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Chapter 6

Gold in the regolith profile: Pedogenic controls at
White Dam, South Australia

6.1. Introduction

Previous studies have indicated that Au and Ca are correlated through the regolith profile
where there are regolith carbonates (Lintern, 1989; Lintern & Butt, 1993; Lintern, 1997;
Lintern & Butt, 1998b; Smee, 1998; Lintern & Sheard, 1999a; 1999b; Okujeni et al., 2005;
Lintern et al., 2006). Less recognised but more significant however, is that this correlation is
dependent on the availability of a significant amount of Au. The majority of the Ca is
externally derived (demonstrated in Chapter 4), hence any relationship is due to a secondary
process, and not the result of any prior association between Ca and Au within bedrock
mineralogy. Two profiles at the White Dam Au-Cu prospect, South Australia, have been
analysed to investigate relationships between Au and regolith carbonates.

Understanding how the profiles have developed, and the dispersion of elements within them,
forms the basis of the research presented in this chapter. A detailed analysis of the profiles
was undertaken and the following hypothesis investigated:

Au is mobilised, either chemically or physically, in association with clay minerals
and the clay size fraction. Precipitation of regolith carbonates fills void space and
reduces permeability. This acts as a barrier to Au movement and immobilises the
clay minerals (and Au). Ongoing dissolution and re-precipitation of the carbonates
leads to increased Au concentrations.

Understanding how Au is mobilised within the regolith profile may then be applied to the
interpretation of other regolith profiles where high Au values are associated with regolith
carbonates, improving interpretations made from regolith carbonate sampling in Au
exploration. The work presented here expands on previous PhD and honours research at the
site (e.g. Cordon, 1998; Chubb, 1999; Brown & Hill, 2004; Lau, 2004; Wittwer et al., 2004;
Brown & Hill, 2005).

The White Dam Au-Cu deposit is approximately 25 km northeast of Olary, South Australia.
The discovery and confirmation of the White Dam deposit was through geochemical sampling
followed by drilling from 1989 to 1997 (McGeough & Anderson, 1998). Regional soil
sampling in 1989 by Aberfoyle Resources Limited and Normandy Mining Limited, and in
1994-95 by MIM Exploration Limited, identified up to 500 ppb Au at White Dam. Drilling
during 1996 and 1997 confirmed the deposit (McGeough & Anderson, 1998). Exco Resources
acquired the White Dam deposit in 2006 following a joint venture with Polymetals Mining
Services Proprietary Limited who took over MIM in 2001 (Exco Resources, 2006). The
current Au resource is stated at 7.3 Mt at 1.09 g/t for a total of 257,400 ounces (Exco
Resources, 2006).

A series of exploration costeans dug in 2003 exposed regolith profiles that were used in this
study. Two profiles coinciding with areas of high Au concentrations were sampled. Bulk and
undisturbed (in-situ) samples were collected from each soil horizon and the underlying
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saprock. Additional samples were collected from thicker soil horizons or where specific
features were noticed.

Analyses undertaken on the two profiles included: petrology; elemental mass balance; particle
size; mineralogy; elemental chemistry; and SEM investigations on the Au morphology.
Methodology of sample collection and the analytical procedures adopted are described in
Chapter 3. Profile descriptions were compiled from field observations, petrological studies
and analytical results. Detailed petrological observations and additional microphotographs
completed during thin section analysis are included in Appendix 3. Terminology for profile
descriptions is based on that used by McDonald et al. (1990). Petrological descriptions are
based on terminology described in Bullock et al. (1985) and Stoops (2003). Colours are
defined using the Munsell colour system with colour codes for moist and dry soils provided.
Full results from analytical procedures are included in Appendices 4 to 7.

6.2. Geology of the White Dam Au-Cu deposit and the
surrounding region

The White Dam Au-Cu deposit is located in the Olary Domain, within the southern margin of
the Curnamona Province (Figure 6.1 & Figure 6.2). The Curnamona Province extends over
the northeast South Australia - northwest New South Wales border. It is defined by an oval
shaped, regional aeromagnetic high, approximately 250 km in diameter (Parker et al., 1993;
Robertson et al., 1998). The Province represents a fragment of a Late Palacoproterozoic to
Mesoproterozoic basin consisting of metasedimentary rocks, metavolcanics and granitoids of
the Willyama Supergroup (Table 6.1) (Robertson et al., 1998; Preiss & Conor, 2001). These
rocks are overlain by Neoproterozoic metasedimentary rocks of the Adelaidean, Burra and
Umberatana Groups (Conor, 2004). The majority of the rocks within the Curnamona Province
are buried by Cainozoic and Mesozoic sediments with only limited exposures within the
Willyama, Mt. Painter and Mt Babbage Inliers (Ashley et al., 1998; Robertson ef al., 1998).

The southern margin of the Curnamona Province is composed of the Willyama Inliers, an
area that has traditionally been divided into the Olary and Broken Hill Blocks (Flint & Parker,
1993). More recently these have become known as the Olary and Broken Hill Domains
(Figure 6.1) and indicate areas of different sedimentary facies and metamorphic grade
(Robertson et al., 1998; Preiss & Conor, 2001). The term ‘Willyama Inliers’ refers to a
number of inliers in the cores of anticlinal domes separated by narrow corridors of Adelaidean
cover (Ashley et al., 1998; Preiss & Conor, 2001). The inliers mostly have curved, slightly
dipping, unconformable boundaries to the east and faulted boundaries on the west (Preiss &
Conor, 2001). Formal nomenclature and descriptions of the Willyama Inliers were proposed
by Preiss & Conor (2001), the largest being the Kalabity Inlier, which also hosts the White
Dam deposit.

Two significant periods of deformation and metamorphism have occurred in the Willyama
Inliers: the Palaeoproterozoic Olarian Orogeny; and the Cambrian-Ordovician Delamerian
Orogeny (Flint & Parker, 1993). The three phases of deformation defined for the Olarian
Orogeny (OD;.3) are the more significant, resulting in higher metamorphic grades and the
formation of major structures (Clarke et al., 1986; Flint & Parker, 1993). The degree of
deformation and metamorphism is higher towards the south, away from the centre of the
province (Robertson ef al., 1998). These multiple events have resulted in complex structural
features and mineralogical assemblages leading to difficulties in unravelling the geological
history of the area. This is illustrated by the number of previous and ongoing studies of the
region (cf. Willis et al., 1983; Clarke et al., 1986; Stevens et al., 1990; Flint & Parker, 1993;
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Bierlein et al., 1995; Bierlein et al., 1996b; Laing, 1996; Robertson et al., 1998; Conor, 2000;
Conor & Fanning, 2001; Preiss & Conor, 2001; Conor, 2004; Page et al., 2005; Conor,
2006a).

NOTE:
This figure is included on page 123 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 6.1: Extent of the Curnamona Province (Robertson et al., 1998).

Mineralisation in the region includes the massive Pb-Zn-Ag deposit of Broken Hill. Smaller
metalliferous deposits are widespread with Cu, U, and lesser Fe, Ba, Co, W, Au and F,
significant within the Olary Domain, and Pb, Zn, Ag, with lesser W, Cu, Fe, Co, Au, Ni, Pt,
Sn, Be, U and F, significant within the Broken Hill Domain (Stevens et al., 1990). Various
mineralisation styles exist within the Olary Domain including: stratiform; stratabound;
epigenetic veins; granite- and pegmatite-related; and weathering-related (Stevens et al., 1990;
Conor, 2004).

Stratiform type deposits of the Olary Domain are generally disseminated to massive, sediment
hosted and associated with felsic volcanism and evaporitic facies. They include: banded Fe
formations and Mn silicates within the Ethiudna Subgroup and Strathearn Group; laminated
sulphides associated with calc-silicates and pelite - Fe, Zn, Pb of the Bimba Formation; and,
Fe formations, commonly baritic with local Cu and Au in the upper Wiperaminga Subgroup
(Conor, 2004).

Epigenetic deposits are associated with all stratigraphies and granitoid intrusives (Bierlein et
al., 1995; Bierlein et al., 1996a; Bierlein et al., 1996b). Regionally however, there is an
apparent Cu-Au mineralisation associated with the upper Wiperaminga Subgroup grading into
the Peryhumuck Formation (Conor, 2004). Anomalous Cu-Au values are hosted in Fe
formations and adjacent quartz-albite rocks in areas of biotite and magnetite alteration (e.g.
Peryhumuck, Walparuta, Mary Mine and Woman-in-White, Figure 6.2) (Conor, 2004). In the
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northern and eastern areas of the Olary Domain Cu-Au-(Mo) mineralisation is found within
veins, stockworks and disseminated type deposits (e.g. Kalkaroo, Portia, White Dam and
Waukaloo) (Conor, 2004). Many of these Cu-Au deposits show similarities with Fe-oxide Cu-
Au (IOCG) deposits of other Proterozoic terranes (e.g. Olympic Dam). White Dam however,
appears to be an exception with no associated Fe-oxides (Skirrow & Ashley, 2000; Skirrow,
2003).

NOTE:
This figure is included on page 124 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 6.2: Mineral deposits of the Olary Domain (Conor, 2004).
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Table 6.1: Stratigraphy and lithological summary of the Willyama Supergroup (Olary Domain), direct
relationship between some formations is uncertain (dashed lines) (adapted from Conor, 2000; Conor &
Fanning, 2001; Conor, 2004; Page et al., 2005; Conor, 2006a).

Willyama Supergroup

Age

(Ma) Equivalents

Formation: Description

Igneous
Suite

Group
Sub-
group

Dayanna: Fine-grained sillimanite-Andalusite- Paragon Group
staurolite schist

Mooleulooloo: Albitic psammite, locally tuffaceous
Alconie: Graphitic chiastolite pelite and
metasiltstone

Walparuta: Pelite and psammopelite Sundown
with minor psammite layers Group

Oonartra Creek: Pelite and Broken Hill
psammopelite with minor Group
psammite layers and coticule
lenses

Black Maria: Psammite.
Psammopelite and pelite locally
graphitic and locally with calc-
silicate ellipsoids

<1655

Strathearn
Mt
Howden

Lady Louise
Suite ~1685

Saltbush
Raven Hill

~1693 Plumbago: Tuffaceous biotite psammite

Bimba: Pyritic, marble, calc-silicate, micaceous
psammite

Waukaloo:Fine grained psammitic schist Calc-silicate
Suite of Clarke
et al. (1986)

Larry
Macs

~1715 Peryhumuck: Calc-albitite metasiltstone, locally
pseudomorphs after carbonate and others

<1718 Beewooloo: Toraminga: |Cathedral
Psammitic schist with | Psammitic Rock:
mafic lava, volcanic schist with Quartzites,
conglomerate, quartz- | occasional locally
grunerite-garnet albite volcani-
‘exhalite’ granofels and |clastic
calc-silicate -
Tommie Wattie: Thick | Mooleugore: Quartzo-
upward fining package { Psammitic feldspathic

from psammites, schist with Suite of Clarke
showing sedimentary | clean epidotic et al. (1986)
structures, top cross-bedded
andalusite pelite. quartzite
Volcanic interbeds
(Abminga Substitute)
~1718 George Mine: Pelite, psammopelite and psammite,
but characterised by albite granofels. Contains
numerous magnetite-rich units. Volcanic interbeds.

Ethiudna

~1718

Basso Suite
1713-1719 Ma
Curnamona

Wiperaminga

Weathering-related deposits in the Olary Domain include: supergene Cu-(Co) (e.g. Dome
Rock, Mt Howden, and Mary Mine); Cu-Au (e.g. Kalkaroo and Portia); Redox controlled U
and Au, (e.g. Honeymoon and Beverly); and placer Au enrichments (Conor, 2004).
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Mineralisation at White Dam is associated with leucosome lenses within a quartz-feldspar-
biotite gneiss unit of the Wiperaminga Subgroup (Cooke, 2003; Conor, 2004; 2006b).
Primary Au mineralisation is located in a stockwork of pyrite, chalcopyrite, and molybdenite
veins that have been oxidised to 50 m below the surface (McGeough & Anderson, 1998;
Cooke, 2003). The mineralisation consists of high Au/Cu ratios with minor molybdenite
(Conor, 2004). Within the oxide zone, Au exists as small platelets up to 60 um in diameter
with occasional larger grains up to 165 um that are associated with biotite (Cordon, 1998;
Croxford, 1998; Cooke, 2003).

6.3. Regolith-landforms and vegetation of the White Dam
area

White Dam is in an area of low relief with minor bedrock exposure. Alluvial sheetflow
sediments, about 2 m thick, are the dominant regolith material in the area. Minor bedrock
exposures in the south of the area form low rises. Towards the north-west, sediments relate to
alluvial channel activity and associated alluvial plains. Vegetation is dominated by a
chenopod shrubland consisting of bladder saltbush (Atriplex vesicaria), black bluebush
(Maireana pyramidata) and scattered pearl bluebush (Maireana sedifolia). Other vegetation
includes scattered belahs (Casuarina pauper) along the creek, and occasional mulgas (4cacia
aneura) and rosewoods (Alectryon oleifolius) on the rises (Brown & Hill, 2004).

Regional regolith-landform mapping was completed by Lau (2004), and locally over the
White Dam deposit, by Brown & Hill (2004). Figure 6.3 is the regolith-landform map of
Brown & Hill (2004) with the exploration costeans and position of the sampled profiles
shown. The area consists of depositional plains and low rises, with an alluvial channel cutting
across the north-west corner. Contemporary alluvial drainage and sheetflow directions trend
northwards, swinging round towards the north-east in the north of the area (Brown & Hill,
2003).

Depositional areas are characterised by red-brown to yellow-brown silts and clays, fine to
coarse, sub-angular quartz with lesser feldspar sands, and minor iron oxides. A thin silt and
clay surface veneer is typical within the depositional areas and surficial mud cracks are
extensive towards the creek. Erosional areas consist of red-brown to yellow-brown silts and
clays with abundant fine to very coarse, sub-angular to angular quartz, lesser fine to medium
sized, sub-angular feldspars and minor iron oxides, micas and lithic fragments.

6.4. White Dam Profile 1: Description, petrology and
analytical results

Profile 1 is within costean WDTROI1 (Figure 6.3) at Geocentric Datum of Australia 1994

(GDAY94) Universal Transverse Mercator (UTM) Zone 54S, 0459917 mE, 6449176 mN. This

profile is directly over mineralisation with 3.2 ppm Au recorded for the underlying pegmatite
and values up to 142 ppm from stockwork veins within the same costean (Cooke, 2003).

6.4.1. Profile 1 description and petrology

Profile 1 (Figure 6.4) is within a depositional plain and is approximately 4 m deep. It includes
a thin, coarse textured Al horizon, a clay-rich B1 horizon and a calcareous B2 horizon that
gradually changes to a Bk horizon with carbonate nodules and rhizomorphs. Below this, the
sequence is repeated with a second clay horizon (2B2) and calcareous horizon (2Bk). This is
interpreted as a palaeosol where the previous Al horizon has been eroded. Below this is the
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saprolith (C horizon) consisting of a pegmatite that has intruded a biotite gneiss. Summary
descriptions of each soil horizon are provided in Table 6.2.

NOTE:
This figure is included on page 127 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 6.3: Regolith Landform map of the White Dam deposit showing position of costeans and sample
profiles, from Brown & Hill (2004).

The presence of the palacosol represents a break in soil formation at this site and the existence
of a palaeo-surface. This invalidates any mass balance calculations on the profile, since it
cannot be considered to have formed in-situ and from uniform material (see Section 3.5.1).
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Further evidence of the disconformity exists to the north of the profile, within the same
costean, where at the palaco-surface level there is a thin layer of lithic fragments that were
interpreted by Lau (2004) as either a palaeo-surface or channel deposits.

The mineralogy of the coarse fragments through the profile is predominantly quartz with
minor feldspars. Minor micas (biotite and muscovite) are present towards the base of the
pedolith. Grains are poorly sorted and sub-rounded to sub-angular, and more angular down
profile closer to the saprolith. Powdery regolith carbonates are within the B2 horizon and
gradually increase in concentration into the Bk horizon. There is a change in morphology to
small nodules and rhizomorphs (5 — 15 mm diameter) towards the base of the Bk horizon
(Figure 6.5). Similar regolith carbonate nodules and rhizomorphs are in the 2Bk horizon.

Coarse fragment minerals have variable degrees of weathering throughout the pedolith.
Feldspars show the highest degree of weathering, especially the K-feldspar, which in the
majority of cases has a “dirty” grey (turbid) appearance in plane polarised light (PPL) (Figure
6.7A). Clay material is also present within fractures and along exposed feldspar grain
boundaries derived from the alteration of the feldspars. Other minerals, apart from quartz, are
sparse, and variations in the degree of weathering are difficult to determine. Micas are
generally decayed with evidence of “splitting” along cleavage planes within grains and
breakage at the ends of grains. Direct evidence of quartz weathering is limited, except that
quartz is more abundant in lithic fragments towards the base of the pedolith and into the
saprolith. The quartz lithic fragments have a similar sutured texture as observed in the biotite
gneiss (see below).

Minor opaque minerals are present towards the top of the pedolith and become sparse towards
the top of the saprolith. The majority of these are likely to be Fe-oxides as observed in the
heavy mineral analysis (Section 6.4.2). In the B2 horizon birnessite [(Nag3Cao1Ko1)
(Mn*",Mn’")041.5H,0] was visible in the field, which may account for some of the opaque
minerals (Figure 6.6). Organic matter may also account for some of the optically opaque
material.

Organic matter is sparse throughout the profile with only trace amounts within the Al
horizon. Evidence of plant activity extends into the saprolith, where plant roots have
enhanced physical weathering by fracturing feldspar grains and creating fluid/clay pathways
(Figure 6.7C & D).

The fine earth content is predominant in the B1 and B2 horizons and is gradually less
prevalent towards the base of the pedolith. The fabric is generally random (undifferentiated)
with occasional areas of alignment (mono-striated). In contrast, the regolith carbonates have a
crystallitic b fabric (Figure 6.7B). A complete or partial clay cutan is on most coarse grained
fragments in all horizons (Figure 6.7E). In the B1 and B2 horizons cutans tend to be more
prominent on the larger grains and aggregates, with many of the smaller grains, especially
those surrounded by fine material, having partial or no cutans. Apart from calcite aggregates,
which have grown out from the rim of voids and in some cases completely infilling them,
most voids have no cutans (Figure 6.7F).
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Profile 1 Profile 2
Depth (m) Horizon R2MPI®  Depth (m) Horizon Rampie.
0 0101 WD3-01
M =3
A1 |WD1-01 WD3-02
0.18 0.30 WD3-03
Bl  |WD1-02 WD3.04
0.42 _ 0.50
| B2 |WD1-02 WD3-05
0.75
0.76
W04 WD3-06
_ 125
= Bk |WD1-05
: WD3-07
1.50
2B2 |WD1-06
198 =2
2.50
2BK |WD1-07
235
2B3 |WD1-08
2,60
WD1-09 N
Two additional samples, not shown
c in the above photographs were also
WD1-10 collected.
Sample WD3-08 was collected from
profile 2 at 2.70 m.
Sample WD1-14 was collected
335 WDI12

approximately 1 m north of profile 1

from 3.35 m.

Figure 6.4: Photographs of the two White Dam profiles showing soil horizons and sample locations.
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Table 6.2: Horizon properties of White Dam Profile 1.

HEEIE
N > —g ‘E Macro-features Coarse fragment mineralogy Pedo-features
2|9|0|8
Poorly sorted / sub-angular / Relative-distribution: Chito-
— most grains 0.1 — 0.3 mm gefuric
a occasional larger grains & lithic | Ped Structure: Apedal
© aggregates up to 1 mm Voids: Sparse, compound
€ 2 packing (inter-aggregate voids)
@ = 80 - 85% quartz Coatings: thin (< 10 ym) clay
< g — ~ 5% plagioclase cutan present on individual
2 ~ 2% K-feldspar coarse grains
Sl RS < 1% other minerals (biotite, Groundmass: None
; muscovite, pyroxene)
&l e ~ 5 % opaque minerals (possibly
e Fe-oxides or organic)
» ~ 10 fine fraction
— Slightly calcareous |Poorly sorted / angular to sub- | Rel-dist: Double space
a angular / average 0.5 mm porphyric
A diameter Ped Structure: Angular blocky
E ; Voids: Inter-aggregate channels
< | > 25 — 30% quartz with occasion vughs
o CI’ 2 ~ 5% plagioclase Coatings: Sparse clay cutans
| ~ 1% K-feldspar on grains only
; g < 1% other minerals (zircons, Groundmass: Mono-striated
x|l & garnet)
% i sparse opaque minerals
o ~ 65 — 70% fine fraction
Highly calcareous, |Poorly sorted / sub-angular to Rel-dist: Single space porphyric
distinct (10 — 20%) |sub-rounded (feldspars more Ped Structure: Angular blocky,
— carbonate mottles |lath shaped)/average 0.1 mm | (weakly defined), peds are
e} (5YR 7/4) 15 -30 diameter generally free floating
© mm diameter. Small Voids: Inter-aggregate channels
«E) 2 cm sized black ~ 45% quartz Coatings: Clay cutans on larger
N~ | > (birnessite) nodules |~ 2% plagioclase grains only
a ‘ID 2 throughout < 1% K-feldspar Groundmass: Crystallitic b
N calcite (small crystals and fabric
g- g aggregates)
o < 1% other minerals
&l ® (hornblende & zircons)
3 Sparse opaque minerals, some
o with blotchy appearance
© ~ 45 - 50% fine fraction
Highly calcareous, | Poorly sorted/ sub-rounded Rel-dist: Single space
—_ distinct (10 — 20%) | (typically quartz grains) to sub- | porphyric
a carbonate mottles | angular / average 0.1 mm Ped Structure: Sub-angular
© (5YR 7/4)5-15 diameter blocky (weakly defined)
g 2 mm diameter Voids: Sparse inter-aggregate
0| > nodules and ~ 55% quartz channels & chambers, vughs
é ‘T 2 rhizomorphs ~3 plagioclase are present within some calcite
o= < 1% K-feldspar aggregates
g :\rf < 1% other minerals Coatings: Partial clay cutans
o (hornblende, zircons, on most grains and aggregates
&l e muscovite & biotite) Groundmass: Crystallitic b
% 35 — 45% fine fraction fabric

< 1% opaque minerals
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Table 6.2: Horizon properties of White Dam Profile 1 (continued).

(larger grains tend to show weathering

fractures)

~ 75% quartz,

~ 10% plagioclase,
~ 5% fine fraction

~ 10% biotite,
~ 5% K-feldspar,

§ls|5|8
22 % "g Macro-features Coarse fragment mineralogy Pedo-features
28188
Poorly sorted / sub- rounded Rel-dist: Areas of single space
. (quartz) to sub-angular / Majority |porphyric and chito-gefuric
a < 0.2 mm diameter Ped Structure: Sub-angular
© blocky
S g:’ ~ 65% quartz Voids: Occasional inter-
~ 3 L‘>-) ~ 3% plagioclase aggregate compound packing
g:l - | X < 1% K-feldspar within chito-gefuric sections
u') = < 1% other minerals (Actinolite, |Coatings: Clay cutans present
- :\fr muscovite, hornblende, garnet, |on most grains, voids tend to
x|l ® zircon & sparse calcite have no coatings except where a
L(>-) 3 aggregates) coated grain or aggregate forms
o < 1% opaque minerals void boundary
O 30 — 35% fine fraction Groundmass: Mono-striated
Distinct calcareous |Poorly sorted / sub-angular / Rel-dist: Single space porphyric
o nodules ~ 10% 15 |average 0.2 mm with occasional |Ped Structure: Sub-angular
© — 30 mm diameter |0.4 mm diameter blocky
E|lw Voids: Inter-aggregate channels
2 g ~ 65% quartz and chambers with sparse
X|ci|lo ~ 3% plagioclase vughs.
NS < 1% K-feldspar Coatings: Clay cutans on some
8'%_ © ~ 1% biotite / muscovite larger grains and also parallel
- | < - < 1% Other minerals (Actinolite, |with some channels
g 2 orthopyroxene & hornblende) Groundmass: Mono-striated,
| g < 1% opaque minerals with areas of calcite crystallitic b
< ~ 35% fine fraction fabric
High proportion of | Poorly sorted / rounded Rel-dist: Single space
lithic fragments (especially smaller grains) to porphyric
a sub-angular / up to 6 mm (lithic | Ped Structure: Sub-angular
© fragments) blocky
£|lw Voids: Inter-aggregate
S g ~ 65% quartz channels with occasional
8 NG) ~ 3% plagioclase chambers
NS < 1% K-feldspar Coatings: Partial clay cutans
= e < 1% biotite on most coarse fragments.
N < 1% other minerals Some large calcite aggregates
g © (hornblende, microcline, have a calcite crescent capping
oo muscovite) Groundmass: Small scale
= ~ 35% fine fraction mono-strated with crystallitic b
o fabric (calcite aggregates)
Pegmatite Angular crystals that are heavily weathered | No pedo-features
and fractured
75 — 85% plagioclase, ~ 5% quartz,
~ 5% K-feldspar, < 2% microcline,
= % < 1% biotite, ~ 15% fine fraction
31<e (decreasing with depth)
g 2 Biotite Gneiss Fine (most < 0.5 mm occasional larger No pedo-features
o QE) grains to 3 mm), minor alignment of biotite
Ol
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Figure 6.5: Rhizomorph and powdery nodule morphologies of regolith carbonates present in the Bk
horizon.

Figure 6.6: Small nodules and staining by birnessite within the B2 horizon.
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F

Figure 6.7: Microphotographs from Profile 1: A. Weathered feldspar (Al horizon, FOV = 2 mm), B.
Crystallitic b fabric (B2 horizon, FOV = 2 mm), C. & D. Fractured feldspar grains with plant root (C
horizon, FOV = 4 mm), E. Clay cutans on coarse grains but not on voids (Al horizon, FOV = 2 mm), and
F. Calcite infilled voids (Bk horizon, FOV =4 mm).

Despite the mineralogical differences between the gneiss and pegmatite samples, there is
negligible variation in the clay fraction. The XRD analysis is included in Appendix 4 and
shows that smectite and kaolin are co-dominant (>60%) with minor illite (5-20%). Upwards
in the saprolith, smectite and illite gradually increase and kaolin decreases, so that at the
saprolite—pedolith interface, smectite is dominant (>60%) and randomly interstratified with
sub-dominant (20-60%) illite, and minor kaolin (5-20%). This is the status throughout the
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pedolith apart from the Al horizon where smectite and illite become co-dominant (Figure
6.9).

The saprolith is biotite gneiss, which has been intruded by a feldspar-rich pegmatite. The
biotite gneiss consists of fine grained (0.2 — 0.5 mm) quartz, which generally has a sutured
contact, feldspars (plagioclase and K-feldspar), and weakly aligned biotite. There are some
larger quartz grains to ~5 mm. The pegmatite is predominantly coarse-grained plagioclase
with minor K-feldspars, microcline and quartz.

Veins, approximately 1 —2 cm thick, consisting of clay with minor gypsum and relict “in-
situ” parent material are within the saprolith. Ptygmatic type folds within the gneiss continue
into the veins in some parts of the profile (Figure 6.8).

According to the Australian soil classification system of Subgroup, great group, suborder,
order, family criteria (A horizon thickness, Gravel of surface and Al horizon, Al horizon
texture, B horizon maximum texture and soil depth) (Isbell, 1996), Profile 1 is classified as a
Calcic, haplic, Red Chromosol: medium, slightly gravelly, loamy, clay loamy and very deep.

| Eﬁv.rnnn.,,. 'y

e Ermo‘.,, o0
ey e

Figure 6.8: Quartz vein (circled) through gneiss showing ptygmatic type folds continuing through clay-
rich vein (dashed line).

6.4.2. Profile 1 particle-size analysis

Calculated percentages of the fine earth (<2 mm), gravel (> 2 mm), clay/silt/sand, and sand
fractions for Profile 1 are shown in Table 6.3. These do not include the carbonate content
(Table 6.5), which was removed during the particle separation process (see Section 3.5.2.1).

134



Gold in the regolith profile Chapter 6

The distribution of coarse grained fragments (> 2 mm) through the profile varies from 1.2 to
28.0%. This relatively high variability can be sub-divided into distinct groups that reflect the
sample position within the profile. The coarse fragments from the top of the profile, including
the Al, B1, B2 and Bk horizons, are less than 2.6% of the total material. The coarse
fragments of the 2B2 and 2Bk horizons are 5.6 and 4.0% respectively. There is then a
significant increase in the coarse grained fragment content to 28.0% within the 2B3 horizon.
The coarse grained fraction within the saprolith reflects the bedrock composition with the
directly underlying pegmatite containing between 8.6 and 10.5%, and the nearby biotite
gneiss 2.7%.

Table 6.3: Results from particle size analysis of samples from Profile 1.

. Sand (%

Sah'l'(‘)'?'e Horizon ea':t'[’]“(*%) Gravel (%) |Clay (%) Silt (%) Sand (%) | . _ Mediun(l )(:oarse
WD1-01  Af 97.4 26 10.4 9.2 804 |111 270 618
WD1-02  BA 98.8 12 61.1 4.7 342 | 93 264 643
WD1-03 B2 97.6 2.4 46.4 7.6 460 | 107 258 635
WD1-04 Bk 98.0 2.0 41.8 7.2 511 |11.0 260  63.0
WD1-05 Bk 98.5 15 32.9 6.5 606 |10.1 290  60.9
WD1-06  2B2 94 .4 5.6 29.8 5.7 645 | 71 184 745
WD1-07 2Bk 96.0 4.0 35.3 7.6 570 |127 350 523
WD1-08  2B3 72.0 28.0 35.2 6.0 588 | 77 191 732
WD1-09  C 89.5 10.5 18.1 7.3 746 | 53 142 805
WD1-10  C 91.0 9.0 7.6 4.0 884 | 46 117 837
WD1-12 915 8.6 11.9 35 847 | 47 119 834
WD1-14*  C 97.3 27 6.5 3.9 89.7 | 64 200 736

* Sample WD1-14 collected approximately 1 m north of Profile 1 from 3.35 m.

The concentration of the clay-sized, silt and sand fractions for Profile 1 are plotted in Figure
6.10a. The silt fraction has the smallest variation throughout the profile, varying from 3.5 to
9.2%. There is no obvious trend with these data apart from a slight decrease within the
saprolith. The content of the clay-sized fraction in the A1 horizon is relatively low at 10.4%
compared with the increase to 61.1% in the underlying B1 horizon. There is then a gradual
decrease in clay-sized content down the profile apart from a slight increase in the 2Bk and
2B3. In the pegmatite saprolith the clay-sized content drops from 18.0% at the top to 7.6%
and then increases again to 11.9% at the base. The equivalent clay-sized content of the gneiss
saprolite is 6.5%. The sand content through the profile is approximately the inverse of the
clay-sized fraction.

The distribution of the three sand fractions through Profile 1 is plotted in Figure 6.10b. The
fine sand (20 — 53 um) is the most minor fraction and shows little variation through the
profile. The content is lowest within the saprolith, especially the pegmatite (4.6 - 5.3%). In the
pedolith the fine sand is between 7.1 and 12.7%. The variation of the fine sand fraction
through the profile is similar to that observed for the silt-sized described above. The medium
sand (53 — 125 um) fraction has a moderate variation through the profile from 11.7 to 35.0%.
The variations reflect their position within the profile. At the top of the profile within the Al,
B1, B2, and Bk horizons, the medium sand content is relatively consistent with values
between 25.8 and 29.0%. Below this the content drops to 18.4% in the 2B2 horizon, increases
to 35.0% in the 2Bk horizon, and then decreases to 19.1% in the 2B3 horizon. Within the
pegmatite saprolith the content is relatively stable between 11.7 and 14.2%. The value for the
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gneiss was higher at 20.0%. The highest sand concentrations were in the coarse sand (125 —
2,000 um) fraction, which varied from 52.3 to 83.7%. The distribution of the coarse sand
fraction is almost the inverse of the medium sand fraction.
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Figure 6.9: Stacked XRD plots from Profile 1 of clay-size fraction showing reduction in kaolin content and
increased illite / smectite interstratification towards the surface.

136



Gold in the regolith profile Chapter 6

Heavy mineral separation was undertaken on the fine and medium sand fractions. Variation in
heavy mineral concentration within the fine sand fraction is minimal with the pedolith and
saprolith zones, clearly delineated Figure 6.10c. Within the pedolith, heavy minerals account
for 4.7 to 5.2% of the fine sand fraction. This drops to 2.3 to 2.8% in the saprolith. Variation
in heavy mineral content within the medium sand fraction is also minimal, from 4.5 to 6.2%
in the pedolith and 1.0 to 1.4% in the saprolith. The variation is greater in the medium sand
fraction which has two distinctly low values of 4.6 and 4.8% within the highly calcareous Bk
and 2Bk horizons respectively.

The heavy mineral fractions were inspected on the SEM and grains automatically counted as
described in Section 3.5.7.1. A summary of the heavy mineral grain count analysis is provided
in Table 6.4. Although details of various heavy minerals were recorded, the minerals of
interest were rutile and zircon within the fine and medium sand fractions, since these are
considered immobile (Fitzpatrick & Chittleborough, 2002). The immobility of these minerals
means that they can provide an indication on the extent of in-situ weathering. This is
discussed further in Section 6.6.
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Figure 6.10: Particle size fraction and heavy mineral content of Profile 1.

In the fine sand fraction, rutile ranged from 7.4 to 20.3% in the pedolith, dropping to 2.5% in
the saprolith. The rutile content of the gneiss was significantly higher at 22.7%. The zircon
content ranged from 3.0 to 5.0% through the pedolith, dropping to <0.1% in the saprolith
apart from the gneiss where it was 11.4%. Iron oxides were the predominant heavy mineral
with values from 43.9 to 65.2% in the pedolith, increasing to 89.6% in the saprolith. Iron
oxides within the gneiss were 45.2%. Ilmenite was the other main mineral with values from
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10.1 to 24.0% in the pedolith, dropping to 1.54% in the saprolith (3.1% in the gneiss).
Undefinable and silicate minerals ranged from 0.8 to 6.3% and 1.4 to 10.6% respectively.

In the medium sand fraction, the percentage of rutile ranged from 3.8 to 7.1% apart from the
gneiss sample which was 18.4%. Zircon content was very low with less than 1% throughout
the profile. [ron-oxides were the predominant heavy minerals through Profile 1, which ranged
from 37.9 to 64.7% (31.1% in the gneiss). Ilmenite also had relatively high concentrations
through the pedolith, ranging from 7.9 to 11.1% dropping to 2.0% in the saprolith (5.2% in
the gneiss). Biotite was typically < 5% (1.4 to 5.2%) through the profile apart from the gneiss,
which was 23.7%. Unidentifiable grains and silicates represented about 17 and 20%
respectively.

Table 6.4: Summary of heavy mineral grain count analysis for Profile 1.

o £ % 3 o 2 g <

5 s £ g % £ N o 5 5 =2

5 5 Y35 35 35 £z 65 £ Lz £ 2°F

» r =< o £ =2 =2 & KN & £b5
Fine sand (20 - 53 um)
WD1-01 A1 10.63 4.72 4252 2402 0.79 827 472 433 508
WD1-02 B1 1043 153 5153 2147 123 736 3.07 3.37 326
WD1-03 B2 6.59 1.65 4396 16.76 1.10 20.33 3.30 6.32 364
WD1-04 Bk 6.95 1.03 4487 2198 0.68 1549 5.01 3.99 878
WD1-05 Bk 413 0.81 50.16 21.84 097 1359 437 4.13 1236
WD1-06 2B2 486 0.75 5349 1933 137 1421 337 262 802
WD1-07 2Bk 359 0.95 50.63 21.04 0.63 1522 497 2.96 946
WD1-08 2B3 143 044 6524 1694 220 9.02 319 154 909
WD1-09 C 258 054 5996 10.12 829 1572 129 1.51 929
WD1-10 C 1.86 0.34 8443 220 448 6.35 0.00 0.34 1182
WD1-12 C 224 014 8965 154 3.08 252 0.07 0.77 1430
WD1-14* C 1.35 0.34 4522 3.13 1285 2265 1141 3.04 1183
Medium Sand (53 - 125 um)
WD1-01 A1 2284 519 3794 1024 064 469 077 1770 2198
WD1-02 B1 1769 1.71 5279 995 040 3.75 057 13.14 1758
WD1-03 B2 19.83 1.74 47.09 941 0.78 575 0.66 14.74 1669
WD1-04 Bk 18.79 1.39 4481 10.06 0.86 7.07 0.75 16.27 1868
WD1-05 Bk 19.82 3.16 39.17 1112 069 453 0.84 20.66 1897
WD1-06 2B2 2273 442 4059 816 074 499 057 17.80 1764
WD1-07 2Bk 1964 343 4145 1080 119 538 051 1761 2362
WD1-08 2B3 20.09 321 46.08 7.89 1.18 5.01 0.47 16.07 2116
WD1-09 C 15,71 2,66 5190 950 3.00 6.89 054 9.80 2031
WD1-10 C 1427 3.74 6467 199 596 6.56 0.18 2.63 2165
WD1-12 C N/A N/A N/A N/A N/A N/A N/A N/A N/A
WD1-14* C 8.88 23.66 31.07 5.17 486 1843 057 7.36 1915

* Sample WD1-14 collected approximately 1 m north of Profile 1 from 3.35 m.

Observations of the heavy mineral fractions on the FESEM support the above data with Fe-
oxides the dominant component of most samples. Zircon grains were generally clean
specimens with rounded edges above the palaeo-surface (Figure 6.11 A & B), and more
angular with depth (Figure 6.11 C). Rutile and ilmenite was generally sub-angular, and then
cleaner and more angular with depth (Figure 6.11 E, F, & G). Many of the ilmenite grains had
dissolution features (Figure 6.11 D).
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Figure 6.11: FESEM backscatter images: zircons from the B2 (A), Bk (B), and 2B2 (C) horizons; etched
ilmenite grain with dissolution features (D); and rutiles from Al (E), Bk (F), 2B3 (G) and top of the
saprolith (H).
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6.4.3. Profile 1: Bulk density, calcimetry, pH and EC

The pH, electrical conductivity (EC), calcium carbonate content, and bulk density results are
provided in Table 6.5. Details of repeat runs for calcium carbonate content and bulk density
are provided in Appendix 5.

The pH values show little variation and range between 8.4 and 8.9 for most of the profile,
including the gneiss. The pegmatite at the base of the profile is the exception, which is
slightly less alkaline with a pH value of 6.9.

Electrical conductivity is an indication of the soluble salt content. The highest salt content is
from the B2 horizon down to the top of the saprolith.

The CaCO; content was highest at the top of the saprolith (11.4%) followed by the calcareous

B2 and Bk horizons with 9.8 and 8.7% respectively. The lower calcareous horizon 2Bk
recorded 5.9% CaCO;.

There is a gradual increasing trend in bulk density down the profile apart from the relatively
high surface value of 2.12. Below the A1l horizon, the bulk density gradually increased from
1.7 to 2.4 at the base of the profile.

Table 6.5: pH, EC, CaCO;, and bulk density for Profile 1.

Sample No. Horizon Depth (m) pH EC (dS/cm) CaCO3 (%) Bulk density (g/cm®)

WD1-01 A1 0.00-0.18 8.51 0.25 0.04 212
WD1-02 B1 0.18-0.35 8.75 0.99 0.11 1.71
WD1-03 B2 042-0.70 8.76 2.52 9.75 1.95
WD1-04 Bk 0.75-0.80 8.83 2.33 8.68 1.83
WD1-05 Bk 1.00-1.10 8.69 2.64 5.20 2.24
WD1-06 2B2 1.60-180 8.37 3.04 0.78 2.09
WD1-07 2Bk 2.00-220 8.59 2.82 5.93 2.38
WD1-08 2B3 2.35-2.60 8.39 1.85 4.46 2.16
WD1-09 C 2.60-2.75 8.46 3.44 11.35 2.40
WD1-10 C 295-3.15 8.89 1.33 1.88 2.34
WD1-12 C 3.30-3.40 6.87 1.18 0.00 2.37
WD1-14 C 3.30-3.40 8.54 0.72 0.00 2.47
6.4.4. Elemental assay results and trends for Profile 1

Results from the multi-element profile sample assays of the bulk, <2 mm, and the five size
fractions from Profile 1 are included in Appendix 6. A summary of the results, trends
observed through the profile, and within the size fractions, are presented below. The
elemental assay data are presented by classifying the elements into major, trace and REE.
Further division is achieved by plotting the size fractions in groups of the bulk and fine earths,
the three sand fractions, and the clay-sized and silt fractions. Comparison between the bulk
and size fraction samples must be considered with respect to the different analytical methods
and possible introduced variations resulting from the separation process. The element suites
obtained for the bulk samples (ICP/MS, ICP/OES & FAA) and the size fractions, including
the fine earths (INAA) are listed in sections 3.6.3 and 3.6.4 respectively.
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Element assays close to or below analytical detection limit for > 20% of the samples (n = 3)
from a particular size fraction are not discussed. These elements are listed in Table 6.6. Some
of these elements (bracketed and in red text) were below detection in either the saprolith or
pedolith and are discussed in relation to the part of the profile where they were above
detection only.

The majority of below-detection elements are concentrated within the sand fractions (Table
6.6). The only element of those analysed that is below detection for the clay-sized and silt
fraction is Zr, which is below detection (500 ppm) for all but the fine sand fraction. The high
Zr detection limit by INNA is due to the small sample size.

Table 6.6: Elements that were at or below detection for > 20% of samples from Profile 1. Note: elements
in red were only below detection for either the pedolith or saprolith.

Sample type Elements below detection
Bulk Ag, Cd, (Cr), In, (MnO), Sb, Sc, Se, Te, (Zr)
< 2 mm (fine earth) (Au), (Co), Cs, (Sb), Zr

125 — 2000 um (coarse sand) (Au), Co, Cs, Br, Sb, As, Zn, Zr
53 — 125 um (medium sand) (Au), Co, Cs, Br, (Sb), As, Zn, Zr

20 — 53 um (fine sand) Cs, Br, (Sb), Zn
2 —20 pum (silt) Zr
< 2 pum (clay-size) Zr

Major element assays for the bulk samples are plotted in Figure 6.12. A common trend for the
major elements (Al,O3, K,0O, Fe,03, MgO, and TiO,) through the pedolith is a relatively low
surface concentration with a significant increase into the B1 horizon, followed by a gradual
decline through the remainder of the pedolith. Exceptions are a slight increase in K;O
concentration for the 2B2 horizon (sample WD1-06), and a significant increase in the Fe,0s,
TiO,, and MgO concentrations in the 2Bk horizon (sample WD1-07). Once into the saprolith
there is a distinct change in concentration with Al,O3 and K,O showing a significant increase,
and Fe,03, MgO, and TiO, a significant decrease.

The main component of the profile is SiO, with concentrations from 55 to 74%. The
distribution of SiO; through the profile is a maximum of 74% at the surface, dropping to 58
and 55% in the B1 and B2 horizons. The SiO, concentration increases to 71% in the 2B2
horizon (WD1-06) followed by a fluctuating concentration from 59 to 66% through the
remainder of the profile, including the saprolith.

The distribution of CaO varies from 0.7 to 6.5% through the profile. The highest
concentrations are in the B2, Bk, 2Bk, 2B3 horizons and at the top of the saprolith, which
corresponds with areas of high regolith carbonate content.

The concentration of MnO and P,0s is < 1% for all samples, although there is still significant
variation throughout the profile. There is a general decreasing trend in MnO concentration
from 0.09 to < 0.01 (detection limit) through the profile, with the exception of samples WD1-
03, WD1-06, and WD1-08, which are slightly elevated. The saprolith samples are all at or
below analytical detection limit apart from the gneiss sample (WD1-14), which is 0.03%. The
distribution of P,Os is more variable. At the top of the profile the P,Os concentration is
0.07%, increasing to 0.09% at the B2 — Bk boundary (WD1-04), before dropping to 0.05% in
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the 2B2 horizon. This is followed by an increase in concentration to 0.10% at the base of the

pedolith. Within the saprolith the P,Os concentration drops again to 0.07%, before a
significant increase to 0.10% at the base of the profile.
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Figure 6.12: Major element depth plots of bulk soil assays for Profile 1.

Apart from a small decrease in concentration between the Al and B1 horizons, the
concentration of Na,O is relatively uniform throughout the pedolith with a range of 1.44 to

2.36%. In the saprolith there is a significant rise in Na,O concentration with values from 6.11
to 7.06%.
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Major element concentrations in the gneiss sample (WD1-14) are distinctly different to those
of the pegmatite apart from CaO and SiO,. The concentration of Al,O3, K,O, and Na,O are
significantly lower, whereas MnO, Fe,O;, MgO, and TiO, are higher. The element
concentration within the gneiss tends to be nearer to the trend of the pedolith samples rather
than the pegmatite samples directly underneath (WD1-09, WD1-10 & WD1-12).

The only major elements assayed for the size fractions (by INAA) were Fe and Na. Results of
the total <2 mm material are plotted in Figure 6.13. These were provided as elemental %
rather than oxides, hence the comparisons presented below were made by converting the
oxides to elemental weight percentages. There was minimal variation between the bulk and
fine earth samples for both Fe and Na throughout the profile.

There is minor variation in Na concentration through the pedolith for all of the size fractions
(Figure 6.13). The lowest concentrations (< 1%) were in the silt fraction and the highest
(> 2.5%) were in the coarse sand fraction. The remaining fractions ranged from 1 to 1.6%
apart from the clay-sized fraction of WD1-03 at 0.7%. In the saprolith there is an increase in
Na for all the sand fractions of about 3%, whereas in the silt fraction there is an increase of
about 1% and no change in the clay-sized fraction.

The highest Fe concentrations are in the clay-sized fraction, which also has the least variation
with a range of 5.1 to 5.6%. This degree of variation extends through both the pedolith and
saprolith. The silt fraction has a larger variation (2.8 to 4.9%); however, it is still relatively
uniform through the entire profile. The Fe concentration in the sand fraction samples is
relatively uniform and generally lower than the equivalent clay-sized and silt fractions, with a
range of 1.8 to 3.3% through the pedolith. There is a significant decrease in Fe concentration
for the sand fraction saprolith samples (WD1-09, WDI1-10) of 0.4 to 1.7%. The gneiss
samples of the fine and medium sand fractions have Fe concentrations that are similar to those
in the pedolith of 2.3 and 2.8%.

Trace element assays for the bulk samples and size fractions are plotted in Figure 6.14 and
Figure 6.16. The bulk sample plots include the assay results from the bulk and fine earth
samples. The bulk and fine earth samples, including size fractions, were assayed separately by
two different analytical methods (see Section 3.6). This means that some elemental assays are
only available for the bulk or fine earth sample, which accounts for missing data from some
plots.

There is a general pattern between the dispersion of the elements through the profile and
within the size fractions that describes the majority of assayed elements. The size fraction
plots are similar with only minor variations to the dispersion patterns of the elements through
the profile. The main difference between the size fractions is in the concentration levels. The
highest element concentration is typically in the silt and clay-sized fractions, with the lowest
concentrations in the sand fractions, particularly the medium and coarse sand fractions
(Figure 6.16). The bulk and fine earth assays generally lie between the two extremes (Figure
6.14).

The typical dispersion pattern, as shown in the bulk and fine earth samples through the profile
is: a relatively low surface concentration in the Al horizon (WD1-01); a moderate to high
concentration in the B1 (WD1-02) clay-rich horizon, sometimes including the B2 horizon
(WD1-03); a intermediate, relatively uniform or gradually decreasing concentration through
the remainder of the pedolith (WD1-04 to WDI1-08); and, a significant change in
concentration, either lower or higher, in the saprolith (WD1-9, WD1-10, WD1-12, & WD1-
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14) (Figure 6.14). The size fraction dispersion patterns are not as varied as the bulk samples.
Only a few elements show a peak for the B1 horizon in the fraction plots, with most having a
relatively uniform concentration through the profile. There is a change in concentration in the
saprolith samples (Figure 6.16). This is not surprising given that the data have not been
normalised by size fraction content, hence the higher clay content in the B1 horizon (Figure
6.10) would produce a peak in this size fraction, representative of that observed in the bulk
sample.
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Figure 6.13: Major element depth plots of size fraction assays of Na and Fe for Profile 1.
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Very few elements change significantly in concentration across the interpreted palaco-surface
boundary, in either the size or bulk sample assays. Elements that show a minor change are Cr,
Mo, Rb, Sc, Sr, U, V, and Y, in the bulk samples.

Trace elements that show a large change in concentration between size fractions, or dispersion
patterns through the profile, are described below. These include Au, Cu, and Mo, which are
related to mineralisation at White Dam.

The presence of Au in all of the bulk samples is not evident in the fine earth samples with
many concentrations being below detection, despite the lower detection limit of 5 ppb (INAA)
compared with 10 ppb (fire assay/AAS) (Figure 6.15). Variation between the equivalent bulk
and fine earth samples was also significant where Au was detected in both samples, including
a maximum difference of 680 ppb in sample WD1-09. All of the size fractions from the
saprolith had significant Au concentrations that ranged from 200 to 1,880 ppb. The highest
Au concentration of 3,220 ppb however, was for the bulk sample (WD1-12). The size
fractions for WDI-12 were not analysed by INAA and cannot be considered in this
discussion. The Au concentrations of the gneiss sample (WD1-14) were generally lower than
that of the pegmatite size fractions.

The highest Au concentrations were in the silt fraction with significant Au also in the fine
sand and clay-sized fractions. In the silt fraction the concentration of Au increases from
130 ppb in the A1 horizon to 290 and 350 ppb in the B1 and B2 horizons before decreasing to
71 and 56 ppb in the Bk horizon. Below the palaco-surface, the Au concentration in the silt
fraction increases from 150 to 972 ppb. The concentration of Au in the sand fractions is
mostly below 23 ppb through the pedolith. The exceptions are the B2 horizon of the fine sand
fraction with a concentration of 220 ppb, and for all sand fractions at the base of the pedolith
(WD1-08) with concentrations from 130 to 170 ppb. In the saprolith sand fractions, the Au
content increases from 260 to 1130 ppb.

These concentrations are higher than in the equivalent clay-sized fractions of 200 to 300 ppb
Au, but lower than the silt fractions of 1600 to 1880 ppb Au. The concentration of Au in the
clay-sized fraction through the pedolith is uniform, particularly above the palaeo-surface, with
a range of 52 to 65 ppb. Below the palaeo-surface the Au concentration decreases to 43 ppb
before increasing to a maximum pedolith concentration of 140 ppb at the base of the pedolith
(WDI1-08). The concentration of Au within the size fractions of the gneiss (WDI1-14) is
slightly lower, but comparable with the equivalent pegmatite assays.

Assays of Cu and Mo, the other mineralisation-related elements, were only carried out on the
bulk samples. The Cu concentration is relatively uniform through the pedolith, gradually
decreasing from a high surface value of 76 ppm (WD1-01) to 34.5 ppm in the 2Bk horizon
(WD1-07). Below this the concentration increases to 74 ppm at the base of the pedolith
(WD1-08), continuing through the saprolith to a high 320 ppm at the base (WD1-12). The
equivalent gneiss sample (WD1-14) is significantly higher (550 ppm). The Mo concentration
ranges from 0.9 to 2.9 ppm through the profile, where it has a step-like concentration pattern
related to the various horizons. There are four apparent groups through the profile, in which
Mo concentration varies by < 0.2 ppm in the pedolith and < 0.5 ppm in the saprolith. In the
A1, Bl and B2 horizons the concentration of Mo ranges from 0.9 to 1.0 ppm, then increases
to 2.2 and 2.3 ppm in the Bk horizon. Below the palaco-surface the Mo concentration
increases to a range of 2.7 to 2.9 ppm, and falls to a range of 1.4 to 1.9 ppm (2.3 ppm for the
gneiss sample WD1-14) in the saprolith.
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Figure 6.14: Trace element depth plots of the bulk and fine earth soil assays for Profile 1. Some samples
were below detection limits for As (2 ppm), Bi (0.1 ppm), Cr (10 ppm), Sb (0.2 ppm), and V (20 ppm).

146



Gold in the regolith profile

Chapter 6

Depth (m)

Depth (m)

Depth (m)

Rb (ppm)

40 60 80 100 120

0.2
0

Sr (ppm)

Horizon

16 80 120 160 200 240
J 0 L L 1 |

A1
B1

B2

Bk

2B2

2Bk
2B3

Th (ppm)

0 5 10 15 20 25

02 04 06 08 1.0
0 L 1 1 |

TI (ppm)

V (ppm)

Horizon

20 40 60 80 100 120

Y (ppm)

16 20 24 28
1 1 1 \0

0

A1
B1

B2

Bk

2B2

2Bk
2B3

Zn (ppm)

Ne

e}

Zr (ppm)

30 60 90 120 150 O 50 100 150 200 250

Horizon

A1
B1

B2

Bk

2B2

2Bk
2B3

e

Figure 6.14: Trace element depth plots of the bulk and fine earth soil assays for Profile 1. Some samples

were below detection limits for As (2 ppm), Bi (0.1 ppm), Cr (10 ppm), Sb (0.2 ppm), and V (20 ppm)
(continued).

Whereas the majority of elements in the bulk and fine earth samples have their highest
concentration in the B1 horizon (WD1-02), As, Br, Sr, and V, have highest concentrations in
the underlying B2 horizon (WD1-03). Below the B2 horizon As, Br, and V, gradually
decrease in concentration through the remainder of the pedolith and into the saprolith,
although As and V have a minor increase below the palaco-surface in the 2Bk horizon (WD1-
07). The concentration of Sr closely follows that of CaO with another concentration peak in
the 2Bk and 2B3 horizons (WD1-07 & WD1-08).
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The analysis of Zr concentrations were only carried out on the bulk samples. Apart from the
high surface Zr concentration of 170 ppm, there is only minor variation with values between
150 and 160 ppm through the remainder of the pedolith. At the base of the pedolith the Zr
concentration decreases to 130 ppm in the 2B3 horizon, decreasing abruptly through the
saprolith to the detection limit of 20 ppm. The exception is the gneiss sample (WD1-14) with
a concentration of 250 ppm.

The moderately high surface concentration followed by relatively uniform values through the
pedolith reported for Zr, is similar to the dispersion patterns of Hf and Th. Assays for Th were
available for both the bulk and fine earth samples, but Hf was not available for the bulk
samples. The total <2 mm Hf concentrations ranged from 4 to 6 ppm throughout the pedolith,
dropping to 1 ppm at the base of the saprolith. These concentration levels and the dispersion
pattern is similar for all size fractions apart from the fine sand fraction, which had
significantly high concentrations through the pedolith ranging from 24 to 31 ppm. The gneiss
sample (WD1-14) had relatively high Hf concentrations for the clay-sized, silt, and fine sand
fractions, and total fine earth material of 22, 37, 36, and 13 ppm respectively. The medium
and coarse sand fractions had significantly lower concentrations of 8 and 6 ppm respectively.

Au (ppb) Au (ppb) Au (ppb) Horizon
1 10 100 100010000 10 100 1000 10000 1 10 100 100010000
0 o : : 0 : : : 0 T : : A7
~__ B1
v B2
] v 1 ! n Bk
e I N
£ ! 2B2
2 2 v 2 2 e =
\ \ 2B3
7‘
3 3 I / 3 v\% ©
v\.&
© o

® Bulk sample ® < 2um (clay) 20 - 53 pum (fine sand)

v  Fine earth 2 - 20 pum (silt) v 53-125 um (medium sand)
© Bulksample WD1-14 o <2 mWD1-14 = 125-2,000 um (coarse sand)
v Fine earth WD1-14 2 -20 um WD1-14 20 - 53 um WD1-14

— Palaeo-surface

_ 53 -125 um WD1-14
—— Top of saprolith

o 125-2,000 um WD1-14

Figure 6.15: Bulk and size fraction depth plots of Au vs depth for Profile 1.

The Th concentrations ranged from 9.5 to 11.5 ppm (bulk sample) and 10 to 15 ppm (fine
earth sample) through the pedolith, before dropping to 0.65 and 1.4 ppm in the bulk (WD1-10
& WDI1-12) and fine earth (WD1-10) samples at the base of the saprolith. Within the
individual size fractions, variations are also minor through the pedolith. The concentration
varies from a low 6.4 to 10 ppm in the coarse sand fraction, to a maximum 24 to 31 ppm in
the fine sand fraction. The clay-sized and silt fractions have Th concentrations of 10 to
15 ppm and 13 to 23 ppm respectively. In the saprolith the Th concentrations are significantly
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lower with an overall range from 1.3 to 13 ppm. The gneiss sample (WDI1-14) has
significantly higher Th concentrations from 20 to 77 ppm.

The Zn assays of the fine earth samples are significantly higher than for their corresponding
bulk samples, with differences between equivalent samples in the fractions ranging from 26 to
78 ppm through the profile with most samples ~50 ppm higher in the fine earth fraction. The
exceptions are in the B1, B2 to Bk, 2B3 and gneiss samples. The largest difference is in the
B1 horizon and coincides with the highest Zn concentration for both the bulk (72 ppm) and
fine earth (150 ppm) assays. The least differences occur in the samples directly above the
palaeo-surface (WD1-04 & WDI1-05) and saprolith (WD1-08). The trend of Zn concentration
for both the bulk and fine earth samples is a moderate surface concentration, a significant
increase in the B1 horizon, then a general decreasing trend through the remainder of the
profile (Figure 6.14).

In the silt and clay-sized fractions the Zn concentrations do not follow the same trends as the
bulk and fine earth samples. In the clay-sized fraction the Zn concentrations range from 110
to 150 ppm. There is a gradual decreasing trend down through the pedolith to a low of
110 ppm at the base with a minor deviation from the trend to a low 120 ppm in the B2 (WD1-
03) and B2/Bk boundary (WD1-04) samples. The Zn concentration in the silt fraction is
generally lower than the fine earth fraction, but higher than the bulk assays with values from
73 to 130 ppm. Concentration variation through the profile is similar to the clay-sized fraction
apart from a small peak directly above the saprolith (WD1-08) of 93 ppm.

The concentration of Ba varies significantly through the profile and has no distinctive trend.
Assays were available for both the bulk and fine earth samples and results were similar. The
Ba concentrations at the surface were a relatively low 410 ppm (bulk) and 340 ppm (fine
earth) which drops to 320 ppm (bulk) and 240 ppm (fine earth) in the B1 horizon, followed by
an increase to 700 ppm (bulk) and 730 ppm (fine earth) at the B2-Bk boundary (WD1-04).
Below this the Ba concentrations gradually decrease to 400 ppm (bulk) and 450 ppm (fine
earth) in the 2Bk horizon (WD1-07), before climbing again to 1050 ppm (bulk) and 940 ppm
(fine earth) at the base of the pedolith (WD1-08). In the saprolith the concentrations decrease
to a low of 600 ppm (bulk) and 520 ppm (fine earth) at the base of the profile, which is
similar to the gneiss sample concentration of 550 ppm for both the bulk and fine earth gneiss
samples. This dispersion pattern is similar to that of the size fractions. The largest variation
occurs in the silt fraction with a range of 470 (WD1-01) to 3100 ppm (WDI1-08). The
dispersion pattern is reasonably uniform between the sand fractions despite the large variation
between the fractions, up to ~400 ppm.

The difference in Rb concentration between the bulk and fine earth assays ranges from 4 to
29 ppb. The <2 mm samples have higher Rb concentrations through the profile with a large
peak of 88 ppm in the B1 horizon (WD1-02) and a smaller peak of 75 ppm at the B2/Bk
boundary (WD1-04). Rubidium concentrations in the <2 mm samples below the B2/2Bk
boundary, after a slight decrease to 67 ppb, gradually increase to a maximum 85 ppm at the
top of the saprolith (WD1-09). In the bulk samples the Rb concentration is more uniform with
the majority of assays between 54 and 58 ppm. Two small peaks of 74 and 78 ppm are in the
B1 and 2B3 horizons respectively with only the Bl peak corresponding directly to the
equivalent bulk assay. The gneiss samples (WD1-14) have high Rb concentrations of 90 and
110 ppm for the bulk and fine earth assays respectively. Dispersion and concentration of Rb
through the profile is more uniform between and within the individual fractions. Clay-sized
and silt fractions have the highest Rb content ranging from 92 to 140 ppm (200 ppm in the
gneiss silt fraction) through the profile compared with a range of 37 to 86 ppm in the pedolith

149



Gold in the regolith profile Chapter 6

and 84 to 130 ppm in the saprolith sand fractions. Gneiss sample assays for Rb are higher for
all fractions apart from the coarse sand, with a range of 49 to 200 ppm.
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Figure 6.16: Trace element depth plots of size fraction assays for Profile 1. Some samples were below
detection limits for As (2 ppm), Br (1 ppm), Co (5 ppm), Cr (10 ppm), Hf (1 ppm), and Sb (0.2 ppm).
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Figure 6.16: Trace element depth plots of size fraction assays for Profile 1 Some samples were below

detection limits for As (2 ppm), Br (1 ppm), Co (5 ppm), Cr (10 ppm), Hf (1 ppm), and Sb (0.2 ppm)
(continued).

Concentration of U in the bulk and fine earth samples is similar through most of the pedolith.
At the base of the pedolith and into the saprolith however, there is a gradual increase in U in
the fine earth samples compared with a decrease in the bulk samples. Above the palaeo-
surface the U concentration ranges from 1.3 to 2.4 ppm with the lowest concentrations in the
B1 (WD1-01) and B2 (WD1-02) horizons. Below the palaco-surface the U concentration in
the bulk sample is relatively uniform, but in the fine earth samples it increases to 4.5 ppm
directly above the saprolith. This increasing trend continues into the saprolith, reaching
49 ppm for both the pegmatite (WDI-10) and gneiss (WD1-14) samples. The U
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concentration decreases in the pegmatite (WD1-10) to 0.8 ppm for the bulk sample; however,
the gneiss is at 4.5 ppm. Within the size fractions the U concentrations are relatively uniform
with only minor variations through the pedolith. The highest U concentrations are in the fine
sand fraction with values ranging from 4.5 (WD1-02) to 8.2 (WD1-08) in the pedolith,
increasing to 19 ppm in the gneiss sample (WD1-14).

The bulk, fine earth, and size fraction assay results for the REEs are plotted in Figure 6.17 and
Figure 6.18. Only La, Ce, Nd, (LREEs) Sm, Eu, Tb, (MREEs) Yb, and Lu (HREEs) were
included in the size fractions assays.

In the bulk and fine earth samples the LREEs are relatively uniform through the pedolith apart
from a slight increase at the base prior to a moderate decrease through the saprolith. The
concentration in the gneiss sample (WD1-14) is higher than the equivalent pegmatite sample
by approximately three times. This dispersion pattern is repeated in the size fractions, but
there is significant variation in concentrations between the fractions. The highest
concentrations are in the fine sand fraction. The silt and medium sand fractions have similar
concentrations to each other, which is lower than the fine sand fraction but only slightly
higher than the clay-sized fraction.

The trend of the MREE:s is relatively uniform above the palaeco-surface with a slight peak in
the B1 horizon (WD1-02). Below the palaeo-surface the concentration increases slightly. In
the saprolith the bulk sample assays tend to decrease, or remain constant in concentration,
whereas the fine earth samples significantly increase. In the size fractions, variations in
concentration are similar to those observed for the LREEs, but the variations are not as large.
Hence the highest concentrations are in the fine sand fraction but not as significantly as in the
LREEs.

In the bulk samples the HREEs generally have a lower surface concentration followed by a
relatively uniform concentration down to the palaco-surface, however, Er and Tm also have a
moderately high B1 concentration. Below the palaco-surface there is a slight increasing trend
followed by a slightly decreasing or constant concentration through the saprolith. In the fine
earth there is less variation above the palaeco-surface and a more noticeable increase below it,
followed by a significant increase in the saprolith. The size fractions are very uniform through
the profile with a very minor increase below the palaco-surface and a significant increasing
trend through the saprolith. Although there is a slight difference in concentrations between the
size fractions, it is significantly less than in the MREEs or LREEs. The concentration of the
HREE:s in the gneiss samples is significantly higher than in the pedolith samples, but not has
high as the in the pegmatite samples.

Plots of the REEs normalised to chondrite and post Archaean Australian shales (PAAS) are
shown in Figure 6.19 (Taylor & McLennan, 1985; McLennan, 1989). These plots highlight
the difference between the saprolite and pedolith samples. The gneiss sample (WD1-14) is
enriched in the LREEs and MREEs, whereas the pegmatite samples are generally depleted
(WD1-09 to WD1-12) in the LREEs, compared with the pedolith samples. There is minimal
variation between the saprolite and pedolith samples in the HREE:s.
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Figure 6.17: REE depth plots of the bulk and fine earth soil assays for Profile 1.
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Figure 6.18: REE depth plots of size fraction assays for Profile 1.
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Figure 6.19: Chondrite and PAAS normalised REEs for Profile 1 (Taylor & McLennan, 1985; McLennan,
1989).

6.5. White Dam Profile 2, description, petrology and
analytical results

Profile 2 is from costean WDTRO3 (Figure 6.3) at GDA94, UTM Zone 54 south,
0460060 East, 6449009 North. This profile is just off the main zone of mineralisation.

6.5.1. Profile 2 description and petrology

The profile, shown in Figure 6.4, is on an erosional rise (Figure 6.3) and is approximately 3 m
deep. It consists of a thin coarse-textured Al horizon underlain by a sandy clay B1 horizon.
Increasing carbonate content with depth marks a gradual change to a B2 horizon followed by
a highly calcareous Bk horizon. Increasing coarse grains and lithic fragments with depth
characterise the Bk horizon, which gradually merges into the saprolith over a depth interval of
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approximately 0.5 m. The saprolith consists of highly weathered biotite gneiss. A summary
description of each soil horizon is provided in Table 6.7.

The mineralogy of the coarse fragments through the profile is predominantly quartz with
minor feldspars and micas (biotite and muscovite). The majority of grains through the profile
are generally poorly sorted and sub-angular to sub-rounded. There is a gradual increase in
regolith carbonates down the profile. These are in powdery form and are in the B2 horizon
and extend through the Bk horizon and into the top of the saprolith.

Table 6.7: Horizon properties of White Dam Profile 2.

AEELR:
S > —g *E Macro-features Coarse fragment mineralogy Pedo-features
2(8|0|8
Poorly sorted / sub-angular to Relative-distribution: Chito-
5 sub-rounded some coarse gefuric
= fragments to ~ 7 mm diameter Ped Structure: Apedal
f‘\’; Voids: Inter-aggregate, complex
€y ~ 80% Quartz packing
- |- & ~ 5% Plagioclase Coatings: Clay cutans present
< ? = ~ 2% K-feldspar on most coarse grain and also
ol|X 5 — 8 % Opaque minerals on some larger opaque grains
N < 1% Other minerals (garnet, Groundmass: None
% e clinopyroxene, hornblende,
08 sparse muscovite and biotite)
» ~ 10% Fine fraction
. Slightly Moderately sorted / sub-angular |Relative-distribution: Mainly
a calcareous, to sub-rounded / average ~ 0.5 | chitonic
© increasing with mm Ped Structure: Angular blocky
g E depth Voids: Inter-aggregate channels
™| > ~ 70% Quartz with areas of complex packing
o CI’ 2 ~ 5% Plagioclase Coatings: Clay cutans on
-2 < 2% K-feldspar majority of coarse grains
; :\rf T ~ 2% Opaque minerals Groundmass: Occasional areas
rl3 < 1% Other minerals of crystallitic b fabric (calcite
& g (hornblende, muscovite & biotite) |aggregates)
o ~ 20% Fine fraction
Highly calcareous, |Poorly sorted / sub-angular to Relative-distribution: Single
powdery regolith angular/ 0.05 to 2 mm spaced porphyric
o carbonates Ped Structure: Angular blocky
© ~60% Quartz (poorly defined)
£ < 2% Plagioclase Voids: Mainly inter-aggregate
3 g < 2% K-feldspars voids, sub-angular shape and
ool ~ 2% Opaque minerals small (~ 0.2 mm) with occasional
Ql s < 1% other minerals inter-aggregate channels and
8 © (Orthopyroxene, muscovite, chambers
o< biotite, microcline & hornblende) | Coatings: Clay cutans present
g © ~ 30% Fine fraction on larger grains only
| g Groundmass: Generally
.“DE undifferentiated with areas of

crystallitic b fabric
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Table 6.7: Horizon properties of White Dam Profile 2 (continued).

§ls|5|%8
o by —g ‘E Macro-features Coarse fragment mineralogy Pedo-features
£8/8/8
Highly calcareous, |Moderately sorted / sub-rounded | Relative-distribution: Single
- distinct (10 — 20%) |to sub-angular / majority ~ 0.3 spaced porphyric
o) carbonate mottles |mm diameter Ped Structure: Angular blocky
ALY (5YR 8/3) 15-30 (poorly defined)
1S 2 mm diameter ~ 60% Quartz Voids: Inter-aggregate channels
o o ; ) ;
| > ~ 2% Plagioclase with occasional chambers and
5lo 2 ~ 2% K-feldspars vughs
u') 2 ~ 1% micas (mainly biotite) Coatings: Partial clay coatings
o :\rr ~ 2% Opaque minerals on select grains only. Calcite
x| < 1% other minerals coatings present on several
& 3 (Clinopyroxene & hornblende) grains, especially coarser grains
g ~ 30% Fine fraction Groundmass: Crystallitic b

fabric

Highly calcareous
(Ck horizon) at the
top (~ 0.4 m thick)
Grading into a

but still highly
weathered

Biotite Gneiss with
depth

C (saprolith)
0.70 m to base

more consolidated,

Fine (most < 0.5 mm occasional
larger grains to 3 mm), slight
alignment of biotite

~ 75% quartz

~ 15% biotite

~ 7% plagioclase

~ 5% K-feldspar

~ 15% fine fraction at top to
< 1% at base

No pedo-features

Most feldspar grains show signs of weathering similar to those described for Profile 1.
Although there is a higher proportion of coarse grains (see particle-size analysis results
below) suggesting that weathering is less extensive within this profile.

Small (~ 0.1 — 0.2 mm) opaque minerals are in all pedolith horizons. Larger (up to ~ 3 mm)
optically opaque minerals were observed in the B2 and A1 horizon. Most of these are likely to
be Fe-oxides as observed in the heavy mineral fractions (Section 6.5.2). One large opaque
mineral with a calcite coating has an organic cellular, internal structure and is possibly a cross
section of a plant root (Figure 6.20 A & B).

The fine fraction increases from approximately 10% in the A1 horizon to approximately 30%
in the B2 and Bk horizon. There is then a gradual decrease to less than 1% within the
saprolith. The fine fraction fabric is generally undifferentiated apart from calcite areas, which
have a crystallitic b fabric. Clay cutans coat most coarse fragments within the Al and Bl
horizons. Within the B2 and Bk horizons only the larger grains tend to have cutans and many
of these are only partially coated. No coatings were observed around voids. Also, no coatings
were observed on aggregate lithic fragments in the B2 and Bk horizons (Figure 6.20 D). A
coating of calcite is present on many of the coarse grains in the Bk horizon. A laminated
calcite capping was observed on one particularly large feldspar grain in the Bk horizon
(Figure 6.20 C).

Stacked XRD plots of the clay-sized fraction samples are presented in Figure 6.21. A copy of
the analytical report is included in Appendix 4. At the base of the profile (WD3-08)
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phlogopite is co-dominant (>60%) with kaolin and smectite. This reflects the primary
composition of the parent material since this sample is composed of less weathered minerals,
as indicated by the very low clay-sized content (see next section). Overlying this, but still
within the saprolith, sample (WD3-06) consists of > 60% smectite with minor kaolin (5-20%)
and trace illite (<5%). This sample has seen a higher degree of weathering, which is reflected
in the loss of phlogopite and very pure non-interstratified smectite. In the Ck horizon and
through the overlying pedolith, smectite and illite are co-dominant and become increasingly
interstratified towards the surface (Figure 6.21). Calcite was present as a co-dominant mineral
in the Ck horizon and minor mineral in the B2 and Bk horizons, despite the removal of
CaCOj from the fine earth fraction prior to particle separation.

D

Figure 6.20: Microphotographs from Profile 2: A. and B. Organic particle with calcite coating (B2
horizon, FOV A =12 mm, B =4 mm), C. Calcite laminations forming capping on large feldspar grain (Bk
horizon, FOV =4 mm), D. Feldspar and quartz aggregates, note lack of coatings (B2 horizon,
FOV =4 mm).

The boundary between the saprolith and pedolith is gradual (between 5 to 10 cm thick) with
highly friable and weathered areas at least 0.5 m into saprolith (Figure 6.22). This area,
defined as a Ck horizon, is highly calcareous and merges into the overlying Bk horizon. The
Ck horizon gradually changes to a more consolidated, but still highly weathered C horizon
consisting of biotite gneiss, which is similar to that described for Profile 1.

According to the Australian soil classification system of Subgroup, great group, suborder,
order, family criteria (A horizon thickness, Gravel of surface and Al horizon, A1 horizon
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texture, B horizon maximum texture and soil depth) (Isbell, 1996), the profile is classified as:
calcic, haplic, Red Chromosol: medium, slightly gravelly, loamy, clay loamy, moderate.

Quartz
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Interstratified
Smectite and lllite
WD3-01/ A1
WD3-02 / B1
Calcite
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m
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Figure 6.21: Stacked XRD plots of the clay-size fraction illustrating the breakdown of illite and its
interstratification with smectite towards the surface.
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Figure 6.22: Top of saprolith (Ck horizon) showing the gradual contact with the overlying Bk horizon and
the gradation into a more consolidated C horizon.

6.5.2. Profile 2 particle-size analysis

Calculated percentages of the fine earth, gravel; clay-sized/silt/sand; and fine/medium/coarse
sand fractions for Profile 2 are shown in Table 6.8. These are carbonate-free values, since
carbonate material was removed during the separation process (see Section 3.5.2.1).

The distribution of fine earths and coarse fragments through Profile 2 is relatively consistent.
The largest variation is within the saprolithic gneiss, from 3.4 and 3.0% at the base to 9.9% at
the top. Within the pedolith the variation is from 3.9 and 6.9%. The distribution records a
slight increase between the Al and B1 horizons, but then gradually decreases down to the
saprolith.

The distribution of the clay-sized, silt, and sand fractions is plotted in Figure 6.23. The silt
fraction has the least variation (1.6 to 9.8%). The silt content of the A1 and B2 horizons is
similar at 7.1 to 7.3%. The content then increases slightly in the B2 (9.8%) and Bk (9.7%)
horizons, before dropping rapidly to 1.6% at the base of the profile. The clay-sized fraction
gradually increases from 10.2 to 35.6% through the A1, B1, and B2 horizons. It then drops to
32.7% for the Bk horizon. There is then a significant drop to 17.4% at the top of the saprolith,
to less than 1% at the base of the saprolith. The abundance of the sand fraction is almost the
inverse of the clay-sized fraction and is the major component of the profile with values from
54.6 to 98.0%.
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The distributions of the individual sand fractions for Profile 2 are plotted in Figure 6.23.
Apart from the lowest saprolith sample, the variation between all fractions through the profile
is relatively minor. The fine sand fraction decreases from 9.5 to 8.0% between the A1 and B1
horizons before gradually increasing to a maximum 12.8% within the Bk horizon. The fine
sand content then drops through the saprolith from 10.0% at the top to 3.1% at the base. The
medium sand fraction has a similar distribution pattern, except at a higher concentration.
Through the pedolith the medium sand ranges from 20.3 to 25.5% and drops to a low 10.6%
at the base of the profile. The coarse sand fraction makes up most of the sand fraction and
ranges from 61.7 to 86.3%. In the Al horizon the coarse sand content is 67.1% which
increases to 71.7% in the B1 horizon. There is then a gradual decrease to 61.7% in the Bk
horizon before a gradual increase within the saprolith, to a maximum 86.3% at the base of the
profile.

The heavy mineral concentration of the fine sand fraction has minimal variation of 4.8 to
5.5% through the pedolith, including the top of the saprolith (Figure 6.23). There is then a
significant increase to 11.8 and 12.5% in the deeper, less weathered saprolith. The heavy
mineral concentration in the medium sand fraction is similar, but slightly higher than in the
fine sand fraction. Variation through the pedolith is minimal, from 5.7 to 7.0%. This is
followed by an increase to 9.7%, and substantial rises to 24.7 and 30.0% with depth through
the saprolith.

Table 6.8: Results from particle size analysis of samples from Profile 2.

H 0,
Sa,\'l‘;‘_"e Horizon eaft':‘(*%) Gz;‘;e' Clay (%) Silt(%) Sand (%) | Mi:l'i‘:n:/")(:oarse
WD3-01 A1 95.4 46 | 102 7.3 825 | 95 234  67.1
WD3-02  B1 93.1 69 | 156 7.1 773 | 80 203 717
WD3-03  Bf 94.1 59 | 225 7.6 69.9 | 95 228  67.8
WD3-04 B2 95.5 45 | 356 0.8 546 | 112 248 640
WD3-05 Bk 96.1 39 | 327 9.7 577 |128 255 617
WD3-06  Ck 90.2 99 | 174 8.2 744 100 220 681
WD3-07  C 97.1 2.9 2.0 2.8 953 | 64 210 727
WD3-08  C 96.7 3.4 0.5 16 980 | 31 106 863

Results from the heavy mineral grain count analysis are summarised in Table 6.9. In the fine
sand fraction, rutile ranged from 7.3 to 12.3% with minor variation between the pedolith and
saprolith. Zircon content ranged from 3.4 to 6.8%, decreasing to 1.5% in the saprolith. Iron
oxides were the predominant mineral through the pedolith, ranging from 34.9 to 56.5%,
dropping to 12.2 and 32.7% in the saprolith. Biotite was very low through the pedolith,
ranging from 0.8 to 6.3%, jumping significantly within the saprolith to 68.1 and 45.1%.
[Imenite was also predominant in the pedolith with values from 11.8 to 17.2%, although in the
saprolith this was only 1.6 and 1.8%. Unidentified and silicate minerals ranged from 2.2 to
16.3% and 0.8 to 18.0% respectively, with the lower values occurring in the saprolith.

In the medium sand fraction rutile ranged from 2.4 to 6.5% in the pedolith dropping to 0.5%
in the saprolith. Zircons are < 1% throughout the profile with values of <0.1% in the
saprolith. Iron oxides were the predominant mineral in the pedolith (41.0 to 56.1%), while
biotite was predominant in the saprolith (73.9 to 93.6%) (Figure 6.24 F). Ilmenite was
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significantly lower in this fraction with values from 7.5 to 8.6% in the pedolith and < 1.6% in
the saprolith. Unidentified and silicate minerals ranged from 15.3 to 18.4% and 13.8 to 18.3%
respectively in the pedolith, dropping to 1.85 to 4.5% and 1.8 to 3.9% respectively in the
saprolith.

Clay, silt & sand wt% Sand wt% HM wt% Horizon

0 20 40 60 8 100 O 20 40 60 80 100 O 5 10 15 20 25 30 35

"3 S A o1
' 1\ ‘l} L 'I Bk
!
/

Y L\ Ck

Depth (m)

| il L x
3 T 3 3
® <2um (clay) 20 - 53 um (fine sand)
2-20 um (sity ¥ 53 - 125 um (medium sand)
B Total sand B 125-2,000 um (coarse sand)

Top of saprolith

Figure 6.23: Depth plots of particle size fractions and heavy mineral content of Profile 2.

Observations of the heavy mineral fractions by electron microscopy supported the above data.
Iron-oxides were dominant in the pedolith samples and biotite was dominant in the saprolith
(Figure 6.24 F). Zircons viewed by electron microscopy generally had a clean appearance
with smooth sides and rounded edges (Figure 6.24 A & B). The rutile and ilmenite grains
were generally less rounded and had angular features on the surfaces (Figure 6.24 C & D).
Many of the rutile and ilmenite grains showed evidence of dissolution features (Figure 6.24
E).

6.5.3. Profile 2: Bulk density, calcimetry, pH and EC

A summary of the pH, EC, calcium carbonate content and bulk density results is provided in
Table 6.10. Full details of the repeat runs for the calcium carbonate and bulk density
measurements are provided in Appendix 5.

There is a general alkaline trend through the profile with a pH range of 8.8 to 10.3. The EC
values are very low with an increasing trend through the pedolith from 0.05 to 0.34 dS/cm
followed by a rapid decrease in the saprolith from 0.21 to 0.06 dS/cm. Calcium carbonate
content is highest within the calcareous B2 and Bk horizons, and at the top of the saprolite
(Ck horizon) with 9.1, 18.6 and 17.5% respectively. Bulk density gradually increases with
depth fr(;m 1.8 to 2.6 g/cm’, apart from the surface, Al horizon where the density was
2.2 g/lem’.

162



Gold in the regolith profile Chapter 6

Table 6.9: Summary of heavy mineral grain count analysis for Profile 2.

5 2 o B S % £

S 5 £ 3_§5_E_2_§_ 5 =t
sampe * Tafa@s &€ EE 2E g8 € B R§
Fine sand (20 - 53 um)
WD3-01 A1 1795 3.09 36.62 17.24 0.48 9.04 523 1034 841
WD3-02 B1 759 0.76 56.46 16.20 228 7.34 6.84 253 395
WD3-03 B1 9.02 242 4195 1350 1.21 1229 3.93 1568 1652
WD3-04 B2 10.57 6.26 39.92 11.82 181 987 348 16.27 719
WD3-05 Bk 1441 416 3492 13.97 074 11.00 6.09 1471 673
WD3-06 Ck 1278 528 3834 1419 0.82 821 528 1512 853
WD3-07 C 0.84 68.13 1221 1.77 214 1118 149 224 1073
WD3-08 C 2.87 4510 3272 157 129 970 166 5.08 1082
Medium Sand (53 - 125 um)
WD3-01 A1 1499 243 5394 729 017 243 0.34 1843 1194
WD3-02 B1 16.07 261 5112 751 074 341 0.19 18.36 1612
WD3-03 B1 16.59 5.73 4569 856 0.79 3.82 0.53 1830 1519
WD3-04 B2 13.80 1.36 56.14 8.10 0.82 4.08 0.33 15.38 1840
WD3-05 Bk 18.26 2.83 41.04 797 028 6.50 0.34 2278 1769
WD3-06 Ck 393 7392 1196 161 027 358 021 452 3738
WD3-07 C 196 9287 171 025 0.09 1.18 0.09 1.84 3214
WD3-08 C 1.76 93.62 207 0.12 0.00 049 0.09 1.85 3243

6.5.4. Elemental assay results and trends for Profile 2

Results of multi-element assays for the bulk, fine earth, and size fractions from Profile 2 are
included in Appendix 6. A summary of these results and observed trends is presented below.
Further discussion of the element assays for Profile 2 is presented in Section 6.6 with
pedogenic implications of the mass balance analysis.

Table 6.11 lists the elements that were assayed, but found to be at or below detection for
> 20% (n=2) of the samples. Those elements bracketed and in red text were below analytical
detection for either the pedolith or saprolith samples only. The majority of these are below
analytical detection in the saprolith. The exceptions are Co and Zn. Cobalt was below
analytical detection at the top of the pedolith (WD3-01 and WD3-02) for the medium sand
fraction, and Zn was below or close to analytical detection through most of the pedolith in the
medium and coarse sand fractions. Of those elements below analytical detection, most were in
the sand-size fractions, especially the medium and coarse sand fractions. In the pedolith Zr
was the only element of those assayed to be below analytical detection (500 ppm) in the clay-
sized and silt fractions.

Major element assays for the bulk samples are plotted in Figure 6.25. Apart from K,O, they
all have wide variation through the pedolith. The concentration of K,O through the pedolith
varies from 1.68 to 1.95%, with the highest values in the B1 horizon (WD3-02 & WD3-03).
There is a significant increase towards the base of the profile within the saprolite where the
K,O concentration increases to 9.68%.
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Figure 6.24: Backscatter images: A & B) zircon grains from the A1 and B2 horizons respectively; C & D)
rutile grains from the B1 and Bk horizons respectively; E) dissolution feature on surface of ilmenite grain,
darker areas contain more TiO,; and, F) general view of prepared sample stub for sample WD3-07
showing high biotite percentage.

The dominant major element through the profile is Si with SiO, concentrations ranging from
50.1 to 70.4%. There is a gradual decrease in concentration from the maximum at the surface
to the minimum in the Ck horizon (WD3-06) before increasing to ~62% for the remaining two
saprolith samples. The concentration of Na,O decreases from 3.09% at the surface to 2.95
(WD3-04) and 2.05% (WD3-05) at the base of the pedolith. In the saprolith the Na,O
concentration increases to 4.27% (WD3-07) before dropping to 2.87% (WD?3-08) at the base
of the profile. The dispersion of Fe,O3 increases from 5.16% at the surface to 5.59% in the B2
horizon (WD3-04), before dropping to 4.21% in the Ck horizon (WD3-06). Below this the
concentration increases to 4.84% (WD3-07) and then decreases again at the base of the profile
to 3.76% (WD3-08). Despite a gradual decrease in TiO, concentration through the pedolith
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from 0.58 to 0.48% there is a minor increase to 0.55 and 0.56% at the base of the B1 (WD3-
03) and within the B2 (WD3-04) horizons. In the saprolith there is a gradual increase from a
profile low value of 0.43% (WD3-06) to a maximum 0.66% (WD?3-08) at the base.

Table 6.10: pH, EC, CaCO;, and bulk density for Profile 2.

Sample No. Horizon Depth (m) pH EC (dS/cm) CaCO3 (%) Bulkdensity(glcms)

WD3-01 A1 0.00-0.11 8.77 0.05 0.00 2.24
WD3-02 B1 0.11-0.15 9.12 0.10 0.23 1.80
WD3-03 B1 0.15-0.30 9.19 0.13 2.24 217
WD3-04 B2 0.30 - 0.50 9.04 0.17 9.13 2.11
WD3-05 Bk 0.50-0.70 8.76 0.29 18.60 2.16
WD3-06 Ck 0.70-1.10 9.20 0.34 17.46 2.26
WD3-07 C 1.20-1.40 10.27 0.21 0.32 2.54
WD3-08 C 2.65-2.75 9.22 0.06 0.00 2.55

Table 6.11: Elements that were at or below detection for > 20% of samples from Profile 2. Note: elements
in red were only below detection for either the pedolith or saprolith.

Sample type Elements below detection
Bulk Cd, In, Sb, Se, Te

Tot < 2 mm (fine earth) Cs, (Sh), Zr

125 — 2000 pm (coarse sand) As, Br, Co, Cs, Sb, (Zn), Zr
53 — 125 pm (medium sand) Br, (Co), Cs, (Sb), (Zn), Zr
20 — 53 um (fine sand) Br, Cs, (Sb)

2 — 20 pm (silt) (Br), (Sb), Zr

< 2 pm (clay-size) (Br), (Cs), (Sh), Zr

Both CaO and P,Os have an increasing trend towards the base of the pedolith before
significantly decreasing in the saprolith. The only deviation from this trend is with P,Os from
the A1 and B1 horizons where there is an initial decrease from 0.08 to 0.06% in concentration
before reaching a maximum 0.11% in the Bk horizon (WD3-05). The concentration of CaO
increases from 0.7% at the surface to 12.4% in the Bk horizon before reaching a maximum
13.4% in the Ck horizon. The dispersion of MgO is similar insofar as it increases from the
surface concentration of 0.69%, but only as far as the B2 horizon where the concentration of
1.42% (WD3-04) is followed by a decrease to the Ck horizon of 1.24% (WD3-06) before
increasing once more to a profile maximum of 1.70% (WD3-08).

The dispersion pattern of MnO is relatively uniform throughout most of the profile between
0.09 and 0.15%. The exception is at the top of the pedolith and also at the top of the saprolith
where there are significant increases in concentration to 0.64 and 0.55% for the A1 (WD3-01)
and Ck (WD3-06) horizons respectively.

The remaining major element, Al,O3, increases from a surface concentration of 11.4 to 12.3%
at the base of the B1 horizon (WD3-03), before decreasing to a low 10.1% at the base of the
pedolith (WD3-05) and at the top of the saprolith (WD3-06). This is followed by an increase
to a maximum of 16.2% at the base of the profile (WD3-08).
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The major elements included in the size fraction assays were Fe and Na (Figure 6.26). The
dispersion patterns for the fine earth samples are similar to that of the bulk samples for both
Fe and Na, apart for a minor decrease in Fe concentration from the A1l to B1 horizons in the

fine earth sample, instead of the minor increases in the bulk sample.

Within the size fractions, the highest Fe concentrations were in the clay-sized and silt
fractions. In the pedolith the concentrations ranged from 4.2 to 5.9% and 3.1 to 5.3% for the
clay-sized and silt fractions respectively compared with a range of 2.5 to 3.9% for all of the
sand fractions. The trend for all fractions is a gradual decrease from the surface to the base of
the pedolith. There is a major increase in Fe from the top of the saprolith to sample WD3-07

for all size fractions, followed by only minor variation to the base of the profile (WD3-08).
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Figure 6.25: Major element depth plots of bulk soil assays for Profile 2.

166

‘“HF Tk




Gold in the regolith profile Chapter 6

The coarse sand fraction has the highest concentrations of Na, ranging from 3.2 to 3.5%, apart
from a minimum of 2.5% at the base of the profile. This is more than twice the concentration
of the other size fractions from the pedolith. Higher concentrations are in the saprolith, but
apart from the base (WD3-08) of the clay-size fraction at 3.6%, all are lower than those in the
coarse sand fraction. Variation of Na concentration in the sand fractions through the pedolith
is minor with a slight increase at the top of the saprolith before decreasing at the base of the
profile. In the clay-sized and silt fractions there is a larger variation with the samples from the
B2, Bk, and Ck horizons (WD3-04, WD3-05, & WD3-06) having marginally lower Na
concentrations than the remainder of the profile.
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Figure 6.26: Major element depth plots of size fraction assays of Fe and Na for Profile 2.
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Trace element assay results of the bulk and fine earth fraction are plotted in Figure 6.27 and
of the size fractions in Figure 6.28. Due to the different analytical methods there is a
difference in the acquired elements between the bulk and size fractions (see Section 3.6),
which is why some plots are missing the bulk or size fraction data. In general, where both the
bulk and fine earth element assays are available, the dispersion patterns have minor
differences. The exception is Co, which is discussed in more detail below.

The elemental dispersion patterns through the pedolith can be grouped into:
1. those that increase (As, Au, Ba, Br, Mo, Ni, & Sr);
2. those that decrease (Pb);

3. those that are relatively uniform (Ag, Bi, Cu, Ga, Hf, Rb, Sb, Th, Tl, U, Y, & Zn);
and,

4. those that have distinct variations (Co, Cr, Cs, Sc, V, W, & Zr).

Dispersion patterns of elements through the pedolith in the size fractions are generally similar
to their bulk and fine earth equivalents.

There is a significant variation in the assay results between the pedolith and saprolith for both
the bulk and size fraction assays. Many elements also have a distinct variation within the
saprolith between the Ck and basal C horizons. The variations through the saprolith for the
individual size fractions were generally similar to those in the bulk and fine earth samples.

The following elements, As, Au, Ba, Br, Co, Cu, & Hf had distinct variations between the
size fractions and/or change in trend, between the pedolith and saprolith. These are are
discussed in more detail below.

The dispersion pattern of As was relatively uniform between the bulk and fine earth samples
and between the silt and clay-sized fractions, however, there was distinct variation in the
concentration levels between these and the individual sand fractions. All the fractions increase
to the Ck horizon (WD3-06) and then decrease to, or below, the detection limit of 2 ppm apart
from the silt fraction. The lowest As concentrations were in the coarse sand fraction with most
samples below detection. The highest concentrations of As were in the clay-sized and silt
fractions with ranges of 5 to 9 ppm and 6 to 15 ppm respectively.

There is considerable variation in Au concentration between individual samples or size
fractions. Concentrations range from below analytical detection limit (5 ppb) to 330 ppb in
the pedolith, and from 34 to 350 ppb in the saprolith. The concentration of Au decreases in
the basal sample (WD3-08) with the highest concentrations in sample WD3-07. The lowest
concentrations overall were in the fine sand fraction, which ranged from below analytical
detection at the surface to 55 ppb in the saprolith. The medium and coarse sand fractions both
had Au concentrations below analytical detection at the surface followed by concentrations of
<30 ppb through the remainder of the pedolith. Gold increased in the saprolith to 120 ppb
(53 — 125 pm) and 320 ppb (125 — 2000 um). The highest Au concentrations were in the clay-
sized and silt fractions with the clay-sized fraction having the highest saprolith concentrations
(340 & 350 ppb in WD3-05 & WD3-06) and the silt fraction having the highest pedolith
concentration (330 & 220 ppb in WD3-03 & WD3-04).
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Figure 6.27: Trace element depth plots of the bulk and fine earth soil assays for Profile 2. Some samples
were below detection limits for As (2 ppm), Bi (0.1 ppm), Co (5 ppm), and Sb (0.2 ppm).
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Figure 6.27: Trace element depth plots of the bulk and fine earth soil assays for Profile 2. Some samples
were below detection limits for As (2 ppm), Bi (0.1 ppm), Co (5 ppm), and Sb (0.2 ppm) (continued).
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In general, Ba concentration was relatively uniform through the pedolith, increasing
significantly into the saprolith and towards the base of the profile apart from the clay-sized
fraction. The Ba concentrations in the clay-sized fraction ranged from 220 ppm in the pedolith
to 940 ppm at the base of the saprolith compared with a typical range of 350 to 2,200 ppm for
the other size fractions. The coarse sand fraction had the overall highest concentrations with a
range from 550 to 2,200 ppm.

In the bulk samples for Co, two concentration peaks are at the top of the pedolith (49 ppm
WD3-01) and saprolith (56 ppm WD3-06). This is significantly higher than the equivalent
fine earth assays and the remainder of the bulk samples, which range from 8 to 16 ppm, not
including the basal sample from the fine earth that was below detection (5 ppm). In the sand
fractions many samples were close to or below analytical detection, especially in the medium
and coarse sand fractions through the pedolith. In the saprolith however, a Co concentration
of 21 ppm (WD3-07) was measured for the medium sand fraction. The basal sample (WD3-
08) has low concentrations for all size fractions and below analytical detection for the fine and
coarse sand fractions, and total fine earth material. The highest Co concentrations were in the
silt fraction, which increased through the pedolith from 21 to 36 ppm at the B2 horizon
(WD3-04) before decreasing to 23 ppm in the Bk horizon (WD3-05).

This is almost the inverse of the clay-sized fraction, in which Co decreases through the
pedolith from 21 ppm at the surface to 13 ppm in the Bk horizon. In the saprolith the clay-
sized and silt fractions increase to 36 and 26 ppm respectively for sample WD3-07 before
decreasing to 18 and 12 ppm.

The Cu assays were only available for the bulk samples. The dispersion pattern through the
pedolith was relatively uniform from 115 to 195 ppm, increasing to 270 ppm in the Bk
horizon (WD3-05). In the saprolith, there is a significant increase to 1,050 (WD3-06) and
1,950 ppm (WD3-07), before Cu decreases to 600 ppm in the basal sample (WD3-08).

Profile 2 REE assays for the bulk, fine earth, and size fractions are plotted in Figure 6.29 and
Figure 6.30. The majority of the REE dispersion patterns show similar trends between all the
fractions, including the bulk and fine earth samples. Although the patterns are similar the
concentration levels are significantly different between the size fractions for several of the
REE:s.

The dispersion trend of the LREEs (La, Ce, Pr, & Nd) through the profile is relatively
uniform in the pedolith, before a significant increase at the Ck horizon (WD3-06). Below this
there is an initial decrease followed by a similar or slightly elevated concentration at the base.
There are significant concentration variations of around 10—20 ppm between the size
fractions. In the pedolith, the highest overall concentrations are in the fine sand fraction with
decreasing concentrations towards the coarser and finer fractions. In the saprolith however,
the clay-sized and silt fractions are generally higher, particularly for the basal sample (WD?3-
08), where the increase is up to six times larger than the pedolith assays. After an increase in
concentration at the top of the saprolith, the fine and medium sand fractions decrease to
concentration levels similar to those in the pedolith, whereas the other size fractions do not
decrease to the same extent. In the clay-sized and silt fractions the concentration increases at
the top of the saprolith are minor or within the range of the overlying samples, although
sample WD3-07 has a significant increase. Unlike the majority of other size fractions, the
clay-sized fraction LREE concentration does not decrease towards the base of the profile, but
increases, reaching the highest individual concentration of any fraction. In the clay-sized

171



Gold in the regolith profile Chapter 6

fraction at the top of the pedolith (WD3-01) the concentration is much higher than through the
remainder of the pedolith, which is relatively uniform.
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Figure 6.28: Trace element depth plots of size fractions from Profile 2. Some samples were below detection
limits for As (2 ppm), Br (1 ppm), Cs (3 ppm), Rb (30 ppm), Sb (0.2 ppm), and Zn (50 ppm).
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Figure 6.28: Trace element depth plots of size fractions from Profile 2 Some samples were below detection
limits for As (2 ppm), Br (1 ppm), Cs (3 ppm), Rb (30 ppm), Sb (0.2 ppm), and Zn (50 ppm) (continued).

173



Gold in the regolith profile Chapter 6

Similar trends and variations are in the MREEs (Sm, Eu, Gd, Tb, Dy, & Ho). Only Sm, Eu,
and Tb were included in the size fraction assays. The concentrations are close to uniform
through the pedolith, and then increase through the saprolith, and decrease or remain similar
for the basal sample. Variation is minor between the bulk and fine earth samples through the
pedolith, although the fine earth samples mostly have higher concentrations. In the pedolith
the highest overall concentrations are in the fine sand fraction with decreasing concentrations
towards the coarser and finer fractions. In the saprolith the sand fractions have concentrations
similar to or slightly higher than those in the pedolith. Clay-size and silt concentrations
however, are significantly higher in sample WD3-07, which decrease to similar or moderately
higher concentrations for the basal sample (WD3-08). There is an increase in concentrations
at the surface (WD3-01) for Sm in the clay-sized and medium sand fractions, and Tb in the
fine sand fraction, compared with the remainder of the pedolith samples.

There are minor variations in the bulk, fine earth, and size fractions through the pedolith for
the HREEs (Er, Tm, Yb, & Lu). In the Ck horizon (WD3-06), the bulk fractions are all
slightly higher than those in the pedolith; however, in the majority of the fine earth samples
and size fractions the concentration is similar to those in the pedolith. Below this the
concentrations increase in the bulk, fine earth, and size fractions, apart from the medium and
coarse sand fractions, which are relatively uniform throughout the profile. In the basal sample
(WD3-08) the concentrations decrease to levels similar to or slightly elevated to those in the
pedolith. Only Yb and Lu concentrations were available in the size fractions. The variations
between the size fractions are similar to those in the LREEs and MREEs. The overall highest
concentrations are within the fine sand fraction, but significantly higher concentrations are in
the saprolith clay-sized and silt fractions of sample WD3-06.

Plots of the REEs normalised to chondrite and PAAS are shown in Figure 6.31 (Taylor &
McLennan, 1985; McLennan, 1989). Compared with the basal saprolith sample (WD3-08)
most of the pedolith samples are depleted in LREEs and MREEs with minor enrichment in
the HREEs. The C and Ck horizons (WD3-07 & WD3-06) have similar values to WD3-08 for
LREEs, but are enriched in MREEs and HREEs with the C horizon being approximately
twice as enriched as the Ck horizon.
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Figure 6.29: REE depth plots of the bulk and fine earth soil assays for Profile 2.
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Figure 6.30: REE depth plots of size fraction assays for Profile 2.
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Figure 6.31: Chondrite and PAAS normalised REEs for Profile 2 (Taylor & McLennan, 1985; McLennan,
1989).

6.6. Mass balance analysis

Mass balance techniques described in Section 3.5.1, are applied to the data obtained for
Profile 2 to determine gains and losses of major and trace elements. Results from this analysis
are presented in this section. The critical factor of mass balance analysis is the determination
of the uniformity of the profile and accurate determination of the parent material (Barshad,
1964; Brewer, 1964; Evans, 1978; Chadwick et al., 1990; Brimhall et al., 1991). Descriptions
of Profile 1 presented above, show the existence of a palaeo-surface within the profile. It
therefore does not meet this criterion and is unsuitable for the mass balance techniques
described here. There is no obvious break in Profile 2, but the tests presented in the next
section were undertaken to confirm this and to determine the parent material.
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Physical appearance and macro-scale descriptions reveal a potential palaeo-surface in Profile
1, but it is not clearly expressed in the geochemical data. The majority of elements analysed
have minor variations in concentration levels between the samples above and below the
palaco-surface, as discussed in Section 6.4.4. The best indication of the discontinuity is a
change in the medium and coarse sand sand content between samples WD1-05 and WD1-06
of >10% (Table 6.3). The 10% change is considered an indication of a discontinuity
(Schaetzl, 1998). A similar change occurs at the saprolith-pedolith boundary (WD1-08 &
WD1-09) where there is a sharp increase in gravel from 4 to 28%, suggesting that the entire
pedolith is within transported material. A decrease in bulk density (Table 6.5) in sample
WDI1-06 differs from the otherwise gradual increasing trend down the profile; however, but
this may be a function of soil formation rather than an indicator of a break in soil formation.
Zircon grains in the heavy mineral fractions were rounded and etched above the palaeo-
surface, suggesting that they have been transported (Figure 6.11 A & B).

Profile 1 is continuing to develop, and transported material was deposited in at least two
stages. The reason for a limited geochemical expression of the palaco-surface in Profile 1 is
possibly due to the material being derived from the same source. Hence, following deposition
of sediment, a soil developed and was exposed to erosion resulting in the formation of the
palaco-surface. Following this, further deposition occurred from the same source as the initial
material. The current soil profile is now developing within this additional sediment. The
similarities between the two soils are therefore due to the same source material. The directly
underlying pegmatite and biotite gneiss that it intrudes are therefore not the parent material
for this profile; however, the gneiss extends over a large area of the landscape and is therefore
the most likely initial source material.

6.6.1. Tests for uniformity in Profile 2 and selection of parent material

No discontinuities were recognised within the macro-features of Profile 2. Instead, the diffuse
and gradual boundaries (Figure 6.22) between the saprolith and overlying soil horizons (Table
6.7) support uniformity. The profile is in an erosional setting (Figure 6.3), hence deposition of
the overlying material is restricted to minor amounts of aeolian, colluvial, or sheetwash
material. The profile is therefore more likely to have been formed in-sifu, however, this
should not be assumed.

The distribution of weathering resistant minerals such as, zircon, rutile, tourmaline, garnet,
and quartz are useful in determining uniformity (Marshall & Haseman, 1942; Barshad, 1964;
Brewer, 1964; Evans, 1978; Santos et al., 1986; Beshay & Sallam, 1995). Sand fractions are
generally used for this analysis because: 1) they tend to have the highest concentration of
primary minerals; and, 2) minerals in these fractions are less likely to have been translocated
than the clay and silt fractions (Barshad, 1964; Brewer, 1964; Fitzpatrick & Chittleborough,
2002). Ratios of two resistant minerals within a size fraction, or the same mineral in two size
fractions are generally used. The basis of the analysis is that collapse or expansion of a soil
horizon reflects flux changes, which affect the concentration of a mineral; however, the ratio
between two immobile constituents remains constant. A profile formed from uniform material
will plot as a near vertical line (Santos et al., 1986).

Uniform ratios through a profile indicate that two constituents have behaved the same way;
hence they may have both been removed from the profile by equal amounts. Therefore this
does not guarantee that two constituents are immobile, and presents a potential problem in the
use of ratios (Brimhall ez al., 1991). Another problem arises when the values are very low. If
the low values are in the denominator then the differences in the ratios may be amplified and
difficult to interpret (Beshay & Sallam, 1995; Schaetzl, 1998).
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Grain count results for the fine and medium sand fractions are discussed in Section 6.5.2 and
presented in Table 6.9. Results and associated ratio plots of the rutile, zircon, and ilmenite
grain counts are plotted in Figure 6.32. Ilmenite is included because of its Ti content
(FeTi03). The ratios for the medium sand fraction are generally lower and less variable than
for the fine sand. All ratios are < 1 and are reasonably uniform through the pedolith apart for
the zircon/rutile ratio where the fine sand fraction varies from 0.3 to 0.9 in the pedolith. In the
saprolith, the zircon/ilmenite ratios for both size fractions increases significantly towards the
base. This may be because of the very low ilmenite percentage. Similar increases, but not as
large, in the other ratio values may reflect low rutile percentages and are therefore a sampling
and counting error. Variations within the ratios are shown in Table 6.12 and are discussed
along with element ratios below.
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Figure 6.32: Zircon, rutile and ilmenite grain counts of sand fractions and associated ratios by profile
depth.
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Elemental assays may be substituted for mineral counts and offer a more rapid solution,
although the source of an element is not always restricted to a single mineral. For example Ti
may be present within rutile, anatase, and ilmenite (Brimhall & Dietrich, 1987; Chadwick et
al., 1990; Fitzpatrick & Chittleborough, 2002). Size fraction assays of Zr and Ti were
completed on the clay-sized, fine, and medium sand fractions by XRF and included in the
bulk sample assays by ICP-OES. These assays and associated ratios are shown in Figure 6.33.

Concentration of Ti in the size fractions is higher and more variable than in the bulk sample.
The sand fractions have similar dispersion patterns through the pedolith with a decrease in
concentration at the base (WD3-05), followed by a significant elevation towards the base of
the saprolith. In the fine sand however, the Ti concentration is approximately 1500 ppm
higher through the pedolith and increases to 4195 ppm at the base of the saprolith. Highest
variation is in the clay-sized fraction, which decreases from 6,293 ppm at the top of the
pedolith to 3,895 ppm at the base, before increasing to > 10,000 ppm for the lower two
saprolith samples (WD3-07 & WD3-08).

The Zr dispersion pattern is relatively uniform for the bulk and all size fractions through the
pedolith. In the fine sand fraction however, the Zr concentration is approximately five times
higher. This is illustrated in Figure 6.33 where the Zr concentrations have been scaled down
by 10 in order to plot them on the same axis as the other size fractions. At the top of the
saprolith, Zr concentrations are similar to those in the pedolith. At the base of the saprolith, in
the clay-sized and fine sand fractions however, there is a significant increase in Zr.

Ti (ppm) Zr (ppm) Zr[Ti Horizon

2000 6000 10000 14000 O 100 200 300 8@ 900 0.00 0.05 0.10 0.15 0.20 0.25
0 1 | 0 | 1 1 | 00

A % < b
B1

\ N
/1;: 05| ¢ / B
g - X /, Bk
7\ 10 “ \ Ck

— /

8 \ ~ /l

£ ( \\ \\. 15 \\T

° 2 2 \ 2.0 ‘|\\ o

3 3 (Zr 20 - 53 um 3.0
fraction /10)

20 - 53 um (fine sand)
v 53-125 um (medium sand)
®  Bulk (ICP-OES)
¢ < 2um (clay)
—— Top of saprolith

Figure 6.33: Plot of Ti and Zr concentrations as determined by XRF for the clay, fine and medium sand
fractions, and by ICP-OES for the bulk samples. Note: Values for Zr in the 20-53 pm fraction have been
divided by 10.
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The Zr/Ti ratios for each size fractions and the bulk samples have minimal variation through
the profile, especially when compared with the zircon, rutile and ilmenite ratios Table 6.12.
Variations in the mineral ratios are lower in the medium than the fine sand fraction. The
combined zircon / (rutile + ilmenite) ratio has the lowest variation in both sand fractions, but
it does not match the low variations of the Zr/Ti ratios. Variation of the medium sand fraction
is also very low for the Zr/Ti ratio (£0.007); however, the lowest variation is for the bulk
material (£0.003).

Ratios of grain size, particularly the non-clay fractions, have been used to test for textural
uniformity through the profile (Barshad, 1964; Raad & Protz, 1971; Evans, 1978; Asady &
Whiteside, 1982; Cremeens & Mokma, 1986; Beshay & Sallam, 1995; Schaetzl, 1998; Tsai &
Chen, 2000). This is based on the idea that in the coarser fractions, weathering is reduced and
there is a higher content of more resistant minerals such as quartz, compared with clay-sized
and silt fractions. The fine sand/silt, medium sand/fine sand, and coarse sand/medium sand,
ratios for Profile 2 are plotted in Figure 6.34 and the variations are summarised in Table 6.13.

Concentrations through the profile are relatively uniform for all the sand fractions with a
< 10% difference between samples (Table 6.8). An exception is at the base of the saprolith
between samples WD3-07 and WD3-08 for the medium and coarse sand fractions where there
is a > 10% decrease for the medium sand and equivalent increase for the coarse sand.

Table 6.12: Comparison of mean * 2SE (n = 8) for Zr/Ti, and zircon, rutile, and ilmenite ratios.

. . zircon/ zircon/ zircon/ .

Size Fraction rutile ilmenite (rutile+ilmenite) Zr/Ti
Bulk — - - 0.050 +0.003
< 2 um (clay-sized) - - - 0.033 £0.013
20-53 um (fine sand) 0.460 £0.370 0.502 +0.403 0.193 +0.142 0.160 +0.019
53-125 um (medium sand) 0.099 +0.077 0.184 +0.214 0.050 +0.045 0.035 +0.007

Table 6.13: Summary of mean +2SE (n=8) for the sand fraction ratios.

Size fraction ratio Mean +2SE Mean *2SE (n=6),
(n=8) to Ck horizon
Full profile (WD3-06)
53 -125 pm (medium sand) / 20 — 53 um (fine sand) 2.56 £+1.84 2.30 £1.89
20 — 53 um (fine sand) / 2 — 20 um (silt) 1.16 £0.91 0.85 +0.70
125 — 2,000 um (coarse sand) / 53 -125 um(medium sand) 3.64 +2.86 2.911£2.40

The sand fraction ratios gradually decrease through the profile up to the top of the saprolith,
where they increase significantly. Variations in the size fraction ratios are significantly higher
than those in the mineral and element ratios presented in Table 6.12. The increased sand
content of the lower saprolith samples (WD3-07 & WD3-08, see Figure 6.23) appears to have
a negative effect on the ratios of the size fractions, however, if the two samples are removed
from the calculations the standard error is reduced, but still larger than the variance in the
grain and element ratios (Table 6.13).
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Figure 6.34: Ratios of sand and silt fractions plotted by profile depth.

Several of the elemental assays and grain counts have significant variations in samples WD3-
07 and WD3-08 from those in the overlying samples. These samples are at the base of the
saprolith and warrant further discussion. The two samples are of a weathered biotite gneiss
that has few pedologic features, hence the samples were more rock than soil. The impact of
this is most significant within the size fractions where the clay-sized and silt fractions are < 2
and 3% respectively. This is potentially a true reflection of the samples, however, the initial
separation process of lightly crushing the material to break up the peds may not have been as
efficient on the more consolidated lithic fragments. The particle size distribution is therefore
likely to be inaccurate for the saprolith samples (WD3-07 & WD3-08). There is also an
increased risk of analytical errors due to the small sample sizes.

The data presented above do not indicate the presence of a discontinuity within Profile 2,
hence the material appears to have developed in-situ from the underlying biotite gneiss
(WD3-08). Mass balance calculations, as described in Section 3.5.1 can therefore be applied
to sample data obtained from this profile with sample WD3-08 as the parent material.

6.6.2. Mass balance calculations for Profile 2

From the analysis in Section 6.6.1 it is concluded that the parent material of Profile 2 is
uniform. It is therefore feasible to undertake the mass balance calculations detailed in Section
3.5.1 on the samples. The first stage of this analysis requires the calculation of any volume
change (strain) within the weathered material and requires the selection of an immobile
element.

The extremely low variation throughout the profile (pedolith and saprolith) in the Zr/Ti ratios
(Table 6.12) is an indication that the profile has formed from uniform material without
unconformities (Barshad, 1964; Beshay & Sallam, 1995).

Relative to the mineral counts and size fraction assays, elemental ratios are more
representative of the value since the samples have undergone less preparation, and therefore
have a lower risk of introduced analytical errors. Zirconium and Ti are candidates for
selection as the immobile element for further mass balance calculations on the data from
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Profile 2. Both Zr and Ti have been used in previous research as immobile elements (e.g.
Smith & Wilding, 1972; Jersak, 1991; Beshay & Sallam, 1995; Jersak et al., 1995). It has
been shown however, that Ti can be mobile in the weathering environment (Sudom &
Arnaud, 1971; Smith & Wilding, 1972; Smeck & Wilding, 1980; Fitzpatrick &
Chittleborough, 2002). This view was supported by FESEM observations of rutile and
ilmenite in the heavy mineral fractions, which showed that many of the grains had dissolution
features and were highly etched (Figure 6.11 D, E, & F, and Figure 6.24 C, D, & E). The data
presented above also shows that Ti has more variation through the profile compared with Zr,
possibly because a proportion is contained within ilmenite. Therefore Zr is chosen as the
preferred immobile element for the mass balance calculations presented here.

The lowest saprolith sample (WD3-08) is taken as the representative parent material for
Profile 2. This is based on the above ratio data and also because many of the element assays
discussed in Section 6.5.4 have similar concentrations in the lower saprolith samples (WD3-
07 & WD3-08), suggesting that they are representative of an homogeneous parent material.

The volumetric (strain) changes that have occurred due to soil forming processes for Profile 2,
along with the physical properties used to derive them, are shown in Figure 6.35. The strain
(¢z-w) Was calculated using equation 3.8 with Zr as the immobile element and assay values
from sample WD3-08 as the parent material.

The bulk density (p5) decreases up the profile from the initial parent material value, resulting
in an increasing trend up the profile in the bulk density ratio (p,,/p.). The highest bulk density
ratio is at the top of the B1 horizon (WD3-02). The profile is generally depleted in Zr for both
absolutely (weight %) and relative to parent Zr concentration (enrichment factor Cz.,./ Cz.,).
At the top of the profile the Zr concentration is the same as the parent material. There is a
deviation from the Zr trend at the top of the B1 horizon (WD3-02), which has a lower
concentration than its surrounding samples.
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Figure 6.35: Depth plots of bulk density (p;), bulk density ratio (p,,p,), Zr concentration, enrichment
factor (C,,,/ Cz,p), and strain (E,,,) for Profile 2.

The top of the B1 horizon has the highest positive strain value of 0.89 or 89% dilation. This is
due to the high bulk density ratio and low Zr concentration. These values do not fit with the
general trend of the profile as measured in the other samples and may therefore indicate a
discontinuity in the profile. This is possibly an analytical error caused by the small sample
size. Sample WD3-02 was collected from a total thickness of only 4 cm. This sample could be
removed from the dataset and instead use sample WD3-03 to represent the complete Bl
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horizon. This would mean ignoring potentially valuable data and so the sample has been
retained and treated as valid. The last point to note is that despite the high dilation of 89%, the
small thickness represented by this sample, which is used in overall mass calculations,
negates this large increase. In the following discussion the values calculated from this sample
are considered carefully and not discussed where they are extreme.

Positive strain (€z,,,), or dilation, has occurred throughout the profile with values in excess of
0.58 (58%) in the B2, Bk and Ck horizons (Figure 6.35). These horizons coincide with the
highest clay-sized and CaCO3% content (Table 6.8 & Table 6.10). The higher clay-sized
content may give rise to mechanical movement through shrink—swell processes. Above the B2
horizon the amount of dilation decreases to 31 and 14% for the B1 and Al horizons
respectively.

Dilation may be due to changes in bulk density and/or additions to the profile. It is not
possible to determine the direction of dilation from mass balance equations, however, it is
most likely to be vertical (Jersak ef al., 1995). If this assumption is made then an estimate of
the original profile thickness prior to soil development can be calculated from the strain. The
change in mass, and hence the original mass can be estimated by rearranging equations 3.2
and 3.3 so that:

CZr w
AM =p 1V, |1-—22 [6.1]

Zr,p

Figure 6.36 illustrates the results of these calculations for a 1 cm? column through the profile.
Dilation of the original profile is equivalent to approximately 45 cm in thickness with a
material gain in total mass of ~73 g. These gains are significant given the erosional landscape
position of the profile and therefore show that there as been an overall enrichment in material
despite the loss of material through erosion.

Elemental flux changes, or percentage gains and losses were calculated using the mass
transport function (equation 3.7) and from this, actual mass changes for each horizon
(equation 3.12), and the total profile (equation 3.13) were determined. A table of these results
is included in Appendix 7. The mass changes of the major and trace elements are discussed in
the following sections.

6.6.3. Major element mass changes for Profile 2

The estimated dilation and mass gains in the profile (Figure 6.36) suggest large additions to
the profile. The majority of major elements support this with only Al, K and Mg having an
overall material loss (Table 6.14). The largest mass flux gains are Ca, especially in the B2, Bk
and Ck horizons with gains of 1,096, 2,656 and 3,336% respectively, which equates to a total
material gain for a cm” column through the profile of ~148 g (Figure 6.37). In absolute mass
terms the gain in Si (~161 g) is slightly higher than Ca, but the gains are more evenly spread
throughout the profile. The Si weight percent and enrichment factor suggests a loss of
material in the B2, Bk, and Ck horizons where Ca had its largest gains, but when corrected for
density and volume changes there are material gains in these horizons of 28, 12, and 26%
respectively (Figure 6.37).

Mass flux gains are also apparent for Fe, Na, and Mn (Table 6.14). The percentage Fe
increase was between 61 and 98%, apart from the A1 horizon where the gain was 37%. The
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highest gain was in the B2 horizon. Although Na had an overall mass gain it had a material
loss in the B2 and Bk horizons. The main gains of Na were in the Ck and C horizons.

Current profile

A1 WD3-01

0.11m 259
Estimated parent \o‘w//;g/’ WD3-02
material 0T15 . T 5o B1 wD3-03
WD3-04
0.10m 259 0.20 s2g | B2 3-0
A ._____,_._._-—-—-—""'__'_':
002l - 59
, Bk WD3-05
— | Pedogenesis | %20m 439
0.12m 329
% ¥
0.13m 329
-
\f\ 0.40 90g | Ck WD3-06
0.23m 599
| ~— |
024m 619 C  WD3-07
030m 76 9
Total 0.95 m-243 g

Total .40 m-316 g

Figure 6.36: Estimates of original profile depth and mass calculated from volumetric changes and Zr
concentrations.

The largest material loss (130 g) through the profile was K with a loss of >69% in all horizons
apart from the C horizon (42%). The only other major element to have a significant loss
through the profile was Al (-11.49 g). Despite the overall loss of Al there was a gain of 5.8 g
in the C horizon and only a minor loss in the B2 horizon of 0.11 g (Figure 6.37 and Table
6.14).

The material increase through the profile is reflected in the elemental gains. Whereas some of
these gains may be through enrichment due to the loss of elements such as K, the large
increases, especially in the Bk and Ck horizons are due to the addition of material derived
from an external source. These additions and/or enrichments are discussed further in
Section 6.8.

185



Gold in the regolith profile Chapter 6

Gains g/lcm?

Ca (Wt%) Ccan’ Ccap Tcaw,s(zr)
column

Horizon
0 2 4 6 810 0 5 10 15 20 25 0 10 20 30
1 1 1 1 ) 0 1 1 1 1 ) 1 1 1

0 0 - A1 0.18
: : B1 B1 3.54
: : B2 B2 14.87
: : Bk  36.82
— 1 1 : &5 Ck 84.15
E : C 10.22
e :
o z
O] :
o 2f 2 c
; Total 149.78
3 3
Si (Wt® Csiw’ Cs Tg ) Gains g/cm’
[ (Wt A)) Siw’ ~Sip Si,w, & (Zr) Horizon column

0 1 2  -1.0-05 00 05 1.0
0 ‘ 0 g . A1 10.60
§ B1 B1 22.88
: 82 B2 2545
: o Bk  10.68
. 1 1 Ck  43.65
= C 4814
z
3
[]
o 2 2 c
5 5 Total 161.40
T . Gains g/cm?
Caw’ Carp Al w, e (Zr) Horizon coa;:Jn:lr? cm
0 1 2 -1.0 -0.5 0.0 0.5 1.0
0 ‘ R i e A Al -6.26
} 3 1 B1  -4.18
: B2  -0.11
: Bkl Bk  -468
- 1 1 cle Ck  -2.06
£ C 5.80
z
a
(]
o 2 2 c
Total -11.49
3 3 3

Figure 6.37: Depth plots of selected major element concentrations, enrichment factor (Cz.,/ Cz.,)p),
transport function (Tg;,.z), and mass flux changes for Profile 2.
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Table 6.14: Major element mass flux gains or losses by horizon and in order of maximum gain/loss.

Input / Enrichment (g/cm?) Horizon Loss (g/cm?)

Si(10.6), Fe(2.4), Ca(0.2), Mn(1.1), Na(0.4) A1 K(16.0), Al(6.3), Mg(1.5)
Si(22.9), Fe(6.1), Ca(3.5), Na(0.6), Mn(0.3), B1  K(21.5), Al(4.2), Mg(1.1)
Si(25.5), Ca(14.9), Fe(8.1), Mg(0.4), Mn(0.3) B2  K(19.1), Na(0.6), Al(0.1)
Ca(36.8), Si(10.7), Fe(6.1), Mn(0.2) Bk  K(20.0), Al(4.7), Na(0.3), Mg(0.0)
Ca(84.2), Si(43.6), Fe(11.2), Na(6.4), Mn(3.6), Mg(0.7) Ck  K(32.6), Al(2.1)

Si(48.1), Ca(10.2), Na(11.1), Fe(9.7), AI(5.8), Mg(1.5), Mn(0.3)  C  K(20.5)

6.6.4. Trace and rare earth element mass changes for Profile 2

Flux changes for the majority of trace elements are generally between £20%. Where elements
show an overall loss there is at least one horizon, typically the C and / or Ck that have been
enriched. Of particular interest in this study are those elements associated with Au
mineralisation.

The Au concentration and enrichment factor for the profile suggests that there has been a loss
of Au through the pedolith and enrichment at the top of the saprolith (Figure 6.38). The
transport function (1) supports the enrichment in the saprolith, but values also show a slight
enrichment in the B2 horizon. The highest loss of Au was at the surface (-0.79 or 79%).
Losses in the remainder of the profile were only ~14% in the B1 and B2 horizon and 5% in
the Bk horizon. The concentration, enrichment factor and flux of Ag shows a general loss
throughout the profile of approximately 50% (Figure 6.38).

One of the largest percentage gains is for As with increases in excess of 100% for all horizons
apart from the A1l horizon (25%) (Figure 6.39). The highest gains were in the lower horizons
(B2, Bk, & Ck) and top of the saprolith with values > 330%.

In absolute mass gains, Cu had an overall increase of 1 g for the cm” column, although this is
misleading since there was a loss of material for all soil horizons (Figure 6.39). The increase
in the saprolith of 169 and 306% in the Ck and C horizons respectively, also coincides with
high concentrations compared with the soil samples, which emphasises / exaggerates the
difference. In the upper soil horizons (A1 & B1) the Cu losses are > 69%, which drop to a still
relatively high > 40% loss in the B2 and Bk horizons.

Other elements that have large losses through the profile are Ba, Cr, Cs, Mo, Rb, Sc, Th, TlI,
U, and Zn. Of these elements, Ba, Mo, Rb, U, and Zn, have losses > 50% for most if not all
horizons. In the Ck and C horizons Zn has a percentage gain of 10 and 79% respectively,
which is a similar profile enrichment and loss pattern as Cu.

The REEs show a general increasing gain in transport function value from the LREEs to
HREEs through the profile (Figure 6.40). There are also distinct patterns for where these
gains occur within the soil profile. All of the REEs have gains in the saprolite. In the C
horizon these range from 5% in the LREEs to 500% in the HREEs. A similar pattern is
present in the Ck horizon, but the range, from 60% in the LREEs to 200% in the HREEs is
significantly less. Gains and losses in the pedolith are best described by splitting the REEs
into three groups, LREEs, MREEs, and HREEs.
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Figure 6.38: Depth plots of concentration, enrichment factor (C,,,/ Cz,), transport function (Tg,qzr),
and flux changes for Au and Ag in Profile 2.

There has been a loss of the LREEs throughout the profile with the highest losses towards the
surface (Figure 6.40). Theses losses range from 5% in the B2 and Bk horizons and increase to
33% in the A1 horizon. This trend continues into the MREEs except that the losses gradually
reduce to become gains starting with the deeper samples and lighter elements. Hence by Dy
and Ho, only gains have occurred. The exception to this trend is Eu, which has a loss
throughout the profile of 10 to 33% in the B2 and A1 horizons respectively. The HREE fluxes
are all positive with gains as high as 70% (Yb) in the B2 horizon (Figure 6.40) and 20% (Tm)
in the A1 horizon.

6.7. Gold morphology in the White Dam profiles

In addition to the analytical results presented above, time was spent in trying to locate and
view the Au both in-sifu and in the particle separates as described in Section 3.5.7. The results
were disappointing especially with the thin sections of the impregnated (in-situ) samples.
Despite searching using both manual and automatic techniques, no Au was located on these
samples. This indicated that the Au was extremely fine and likely to be evenly dispersed
throughout the sample. Although this condition is a hindrance to physical observations it is a
benefit in exploration since it negates the nugget effect that is typical in Au assays.
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Due to the separation method by gravity settling (Section 3.5.2.2) and the high density of Au
(19.3 g.cm'3) compared with most silicate minerals (~2.7 g.cm’S), the size of the Au particles
within the silt fraction were actually from 0.6 — 6 um. This size difference added to the
difficulty of locating the small grains against the larger silt particles (Figure 6.41C).
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Figure 6.39: Depth plots of concentration, enrichment factor (Cz,,,/ Cz,,), transport function (Tgi, ),
and flux changes for Cu and As in Profile 2.

To improve the chances of locating Au grains, the heavy mineral separates were used from
the density separation procedure (Section 3.5.5). Hence the samples placed in the FESEM
only had those minerals that had densities > ~2.9 g.cm™. Although this removed most silicate
minerals, biotite, with a density >2.9 g.cm™, was not removed and made up a large
proportion of the minerals on the prepared mounting stubs. Despite these issues, Au grains
were located in the silt fraction of Profile 1, which had the highest Au concentrations through
most of the profile (Figure 6.15 and Figure 6.28). Several grains were located in the saprolith
samples and one grain was located in the B2 horizon.
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Figure 6.40: Depth plots of concentration, enrichment factor (C,,,/ Cz,,), transport function (Tg,qzs),
and flux changes for Ce (LREE), Gd (MREE) and Yb (HREE) in Profile 2.

The morphology of Au grains within the saprolith tended to be smooth, rounded and about
1 um in diameter (Figure 6.41A, B, & D). Many of the grains were obscured by, or possibly
imbedded within the larger biotite grains (Figure 6.41A). This fits with previously described
Au and biotite associations at White Dam, although the size of the observed Au grains is
considerably smaller than the Au platelets described for the oxide zone of up to 165 um
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(Cordon, 1998; Croxford, 1998; Cooke, 2003). This suggests that during pedogenesis the Au
has been altered through weathering processes, or mobilised in solution and reprecipitated.
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Figure 6.41: FESEM microphotographs of Au grains from Profile 1. Morphology of Au particle in F,
suggests possible microbial involvement.

There are differences in morphology between the saprolith samples and the one from the B2
horizon. The single Au grain located within the B2 horizon was larger (~3 pm) than the
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saprolith samples and had a nodular surface texture (Figure 6.41E & F). This suggests that the
Au was precipitated from solution. The texture of this particle is similar in appearance to
SEM micrographs of microbiota growing on a Au pellet by Reith & McPhail (2006), although
the individual structures are significantly smaller. It is therefore possible that the Au within
the pedolith was concentrated and precipitated through microbial activity. It is impossible to
justify this statement on a single grain and based solely on morphology.

6.8. Synthesis: Formation of the White Dam profiles and
implications for gold mobility

Analytical techniques and observations of the White Dam profiles reported above reveal a
complex history of denudation and pedogenesis. Despite this complexity, several features and
trends have emerged that help to define their history. In this section these trends are discussed
with reference to their relationships, especially their relevance to Au and regolith carbonate
association. The main features discussed are:

1) The large dilation / expansion of Profile 2.

2) Increasing development of interstratified illite and smectite, from phlogopite and non-
interstratified smectite in the saprolith.

3) The major accumulation of Ca in the B2, Bk and Ck horizon of Profile 2.

4) Variation in major element flux changes through the profile, including: a major loss of
K; minor loss of Al; a gain in Si and Fe; and variable Mg and Na gain or loss by
horizon.

5) The Au loss from the Al, Bl and Bk horizons with gains in the remaining horizons, in
relation to Au concentrations in the size fractions.

6) Similarities between the compositions of the two profiles, notwithstanding their
transported and in-situ regolith settings.

Expansion of the saprolith and soil horizons may be due to a variety of factors including:
addition of water during chemical weathering (hydrolysis); increased void space due to
biological and/or physical weathering processes; and the addition of transported materials
(Nahon, 1991; Schaetzl & Anderson, 2005). Evidence at White Dam supports all of these
processes. Increasing void space is demonstrated by lower bulk density values, which
decrease up the profiles towards the surface (Table 6.5 & Table 6.10). Both profiles have
relatively high bulk densities in the A1 horizon, which is probably the result of compaction by
vehicles or animals rather than any pedological process. Changes in the clay minerals and
element fluxes also support expansion and are discussed in more detail below. These
properties indicate profiles that have been extensively altered from their original parent
material.

The type of clay in the profile is at least partly dependent on the parent rock and can be an
indicator of the parent material (Ollier, 1984). At the base of Profile 2, kaolin, smectite and
illite (phlogopite) are co-dominant, and sum to 60% of the clay minerals. Phlogopite is a
primary mineral similar in appearance to biotite, which, along with other micas, can weather
to form smectite, and likewise feldspars to kaolin (Schaetzl & Anderson, 2005). The
underlying and assumed parent material, quartz-feldspar-biotite gneiss is therefore the most
likely source of these minerals. Above the basal sample, but still in the C horizon (sample
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WD3-07), illite becomes a trace mineral and smectite with a very clean non-stratified signal
becomes dominant. Above this horizon and continuing to the surface increased weathering
results in an inter-stratification of illite and smectite, a common feature of clay minerals
(Eggleton, 2008).

Weathering of the rock-forming silicate minerals leads to the formation of clays with the
release of soluble ions, including K*, Na”, Ca®", and Mg*" into the environment (Ollier, 1984;
Paton et al., 1995). Whereas these ions are typically leached from the system, Fe becomes
oxidised and remains in the profile as Fe-oxides or hydroxides (Ollier, 1984). Flux changes in
these elements at White Dam indicate gains in Ca and Fe, loss of K, and mixed gains and
losses for Na and Mg, through Profile 2. Other major element flux changes for Profile 2 are in
Si and Mn gains and a loss of Al apart from in the C horizon where Al shows a mass gain
(Table 6.14).

The highly weathered C horizon maintains a high degree of parent structure and has had a
moderate volume change (Figure 6.35). Major elements in this horizon are enriched apart
from K, but even K has its lowest percentage loss in this horizon. Major elements that show
losses and minor gains through the profile have their highest percentage gains in this horizon
(Al, K, Mg, & Na), whereas elements that have gains through most of the profile tend to have
their lowest gains (Ca, Fe, Mn, & P). The exception is Si with a relatively uniform gain of
between 12 and 28%. These results, including the dominant presence of clean smectite in the
clay fraction, indicates that the degree of weathering is significantly less in this horizon and
that the geochemistry is largely controlled by the parent material. When converted to absolute
mass gains or losses these percentage variations are not always reflected in the same way. For
example, K has its lowest loss of 42% in the C horizon with the overlying horizons showing
> 70% loss, but when the absolute mass is compared, a loss of 42 g/cm® for the C horizon is
not dissimilar to those values for the profile, which range from 16 to 33 g/cm® (Table 6.14).

Above the C horizon and into the base of the pedolith are the highly calcareous Ck, Bk and
B2 horizons. The regolith carbonates are mostly powdery accumulations in the form of
mottles, and some rhizomorphs. Calcite forms a large part of the groundmass as
accumulations of small birefringent crystals or crystallitic b-fabric, which also fills many of
the voids (Figure 6.7B), particularly in the Bk and Ck horizons. The high CaCOs content of
these horizons (Ck — 17.5%, Bk — 18.6%, & B2 — 9.13%, Table 6.10), large volume expansion
(Ck — 74%, Bk — 58%, and B2 — 61%, Figure 6.35), and high Ca gains of >1,000, >2,600, and
>3,300% for the B2, Bk, and Ck horizons respectively are indicative of the large
accumulations of Ca. The Sr isotope values for both White Dam profiles indicate that at least
90% of the Ca is from an extrinsic source (Section 4.2.3). This equates to a Ca addition of
approximately 135 g/cm” column for the profile and 122 g/cm? column for the B2, Bk, and Ck
horizons.

Quantitative estimates of Ca input from atmospheric sources are scarce, but some very broad
estimates can be determined. Rainwater in southern Australia contains an average 3.2 kg/ha/yr
(3.2 pg/em?/yr) Ca (Hill, 2004). Since the last glacial maximum total dust deposition of
between 31.4 to 43.8 t/km?/yr (3.14 to 4.38 mg/cm”/yr) has been estimated for northern NSW
and central Queensland, although a conservative 50% of this amount is expected to be added
to the soil with the remainder being lost (McTainsh & Lynch, 1996; Cattle et al., 2002; Hesse
& McTainsh, 2003). The amount of Ca deposited in this way is not well quantified and
estimates of the Ca content in dust varies from 1 to 25% (Butler, 1956; Pye & Tsoar, 1987;
Pecsi, 1990). Assuming a dust retention rate of 50% and a Ca content of 10%, the dust
contribution equates to approximately 150 to 219 pg/cm?*/yr, which would provide the
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estimated 135g/cm’ of Ca added to Profile 2 in 0.6 to 0.9 million years. This is well within the
proposed period of regolith carbonate accumulation (Figure 5.8). It is also a maximum age,
given that increased deposition rates during glacial maxima of between 2 to 5 times the
current rate have been suggested (Mahowald et al., 1999; Hesse & McTainsh, 2003). An age
of < 150,000 years is therefore feasible given higher deposition and retention rates.

The formation of soil horizons may be the result of additions and removals to and from the
system. The loss from one horizon, eluviation, is typically matched by accumulation,
(illuviation) in another. The existence or lack of cutans around grains and voids is evidence of
these processes (Schaetzl & Anderson, 2005). The translocation of components in this way
requires good drainage (Brewer, 1964). Petrological observations on samples from the White
Dam profiles (Sections 6.4.1 and 6.5.1) located clay cutans around many of the larger grains
through both profiles. In the carbonate-rich horizons cutans are greatly reduced, and in some
case only partially surround grains. Very few cutans were on the surfaces of smaller grains,
voids and channels. This indicates that water moving through the profile, particularly along
channels has relocated the clays. In the carbonate-rich horizons calcite has filled many of the
voids and reduced water flow (Figure 6.20C). The cutans observed in these horizons are
therefore likely to be relict features that formed prior to calcite precipitation.

Continuing calcite precipitation in the regolith carbonate zones will eventually lead to the
formation of an impermeable indurated carbonate (calcrete) horizon (Gile ef al., 1966; Milnes,
1992). This will influence on the overall profile development and greatly slow down, and
possibly stop, movement of material through this part of the profile. It also means that
material within these horizons prior to induration is trapped.

The main difference between the Ck and overlying Bk horizon is the degree of weathering.
Primary structures are still observable in the Ck horizon, although very friable, whereas in the
Bk horizon and above, all evidence of original rock fabric has been destroyed. This horizon
therefore marks a significant change in mineralogy, geochemistry, and physical properties:
Primary minerals, apart from quartz, are greatly reduced (Table 6.7); most elements have
either flux losses or gains to levels that in general are repeated throughout the pedolith; and
the clay-sized fraction is greatly increased (Figure 6.23 and Table 6.8).

Within the saprolith the major elements are generally elevated. This enrichment is likely the
result of movement of material from the overlying horizons. There is also less leaching in the
saprolith and lower pedolith horizons due to reduced permeability caused by calcite
precipitation in the voids and channels, and flocculation of clays because of the cation effect.
The enrichment may also be due to the removal of other components. The only major element
with a significant loss in the saprolith is K, which also has losses from all horizons. The K,
sourced from the feldspars and micas, is leached from the system either directly in solution or
via plant uptake.

The overall enrichment of several elements through the profile, the large volumetric
expansion, and minor elemental losses indicates that there has been significant external input.
There are two potential sources for this material: atmospheric, as proposed for Ca and
described above, or lateral downslope movement. Because the profile is in an erosional
setting, the expectation is that the profile should have collapsed; i.e. material should have
been removed. The appearance that this is false may be misleading. It is likely that material is
migrating down slope, but this process does not start at Profile 2. Hence, while material may
be transported down slope from the profile, the same process will be adding material from up
slope. The profile expansion and element increase may indicate that this setting is a sediment
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transit zone and addition of material may be faster than removal during the development of
this profile.

Parent material for Profile 2 was shown to be the underlying saprolite, which consists of a
quartz-feldspar-biotite gneiss. The gneiss is host to mineralisation and contains abundant
pegmatites (Cooke, 2003). Profile 1 is sited above one such pegmatite, but rather than
forming in-situ, Profile 1 has formed within transported material. Whereas smectite and illite
are co-dominant in Profile 2, in Profile 1 smectite is dominant with only minor illite. This is
reflecting a higher degree of weathering, which in part may be due to transportation processes
as well as pedogenesis. Hence more of the illite has broken down to form smectite.

The similarities in the properties of Profile 1 compared with those of Profile 2 suggest that it
has developed in material derived from the same gneiss. Hence it has formed in locally
derived material that has most likely moved down slope. This means that although mass
balance calculations could not be undertaken on Profile 1 because of the disconformities, the
results from Profile 2 are likely to apply to Profile 1. Although Profile 2 is located upslope, it
is not currently supplying material to Profile 1 because of a shallow drainage depression that
separates the two profiles (Figure 6.3). This may be a relatively recent change and does not
mean that material was not deposited in the past.

Mass balance calculations reveal that Au has been lost from the A1, B1, and Bk horizons with
minor enrichment in the B2 horizon and significant enrichment in the saprolith (Figure 6.38).
This matches the bulk sample Au concentrations with the highest values in the saprolith. In
the clay-sized and silt fractions, Au concentrations were generally higher than their bulk
equivalents with subtle differences between the fractions (Figure 6.28). In the clay-sized
fraction the highest Au concentrations are in the saprolith, whereas in the silt fraction the
highest values are in the pedolith. This may be misleading due to the high density of Au and
the separation method, which relied on a particle density of 2.6 g.cm'3, resulting in finer Au
particles in the coarser size fractions (see Section 6.7).

The location for Profile 2 is off the main mineralization zone (Figure 6.3), which is reflected
in the low Au concentration of the assigned parent material at the base of the profile. The high
values in the B2, Ck, and C horizons are therefore due to the translocation of Au from the Al,
B1, and Bk horizons that had Au losses, and / or the addition of material through lateral
movement. In either instance, the mobility of Au in this system is demonstrated. It is unclear
whether the Au was transported as particles or in solution, given that attempts to locate and
characterise the Au were inconclusive (Section 6.7).

The highest Au concentrations are from the saprolith of Profile 1, with all size fractions
containing >500 ppb, apart from clay-sized with about 300 ppb (Figure 6.15). This spread of
Au reflects the size of the oxidised / near surface Au described as small platelets up to
~60 um in diameter with occasional larger grains to 165 pum (Cordon, 1998; Croxford, 1998;
Cooke, 2003). Although lower concentrations of Au are present in the saprolith of Profile 2
the spread within the fractions is similar. In the pedolith the higher Au concentrations of both
profiles is in the silt and clay-sized fractions, which indicates that the larger Au particles of
the saprolith are breaking down into smaller particles.

Previous research has indicated a correlation between Au and Ca, although this has been
restricted to the top of the profile in most cases (Lintern, 1989; Lintern & Butt, 1993; Lintern,
1997; Lintern & Butt, 1998b; Smee, 1998; Lintern & Sheard, 1999a; Okujeni et al., 2005;
Lintern et al., 2006). At White Dam there are variations in the Au dispersion through the
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profiles between the size fractions, but there is no correlation between Au and Ca. The Ca
content of the size fractions was not determined, but in the bulk samples the concentrations
peak in the regolith carbonate horizons (Figure 6.37). Gold tends to increase down the profile
to the top of the regolith carbonate in the B2 horizon, drop slightly in the Bk, and then rise
once in the saprolith (Figure 6.38). The increased Au content at the top of the regolith
carbonate suggests that future sampling should be from this location. In most instances
samples have been collected from the top of the indurated zone due in part to the difficulty in
breaking through this material with hand tools. Hence it may be fortuitous that samples have
generally been collected from the most Au enriched zone.

Additional elements associated with mineralisation at White Dam are Cu and Mo from a
stockwork of pyrite, chalcopyrite and molybdenite veins (McGeough & Anderson, 1998;
Cooke, 2003). In the pedolith Cu and Mo have had similar losses of between 60 and 75%
from the surface to the B2 horizon and about 40% in the Bk horizon (Figure 6.39). Although
these elements have been leached from the pedolith, Cu has been enriched in the Ck and C
horizon by ~170 and ~300% respectively. Weathering of the sulphide minerals releases these
elements into the regolith where they are leached from the system. Although not documented
as part of mineralisation, Ag also has large losses from the profile of around 50%.

The decrease in Au concentration in the Bk horizon is why there is no correlation between Au
and Ca in Profile 2. It is unclear why this drop in concentration occurs, but it may relate to
variation in permeability. In the B1, B2, and C horizons there is a large proportion of
interconnected pore space that provide plenty of opportunities for colloid transport form
higher up the profile. Movement of clay from higher horizons may flocculate when it reaches
the Ca enriched Bk horizon because of the cation effect (Ca™") and electrolyte concentration
(CaCO:s3). This results in a denser horizon with less interconnected pores. Hence subsequent
illuviation of silt sized particles (e.g. Au) will deposit higher in the profile since they are
unable to permeate into the Bk horizon.

The presence of rhizomorphs in the calcareous horizons and root activity in the saprolite is
evidence of vegetation processes occurring in the profile (Figure 6.7C & D). The detection of
Au and Cu in Atriplex vesicaria (bladder saltbush) over mineralisation (Brown & Hill, 2004)
highlights that vegetation is involved in the translocation of these elements. The single Au
particle from the pedolith has a morphology suggesting possible microbial involvement
(Section 6.7). Hence there is a definite biotic role in the development of the White Dam
profile, including the formation of regolith carbonates and distribution of Au, but how much
the biota is a control of the Au and Ca association is unknown.

6.9. Conclusion

The research presented in this chapter illustrates the complexity of Profile 2, which appears to
be a relatively straightforward in-situ developed profile with its position on an erosional rise
suggesting that material is lost over time. Instead, mass balance calculations have revealed
that, rather than material being eroded, there has been significant input, especially Ca. Based
on the rate of Ca addition a minimum age of about 150,000 years is proposed for the
development of Profile 2. The addition of Ca explains the formation of regolith carbonates
and raises questions about Au association, which is intrinsically derived.

The lack of a direct correlation between Au and Ca compared with other areas where the
regolith carbonates are generally more developed or indurated suggests that the relationship
may develop over time. Hence the more indurated the carbonate, the more it correlates with
Au. For this to occur Au has to be added to the carbonate horizons, which is unlikely since
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increased induration will reduce permeability and therefore restrict Au movement. This aspect
of regolith carbonate formation and Au association is discussed further in the next chapter.
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Chapter 7

Synthesis

71. Introduction

The aim of this research is to identify methods to improve the use of regolith carbonates in Au
exploration, and ways that Au-in-calcrete anomalies can be constrained. The research here is
designed and presented in a modular structure that investigated aspects of regolith carbonate
formation and relationships with Au, ranging between continental, local landscape and profile
scales.

The first module (Chapter 4) determined the source of Ca within regolith carbonates from
southern Australia. The hypothesis for this module was:

the Ca is from an extrinsic marine source; therefore any association between Au and
Ca is due to similar processes rather than the same process.

Results from Sr isotope analysis of regolith carbonates demonstrated that > 90% of the Ca is
derived from an extrinsic source. The research also revealed that continual mixing of Ca
inland maintains a homogeneous mixture that results in uniform *'Sr/**Sr ratios between
0.712 and 0.717. Analysis of Profile 2 at White Dam provided additional evidence of an
extrinsic Ca source with Ca enrichment in excess of 1,000% in the B2, Bk and Ck horizons.
The high Ca input means that there can be no direct association with locally derived Au. This
hypothesis is therefore confirmed.

In the second module (Chapter 5) a known Au-in-calcrete anomaly extending over
mineralised and barren bedrock was investigated. Geochemical analysis and regolith-
landform mapping was undertaken to test the hypothesis that:

Au-in-calcrete anomalies include contributions from Au and associated elements
laterally transported from mineralised areas by physical and chemical landscape
processes.

Through the use of regolith-landform mapping at Tunkillia, the Au-in-calcrete anomaly was
shown to follow palaeo- and contemporary drainage systems. The majority of elements
associated with the mineralisation area, including many that are typically considered
immobile, have been transported along drainage systems toward the north of the area. The
precise form of the mobile Au was not determined, but movement as free Au, bound to clay
minerals or within regolith carbonate nodules, is proposed. Evidence supports the proposed
hypothesis and demonstrates how Au-in-calcrete anomalies are influenced by landscape
processes.

In the third module (Chapter 6), two regolith carbonate profiles proximal to mineralisation
were investigated using a variety of pedological techniques.

Au is mobilised, either chemically or physically, in association with clay minerals
and the clay-size fraction. Precipitation of regolith carbonates fills void space and
reduces permeability. This acts as a barrier to Au movement and immobilises the
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clay minerals (and Au). Ongoing dissolution and re-precipitation of the carbonates
leads to increased Au concentrations.

Analysis of the White Dam profiles revealed that Au was mostly in the finer fractions and
enriched at the top of the regolith carbonate and at the top of the saprolith. Other horizons
from White Dam are Au depleted. Clay-sized material is mobile through both profiles, but its
mobility becomes restricted in the regolith carbonate horizons due to infilling of void spaces
by precipitated calcite and flocculation of clays because of the cation effect, which reduces
porosity and permeability in this part of the profile. Given this information it is not possible to
confirm how Au is mobilised, although calcite precipitation and flocculation of clay will
greatly reduce its mobility through the profile. If the build-up of regolith carbonates was
enriching the Au concentrations, then higher Au concentrations within the Ck horizon (rather
than initially above it) would be expected. It is therefore unlikely that Au is mobilised by the
dissolution and re-precipitation of carbonate alone. This third hypothesis is therefore only
partially confirmed and requires further investigation.

Validation of the hypotheses acted as a guide to this research project, which has led to a better
understanding of Au-in-calcrete formation. In the next section, results from the three modules
are combined to demonstrate the formation of a Au-in-calcrete anomaly, and what happens
when it is further exposed to landscape processes.

7.2 Pedological, geochemical, and geomorphological
evolution of Au-in-calcrete

The rapid adoption of regolith carbonate sampling by mineral exploration companies and the
limited research on this medium, has resulted in a poor and at best anecdotal framework and
understanding of Au-in-calcrete systematics. Results from this study have the potential to
address some of these shortcomings. One aspect of interest to both research and industry is
the evolution of the regolith carbonate profile and how it relates to Au mineralisation.

Regolith carbonate profiles have been well described in the scientific literature (e.g. Gile et
al., 1966; Goudie, 1973; Read, 1974; Bachman & Machette, 1977; Arakel, 1982; Goudie,
1983; Milnes & Hutton, 1983; Machette, 1985; Phillips & Milnes, 1988; Gile, 1993; Paquet &
Ruellan, 1997; Alonso-Zarza et al., 1998b; Hill et al., 1998a; McQueen et al., 1999). A major
benchmark was the work of Gile et al. (1966), that proposed a model describing the evolution
of a regolith carbonate profile, which has since become widely recognised and supported.
Some further refinements of the model, including the addition of extra stage, have been made
by Bachman & Machette (1977) and Machette (1985).

The Gile ef al. (1966) model is based on regolith carbonate morphology variations, reflecting
the degree of carbonate accumulation in the profile. Stage I represents the start of carbonate
accumulation and is recognised by rhizomorphic, small nodular, and powdery carbonate
accumulations that are mostly within the B horizon. These morphologies are the result of
carbonates that have been deposited on the surface, and eluviated from here to infiltrate the
profile and accumulate on grain and void surfaces, and around roots. Continued accumulation
of carbonates leads to stage II, where coated grains start to coalesce, voids are infilled and
powdery carbonates start to become indurated. Nodule and rhizomorph structures are within
the indurated material. Stage III consists of many infilled voids and cemented nodules and the
beginning of an indurated horizon. The final stage (stage 1V) of Gile et al. (1966) is a
completely indurated horizon with the possibility of overlying laminations.
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Bachman & Machette (1977) added two more stages to represent further carbonate addition to
the profile, and reactions due to the impermeable indurated horizon created in stage IV. Their
stage V consists of a well developed laminated upper surface with scattered pisoliths. The
change from downward to lateral movement of water results in the build up of laminations
and precipitation of carbonate coats grains, and forms pisoliths and nodules on or just above
the indurated hardpan horizon. Stage VI is due to long term, periodic drying and wetting of
the indurated horizon. This causes it to swell and crack, creating irregular shaped fragments
that either litter the surface or become re-cemented into a brecciated zone.

The source of Ca in regolith carbonates is largely extrinsic (Quade et al., 1995; Capo &
Chadwick, 1999; Chiquet et al., 1999; Naiman et al., 2000; Hamidi et al., 2001; Van Der
Hoven & Quade, 2002; Lintern et al., 2006). Results from Sr isotope analysis and mass
balance calculations presented in this study support this extrinsic source for regolith
carbonates and regionally demonstrates this for southern and central Australia.

Despite the abundant knowledge on the evolution of regolith carbonate profiles presented
above, very little of this has been applied to mineral exploration programs, in particular in
understanding the formation of Au-in-calcrete anomalies. This study aims to rectify this
omission and draw these two research pathways closer together.

Systematic variation in Au concentration occurs in the profiles at White Dam, where Au was
enriched at the top of and immediately above the regolith carbonate zones. According to the
regolith carbonate evolution model of Gile et al. (1966), the White Dam profile is at stage II.
At this stage the main location of carbonate precipitation is therefore alongside but not
associated with Au accumulation.

Profiles beyond stage II were not specifically investigated in detail in this study, but a re-
evaluation of previously described Au-in-calcrete profiles revealed some results that can be
related to regolith carbonate evolution stages subsequent to the White Dam profiles. The only
previous Au-in-calcrete studies that have related Au to profile morphology, mineralogy, and
elemental chemistry are Hill et al. (1998a), McQueen et al. (1999) and Hill (2000). These
studies include three profiles that, like White Dam, are also from the Curnamona Province.
The profiles from Broken Hill at the Pinnacles (the “Marnpi” profile), Limestone Station and
Corona represent stage III of Gile et al. (1966), and stages V and VI of Bachman &
Machette (1977) respectively.

As with the White Dam profile there is a systematic variation in Au concentration through
these profiles. The highest Au concentrations in all profiles are at the top of the regolith
carbonate horizons. In terms of morphology, the highest Au concentrations are associated
with carbonate nodules overlying laminated regolith carbonates (Hill et al., 1998a; McQueen
et al., 1999; Hill, 2000). It is apparent that Au becomes enriched at the top of the regolith
carbonate horizon following stage II of the profile formation and remains concentrated
throughout all further stages as the profile accretes upwards in the profile. Laminar carbonates
are typically void of skeletal grains, but clay-sized particles and organic matter, possibly from
downward moving water and root activity, form darker coloured layers as they become
engulfed by the developing laminations (Gile et al., 1966).

The results in this study from Tunkillia support an additional stage (stage VII), which forms
after a fully developed profile is exposed to erosion. Firstly the unconsolidated material,
including carbonate nodules, is transported downslope. This is followed by the transport of
indurated carbonate “blocks” that break free from the consolidated profile. The transported
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material is re-deposited downslope and in some instances may be integrated into an existing
or developing profile.

Stage VII explains how the Tunkillia Au-in-calcrete anomaly may have formed. The highest
Au concentrations are at the top of the regolith carbonate and are the first parts of the profile
to be eroded. As this eroded material moves downslope and laterally through the landscape, it
transports any Au that is entrapped within it. Later incorporation of this material into new and
evolving regolith carbonate profiles will therefore include anomalous Au-in-calcrete values,
but they may be sited over bedrock that may not necessarily host mineralisation. Should a Au
enriched regolith carbonate profile overlying a mineralisation source be fully eroded, all
indication of the underlying mineralisation may be removed and instead transported laterally,
hence the “true” Au-in-calcrete anomaly is destroyed. Later burial and further accumulation
of regolith carbonates may completely obscure any prior Au-in-calcrete anomaly.

This stage may also explain why there is no anomaly along the “Tunkillia East” drainage
pathway and the higher Au concentrations in the samples from “Area 191” (Figure 5.18). It is
possible that many of the regolith carbonates in the Tunkillia area have been near or at the
surface and affected by erosion and breakup of the profile. The extensive areas of calcrete lag,
and aeolian nature of the overlying soils is evidence of previous exposure. The lower Au
concentrations from samples at “Area 223” may be due to the removal of the “Au-in-
calcrete”, which is now located downslope and along the palaco- and contemporary drainage
pathway of “Tunkillia Central”. Hence, the true “Area 223” anomaly has been dispersed
down slope with only remnants of it remaining beneath the dunes and partially exposed in
dune swales.

The sequence of profile evolution described above can be summarised diagrammatically in a
new model for Au-in-calcrete formation (Figure 7.1). The model incorporates the Au results
from this study and previous work in the region by Hill e al. (1998a), McQueen et al. (1999)
and Hill (2000) with the evolution stages proposed by Gile et al. (1966) and Bachman &
Machette (1977). A major assumption of the model is that Au is dispersed and mobile within
the regolith prior to evolution of the regolith carbonate profile. This is a valid assumption,
given that regolith carbonates as described above, form by overprinting existing profiles. It is
the mobility of Au in the regolith and variations of permeability in reaction to regolith
carbonate formation in the profile, which controls the Au concentrations.

Prior to regolith carbonate accumulation, a general soil/regolith profile depending on local
substrate and site conditions is assumed. For the regions considered in this study, this
typically consists of a thin A horizon with some organic matter above a clay enriched B
horizon. The depth and composition of the profile is not specifically relevant given that the Ca
is externally derived and will overprint pre-existing material. Similarly the profile may have
developed within transported or in-sifu material.
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Figure 7.1: Proposed model of Au-in-calcrete anomaly formation.

During stage I, rthizomorphs and thin carbonate coatings start forming around grain and void
surfaces. This initial development has minimal impact to the overall profile permeability and
Au mobility and accumulation is maintained, therefore remaining dispersed throughout the
profile. In stage II, permeability is significantly reduced as continuing carbonate accumulation
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starts to cement grains and nodules, and fill voids (Figure 6.7F). Clay and silt-sized material
(including Au) that was previously free to move down through the profile, becomes trapped
and enriched at the top of the developing regolith carbonate. Continual carbonate
accumulation further reduces permeability until stage IV where a fully indurated horizon
results in a near impermeable barrier. Any Au within this impermeable horizon is now
trapped either physically or chemically by the regolith carbonates. Gold migrating down the
profile continues to collect at the top of the regolith carbonate with some Au becoming
entrapped as the regolith carbonate becomes more indurated, and laminations start forming.
As the regolith carbonate profile evolves to stage V, Au continues to collect at the top,
resulting in greater concentrations being incorporated into the expanding laminations and
nodules forming above the hardpan. The profile is now considered fully developed with a
significant Au enrichment at the top of the regolith carbonate horizon, which if sampled
within close proximity to mineralisation would best represent an anomalous Au-in-calcrete.

In stage VI, cracks start to develop in the indurated part of the profile, forming large blocky
fragments. Depending on local circumstances these blocks may remain in place and be re-
cemented. Alternatively, erosion may cause these blocks, along with any overlying nodules to
be transported. Gold trapped within this upper horizon material will also be transported. This
is the newly proposed stage VII.

In the light of this model, a re-evaluation of previously described profiles indicates previously
unrecognised support, of the systematic variation of Au through the regolith carbonate profile
(e.g. Lintern & Butt, 1993; Lintern, 1997; Lintern & Butt, 1998b; Lintern & Sheard, 1999a;
Okujeni et al., 2005; Lintern ef al., 2006). The majority of these illustrate a Au enrichment at
the top of the carbonate horizon, but it is not always discussed in terms of profile
development or Au / carbonate association. An exception is Lintern & Butt (Lintern & Butt,
1998a) where significant Au in the top 0.5 m of the carbonate profile was suggested to be the
result of physical processes, independently acting on Au and carbonate accumulations. An
example in which they claimed there was no Au enrichment at the top of the carbonate
horizon is seen in Lintern & Butt (1993; 1998b), even though the data that they presented
showed otherwise. A selection of plots from Lintern & Butt (1993; 1998b), of Au and Ca
concentrations through soil profiles at Bounty and Zuleika Sands Au deposits in Western
Australia are shown in Figure 7.2. These plots illustrate that highest Au concentrations are at
the top, or just above, peak Ca concentration in profiles, which are at various stages of
regolith carbonate formation.

The recognition of Au enrichment at the top of regolith carbonates and the adoption of this
model has major implications for Au exploration. The model shows that individual vertical
profiles contain significant and systematic Au variation. The variation within the profile can
be equivalent to the difference between geochemical background and anomalous values.
Therefore the sample position within the profile is an important consideration. Sampling
programs to date have mostly collected material from the top of the regolith profile because it
is the easiest part of the profile to sample. It is somewhat fortuitous that this is the zone of
highest Au concentration.

Another consideration when sampling regolith carbonates is the status or stage of the profile
evolution. The evolution stage, apart from stage VII, is not critical in terms of what
morphology is sampled, so long as the sample is collected from near the top or just above the
regolith carbonate horizon. This was demonstrated with samples collected from White Dam
and Tunkillia. What does need to be considered is the Au concentration with respect to
sample morphology. Although not investigated fully in this study, lower Au concentrations
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may be expected in the less developed stages I and II. The concern therefore, is the
assignment of a single anomalous Au cut-off value by exploreres, when it may be different
depending on the sample type. The completeness of the profile is the most important
consideration, since at stage VII the profile may give a blind response (anomaly removed) or
false anomaly if transported (Figure 7.3). Identification of an eroded profile that has been
buried, possibly with additional regolith carbonate overprinting, is difficult due to the
fragmented nature of the material. This is made more difficult when digging up samples, or
auger sampling profiles that are not visible.
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Figure 7.2: Soil depth profile plots from Bounty and Zuleika Sands Au deposits showing Au enrichment
aligned with, or just above the high Ca concentration zone, even when Ca is very low (plot G) (from
Lintern & Butt, 1993; 1998b).

One aspect that has not been investigated in this research, but warrants further investigation is
the state of Au in the profile prior to regolith carbonate formation. The proposed model is
based on the assumption that Au is dispersed throughout a regolith profile that has been
exposed to regolith forming processes since the Late Palaeozoic. The question is therefore
asking what the original state, mobility, and concentration of Au was in the profile, prior to
regolith carbonate formation? Another aspect that requires further investigation is the
interaction of the clay and Au with respect to regolith carbonate evolution. The build up of
regolith carbonate in the profile causes clay to flocculate. Hence, clay moving down the
profile through eluviation, concentrates toward the top, and just above the regolith carbonate
horizon. It is unclear how this process affects the Au, but given that Au is enriched in the
same position as the clay, then a physical or chemical association is likely. It may be that Au
in regolith carbonate has a stronger association with clay than regolith carbonate evolution.
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The answer to these questions may have important implications to the development of Au-in-
calcrete and the proposed model.

7.3. Conclusion

Based on the research presented in this study, the geochemical dispersion pathways of Au and
Ca within the regolith are independent until regolith carbonates start to precipitate in the
profile. As carbonate precipitation increases, permeability is reduced. This causes Au and Ca
to become physically and maybe chemically unified, thus forming Au-in-calcrete. Therefore,
Au — Ca association is one of coincidence that is due to similar, but independent Ca and Au
reactions to the physical, chemical and biological processes active in the regolith.

Geochemical results offer no clear identification as to whether a Au-in-calcrete anomaly is
over mineralised or barren bedrock. The best surficial clues are gained by understanding and
interpreting landscape processes. This is best done through the use of regolith-landform maps,
which can be easily constructed from information gathered whilst sampling, along with aerial
satellite images.

In central and southern Australia regolith carbonates are widespread, easily identifiable, and
typically enriched in Au when near mineralisation. This makes them an ideal sampling
medium for Au exploration. This study has revealed that the ideal regolith carbonate sampling
material is from the top of the regolith horizon, independent of morphology type. A proposed
formation model illustrates how this is Au enrichment at the top of the profile occurs and
explains the formation of true, transported and blind anomalies (Figure 7.1 & Figure 7.3).

The research has linked applied knowledge of Au-in-calcrete from its use as a sampling
medium by exploration companies with knowledge of regolith carbonates and their formation.
Although a definitive solution has not been found that will confirm a Au-in-calcrete anomaly
is overlying mineralisation, the research does provide reasons why these anomalies may occur
over barren bedrock. The research has also shown that regolith-landform mapping can be a
first step in improving the targeting of Au mineralisation from a spatially extensive Au-in-
calcrete anomaly, as found at Tunkillia.

Mineral deposits are becoming more difficult to locate due to the majority of exposed and
near surface deposits possibly located. It is a requirement therefore that mineral exploration
companies become “smarter” in their sampling methodology. The aim of most exploration
companies when sampling, is to obtain the greatest number of samples for minimal cost. This
is not necessarily the most economical method in the long term. As shown in this study,
interpretation of sample geochemistry can be improved through the use of additional
information gathered at the time of sample location, such as the regolith-landform setting and
pedology. For instance, recognition that the Au-in-calcrete anomaly at Tunkillia was
following palaeo- and contemporary drainage may have resulted in faster location of the
deposit and reduced drilling into barren bedrock.
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