50.24
903 .332 11 ).O 118.28 96.97 14.78 108.58 1.38 '72.M 37.75
903 - 333 s.68 ?21 .).1 143.73 74.41 128.87 3.67 20.55 6l .il
903 - 334 16-13 45.O'1 12\ 41 14.55 11.17 1.77 18.72 44.?8
903 - 335 18.79 42.76 86.69 14.57 68.45 3.M 20.3r 49.9r
903 - 336 74.78 53.12 29.?2 12.85 99.81 0,tn 108.81 6.87
903 - 337 2.61 50.47 14.75 30.0s 20.43 0_41 0.45 15.16
903 - 338 1.98 32.13 15.71 56.44 33.66 0.00 43.5.5 I
903 - 339 25.60 56.38 213.08 14.42 144.65 1.90 19.92 30 s1
903 - 340a r 5-40 38.30 166.77 15.38 262.8? 1.86 I 1.38 20.04
903 - 340b 11.69 39.31 216.10 17.05 223.63 1.42 8.38 18.6S
903 - 341a 20.& 122.71 114.3? 77.26 63.98 2_08 t2.t3 40.93
903 - 342a 13.38 205.90 195.0r 14.71 74.9r 2.02 11.75 48.93
903 - 343 R.77 230.95 173.72 r -5.59 744.04 2.15 13.36 29.36
903 -3'44 6.66 tt5.77 148.14 15.44 52_r5 0.87 21.00 26.07
903-A I 1_Og 145.85 97.98 't3.92 148.S0 2.00 40.83 34.61
903-B 8_41 376.75 130.05 14.12 1?1.71 11.45 45_20 't?4 R4

903 - B I.a 6.97 41 .14 14.58 29.39 19.31 0.44 0.00 12.98
903 - B I.c 1.Og 32.94 I ?.19 28.84 21 .16 0.44 0.00 13.62
903 - B I.dl r.62 3S.35 14.03 29.40 21.67 0.48 0.00 14.15
903 - R r-d2 5.50 39.81 13.65 28.6ß 2t.63 0.50 o.56 14.09
903 - B r.d3 't os.5s 4t.3t 13.81 43.25 )). Á4 0.53 0.5? t4;t5
903 - B r.d4 s.09 34,87 t3;14 25.28 2r.o0 0.38 0.0r 14,7;l
903 - B I.e r.54 35.77 12.55 28.66 22.19 o.3s 0.00 12.80
903 - B n-e 39.53 ?3.08 70.t6 14.11 't4.40 2.52 l 1.87 46.50
903 - B II.c M.OO 80.83 72.43 14.40 78.99 2.53 12.82 48.r9
903 - B II.dl 48.79 84 R6 71.85 t 3-40 7R 

").
2.48 12;72 13.43

903 - B II.d2 20.62 77.55 73.06 13.46 7S_50 11.72 46,'14
903 - B II.d3 21.91 83.66 7?.79 14.49 79.30 2.51 12.91 48.40
903 - B lr-d4 I g.oo 81.49 74.95 1?.72, 79.91 2.57 li05 48
903 - B II.e 24.59 82.18 73.72 16.15 7S 61 2.63 13.15 48.02
903-Mn2 16.15 95.80 16.77 27.?8 91.31 20.26 49.98
903-Mn3 15 15 rro 56 74.53 35.O0 s6 sR 3_52 ).4 q,c) 52.5s



Table IV.2: ICP trace element analyses of ores and rocks. Alv.2-7

No- Nd NI P Sm Sr v Yh 7.n 7.r

903 -3 39.16 62.81 161.75 10.97 255_89 159.39 138 109.80 67.O9

903 -4 54.6? 87.43 222.13 16.20 730.77 2t8.48 1.46 l15.57 23.0r
903 - 5¡ 38.68 40.77 120.56 10 2.7 2.047.61 ?67.20 l.4R 68 r8 1?6.43

903 - 5b 13.62 o_fi) 0.cn 0_00 0.00 14.92 0.88 39.85 254.03

903-6 ?7.69 92.29 r77.30 8.21 3073.56 183.91 5.03 95.82 r s-33

003-7 48.95 71.55 t46.7t 1i.84 24?,5.62 r 94.60 2.74 6'1 .o7 22.49

903-8 41.31 t02.07 146.41 11.06 ?395.73 184.28 4.22 96.05 22.00

903-9 60.68 ?r.55 201.65 18.25 2t14.25 532.80 2.30 't8.52 26.99

903 - 10 62.6? 143.57 125.68 14.84 4SSO rI 157;1'1 5_80 s7.89 a7 52

903 - 1l 62.32 t35.02 156.77 r 7_05 46?9.67 161.94 5.52 85.75 35.82

903 - 12 61.14 145.32 181.78 17.2? 4677.72 178.3S 4.99 84.67 37.18

903 - 13 69.33 171.16 r4r.9l 17.01 5 t -59.55 143.25 6.69 126.09 28.64

903 - 14 79.30 1i0_20 159.43 22.41 5158.26 186.52 6.53 82.60 38.69

903 - 15 53.43 70.64 135.96 14.80 391 8.14 ).36.2'l 3.S0 6s.6S 6l.51

903 - 16 55.68 r08.42 166.70 15.72 41 1r.00 20s.0s 3_gR 7'7;18 i3 0?

s03 - 17 69.46 179.44 158.5S 1R.',|2 5008.2? 136.53 6.86 125.53 26.50

c03 - 18 75.50 66.38 114.36 21.1t) 3098.84 391;79 4.73 65.29 60.(M

903 - 19 65.24 78_77 126.00 17.73 3967.79 2'73.24 5. l3 91.50 53.31

903 - 20 5.81 0.oo 0.00 0.00 0.00 5.58 0.00 37.21 223.O9

903 - 21 16.26 r.86 3t.21 3.07 149.1 I 398.05 1.83 46.6r 205.v
903 - 22 35.14 72.r8 r04.2t 6.54 1549.93 sr.59 30q 64.10 95.59
q03 - 23 49.81 708.27 t56.32 9.81 2324.90 't14.60 4.67 R9.47 31 84

903 - 7A 14.O'l 7.71 io.R7 2.40 s4_68 29?.O1 1.M 4?.84 lgs m
903 - 25 19.06 4.87 ??.66 6.22 594.51 471.39 2.12 55.81 188.38

903 - 26 5.16 0_o0 0.00 0.oo 0.00 1.09 0.00 32.78 32.20

903 -27 14.& 3.83 12.86 6.62 0.00 644.3r 2.50 6r.42 246.61

903 - 2ße 1 l.g9 r.94 0.00 2.39 0.00 2Rs.4'l 167 46 1) )56 01

903 - 281ì 12.45 1.61 0.00 2.19 0.00 358.S7 l _87 4't.o8 2.6R 6)

903 - 29 24.83 4.22 0.00 _5.16 7.22 2'18.56 2.?2 M.71 24".40

903 - 30 18.88 5.47 0-tn 4_80 0.00 246.16 1.84 42.67 200_93

903 - 3la 16.53 1.54 0.(n 2.4',1 0.00 52.28 0.58 3'7.77 12r.63
q03 - 3lh ll lg o.00 o.o0 0.75 0.00 8.73 0.00 34.96 78.49
903 -32 9.88 0.00 0.00 0.46 0.00 t0.47 0.00 36.31 g.&
903 - 33 41.43 504.83 174.29 10 a), ovê,tlân pe 721 .6'1 9.9'l 199.07 38.96
903 - 34 45.59 551 .68 1ó5.93 10.Å4 ovenân pe 388_1 6 l0_6s 201 .42 36.29

903 - 35 42.62 39s.89 r s0_00 't1;11 ovetTân se 313.70 6.25 'r 67.81 40.R2

903 - 36 45.20 50.5_S8 r 81.43 12.O9 ovettânpe 415-56 g-r 3 184.22 39.61

903 - 37 50_87 -598.(M 173.26 13.27 ovefTÍìnse 502.85 10.06 190.?8 48.38
so3 - 3ß 48.28 522.59 't71.62 13.23 overTânse 502.17 8.52 173.54 82.00
903 - 39 52.66 568.05 t'19.35 14.07 ovelTanqe 512.83 9.39 181.41 56.57

903 - 40 53.43 590.14 169.29 14.87 overranse 494.tt s 15 182.67 50.29

903 - 4l 51 .05 348.70 3r4.66 r 5.60 ARo/..26 ?45.16 4.1'1 161 .gO 31.48

903 - 42 44.49 39t.75 127.O2 ll_86 ovetTân se 43't.76 5.24 224.?7 106 21

903 - 43 39.05 299.?O 8r _8S 9.46 -5 r 3S.09 3&.16 4.18 118 35 170_85

903-4/. 5S.84 492.45 177.84 16.03 ovetT^nae 427.23 6.37 154.52 90.u
q03 - 4-5 45.65 376.49 I 11.65 1 1.83 ovetïanpe 395.41 6.32 126.76 142.98

s03 - 46 66.75 566.34 201.89 20.65 overTanqe 414.56 1 1.13 167.55 57.59

903 - 47 68.42 426.& 245.62 23.05 overTanse 367.20 8.84 140.18 46.86
903 - 48 65.20 419.U 213.25 20.94 ovelTanqe 370.87 7.18 r37.13 57.09

903 - 49 50.80 239.28 r 2ß.50 r5 06 441'1 ."), i33.go 4'15 1t2.7'l 158.09
903 - 50 70.21 3S5_O8 2?5.75 24.6R ovenân pe 403-38 s.l6 r 40.56 52.26

903 - St 68.64 410-58 241.56 23;t5 ovetTange 492.97 8.60 134_93 41 ;t9
903 - 52 44.52 49.75 56.81 11.57 1784.r3 955.91 3.61 70.35 198.42

903 - 53 r 8.0r 5.01 5.81 2.3r r35.84 907.44 2.69 50.34 278.71

903 - 54 67.95 r99.13 r45.10 22.09 3049.50 499.34 3.69 89.55 r44.65
903 - 55 87.44 324.35 26R.26 30.13 4522.68 486.97 5.70 104.54 42.93
903 - 56 90 42 ?64.78 20R.& 2R;16 ovefTân se 615.r s 7.2? lll4l 56.26
s03 - 57 22.16 4.06 0.00 3.12 536.2'l 2'13.87 1.80 45_75 24? 95

903 - 58 70.82 274.36 226.48 24.12 3290.19 368.95 4.20 101 .75 45.30
sol - 5q 17 SR ?o5.85 r R5.gl 25.54 ôvenân pe 411 .OO 6.?7 'r oo c5 Á5 6r



Table IV.2: ICP trace element analyses of ores and rocks AIV.2-8

Nn- Nrl NI P Sm Sr v Yb 7,n 7.r
903 - rl0 74.32 147.96 130.49 23.52 1637.61 584.96 4.05 80-13 95_18

903 - 6r 78.15 329.75 242.58 27 ),1 4925.25 \2.4 F,1 5.67 107.35 35.03

903 - 62 87.98 323.32 212.1R 2S.m 1845.17 26R.14 2.56 l 02.3R 40 12

903 - 63 171.30 2',1 .14 238.64 48.59 474.45 161 .12 3.(X 70.72 36.7R

903 - 64 2ß.65 11.92 82.92 8.rz 197.67 322.62 2.57 72.83 215.7s
0O3 - 65s r r.80 6.97 49.3r 4.56 I 1.14 ?38.4r 1.84 55.94 212.42

903 - tlsh 75.1 8 42.O3 606.04 ).4 U\ )73,4 56 53.66 4.4R 105_7S 45.13
903 - 66 38.44 22.9t 49.22 10_?s u6.06 446.99 3.50 61 .47 211.48

903 - 67 29.15 10.4'l 32.91 7.2r 478.35 197.67 1.87 52.62 146.99

903 - 68a ?R.26 214.'18 158.85 4.30 24U.OO r97.t4 2.23 703.71 \4 71

q03 . 68tl 40.23 200.51 268.69 3.49 26'15.?2. 264.49 4.5r 101 _80 40.68

903 - 69 41.06 186.58 290.16 3.r3 269?.78 273.82 4.71 99.86 43.88

903 - 70 36.77 176.84 241 .97 2.50 2535.91 241.62 4.37 95.56 45.75

903 - 71 38.36 210.1'l 2S1.98 1.90 2179.15 235.93 4.99 101.04 33.81

903 - 72 38_80 209.25 288.35 2.4r 2274.54 253.47 5.21 98.08 15 86

903 - 73 41.98 1 81.05 256.48 3.27 rs55 R6 )11 ,87 5.44 r00_l 1 3R.70

903 - 74 33.87 114.48 r 76.98 1.60 l gRl _70 166.84 5-07 89.73 70.49

903 - 75 38.62 227.75 217.23 2.43 2703.55 l't8.26 6.43 92.75 50.14

903 - 76 25.25 216.96 229.O8 4.54 3385.17 154.85 5.68 76.96 95.53

9O3. -77s 43-6'l 190.72 257.35 3.32 2744.23 185.59 559 R5.71 7't )9
903 - 77b 83.23 193.83 301.15 16 5',1 2196.R4 195.43 8_51 84.50 24.2A

903 - 78 59.86 245.95 443.69 R.72 2667.51 216.13 4_12 85.14 32.91

903 - 79 25.48 654 29.?7 1.97 o.00 155.83 1.46 53.89 193.29

903 - 80 42.rr 204.19 282.O3 5.43 13M..47 144.73 1.55 107.31 31.30

903 - 81 41 .44 331.82 320.19 4.93 2712.66 202.36 2.65 117.65 38.51

903 - R2 45.2'7 342.96 2r5.62 4.06 3295.93 203.30 2.75 I 18.15 46.15

903 - 83 4r.52 328.r4 22r.28 5.O2 2267.99 I R5_3S 2.15 120.9r 38_21

903 - 84 38.& 252.28 174.76 4.10 2523.92 't75.94 2.39 105.29 49.11

903 - 85 78.68 l 97-51 50r.41 L4.14 2517.46 215.89 5.23 84.23 20.99

903 - 8tl 87.51 149.2r 527.85 i5.50 2098.12 206.29 555 R6 86 6) 01

903 - 87 54.5r 29.23 207.U 10,21 11r6.57 71ri.12 ?.M 6'1 .14 157.12

903 - 88 67.05 308.95 252.18 1 1.33 33r 3.98 285.98 5.05 88.31 52 88

903 - 89 5R.38 282.75 282.O3 12.61 3?09-S6 362.59 5.29 96.27 70.72

903 - 90 ?3.29 2.80 7.9r 7.3s 3.60 816.28 3.65 50.91 202.68

903 - 9l 6q.43 4r2.41 201.35 9.8'l 3811.61 311.36 6.86 114.01 52.55

903 - 92 63.12 533.13 221.28 8.35 M07.20 289.13 7.06 136.48 51.21

903 - 93 60.16 598.96 403.34 8.25 4612.24 2't8.28 6.51 145.48 52.93

903 - 94 60.16 588.20 293.81 8.18 4639.80 267.56 6.65 746.44 46.02

903 - 95 58.23 661.06 ?_s3.8r 7.17 5161 .37 275.61 8.54 15r.S7 44.56
903 - 96 5'7.49 702.90 189.01 7.69 0.00 288.45 9.56 r47.42 3S.88

903 - S7 57.84 652.26 1'.t6.72 7.89 0.oo 282.17 9.77 146.95 41.28

903 - 98 68.04 594.O4 126.28 lt.t'l 479'1.18 255;t2 7.29 728.43 36.68

903 - 99 66.21 560.27 l17.98 70.2t 0.00 334.69 8.35 tts.22 53.74

903 - 100 75.98 584.99 129.53 13,28 o.oo 335 30 10.84 loR g? 45.30

903 - 101 87.61 (\15.4? 122.42 15.R1 o_00 2R9.4'l 1?.41 I()4.R? 4?,64
903 - t02 92.4R 40l.74 328.81 21 .56 overrânt'e ?12.94 9.28 ss.gj 47.90
903 - 103 114.3'7 290.?1 394.31 27.59 3019.70 384_13 7.06 101 .S3 3r _48

s03 - l(}4 87.57 257.91 307.67 19;t7 2525.30 305.52 4.61 100-38 61.88

903 - 105 94.14 284.O1 364.59 22.39 3123.40 256.83 4.81 113.9t 31.69

903 - 106 99.69 396.r2 316.21 23.98 5034.40 279.60 8.74 107.72 39.73

903 - 107 103.69 426.52 295.M 24.67 ovelTanqe 302.15 10.41 99.24 48.93

903 - 108 49.40 11'.7 46 25.70 t4 05 ovetTanqe 173.46 7.43 78.1 3 40.07
903 - tos r01.15 325.sO ?49.19 2?.59 4277.60 279.87 7.t0 102.04 58.36
903 - ll0 81 .26 8R.20 r.53.66 17.72 1(\7O.'lO 454.22 4.67 67.35 r40.92
903 - lll 120.67 252.62 441 .24 29.89 2245.40 277.74 4.90 95.30 29.68
903 - ll2 102.69 266.42 236.23 22.O1 2(41 .OO 260.93 4.12 85.40 87.74
903 - l13 44.35 73.87 540,40 11.41 ?27.98 479.74 4.r 8 1),7 i1 263.93
903 - l14 29.39 3.33 1.14 3.1 3 lr852 4r.50 0.30 40.24 R1 44

903 - 1lSa r7,97 0.00 0.00 0.00 0.00 12.M 0.oo 36.23 135_O5

903 - ll-sh 19 1). oRs s't4 110 ooo 9)7 61 )16 49.48 113.21



Table IV.2: ICP nace clemcrit analyses of ores and rocks. AIV.2-9

No- Nrl NI p Sm Sr v \¿h 7¡ 7.¡
903 - 1l6e 44.O5 9-r5o 419 97 5.90 232.88 l76.ls r.56 70.59 73.22
903 - l16b 50.45 24.69 36r -R8 8.03 398.49 r27.53 3.7? 83.67 68.73
903 - 1t7b 46.70 56.6r 249.11 6.87 366.54 78.?0 2.29 I 15.53 49.26
903 - l18a 44.57 52.49 666.77 12-49 547.25 160.43 4.05 125.94 80.m
903 - tt8h 26.2.7 119 11.27 1.33 0.00 3?.41 o75 44.24 r89.33
903 - 1r9 53_78 4r _35 RS1.34 8.32 670.87 256.78 3_69 r 50.05 56.70
903 - 120 57.58 60.70 354.47 s28 209.28 l17.95 3,75 66.(M 78.67
903 - 121 94.85 60.28 466.66 16.4R 2R5.'16 21r.70 5.49 69-30 109.97
903 - 122 't6.96 62.r7 290.52 12,24 2'to.51 169.91 4.85 69.M 94.01
903 - 123 57.94 156.08 453.65 8.65 411.& 76.21 5.03 105.42 36.42
903 - t2A 94 5). 29.23 16.09 17.63 563.45 237.s8 7.tx) &.92 241.76
903 - r25 '19.29 25.96 r0.85 14.00 382.61 234.32 5.55 62.16 255.90
903 - 126 44.61 25.'t'7 1.92. 11.42 310.14 207.67 4.O1 55.62 255.58
903 - r27 28.42 15.54 0.?3 7.3t 138.30 495.83 3.2? 48.60 239.34
903 - 128 20_80 13.14 0.00 4.61 48.16 308.23 2.O5 46.88 235.s9
903 - 129 18.84 14.96 0.oo ?.a7 3.52 252.69 1.86 45.OR 251.42
903 - 130 65.53 31;t7 7.31 r 6.86 44). ).5 219.09 5.35 48.r 0 257.93
903 - 131 53.3"t 22.37 1.12 12.90 251 .91 201.27 3.77 44.?2 243.22
903 - t32 22.87 9.M 0.00 6.53 87_8S 290.92 2.45 47.52 235.29
903 - 133 'I 8.33 10ll 0.00 4.O7 0.00 't 46_08 1.68 45.36 259.41
903 - 134 18.1 1 8.?8 0_fi) 4.30 0.00 2M.9'l r.90 47 44 244.O2
s03 - 13S 29.12 13.46 3.01 8.30 161 .28 294.43 2.93 47.9? '26).4\
903 - l3tl ?o.).6 7.7r 0.00 8.59 153.08 2"R 64 2.76 50.57 252.35
903 - 137 27.14 7-88 219 't.v 4.42 227.55 277 52.08 259_21
903 - ß8 49.99 24.25 4_41 14,17, 185.r 8 263.74 '4.27 4R SO 254.30
903 - 139 17.98 29.79 7.31 5,64 o00 265.89 2.31 47.96 ).s6 6?
903 - 140 19.1), 3.98 0.00 2.68 0.00 14.R'7 0.97 39.37 r 80.56
903 - 141a 12.88 4.24 o.oo 0.80 0.00 r1.52 0-88 4r.99 219.48
903 - 14rb 12.15 4.56 0-00 1.O7 0.00 73.17 0,96 M.R6 233.rs
903 - 141c 10.58 4.54 0.00 o.20 ooo 31.13 0.84 44.5'l )4) 91
903 - 142 64 R7 r82.20 226.78 15.41 450.54 r ss.?1 5.49 91.13 72.75
903 - 143 49.59 218.94 r sR.23 r0.85 4r3.65 168.9S 5.54 r1.4.82 31 .14
903 -tu 59.79 344.14 2M.51 13.82 506.91 123.15 6.74 108.59 22.40
903 - 145 57.62 195-33 221 .28 r5.r3 ztt.39 175.76 4_46 r r 0.95 4;t8
903 - 146 56.90 244.34 332.24 12.52 338.87 100.48 8.88 l3l,84 ?9 )O
903 - 147 84.36 229.2't 405.42 20.74 2'16.tu Lt2.39 6.80 1'.17.17 36.56
903 - 148 72.?4 20¿.aO 625.23 22-34 291 .40 4\g 25 9.81 727.M 55.09
903 - 149 69-5S so-96 276.66 18.97 343.65 36?.O'l ?_08 103.30 79-81
903 - 150 121.39 212.?6 2so.47 30.70 220.21 195.1 r R,4R 99.18 21.85
903 . 151 97 -86 157.55 ?o7.64 25.78 350.24 '149.94 7.RR 702.54 61 _71

903 - 152a 101.11 160.14 306.7r 26,O7 468.65 542.54 12-71 116.9). 84.39
903 - l52h 94.26 480.07 617.80 2't.5? 3't4.06 929.67 13.o5 157.41 64.09
903 - 153 84.5s 67.38 512.84 22.24 696.74 154.M ?.72 r 30.60 61.t7
903 - r54 s3.R 1 56.1 I 419.08 24.28 369.46 rg? r r 8.29 96_99 Rr.i5
903 - r55 29.25 110.20 s47 06 6.49 4005.37 52.85 3.96 145.62 54.2s
903 - 156 0.00 7 -71 O.IXì 0.00 66.70 20,42 o rx) 47.91 63.?4
903 - 157 12.50 1 87.15 2424.61 7.9) 458.92 122.81 4.?1 r45.59 72.28
903 - rs8 18.1 8 r04.& 1849.76 7_5R 421.08 t'17.63 3.09 150.20 135.38
903 - 159 34.24 133.01 2441.8't 11.4? 892.48 2&.21 2.82 186.94 88.1I
903 - t60 27.88 199.59 432.92 9.33 286.38 90.73 l.s5 96.2,5 29.19
903 - r6r 11 .6'1 97.45 389.90 8.17 642.54 75.56 1.39 88.7S 52.06
903 - 162 '10.80 74.66 171.09 1 .81 173r _80 238.23 1.02 r 00.84 69.27
903 - tg 17.46 6t _30 227.37 2.39 4522.92 1 I 15.6S 3.96 140.41 71.)4
903 - 170a 7.80 o.o0 0_00 0.00 0.00 5.46 0.00 33.74 40.s8
903 - l70b t2.r9 0-oo 0,00 0.00 0.00 3r.55 0.25 35.55 ?s.50
903 - lTla 9.70 0.00 0_oo 0.00 0.00 6.54 0.00 33.63 43.45
903 - l7lb 9.46 0.oo 0.00 0.00 0.00 6_99 o.oo 33.69 45.14
903 - t72 8.89 0.00 0.oo o.tx) 0.00 6.16 0.00 33.70 44.70
903 - r73 R.77 0.00 0.00 0.o0 o.o0 5.39 o.o0 ?,40ø. 4
90?. - t7Á 9.82 o.o0 ooo ooo 0,o0 I l.o8 ooo 36.5 r 4t 16



Table IV,2: ICP race element analyses of ores and ¡ocks. A rv.2 - 10

No- Nd N¡ P Sm Sr v Yh 7n 7,r

903 - I75 8.48 0.(n o.o0 0.00 0.00 8.97 0,00 35.29 38.81

903 - 176 R.77 0.00 0.00 0.00 o.tx) 20.47 o.fn ?8.02 3S_14

903 - 177 9.r2 0.00 o_fn o_(n 10.90 50.73 0.00 39.80 57.06

903 - 178 14.66 3.43 125.36 r.67 689.90 943.18 2.90 80.96 44.90

903 - 179 23.49 344.80 4t7 -53 12.08 29.58 1534.63 6.29 't44 59 180_31

903 - 180 36.20 1-56.81 r773.66 13.68 )¿?.60 1219 75 6.86 153.26 166.71

903 - 181 3L.23 90.M 7742.t2 13.40 4?6.15 1203.85 ?.81 124.01 148.91

903 - 182 65.77 1M.78 247.82 19.68 416.34 2r9.76 4.M 81.44 67.3t

903 - 183 64.38 8r.72 294.87 20.27 4s8.87 269;tr 4.38 83.69 55.89

903 - lß4 67.80 '72.36 299.84 2r.70 330.95 268.48 4.54 RO.R3 49.72

903 - 1ß5 r7.74 ?45.2'l r 686.88 lt.82 0.00 830.58 5.97 203.94 138.3-5

903 - 186 25.9r 937.98 1399.30 t4.39 0.00 r 52r _35 I1.00 281.47 98.10

903 - 187 11.58 188.65 2r4t.00 8.83 4ß.93 332.80 6.18 I 8l .84 208.27

903 - 188 52.?2 r13.& 285.82 12.92 r 0s6_68 520.92 8.42 r97;t9 110.90

903 - 189 15_38 24.50 41.68 ?.57 22.16 634.03 2.20 65.44 22r.26

903 - 190 102.58 93.90 tt23.2l 27.94 3944.16 160.31 6.53 242.57 87.85

903 - 200 17.10 5.30 0.o0 2-O'.| 74.88 160.43 1.31 45.81 266.r5

s03 - 201 19.78 5.99 0.00 2.93 117.M 159.6'l 1;t2 46.1r 268.70

90? -202 2r;14 7.05 o_tn 3.v 1M.20 254.68 2.15 47.22 274.80

903 - 203 21.05 1.25 0_oo 4.01 154.06 224.85 2.06 45.3r 267.3r

s03 .2(}4 23.82 9.75 0.00 3.98 179.59 249.98 2.25 45 20 )65 R7

903 - 205 26.23 12.62 0.00 4.43 280.52 279.53 263 45.71 2"t4.O5

903 - 206 27.26 14.99 0.00 4.97 ).R2.40 269.71 2;70 47.45 274.43

903 - 207 38.51 22.84 0.33 10.()4 506.54 343.91 3.40 47.60 274.51

903 - 208 33.57 33.97 o-00 8.86 424.1r 270.40 2.94 44.95 263.0r

903 - 209 r02.82 100.(M 167.37 30.65 30't.69 396.87 1.2.i 8r.04 142.).7

903 - 210 22.11 19.97 0.00 4.45 0.00 355.20 2_80 48.f7 256.2î)

so3-211 39.88 22-t2 0.00 gsr 124.1? 172.44 3.56 43.90 224.U
903 - 212 68.20 r29.32 rol .41 1.S.76 776.57 4't1.46 4.30 89.32 82.58

903 - 213 y.76 2'1o.85 3't8.9"Ì 8.71 881.46 47.35 7.30 185.65 14.19

903 - 215 8.68 1.50 0.00 0.45 0.00 227 05 o.97 44.76 1 s5.55
qo3 - 216 s8.84 232.86 184.11 25.41 453 56 135.60 6.54 123.52 21.88

903 - 217 rr.34 2,ß8 o-fi) 0.61 0.00 83.05 0.96 32.13 198.59

903 - 218 4R.6'l r 85.-51 174.08 12.98 680.55 4.65 96.s6 61 .82

903 - 219 93.27 r48.02 190.91 28.M 571.4R 225.11 4.O7 83.79 60.16

903 - 220 52.49 249.59 148.88 13_88 734.88 128.25 9.36 136.04 60.67

903 - 221 ro.t2 1.74 0-00 2.88 0_00 344.r2 1.99 54.87 256.20

903 -222 t0.32 1.21 0.00 o.2r 0.00 380.96 r.54 46.28 229.75

903 - 223 29.35 116.49 t31-12 5.17 3832.94 233.32 411 r 02.8r 2l .81

903 -2U 40.61 100.41 r50.97 9.M 3088.55 174.45 ?.66 s0.s6 'I 8_lR

90t - 225 57.61 r4t.62 t97;10 r 5.69 4f,gl .81 258.03 4.02 74.32 25.43

903 - 226 52.68 133.70 136.98 14.26 5007.36 242.81 4.39 7r.48 48.40

903 - 227 29.67 38.99 s6.99 6.43 2357.38 547.13 2.44 66.32 43.81

903 -228 23.41 19,80 't9;15 4-94 748.25 1067.22 2.1'l 6?.R6 65.51

9¡3 -229 21 ,2'7 6.57 0.00 3.00 o.tx) ?26.O7 2.32 M.56 180.93

903 - 230 17.58 6.51 0.00 ?.2? o.o0 292.85 1.94 M.50 r92.@

903 - 232 61.59 144.87 727.65 16-62 2696-30 1 188.63 10.59 220.16 166.27

903 - 233 57.88 107.20 117.29 r5.75 1824.46 r52.43 5.40 247.98 138.26

903 - 234 20.& 2M.17 2021 .52 I1.95 0.00 883.76 6.76 167.46 146.38

903 - 235 19.84 r 6r _20 1905.20 ll-38 0.00 8t 1.64 6.25 155.71 158.59

903 - 237 13.62 4.61 163.55 2.21 958.09 t462.35 4.26 86.96 49.25

903 - 239 21.22 23.90 216.M 5.54 1862.83 v3.97 4.88 76.02 74.44

903 -Ut l15.58 43.61 160.29 36;t4 1141.01 l 83.1 0 5.20 56.40 20.39

903 -US 26.68 388.72 1588.61 17.65 0.00 708.39 't'10 1'72.O5 92.23

903 -U6 14_25 416.47 2M9.01 13.88 0.00 494.00 7.83 1R2.40 '16.42

903 -U9 25.06 18.85 87.39 7.55 t322.51 364.89 t.62 7r.67 58.09
s03 - 250 19.58 r12.79 105.87 7.63 2405.65 70.8S 2.12 rgg.l9 50.75
903 - 2Sl 17.79 l5 1.39 t9t.u 8.66 3065.1 8 27'1 .?3 2.93 205.77 54.77

903 - 252 28.49 17.86 86. l3 7.15 1240.9? 44,1.14 1.94 72.25 64.1R

sol - 251 46.90 62..40 98.37 16.05 2668.30 88.13 3.41 112.25 30.77



Table IV.2: ICP uace element analyses of ores and rocks. A IV.2 - l1

No- Nd NI P Sm Sr v Yh 7,¡ 7.¡
903 -254 32.88 67.44 50.55 8.7r 26/'1.44 r92.47 1.99 t54.20 49.92

903 - 255 52.56 28.44 926-03 19.67 4252.48 51-53 4.49 65 75 50.71
903 - 256 52.10 28.r3 r809.60 20.1I 3898.00 37.33 4.30 93.92 38.03
903 - 259 54.19 85.40 299.45 r 6.78 ßs7.55 154S5 )¡4 97.90 l? or

903 - 260 56.15 86.34 3l l.l9 16.66 1038.24 175.4'l 2.25 98.58 16.60

903 - 261 1222 299.13 1307.21 10.43 9t_27 727.77 8.37 281.2'l r25.31
90? -262 12-O7 293.46 878.23 9.26 t3.71 584.86 6.96 242.90 140.56

903 - 263 35.92 191.09 150.s9 7.'t6 4410 4R 290.93 5.02 66.08 3i.51

903 - 2(Á 34;t5 202.29 154.40 8.57 4352.47 315.58 4.22 66_80 57.72

903 - 265 26.29 64.89 16R.45 6_00 326.57 471.19 3_3r 71.55 I l.l6
903 - 266 66.1 8 55.19 2tn_55 2?.?O 854.30 273.12 4_81 75.46 l -5.10

903 - 268 36.36 43.10 854.68 12.52 2834.07 101.99 2.66 '|r 4.16 40.10

903 - 269 63.7r 2r _05 312.87 20.52 overranse 66.20 3.57 61.22 33.64

903 - 270 27.41 253.61 667.31 12.10 560.24 1 170.60 4.95 115.61 65.06

901 - 271 24.30 47.46 1090.16 6.98 3151.07 363.05 2.70 205.08 53.19
q0t - 272 28.03 't0.7r 670.39 7.37 overTanse 296.05 2.99 135.70 28.00
903 - 273 33.79 86.94 772.57 9.60 ôverân9e 51s S5 467 r20so 35.16
903 - 274 7r.23 i08.68 r 65.28 20.68 277.2f 228.48 3.46 82_r0 101.61

903 - 275 60.08 r29.24 17r.72 r 6.89 402.52 2M.O3 2.99 86_25 ßg-8s

903 - 276 24.25 444.75 2056-01 11.80 15.25 1528.78 8.43 123.53 I r 5.60

903 - 277 r 5.46 495.31 934.13 16.51 0.00 1225.95 4.98 159.99 r 7s.0l

903 - 278 13.01 8.12 239.76 8.40 631.31 232.3'l 0.49 52.17 56.16
90? - 279 27.45 24.31 32.46 10.40 3106.71 5r.39 r.76 14.38 4r.62
q03 - 280 r 9.55 310.51 1737.82 13.16 2000.r2 207.47 3.22 136.63 4t.24
903 - 281 28.68 3r4.49 305.61 L3.75 r(l4s.r8 s1 08 1,40 188.49 34.31

903 - 282 55.85 1L.25 660.94 20.81 1026.28 70.94 6.47
"224

30.99
903 - 283a 19.84 216.56 472,5? 11.09 1458_98 125.60 1_06 168.1 r 2) R6

903 - 283b 27.77 55_52 840.27 12.9? 1 159.61 53.82 1_30 s7.8 r 11 .67

903 - 283c 24.57 45.30 869.1 5 11.89 1 160_01 57.69 1.28 96.70 3r.sr
903 - 283d 28.81 153.40 &2.69 13.32 1778.89 15.43 1.75 113.29 30-58

903 - 283e 26.33 51.09 848.76 12.27 1216.36 63.51 1.39 103.28 32.82

903 - 284 29.00 60.73 769.42 14 65 3t6.52 145O,41 6.23 r29.74 36.25

903 - 285 2.6 S7 44.9'l 71?.34 7.52 319_13 1265.O(r 5_88 ltl l0 28.97
903 - 246 31.'t? 59.66 733.O5 10.61 398.10 1226.9{t 6.35 t 35.tx) 31_53

903 - 287 32.06 103.07 957.60 10.45 223.87 r52t-63 7.r9 141 .24 38.92

903 - 290 60.66 20.L6 6?.6.19 ?o oR 2088.59 1?.7 19 3.65 99.97 38.29
s03 - 29t 2R4.(n ?7.77 141 .26 90.24 262.1? 1?9.52 ?.54 72 05 37.98
903 - 292 175.30 32.28 178.82 58.84 105.8r 220.5'l 2.90 &.7? 40.u
903 - 293 249.02 27.38 188.06 81.49 95.66 146.57 2.66 11.61 u.46
903 - 294 254.99 u.19 123.81 82.49 r44.09 282.67 3.68 84.()4 41.10
q03 - 2ss o.oo 402.67 546.98 1r.78 o_o0 6?'4.95 4;t8, 112.82 6't.7"t
903 -296 24.3'1 322,26 1491.95 12.28 10.58 6U.94 6.O2 251 .52 10s.73
903 - 297 53;76 126.63 232.49 19.55 392.51 242.35 2.22 102.40 66.01

903 - 298 27.83 24.98 4r3.35 6.96 460.M r32.37 2.93 9S.48 31.91

903 - 299 23.r2 27 ?1 't?1 .21 7.r R 4?7 ).O l3R 25 7.04 t14.t3 41.75
903 - 300 151 .96 79_8-5 133.90 51 .97 178.21 568.89 2.92 76.4t 28.22
903 - 30t 244.3? 87.78 164.72 80,71 w.47 900.62 4.67 roo 78 28.19
903 - 302 3r5.72 34.45 162.86 98.26 110.53 1030.23 5.20 54.?6 ?6.13

903 - 303 38.38 319.94 198.56 10.81 ovelTanse 27r.66 4.17 127.O3 42.56
903 - 304 34.41 2t5.4t 142.9R 9.86 4396.58 193.38 3.51 105.54 47.31
903 - 305 43.Oß 247.4? 198.06 12.71 4504 lg 3r s.85 63r 104.86 48.05
903 - 306 48.66 226.34 219.15 14.78 4333_08 14'I .51 't.40 97.24 74.63
903 - 307 53.84 255.85 265.23 16.48 4\67.69 38S_5 r 11.47 rM.74 4r.g
903 - 308 49_98 259.(t4 270.45 16.14 4141 .53 427.99 10_12 109.32 40.09
903 - 309 M.63 248.95 215.43 13.81 4007.76 2S5.80 8.M 10¿,9) 62.t8
903 - 3r0 45.17 276.59 215.21 14.35 4'142.90 334.53 7.21 98.1 8 81.05
903 - 3lt 50.35 254.72 2M.94 15.74 4717.22 352.62 l0,(X 102.57 53.37
903 - 312a 51.67 266.36 320.44 16.39 5081 .39 336.39 g.0l I 16.69 36.29
903 - 3r2bl 67.39 253.56 300.87 22.06 2927.25 263.33 7.37 101.70 ji.54
9O3 - 3l2ll2 5l.96 255.17 309.48 14 15 4412 R7 ),71.4R 1? 5r l r 6.53 25.77



Table IV,2: ICP trace elcment analyses of ores and ¡ocks. A IV.2 - 12

No. Nd NI P Sm Sr v Yh 7n Z¡
903 - 312b3 56.97 253.62 377.9r 18.76 3681.32 247.85 7.22 122.r8
903 - 312b4 62.11 233.3s 3-54.1 .5 19.24 4t78.r7 307.92 8.77 93.36 28.66
903 - 315b5 62.49 244.41 331.2s 20.83 253.31 7.92 28.3-s
903 - 3r3 52.68 236.97 348.0s 15.54 ovetlenpe 387.18 6.56 62.07
903 - 314 47.82 263.13 258.66 13.6r ovelTanpe 367.82 5.74 112.49
903 - 315 38.62 276.O5 218.2R I 512.6M 320_33 4-35 rz't.84
903 - 316 38.21 294.17 219,S8 10 56 4715.O7 300.55 4.63 l3l .03 56.96
903 - 317 39.22 ?"t2.16 177.88 10.96 overTân se 350.76 6.0s 145.65
903 - 3rE 42.& 482.86 t79.67 11.54 ovelTanpe 345.79 5.82 168.46
903 - 319 33.83 476_45 178.93 8.r5 ovelTanae 308.87 6.75 188.19
903 - 320 3R.57 522.50 t76.70 9.7'1 ovelTanse 317.57 5.84 48_26
903 - 321 3'l .26 561.37 166_5R 8.84 ovelTange 316.76 6.97 213.?2 50.12
903 -322 42.8'7 554.58 172.95 10.99 ovetTange 389.37 9.36
903 - 323 45.71 442.94 212.20 t2.83 overanse 332.4R 6.93 l69_40 41.57
903 -3U 37.34 t7.t2 43.87 10.86 6S0.53 528.75 4.03 229.63
903 - 325 3'1.09 t0.72 25.83 11.70 50-5.15 699.63 4.18 57.98 23r.1 8
903 - 326a 32.28 6.5 r 16.21 8.S5 193.14 1470.& 5_5'1 55.87
903 - 326b 36.34 145.80 83.57 13.41 186.43 674.43 4.8'1 123.15 183.6]
903 - 326c 27.75 8.33 24 74 11.4r 92.06 1235.s i 4.51 57.55 220.75
903 - 327 49.52 93.78 28.09 15.42 462.23 445.56 4.66 237.25
903 - 328 60.9"t 206.86 330.95 22.06 2522.78 r59.73 4.76 82.20 85.56
903 - 329 51.71 t97.89 333.43 18.86 1854.24 168.82 2.85 87.45
903 - 330 53.65 3?.O2 628.95 17.13 1346 58 295.96 4.81 I 31.2'1
903 - 331 50.1 8 24.06 207.54 74.95 1013.07 152.57 3.?4 91.99
903 - 332 30.77 29.26 353.13 8.?2 1144.12 160.07 2.9"t l0l.14 2t.67
903 - 333 62 61 32.15 476.95 17.9.5 1846.55 342.05 5.67 95.87 37.74
903 - 334 5r _60 93-43 191.1'.7 15.94 515.16 185.79 2
903 - 335 56.65 706.73 218.67 17.49 502.52 192.92 2.A 9ß.4s
903 - 336 10.46 283.r i 625.29 1 1.98 0-00 649.14 6.& 236.73 55
903 - 337 13.98 o.27 0.00 0.44 0.tx) 9.20 0.40 262.?8
903 - 338 13.95 r.03 0.00 4.7'1 0.oo 408.15 1.S3 220.29
903 - 339 30.85 1 87.1 6 462.79 10.34 2328.23 5.88 L95.77
903 - 340a 25.17 65.69 198.?O 6.91 r573.43 467.03 7.41 r29.51
903 - 340b 21.55 68.37 162.?1 5.09 951.28 828..53 4.55 114.81 37.08
903 - 341a 39.28 28.48 256.76 10.80 6t0.92 130.6R 2.35 15.38
903 - 3422 45.55 18.98 179.71 71.42 544.55 140.27 2.02
903 -343 2't.95 24.57 1226.13 8.54 1053.01 161.50 2.6L 97.19 u.38
903 - 344 23.20 14.31 258r.53 6.8i 5M.93 165.43 63903-A 37.99 57.45 6?0.76 13.74 601.75 99.& 4.52 l19.63 42.09903-B t94.O2 8.80 67.11 57.55 t64t.7t 38.65 7.93 61.86 143.06
903 - B I.a 9.88 0.00 0.oo 0.00 0.00 I1.9.5 0.45 39.n. 279.51
903 - B I.c 10.85 216_61 0.00 0.00 0.00 13.7 | 39.o7
903 - B I.dl 13.o8 0.00 0.00 0.oo 0.00 72.93 '"39.53
903 - B I.d2 13.M 0.00 o.oo 0.00 0.00 12.51 0.63 39.46 2RO.O)
903 - B I.d3 14.86 6.41 0.00 0.00 0.00 13.0s 0.71 40.38
903 - B I.d4 12.42 0.oo 0.00 0.00 0.00 12.80 0.80 38.99
903 - B I.e lt.29 o_t6 0.00 0.00 0.o0 11 .64 o.4t 278.903 - B II.a 41 .?1 62.60 129.89 10.4r 2587.69 170.95 3.r 0 18.17903 - B II.c 44.06 74.65 r 40.53 I 1.10 2728.30 r83.76 3. 73.94 18.69
903 - B II.dl 46.76 69,90 142-5? 11.08 2676.26 I 81 .46 3.23 74.28 1 8.78
903 - B II.d2 42.28 71.4). 141.69 9.91 265R.1) 182-'t2 3.08 "ì4.19 18.10903 - B II.d3 41 4) 68.85 135.29 11.t7 2"107.60 t84.74 ?.28 19.51903 - B Ir.d4 44.(n 73-O3 136 ro I l.l8 2685.9q 184.99 2.53 73.45 19.51

B 43.10 82.85 134.21 11.11 2680.86 l8r.rg 3.23 74.23
52.35 178.36 l8s.69 14.4( 353r.25 295.95 4 95.2r 32.18903-Mn3 60.69 11700 155 3l l6.Rr 3068.98 ?)1 )O 4.48 R9 4) 4R q7
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Tablc fV.4: INAA r¡ce clcmcnt analyscs of selected øo nmplcc. AIV.4 - I

No. IJa Ce Co Cr Cs Eu (;d HT Ho Ls ,u Mo
903 - 20 45 r 8.5 2 54 o5 o25 0.96 l.o 6.O l8.o o.30 2
903 -22 o.o22 99_O m 33 t _l 2.Nr 7.20 5.8 1.2 1 29.O 54
903 - 23 o_ol5 63.O 102 4 2. ).60 1.37 9.5 0.5 53.O 41
903 - 63 I 650 250.O 36 27 o.1 ro40 4.60 29.0 l.o 67.O 22
903 - 76 o.ol1 46.O 9S 2.6 r.56 r.70 7.2 t-2 2.4 27.0 r.10 65

903 - 108 o-02 7-5.O 2?O 14 1.4 6,80 2.60 26.0 1.0 4-9 &.o 1.55 52
903 - 164 I 150 44.O r(M 3 o.4 r.o7 0.68 3.7 0.4 l.l r2.8 0.57 5
903 - 188 l2tx) r 78.O 360 22 t.1 3.30 2.90 11.0 1.8 3.r 42.0 r-25 l6

No- Nø2l) tL' Nd sh Sc Sm Tn Th Th IT w Yb r
s03 - 20 o.03 8.O o 14 OR 0.16 11.5 t-2 t2 1.7
90? -22 o07 ?40 2.1 t3 R) <0.1 0.99 4.7 7.4 14 2.5
903 - 23 0.17 450 1.3 7 10.3 <).1 1.60 l-9 1-5 25 4-8
903 - 63 0.05 r59.0 1.1 6 46.0 o-2 4.70 3.4 o,7 3.8 1?.7

903 -76 o.20 23.0 1.8 8 5.6 o.2 1.20 3.3 7.¿ 67 96
903 - 108 0.16 80.0 2.8 9 24.O '<0.1 4.30 3.8 1.4 l5 11.0 t25
903 - 164 o.l5 17.6 <0-l l9 4.6 o o.6s 5.4 t.7 I 3.5 70
903 - 188 o.l: 47.O o." lt 12.7 o_3 2.10 64 lg 1l 7.8 13'1
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Table IV.5: Element correlation matrix for ore and rock s¿ìmples (n=365). AIV.5-l
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Appendix V.

Table V.1: Mineral Normalization Results from Ores and Rocks; [7o]

Table V.2: Microbiological Leaching of Mn Ores from Groote Eylandt.

Table V.3: Battery-activity Data and Mineral Norm of Sarnples.



Table V.l: Mincral normaliz¡tion results f¡om oros and rocks AV.-1

No. Anatâse Ouartz Kaollnl Glhhslte Goethlte Hemet te Crvptomelane
903-3 o.r92 o.ffn r6.9: o.101 t-292 ? o50
903-4 0-075 o.ffn o.5ro 0.000 4.'t58
903 - 5¡ 0.406 o.55Í 0.000 1.688 ).fi)o
903 - 5b 1.14_5 1l _571 0.000 0.000
903-ó o.066 o.(m 5.152 o.523 1!
903-7 0-09r o_(m 90' 5.106 0.585 ( t.1),4
903 - 0_075 o.fixl 4.81I 4.427 0-500 18.661
903 -, ) o.ß)l o.fix) 7.736 2.279 I .515 5.82r
903 - lo o.l05 0.000 I 1.085 1.992 0.66( 21.166,
903 - 11 0.109 0.000 l1.989 1.682 o oo0 19.506
903 - t2 0.1 16 0.000 12.694 1.781 o orm
903 - 13 0.085 0.000 I 1.301 0-250 r.580 0.000 2
903 - 14 0.1r 6 0.ff)o 13.63r 1_gl3 0.671 0.000 lR 1'17
903 - 15 o.2M o.?67 0.000 3.740 0.000 1? 45?

o.r lo o_000 't,9?1 2.949 0.9r7 20.859
o.o80 o.ff)O l o.i66 0.997 0.528 25.864

903 - 8 o.2M o.oo0 r 9.s53 0.518 1.700 12.062
) o.173 o.oor 1R.3,47 0.988 2.352 20.621

903-: 0 o.739 42.71? 5f .070 0.000 0.000 0.000
0_70R 15.40R 0.000 I1-9r8 1.553
o.222 1.52R 2.O;t01 0.000 5.326 ( ü)o 5.960
o.l l3 o ffx) 13.923 0.175 o.7M r.lxx) 15.760

903 -: ,A o.669 l6 f)45 63.957 0.000 o.fi00
0.539 20.95 47.425 0.000 0.000

903 -26 0.069 95.198 4.575 0.o00 .fi)o 0.426
903 -27 0.782 7.885 65.146 o.orn 19.874 5.525 0.000
903 - 28a 0.879 14.M7 73.745 o.000 5.75s 4.106 0.000
903 - 28b o.972 11.663 '1 0.000 1.353 0.000
903 - 29 0_883 24.411 60 2ro 0.000 10.786 0.888
903 - 30 o_6r 6 ?5.244 0.000 10.648 r.056 0.487
903 - 31a o.1s7 62RO2 31 .r05 0.000 4.657 r.ooo 0.37Í

ilb o.?22 7R 9),9 18.81r 0.(no o.905 0.000
903 -: t2 0.250 81.069 12.529 0.000 0.000 ).354
903 - 33 0.088 0.116 8.672 0.fi)o 1.104 0.000 tl .166
903 - 34 0.075 0.000 6.229 o.2?3 1.083 0.000 t5.725
e03 - 35 0.106 0.fi)o 9.31t o.644 0.532 0.000 9.515
903 - 36 0.083 0.0{x) o 455 1.004 t3.7r7
903 - 37 0.100 o.267 o 000 r.597 16.476
903 - 38 0-155 o.902 1',: .424 0.000 2.203 0_tx) t4.663
903 - 39 o.128 o_53S r0.44r 0.000 r -803 r.oo0 t5-343
903 - 40 0.114 o-4ir 9.078 0.mo I _8? 0 fi)o 15.98 r
903 - 4r o_o70 o R1'l 5.581 0.ff)o 0.000 ;.608
903 - 42 o.2R2. 2.936 25.739 0.fix) .180 0.000 li t.702

o.43ß 5;t95 40.091 0.ff)o 4.4R6 0.000 8.196
903-¿ 4 0.206 2.916 21.668 0_ffx) 2.605 0.000 12.243

0.387 2.372 35.883 0.000 3.194 0.000 9.535
903 - 46 0.117 o.627 I 0.000 1.741 15.241
903 - 47 o.o92 1.667 .50). 0.000 1 .171 r.ooo 9.424
903 - 48 0.100 8.4& 9.101 0.000 2.178 o.ooo 9.95,
903 - 49 0-40r 5.62s 37.U4 0.000 2.61'. 0.000
903 - 50 0_lt5 o.644 10.018 0.000 0.000
903 - 5l 0.100 0.000 8.435 0.068 0.973 0.000 10.932
903 -. i2 0.588 4.922 59.8S6 0.000 9.019 o.oOt 2.792
903 - 53 1.Ot2 10.37r 7' 0.000 6.305 1.4)7 1.554
903 - 54 0.387 2.249 37.324 0.000 3.078 0.000 3.833
903 .55 o.11i 0. 1ro 9.835 0.000 0.000
903 - 56 0,r3R o.293 11.299 0_oo0 1 R47 0.000 li
903 - 57 0.770 12.799 73.915 0.orn 4.985 0.000 0 fno
903 - 0.r49 0.287 15.204 0.000 2.1r6 4.661

0.1 88 0.000 1't 0.107 1.094 tno 7.807
903 - 60 o.275 1.25? 2R.762 0.0,00 4.253 0.000 3.380
903 - 6l 0.096 0.000 7.001 1.214 0.000
903 - 62 0.1 34 o ol4 13.028 0.fi)o 1.20 0.000 2;t'l
903 - 63 o.1 70 0.000 ll o_r54 3.586 0.000 4.666
903 - 64 0.654 4.836 61.369 0.000 19.421 2.2?6
903-6 a 0.637 4.961 0.000 22.112 r.oo0
903-t ;5b 0.196 o_000 .652 3.824 1.363 0.000

0.583 0.31s 61.410 0.000 13.8S' 0.000 6.62'l
901 - 67 0.472 32.9't1 4t rri 0.000 o ooo 4 661



Tabte V.1: Mineral normalization results from orc¡ ¡nd rocks. AV.-2

No. Anatase Ouårtz .aollnlte Glbbslte Goethlte Hematlte
903 - 68s 0.131 21 .2?2 ro.444 0.000 1.459 0.fi)o
903 - 68b 0.r21 5.530 12.343 0.000 0.942 0.000 6.r93
903 - 69 0.t47 3.542 13.956 0.000 0.788 0.000 5.922
903 - 70 0.160 3.345 r 6.9_54 o,ü)o o-794 0.000 5.72'l
903 - 7l 0.1l3 0.646 0.ffn 0.780 0.fi)o 5.712
qol -72 0.1 33 1.106 o.ff} 1.275 0.ffn 6.248
903 - 73 o.147 r.107 o.ffx) 0.ffx) 5.54',t

903 - 74 _2?1 3.94 23.879 o.fix) 0_ffn 6.301

903 - 75 _1S8 1.1(t7 18.520 0.000 0.819 0.000 7 _903

903 - 76 0.682 20.944 0.000 o.1& 0.000 f

9O3 -77a 0.131 o.fi)O 10.290 1.660 0.980 0.000
903 -77b 0.071 0.899 8.831 0.000 0.658 0.m0 9.296
903 - 7ß 0.106 0.027 9.001 0-fi)o o.944 0.000 1.720
903 - 79 o.553 44.t71 0_0ff1 5.529 0.ffx) 2.553
903 - 80 0.r 03 3.629 8.239 0.000 o.000 6,940

903 - 81 .11( s.271 7.583 0.000 1.240 0_ooo (

903 - 82 0.13( 1 l _853 10.878 0.000 t.32t 0.000 7.309
903 - 83 0.108 7.420 7.t88 0.000 l.l 14 0.000 4.972
903 - 84 0.r22 23.SO8 10.052 0.000 r.744 0.000
903 - 85 0.073 0.000 6.6S6 0.939 0.536 0.000 13.292
903 - 86 0.151 8.842 11.735 0.fi)O 1.911 0.000 16.950
q03 - 87 0.387 16.374 33.808 0.ffn 9.741 0.000 10.614
903 - 88 0.168 4.455 0.ffx) 1.385 0.0,00 8.676
903 - 89 0.213 6.100 o.fix) 2.255 0.000 12.210
903 - 90 0.615 3.397 0_0(n 1 .161 0.0(n
903 - 9l 0.160 5.572 t3.9L3 o.fixl 0.000
903 -92 0.157 2.535 13.904 0.000 o_fi)o 1

903 - 93 ) l5g |.469 12.420 0.000 1,612 o.ooo 1l oto
003 - 94 144 0.575 7r.126 0.000 I 413 o ooo r0 7q5

903 - 95 .129 0.ooo 9.4r9 0.683 r.372 0.000 13.201
903 - 96 )_l08 0_000 5.719 1.438 1.378 0.000 15.093
903 - 97 o.l1' 0.Ocx) 7.44r 7.M4 1.451 0.000 14.925
903 - 98 0.091 0_fi)O 5.241 1.618 r.255 0.000 12.370
903 - 99 0.137 o_o94 10.636 0.000 1.837 0.000 16.069
903 - 100 0.128 o.ooo 2.303 2.338 0.0ü) 19.529
903 - 101 0.089 0.ooo 4.626 3.&7 1.720 0.000 22.357
903 - 102 0.085 0.000 1.184 1.278 0.000 14.78'l
903 - 103 0.074 0.000 1.830 0.000 8.093
903 - 104 0.1 68 1.339 0_txx) 2-101 0.000
903 - 105 0.090 0.000 r_l06 0.ffn
903 - 106 0.086 0.000 6.819 2.OR4 0.oc)O .444
903 - 107 0.1r3 0.000 r0.505 r.032 1.001 o.ffxl r0.907
903 - 108 0.129 0.863 14.262 0.000 t.126 0.000 r3.906
903 - t09 .1 16 0.000 10.328 r.67'l r.461 0.000 6.819
903 - 110 8.401 35.017 0.fi)o 9.286 0.000 4.356
903 - 111 o o75 o.ooo 6.943 1.403 r.066 0.000 5.6't3
903 - tt2 0.264 3.19S 26.669 0.000 3-30S 0.000 3.661

903 - 113 0.435 2.222 0.o00 i8.71? 0.000
903 - 114 0.249 70.665 o.tnO 0.000
903 - llSa 0.345 68.079 30.882 0.000 0.000 0.005
903 - rrsh o.241 59.488 20.849 0.000 18.794 0.015 0.102
903 - lltía )_l8t 35.080 I 1.1 l3 0.000 2.256 0.000 21.365
903 - 116b 0.72 24.5O5 9.669 0.000 5.O23 o.000 17.922
903 - 117b 0.175 2.679 9.414 0.000 2.117 0.Ofi
903 - 118a 0.106 3.65 o,o00 .r38 o.000
903 - t18b 0.488 M.154 46.136 0.000 1.820 0.000 1.069
903 - r19 0.170 9.457 71.52t 0.000 t.354 0.000 28.558
903 - t20 o.209 10.419 21.586 0.000 1.838 0.000 7.376
s03 - l2l t.206 3.328 r4-654 0.000 2.509 0.000 r0.474
903 - 122 10.979 20.3r5 0.ü)0 2.417 0.000 7.889
903 - 123 5.554 12.t72 o.000 0.887 0.ffn 13.137
903 -ru 0.781 0.341 65.S0S 0.ffx) 4.532 0.000 ;.421

903 - 125 0.870 1.431 o.ffx) ¿ .40r 0.ffx) 4.406
903 - t26 0.895 l.919 74.761 0.00( 0.000 2.849
903 - 127 o.877 2.4r4 74.636 0.000 l l.700 0.000 t.2u

0.683
0.r32

903 - 128 o.979 5.050 76.378 0.000 10.802 0.000
903 - t29 6.r s3 79.969 0.ffx) 7.9& 0,310
903 - r30 0.936 0.053 0.fix 5.749 0.o00 3.U6

2.106qol - lll 1 o17 ) 657 o oo0 o ooo



Tabtc V.l: Mineral norrnaliz¡tion ¡csrùts from ores and rocks' AV.-3

No. Anatese Ou¡rtz Kaollnlte Glhhslte Goethlfp [Ipmetlfe Cr¡,ptomelsne
qo3 - 132 10.729 69.189 0.000 la 2R7 o fi)o l 561
901 - 133 1.061 't.432 80.411 0.000 7îtn o ffx) 0.000
903 - t34 l_0to 16.316 70.124 0.000 7.074 2 060 0.475
903 - 135 5.617 75.572 0.000 10.6r8 0.162 0,936
903 - 136 13.869 70.327 0.000 8.378 t.478 1.450
903 - 137 0.961 I1.582 14.280 o.ffn 7.123 2.317 l.140
903 - 138 0.911 6.194. 72.973 0_ffn 1 1.190 0.000 2.r75
s03 - 139 0.880 9.968 73.570 9.7r 1 2.376 0.165
903 - 140 0.691 44.5r4 48.248 2.692 0.ffn 0.693

903 - 14la 1.O'14 8.555 90.268 o_0(n 0.000 0.000
903 - l4lh 7.038 88.389 O-fi} 2.617 0.fi)o 0.000
903 - 14lc t.'117 12.075 8 r.915 o.ffx) 7.194 o.ffx) 0.000
903 - 141 B 9.622 89.012 0.000 0.00 0_000 0.000
903 - 142 0_fix) 14.353 3.816 2.M3 0.000 16_03r

903 - r43 0.128 o.ffn 14.2t1 3.778 1.310 0.000 16.599
903 - 144 0.080 0.000 8.137 4.338 1.1 14 0.000 16.010
903 - l4S 0.093 l.089 10.61I 0.oo0 o.8r7 0.000 l1.910
903 - 146 0.116 0.000 72.23' 1t 1.190 0.000 I s.955
903 - 147 .l 18 0.000 12.469 r.288 7.21'. 0 0tx) 15 666

903 - 148 0.ffn 10.106 0.938 14.157 0.000 12.094
903 - 149 0.268 t.274 23-428 0.000 8.984 0.000 16.346
s03 - 150 0.081 0.00 6_513 2.O74 0.866 0.000 9.933

03 - l5l 0.210 0.000 20.335 ( .Rl l 2.505 0.om 13.368
903 - l52e 0.273 0.000 24.5r0 7.202 0.ffx) 13.S55
s03 - l52h 0.161 0.fi)o 13.792 3.140 t6.4ll o.otn 14.3r S

903 - 153 0.ff)O 16.710 3.027 3.556 0.000 24.t80
903 - 154 o.Ocx) 21.951 r.2't3 3.061 0.000 16.281
903 - 155 24.902 7.013 0.000 3.984 0.000 17.62t
903 - 156 0.299 52.51 8 25.791 0.000 t6.4M 0.608 2.613
903 - 157 0.069 41 .914 7.5S8 0.fi)o 36.066 0.000 5.991
903 - r58 0.223 46.44 2r .r 0-5 0.000 26.574 0.000 2.7M
903 - 159 0.107 49.559 s_876 0cx) 26.507 0.ofi) 4.8?8
903 - 160 0.045 16.409 ?.562 o.746 0.tnO o.942
903 - 161 0.096 33.080 7.O74 'I .16 0-000 4.570
903 - 162 0.106 44.81t 6.9M 2.609 0.oo0 27.487
903 - 164 o.236 17.606 17.676 o;'ì45 0.fi)O 35.260
903 - 168 B 0.r72 0.000 1g_o25 1.367 0.000 l9_409
903 - 169 B 0.170 o.orx) 14.540 1.795 0-000 r4.187
903 - 170a 0.038 s7.os3 2.696 0.000 0.000 0.338 0.346
903 - l70b 0.114 8S.503 9.r35 0.oo0 0.081 0.000 0.?9r
903 - 17la 0.M9 96.2U 3.2& o_ffx) 0 1so 0.486
903 - r71b o.M4 96.793 2.658 o.127 0.005 o.M8
903 - 172 0.038 96.883 2.433 o.ooo o.146 o_ocx) o.470
903 - 173 0.037 97.r48 2.390 0.000 0.000 0.222 0.678
903 - t74 95.084 2.434 0.000 0.255 0.000 1.244
903 - l7S r.03O 96.238 1.808 0.000 0.163 0.000 1.028
903 . tTtl 95.259 r.7& 0.0ü) 0.264 0.000 1.534
904 - 177 t.l 09 87_330 8.39S 0.000 0.309 0.000 r.999
903 - 178 55_R54 (1.182 0.000 o.239 0.ü)0 r 6_488

903 - r79 0.368 2.O09 ?1 .M6 62.427 0.000 0.585
903 - 180 0.337 0.000 14.462 66.483 0.fi)o 3_?50

903 - 181 0.301 0.000 13.917 7.966 57.100 0.000 6.023
903 - 182 o.t49 0.000 12.855 0.170 1.750 0.000 2.182
903 - r83 o.146 0.000 11.402 0.91I r.443 0.000 3.236
903 - 184 ).141 0.000 r 0.820 0.819 2.445 0.000 2.459
903 . 185 0.o00 16.592 il .108 65.388 4.128 0.81 3

903 - 186 0.24r 0.000 'I 3.83s 75.121 3_066 0.650
903 - 187 0.567 0.000 37.459 4S 2,AO t.629 6.043
903 - 188 o.327 0.000 23.552 2.414 2.U5 0.000 26.560
903 - 189 o.6'76 22.652 53.008 0.000 17.MO 0.000 r.035
903 - l9rR 0.078 0.ff)o 5.508 o.773 r.052 0.000 16.26'l
903 - 190 3.471 22.745 0.000 2.478 0.000 t8;'t49
903 - 200 r 8.1 36 74.695 0.000 1.612 1.671 o.271
903 - 201 1.r29 16.541 75.42t 0_ffx) 2.302 1.291 0.43
903 - 202 t.076 16.553 7t.832 r OOO 4.M6 t.4t7 0.90r
903 - 203 t.129 15.434 73.099 0.000 4.276 r.027 0.552
903 -2M 1.142 12.526 74.Or7 0.ff)o 6.r37 0.ff)o 0.61 I
903 - 205

- 206
1.162 8.615 76.398 0.0o0 6.551 0.o06 1.1 I rl

l_ll6 6.202 76.860 0.000 5.963 0.o0



Table V,l: Mineral normalizarion ¡csuls from ores and rocks. AV.-4

No. Anatåse Ouartz Keolln te Glbbslte Goethlte Crvntomelsne
903 - 207 1.016 2.305 73.159 0.fi)o ?.r r8 0.000 3.280
903 - 208 0.979 1.7ß) 76.687 0.000 5.588 0.000 2.672
903 - 200 0.2& 3_530 r6.100 0.000 2.253 0.000 7.775
903 - 210 0.898 r0.140 13.200 0.ü)o to.2r7 2.595 0.?95
903 - 211 0.773 23.152 60.820 0.000 6.862 0.000 0.784
903 - 212 0.288 2.689 25.543 o.ffx) 3.O52 0.000 13.965

903 - 213 0.052 0.000 3.654 0.5r5 0.000 2r.42t
903 - 215 o_569 44.199 o_fi)o 9.560 0.854 0.099

903 -216 0.074 0.000 ?..2,O7 o.728 0.0(n 9.129
903 - 217 o 697 3-5.388 55.878 0.000 5_154 o.321 0.630
903 - 218 0.208 0.ff)o 19.386 t.822 t.782 .o00 13.242
903 - 219 0.191 o.265 15.231 0.000 1.440 8_8.53

903 - 220 0.r't9 0.000 18.648 3.513 1.393 14.7il
903 - 221 0.924 10.40! 't2-729 0.000 9.306 5.871 0.tnO
901 - 222 0.835 19.392 68-172 0.000 6.1'13 4.556 0.000

903 - 223 0_067 0.000 5.200 o.M6 0.000 21.427

903 -2U 0_067 0.000 4.841 0 505 0.000 15.1'1'1

903 - 225 o.o77 0.000 7.379 2.799 0.586 r 3.082

903 - 226 0.141 0.o00 I 6.102 r.209 0.865 0.000 r 5.868

903 -227 0.177 0.000 14.465 0.875 2.207 0.000 14.77t

903 - 228 0.24r 0.075 l8-8S5 0.000 4.066 0.000 r3.840
to3- - 229 0.536 35.686 4 o.000 13.018 0.000 0.384

q0¡ - 230 0_58-5 33.973 50.960 0.000 11.980 o.621
903 - 232 0.378 0.ffm 27.973 2.r38 3.t47 0.00 I g,?os

903 - 233 0.461 0.ffx) 33.524 o.823 0.484 0.000 23.651
903 - 234 0.335 0.000 20.352 6.563 7r.774 0.000 0.273
903 - 235 0.390 0.00( 8.729 68.r 01 1.084 0.813
903 -237 0.075 52.t95 o.fi)o 0.ffx) 0.000 18_38-5

s03 - 239 0.1 65 3r.422 10.483 0.000 3.9R6 0_Otxl 24.933
904 -247 0.089 0.000 5.288 3.307 0.801 8.S(

903 -2/5 0_r87 0.ffx) 6.687 6.805 78.191 2.80
903 -46 0.133 0.ff)o 4.489 5.106 85.200 1.041 1.330
903 -249 0.229 0.000 l't.2't9 1.729 2.135 0.000 21.4r5
903 - 250 0.1l0 0.000 0,61i 1.223 31.561 0.000 12.623
903 - 251 0.096 5.948 0.oo0 43.983 0.ffx1 9.527
903 -252 o.247 0.000 15.419 o.676 3_8S3 r 9.066
903 - 253 o.126 2.767 r 3-356 o.oo0 o.24? 25.221

903 - 254 0.068 46.563 o.fi)o 1_fi)6 17.48r
903 - 255 0.139 1.845 o.ooo 20.M7 13.471
903 - 256 0.083 2.960 o.tno 2't.405 25.91

903 - 259 0.060 3.561 o,o00 o.3s3 16.02
903 - 260 0.060 3.082 o.o00 o542 l8-658
903 - 261 0.274 0.000 138R8 7 766 6R.211 0.tno 3.536
903 - 262 o.333 0.000 23.803 6.318 6),.1\7 2..OR2 2.Os0
903 - 263 o.r24 0.000 7.4L3 4.243 2.392 0.000 12.29s
903 -2ø 0.200 0.000 t2575 4.228 1.365 0.000 9.39t
903 - 265 0.030 0.000 2.265 0.085 0.465 0,000 0.345
903 -266 o.053 0.000 4.110 0.814 0.530 0.000 3.006
903 - 268 0_154 0 610 9.729 0.000 7.271 0.000 49.Or3
s03 - 269 o-146 0.000 7.56'l 1.303 4.297 0.000 40.260
901 - 270 o.r 6s 0.ooo 8.754 3.464 38.652 0.000 30.446
9îa - 271 o.l Rl 0.fix) 9.M1 2.OO1 5.914 0.000 47.35't
903 - 272 0.069 o-il)O 3.12? 2.607 |,447 l).oo0 27.803
903 - 273 0.091 0.000 ?.27? 1.42? ^nl 28.919
903 - 274 0.310 1.329 t7.611 o.oo0 2.O71 o.54'7

903 - 275 0.265 1.158 o.oo0 l.g5g 1.16'.

903 - 276 0.245 0.000 22.4rr 3.7t3 6r.620 0.000 1.966
903 - 277 o.230 32.r83 20.098 0.000 36.076 0.000 t.46
903 - 278 0.113 48.235 l 1.076 0.000 1.068 0.000 lt.124
s03 - 279 0.066 42.O53 9.052 0.000 0.151 0.000 16.580
903 - 280 o 0s0 0-fi)O 5.816 2_Og8 26.1M 0_000 23.921
903 - 281 0.161 0.000 o.122 2.266 ).o00 53.415
903 - 282 0.lll 0.000 5.113 3.209 3.7L6 0.000 44.840
903 - 283a 0.lll 0.000 5.195 2.600 o.944 0.000 66.519
903 - 283b o.152 o.æ2 12-453 0.000 1.235 0.000 48_285
903 - 2ft3c o_156 o_oo( 6.r51 1.?72 52.042
903 - 283d 0.156 0.000 4.7ø 1,92,8 0.000 51.653
903 - 283e 0.166 0.000 4 765 6.638 1.51' 0.000 52.56'l

18.40490? - 2R o l79 o oo0 6 164 s 44'l ? ßRl o ooo



Table V.l: Mineral normalization results from ores and rocks AV.-5

No- Anstnse Ouartz Knnllnlte Glbbslte Goethlte Hematlte Crvnfomel¡np
903 - 285 o_1r50 o.fix) 4_rll5 5 675 r.4t0 o.oo0 50.565
903 - 286 o.170 o-txx) 6.O29 5 i65 6.617 0.000 16,572
903 - 287 o.173 o_tno 5.274 6.SRO 12.475 0.000 9.94
903 - 290 0,121 o_fix) 5-37S 2.65). 2.rr4 0.ü)0 23.74"
903 - 291 0.140 o_üx) 6.494 7.142 r Rlc 0.000 0.860
903 -292 o-163 o l02 I1.501 o.fi)O I 8S0 0.000 0.622
903 - 293 o.139 o_o80 8_470 o.lx)o 2.O53 0.000 0.392
903 - 294 o.183 0.205 9.61'l 0.000 2.537 0.000 r.603
903 - 295 o os2 6.848 10.163 0.000 80.612 0.000 0.152
so3 - 2q6 o 2?R r.136 24.305 0.000 46.651 0.000 0.9-52
903 -297 0.190 1.145 18.415 0.000 2.180 0.000 3.36.5
903 - 298 0.128 r.936 8.629 0.000 1.578 o.ffx) 50.124
903 - 299 o.162 0.r85 1.156 0.0,00 1.972 o.ffx) 49.28,?
903 - 300 0.09? 0.913 6.220 o.ffn 3.215 0_o00 0.563
903 - 301 o-125 0.070 7.058 0.ffx) 1_6RS o.tno 0.756
903 - 302 o.147 o.017 7_Sl I 0_000 2.?.55 0.000 0.825
903 - 303 o.t 13 7.557 9.036 0.000 1.150 0.000 8.065
903 - 304 0.t22 24.656 9.713 0.000 0.942 0.000 6.68R
903 - 305 0.t27 l1.398 tt522 0.000 1-271 0.000 710
903 - 306 0.238 6.231 19.013 0.000 1.14? 0_000 8.012
903 - 307 0.124 0.53S 14.ffX) 0.000 0.570 0.000 8.1S7
903 - 308 0.1(M 0_oo0 10.83s o.212 o ll75 0.000 1.603
903 - 309 0_187 0.881 17.6R2 o.ool 0.963 0.000 7,16R
903 - 310 o.).46 r.5R3 20707 0.000 r.439 0.000 7,776
903 - 3ll 0.141 1.489 14.338 0.000 0.886 0.000 8.571
903 -312a 0.119 0.056 13.077 0.000 0_sl 0.tno 8.267
903 - 3l2br 0.056 0_08s 4.730 0.000 o_758 0.000 5.543
903 -312b2 0.(M8 0-000 5.1l7 o.o72 o.5i7 0.000 8.420
903 - 3r2b3 o.o76 1.224 5-82r o-fi)O o 9).1 0.000 6.546
903 - 3r2b4 o.056 0_000 4.9& o.259 0.852 0.000 7,979
903 - 3r5h5 0_070 0_208 5.837 o o{to 0.824 0.000 6.3Sr
903 - 313 0.188 2.10 14.482 0.000 t-469 0.ffx) 9.169
903 - 314 0.191 1.7t6 r6.866 0.000 1.159 o_orx) 8.208
903 - 315 0.164 3.868 t7 -,111 o.ffx) 1.24? o_fix) 7.&4
903 -316 0.169 3.497 15.r66 0.ffn 1.267 0.000 6.8S5
903 - 317 0.r66 2.286 14.053 0_000 'r _75R 0.000 9.251
903 - 3r8 0.156 1.654 r r.906 0_ffx) 1.681 0.000 12.3U
903 - 319 0-1(X 1.256 4.284 o.fi)o t.u2 0.000 11.75(
903 - 320 o.125 1.997 1 1_328 0.000 1Á48 0.000 ll_18
903 -322 0.o84 o.1?.6 't )\1 0.000 1.086 0.000 14 963
903 .323 o.ogr 0.169 8.095 0.000 o.'t61 0.000 ro40q
s03 -32r', o 66). r.725 59.383 0.000 15.114 0.000 4.710
903 - 325 0.695 3.299 63.285 0.000 I 8.81 o.ffx) 3.925
903 -326a. 0.861 0.250 66.989 0.ffx) 20.65" 6.608 0.ff)o
903 - 326b. o-534 0.000 42.995 2.1?6 32.294 0.000 1.682
903 - 326c. 0.703 0.000 55.207 3.r54 79.733 15-514 0.fi)O
903 -327 0.703 o_o00 58_ l 48 5.659 10.515 0.000 2.810
903 - 328 0.080 1.621 5.214 0.000 o.677 0.000 8.411
903 -329 0.059 2.241 4.97R 0.000 0.588 0.000 ?.gt r
903 - 330 0.101 0.000 a 141 2.624 1.125 0.000 11 S75
903 - 33r 0.r 25 o.oo 6.3U 1.138 2.O53 0.000 ir 056
903 - 332 0.07s o.tno 4,).7'l 1.590 2.359 o.0(n 35.?¿1
903 - 333 o.124 o.ff)O 4 710 r.872 1.741 o.000 77.64Á
903 - 334 o.o97 9.'148 g 521 0.000 0.999 0.000 11.57)
903 - 335 o.o67 5.527 5,35r 0.000 0.908 0.000 s.sr ?
903 - 336 o.()4r 8.?.2? 5.778 0.000 82.716 0.000 o.1?a
903 - 337 o 838 32.8t4 66.591 0.000 0.ffn 0_388 0.0m
903 - 338 o't?6 20.7U 67.233 0.000 l3.ss 2.56R 0.0m
903 - 339 0.076 1r.922 't.23t 0.000 ?.6'76 0.000 25.m8
903 - 340a. 0.067 39.359 7.389 0.000 o_ß4r 0.000 18.084
903 - 340b. 0.067 41.481 7.771 0_000 o s4s 0.000 16.4't3
903 - 34la 0.075 0.000 3.08S 1.554 1.333 0.000 48.U1
903 -342a. 0.r38 o.Orx t6.844 0.684 1.035 0.000 24.216
903 - 343 o_082 25.6t9 1.432 0.000 1.486 0.oo0 33.263
903 -344 0.181 12.266 15.3r2 0.000 6.23( 0.000 8.090
903-A 0.082 0.000 5.567 o.266 l5.or 2 0.000 36.21A
903 - Il 0.549 17.532 20.23: 0.oo0 222. 0.000 20.690
903 - Iì I.a 1.O22 19.454 78.052 o o01 0.000 0.000 0.ff)O
903 - R f.b 1.026 l s.306 .IR5?¿ 0 00tì o fno o ooo o txx)



Table V,l: Mino¡al normaliz¡tion rcsults from øcs and rocks. AV.-6

903 -
903-B
903 - B II.c
903 - B rr.dr
903 - B rr.d2
903 - B rr.d3
903 - .d4

0.073
r.573

I



Table V.l: Mineral normaliz¡tion results from ores and rocks. AV.-7

No. Romanechite Todoroklte h'roluslte P205 \deter Sum
903 -3 l-æ5 0.903 77.356 0.o41 o.txlt) 100.21
903-4 1.477 I .381 85.551 0.054 o_858 99.96
903 - 5a 8.649 r-093 44.683 0.046 2.650 99.44
903 - 5b 0.033 0.400 o fi)o 0.007 o.443 100.41
903-6 13.408 5.552 47.572 o.M'l 7-801 ss 45
903 -7 21 .920 4.607 45.091 0.037 6_638 ss 30
903-8 l r _258 5.840 43.353 0.034 10.472 ss 41
903-9 1s.424 2,661 60.558 0.06t 3.375 9.52
q03 - t0 5 3ßl 6.25t 35. 1 15 o.o27 17.592 99.38
903 - tl 2.394 5.897 39.805 o_037 17.276 99.41
903 -12 2.r94 5.516 42.984 0.044 l6.l l1 99.39
903 - t3 2.286 6.7'15 40.247 0.033 l5.5l l 95.?
903 - t4 3.142 6.317 3R)9 0.040 17.M5 ss.30
903 - 15 7.9?2 4.425 36.198 0.M2 11.4(\1 99.32
903 - 16 7.97? 5.S45 4r.789 0.()41 10.R67 99.38
903 - 17 2.5SS 6 149 37.619 0.035 15.137 99.37
903 - lß 12.284 5.475 37.712 o_03 9.540 99.48
903 - lq 6.267 5.437 30.428 0.031 14.882 ss.53
903 - 20 0.036 0.638 o_000 0.002 0.1l7 100.31
903 - 2t 2.373 0.886 5.log 0.o41 0.939 ss 64
903 - 22 13.907 2.401 40.555 0.052 8.457 99.1l
903 - 23 9.233 5.335 3S.64R 0.032 74,354 ss ?r
903 -U 2.184 0.648 4.922 0.M2 o.744 99.6r
903 - 25 1.569 0.473 6.093 0.035 0_53S 9S 6Á
903 - 26 0.038 0.456 0.fi)o 0.001 0.000 101.06
903 -27 o.M2 0.508 0.000 0.039 0_fno 99.80
903 - 28a 0.150 0.45 0.689 0.014 0-oo0 99.84
903 - 28b 0.039 o.476 0.000 0.014 o.000 99.72
903 - 29 0.59R o.451 0.750 0.016 0.000 99.8S
903 - 30 o.2),6 0.454 0.080 0_0r 6 0.000 9S.7r
903 - 3la 0.073 0.439 0.00t 0.005 o-367 1Mt.2)
903 - 3rh 0.039 0.716 0.fi}o 0.001 o.436 r00 52
90f -32 0.035 l -768 0.ooo 0.0o4 ?.756 lor 0?
903 - 33 4.909 7.158 4?.915 0.M2 18,0-53 gg ),
903 - 34 5.634 7.569 44.R4R o.M2 17 -767
,03 - 35 4.088 4.752 60 ?.55 0.()46 10.204 99.46

903 - 36 5.324 6-701 49.304 0.()45 16.112 99.31
903 - 37 5.531 7.849 39.768 o.(A7 20.1),6 99.24
903 - 38 5.06-5 6.712 37.vO 0.04s 14.1'n 99.29
903 - 39 5.448 7.(Ð2 38.415 0.051 20.038 99.30
903 - 40 5.4?7 7 4't7 37.470 0_45R 2r.y4 99.23
903 - 4t 2.251 3.320 70.732 0_0R4 9.071 ss.63
903 - 42 4 7),\ 4.755 31.52S 0.()4i 15.885 ss_3
903 - 43 4.2U 3-439 I R.R26 0.040 13;172 gs 35
903 - 44 6.228 5.665 32.439 0.064 15.2?1 99.27
903 - 45 4.350 4.6'78 25.783 0.o44 t3.t34 9.36
903 - 46 5,411 7.460 40.383 0.059 l't.339 99.35
903 - 47 5.59r 5.R3?, 55.168 0.073 l 1.874 99.40
903 - 48 7.sq'l 5.650 43.666 0.067 12.538 ss.3l
903 - 49 5.647 3.t22 2't.6?1 0.054 10.065 95.77
903 - 50 7.849 5.748 52.?77 0.068 1 I .616 99.33
903 - 5l 7.895 5.845 51.06r 0.069 't1.932
903 - 52 4.560 1-277 12.916 0.Ms 384 99.40
903 - 53 0.396 0_43-5 0.234 o.o23 0.000 99.58
903 - 54 6_983 2.1R9 39.M3 0.0515 4.056 99.40
903 - 55 11 .61" 3.992 60.1-53 0.074 5.908 ss.21
903 - s6 t6;117 5.388 3S_610 0.069 13.325 s8 s5
903 - 57 1.259 o.434 3.598 0.010 1.74R 99.52
903 - 58 8.397 3.O79 60.399 0.061 5.168 99.52
903 - 59 14.513 3.804 47.403 0_056 6.620 99.r 5
903 - 60 7.O2'l 3.018 49.200 0.041 2.53r 99.74
903 - 61 12.17', 3.506 -57-585 0.068 7.78',1 9s.36
903 - 62 5.401 1.562 74.4R2 0.056 0.502 gg 66
903 - 63 0.915 t.765 77.076 0.072 0_511 99.93
903 -ø o.495 0.896 7.744 o.o70 1.92,O 95.64
903 - 65a 0.70r 0.693 7.M8 0_o.51 0.808 s9_5S
903 - 65b 2.767 7.925 21 .OO2 0.181 14.307 loo 06
903 - 66 1.258 2.M1 s.955 0.043 3.508 99.U
903 - 67 I 1R6 2.OM 7 \25 o o?7 3.4't5 qg ßr



Table V.l: Mineral normalization results from o¡es ¡nd rocks. AV.-8

No- Romenechlte Todoroklte Pvroluslte P20S Wster Sum
903 - 68r 6.803 2.583 45.82S 0.049 6.03-5 sq.4q
903 - 68b 9.254 5.154 4S_6S.5 o o70 9.832 99.1
903 - 69 9.455 4.929 50.622 o o70 9.765 q9.2(
903 - 70 9.r73 4.888 4S.OS5 o oss 8.992 99.r
903 - 71 8.729 5-3?O 57.527 0.066 8.947 99_r9
903 -72 9.2M 5.7? 51 2R6 0.070 10.806 99.06
903 - 73 7.788 6.?14 52.244 0.062 9.439 99.11
903 - 74 7.542 5.qff) 38.887 0.050 1l -576 9S_06

903 - 75 7.570 6.338 44.O90 0.057 12.?6? 99.03
903 -76 6.565 6.022 42.974 0.(M9 \2.5O2 gg r4
903 -77s. 6.122 6.827 52-810 0_070 l r.3R2 99.01
903 - 77b 7.494 4.786 57-565 0_07i 9.523 99.20
903 - 78 3.979 6.346 62.065 0.087 9.018 99.30
903 - 79 0.ffn o.649 o,403 0.035 1.185 99-75
903 - 80 1.49'l 1.784 74.474 0.058 2-(n5 ss.86
903 - 8l 4."24 3_056 57.325 0.()49 6_342 s9 44
903 - 82 8.773 3.834 46.794 0.(M9 8.441 99.39
903 - 83 6.192 2.795 63.738 0_0.52 5 746 99.53
903 - 84 7.056 2.987 41.831 o.()43 6.856 99.4R
903 - 85 4.606 3.849 62.157 0.093 't.207 9S.45
903 - 86 3-338 4-r s8 4r fi)6 0.1r5 1 1.356 gg 60
903 - 87 2.833 l_7ff) t6.146 0.066 7.S00 99.58
s03 - 88 6 356 6,47& 44.897 0.062 9.M1 99.45
q03 - 8c 7.?06 4.79R 37.433 0.07s 12.521 9.v
903 - CO r _?s8 o 6?r 4.831 0.023 2.2sR 99.59
s03 - 9l 5,593 5 52R 45.1rr 0.055 1 1.R13 99.39
903 - 92 4.53i 6.2r2 45.630 0.(M8 14.061 99.3'1
903 - 93 4.075 6.485 49.594 o.M7 L2.542 99.41
903 - 94 3.587 6.2r4 50.3r 3 o.M4 14.555 99.36
903 - 95 4.233 1.365 47.O94 o.(Mo t5.770 99,3r
903 - 96 4.650 7.738 45.7?2 0.041 11.326 99.2"
903 -97 4.319 7.475 46.\7R 0.M3 r5.938 gs ?3
903 - 98 3.693 5.SS 56't)7 0.M7 12-319 gg.3r5

903 - 99 5.854 7-05r ?s ?sl 0.039 17.175 ss,2R
903 - r00 7-l(n Lr32 2,5 514 0.030 20.8'13 w.24
903 - 101 4.870 9.240 32.984 0.(X0 19,667 w7a
903 - 102 4.?35 6.?1? 52.715 0.067 10.352 sg 55
903 - 103 1.484 3_6R4 66.718 0.071 5 627 s9 5S
903 - r()4 4.914 2.?64 60.&4 0.064 3.S58 gg 60
903 - r05 5.05S 2.9o5 75.329 0.062 1_953 99.6't
903 - 106 8.512 5 oso 57.626 0-0-5( I S65 9.4A
903 - 107 l o.?,io 6.054 46.946 0_052 12.416 99.26
903 - r0ß 1l.821 6.1l5 35.743 0_(Mr 14.588 99.tç
903 - lo9 1.552 3.654 61 .342 o.05s 6.438 Ð.45
903 - 110 7.3& 2.365 27.??1 0.044 5.026' s9.56
903 - 111 7.107 2.255 64.53r 0.073 10.527 s9.65
903 - 1r2 6.400 l.3l f 51.969 0.052 2.682 99.52
903 - 113 1.326 o.217 9.7M 0.161 2.860 99.65
903 - 114 0.89-5 o.214 5.059 0.009 o.82S 99.83
903 - ll5a 0_orn o.217 0.346 o.006 o.020 99.90
903 - llsb o.ffx) o )).R o.224 0.0r 7 o.tno 99.96
903 - l16a ),.o1). 2.r35 16.o77 0_08s 9.476 9q.79
903 - tr6b t.537 4.3r9 27.59? 0.0Rr 8.871 100.05
903 - rtTb 0.565 12.552 ?2.O5?. 0.049 9.796 r rn.6?
903 - l18a o.243 4.064 22.09t 0.141 11.744 gs.si
903 - 1t8b 0.036 0_633 5.052 0.013 0.348 99.75
903 - lr9 0.073 9.782 26.675 o.146 72.678 100.41
903 - 120 o.r07 6.r92 45.789 0.070 2.652 tu).24
903 - l2l 0.218 6.031 .59.r 8, 0.090 3.549 r 00.25
903 - t22 0.360 5.125 48.94t 0.064 3.798 100.r4
903 - 123 0.180 8.06? 53.470 0.083 6.712 rtn 36
903 - tu 0.828 1.62? 13.609 0.010 5.57( 99.62
903 - r25 o.152 1.216 ll.&9 0.012 ?.201 99.57
903 - 126 o.756 1.02.6 11.075 0.007 r.727 99.55
903 - 127 o.83S 0.858 7.962 0.ol I 0.000 100_5r
903 - 128 036r' o.Mo 5.725 0.005 o.ffx) 100.43
903 - 129 o.289 o.4?5 4.61: 0.009 0.ffn 101.05
903 - 130 0.415 1.O12 14.300 0.010 I _5gl q9.57
903 - t3t o.454 o.621 l? oR5 0.005 o.1 75 s() 5?



Table V.l: Mineral normaliz¡tiør resrùts from ores ¡nd rocks. AV.-9

ñ_o- .omsnechlte Pvroluslte Iz¿C)5 Water Sum
903 - 32 0.368 3_401 o-fl)o s9.96
903 - 133 0.17ó t.425 2.tg o.52.7 ss_5(

903 - 134 0.370 2_53S r-Ol I o_fix) roo.42
903 - 135 0.919 6_133 o_tno 10r.56
903 - 136 0.483 ?.162 o_txx) 1m.60
903 - 137 0.525 1.631 .ot4 o,tno ltn.09
903 -: 38 1.686 4.976 0.010 0.000 lrn.?s
903 - 139 o.22't 0.697 2.028 0.018 0.000 t00.u
903 - 140 0.143 1.558 0.000 0.010 1.357 99.90
903 - 141a o.401 0.020 0.fiM o.052 100.3?
903 - l41b 0.000 0.020 _ol I 0_20r ss.52

0.000 o.o20 r.ln7 1.211 9s.56
0.003 0.580 o ffx) o ooi 0.064 100.43

901 - t42 o.r42 6.426 48.088 0.040 8.982 100.13
903 - 143 0.141 9.453 46;t90 0.033 7.943 100.39
903 - 144 0.433 8.231 55.229 o.M4 6.605 100.22
903 - 145 4.957 65.758 0.047 4.484 100.12
903 - 146 7_038 45.286 0.063 8.ß64 r o0.23
903 - 147 0.255 56_()48 7.350 100,r4
903 - 148 r.629 45.7r 8 o 1).6 7.935 100.20
903 - 49 o.294 7.345 34.359 0.069 7.883 100.25

o.2s3 4.2& 73.942 0.038 2.105 100 1r
903 - 151 o.287 5.607 50.94ó 0.060 5.981 lff).ll
903 - l52a 7.f23 39 345 0.068 4.947 lCn 2R

903 - 152b o.t52 .183 77 162 1?, 7 771 100.23
903 - 153 2.414 a 32.26 0.099 1l.658 r00.03
903 - 154 o.499 6.485 42.787 0.075 ?.506 100.19

1 -160 5.543 25.211 0.169 10.278 w.96
o.t20 o.229 1.616 0.t43 0_000 I tn.3¿

903 - t57 0.491 3.084 0.410 4.175 99.8
903 - lsß o.234 o,6(Ã o.?2 1_3R2 sq.R3
903 - 159 3.847 3_S69 99't7
903 - 160 77.9\2 o_fix) lrn 65

903 - 161 51.020 1.542 99.92
903 - t62 2s22 ).(M0 11 )2R 99.m
903 - tø 0.548 271t o o87 11 101 99.64
903 - 168 B 0.37r 4?.4(n o,o3s 5.8RS r00.30
903 - t69 B 0.331 56.r R6 o.()40 4 ).17 roo.22
903 - 170a 0.037 o.fi)o 0.001 0.000 101.00
903 - 170b 0,081 o,fio0 0.005 0.44r 100.64
903 - 17la 0.041 o_48S o oo0 o oor 0.000 loo.72
903 - rTrb 0.037 o.442 o.000 o oor 0.000 100.55
90? - 772 o.038 o_oo0 o ool o 1't). r00.58
903 - 173 t.M7 o,000 o oo2 0.000 r00.96
903 - t74 ) 455 o ff)O 0.005 0.710 100.38
903 - 175 0.1l2 0.451 0.000 0.003 0.663 r tn-50
903 - 176 0.2r9 0.440 0.000 0.571 100.09
903 - t77 0.386 o.466 0.000 0.013 1.056 r o0.0?

2.M7 o.441 9.712 8.202 99.7r
903 - 79 o,564 0.000 2.?77 100.28
903 - t8{t r _55S t,657 1.758 99.90
903 - 181 8.9s5 0.615 3.433 99.88
903 - 182 t.14. 80.936 0.077 0.000 100-30
903 - 183 1.196 1.541 80.423 0.090 0.mo r 00.39
903 - lM 1.030 t.354 82.031 0.097 0.000 r 01 .20
903 - 185 0.050 0.597 0.341 o.6& 0-000 loo_lM
903 - 186 0.052 o.626 0.ffx) ),606 0-ffxl 100.2r
903 - t87 o.091 o.546 0.000 0.000 101.56

24.5M 0.068 14.984 99.88
2.302 0.058 0.000 r00.3r

903 - 191B 5.91 't.45: 47.r4r 0.043 14.966 99,20
903 - 190 2.277 2.824 24.@2 o.278 22.055 ss.80
903 - 200 0.180 0.433 2.134 0.014 0_000 1(nt7
903 - 201 o.320 o.425 2.50 0_0(n 100.39
903 - 202 0.688 o.645 ?.607 ).o1 l 0.000 100.?8

o.6l' 3_88S o.or 2 0.000 100.89
903-: 5.t54 0.010 0.000 l0l. t'

0.835 6.003 0.008 0.ff)O r 0l .55
903 - 206 I 0gl O R?R 1 111 0.01 I 0.000 100 2'l



Table V.l: Mineral normaliz¡tion results from øcs ¡nd rocks. AV.-r0

No. Romenechlte Todoroklte Pvroluslte v20 Water Sum
903 -207 o.978 1.221 r0.205 O-2915 99.58
903 - 208 o.7?2 l-otg 9.602 o.\47 99.54
903 - 209 1.2?5 5.37R 60.564 2.9R0 100.13
903 - 2r0 o.266 o.69S 1.1l8 I o_fi)o sg.ss
903 - 211 o.542 2.49? 4.241 0.010 o.1 05 9S.78
903 -212 o_819 -5_S8l 40 974 0.025 6.758 100.(
903 - 213 0.031 17.26( 47.977 0.r00 5.745 101.07
903 - 215 0_ffx) 0_2r R 0.548 0.005 o.ffm 99.94
903 - 2t6 o.183 4.M2 73;t90 0.039 2.?9q ro0_08
903 - 277 o r45 0.208 1.842 0.{x}9 o.000 1(n.21
903 - 218 0.354 6.604 50.032 6;1?1 100.21
903 - 219 0.400 2.75r 67^350 t 

^^r 3.394 99.92
903 -220 0.212 1.166 48-45r t.M2 5.941 100.25
903 - 221 o.ffm o.228 0 ts5 0.019 0.0ü) 99.r
903 -222 0.039 o.221 o.319 0.026 0.000 w77
903 -227 r r.197 6(M5 40.790 0-034 10.1 52 99.31
901 - 224 17,7D. 4.738 4't.766 0,036 '1 .911 99.32
90? - 225 4.873 4.293 54.322 I 1.8?.0 99.28
903 - 226 4.146 5.591 37.91 I 17.433 99.30
903 - 227 13.203 ro.448 33,897 o 0rs 10.055 100.12
903 - 228 15.667 8.r02 30,51 5 0.021 8.644 rfn 0?
903 - 229 o.417 o.21'l 0.697 0.019 o.141 99.67
903 - 230 0.30r o ).16 0.000 0.018 1.127 99.78
903 - 232 o.141 3.807 31.139 0_og7 11.141 qs.87
903 - 233 r.532 4.691 19_520 15.113 gs.R4
903 - 234 0.000 0.280 0.o63 0.670 0. r ?-5 ' 99.89
903 - 235 0.ffx) o.2'10 0.313 0.620 o_fi)o 99.9
903 -237 2.72: 12.R7 1o.220 0.083 8.RlO 99.80
903 - 239 1.672 3.451 11.437 72.2r2 99.85
903 - )Al 2.614 4.286 73.O73 t.666 100-06
903 - 2AS 0.206 0.295 2.365 0.000 l rn_67
903 -U6 0.303 0.289 2.O2A 0.693 o.ffx) lcn.6r
903 -U9 rr.975 7.lU 26.808 0.015 11,137 ss ß6
903 - 250 1.384 ?.174 35.214 0.059 4,0-55 100.01
903 - 25r o994 2.R27 22.407 o.123 6_5(M 99;t2
903 - 252 1 r.s35 5.767 25.&6 o.o2? l3.oR2 99.75
903 - 2s3 0.40-5 7.7',14 40.872 0.01. 9.818 100.21
903 - 254 0.931 3.975 16.O79 7.933 100.06
903 - 255 1.'17'1 4.775 13.3S0 0.292 t5-o2t 9S.83
903 -256 2.O57 5.433 14.622 0.456 15.080 lrn.00
903 - 259 2,467 3.653 59.249 0.087 6.060 99,87
903 -260 3.138 4.199 56.406 o.oR3 5.873 99,87
903 - 26r o.625 0.554 6_(M0 0.491 0.000 101.39
903 - 262 o.725 0.270 3.r65 o i82 0.000 1m.8S
903 - 263 15.285 4.892 41.658 o OiR 70.792 9S.r 3
903 -264 r5 596 4.202 40.697 0.042 10.582 SR.R7
903 - 265 0.405 1.376 s7.20, 0.031 0.000 10)..)a
903 - 266 9.992 2.288 '79.7't6 0.o44 0.000 100.21
903 - 268 3.300 7.341 5.19'l 0.237 16.968 99.82
903 - 269 4.4& 7.824 17.2M 0.094 16.794 99.95
903 - 270 o.o44 3_061 4.857 0.266 r o_05? 99.77
903 - 2tl 0_933 6_695 9.O76 18.364 99.85
903 - 272 2.626 5 )Á4 4'1.745 _l Rl .9.169 100.01
903 - 273 o.671 5,5R4 46.21'.| .185 10.626 100.08
903 - 274 0.1 78 o 656 65.894 1.r42 99.19
903 - 275 o.248 0.854 69.1 07 (M8 1.321 99.81
903 - 276 o.224 0.25'.1 4.291 0.588 4.531 99_85
903 - 277 l.l8l o.25t r.680 0.344 6.332 9s.84
903 - 278 to.o29 1.064 9.53t 0.109 7.281 99.&
903 - 279 o.o't2 6.173 18.761 0.013 7.?12 r00.27
903 - 280 1.093 3,603 23.712 o.M3 12.963 99.90
903 - 281 2.036 5.152 5.823 t7.166 99.54
903 - 3.1 48 g r0r 15.397 15.202 rtn.M
903 - 283a I _857 4.773 o-3-56 o.147 16.863 99.36
903 - 283b 6.9?4 6.54't 6.700 0.246 16.4f4 99.63
903 - 283c 't.t60 6.6S8 6.192 0.240 14.?45 99.64
903 - 283d 6.26't 5.74',, 8.204 0.1 94 t4.215 q9.52
903 - 283e 8.689 6_488 5.139 o.241 12.773 99.58
903 - 284 32.M8 2 500 19.524 o.24'1 6.1 65 99 ltl



Table V.l: Mineral normalization rcsr¡lts f¡om ores ¡nd rocks. AV.-r1

Nn- Romenechlte Pvroluslte v2() Slrm
903 - 2R_5 8_415 8.691 ( I s9.28
903 - 2E6 36-065 ..481 18.s93 99.08
903 - 28', 38_176 l9-520 99.06
903 - 29t 1.873 7.(t7( 48.1tX) .r 78 100.29
903 - 291 o,730 88.313 99.96
903 - 2r o.?29 0.651 82.493 l.(M6 99.85
903 - 293 o.217 o-437 87.864 r_165 s9.86
so3 - 29¿ o-28S 0.62r 83.82r .o25 99.8?
901 - 295 o.ü)o 0.867 o.il)o I .31 99.9'1

903 - 296 o.262 0.250 23.229 ..128 99.62
903 - 297 0.653 .417 12.95O .o72 ss_82
903 - 298 0.595 1.184 r 8.26r 0.131 16 47.O 99.r g

903 - 299 0.32r 6.759 L9.218 0.209 t3.979 99.84
903 - 30r 0.809 4.488 84.683 0.026 0.000 101.01
903 - 3t o.328 0.67t 89.130 0.032 0.000 99.86
s03 - 30 o.29t 0.669 87.059 0.029 0.515 99.8?
s03 - 303 5.536 4.405 54.303 0.056 9.275 99.50
903 - 3(}4 4.431 4.414 41.915 0.053 6.567 s9.50
903 - 305 4.9.51 1.525 50.53S 0.058 10.61 I 95.74
903 - 306 4.37r 6,110 44.O92 0.071 t.46'l 9s.35
903 - 307 6.&2 .197 5 r .s73 )_08l 12.O).9 99.35
903 - 308 6.065 6.463 57.389 0.083 9.788 99.22
903 - 309 5.382 7.019 50.246 o.077 9.476 9S.08

5.409 6.300 43.099 0-066 12.599 9S.r 8
903 - 3r'l 5.302 7.56? 4R.736 o.o72 't' .125 9S 2.)

903 - 312a 4.557 55.51 7 s r2q 99.43
903 - 3r2br 2.727 t 2?6 70.273 o 076 8.920 99.41
903 -312b2 2.279 9.887 61.378 0.085 17.657 99.48
903 - 3r2b3 2.029 6.824 66.120 0.101 9.855 99.52
9O3 -3l2lr4 2.524 7.672 64.460 0.095 10.64't 9S.51
903 - 311 ih5 I _g3l 6.624 6'.1 .570 0.08s 9S 47

5.1l4 11 48.62t ).101 99.42
903 - 314 5_333 f 47.257 o.o77 7t.734 99.v
903 - 3rS 4.092 47 966 o 065 11.534 99.39
903 - 316 3.276 6,1 16 54.967 0.066 8.008 99.42
903 - 317 3.521 8.454 49.424 0.052 10.506 w.4't
903 - 3r8 3.8v 7.467 49.337 o.M7 10-964 99.y
903 - 319 3.666 6.468 52.942 0.045 13.783 q9.v
903 - 320 3-703 6.513 50-850 0.(M-5 ss_33
903 -322 5.884 7.76(t 48.036 0_()40 1', w,1.1
903 - 323 4.15(t 5.525 5S_03S l l.l t9 99.42
s03-3 1.281 s o5R 0.043 6.335 99.60

0.890 0.933 7.29r 0.037 0.406 99.57
903 - 326a. 0.980 0.244 4.428 o.M7 0.000 r 0r .06
903 - 326b. 2.763 0.229 11.797 0.070 99.5S
903 - 326c. r.o& 0.277 5.925 o.052 101 .63
903 - 327 3.409 1.093 15.330 99.49
903 - 328 2.911 3.175 '10.757 6.535 99.48
903 - 329 1.708 2.?56 '14.60), 0.092 5.056 99.59
903 - 330 3.S06 33.123 0.171 12.216 100.28
903 - 33r 2.4?1 I fìarì 38.796 0.065 9.665 100.17
903 - 33: 2.46? s_o88 34.654 0.108 r0.253 100.21
903-3 4.745 31 ß55 0.144 . 12.514 100.14
903 - 334 o.775 58.200 0.056 4.086 s9.87
903 - 33 0.848

".o).1
11.752 0.060 2-476 ss.s3

903 - 3: 0.oo0 o.?.91 0.285 0.359 2.000 ss.93
903 - 3: o flx) o lgR 0.170 0.005 o.oo0 101.01
903 - 33 o.ff)O o ))Á 0.r92 o.o27 o.ffn 99.74
903 - 3: I 1.'.Ì94 6.718 31.053 o.t44 11.6()4 r 00.r2
903 - 3r 0a- 2.384 3.472 18.825 0.086 9.456 95.96
903 - 340 ì- 3.115 2.807 19.408 0.06s s9.89

1.355 4.620 2'1.383 0,07( 99.70
1r.975 5.931 29-569 99.80

903 - 343 1.4'15 6.974 7.v4 t6.123 100.10
903 -344 1.693 1.6(17 a9 ).)5 I 14;lt5 ss.88
903-A 2.M2 21.379 0.2t9 12.843 99.90
903-B o.o35 t4.574 rr.734 0.014 100.68
903 - Iì I.a 0.033 0.40r 0.000 0.003 100.41
903 - Ir h o oi4 n 411 0.000 0.00¿ r.o?( 1 0{ì iq



Table V.l: Mineral normaliz¿tion rÊsults from orcs end rock¡. AV. - t2

7

- B II.dl I
8.80r 0.036 I

46.367 7



Table V.2: Microbiological leaching of Mn ores f¡om Groote Eylandt; after R. Varga and J. Madgwick. AV.2-l

rr-um t¡er Ø leached Ø Ilntske Ø Ox formed Mn 31.1.86 Ntn7.2.86 Mn 14.2.86
3 20 {5_5 2.6 15 12 I
4 lr 1 l6 l6 r8

5a. 38 4.'. 2t l9 20
6 22 6_5 3.2 l9 l9 19

7 23 4.5 1"1 17 l8
8 25 2.1 22 l8 19

I 25 5 3.3 1 l8 1'1

l0 2',1 l0 2.7 l5 1 I
ll 30 l5 6.9 l9 22 r7
t2 25 4 3 17 r7 t'7

13 23 5.1 21 l8 l8
t4 24 l0 5.7 I 13 rg
15 24 t2 5.8 l5 13 l6
l6 24 12 5.6 l6 l8 20
77 23 56 16 1 lg

Nrmher Mn 27.2.86 Mn 28.2.86 Mn 7.3.86 Mn 14.3.86 Mn 21.3.86 nH 21.3.86
3 14 1l 2? 3l l9 5.83
4 15 r5 30 31 17 5.76

5a. l8 21 24 30 17 5.54
6 77 l6 28 32 19 6

7 20 24 28 26 17 5.94
8 t7 24 4I 3 20 5.95
I 16 22 24 37 22. 6.05
t0 15 13 25 40 27 5.62
11 l7 25 32 44 24 6.01
12 t7 21 35 ?6 25 5.8
l3 18 16 35 J 1' 5.91
l4 14 2t 3l 28 t9 6.2r
15 l8 17 2'l 28 r7 5.4r
l6 24 t9 34 ?2 l8 ,5 87
t7 21 16 ?) 30 )o 5'7

Number Mn 4-4-ßll nfl 4.4-86 Mn 1I.4.86 nH 11.4.86 Mn 18.4.86 nH 18.4.86
3 22 5.89 71 2 5.Sg 20.2 5.S6
4 2t 6.15 29.5 61: 204 5S3

5a 26 5.98 34.6 5.86 21 . 5.'12

6 19 5.98 30.1 5;Ì4 18 S 5.62
7 22 6_1 37.3 5.76 18.8 5.61
8 2: 6.23 32.4 5.81 18.4 5;t
9 24 6.08 29.6 5_91 19.6 5.91
l0 26 6.16 33.3 5.88 18.4 5.94
1l 24 6.2 35.5 5.89 15.6 6.01
t2 2L 6 7i.'7 5.96 19.4 5.88
13 23 6.12 31 5.73 'l 8.9 578
14 2t 6.21 32.8 5.83 20 5.89
15 1( 5.33 22.6 5.45 12.1 5.02
16 ¿3 5.81 26.7 5.5 16.'.1 5.38
l7 2? 5.72 25.1 5R2 r65 5 4'7



Table V.2: Microbiological leaching of Mn ores f¡om G¡oote Eylandt; after R. Varga and J. Madgwick. Ay '2 - 2

Number Mn 2.5.86 nll 2-5.f16 Mn 9.5.86 nH 9.5.86 Mn l6-5-86 nH 16.5.86

3 14 5.61 l3 5.68 l3 4.92

4 15 5.62 r7 5.68 l: 5.2

5a. 17.5 5.62 t7 5.61 t2 4.94

6 t2.5 5.4 I 5.21 4.72

7 l3 5.39 t2 5.18 I 4.68

8 13 5.4 t4 5.3 11 4.82

9 12.9 5.32 13 5.24 11 4.88

10 15 5.79 t4 5.41 t2 4.97

1l t2;l 6.t2 15 6.08 t7 5.24

t2 13.5 5.41 l5 5.45 ll 4.74

14.4 5.42 13 5.41 10 4.82

t4 l5 5.61 15 5.42 t4 5.01

l5 l0 4.86 12 4.92 8 4.68

l6 9 5.36 1l 5.1 10 4.85

t7 10.5 s.08 12 5.r 6 12 4.86

Mn 23-5.86 oH 23.5.86 Mn 30.5.86 ntI 30.5.86 Mn 6.6.86 nH 6.6.86

3 11 4.8( r2 4.51 ll.i 2.98

4 5.59 13.5 5.t"1 T2 3.02

5a. 7 5.11 l3 4.82 10.6 2.71

6 6 4.86 10.: 4.5r I 1.8 2.46

7 5 4.72 10 4.49 r0.i 2.84

I 5 4.88 11.7 4.57 t2.t 2.82

9 6 4.92 t2 4.6 11.7 3.r2

10
,7 4.99 13 4.58 t2 2.87

't1 t0 4.96 l1 4.62 16.5 2.93

t2 8 4.81 10 4.53 10.3 2.45

13 8 4.98 12.6 4.62 9.8 2.78

l4 9 4.99 12.5 4.71 13.1 2.93

15 6 4.81 10 4.49 10 2.92

r6 7 4.78 tr.2 4.: 10.6 3.03

t7 8 4.8'7 1: 4.5 10.8

Mn 13.6.86 ntl 13.1f.86 Mn 20.6.86 nH 20.6.86

3 l5 2.8 10.: 4.63

4 14.5 2.98 12.9 5.78

5a. t4 2.8 13 5.2

6 t4 2.5r 8.6 4.9t

7 13 2.8 .5 5.35

I 15 2.74 9.8 5.45

9 t4.4 3.2 9 5.07

10 l8 2.9r 10 5.53

ll 3.01 l0 5.62

t2 15.5 2.51 10

13 11.5 2.82 9

14 13.8 2.89 11 5.3r

l5 12.5 2.87 9.5 5.23

l6 12.5 2.9'l 8 5.1

t7 l3.5 2.76 9 5.1r



Ouartz
0.m
0.00
o42
0.74
0.tn
0.00
0.35
0.00
0.03
0.00
0.16
0.00
000
0.00
0_l I
0.10
0.00
r.4n
1.89
0.rm

6.9',1

0_00

Anatase
0.10
0.08
0.08
0.09
0.06
0.11
0.09
0.08
0.08
008
0.10
0_08

0.10
0.08
0.rI
0.06
0_06

0.10
0.09
0.16
0-11
010

LOI
15.00
1?.00
15.00
r 5.00
15.00
r r.00
11.00
11.00
r 3.00
15.00
r 6.00
10 00
10.00
r4.00
12.00
l -5.00
17 00
15.00
r5 00
8.00
9.00

l0m

MoO
0.27
0.32
0.09
014
0.3'l
0;13
0.60
0.70
0.45
0.31
0_r 8

0.79
0.70
04s
0.34
0_30

2.00
0.10
0.11
0.09
0.03
o75

Nr2l)
0.13
0.17
0_t I
0.19
0_07

0.09
0_11

0.17
0.08
0.03
00i
0.21
o.1'7

0.10
0.06
o05
0.02
0.M
0.02
0_19

0.17
0.09

Tio2
015
0.11
o12
0.14
0.r 0
0.15
0.12
0.11
0.t2
o.12
0.16
0.11
0 ti
0.12
o.25
0.09
0.10
0 115

0.r4
o.2.o

0.14
0_r 3

lìaO
3.t I
2.go
0.15
0.38
3.87
6_09

1.61
1.29
0.89
). os
1.&
1_13

t.21
0.98
1.12,

1.66
1.87
1.36
r.l3
0.33
0.13
r4R

SrO
0.35
o.2.2

0.06
0.06
0.18
o.25
0.4r
0.34
0.40
0.2r
0.16
o.i7
0.40
0_39

0.36
0.24
0.1s
0.08
0_r 0
0.06
0.04
o36

CnO
0.07
0.06
0.18
o.1?.

0.06
0.10
0_10

0.08
0.09
0.06
0.04
0.10
0.09
0.0s
0.07
0.06
0.05
0.06
0.04
0.09
0_05

00R

K).O
o.52
l.5l
1.22
0.86
0.43
0.48
0.65
0.87
0.52
0.2'l
o ).4
0.91
0.81
0.56
o.46
o ).6
0.29
o;19
0.32
2.68
2.18
0.86

P2()5
008
0.10
0.09
0.08
0.04
0.M
0.l l
0.1 0

0.07
0.08
0.07
0.09
0r0
0.08
0.07
0.07
0.06
0.06
0.07
0.03
0.04
0_07

4t2()3
3.60
2;to
2.30
3.00
2.20
2.90
1.90
2.OO

r.50
)50
3.40
2.00
2.r0
1.50
5.50
1.60
2.?O

2.60
r _-50

610
4.50
7.2.O

sic)2
1.90
1..50

3.20
4.40
1.30
1.20
2.60
1.90
1.80
2.80
4.20
l.i0
2.10
r _50

6.60
2.00
2.40
4.70
4.00
6.50

12.10
)40

Fe2()3
1.70
1 ).O

1.80
).,60
1.40
1.70
2.(n
1.40
r _30

2.30
3.fx)
1.50
1.70
1.30
6.40
1.20
1.80
4.20
1.30
2.50
4.80
?50

MnO2
53.30
54.20
55.50
53.30
54.80
51.00
5i-r 0
54.00
55 80
53;t0
52 10

53.90
.53_50

56.30
44.50
56.70
55.10
5r.60
56.40
47.50
44 10
51 ¿O

C R-L- Nn-
38476R
3U77ß

38484/858
384868
38488R
384908

38563R
385668
3857.t8
385758
385798

38s79/808
385818

38s84/858
38s88tÌ
385918
38633
38634
38635
3E636

3860r/tlB

Table V.3: Bartery activity tests (after Swinkels and Williams, 1982), chemical analyses, and mineral norms of Mn oxide ores from Groote Eylandt. A V.3 - I



Snm
q9.9
s9 s0

r00.20
r fn.l7
99.38
98.66
99.23
9.t7
ss.50
99.52
ss.6s
99.t4
99.1'7

99.49
99.48
ss.6r
97.54
9S.81
sq 81

99.91
sg_ss
qR R?

'fü¡fpr

r 7_03

14.30
18.21

r6.69
17.82
9.43
s.40
9.37

t3.41
r6.79
18.21

6.07
6.24

t5.67
9.45

t6.52
20.49
1R.22

16.20
5.33
8.83
5;17

P2C)5

0.07
0.09
0.07
0.07
0.03
0.M
0.10
0.09
0.06
0_07

0.06
0_0s

0.1
0.07
0.07
0.06
0.05
0.05
0.06
003
0.04
0_07

Pvrolnsite
5t.22
44.R'7

56.45
5'1.46

54.77
45.5'7
60.60
60.23
65.53
6t.64
60.50
61.01
61;78
63.09
53.01
66.11

59.55
55.51
68.i5
33.1 I
3.5.61

58 88

Todorokite
3.82
4.75
5.60
5.86
2.51
4.25
4.60
5.39
3.49
1.77
t.32
6.94
5.8 l
3.75
2.82
2.1
1.27
1.95
1.16
6.67
4.93
3.88

Psi lom elene
10.00
r0_r7
0.47
1.21

12.42
22.54

5.87
4.69
3.02
6.70
5.11
4.27
4.56
3.22
4.02
5.27
5.53
4.35
3_5-5

t.3:
0-50
5.62

Crvntomelane
7.73

r7.36
11.57
8.23
5.41
7.54

10.70
12.36
8.62
4.t3
3.25

13.63
t2.72
8.65
'1;t7

4.30
3.85
7.84
3.65

3r.53
24.27
12.96

Élem¡f ite
0.00
0_00

0.00
0_00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0_00

0.00
0.00
0.ff)
0.00
0.00
000

Gopfhite
1.46
1.11
1.4'l
2.16
1.21

1.73
1.94
1.33
1.15
1.95
2.45
1.54
1.69
1.13
6.1(,
0.98
1.39
3.68
1.07
2.38
4.89
256

Gibhsite
4.0:
3.1'l
0.00
0.00
2.23
4.41
0.00
0.89
0.00
o.25
0.00
2.15
0.76
o.47
0.00
0.00
0.49
0.00

1.49
0.00
2.80

K¡nlinite
4.18
3.60
5.86
'1.67

3.04

4.73
4_r 0
6.r4
8_.53

3.36

3.37

4.09
4.85
6.70
iR0

17.88
r 3.85

6 ).7

C.R.L. No.

38ø.77B,

384868

38s618

385758
385798

385918
38633
38634
38t135

38636
înÁot /l 1 R

Table V.3: Battery activity rests (after Swìnkels and Williams, 1982), chemical analyses, and mineral norrns of Mn oxide ores from Groote Eylandt. 
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initial OCV mV
1529.00
l5?_8.00
1502.00
1.543_00

1562.00
r 576.00
1554.00
1583.00
1508.00
151 I _00

1513.00
r 579.00
1s82_.00

1550.00
1475.(n
1488.00
r440.00
1414.00
1486.00
1506.00
r 545_00
r 53l _00

meesrrred drrin fime
94.00
92.00
86.00
s0 00
93.00
I Ot .00
110.00
r r 3.00
98.00
q3 00
80.00
r 0s.00
106.00
100.00
86.00
s6.00
77.00
78.00
R4 00
92.00
7R 00
10? oo

eh¡rop ccnncitv l4OO mV
1.50
r.70
0.80
0.80
2.70
3.60
3.20
4.50
l _80

0.80
0_40

4.80
4.30
2.40
0.40
1.80
0.60
0.10
0.40
1.20
0.50
2.90

C.R.l,. No.
384768
t?Ã77ß

1ß4ß4/ß5R
384868
3ß48ßR
384908
1ß-56r8
385638
3fl56tlB
38574R
38S7-SR

385798
38579/ß08

385818
3R5ß4i85B

385888
3ß59t B
38633
38634
3ßtt3-5

38636
3860t/l tB

Table V.3: Battery activity tests (after Swinkels and Williams, 1982), chemical analyses, and mincral norms of Mn oxide ores from Groote Eylandt. A V.3 - 3



Appendix VI.

Table VI.l: Sampling Locations.

Table VI.2: Field Test Data; [ppm], [oC], [VminJ.

Table VI.3: Chemical Analyses of 'Water Samples; [ppm].

Table VI.4: Rainfall Data; [mm].

Table VI.5: Correlation Matrix for Water Analyses.



Table VL I : Water sample locations. AVI.l-1

No. f)ate l,ocation (river: km) No- f)nte Location
w1 14,5.85 F3-Ouarw. ore w63 1t.6.86 Ansunìsu River. bis rive¡ bend

w2 14.5.85 F3-Ouarrv. surnD near ore w64 I 1.6.86 Ansurusu River. bis rive¡ bend

w3 15.5.85 F3-Ouarrv. laterite w65 11.6.86 Anoumou River. bie river bend

w4 15_5.85 F3-Ouarrv. srùrD near laterite w66 15.6.86 Amapula Pools

w5 1s.5.85 Ansì.rrusu River. bridee near mission. 6.8 w67 15.6.86 Amagula River. downstream

w6 16.5.85 I '68 15.6.86 Sea. 3 km west of mouth Amagula Ri!çr
w7 17.5.85 Nashe's Gash Ì '69 10.9.86 D-Ouarrv. borehole

w8 17.-5.85 Tailinss Dam v '70 r 0_9.86 D-Ouarrv. borehole

w9 17.5_85 Ansurusu River. bie river bend, 2.55 w71 10.s.86 D-Ouarrv. borehole

w10 I 8.5.85 l)-Ouarrv- ore w72 10.9.86 l)-Ouarrv. borehole

w1l 18.5.85 )-Ouarrv. ore w73 10.9.86 )-Ouarrv- boreholc

w12 19.5.85 l)-Onanv. laterite w74 10.9.86 I)-Ouarn,. borehole

w13 l8 5.85 Boat ramo. Milner Bav w75 10.9.86 D-Ouarrv. borehole

w14 19.5.85 Emerald River, bridge w76 10.9.86 l)-Ouarrv. borehole

w15 20.5.85 D-Ouarrv. ore .II 5.9.86 Emerald River. bridee

w16 21 .5.85 F3-C)uarrv. laterite .12 5.S.86 Ansurucu River. top crossins.9.25

w17 21.5.85 F3-Ouarrv. laterite .I3 5.9.86 Ansurucu River. oumpine station. 7.7

wt8 21.5.85 F3-Oua¡rv. laterite T4 5.9.86 Ansurupu River. bridee near mission. 6.8

w19 21.5.85 F3-Ouarrv. laterite .r5 5.9.86 Ancurusu River. Rowel Hishway,4.6
w20 21.5.85 F3-Ouarn'. laterite .16 5.S.86 Ansurucu River. bie river bend, 2.55

w21 30.5.85 F3-Ouarrv. ore t7 5.9.86 AnsrÌrusu River. near sea, 1.65

w22 30.5.85 G-South C)uarrv .18 5.9.86 Sea. near mouth of Aneurusu River. 0

w23 30.5.85 G-South Ouarrv -I9 5.9.86 Bo¡l ramn. Milner Bav

w24 3.6.85 D-Oua¡rv -I l0 5.9.86 F3- Ouarrv. laterite

w25 ?.6.85 G-South Ouarrv 11 5.9.86 F3- Ouarrv. ore

w26 10.6.85 Ansurusu River. nea¡ sea. 1.65 .t t2 5.9.86 F3- C)uarrv. sumo

w27 10.6.85 Anpumsu River. Rowel Hiehwav.4.6 .I 13 5.9.86 G-South Ouarrv. sumo

w28 12.6.85 D-Ouarrv. sump -l 14 5.9.86 D-Ouarrv. sump

w29 14.6.85 Sea. near mouth of Anqurugu River, 0 .I 15 14.11.86 F3-Ouarrv.'laterite
w30 21,5.86 F3 -Ouarrv. I{n-laterite 16 14.l 1.86 F3-Ouarrv. ore

w31 ?.1.5.86 F3-C)uarw. ore rt7 24.1 .86 Emerald River. bridse

w32 21.5.86 Ansurusu River. too crossing .I 18 24.1.86 Ansurusu Rive¡. too crossins. 9.25

w33 21.5.86 Ancurueu River.pumpin g station -r 19 28.1.86 Ansurugu River, pumping station, 7.7

w34 2r.5.86 Ancurusu River. bridse near mission t20 28.1.86 Ansurusu River. bridee near mission. 6.8

w35 21.5.8ó Anpurusu River. Rowell Hiehwav Bridee r2l 28.1.86 Ansrrmpu River. Rowel Hishwav.4.6
w36 21.5.86 Ansurusu River. big river bend 122 28.1.86 Sea near mouth of Ansurusu River. 0

w37 21.5.86 Aneurueu River, near sea .t 23 28. I .86 Ansuruqu River. bis bend,2.55
w38 26.5.86 Creek. 0.4 km south of hiqhwav bend 2A 29.1.86 Boat ramp. Milner Bay

w39 26.5.86 Creek.2.6 km south of hiehwaY bend r25 29.1 .86 F3-Ouarrv. sump

w40 26.5.86 Emerald River. bridee r26 29.1.86 G-Ouarrv. sumo

w41 29.5.86 bi rtver 127 29.t.86 I)-Ouarrv. sumo
'w 42 29.5.86 su River, bis river bend T.D. 28.1 .86 Tailinç's Dam

w43 1.6.86 Umbakumba. ietty
w44 1.6.86 Bartalumba Bav. iettv
w4s 9.6.86 Fi-C)uarrv. Mn-laterite
'w 46 9.6.86 F3-Ouarrv. Mn-lateri te

w47 s.6.86 F3-Ouarrv. Mn-laterite
w48 9.6.86 laterite
w49 s.6.86 F3-Ouarrv. Mn-laterite
w50 10.6.86 Ansurupu River. oumpinq station
w5r 10.6.86 Anaumpu River. oumpi¡c station
w52 10.6.86 Anrurucu River, pumpinÂ station
w53 10.6.86 Anqurueu River. pumpinq station
w54 10.6.86 AnÊr:ruqu River. oumpins station
w55 11.6.86 Anpunrpu Rivcr. bis river bend
w56 1 1.6.86 Ancurusu River. bic river bend
w57 r 1.6.86 Ansurucu River. bie river bend

w58 1 1.6.86 Anoumnu River. bie river bend

w59 11 Anoumsu Rivcr. bic river bend
w60 11.6.86 A¡curusu River. bic river bcnd
w6r l 1.6.86 Ancurucu River. bic river bcnd
w62 I r.6.86 Ancururu River. bic river bend



Table W.2: Field tests of water samples. AVI.2-I

No- Temnereture [oCl nH Oxvoen [nnml Fe [nnmì Mn f¡nmì flrx rcfe fl/mlnì
wl 25.8 3.98 4.2 o.oo 0.10 7-8
w2 28.0 4.91 6.5 0_00 0.20 n.d.

w3 30.9 4.60 5.1 o_(M 0.00 9-9
w4 32.0 4.93 6.9 0.01 0.15 n.d.

w5 29.0 5.78 6.5 0.30 0_15 n.d.

w6 27.O 5.t4 6_3 0.30 006 n.d.

w7 n.d n.d n.d. n.d. n.d n.d.

w8 23.5 4.25 7.t 0.01 0.25 n.d.

w9 27.0 6.50 7.5 0.30 0.30 n.d.

wr0 30.0 4.83 2.0 0.00 0.06 11.15

w11 30.0 4.87 4.1 0.15 0.03 0.60

w12 29.s n.d. 4.2 0.01 n.d. 0.3-0.4

w13 28.0 7.89 5.8 0.10 0.25 n-d-

w14 26.5 5.52 4.8 0_30 0.10 n.d.

w15 30.5 4.96 3.6 0.02 0.06 2.74

w16 30.0 4.58 4.t 0.00 0.00 3.45

w17 30.0 n.d. 5.0 0.00 0.00 0.50

wl8 30.0 4,51 5.2 0.00 0.00 0.82

w19 30.0 4.R3 4.5 0.00 0.00 0.60

lV 20 29.8 4.46 5.0 0.00 0.00 0.31

IV 21 29.5 n.d. n.d. n.d 0.10 n-d-

V¡,Ì 22 29.5 n.d. 4.8 0.00 0.06 4.30

w23 29.5 n.d- 4.8 0.00 0.06 0.63

wu 28.0 3.91 5.6 0.00 0.00 7.00

w25 26 5.37 '1.0 0.01 0.20 n.d

w26 27.0 6.19 7.2 0.1 5 0. r0 n.d.

vt27 27.0 5.88 7.r 0.30 0.25 n.d.
w28 28.0 5.52 6.0 0.02 0.06 n.d

w29 26.0 7.86 6.4 0.10 0.03 n.d.

w30 29.2 4.62 1.1 0.00 0.60 5_00

w31 29.0 4.r4 2.5 0.00 0.60 14.00

w32 3.0 5_18 7.5 0.25 0.03 n.d.

w33 27.O 6.80 0,1 0.10 n-d n.d.

w34 28.2 5.65 '7.6 0.40 0.1-0.15 n,d.

w35 29.0 6.25 6.3 o.25 0.20 n.d.

w36 32.2 '1 .78 6.4 0.30 o.25 n.d.

w37 ?o.2 7.36 6.9 0.25 0_30 n.d.

w38 23.4 5.41 7.3 0.04 0.03 n.d.

w39 25.2 5.74 7.1 0.10 0.03 n.d.

w40 25.5 5.15 4.8 0.08 0.06 n.d.

w41 25.5 '7.20 4.6 0.50 0.50 n.d.

w42 25.5 7.25 4.3 0.50 0.40 n.d.

w43 27.8 8.16 6.2 0.M 0.00 n.d.

w44 26.8 7.19 6;l 0.09 0.00 n.d,

w45 29.0 4.?5 1.0 0.01 0.15 -2
V,l 46 29.0 4.38 0.9 0.01 0.15 -2
w47 29.0 4.42 0.9 0.0r 0.10
w48 29.0 4.M 0.8 0.01 0.13

w49 29.0 4.43 1.0 0.01 0.1 3

w50 27.0 5.03 6.1 0.80 0.15 n.d

w5l 27.2 5.O4 6.4 070 0. 13 n.d

w52 27.2 5.12 6.1 0.60 0.10 n.d

w53 27.0 5.12 6.1 >0.8 0.08 n.d

w54 27.2 5.10 6.8 n.d. n.d n.d

w55 26.8 7.04 5.1 -0.9 0.40 n.d

w56 22.5 7.38 5.5 0.45 0.30 n.d.

w57 24.3 '7.54 4.6 0.25 0.30 n.d.

w58 25.8 't.63 4.8 0.25 0.20 n.d.

w59 26.2 7.58 5.4 o.25 0.15 n.d.

w60 26.8 7.91 4.7 0.12 o.20 n.d.

w6l 2',1.6 7.85 5.6 0.15 0.20 n.d.

w62 27.7 7.97 5.3 0.25 0.20 n.d,

w63 28.5 '1.67 5.6 0. 15 0.25 n.d.

w@ 27.2 7.41 5.9 0.1 8 0.30 n.d.

w65 26.1 7.65 6.4 0.1 5 0.25 n.d.

w66 25.8 5.21 6.2 0.20 0.06 n.d.

w67 23.5 6_03 8.2 0.35 0.r0 n.d.
26_1 8.20 n.d n.d n.d. n.d.

w69 29.O 460 5.2 0.Oft 070 n.d.

n.d. = not dctcnninc'd



Table W.2: Field tess of water samples. Avt.z -2

Nn- Temnerature JoCì nff Oxvpen lrnml Fe fnomì Mn flux rate fl/mlnì
w70 29.0 4.77 6.1 0.08 n.d.

w71 30.0 4.48 5.2 0.08 t5 n.d.

30.0 4.68 6.3 0.25 n.d.

w73 29.O 4.75 5.9 0.15 )_l n.d.

w74 29.7 4.70 5.2 0_()4-6 0.4-( .5 n.d.

I t7s 29.0 4.7r 5,5 0.25 -0.8 n.d.

w76 30.2 4.11 5.4 0.08 -0.8 n.d.

II 26.0 5.30 5.5 o.25 0.1 n.d.

2 26.0 s.20 5.5 0.30 0.03 n.d.

.I 3 27.O 5-30 7.5 0.30 0.10 n.d

I4 27.0 5.70 7.5 0.30 o.l5 n.d.

.I 5 27.0 6.OO 7.0 0.32 o.20 n.d.

_I 6 27.O 7.20 6.3 0,15 n.d.

I7 29.0 7.60 4.3 0.32 n.d.

ß 29.0 8.10 5.3 0_06 0.00 n.d.

.I 9 24.0 8.00 5.0 0.01 0.00 n.d.

Jl0 31.0 4.60 3.6 0.00 0.03 2.00

ll 29.0 3.90 5.3 0_03 0.50

l12 27.0 4.70 6.8 0.01 0.10 n.d.

J13 4.90 5.8 0.01 0.60 n.d.

tt4 28.0 5.00 7.5 0.00 .15 n.d.

15 30.0 4.60 6.0 0.00 0.00 2.00

.I 16 4.40 't.5 0.00 0.15 1.00

lr7 30.0 5.40 5.5 0.20 o.r 0 n.d.

.r 18 31.0 5.60 6.7 0.60 6 n.d.

19 30.0 5.10 6.3 0.30 0.lr n.d.

20 31.0 5.90 7.0 0.40 n.d.

r2t 34 6.50 6.8 0.30 0.30 n.d.

J22 33.0 ?.80 3.5 0.00 0.00 n.d.

r23 35.0 7.70 6.5 0.00 0.30 n.d.

31.0 8.20 5.5 0.00 0.0 n.d.

25 30.0 5.20 7.0 0.00 0.15 n.d.

r26 31.0 5.10 6.8 0.03 1.20 n.d

r27 33.0 5.20 6.8 0.00 0.20 n.d

f) 32.0 4.60 7.3 0.00 1.00 n.d.

n.d. = noÌ detcrmincd



Table Vl.3: Chemical analyses of water samples (ICP). AVI.3-I

No. Ao AI B Iln Ca (ld Ce clr
!T¡ 1 0.002 0.211 0.030 o.o0i 003 1.70 0.802 0.001 0.030 I
w2 0.002 0.211 0.016 0 00?_ .003 1.lo 0.003 0.001 0.030 R

w3 0.002 0.155 0.012 0.007 .oo2 2.46 0.003 0.001 0.030 lt
w4 0.002 0.166 0.008 0.004 1.64 0.003 0.001 0.030 9
lV5 0.002 0.1 31 0.007 0.0M 0.000 ),2,O 0.003 0.001 0.030 l0
w6 0.002 0.r2s 0.o06 0.002 0.000 3.63 o.o0i 0.00r 0.030 10

w7 0.002 0.167 0.010 0_000 0.000 n.d. 0.003 0.001 0.030 n.d

w8 0.002 0.150 0.012 0.003 0.000 n^d. 0.232 0.001 o30 82

w9 0.002 0.1 03 0.090 0.008 7.2'lO 0.001 0.030 3091

wr0 0.002 o.219 0.005 0.000 0.000 2;7: 0.o03 0.001 0.030 15

wtl 0.002 0.251 0.fi)4 0.000 0.002 7.& 0.o03 0.001 0.030 11

w12 0.002 0.224 0.004 0.000 0.000 3.7r 0.003 0.001 0.030 s
w13 0_0r 7 0.017 0.004 0.007 0.000 4_42 484.8 0.011 1.632 n-d.

wt4 0.002 o.152 0.019 0.005 0.003 0.001 0.030 11

wr5 0.002 0.087 0.015 0.009 0.000 0.89 0.003 0 00r 0.030 8

w22 0.002 0.098 0.009 0.007 0.000 1.09 0.003 0.001 0.030 9
w23 0.002 0.149 0.014 0.005 0.000 0.ss 0.003 0.004 0.030 9
wu 0.002 0.145 0.008 0.002 0.002 1.26 0.003 0.001 0.030 9
!1/ 25 0.002 0.141 0.010 0.000 0.000 1.01 0.003 0.001 0_030 11

w26 0.028 0.0i 7 0.001 0.012 0.000 3.44 484.5 0.008 531 8

w27 o.002 0.092 0.039 0,009 0.001 1 .81 o.421 0.001 0.030 15

w28 o o02. 0.r l7 0.014 0.001 0 000 1 .i8 0.003 0.001 0.030 10

\rl 29 0.024 0.0r 7 0.0M 0.012 0.000 2.92 438.3 o_o23 1.494 rt700
w30 0.002 0.044 0.067 0.019 0.000 0.70 0.04 0.001 0.040 n.d.

w31 0.002 0.148 0.044 0.015 0.000 0.90 0.65 0.003 n.r1.

w32 0.002 0_099 0.031 0.014 o 000 2.60 0.02 0.004 0.030 30

w33 0.002 0.041 0.0-58 0.021 0.000 0.60 0.05 0.00 r 0.069 40
w34 0.003 0.030 0.041 0.o29 0.000 1.70 0.03 0.002 0.050 25

w35 0.002 o.023 0.034 0.030 0.000 0.90 7.51 0.0M 0.148 1450

w36 0.008 0.017 0.251 0.M4 0.000 5.30 107.5 0.008 o;7't2 4890
w37 0.008 0.017 o.249 o.M2 0.000 2.80 703.4 0.0(M 0.755 1 0520
w38 0.002 0.287 0.030 0.008 0.000 2;to 0.2r 0.002 0.030 l5
w39 0.002 o.246 0.025 0.009 0.000 2.'70 0.00 0.001 0.030 r5
w40 o 002 0.r 09 0.01r 0.017 ).000 3_50 0.14 0.002 0.030 20

w4l 0.003 0_017 0.328 0.064 0.000 2.4 265.O 0.004 0.518 9860
w 42 I 0.011 0.017 0.331 0.060 0.000 3.1 \11-7 0.009 0.59',7 10780
w43 0.018 0.01? 0.259 0.021 0.001 24.60 530.7 0.016 0.365 19360

w44 0.021 0.0r ? 0.154 0.024 0.001 28.'t0 542.9 0.017 o.i'19 2(n10
w45 0.003 0.056 0.004 0.017 ) 000 0.90 0.11 0.017 0.071 l5
w46 0.004 0.067 0.004 0.026 0.000 0.6( 0.09 0.009 0.082 15

w47 0.003 0.220 0.057 0.021 0.000 2.10 006 0.009 0.065 l5
w48 0.002 o.265 0.004 0.028 0.000 9.00 0.05 0.004 0_060 15

w49 0.002 0.276 0.057 0.017 0.000 '7.?O 0-03 0.004 0 15

w50 0.002 0.206 0 0-55 0.021 0.000 0.80 0.'l 0 0.008 o.M7 20

w51 0.002 0.161 0.048 0.022 0.000 2.60 0.08 0.005 0.()46 l5
w52 0.002 0.r 36 0.045 0.019 0.000 1.40 0.09 0.006 0.030 15

w53 0.002 0.142 0.043 0.023 0.000 0.03 0.005 0.030 15

w54 0.002 0.1 19 0.037 0.018 0.000 2,OO 0.09 0.006 0.056 r5
w55 0.013 0.017 0.275 0.056 0.000 2.40 244.4 0.016 0.661 8720
w56 0.0r 4 0.017 0.282 0.053 0.000 2.10 259.1 0.011 0.678 9430
w57 0.018 0.0r ? 0.321 0.050 2.10 355.5 0.013 0.575 t2130
ws8 0.020 0.017 0.298 0.038 0.001 2.60 456.4 0.018 o.4'lo 16170
w59 0_020 0.017 0.1 87 0.032 0.001 1.70 512.9 0.015 0.330 1 8080

w60 0.015 0.017 0.339 0.036 0.001 1.90 434.4 0.012 l 6380

w61 0.013 0.017 0.2c)8 0.038 0.001 1.90 402.6 0.01 1 0.411 139'70

w62 0.014 0.017 0.2'79 0.041 0.001 2.30 392.6 0.013 o.424 14250

w63 0.014 0.017 0.297 0.043 0.000 280 339.1 0.014 0.477 12340

w& 0.012 0.017 o.2& o.o4'l 0.000 2.00 252.O 0.0r 0 0.588 9360
w65 0.012 0.017 0.2'73 o.o47 0.000 1.?0 245.5 0.014 0.587 8790
w66 0.002 0.l()4 0.031 0.014 0.000 1.70 0.25 0.014 r.057 r5
w67 o.o02 o.237 0.029 0.013 0.000 1.80 0.19 0.010 15

w68 0.020 o.017 o.2r9 0.025 0.001 2't.40 543.'7 0.014 o.221 20000

w69 0.002 0.017 0.M6 0.002 0.000 n.d. 1.25 0.001 0.030 30

w70 0.002 0.017 0.031 0.004 0.000 n.d. 1.06 0.001 0.030 20
w7r 0.002 0.017 0.004 0.002 0.000 n.d. 0.16 0.00r 0.030 15

w72 0.002 0.017 0.0M 0.001 0.000 n.d. 0.r8 0.002 0.030 20

w73 0.002 0.017 0.0M 0.000 0.000 n.d. o.12 0.001 0.030 20

w74 0.002 0.017 0.008 0-002 0.000 n.d. 0.39 0.001 0.030 15

w75 0.002 o or7 o.0(M 0.007 0.000 nd 0.3i 0.001 0.030 r5

* dcnotcs mcthod odrcrr than ICI); n.cl, = not rlctcrmincti



Table VL3: Chemical analyses of water samples (ICP)' AVI.3-2

No. Ap R Ba lle cr Ca cd clr
w76 0.002 .o17 0.013 006 0.000 n-d- 1.17 001 0.030 l5
_Il 0.002 -017 0.004 0.000 1.79 o.2R8 o.ool 0.030 14

r2 0.002 .o17 o.üM m4 0.000 2.87 0.371 .tnl 0.030 lo
0.002 o.ilM 0.000 r.50 0.3r7 0.030 10

I4 0.(n2 0.0r7 0.010 0.000 l.tn 0.386 0.001 0.030 t4
J5 0_002 0.017 0.010 0.000

" r_66 2.800 0.001 0.030 138

.r6 0.002 0.017 0.020 0.000 3.36 121 .8 0.001 -030 5430

l7 0.017 0.085 r.0l {5 0.000 1.85 124.6 0.001 )_030 5860

0.002 o-122 0.01 0.000 n.d. 395.6 0.01 I I 8750

0_004 0.034 .784 0.018 0.000 1.15 1003 .o22 1.247 I 9800

.I l0 0.002 0^017 0_01I 0.000 1.24 0.254 ).o03 0.050 t4

-I 1r 0.002 0_017 0.004 )_018 0.000 2.8r 0.229 0.001 o.M"l 10

Jt2 )ol 7 0-0o4 0.011 0.000 0.66 0.1 21 0.001 14

J13 0.002 0.017 0.004 0.023 0.000 2.89 0.337 0.001 0.039 2t
.t t4 0.017 0.004 0.004 0.000 1.59. 0.650 0.001 0.034 r4

.I 15 0.002 .o12 0.033 0.000 n.d. 0.099 0.001 r oiO n.d

0.002 o.M2 0_006 0.008 0.000 n.d 0.003 0_001 0.030 n.d.

.t 17 0,002 0.039 0.012 0.000 n.d 0.r32 ).001 0.030 n.d.

-I18 0.002 0,M3 0.01I 0.000 n.d 0.118 0.001 0.030 n.d.

_r 19 0.002 0.o44 0.0o4 )01 6 0.000 n.d 0.1 38 0.001 ) 030 n.d.

20 0.002 0.041 0.0()4 0.018 0.000 n.d. 0.2r9 0.001 0.030 n-d-

r2t 0.002 0.017 0.M8 0.000 n.d. 57.4 r.001 0.268 n.d.

r22 0.013 0.017 0.089 0.000 n.d. 37'1.4 0.001 1.425 n.d.

r23 0.012 r.017 n.d. ).073 0.000 n.d. 1'16_2 0.001 1.128 n.d.

24 0.023 0.ü)4 0.000 n.d. 412.7 0.001 t.6t2 n.d.

.I 2s 0.002 0.034 o.fiM 0.012 0.000 n.d. 0.t32 0.001 0.030 n-d.

r26 0_002 0.017 ).fi)4 0.004 0.000 n.d. 0.081 _001 0.030 n.d.

r27 0.002 0.017 0.007 0.000 n-d- 0.299 0.030 n.d.

T.D. 0.002 ).0s4 0.0M 000 0.000 nd 0.003 0.001 0_030 n.d

* dcnotcs mcthod othor thnn ICP; n.d. = not dctermined



Table VI;3: Chemical analyses of water samples (ICP). AVI.3-3

No- Co Cr Cu llrr l'e Gn Gd K I,q
wl 0.003 _017 0.002 0.001 0.001 o.060 .010 0.170 0.003
w2 0.003 r_002 0.oo2 0.001 0.001 0.060 .0r 0 0.109 0.003
w3 0.003 0.002 0.002 0.001 0.001 0.060 0_080 0.003
w4 0.003 0.002 0.002 0.o01 0.001 0.060 0.010 r_080 0.003

w5 0.o03 0.002 0.002 0.001 0.001 o.060 0.010 r.o80 ,.003

wó 0.o03 0.002 0.002 0.001 0.00r 0.060 0.010 r.O03

w7 0.003 0.o02 0.002 0.001 0_00r 0.060 0.010 r.833 0.oo3

w8 0.003 0.002 0.002 0.001 0.001 0.060 0.010 r_003

w9 0.003 ).002 o.oo2 0.001 o 001 0.060 0.010 ).003

wl0 0.003 o_oo2 0.001 0.001 0.060 0.010 0.080

w11 0.003 0.002 0.002 0.001 0.001 0.060 0.010 0.080 0.003

w12 0.o03 0.002 0.002 0.00r 0.001 0.060 0.010 0.080 0.003

w13 0.003 0_()46 0.003 0.033 0.00r 0.060 0.036 46r.7 0.115

w14 0.007 0.002 0.001 0.001 0.060 0.010 0.080 0.003

w15 0.003 0.009 0.002 0.001 0.001 0.060 0.010 0.080 0.003

\\ 22 0.003 0.002 0.002 0.001 0.001 0.060 0.010 0.080 0.003

w23 0.003 001 0.002 0.001 0.001 0.060 0.010 0.080 0.003

wu 0_003 0.005 0.002 0_001 0.001 0.060 0.010 0_080 0.003

w25 0.003 0.006 0.002 0.001 0.001 0.060 0.010 I 0R0 0.003

w26 0.003 0.070 0.002 0.034 0.001 0.'146 0.078 417.3 0.r27
w27 0.003 o.006 0.002 0.001 0.001 0.060 0.010 2.4'lr 0.003
w28 0.003 0.002 0.002 0.001 0.00r 0.060 0.010 0.080 0.003

vt 29 0.003 0.060 0.002 0.031 0.001 0.117 r,069 368.2 0.1 14

w30 0.003 0.002 0.002 0.001 0.001 0.060 0.012 0.080 0.0M
w31 0.003 0.002 0.002 0.001 0_00'r 0.060 0.010 0.482 ).003

w32 0.003 o.o02 0.002 0.001 0.001 0.060 0.010 0. ) 003

w33 0.003 ) 002 0.002 0.001 0.001 0.060 0.017 0.1ó9 0.007
w34 0.011 0.008 0.002 0.002 0.001 0.104 0.035 0.179 0.0r0
w35 0.003 0.002 0.002 0.002 0.001 0.073 't2.2 0,01 I

w36 0.008 0.0r r 0.002 0.011 0.001 0.07s 0.062 0_(Mg

w37 0.005 0_003 0.011 0.001 0.069 0.064 98. i 0.049

w38 0.003 0.002 0.002 0.001 0.001 0.060 0.0r 0 0.093 0.003

\\r 39 0.003 0.002 0.002 0.001 0.001 0-060 0.010 0.080 0.003

w40 0.003 1.002 0.002 0.001 0.001 0.060 0.010 ).003

w4r 0.006 0.013 0_002 0.019 0.001 0 060 o.o2g 216.4
w42 0.006 0.020 o 005 0.024 0.001 0.129 0.07s 246.3 0.090

\{¡ 43 0.01s 0.029 0.009 0.041 0.001 0.060 r 109 475.7 0.145

w4 0.025 o.M6 0.009 0.043 0.001 0.060 0.r23 479.1 0.151

w45 0.003 0.002 0.002 o 001 0.114 0.056 0.183 ).0r 3

w46 0.003 0.007 0_002 0.003 0.001 o.122 0.060 0.r29 0.013

w47 0,003 0.006 0.002 0.002 0.001 0.104 0 0.56 0.165 0.011

w48 0.003 0.002 0.002 o.001 0.00r 0.060 0.020 0.083 0.006

w49 0.007 0.002 0.002 0.001 0.078 0.060 0.016 080 0.0M
w50 0.005 r.002 0.002 0.001 0_00r 0.060 0.017 0.004

w5l 0.003 0.002 0.002 0.001 0.001 0.060 0.014 0.115 )0()4

w52 0.003 0.002 0.002 0.002 0.001 0.071 0.025 0.208 0.007

w53 0.006 0.002 0.002 0.001 0.001 0.068 0.028 0.1 55 .006

w54 0.006 0.002 0.002 0.001 0.093 0.036 0.190 0.010

w55 0.012 0.030 0.006 0.021 0.001 0.060 0.090 190.4 0.080

w56 0.0t2 o.o23 0.007 0.022 0,001 0.060 0.112 198.0 0.086

w57 0.012 0.030 0.008 0.029 0.001 0.060 0.1 28 269.8 0.109

w58 o.026 0.034 0.010 0 036 0.001 | 0.060 0.1 35 3&-2 0.131

w59 0.021 0.037 0.011 0.040 0.001 0.060 0.1 38 o.143

w60 0.016 0.o07 0.033 0.00r 0.060 0.09? 34'1.9

w6l 0.0r0 0.022 0.006 0.030 0.001 0.060 0.090 316.2 0.1 08

w62 0.016 0.o27 0.008 0.030 0.001 0.060 |l 00 307.7 0.1 08

w63 o.0'l o 0.020 0.006 0.026 0_00r 0.060 0.094 251 .6 0.096

w@ 0.016 0.020 0.005 0.021 0.00r 0.060 0.086 0.078

w65 0.014 0.005 0.020 0.00r 0.060 0.086 185.2 o.o76

w66 0.008 0.003 0.002 0.002 0.001 0.101 0.034 0.397
w67 0.003 0.002 0.002 0_001 0.001 0.065 0.020 0.288 0.007

wó8 0.016 0.028 0.011 0.042 0.001 0.060 0.143 455.7 0.147

w69 0.003 0.002 0.002 0.001 0.00r 0.060 0.010 r.390
w70 0.003 0.002 0.002 0.001 0.001 0.060 0.010 1.231 0.003

w7l 0.003 0.002 0.002 0.00r 0.001 0.060 0.010 0.358 0.003

w72 0.003 0.002 0_002 0.00r 0.001 0.060 0.010 0.981 0

w73 0.003 0.002 0.002 0.001 0.001 0.060 0.010
0.010

0.430 0.003
w74 0.003 0.002 0.002 0.001 0.00r 0.060 o.459 0.003
w75 0.o03 0.002 o oo2 0 001 0.001 o 060 0 0r0 0.356 0.003

* denotcs mcthod otllcr than ICP; n.d. = not dotonnincd



Table W.3: Chemical analyses of water samples QCP). AVL3-4

o- Co Cn Fl,u Fe Gs ,a
0.003 0.002 o.ool 0.001 o.o60 .o10 ).561 o. n3
0.003 0.002 0.002 o 001 0-00r o.o60 _010 r.080 0.r n3
o.(n3 0.002 0.002 0.001 0.043 o 060 _0r 0 ).080 I n3
o.(n3 0.002 0.09r 0.001 0.022 0.060 r_ol0 080 o.oo3

r4 0.003 o.(n2 0.020 0.001 0.060 0.060 roto )_080 0.003
_I 5 0.003 0.01: t.(M0 0.001 0.035 0.060 0.010 t.561 o_(n3

-t 6 0.018 0.019 0.006 0.o06 0-o0r 0.060 0.010 119.6 o )18

.I 0.012 o.o32 0.006 0.005 0.o0r 0.060 0.010 122.3 0.015

.I 8 0.012 o.M2 0.004 0.017 0.001 0.060 0.025 545.3 o.220
-I 9 0.125 o.2t .125 0.019 0.002 0.120 t.(A2 539,2 0.184

t0 0.012 0.028 0.002 0.001 0.026 0.060 0.023 | 471 0_ n6
.I11 0_tn3 0.019 0.002 0.001 0_00s 0.060 o.o22 0.353 0.007
tt2 0.013 0.03r o.oo2 0.001 0.(X6 o.060 0.0r4 0.344 0.004

-I 13 0.008 o_002 0.001 0.083 0.060 .015 o.367 0.005
rt4 0.005 0.030 ) oo2 0.001 0.035 0.060 0.010 ),r 75 0.fiM
I1! ) 0_fi)4 0.002 0.002 0.001 0.003 0,060 0.010 0.080 0.003

.I 16 0.003 0.002 0.002 0.001 0.007 0.060 0,0r 0 0.080 0.003
rt7 0.003 0.002 oo2 0.001 0.007 0.060 ).010 0,080 0.003

-t r8 0.ü)4 0.002 0.002 0_001 0.003 0.060 0.010 ).080 0_oo3

li I 0.005 0.002 0.002 o.o0l 0.010 0.060 0.010 0.080 n3
r20 0.003 0.002 0.002 0.001 0.010 0.060 0.010 0.661 0.003
t2l 0.00s 0.002 0,003 0.001 0.060 0.010 67.1 0.019
122 0.042 t.142 o.026 0.001 0.338 07R 351 _8 0.1 l0
r23 o.M7 0.035 0.143 0.0r 6 0.001 o.379 0.082 193.2 0 )R9

t2a 0_052 0.051 0.239 0.032 0.00r 0.514 0.148 378.8
r25 o fi)4 0.002 0.0o2 0.001 0.001 0_060 0.010 0.080 0.003
r26 0.003 0.o02 0.001 0.008 0.060 010 0.080 0.003
r27 0.003 0.002 0.002 0.o01 0_0r 3 0.060 0.010 0.201 o n3
T.D. 0.o03 0.002 0.002 o o01 o 002 0.060 0.010 0.080 o oo3

t denolcs nrcdìod odler than ICP; n.d. = not dctennincd



Table W.3: Chemical analyses of weter samples QCP) AVI.3-5

No. t.t Mo Mn Mo Nq {h NI O2-srt. [%ì* P
wl 0.01? 0.421 0.082 0.030 6.220 0.110 o.ü)4 55,80 0.(X0
w2 0.0r7 0.498 o.134 0.030 5.952 0.110 O.IXM 83_90 0.040
w3 0.017 0.615 0.009 0.030 8.242 0.110 0.004 68.60 0.M0
w4 0.017 0.546 0.102 0.030 6.987 0.110 o.004 94.30 0.(X0
w5 0.017 0.521 0.1 75 0.030 6.M3 0.1 10 0.004 85.1 0 0.040
w6 0_017 0.415 0.026 0.030 5.382 0.1 10 0.004 80.20 1.238

w7 0.017 4.906 0.303 0.030 5'7.223 0.1l0 0.004 n.d. 0.o40

w8 0 8.490 0.334 0.03( s2.842 0.110 0.0(X 85.30 0_(M0

w9 0.017 31.251 o.243 0.030 302.4 _l 10 0.004 100.00 0.040
wt0 0.017 0.816 0.053 0.030 8.166 0.110 0.fiM 26.60 0.040

w11 0.017 o.754 0.024 0.030 8.067 0.110 0.004 54.40 0.M0
w12 0.017 0.67t 0.007 0.030 7.516 0.1r0 0.m4 55.40 0.040
w13 0.262 1749.9 0.041 o.2M 16208.5 0.110 0.0ßrí 74.80 0.M0
w14 0.017 0.607 0.058 0.030 6.O'79 0.110 0.004 60.60 0.040

w15 0.017 0.495 0.148 0.030 6.548 0.1 10 0.004 48.20 0.040

w22 0.017 0.420 o.212 0.030 5.749 0.110 0.0M 63.30 0.040
w23 0.017 0.439 0.r82 0.030 5.948 0.1 10 0.0(M 63.30 0.040
w2A 0.017 0.549 0.1 33 0.030 7.089 0.110 0.o(M '72.30 0.040

w25 0.017 0.506 0.091 0.030 5.966 0.110 0.004 87.60 0.040

w26 229 16r 3.5 0.245 o.3l f 1412'7 0.110 0.082 91.60 0.(M0

w27 0.017 6.932 0.244 0.030 62.16 0_l l0 0.004 90.30 0.040

w28 0.017 0.662 o.o32 0.030 8.052 I 110 0_0M 't7.40 0.040
w 29 I 0.206 1416.8 0.073 o.243 12515.2 0.322 0.087 80_r0 0.M0
w30 0.017 o.4't3 0.052 0.040 '1 .261 0.1 93 0.012 14.45 0.040
w3t 0.017 r.936 o.524 0.030 12.1 50 o.o?2 32-72 0.M0
w32 0_0r 7 0.368 0.02r 0.(M0 6.239 0.514 0.020 94.81 0.()40

\ry 33 0.383 0.045 0.06: 6.059 0.617 0.017 86.51 0.(M0

w 34 | 0.017 0.4t'l 0.089 0.108 6.31 8 o.'19't 0.029 98.45 0.040
w35 0.017 24.04 o.269 0.092 340.6 0.028 82.46 0.040
w36 0.017 290.7 0.241 0.240 308 1 1.226 0.058 8'1.67 0.(X0
w37 0.017 280.8 0.290 o.2?2 2979 1.210 0.052 s1 .88 0.051

w38 .o17 0.-548 0.013 8_r82 0.302 0.008 87.M 0.o40

w39 0.017 0.51 0.033 0.030 8.538 o.16'l 0.009 8'1.76 0.()40

w40 0.017 0.429 0.057 0.030 6.966 2'to 0.008 59.63 0.040
w4l 0.017 693.6 0..540 0.243 6683 0.1 10 0.063 57.r4 0.040
w42 0.017 825.6 0.438 o.424 n.d. 0.505 0.075 53.42 0.040

w43 04R l 699 0.029 0.61: n-d. 0.110 0.093 79.79 0.M0
w4 0.121 1729 0_039 0.649 n.d. 0_l r0 0.1 05 84.92 0.040

w45 0.017 0.506 0.089 0.207 8.828 o.025 13.09 0.040
w46 0_0r 7 0.478 0.061 o.227 8.164 0.874 0.031 r 1.78 0.040

w47 o.ol7 0.453 0.063 0.21t 7.990 0.643 0.033 I 1.78 0.M0
w48 0.017 o.414 0.058 0.071 '7.'761 0.514 0.018 10.47 0.r30
w49 0.017 0.435 0.056 0.070 't.69r o.482 0.019 13.09 0.M0
w50 0.017 0.415 0.060 0.073 6.696 0.482 0.032 '77.61 0.M0
w5r 0.017 0.392 0.049 0.062 6.529 0.450 0.027 8l .63 0.040

w52 0-0r7 0.4ø 0.051 0.084 6.539 0.514 0.033 77.81 0.040
w53 0_017 0.39-5 0.045 0.084 6.42't 0.68 I 0.034 77.61 0.M0
w54 0.418 0.049 0.1 06 6.548 0.784 0.029 86.73 o.592

w55 0.017 614.4 0.385 0.406 5998 07r6 0.088 64.U 0.040
w56 0.017 u9.9 0.376 0.466 6246 0.886 0.083 65.01 0.040
w57 o.o22 940 0.308 0.556 n.d 0.880 0.093 56.03 0.040

w58 'l 313 0.14'7 0.631 nd 0.563 0.096 .59.93 0.(M0

w59 0.030 1 538 0.080 0.648 n.d 0.3'74 0.1 06 67.84 0.040

w60 0.032 1226 0.1 63 0,51 6 n.d 0.313 0.084 59.57 0.040
w6l 0.018 l 100 0.1 89 0.504 n.d 0.379 0.085 7r.8S 0.M0
w62 ).017 l 058 0.205 0.499 n.d 0.53'7 0.086 68.12 0.()40

w63 1 857.6 0.229 0.46'l n.d 0.540 0.082 72.82 0.040

w64 0.017 613 o.2'11 0.404 6055 0.753 o.o'74 't5.25 0.M0
w65 0.017 591-2 0.257 0.396 586S o;145 0.075 80.30 0.M0
w66 0.663 0.028 0.r09 10.1 10 o.171 0.031 65.04 0.040

w67 0.017 0.561 0.065 0.070 9.1 60 0.675 0.026 98.-56 0.040

w68 0.02r l 650 0.020 0.729 n.d. 0.324 0.105 n.d. 0.040

w69 0.017 l.lr5 o.235 0.030 20.020 o 110 o.029 68.06 0.209
w70 0.017 o;t93 0.226 0.030 13.440 0.1l0 0.008 79.84 0.149
w7t 0.017 o.632 0.149 0.030 r 1.000 0.1 l0 0.004 69.06 o.M'7
w72 0.0r 7 o.73 0.097 12.380 0.1 l0 0.004 R\.67 0.361

w73 0.0r ? 0.695 0.048 0.030 10.670 0.1l0 0.004 '77.23 0.(}40

w74 0.0r 7 o.629 0.107 0.030 12.050 0.1 l0 0.004 68.78 0.(M0
w75 o or7 o.628 0.6'72 o o10 11 330 0110 0.0r 0 7l sg 0115

* dcnotos mcth()d t¡thcr tha¡r ICI); rr.cl. = llol dctcrllìillcd



Table W.3: Chemical analyses of water samples (ICP) AVI.3-6

Nn- I,I llp Mn Mn Nn Nh NI (\2-sñ-lØ,'Ì* P

w76 o.ol' .493 0.551 0.030 ll.3lo o.l lo 0.0r0 1r.m o.os2

.II o_o1' t.621 0.073 0.030 4.360 0,110 0.0o4 68 R4 t -4?7

T2 o_ol' .520 0.034 0.030 ?.720 0.110 0.004 68,84 1.288

.t3 0.01 o.o72 0.030 4.676 0.110 0.004 95.42 0.451

r4 0.017 I 595 o.r 06 0.030 4.094 o.l 't 0 0.ü)4 95.42 o.222

0.or ? 9.353 o.209 0.030 6.962 0.110 0.ff)g 95.42 1.256

.r6 0.07( 378.5 0.132 o77 4042 0.365 0.028 80.15 0.743

17 0.080 g0_7 o.211 o.074 401 I 0.196 0.028 56.28 1.383

ß 0.366 1650 0.(M5 0.2r2 1754 2.974 o.2M 69.37 0.()4l

.I 9 l't03 0.099 o.976 16748 2.466 o.344 60.61 7.491

_I 10 0.017 0.7s0 0.026 r.088 10.683 0.r76 0.023 48.52 1.767

-I tr 0.017 o.126 7.694 0.306 0.039 69.37 1.850

t2 0.0r7 0.807 o.162 0.041 'l .2M o.228 0.029 86_51 1.302

.I 13 0.o17 o.795 o.621 0.040 7.78r o.222 0.048 77.03 0.805

.I 14 0.01: o.9& 0.108 0.037 6.432 '0.r37 o.022 96.77 2.545

-I 15 0.0r7 0.609 0.033 .030 14.3r9 0.110 0.0()4 79.70 0.562

-r 16 0.017 t.296 o.072 6.683 0.110 0.004 s8.20 0.4'15

l7 0.017 0.051 0.030 7.956 0.1l0 0.0M 73.00 o.3'14

.I 18 0.485 0.059 0.030 6.959 0.1l0 0.0(M 90.30 0.367

-I 19 0.01 o.476 0.074 r.030 7.215 0.110 0.0M 83.70 0.239

r20 0.017 ) 573 o.245 0.030 8.Sr S 0.1 l0 0.004 s4.30 0.M0

2l 0.020 178 0.519 0.030 2061 o.228 0.004 95.40 0.092

r22 0.02( s70 0.092 0.398 10'14'7 1.001 o.o24 48.50 0.925

r23 0.020 0.382 58-55 1.035 0.020 92.30 3.699

2A 0.020 1063 o_or 9 0.517 rt490 2.817 0.059 74.10 1.885

r2s 0.017 0.438 0.208 0.030 7.790 0.110 0.fi)4 92.90 0.r71

r26 0.00 ) 0.1 87 0.584 0_030 1.844 0.110 0.fi)4 91.60 0.658

r27 0.000 _516 0.197 ) 0i0 4.599 0.1 10 0_0(M 94.20 0.359

T.D. 0.000 ).o09 0.001 o o30 0.030 0.110 oo()4 ss.?0 0.288

* denotes mct}lod othcr than ICP; n.d. = not dctcrmined



Tablc VI.3: Chemical analyses of water samples (ICP). AVI.3-?

Nr¡. )b sl Sm Sr v Yh 7 n 7,¡

wl .030 o.020 0.000 004 0.003 0.002 0.003

w2 0.030 3.049 0.o20 0.000 fiX 0.003 0.002 0.019 0.003

w3 0.030 4.336 0,020 0.001 _0()4 0.003 0.004 0.034 0.003

w4 0.030 3.618 0.020 0.000 0.0o3 0.001 0.001 0.003

w5 ).o30 5.154 0.020 0.000 ).0(M 0.003 0.001 0.001 0.003

w6 4.6't9 0.020 0.000 0.003 0.0M 0.001 0.003

w7 5.025 0.020 0.M9 0.0M 0_o03 0.007 0.001 0.003

w8 0.030 5.274 0.020 0.004 0.003 0.00r 0.003

w9 0.030 5.214 0.020 0.203 0.0(M 0.003 0.00r 0.029 0.003

wl0 0.030 5.099 0.020 0.000 0.004 0.003 0.001 0.001 0.003

wlt 0.030 5.015 0.020 0.000 0.0M 0.003 0.001 0.001 0,003

w12 0.030 5.064 0.020 0.000 0.004 0.003 0.001 0.001 0.003

w13 1.12'1 0.070 8.429 0.0ß 0.089 0.001 0.540 0.009

0.030 5.803 0.020 0.001 0.004 0.020 0.001 0.( t2 0.003

w15 0.030 3.682 0.020 0.0M 0.003 0.00r 0.003

w22 0.030 4.031 0.020 0.0M 0.003 0.001 0.029 0.003

w23 0.030 4.2',76 0.020 0.000 r0(M o.o23 0.005 0.M9 0.003

w24 0.030 3.94r 0.020 0.000 0.004 0.003 0.002 o.o27 0.003

w25 0.030 4.555 0.020 0.000 0.004 0.003 0.001 0.( ol 0.003

w26 0.030 l _258 0.140 7.816 0.025 0.012 0.003 0.: R5 0.034

w27 0.030 5.514 0.020 0.036 0.0M 0.006 0.001 0.011 0.003

w28 0.030 5.778 0.020 0.000 0.004 0.003 0.001 0.001 0.003

0.030 1.642 0.1 16 7.207 0.0M 0.1 17 0.002 0.471 0.026

0.030 3.40 0.020 006 0.007 0.003 0.003 0.037 0.003

w3r 0.030 4.45 0.020 0.029 0.006 0.003 0.001 0.021 0.003

w32 4.M 0.020 0.002 0.005 0.003 0.001 0_0r4 0.003

w33 0_030 4.36 0.023 0_003 0.006 0.003 0.001 0 I 0.003

w 0.030 4.58 0.()41 0.009 0.006 0.001 0.022 0.005

w35 0.030 4.52 0.028 0.207 r.007 0.003 0.001 0.019 0.003

w36 0.071 4.08 0.074 2.220 0.014 0.036 0.001 0_049 0.014

w37 0.030 4.46 0.074 2.11'l 0.012 0.037 0.001 0.013

0.030 3_89 0.020 r.003 0.004 0.003 0.001 0.( 2',1 0.003

w39 0.030 3.27 0.020 0.0M 0.003 0.00r 0.003

w40 0.030 5.82 0.020 0 0 004 0.003 0.001 0.055 0.003

w41 3.50 0.068 4.591 0.045 0.001 0.554 0.003

w42 0 ?.21 0.072 5_29r 0.017 0.066 0.001 0.096 0.016

w43 0.053 0.50 o.t29 9.520 0.023 0.1 03 0.001 0.r5 0.022
'w 44 0.030 0.55 0.151 9 0.028 0.114 0.o22 0.169 0.028

w4s 0.052 3.56 0.048 0.007 0 0r3 0.003 0.001 0.039 0.007

w46 0.030 3.58 0.050 0.007 0.013 0.012 0.001 0.028 0.007

vt 41 0.030 3.61 0.043 0.006 0.010 0.005 0.001 0.005

w48 0.030 3.55 0.020 0.008 0.009 0.001 0.021 0.003

w49 ).030 3.53 0.020 0.006 0.006 0.003 0.001 0.017 0.003

w50 4.53 0.020 0.004 0.003 0.001 0.017 0.003

w5t 0.030 4.46 0.020 0.0(M 0.008 0.003 0.001 0.012 0.003

w52 0.030 4.48 0.020 ).004 0.010 0.003 0.001 0.011 0.003

w53 0.030 4.44 0.020 0.003 0.008 0.003 0.001 0.011 0

w 0.030 4.56 0.031 0.004 0.010 0.003 0.001 0.009 0.006

w55 0.073 3.50 o.o'14 4.322 0.018 0.065 0.00r 0.078 0.021

w56 0.046 3.41 0.094 4.498 0.021 0.068 0.001 0.082 0.026

w57 0.1 2.'71 0.117 6.1 08 0.025 0.085 0.001 0.1 0.030

0.030 1.59 0.13'l 1.984 o.029 0.1 06 0.001 0.031

w59 0_030 1.01 o.152 9.041 0.029 0.104 0.001 0. 4). o.o32

w60 0.030 1.82 0.104 7.549 0.021 0.087 0.001 0.121 0.02t
!v 61 0.030 2.13 0.091 6.9& 0.019 0.076 0.00r 0.109 0.019

w62 0.030 2.28 0.100 6.783 0.021 0.0?9 0.001 0.1I o.022

w63 0.069 2.59 0.089 .'r38 0.019 0.068 0.001 0.111 0.020

w64 0_073 3.42 0.071 4.288 0_0r 8 0.061 0.001 0.076 0.0r9

w65 0.061 3.M 0.072 4.204 0.017 0.060 0.001 o.o't2 0.020

w66 0.030 5.t2 0.030 0.006 0.009 0.004 0.001 0 )34

w67 0.030 4.73 0.020 0.005 0,007 0.003 0.001 0.068 0

w68 0.030 o.52 0.1 56 9.720 0.028 0.1 08 0.001 0_l79 0.029

w69 0.030 6.86 0.020 0.016 0.0M 0.003 0.001 0. )5 0.003

w70 0.030 6.81 0.020 0.011 0.004 0.003 0.001 o.239 0.003

w7l 0.030 7.11 0.020 0.004 0.003 0.001 0.407 0,003

w72 0.030 8.94 0.020 0.006 o004 0.003 0.001 0.1 35

w73 0.030 9.99 0.020 0.006 0.0(M 0.003 0.001 0.1 09 0.003

w74 0.030 6.83 0.020 0.0r I 0.0M 0.003 0.001 o.24 0.003

w75 0.030 6.31 0.020 0.013 o oo4 0.003 0.001 o.io2 0.003

+ dcnotcs mcthod othcr than ICP; n.d. = not dctermincd



Table VI.3: Chemical analyses of water samples (ICP). A VI.3.8

Nn- Ptr st Sm Sr TI v Yh 7,¡ Zr
w76 o_o30 5.85 0.020 0.011 0.004 0.003 o,fl)1 o.129 o-fi)3
.II o.o30 5.s()4 0.020 0.000 0.004 0.003 o.rn1 o.o13 o.fi)3
T2 o_fn2 4.624 0.020 0.000 0.004 0.003 o.tnl o.026 0.fi)3
.I 3 0.030 4.478 0_020 0.000 0.004 0.003 0.001 o_'(M9 0.tn3
r4 0.030 4 97? 0.020 0.000 0.004 0.003 0.001 o_o33 o.tn3
-I 5 o.t2l 4.732 o.020 0.009 0.004 0.003 o fi)l o.053 o.(n3
J6 0.r72 3.149 0.020 o.324 0.0o4 0.036 0.001 o_o94 o.m3
T7 o.221 3.358 0.020 0.323 0.oM 0.033 0.001 0.108 0.003

.I 8 o.682 0_840 o.216 10.570 0.oo7 o.206 0.0o1 0.209 0.009

-I 9 r.692 1.463 o.282 10.688 0.105 0.3t2 0.oo1 0.575 o.r27
.I 10 0.250 4.4't4 0.021 0.001 0.m4 0.027 0.001 0.056 0_fi)9

.t 11 0.195 3.335 0.023 0.000 0.0M 0.019 0.001 0.057 0.008
rt2 o.325 3.075 0_020 0.000 0.004 0.019 0.tnl 0.0-5-5 0.007

-r 13 o.320 5.913 0.020 0,001 0.004 0.024 0.001 0.036 0_oo?

rt4 o.30-5 3.M7 0.020 0.001 0.0(M 0;01? 0.001 0.048 0.005
.I 15 0.030 \.84'7 0.020 0.008 0.0M 0.003 0.001 0.011 0.003

-I 16 0.030 2.409 0.020 0.002 0.004 0.003 o.001 0.003 0.003
117 0.030 6.373 o.o20 0.0M 0.0M 0.003 o oor 0.038 0.o03
.I r8 0.030 4.223 0.020 0.fi)4 0.004 0.003 0.001 o(M5 o.o03
Il9 0.030 4.410 0.020 0.o04 0.004 0.003 0.001 o.062 0.003
.I20 0.030 4.495 0.020 0.007 00()4 0.003 0.001 0.o74 0.003
r2l 0.030 3.932 0.020 r.270 0.004 0.017 0.o01 0.154 0.003
r22 0.374 2.28t 0.r68 7.236 0.029 0.r44 0.006 0.385 0_035

r23 0.458 2.887 0.1 65 3.rí03 0.030 0.106 0.001 0.295 o()40
r24 0.483 1.247 0.248 7.565 o.M'l 0,184 0.008 0.303 0.060
r2s 0.030 2.724 0.020 0.006 0.004 0.003 0_oor 0.086 0.060
r26 0.030 0.893 0.020 0.007 0.0M 0.003 0.001 0.0s2 0.060
r27 0.030 1.752 0.020 0.006 0.0M 0.003 0.001 0.101 0.060
T.D. o o30 0.008 0.020 o ooo 00(M 0.003 0.001 0.001 0.060

* denotcs nrctJlod oÙìer than ICP; n.d. = not detcrmincd



Table W.4: Annual a¡d mean rainfall data [mm] from Angurugu Mission at Grootc E1'landr A VL4 - f

oln/ßt tqß2/ß3 t9 184 I 9ß5/ß6 rsß6/ß? rqß7/ßß me¡n: l92lS-5
ITIN I 0 I 3 0 l1 24 15

II II, 2 I 0 3 t4 8 2 2
AUG 1 l0 9 l3 18 o 0 o 2
SEP 0 t1 22 4 l3 0 17 o 4
ocT 6? 9l 2 6 11 173 0 30

NOC 86 85 87 112 27 20 90
DEC 184 lr 3 151 r73 47 5r 70 r59
IAN 310 199 s8 220 288 246 355 24r
F'ER 171 r88 t82 424 247 15 540 248

MAR 197 298 t9 362 2r7 73 322

APR g5 119 l il9 t12 159

MAY 52 96 8 IR 31 37 41
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Tablc VI.5: Correlation malrix for water analyses. AVI.5-1
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Appendix VII.

Table Vtr.l: pH and mV Daø.

Table VII.2: Hydrochemical Analyses of Experiments; [ppm]

Table Vtr.3: Geochemical Analyses of Solids from Experiments; [ppm].



Table WI.l: pH and mV dara of battery experiment (89 days). A VII.I - I

Tlme ldnvsì nH mV Tlme [davsl nlf mV Time [r nH mV
0.00 4.m 3ro 13.15 4.32 425 420 4'14

0.08 5.05 350 13.96 4.3r 420 ).4.15 4.20 4'14

0.17 5.00 360 14.67 4.30 450 26.' 4.20 540
0.33 5.00 375 14.79 4.30 443 26.90 420 535

0.50 4.90 380 r 4.88 4.39 435 27.2't 4.20 535

0.58 4.85 380 15.00 4.38 430 28.90 4.20 563
0.63 4.SO 3'1(t 15.17 4.28 436 28.90 4.15 579
0.85 4.80 ?7? 15.77 4.23 442 30_60 4.20 595

0.88 4.ó8 369 15.27 4.25 M8 30.( 4.25 601

1.04 4.65 365 75.27 4.28 454 3r.73 4.25 606

2.10 4.62 382 15.79 410 460 32.02 4.23 587

2.17 4.60 375 15;'19 4.23 45'7 72.27 4.20 583

2.25 4.57 370 15.92 4.23 455 33.08 4.20 5R5

2.40 4.54 382 16.29 4.2? 460 33.08 4.15 588

2.11 4.51 390 16.50 4.23 468 33.29 4.15 590
2.92 4.48 3'15 16.50 4.27 475 33.29 4.20 593

3_25 4.46 7R2 16.79 4.27 483 33.83 4.20 5S5

?.3? 4.43 375 16.79 4.23 480 34.02 4.t7 592

4.50 4.40 385 16.88 4.27 478 34.02 4.r5 593
4.58 4.37 3'15 1'1.21 4.23 47R 14.21 4.15 593
5.65 4.35 37"1 r 7.38 4.23 482 34.21 4 2.O sss

5.65 4.40 371 17.38 4.26 487 34.81 4.23 605

5.83 4.40 3'77 r7.67 4.28 491 15.23 4.23 590
5.83 4.35 7'7'7 17.6'7 4.24 496 3s.6S 4.2? 5S3

6.1 5 4.35 367 r7.79 4.28 500 35.77 4.23 s70

6.25 4.35 367 r7.79 4.20 495 35.85 4.23 550
6.44 4.?5 373 18.04 4.20 490 35.94 4.23 538

6.44 4.50 379 18. l7 4.21 490 36.O2 4.23 533
6.81 4.50 385 18.67 4.22 510 36.19 4.23 530
6.81 4.35 380 18.('7 4.26 510 36.5: 4.27 538

7.2? 4.32 377 18.77 4.26 508 36.60 4.23 533
7.52 4.30 380 r8.7'7 4.20 505 36.69 4.23 520
7.52 4.35 38'7 19.27 4.20 s02 36.94 4.23 490
7.81 4.40 395 19.73 4.20 515 j'| .10 4.23 490
'1 .81 4.30 390 19.81 4_20 595 37.60 4.23 505

8.10 4.?? 387 19.90 4.20 585 37.69 4.22 497

8.58 4.35 ?93 20.19 4.20 480 37.85 4.22 4'70

8.58 4.33 398 20.?1 4.20 48'7 4.22 455

8.69 4.33 4M 20.31 4.25 456 38.r9 4.2r 455

8.69 4.37 409 20.81 4.25 425 38.60 4.21 475

8.81 4.37 415 20.81 4.20 420 38;73 4.20 475
8.81 4.35 415 20.94 4.20 415 38_94 4.19 458
9.1 5 4.35 415 20.94 4.25 412 3S_06 4.19 458

10.48 4.35 423 21 .M 4.25 410 39. l: 4.1 I 461

10.48 4.32 432 2r.M 4.20 408 39.1 5 4.15 465

t0.73 4.32 440 21.19 4.20 407 39.1 9 4.r5 468
10.73 4.37 449 21.25 4.20 4t6 jg.1 I 4.1 8 4'72

10.81 4.3'l 457 21.25 4.25 426 39.31 4.18 475

10.81 4.32 455 21.77 4.26 435 39.31 4.r5 479
10.90 4.32 4s7 21.90 4.26 433 40.06 4.rI 482
't 1.'l g 4.32 453 22.r3 4.26 439 40.( 4.13 486

11.31 4.72 457 22.13 420 445 40.25 4.13 489
I 1.31 4.3'Ì 461 22.25 4.20 451 40.25 4.20 493
l't .38 4.3'7 465 22.25 4.25 457 40.( 4.20 496

11.96 4.7'7 410 22.77 4.27 463 40.77 4.20 485
12.21 4.37 405 22.77 4.20 461 41.O2 4.20 460

12.38 4.37 412 22.94 4.20 460 4l .10 4.20 457

12.92 4.37 405 23.48 4.20 467 41.11 4.12 457

13.08 4_35 400 23.48 4.25 475 41.21. 4.12 457

1 3.19 4.27 397 23.77 4.25 482 41.21 4.20 4&
13.r9 4.33 411 23;l'l 4.20 4'78 41 .52 4.20 470
41.69 4.20 460 5r.33 4.13 509 4,20 413
41 .94 4.20 432 51.33 4.20 513 63.00 4.20 407

42.06 4.20 425 5r.77 4.20 518 63.00 4.15 40'l
42.19 4.20 425 51.85 4.15 515 63.23 4.15 408
42.73 4.20 457 52.31 4.12 512 63.23 4.22 410
4?.69 4.20 475 52.38 4.12 514 63.44 4.23 412
43.98 4_20 462 52.38 4.1 I 516 63.44 4.17 409
44 )'l 4.20 465 52;t9 4 ),O 5'r I 64.00 4 1'1 40'l



Table WLl: pH and mV data of battery experiment (89 days). A VII.I - 2

Tlme fdevsì nH mV Tlme fdnvsì nH mV Time [¡lnvsl mV
45.69 4.20 490 52.79 4.1? 517 64.00 4.t4 4M
45.85 4.20 477 53.10 4.1? 515 &.31 4.r4 401

46.O2 4.20 420 54.85 4.11 540 &.3r 4.20 398

46.27 4.20 420 55.23 4.17 465 &.73 4.20 396

46.38 4.20 441 55.42 4.15 453 e.13 4.t: 393

46.38 4.r5 46t 55.42 4.20 44t 65.71 4.16 390

46.60 4.18 482 55.81 4_20 429 66.71 4.18 400

46.69 4.18 417 55.81 4.12 411 66.7t 4.15 403

46.17 4.18 465 56.40 4.t3 405 67.79 4.2 405

41.O2 4.18 4?'0 56.M 4.15 405 61.19 4.15 406

47.02 4.15 427 56.M 4.20 406 68.85 4.20 408

47.15 4.15 425 56.77 4.20 407 68.85 4.15 409

47.19 4.10 425 59.29 4.20 393 69.33 4.1 4ll
47.31 4.15 430 59.29 4.15 395 69-33 4.r2 4r2
47.77 4.r 8 460 59.52 4.1 8 397 69.54 4.17 414

48.r9 4.r 0 4'18 59.77 4.20 400 69.79 4.20 415

4.10 49-5 61.00 4.15 400 70.13 4.t': 4rn
49.11 4.15 496 61.00 4.10 400 70.58 4.16 390

49.19 4.15 497 (r1 .67 4.r0 400 70,58 4.12 387

49.79 4.r 0 501 6r.67 4.15 400 71.88 4_1',7 385

4.10 505 61.77 4.15 400 71.88 4.L: 183

50.38 4.10 508 6t-7'l 4.10 400 72.21 4.r5 382

50.77 4.20 512 61.98 4.to 400 72.13 4.20 390

50.83 4.17 509 62.r9 4.14 400 73.21 4.15 385

50.83 4.r2 507 62.29 4.14 405 88.96 4.r'. ?94

5l _r9 417 s05 62.29 4)O 40s



Table VIL2: Hydrochemical analyses of experiments. A Vtr.2. I

Samnle Ao [n¡mì Al [nnml ß lonml lìa [nnm] Be fnomì Ca [ooml Cd fnomì Ce
RW le o,002 0.1(M 0.008 0.014 0.000 0.118 0.001 0.030
RW rb 0.002 0.563 r.056 1.303 0.000 18.929 0.001 0.106
tìw 2bt 0.010 0.315 0.2r7 0.1 85 0.002 tt.23 0.002 0.030
BW 3a 0.rn2 0.0r 7 0.ü)4 0.fi)4 0.ffx) 0.oo 0.001 0.030
BW 3b 0.002 0.017 O.IXM 0.003 o.(n 0.003 0.030
ßW 3c 0.002 0.0r7 0.016 0.007 0.m0 0.00 0.001 r 030
BW 3d 0.002 0.017 0.008 0.006 0.000 0.00 0.003 0.030
BW 5a^ o 0)6 oor7 o.2.48 0.00s 0_fi)O 466.4 0.007 0.030

Sample Cl fnnml* Co fnnmì Cr [onml Cu [onml Eu fnoml Fe [nnmì Ga [onml Gd lppml
BW la n.d. 0.fn3 0.002 0.002 0.001 0.001 0.060 0.010
BW lb n,d o.M4 0.002 0.007 0.001 0.001 0.060 0.010

BW 2b+ n.d. 0.021 o.o02 0.013 0.001 0.001 0.060 0.010
BW 3a n.d. 0.003 o.o02 0.002 0_001 0.001 0.060 0.010
ßtv 3b n.d 0.003 0.002 o 002 0.001 0.00.5 0.060 0.012
RW 3c n.d. 0.003 0.002 0.002 0 001 0.060
BW 3d n.d. 0.003 0.002 0.002 0.001 0.001 0.060 0.010
RW 5n^ r 6R00 00r1 0.006 0.007 o.012 0.001 0.060 0.043

Sample K lppml I a [nnml Ll lnnm.l Ms lnnml Mn [n¡ml Mo [nnml Na [nnm] Nb fonmì
ßW la 0.080 0.003 0.017 o.662 0.030 8.2't8 0.1r0
RW lb 248.1 0.003 0.032 13.27 26.76 o o30 41 ?1 0.r29

RW 2b+ 97.54 0.008 0.017 9.256 5.681 0.030 35.6r 0.662
BW 3a 0.r22 0.003 0_017 0.r 88 0.129 0.030 1.215 0.110
BW 3b 0.203 0.003 00r7 0.r73 0.1 28 0.030 1.321 0.'l 1 I
BW 3c o.r3'l 0.003 0.017 0.126 .114 0.030 1.740 0.1l0
RW 3d 0.084 0.003 0.017 0.124 0.1 89 o.030 r .6r0 110
BW 5a^ 269-2 0.023 0.529 1 50? o 00r o 20s 6430 01',ì 0

Sample Ni [nnm] f)-søt.l4o'l* P [nnm'l Pb fnoml Si [onm] Sm lonml Sr fooml Ti [nom]
BW la 0.004 95.62 0_(M0 0.030 3.12 0.020 0.005 0.004
BW lb 0.427 49.r4 0.349 0.0i0 11 .74 0_020 0.966 0.oM

RW 2ht 0_17S 25.23 0.M0 0.030 25.& 0.020 0.860
BW 3a 0.004 s8.1 7 0.M0 0.030 5.08 0.020 0.005 0.004
BW 3b 0.008 95.57 0.09'7 0.030 6.26 o.020 0.00-5 0.fi)4
RW 3c 0.0M 94.26 0.040 0.030 ,,49 0.020 0.0(M 0.0(}4
BW 3d 0.009 88.7r 0.040 0.030 't.34 0.020 0.004 00(M
RW 5n^ O(MR gr.5g 0.(M0 0.030 0.34 o otc o 1'ts oolq

Sam¡le V [nnml Yb fnoml Zn loom] Zr looml
RW Ia 0.003 r 0.001 0.001 0.003
BW lb 0.003 0.001 o.206 0.003

BW 2bt 0.004 0.001 o.260 0.003
BW 3a 0.003 0.001 0.009 0 00i
BW 3b 0.0M 0.001 0.012 0.003
BW 3c 0.003 0.001 0.025 0.003
BW 3d 0.003 0.001 0.118 0.003

RW 5a^ 0.068 0.003 o 107 0 016

* a¡alvses other rhan ICP
-i BW 2a: distilled water: O-sat.=89.73 7o

^ BW 5b: not analvzed



Table VII.3: Geochemical analyses of solids from experiments, þpm] A VII.3 - l

No. At203 As B Re() CaO Ce Co Cr Cu F.u

B -â 29.1 2 6.97 o_ol 0.01 4t.14 14.58 29.?9 19.31 o.44

R -c 28.6 n.d. 1.09 n.d. n.d. 32.94 13.39 28_84 2r.76

.dl 28.5 n.d, r.62 n.d n.d 39.35 14.03 25.40 2r.67 0.48

B .d2 28.5 n-d. 5.50 n-d, n.d. 39.81 13.ó5 28.68 21.63 0.50

B I.d3 n.d. 109.59 n.d. n.d. 41 .41 13.81 4?.25 22.44 0.53

B I.d4 29.O n.d. s.09 n.d. n.d. 34.83 13.74 29.28 21.00

B I.e 27.9 n.d. r.54 n.d, 0.0r 35.77 12.59 28.66 22.19 0.39

B l-a 4.2 31 39.53 5.10 0.05 73.08 14.11 2.52

B Il.c 4.0 n.d .14.00 5.06 0.04 80.83 72.43 14.40 78.99 2.53

B II.dl 4.1 n.d. 48.79 5.08 0.03 84.86 71.85 13.40 78.32 2.48

B II.d2 4.2 n.d. 20.62 5.10 0.03 't1.55 73.06 13.46 79.50 2.23

3.9 5.11 0.03 83.66 '77.?g 14.49 7S_30 2.51

tr 4.0 n.d. 19.00 5.06 0.03 81.49 74. 13;12 79.9r 2.5'l

3.9 nd 24.59 s.05 0.05 82.1 8 '73.72 r6.15 79.67 )6i

Fe Gd K2() Lz I,OI MoO Mn Mo Nd

B I.a 1.0 0.00 0.12 12.98 11.0 0.01 I 4.1 0.01 s.R8

B I.c 0.8 0.00 13.62 10.9 0.01 0.2 n.d. 0.0r 10.85

R l.dl 0.8 0.00 o.12 14.15 10.3 0.01 0.2 n.d. 0.01 13.08

r I.d2 0.8 0.56 0.r2 14.09 10.4 0.01 o.2 n.d. 0.01 13.(A

0.8 0.52 0.12 14.75 10.8 0.01 0.1 n.d 0.01 14.86

B I.d4 0.8 0.01 o.r2 14.27 10.6 o.o2 0.2 n.d 0.01 12.42

B l.e 0.8 0.00 0.1 3 12.80 1 1.5 0.01 0.1 n.d 0.03 rr.29

R II.a 0.6 11.87 0.93 46.50 l r.0 0.34 52.0 41.0 0.r g 41.31

B I[.c 0.6 12.82 0.94 48.19 10.7 0.33 52.4 n.d. 0.27 44.06

B tr.dl 0.6 12.72 0.91 13.43 10.5 0.36 52.3 n.d. 0.20 46;76

B tr.d2 0.6 tl.72 0.92 46.74 10.5 0.36 52.5 n.d. 0.20 42.28

B tr.d3 0.6 12.9r 0.92 48.40 10.5 0.35 52.7 n-r1. 0.20 43.42

tr.d4 0.6 13.05 o.92 48.52 10.4 0.35 52.4 n.d. o.20 44.00

0.6 13.15 os4 48.02 10.9 0.33 52.9 n.d o.27 43.10

Ni P Pb Sc si02 Sm Sr SrO Th Ti()2

B I.a 0.00 30 L2 14.2 56.1 0.00 0.00 0.01 l5 r.52

I I.c 216.61 n.d. n.d. 55.7 0.00 0.00 n.d. n.d. 1.50

B l.dl 0.00 60 n.d. n-d. 56.9 0.00 0.00 n.d. n.d. 1.49

B I.d2 30 n.d. n.d. 55.8 0.00 0.00 n.d. n.d. t.47

B I.d3 90 n.d. n.d 55.8 0.00 0.00 n.d. n.d. 1.53

B I.d4 0.00 80 n.d. n.d 55.5 0.00 0.00 n.d. n.d. 1.50

0.16 60 n.d. n.d 57.t 0.00 .00 0.01 n.d r.46

62.60 25 7.4 2.3 10.41 2.1 '1 .69 0.14 4 0.10

B tr,c 74.65 390 n.d n.d. 2.2 I 1.10 0.14 n.d. 0.r 0

B tr.dl 390 n.d. n.d. 2.2 l 1.08 2676.26 0.r4 n.d. 0.10

B II.d2 1L42 3'70 n.d. n.d. 2.2 9.91 2658.12 0.14 n.d. 0.10

B TI.d3 68.85 n.d. n.d. 2.2 11.17 0.14 n.d. 0.10

B tr.d4 73.03 320 n.d. n.d. 2.r 1 r.18 268 0.14 n.d. 0_10

B tr.e 82.85 4r0 n.d. nrl 2.0 'II 
1.1 2680.86 0.13 n.d. 010

\o- U v w Yb Zn 7¡
B I.a J 11.95 10 0.45 39.82 279.5r

B I.c 13.71 n.d 0.44 39.0'7 276.86

B I.dl n.d 12.93 n.d. o.M 39.53 2'79.23

B I.d2 n.d 12.51 n.d. 0.63 39.46 280.02

B I.d3 n.d 13.09 n.d. 0.71 40.38 280.00

B I.d4 n.d 12.80 n.d. 0.80 38.99 274.36 n.d. = not determined

B T.e n.d 11.& n.d. 0.41 39.1 8 278.92

ll 75 3. l0 't4.55 r 8.17

B tr.c n.d. 183.76 n.d. 3.23 73.94 18.69

B n.dl n.d. 18 r.46 n.ri 3.23 't4.28 18.78

B II.d2 n.d. 182.72 3.08 '14.39 18.10

ì TT.d3 n.d. r84.74 n.d 3.28 73.40 1 9.51

B II.d4 n.d 184.99 n.d. 2.53 73.45 19.51

B lf.e n.d 181.19 n-d i1?. '14.23 l8 48




