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Abstract 

Eclogites from the Usagaran Orogenic Belt of Tanzania have been reliably dated at 

2.0 Ga and are the oldest reported subduction-related eclogites within a well-preserved 

orogenic belt. Based on limited geochemistry from two samples of eclogite from the 

Usagaran Belt, Möller et al. (1995) concluded that the protoliths were similar to MORB. 

This study analyzed a larger number of eclogitic samples and a suite of structurally 

intercalated mafic and pelitic rocks to establish the tectonic setting of the Usagaran 

Orogenic Belt rocks.  

Eclogitic rocks from the Usagaran Orogenic Belt display LILE and LREE 

enrichment relative to present-day MORB. Variations in εNd values from depleted 

mantel at 2.0 Ga supported this interpretation. The mantle-derived mafic rocks show 

strong Nb depletions, indicating that they are subduction-related. Enrichment of mafic 

rocks in LILE and LREE are likely caused by dehydration of the subducting slab with 

some contamination from crustally derived materials perhaps via subducted sediment. 

The intercalated pelites are mainly derived from the Tanzanian Craton, with a significant 

mafic input evidenced by high Cr & Ni values. Based on the geochemical isotopic 

compositions and field relationships, the eclogites, mafic rocks and pelites all formed in a 

subduction setting that operated around 2.0 Ga. 

Despite the fact that the Earth was hotter in its early history, modern plate tectonics, 

(i. e., subduction of cold oceanic crust into a warm mantle resulting in high-pressure low-

temperature metamorphism), occurred and was recorded in the Usagaran Belt during the 

Palaeoproterozoic. Thus modern-style plate tectonics have operated since at least 2.0 Ga. 
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1. Introduction 

Eclogitic facies rocks form under high to ultra-high pressure metamorphic conditions 

(Blatt and Tracy, 1996). Some eclogites are thought to occur at the uppermost 

lithospheric mantle in both sub-continental and sub-oceanic regions and are brought near 

to the surface as xenoliths by intra-plate alkali basalt or kimberlite eruption (Blatt and 

Tracy, 1996). Eclogite can also form when mafic rocks are subjected to high-pressure 

moderate-temperature metamorphism where the minimum P-T condition is about 14kbar 

(50 km) and 450°C (Blatt and Tracy, 1996). These conditions can be met in subduction-

accretion complexes and sites of continental collisions in modern Earth, where relatively 

cold crust is subducted deep into the mantle, then exhumed back to the Earth’s surface 

before the eclogitic mineral assemblages are overprinted as the tectonic depressed 

isotherms re-equilibrate. Such eclogites are the remnants of tectonic crustal-thickening 

processes and are considered to be the evidence of former subduction zones (Möller et al., 

1995). 

Studies of subduction-related eclogites are important because they retain information 

about the tectonic process involved in their formation. Thus the study of eclogites can 

improve our understanding of how tectonic processes operated in the past.  

Subduction-related eclogites are relatively common in Phanerozoic orogens (Brown, 

2007), e.g., 445 Ma eclogites from North Qaidam, northwest China, (Zhang et al., 2008); 

230 Ma eclogite from western Tianshan orogenic belt, China, (Zhang et al., 2007); 100 

Ma eclogites from Pohorje Mountain of the Eastern Alps, Northern Slovenia (Sassi et al., 

2004).  

On the other hand, few Precambrian eclogites are reported (Brown, 2007). Examples 

include the 620 Ma Mali ultrahigh-pressure (UHP) eclogites (Jahn et al., 2001); 1.9 Ga 

eclogite from the Snowbird Tectonic Zone, Canada (Baldwin et al., 2004); the 2.0 Ga 

eclogites from the Usagaran Orogenic Belt, Tanzania (Möller et al., 1995; Collins et al., 

2004) and the 2.7 Ga eclogites from the Belomorian region of NW Russia (Volodichev et 

al., 2004). Of these, only eclogites from the Usagaran have been reliably dated at 2.0 Ga 
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(Möller et al., 1995; Collins et al., 2004) and are the oldest reported subduction-related 

eclogites within a well-preserved orogenic belt. 

 Oceanic crust is partly made of mid-oceanic ridge basalt (MORB). MORB is a type 

of tholeiitic basalt that erupts along the mid-ocean ridges on constructive-plate margins. 

Oceanic crust gradually migrates from its source of formation towards the destructive-

plate margins and then subducts into the mantle. Eclogites with MORB affinity represent 

former oceanic crusts that have experienced all stages of plate tectonics and hence, they 

are the best evidence of plate tectonics. 

Different workers apply different distinctive features of plate tectonics to define and 

trace its operations back in time. For example, Cawood et al. (2006) suggest that plate 

tectonics have been active since at least 3.1 Ga based on palaeomagnetic, geochemical 

and tectonostratigraphic data while Stern (2005) thinks the first appearance of ophiolites, 

blueschist facies metamorphic rocks and ultrahigh-pressure metamorphic terranes 

indicate that modern style of subduction tectonics began in the Neoproterozoic. Although 

different lines of evidence show that plate tectonics initiated in the Precambrian, there is 

still debate on when exactly it started. The definition of plate tectonics used in this study 

is based on the fact that old cold oceanic crust subducts into warm mantle beneath the 

subduction zone. Eclogitic rocks are then the products of these high-pressure low-

temperature conditions. This type of tectonic operation is common in the recent history of 

the Earth (since at least the Phanerozoic) and hence, it is named as ‘modern plate 

tectonics’. Discovery of 2.0 Ga old subduction-related eclogites with MORB affinity is 

remarkable as it indicates a more precise possible timing of the onset of modern plate 

tectonics. 

Based on limited geochemistry from two samples of eclogites from the Usagaran 

Orogenic Belt, Möller et al. (1995) concluded that the protoliths were similar to MORB. 

This study aims to investigate whether the eclogites from the Usagaran Orogenic Belt 

truly have MORB affinity by analyzing a larger number of eclogitic samples and a suite 

of structurally inter-related mafic and pelitic rocks for their bulk-rock geochemistry and 

Sm-Nd isotopic compositions. Possible tectonics setting(s) will be proposed based on the 

results. 
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2. Geological Setting 

The Usagaran Orogenic Belt, situated in central Tanzania, is a Palaeoproterozoic 

orogenic belt that lies directly east of the Late Archaean Tanzanian Craton (Figure 1). In 

the south it has been linked with a similar sequence of rocks of the Ubendian Orogenic 

Belt of western Tanzania (Mruma, 1989). The Usagaran Orogenic Belt is progressively 

reworked in the north and east by the East African Orogen, a Neoproterozoic orogeny 

associated with the amalgamation of Gondwana (Collins et al., 2004). 

The Usagaran Orogenic Belt can be subdivided into two major litho-tectonic units: 

the Konse Group and the Isimani Suite (Mruma, 1980; Reddy et al., 2003, Collins et al., 

2004, Reddy et al., 2004). The Isimani Suite is composed of medium to high grade 

gneisses and amphibolites with a few pockets of granulites (Mruma, 1989). The rocks of 

the suite have undergone high-grade metamorphism at amphibolite- to granulite-facies, 

have been multiply deformed and have completely transposed primary structures (Mruma, 

1989). The eclogites and the mafic rocks occur as lenses in the garnet amphibolites, 

together with metapelites and felsic gneisses in the Isimani Suite (Collins et al., 2004; 

Brick, personal communication). The Konse Group is bordered by the Tanzanian Craton 

and by the Isimani Suite to the west and east respectively (Mruma, 1989). It is composed 

of six low-grade meta-sedimentary and meta-volcanic formations which still show their 

primary sedimentary and volcanic structures (Mruma, 1989).  

The contacts between the Isimani Suite and Konse Group are mainly tectonic, 

defined by prominent thrust planes and mylonite zones with the Isimani Suite overthrust 

onto the Konse Group (Mruma, 1989). However, the Isimani suite is overlain by the 

Konse Group with a well marked angular unconformity in some areas (Mruma, 1989). 

The contacts between the Konse Group and the Tanzanian Craton are tectonic as the 

Konse Group has been thrust onto the craton (Mruma, 1989). 

There are at least two major metamorphic events can be recognized in the Isimani 

Suite, whereas the Konse Group displays one episode of metamorphic recrystallization 

(Mruma, 1989). The Isimani Suite was first metamorphosed to granulite to upper 

amphibolite conditions (T = 780ºC and P = 10 kbars) and then retrograded to green 
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schist – amphibolite facies (T = 500ºC to 700ºC and P = 4 kbar to 6 kbar) (Mruma, 1989). 

The Konse Group was metamorphosed under the conditions similar to the retrograded 

metamorphism in the Isimani Suite (Mruma, 1989).  

Peak eclogite-facies conditions have been constrained at 750°C and about 18 kbar 

(Möller et al., 1995). A clockwise P-T path is deduced from mineral zonation and 

inclusion relations (Möller et al., 1995). Retrograde reaction textures indicate a near-

isothermal decompression which can be explained by erosion or tectonically controlled 

exhumation that followed tectonic thickening of the crust during subduction (Möller et al., 

1995). These findings are supported by Herms’ (2002) investigation on fluid inclusions 

associated with the eclogitic rocks. 

The Isimani Suite of the Usagaran Orogenic Belt records a complex structural history 

which can be summarized in five stages (Reddy et al., 2003). The initial stage (D1) 

occurred at high pressure conditions and resulted in formation of recumbent folds and 

compositional bandings (Mruma, 1989; Reddy et al., 2003). The eclogite and granulite 

facies mineral assemblages are considered to have developed at this stage (Mruma, 1989). 

The second stage (D2) took place at amphibolite facies conditions and overprinted the 

previous D1 deformations as well as mineral assemblages (Reddy et al., 2003). The third 

stage (D3) was short-lived and the metamorphic grade of the D3 fabrics are 

indistinguishable from those developed during D2 which indicates that it was probably 

associated with the later stages of D2 (Reddy et al., 2003). D3 may represent a phase 

when the direction of shortening changed from SE to S during the orogeny (Reddy et al., 

2003). The last two stages involved extension (D4) followed by thrusting (D5) under 

greenschist facies condition that thrust the Isimani Suite over the Konse Group (Reddy et 

al., 2003). The ages of the D4 and D5 deformation phases are poorly constrained and may 

reflect deformation during Palaeoproterozoic exhumation of the Usagaran Orogen or 

during the late Neoproterozoic East African orogeny (Reddy et al., 2003). 

There are a number of published works constraining the nature and age of protoliths, 

timing of deformation and metamorphism within the Usagaran Orogenic Belt by using 

geochronological data and isotopes studies (Möller et al., 1995; Herms, 2002; Collins et 

al., 2004). Nd-model ages from the Usagaran gneisses range between 2.7 – 3.1 Ga, 
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suggests that there were some Achaean component (Möller et al., 1998). Similar results 

were obtained from the U-Pb study on the zircon cores from pelites by using sensitive 

high resolution ion microprobe (SHRIMP) (Reddy et al., 2003). U-Pb analysis of 

monazite and rutile from metapelitic rocks suggest that the eclogite facies metamorphism 

took place at about 2 Ga (Möller et al., 1995), similar to the SHRIMP U-Pb zircon ages 

obtained from the eclogite by Collins et al. (2004). The area was then affected by an 

extensive amphibolite facies metamorphism which took place between 1.87 – 2.0 Ga 

(Reddy et al., 2003). 

3. Sample selection & analytical methods 

Twenty rock samples including nine eclogitic rocks, six mafic rocks and five 

metapelites, were analyzed for major and trace element composition. Samples were 

selected to provide the widest possible sample spacing within the eclogite and mafic rock 

body, and pelites most closely associated with the eclogites (figure 1b). Weathered parts 

of the samples were removed by hammer before they were crushed in a steel jaw crusher 

and milled to powder by a tungsten-carbide mill at the University of Adelaide. The rock 

powders were sent to Amdel Limited, Thebarton, South Australia, for major and trace 

elements analysis. The major elements and trace elements were analyzed by inductively 

coupled plasma optical emission spectrometry (ICP-OES) and inductively coupled 

plasma elemental mass spectrometry (ICP-EMS) respectively. The results, with 

additional two mafic samples (T06-38 and T06-39) previously analyzed by ALS, are 

reported in Table 1. Note that sample T06-39 has been analyzed twice and the results are 

comparable.  

Ten out of these twenty samples, including five eclogitic rocks, three mafic rocks 

and two pelites, were selected for Sm-Nd isotopic compositions analysis. Sample 

preparation and isotopic analyses were undertaken in the University of Adelaide isotope 

laboratory. Sm-Nd isotope analytical procedure followed that outlined in Wade et al. 

(2006). Powdered samples were spiked with a mixed 149Sm-150Nd spike before oven 

digestion in sealed Teflon steel bombs. Sm and Nd were separated from other trace 

elements by two stages of dilute hydrochloric acid cation exchange. The two elements 

were then separated by hydrogen-diethyl-hexyl-phosphate reverse chromatography 
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procedure. The products were then analyzed by thermal ionization mass spectrometers 

(TIMS). Nd analyses were carried out on a Finnigan MAT 262 multi-collector mass 

spectrometer in dynamic mode while Sm analyses were carried out on a Finnegan MAT 

261 single-collector mass spectrometer. Analyses of the La Jolla standard yielded 

0.511839 ± 0.000005 (1 SD) on 12 runs during the course of the study. The calculated 

results are listed in Table 2. 

4. Petrology 

The mineral assemblages of the eclogites consist of garnet, clinopyroxene and a 

small amount of quartz. Presence of plagioclase, amphiboles and ilmenite are due to 

retrograde metamorphism to the amphibolites facies. In the sample with least evidence of 

retrogression (T01-40), garnet and clinopyroxene are similar in size and have a 

granoblastic texture. Some garnets are surrounded by plagioclase and quartz while some 

clinopyroxene grains are surrounded or replaced by amphiboles (Figure 2a & 2b). 

Cleavages of clinopyroxene are slightly faded out and ilmenites are found along them or 

as patches next to clinopyroxene. Some thin sections have porphyroblastic garnets within 

a matrix of finer-grained plagioclase, clinopyroxene, ilmenite, quartz and amphibole. 

Some eclogitic rocks also show a weak foliation defined by an alignment of 

clinopyroxene, amphibole and vein quartz penetrations (Figure 2c & 2d), probably 

formed after eclogitic metamorphism. 

The mafic rocks consist of orthopyroxene, clinopyroxene, plagioclase, olivine and 

minor quartz. Similar to the eclogitic rocks, some pyroxenes are broken down to form 

amphiboles and ilmenite although some pyroxenes generally have well preserved crystal 

shapes and cleavages (Figure 2e & 2f). These indicate that the rocks are only slightly 

metamorphosed to amphibolites facies. Garnet forms a reaction rim between plagioclase 

and orthopyroxene in thin section T06-38 (Figure 2g & 2h). This assemblage shows a 

reaction between plagioclase and orthopyroxene to form garnet, which is common from 

medium-amphibolites facies or hotter metamorphism. Furthermore, small amount of 

scapolite are found in mafic sample T06-39.  
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5. Results 

5.1 Whole rock major and trace element chemistry 

5.1.1 Eclogite 

The major element concentrations of the eclogitic samples are broadly similar with 

the exception of sample T07-16, which is penetrated by vein quartz. Therefore, it is 

excluded from major and trace elements classification plots, but its spidergram and REE 

pattern will be kept for comparisons in order to demonstrate the effect of fluid alteration 

on distribution of trace elements. 

The eclogitic rocks have low SiO2 contents which vary from 47.5 to 52.1%, a typical 

range of basic rocks. As the eclogitic rocks have low silica and low total alkali content, 

they plot in the basalt field in the total alkalis-silica (TAS) diagram (Figure 3a) and in the 

tholeiite field on an AFM diagram (Figure 3b). This is also shown by the P2O5-Zr 

discrimination diagram (Figure 3c) as alkali basalt has higher P2O5 than tholeiitic basalt 

for a given Zr content (Winchester and Floyd, 1976). Their low MgO, Cr, Ni content and 

high CaO as well as FeOtotal concentrations indicate they probably have a primitive basic 

protolith. Similar conclusions are obtained from the Al2O3-TiO2 discrimination diagram 

(Figure 3d) generated by Pearce (1983) and applied by Miller and Thöni (1997) as well 

as Sassi et al. (2004) to distinguish between cumulates and basalts. The diagram shows 

the eclogitic rocks represent basaltic liquid compositions. Furthermore, the eclogitic 

rocks are generally characterized by low loss of ignition (LOI) contents, indicating that 

fluid phases were not significantly involved during subduction, exhumation and post-

metamorphism.  

The E-MORB-normalized spidergram shows the eclogitic rocks are enriched in Ba 

as well as U while depleted in Rb, K and Sr (Figure 4b). The trace elements abundances 

vary from 0.2 to 10 times to E-MORB while most of the rare earth elements (REE) 

concentrations fluctuate between 0.4 to 3 times to E-MORB. Sample T07-16 has the 

same spidergram pattern as the others but generally lower in concentration. Strong 

depletions are found in Nb and Sr. In addition, its REE pattern remains the same as the 

other samples. 
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All eclogitic samples plot in the oceanic tholeiite field in the TiO2-K2O-P2O5 

discrimination diagram (Figure 6c). Most of the eclogitic rocks are classified as MORB 

in various discrimination diagrams, such as the Ti-Zr-Y discrimination diagram (Figure 

6a), the Ti-Zr discrimination diagram (Figure 6b), the Zr-Nb-Y discrimination diagram 

(Figure 6d) and the Ti-V discrimination diagram (Figure 6e). The exceptions are sample 

T07-06 which is classified as island-arc tholeiites in the Ti-Zr discrimination diagram and 

two samples (T07-06 and T07-24) fall into the island arc basalt or continental arc in the 

Ti-V discrimination diagram. 

The total REE concentrations of the eclogitic rocks varied between 33.73 to 63.7 

ppm, with sample T06-11 showing the most significant REE enrichment at 119.25 ppm. 

The (La/Sm)N range from 0.62 to 2.34 while (La/Yb)N varies between 0.89 – 2.73, 

indicating a light rare earth element (LREE) enrichment. The REE concentrations are 10 

to 45 times to chondrite concentrations (Figure 4c). Note that LREE concentrations of 

sample T06-11 are up to 65 times to chondrite. There are no significant Eu anomalies 

among the samples. The total REE concentration of T07-16 is 39.93 ppm. Its REE pattern 

follows the same trend as the others but is lower in concentration, with (La/Sm)N and 

(La/Yb)N equal to 1.38 and 2.69 respectively.  

5.1.2 Mafic rocks 

As with the eclogitic rocks, the mafic rocks show very uniform major element 

concentrations with only limited variations. The mafic rocks lie on the boundary between 

basalt and basaltic andesites in the TAS diagram (Figure 3a). They fall into the tholeiitic 

field in an AFM diagram (Figure 3b) and the P2O5-Zr discrimination diagram (Figure 3c). 

Al2O3-TiO2 discrimination diagram indicates that the mafic rocks are cumulates (Figure 

3d), though no Eu anomalies are seen in the chondrite normalized REE plot (Figure 5b). 

They have low LOI content with an average about 0.2 %, indicating that no significant 

volatile fluid phase was involved during their formation and metamorphism. 

The primitive mantle-normalized spidergram of the mafic rocks (Figure 5a) shows a 

gradual decreasing trend in concentrations from the most incompatible element to the 

least incompatible element. All samples are strongly depleted in Nb while only slight 

depletions are found in Ti. The trace elements abundances vary from 2 to 40 times to 
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primitive mantle except Nb concentrations which are generally equal to the primitive 

mantle value. 

The mafic rock samples are plotted in the continental tholeiite field in the TiO2-K2O-

P2O5 discrimination diagram (Figure 6c). However, they fall along the boundaries of field 

B, C and D in the Ti-Zr-Y discrimination diagram (Figure 6a). They are classified as arc 

basalts in the Ti-V discrimination diagram (Figure 6e).  

The mafic rocks have different REE patterns from the eclogitic rocks. The total REE 

concentrations of the mafic rocks vary from 40.52 to 58.02 ppm. Abundances of trace 

elements vary from 4 to 45 times to chondrite. Similar to the primitive mantle-normalized 

spidergram, the chondrite-normalized REE patterns of the mafic rocks (figure 5b) show a 

gradual decreasing trend in abundance from La to Lu. Ratios of (La/Sm)N and (La/Yb)N 

range 2.44 – 2.74 and 5.91 – 7.17 respectively. 

5.1.3 Pelite 

The SiO2 content of sample T06-07 is 35.9%. Its MgO concentration and LOI are 

anomalously high at 17.1% and 8.62%. Therefore, it is probably a dolomite with some 

detrital material. Other pelitic samples have SiO2 range between 54.3 – 60.1%, with 

relatively high Al2O3 content (17.1 – 26.4 %). The protolith of the pelites were probably 

shale. Cr and Ni abundances are 385 – 650 ppm and 70 – 175 ppm respectively. The total 

REE concentrations of the pelite varied range between 126.98 ppm – 194.02 ppm. The 

HREE is slightly enriched relative to the LREE according to the Post-Archaean average 

Australian sedimentary rock (PAAS) normalized REE plots (Figure 5c). However, no 

significant Eu anomaly is observed. 

The lack of Eu anomaly suggests that the majority of the sediments are derived from 

an Archaean source. This is also supported by the zircon ages obtained from samples 

T01-05 (Collins et al., 2004). The zircon cores from sample T01-05 range from 2400 to 

3000 Ma and two large peaks are found on 2580 and 2684 Ma in a probability 

distribution plots (Collins et al., 2004), although some age peaks are unknown on the 

Tanzanian Craton. In addition, zircons from sample T06-27 yield a large peak at 2007 ± 4 

Ma, which is interpreted as the age of metamorphism (Brick, unpublished data). This is 
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similar to the findings from Möller et al. (1995) and Collins et al. (2004). Hence, it can 

be concluded that the sediments were deposited before the orogeny. 

5.2 Sm-Nd isotopic composition 

All the Sm-Nd isotopic results are listed in table 2. Furthermore, additional samples 

from Möller et al. (1998), including one eclogite, three pelite and three (one repeated) 

samples from the Tanzanian Craton are listed in Table 3. 

The five eclogitic samples yielded εNd(0) values which range between -17.0 – 1.3. 

Eclogite facies metamorphism occurred at about 2.0 Ga (Möller et al., 1995; Collins et al., 

2004). Therefore, the εNd(2 Ga) values range from -3.0 to 2.4 at 2 Ga (Figure 8a). An 

errorchron age for the eclogites of 2281 ± 580 Ma is calculated based on the Sm-Nd data 

(initial 143Nd/144Nd of 0.50969±0.00071, MSWD = 50) (Figure 8b). The 147Sm/144Nd 

ratios of the samples lie within the range of 0.1374 – 0.2316. Although the error is big, it 

generally indicates that protoliths of the eclogitic rocks are formed before metamorphism 

at 2.0 Ga.  

The results of the five eclogites show average of positive and negative εNd(2 Ga) 

values which imply that they are not likely derived from a depleted source. In other 

words, these samples do not show MORB-like characteristics in their Nd isotopic 

compositions. However, these irregular isotopic patterns may be due to the presence of 

contaminations in the protolith. Source of contaminations may be sediments from cratons 

or volcanic arc within the oceanic plate. 

The three mafic samples, on the other hand, give uniform εNd(0) values ranging from 

-19.0 to -20. The εNd(2 Ga) values are between -4.0 to -3.0, clearly indicating they are not 

solely derived from depleted mantle and probably contamination is involved. This is 

consistent with the geochemical results mentioned in previous section that they formed in 

subduction-related arc setting. 

Similar to the mafic rock samples, the εNd(2 Ga) values of two pelitic samples are -3.7 

and -9.0.  
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Results are plotted in the Nd evolution diagram (Figure 8a). The Nd evolution 

diagram shows that all eclogitic and pelitic samples, including those from Möller et al. 

(1998), plot between the evolution path of the depleted mantle and the Tanzanian Craton. 

This provides support that the contamination of eclogite and mafic rocks are probably 

derived from the craton. 

5.3 Summary 

Based on the differences between the major and trace elements compositions as well 

as the REE patterns, the eclogitic and the mafic rocks are formed from different protoliths. 

The eclogitic rocks are classified as primitive tholeiitic basalt with some MORB affinity 

while the mafic rocks are probably cumulates and is subduction-related andesitic basalt. 

The same conclusion is drawn from the Harker diagrams (Figure 7) where the major 

oxides (except MgO) and some trace elements are plotted against Mg#. The mafic 

samples show linear trends in most of the major oxides and trace elements, indicating that 

they are derived from a single parental source. The eclogitic samples also show a linear 

relationship though the trends are relatively scattered. However, the negative correlation 

of Ti with Mg# suggests that the variations are caused by the same process and the 

scattering is probably caused by weathering and metamorphism after the protolith 

formation (Stosch and Lugmair, 1990). Furthermore, although the eclogitic and mafic 

samples are derived from different sources, according to their relative locations in the 

field, they probably associated with the same subduction tectonic setting but represent 

different part in the setting. 

The high Cr, Ni and the HREE abundance in the pelites suggest that there are some 

mafic inputs to their protolith. This source may be Archaean greenstones from the 

Tanzanian Craton, although greenstones are not currently exposed in the southern part of 

the craton. But the initial εNd values of the pelites plot between the depleted mantle and 

the Tanzanian Craton εNd evolution paths (figure 8a). This indicates that the sources for 

the protolith of pelites cannot be derived solely from felsic Tanzanian Craton. 

The major element contents, normalized trace elements and REE patterns indicate 

the protoliths of the Usagaran eclogitic rocks are very likely to be E-MORB, although the 

large ion lithophile elements (LILE) and the irregular excess in LREE, the Sm-Nd 
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isotopic compositions in the samples are not consistent with this conclusion. In general, 

chondrite normalized REE plots of N-MORB show a slight LREE depletion comparing to 

heavy rare earth element (HREE) while the LREE are only slightly enriched when 

compared with HREE for E-MORB (Figure 4c). 

There are a number of possible reasons for these inconsistencies: 1) the eclogites 

may actually represent another type of basalt, such as island-arc basalt, instead of MORB; 

2) the eclogites formed from subducting MORB but with some contaminations during the 

process; 3) the mechanism of plate tectonics 2 billion years ago is fundamentally 

different from the modern plate tectonics and hence the geochemical compositions of 

MORB are different from the modern Earth. For the first possibility to apply the rock 

type classifications based on the discrimination diagrams and trace elements would need 

to be incorrect, which would require significant mobility of those elements applied. An 

investigation on the mobility of the trace elements and REE would give some ideas on 

this possibility. The second possibility involves additional materials input to the MORB 

before or during subduction: the geochemical compositions of the associated 

(sedimentary) rocks may provide some clues about this assumption. The last possibility 

concerns the thermal and geochemical evolution of the Earth. Comparison of eclogitic 

rocks in this study to other eclogites or even oceanic crust fragments in different ages will 

perhaps give some hints about this suggestion. All possibilities will be discussed in the 

later sections. 

The spidergram and REE patterns of the mafic rocks show that they are not MORB. 

Strong depletions in Nb clearly indicate that these rocks are subduction-related. In 

addition, they are classified as continental tholeiites in the TiO2-K2O-P2O5 discrimination 

diagram. Therefore, the mafic rocks are probably formed in a subduction-related 

continental arc setting. 

6. Discussion 

6.1 Geochemical characteristics of MORB and factors influencing them 

As mentioned in the introduction, MORB is tholeiitic basalt that formed from mantle 

beneath the oceanic ridge by decompression melting. Identification of MORB from other 
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types of basalt is based on its unique trace element fingerprint. In general, MORB tends 

to show LILE and LREE depleted patterns in chondrite- or primitive mantle-normalized 

spidergrams. The maximum concentrations of the moderately incompatible elements in 

MORB are about 10 times of the primitive mantle values (Hofmann, 1988). 

MORB can be divided into two categories based on their differences in LILE and 

LREE concentrations: normal-type MORB (N-MORB) and enriched-type MORB (E-

MORB). N-MORB is characterized by low highly incompatible elements content, while 

E-MORB is enriched in highly incompatible elements (Sun et al., 1979). They can be 

distinguished from each other by their normalized REE patterns. N-MORB shows LREE 

depletion in chondrite-normalized REE plots. E-MORB, on the other hand, has a LREE 

enriched pattern in the chondrite-normalized REE plot. Apart from the REE patterns, N-

MORB and E-MORB can also be distinguished by their normalized spidergram pattern. 

The eclogitic samples show enriched LREE and a flat HREE pattern in chondrite-

normalized plot and hence, they are derived from E-MORB. However, the magnitudes of 

the enrichments are higher than a typical E-MORB. Therefore, it is worthwhile to 

consider factors affecting the generation of MORB along the oceanic ridge. 

Sun and McDonough (1989) pointed out that there are four factors influencing 

chemical and isotopic characteristics of basaltic magma: 1) the source characteristics, 

which are a function of its previous history; 2) the tectonic environment of magma 

generation; 3) magma generation conditions and processes; and 4) mixing of different 

mantle source regions. MORB generate along the oceanic ridges where there is generally 

no other type of crust around. Therefore, the effect of the second and fourth factors on the 

chemical and isotopic characteristics should be minimal and can be excluded from 

considerations.  

The first factor considers the geochemical variations in the mantle. Seismological 

evidence shows that the Earth's mantle is separated into two layers at about 660 km and 

this is probably due to mineralogical and/or chemical differences. The upper and lower 

layers may interact and cause chemical variations in the mantle. For example, the 

subducted slabs can penetrate into the lower mantle while plumes from the lower mantle 

may rise and pass through the upper mantle to the surface (Olson et al., 1990; Machetel 
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and Weber, 1991; Stein and Hofmann, 1994).  In addition, recycling of oceanic crust and 

lithosphere may also be important to generating mantle heterogeneities (Hofmann, 1997).  

The third factor that Sun and McDonough (1989) described as influencing the 

chemical composition of basaltic magma focuses on how MORB is generated. As 

mentioned before, MORB is formed from mantle beneath the oceanic ridge by 

decompression melting. Factors such as spreading rate of the ridge, temperature of the 

mantle, presence of water etc., will affect the degree of melting which in turn affect the 

chemical compositions of melt. Water will lower the melting temperature of the mantle 

and hence, more melt will be generated at the same temperature in the presence of water. 

More melt will also be generated if the temperature of the mantle that approaching the 

surface is higher than normal. Once partial melting occurs, the highly incompatible 

elements such as LILE, will rapidly go into the melt first until they are exhausted. As the 

magnitude of partial melting increases, concentrations of the highly incompatible 

elements decrease. On the other hand, the degree of partial melting is related to the 

spreading rate of the ridge: the higher the spreading rate of the ridge, the lower the 

pressure along the ridge, resulting in a higher degree of partial melting. Therefore, larger 

volumes of relatively depleted melt will be generated. 

The E-MORB affinity of the Usagaran eclogitic rocks are probably due to an 

enriched source and/or a low degree of mantle melting, although it is difficult to quantify 

the influence of these two factors. However, since the protoliths of the eclogitic rocks are 

formed in the Palaeoproterozoic, other factors such as the thermal regime of the Earth at 

that time may also affect MORB generation and this will be discussed in later section. 

6.2 Mobility of elements during metamorphism 

Apart from rock classifications, major and trace elements are often used together in 

identifying the original tectonic settings of igneous rocks (Rollinson, 1995). They are also 

applied to distinguish the tectonic settings in which metamorphosed igneous rocks like 

eclogite originally formed (e.g. Liu et al., 2005; Song et al., 2006; Kullerud et al., 1990). 

Validity of these interpretations depends not only on the original element content of 

protoliths but also on the sensitivity of these elements to alteration. Therefore, it is 

essential to know the behavior of these elements during metamorphism and weathering. 
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Geochemical compositions of rocks can be altered under many circumstances. There 

are two possible circumstances for the eclogitic rocks in this study to undergo massive 

alteration. The first one is caused by interactions with seawater and/or hydrothermal fluid. 

The second one occurs during subduction as the rocks are subjected to high-pressure low-

temperature metamorphic conditions, where they react with the fluids generated by 

dehydration as well as the surrounding mantle. 

It is commonly thought that altered submarine basalts are enriched in incompatible 

elements, such as LILE and B. Studies point out the altered submarine basalts are 

enriched in K, Rb, Cs, Li and B (Hart et al., 1974; Sayfried et al., 1998) while enrichment 

or depletion of Ba can be up to about 50% (Philpotts et al., 1969). In addition, there are 

geochemical data from high-pressure and ultrahigh-pressure metabasaltic and 

metasedimentary rocks that demonstrate at least local-scale of LILE mobility when their 

protoliths subducted to great depths, although they generally represent relatively small 

fraction of loss distributed over large volumes of rocks (Bebout, 2007). This may lead to 

a significant flux of LILE to the mantle, but in many cases there is no obvious depletion 

signature left in the sources (Spandler et al., 2004; Bebout, 2007).  

From the normalized spidergrams (Figure 4a & 4b), the eclogitic samples are 

enriched in Ba and U, and depleted in Rb, Sr and K (except sample T01-40, which shows 

enrichment in K). These LILE variations are probably caused by seafloor alteration of the 

protolith. On the other hand, as mentioned previously, the eclogitic and mafic rocks may 

come from the same subduction tectonic setting. LILE enrichments of the mafic rocks 

could be due to the fluid generated by slab dehydration during subduction as LILE are 

liberated from the slab to the fluid phase. Although the LILE are highly mobile during 

weathering and metamorphism, they do not affect the interpretations in this study as they 

are not used to indentify protoliths.  

The REE are considered to be relatively stable under seawater and hydrothermal 

fluid alterations as well as metamorphism. Experimental (e.g. Hajash, 1984) and 

petrologic studies (e.g. Philpotts et al., 1969; Tribuzio et al., 1996) imply that the 

abundances and distribution patterns of REE are basically identical as there are no 

significant differences before and after alteration. Hajash (1984) claimed that although 
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some leaching or redistribution of REE, especially the LREE, may occur during 

hydrothermal alteration, the whole-rock REE patterns may still be used as petrogenetic 

indicators.  

The high field strength elements (HFSE) are normally considered as immobile 

elements in most geological processes. They are used as indicators to discriminate among 

different sources of magma from different geological settings (e.g. Pearce and Cann, 

1973; Shervais, 1982; Meschede, 1986). However, there is evidence indicating that they 

can be transported by a variety of solutions in magmatic, metamorphic and hydrothermal 

environments under certain conditions, although their mobility depends on many factors 

such as P-T conditions, pH of the solutions and fluid chemistry (Jiang et al., 2005). 

Therefore, abundances of HFSE can be altered under appropriate conditions.  

In general, the HFSE and REE abundances of the eclogitic rocks are not significantly 

altered by weathering and metamorphism. Sample T07-16, which was penetrated by vein 

quartz, shows similar pattern in the spidergrams although there are strong depletions in 

Nb, Sr and weak depletion in Ti. In addition, the concentrations of REE are generally 

lower than other eclogitic samples but in a same magnitude throughout the series. These 

fit the conclusions made by the previous workers that the HFSE and REE are generally 

not affected by weathering and metamorphism. This also applied to the HFSE and REE 

abundances of the mafic rocks.  

Based on the geochemical data of the eclogitic as well as mafic samples and the 

mobility of elements in weathering and metamorphism, two conclusions can be drawn. 

First, variations in LILE and other incompatible elements in the eclogitic and mafic rocks 

are caused by seafloor alteration and dehydration of subducting slabs respectively. 

Second, the HFSE and REE compositions remain undisturbed through time and hence, 

they are suitable to be used in the discrimination diagrams to identify their sources. 

However, the LREE enrichments on both rock types are not consistent with this finding. 

There must be some other factors affecting the LREE enrichments in these rocks and this 

issue will be discussed in a later section. 
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Pearce and Cann (1973) pointed out that for an element or combination of elements 

to be useful in characterizing the different magma types, they must have a greater 

variation in concentration among different magma types than between samples of the 

same magma type and be insensitive to secondary processes such as weathering and 

metamorphism. Some elements, for example, Ba, vary significantly between ocean-floor 

and volcanic arc basalts (Pearce and Cann, 1973) but are very mobile during weathering 

and metamorphism (Philpotts et al., 1969) and hence not suitable to be used in 

distinguishing different magma types.  

Kullerud et al. (1990) investigate the mobility of elements in their samples by plotting 

the elements of interest against Zr. A good correlation between Zr and an element 

indicated the mobility of the element during post-magmatic processes could be 

considered as negligible (Kullerud et al., 1990). This method is applied here in order to 

test the mobility of Ti, Sr, Y, V, and Nb in the eclogitic and mafic samples as they are 

used in the discrimination diagrams (Figure 7). Results show that all elements except Sr 

have a fairly strong correlation with Zr, which suggests they are not very mobile during 

post-magmatic alteration or metamorphism. In contrast, the Sr against Zr plot shows a 

scattered pattern which means that Sr concentrations were altered after rock formation. 

Although the magnitude of the mobility of Sr may be small, discrimination diagrams that 

involved Sr are not suitable to be used as evidence to support or refute the argument that 

the eclogitic rocks formed from MORB.  

6.3 Feasibility of identifying Proterozoic plate tectonics based on modern plate tectonic 

characteristics 

Geochemical compositions of rocks offer some constraints on rock evolution (Sun et 

al., 1979). Information such as sources of rocks, tectonic environments and metamorphic 

processes can be revealed if the geochemical data are interpreted appropriately. This 

study has used the major element and trace element compositions as well as Sm-Nd 

isotopic data to investigate whether the rocks from Usagaran Belt had experienced 

subduction. However, as those interpretations are based on knowledge from relatively 

young plate tectonics settings, it is necessary to examine if this knowledge is applicable 
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to Proterozoic situations. In other words, it is necessary to investigate if the tectonic 

settings in the Proterozoic are the same as what is now seen. 

There are a number of workers using discrimination diagrams from different authors 

to identify the source of their samples, including samples from Precambrian (e.g. Coish 

and Sinton, 1991; Dann, 1991; Dostal and McCutcheon, 1990; Khan et al., 2005). 

Discrimination diagrams, including those were not used in this study, are not widely 

applied because they do not always function properly (Rollinson, 1995). To demonstrate 

this, two well-described Proterozoic ophiolite complexes are chosen to test whether the 

discrimination diagrams that have been applied in this study are able to identify MORB 

from other types of basalts. Ophiolite complexes are sequences of rock types consisting 

deep-sea sediments lying above basaltic pillow lavas, dykes, gabbro and ultramafic 

peridotite. Some of them are the remnants of oceanic crust while some formed in back-

arc basins. They are brought to the surface by obduction, a lateral, sub-horizontal 

displacement of a lithospheric plate onto a continental margin. They are chosen because 

they are oceanic crustal rocks, the same as the assumed protolith of Usagaran eclogitic 

rocks. In addition, samples with similar ages as the eclogitic rocks are selected to see if 

these diagrams are able to identify ancient basaltic rocks, at least to 2 Ga. 

The two chosen ophiolite complexes are the 1.95 Ga Jormua Ophiolite from 

northeastern Finland (Peltonen et al., 1996) and the 1.9 Ga Flin Flon Belt from Canada 

(Stern et al., 1995). The Jormua Ophiolite complex is composed of two types of basalts 

which differ in geochemical compositions (Peltonen et al., 1996). The ‘early dykes’ have 

OIB-like trace element patterns while the remaining dykes and all lavas show E-MORB 

affinity (Peltonen et al., 1996). Three types of basalts are found in the Flin Flon Belt 

based on their geochemical signatures: the N-MORB and E-MORB ocean-floor basalts as 

well as some OIB-liked basalt (Stern et al., 1995). Data from Peltonen et al. (1996) and 

Stern et al. (1995) are plotted on the discrimination diagrams (Figure 10). 

The Jormua basalts with E-MORB affinity generally fall into the MORB field. 

However, the samples spread in the island-arc tholeiite field and the MORB field in the 

Ti-Zr-Sr discrimination diagram. This is probably due to the mobility of Sr through time 

and this problem has been mentioned by Pearce and Cann (1973). They are plotted in the 
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MORB field in the Ti-Zr discrimination diagram which is for altered samples (Pearce and 

Cann, 1973). The samples are scattered along the boundary of N-MORB and E-MORB in 

the Nb-Zr-Y diagram proposed by Meschede (1986) and some of them plotted out of the 

MORB field.  

Similar problems occur with classification of the basalt from Flin Flon Belt. 

However, one interesting thing to note is although the samples are mis-classified in the 

Ti-V discrimination diagram, it looks like these mis-classifications are systematic, i.e., 

samples with OIB affinity are plotted into the MORB field and samples with MORB 

affinity are classified as arc tholeiite. This may caused by the relative low concentrations 

in Ti in these samples (Stern et al., 1995).  

In general, the discrimination diagrams are mostly able to classify Proterozoic 

samples into the right category, but mis-classifications do occur, indicating that the 

discrimination diagrams do not always function properly. There are many factors, such as 

the initial concentration of the source and post-depositional processes, affecting the trace 

element concentrations of rocks. Therefore, geochemical compositions of rocks may vary 

if they are from similar settings or even in the same suite. Although different tectonic 

environments do have distinctive geochemical signatures which can be used as indicators 

for identification, care should be taken when handling the data and they should not be 

used as a critical evidence for classification (Rollinson, 1995).  

The normalized trace element pattern of a sample, on the other hand, is widely used 

to distinguish different tectonic settings. It is controlled by the chemical compositions of 

the source and the crystal-melt equilibria which have taken place during its evolution 

path (Rollinson, 1995). 

It is generally accepted that the Earth was hotter in the past. There were more 

radioactive isotopes present in the mantle. Mantle convection was probably more 

vigorous and the lower mantle possibly was involved as well (Sun and McDonough, 

1989). In addition, hotter mantle may cause larger scale mantle melting. These factors 

would affect the geochemical composition of the melt. Since the geochemical 

compositions of MORB are strongly related to their mantle source and the degree of 



Geochemistry of Palaeoproterozoic eclogites, Tanzania 

23 
 

decompressional melting, it is not surprising that the geochemical compositions of 

ancient MORB are different from the modern ones. Sun and Nesbitt (1977) listed some 

ratios of lithophile elements in Archaean basalt and modern MORB and claimed that they 

can be treated as good indicators of geochemical contents of mantle through time as they 

are almost independent from the degree of partial melting. The ratios showed that the 

Archaean basalts are more enriched in LILE and LREE compared with modern MORB 

while the abundances of less incompatible elements such as the HFSE are similar though 

time (Sun and Nesbitt, 1977). That means the Archaean mantle is enriched in LILE and 

LREE and hence, it is reasonable to assume that the Archaean MORB is also enriched in 

those elements because of its enriched source.  

As the geochemical fingerprints of MORB are based on the concentrations of HFSE 

and HREE which do not change dramatically through time, they are suitable to be used in 

identifying the protoliths of most rocks from different ages, including the 

Palaeoproterozoic Usagaran eclogitic rocks. In fact, normalized spidergrams and REE 

plots are very commonly presented in published work as part of the geochemical 

evidence to prove rocks are derived from certain protoliths. Examples include the early 

Archaean Isua Supracrustal Belt (Komiya et al., 2004), the early Proterozoic komatiitic 

basalts from the Vetreny Belt in the southeastern Baltic Shield (Puchtel et al., 1997) and 

the Ordovician eclogitic rocks from Ligurian Alps (Giacomini et al., 2007). 

To conclude, the discrimination diagrams that have been used in this study are 

suitable to indentify rock sources at least from the Palaeoproterozoic although care has to 

be taken. However, the normalized diagrams are powerful tools that have been used to 

identify rocks from different ages, and results based on them should be reliable. Hence, 

the interpretations of the protoliths of the rock samples in this study are very likely to be 

reliable as well.  

6.4 Sm-Nd isotopic composition and its significance 

Apart from age determination, Sm-Nd isotopic compositions can be also applied to 

identify the origin of the rocks. The main advantage of Sm-Nd radioactive pair is they are 

both REEs which are relatively insensitive to metamorphism or alteration after rock 

formation and hence, the system is less likely to be disturbed (DePaolo, 1988). This has 
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also been discussed in the previous section. In addition, the mass differences among the 

Nd isotopes are very small, so they cannot be fractionated by magmatic processes 

(Rollinson, 1995) and the same situation happens to Sm. Therefore, any changes to the 

resulting isotopic ratios can only be caused by the radioactive decay and/or contamination 

during petrogenesis. 

For determining ages, the decay path that is of interested is the radioactive isotope 
147Sm decays by alpha emission to a stable isotope 143Nd with a long half life (106 billion 

years) by the following equation (Bowen, 1988; DePaolo, 1988): 

 

 Assuming the increased 143Nd/144Nd is caused by the decay of 147Sm only, the 

measured 143Nd/144Nd in a rock at present is equal to its initial 143Nd/144Nd plus the 

amount of decayed 147Sm, which can be calculated from the measured 147Sm/144Nd at 

present. Therefore, the initial 143Nd/144Nd can be calculated by the following equation: 

,

 

where  and are the measured Nd isotopic ratio and Sm-Nd 

radioactive isotopic pair ratio in the rock at present respectively, is the Nd 

isotopic ratio at the time when the rocks formed, t is the time and ! is the decay constant 

which is 6.54 x 10-12 for 147Sm. 

Although both Sm and Nd are REE, they differ in compatibility due to the slight 

differences in their atomic radii. Sm tends to enter the crystal lattice easily while Nd 

tends to stay in the melt during crystallization or melting. Hence, the Sm/Nd ratio in 

mafic rocks will be higher than in felsic rocks. This differentiation will eventually lead to 

higher 143Nd/144Nd in mafic rocks than in felsic rocks. Thus the protolith of rocks can be 

determined by this isotopic ratio fingerprint.  As with the REE patterns, Nd isotope ratios 
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are only comparable if they are ‘normalized’ to an expected value from a uniform 

reservoir trend (Rollinson, 1995). The εNd in this study represents the Nd isotope ratios 

of the samples normalized to the Nd isotope ratio of depleted mantle with time: 

,
 

where represents the ratio of a rock in particular time t, and 

 stand for the ratio of the depleted mantle at the same time. 

Trace elements and REE compositions show that the protolith of the Usagaran 

eclogitic rocks is E-MORB which is derived from the mantle and hence, their εNd should 

be positive. However, results show that the εNd2 Ga values from five eclogitic samples 

range from -4.0 to 2.4, which are more negative than expected. Two possible 

explanations account for these results. The εNd variations may be caused by the 

magmatic evolution path of the protolith, if the protolith of those eclogitic rocks is 

derived from a slightly enriched depleted mantle (Paquette et al., 1989). The second 

possibility is contamination of protolith by sediments or even continental crust during 

subduction. 

If the first possibility is the case, all samples should have similar evolution paths 

through time. That means the εNd evolution paths of all samples should have either 

positive or negative slopes. However, the εNd evolution paths of the eclogitic samples 

give out both positive and negative slopes. This clearly indicates that the variances in εNd 

are not caused by the magmatic evolution path of the protolith. 

Contamination by sediments or continental crust can result in a range of εNd values 

reflecting the degree of contamination, thus the slope of εNd evolution path of the 

samples can be both positive and negative. The effect of this kind of contamination can 

be localized, which means the variation in εNd can be very large within a small area. 

Furthermore, small amount of sediments derived from craton or crustal materials can 

result in very large contamination as the absolute amounts of Sm and Nd in continental 

crusts are very high, though their Sm/Nd ratio can be low. 
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The mafic rocks in this study all gave negative εNd2 Ga, indicating they have a 

continental affinity. This is consistent with the conclusion, based on the trace elements 

compositions and chondrite-normalized REE patterns, that the mafic rocks were once part 

of the sub-continental mantle. 

6.5 Comparisons with other eclogites from similar settings 

Table 4 summarizes a brief comparison among eclogites from the Usagaran 

Orogenic Belt, Dulan Belt of China and the Alpine External Crystalline Massifs (AECM). 

All eclogites occur as lenses or layers in highly metamorphosed rock strata. Most of the 

protoliths of the eclogitic samples are either N-MORB or E-MORB with some crustal 

contamination according to their REE patterns and/or initial εNd values. However, these 

eclogites have different peak metamorphic conditions. Of these, the Usagaran Orogenic 

Belt has the highest peak temperature up to 800ºC (Brick, unpublished data), while the 

peak pressure is about 18 kbar (Möller et al., 1995; Brick, unpublished data). Compared 

with the Dulan Belt in China, although the peak pressure is up to 33 kbar, the peak 

temperature is about 780ºC (Song et al., 2003). In other words, although the Cambrian 

Dulan Belt eclogites formed deep in the mantle, their peak temperatures are not as high as 

the Palaeoproterozoic Usagaran Belt eclogites. This leads to a conclusion that the 

Palaeoproterozoic Earth is warmer that the Cambrian Earth. 

There are a number of line of evidence that reflect that the early Earth is warmer than 

the modern Earth (e.g. Turcotte; 1980; Richter, 1985; Grove and Parman, 2004; Brown, 

2007). Where subduction of oceanic crusts occurred in the early history of the Earth, it 

may have been too warm to preserve eclogitic mineral assemblages. This may explain the 

rare occurrence of eclogite in the early Earth history. Provided the Earth is warmer in its 

early history, it can be assumed that the subduction products are not eclogite but some 

higher temperature metamorphic mineral assemblage, such as granulite facies. In fact, the 

peak metamorphism of eclogite from Usagaran Belt reached to the granulite facies 

(Brown, 2007; Collins et al., 2004). On the other hand, the slabs may also not have been 

deeply subducted enough as warmer crust is less dense so subduction would be shallower 

and hence, low-pressure high-temperature mineral assemblages may also be the mark of 

ancient subduction zones.  
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6.6 Possible tectonic setting 

Based on the geochemical data and the field relation among the eclogites, mafic 

rocks and pelites, a possible tectonic setting is suggested. The protolith of the eclogites, 

i.e., the E-MORB, formed along a mid-ocean ridge at about 2.2 Ga (Möller et al. 1995). 

Various sediments from different sources, including the Tanzanian Craton, are deposited 

on it as seafloor sediments. The E-MORB was subducted beneath the Tanzanian Craton 

at 2 Ga (Möller et al., 1995; Collins et al., 2004). The subducted E-MORB came back to 

the near surface due to exhumation which probably caused by detachment of subducting 

slab and slab roll back. The mafic rocks, which derived from the mantle, were attached to 

the exhuming slab returned to the surface. This also led to the formation of a basin for 

deposition of the Konse Group. 

7. Conclusion  

The protolith of the eclogitic rocks from Usagaran Orogenic Belt are verified by 

analyzing the bulk-rock chemistry and Sm-Nd isotopic composition. A few conclusions 

can be drawn from this study: 

• The geochemical figures of the eclogitic rocks from Usagaran Orogenic Belt are 

similar to present-day E-MORB with LILE and LREE enrichment. Based on the 

variations in initial εNd values and their differences in evolution paths, there are 

probably some contamination caused by crustal materials derived from the Tanzanian 

Craton. 

• The mafic rocks are derived from the mantle. Strong Nb depletions indicate that they 

are subduction related. Enrichments in LILE and LREE are probably caused by the 

dehydration of subducting slab plus some crustal derived materials. 

• The protolith of the pelite is shale, and the sediments are mainly derived from the 

Tanzanian Craton with a significant mafic input according to their geochemical 

characteristics and εNd values. 

• According to their field relations as well as geochemical compositions, the eclogites, 

mafic rocks and pelites come from the same subduction setting that operated ca. 2 Ga. 

• Despite the fact that the Earth was hotter in its early history, modern plate tectonics, (i. 

e., subduction of cold oceanic crust into a warm mantle resulting in high-pressure 
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low-temperature metamorphism), occurred and was recorded in the Usagaran Belt 

during the Palaeoproterozoic. Thus modern-style plate tectonics have operated since 

at least 2.0 Ga. 
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10. Tables 

Table 1 -  Major and trace element compositions of the Usagaran eclogites, mafic rocks and pelites 

 

Rock Type
Sample Number T01-40 T06-08 T06-10 T06-11 T06-16 T07-06 T07-11 T07-16 T07-24 T06-39 T07-53 T07-54 T07-55 T07-56 T07-57 T01-05 T06-07 T06-22 T06-25 T06-27 T06-38 T06-39 

SiO2 47.5 50.4 50.1 48.6 49 52.1 50.9 61.3 48 52.5 52.7 51.8 53.1 51.9 52.2 55.9 35.9 60.1 55.3 54.3 51.6 53

TiO2 1.7 1.405 1.305 1.555 1.45 0.595 1.165 0.44 0.895 0.48 0.505 0.51 0.67 0.495 0.6 1.695 1.17 1.07 1.88 1.405 1.07 0.53

Al2O3 12.7 13.4 13.4 15.8 13.6 14.4 14.4 7.67 14.2 5.95 6.33 6.31 8.3 6.08 7.84 25.6 19.7 17.1 26.4 24.2 13.85 6.21

Fe2O3 17.3 15.5 14.6 14.6 14.1 10.9 14.6 9.01 14.1 11.7 11.4 11.6 11.8 11.6 11.5 4.66 11.8 9.69 6.42 12 14.35 11.6

MnO                 0.28 0.23 0.21 0.31 0.11 0.18 0.23 0.37 0.45 0.25 0.2 0.2 0.18 0.19 0.19 0.06 0.03 0.11 0.08 0.12 0.23 0.21

MgO                 5.47 5.89 5.69 4.46 5.9 6.74 5.63 13.8 7.71 16.1 15.1 14.8 12.6 15.2 12.9 1.83 17.1 2.61 2.01 3.67 5.91 16.1

CaO                 12.4 11.1 10.5 10.9 8.74 11.5 10.8 5.59 11.7 9.51 10.3 10.5 10.1 10.2 10.1 2.84 2.46 3.65 2.24 2.24 10.35 9.53

Na2O 2.24 2.25 2.78 2.42 3.91 2.76 2.54 0.46 2.46 1.5 1.47 1.71 2 1.49 2 2.33 0.19 2.96 1.79 0.6 2.05 1.47

K2O 0.05 0.1 0.19 0.17 0.76 0.15 0.09 0.11 0.24 0.37 0.36 0.51 0.56 0.37 0.51 1.16 0.57 1.85 1.37 1.56 0.36 0.34

P2O5 0.23 0.09 0.09 0.16 0.1 0.05 - 0.06 0.08 0.04 0.04 0.05 0.07 0.06 0.05 0.18 0.09 0.13 0.2 0.24 0.14 0.1

LOI                 0.18 -0.27 0.52 0.47 0.8 0.69 0.16 0.3 0.8 0.27 0.19 0.54 -0.04 0.28 0.1 - 8.62 1 0.86 0.36 - -

Total 100.05 100.10 99.39 99.45 98.47 100.07 100.52 99.11 100.64 98.67 98.60 98.53 99.34 97.87 97.99 96.26 97.63 100.27 98.55 100.70 99.91 99.09

Mg# 0.2142 0.2468 0.2515 0.2085 0.2651 0.3477 0.2495 0.5691 0.3204 0.5426 0.5332 0.5238 0.4793 0.5305 0.4917 - - - - - 0.2620 0.5448

Sr                  105 55 75 110 155 105 65 9.5 155 155 145 125 185 135 195 190 32 265 120 85 135 149.5

Cs                  - - - - - - - - 0.1 0.3 0.3 0.2 0.4 0.3 0.4 0.7 0.2 2.7 1.5 1.3 1 0.25

Rb                  1.4 4.1 2.5 1.8 2.8 1.4 0.9 1.1 1.2 10 9.5 6 14.5 9 14 31 15.5 70 40 70 11.1 9.4

Ba                  10 55 210 700 150 60 45 45 55 145 130 160 210 155 270 600 130 650 600 600 300 136.5

Th                  0.6 0.3 0.5 0.7 0.4 0.4 0.3 0.2 0.4 1.3 1.2 1.1 1.7 1.1 1.5 13 0.6 8 10.5 15 0.89 0.97

U                   0.2 0.4 0.2 0.5 0.3 0.2 0.2 0.1 0.2 0.2 0.2 0.3 0.2 0.4 2.1 1.5 1.3 1.3 1.7 0.1 0.18

Nb                  7.5 6 6 8 8 2.5 6 0.5 4 - - 0.5 1.5 - 1 7 3.5 1.5 2 3 3.5 2.4

Zr                  95 80 75 85 85 50 70 50 55 45 45 45 70 45 60 850 65 170 265 220 49 22

Hf                  3 2 2 2 2 2 2 1 2 1 1 1 2 1 1 21 2 4 7 6 1.8 0.8

Y                   31.5 25 25 38.5 24 19.5 19.5 11.5 21 8 8.5 8.5 10.5 8.5 10 26.5 2.7 26 32.5 38.5 22 8.2

Co                  75 75 70 75 50 70 75 85 75 90 90 80 75 85 75 65 39.5 47.5 75 55 76.6 113

Cr                  135 155 195 375 145 95 145 2000 400 3100 2900 2800 2200 2700 2300 650 550 385 650 500 150 3460

Ni                  55 85 85 110 95 80 75 550 70 600 500 500 415 500 430 175 160 70 240 80 92 592

V                   430 375 350 340 360 215 300 130 310 180 200 200 200 195 200 355 260 235 445 390 332 102

Zn                  135 110 100 135 60 95 100 210 255 85 75 80 80 75 85 105 47.5 100 37.5 115 114 81

Sc                  45 45 45 40 45 45 40 20 50 30 35 35 30 30 30 45 35 30 60 50 - -

La                  5.5 4 8 15 10.5 8 2.5 4.5 5 8 7.5 8.5 10.5 7 9 36.5 1.5 25.5 25.5 30.5 8.6 8.5

Ce                  14 11 18 39 20.5 19 6 14 14.5 16.5 15.5 18 22 15 19.5 85 3 47.5 50 70 16.7 16.7

Pr                  2.1 1.7 2.5 5.5 2.4 2.6 1.2 2 2.1 2 1.95 2.1 2.7 1.85 2.4 8.5 0.4 5.5 6.5 8.5 1.93 1.81

Nd                  11 9 11.5 23.5 10.5 11.5 7 9 10 8.5 8 9 11.5 8 10 34 1.85 23 26 33 9.2 7.5

Sm                  3.5 2.9 3.3 5.5 2.9 3 2.6 2.1 2.7 1.9 1.95 2 2.6 1.85 2.3 7 0.54 5 5.5 6.5 2.59 1.64

Eu                  1.15 1.1 1.2 1.55 1.3 1 1.05 0.56 0.84 0.6 0.6 0.68 0.8 0.6 0.72 2 0.18 1.6 1.35 1.45 0.89 0.5

Gd                  4.4 3.7 3.8 6 3.4 3.2 3.4 2 3.1 1.7 1.85 1.9 2.3 1.85 2.1 6 0.55 5.5 4.6 6 3.24 1.72

Tb                  0.8 0.68 0.68 1 0.62 0.58 0.58 0.34 0.56 0.28 0.3 0.3 0.36 0.28 0.34 0.98 0.1 0.88 0.84 1.05 0.61 0.28

Dy                  6 4.7 4.8 7 4.4 3.9 4 2.2 4 1.75 1.85 1.85 2.3 1.75 2.1 6 0.56 5.5 6 7.5 3.65 1.55

Ho                  1.15 0.92 0.92 1.35 0.88 0.72 0.72 0.42 0.76 0.32 0.32 0.32 0.4 0.32 0.38 1.05 0.1 0.94 1.25 1.4 0.79 0.3

Er                  3.5 2.8 2.8 4.2 2.7 2.2 2.1 1.25 2.4 0.9 1 0.95 1.15 0.95 1.1 3.1 0.4 2.7 3.9 4.2 2.36 0.87

Tm                  0.55 0.4 0.4 0.65 0.4 0.3 0.3 0.2 0.35 0.15 0.15 0.15 0.15 0.1 0.15 0.45 0.05 0.4 0.55 0.6 0.32 0.11

Yb                  3.5 2.8 2.7 4.4 2.8 2.1 2 1.2 2.4 0.85 0.9 0.85 1.1 0.85 1 3 0.55 2.6 3.9 4.1 2.25 0.77

Lu                  0.52 0.42 0.4 0.64 0.4 0.3 0.28 0.16 0.32 0.12 0.12 0.12 0.16 0.12 0.14 0.44 0.1 0.36 0.54 0.58 0.32 0.1

Total REE 57.67 46.12 61 115.29 63.7 58.4 33.73 39.93 49.03 43.57 41.99 46.72 58.02 40.52 51.23 194.02 9.88 126.98 136.43 175.38 53.45 42.35

(La/Sm)N 1.014 0.890 1.565 1.761 2.337 1.722 0.621 1.383 1.195 2.718 2.483 2.744 2.607 2.443 2.526 - - - - - 2.144 3.346

(La/Yb)N 1.127 1.025 2.125 2.445 2.690 2.733 0.897 2.690 1.494 6.751 5.977 7.173 6.847 5.907 6.456 - - - - - 2.742 7.918

Eclogite Mafic Pelite Mafic (ALS)
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Table 2 – Sm-Nd Isotopic compositions of the Usagaran eclogites, mafic rocks and pelites 

 
 
 

Table 3 – Sm-Nd Isotopic compositions of the Tanzanian Craton, Usagaran eclogites and pelites (Möller et al., 1998) 

 
 

 

Sample 147Sm/144Nd 143Nd/144Nd 143Nd/144Nd Initial εNd (2.0 Ga) εNd (Now)
T01-40 0.190942 0.512685 0.510171 2.4 0.9
T06-08 0.199970 0.512702 0.510070 0.4 1.3
T06-11 0.137436 0.511770 0.509961 -1.7 -16.9
T07-06 0.151024 0.511837 0.509848 -3.9 -15.6
T07-11 0.231633 0.513077 0.510027 -0.4 8.6
T07-53 0.137294 0.511662 0.509854 -3.8 -19.0
T07-55 0.133800 0.511613 0.509851 -3.9 -20.0
T07-56 0.137322 0.511649 0.509841 -4.1 -19.3
T01-05 0.115246 0.511379 0.509861 -3.7 -24.6
T06-22 0.131352 0.511321 0.509591 -9.0 -25.7

Ec
log

ite
M

af
ic

Pelite

Sample 147Sm/144Nd 143Nd/144Nd 143Nd/144Nd(0) εNd (2.0 Ga) εNd (2.7 Ga) εNd (Now)
Eclogite T69G Mb (M) 0.184900 0.512534 0.510100 1.0 - -2.0

T69G Mp (M) 0.122300 0.511297 0.509687 -7.1 - -26.2
T70G (M) 0.111900 0.511175 0.509702 -6.8 - -28.5
A167-16 (M) 0.161700 0.511482 0.509353 -13.7 - -22.6
T71-1 (M) 0.122900 0.511313 0.509287 - -14.9 -25.8
A159-1 a (M) 0.111600 0.511153 0.509313 - -14.4 -29.0
A159-1 b (M) 0.112700 0.511181 0.509323 - -14.2 -28.4

Pe
lit

e
Ta

nz
an

ia
n 

Cr
at

on
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Table 4 - Comparison among eclogites from Usagaran Belt and other eclogites with similar tectonic settings. Dulan Belt Eclogite data from Song et al., (2003), Alpine External Crystalline Massifs 
data from Paquette et al. (1989). # from Möller et al., (1995); ^ from Collins et al., (2004); * from Brick, unpublished data. 

 

Usagaran Eclogite, Tanzania Dulan Belt Eclogite, China 

Alpine External Crystalline Massifs 

(Aiguilles Rouges, Belledonne and 

Argentera) 

Age of 
Eclogitization 

• 1999.1 ± 2 Ma from monazite in pelite 
by U-Pb dating^  

• 1999 ± 2 Ma from zircons in eclogite by 
U-Pb dating#  

• NDB: 459 ± 2.6 Ma  by Sm-Nd 

dating 

• SDB: 497 ± 87 Ma by Sm-Nd dating 

• Two eclogitic metamorphic events: 

Argentera Massif at 424 Ma & 

Belledonne Massif at 395 Ma by U-

Pb dating 

• Younger one probably correlated 

with Aiguilles Rouges Massif 

Eclogite outcrop 
appearance 

Eclogites occur in the garnet 

amphibolites, together with metapelites 

and felsic gneisses in the Isimani Suite
^
 

• NDB: Eclogites occur as lenses or 

blocks in granitic and aluminum-

rich pelitic gneisses 

• SDB: Eclogites occur as lensoid 

blocks within both granitic and 

pelitic gneisses and marble 

• Aiguilles Rouges Massif: Eclogite 

preserved in the cores of basic 

lenses intercalated with amphibolite 

gneisses 

• Belledonne and Argentera Massifs: 

Eclogites occur as relictual bodies 

surrounded by amphibolitic and 

migmatitic gneisses 

Peak 
Metamorphic 
Condition 

• 750 – 800°C, ~ 18 kbar
#
 

• Up to 800°C, ~ 18 kbar
*
 

• NDB: 687°C, 32 kbar 

• SDB: 729 – 768 °C, 29 – 33 kbar 

• Aiguilles Rouges Massif: 780°C, 11 

kbar 

• Argentera Massif: 700°C, 14 kbar 

Protolith(s) • Plume-type MORB
#
 

• E - MORB 

• NDB: N-MORB and E-MORB 

• SDB: Island arc 

Both N-type and E-type MORB 

Sm-Nd Isotopic 
Compositions 

• εNd = 1.25 at 2.2 Ga
#
  

• εNd = -3.95 – 2.38 at 2.0 Ga 

• NDB: εNd = -0.8 ± 1.1 at 458 Ma 

and 1.4 ± 0.6 in 459 Ma 

• SDB: εNd = 1.7 ± 1.7 at 497 Ma, 

but doubt 

Initial εNd = 6 – 8  

REE patterns & 
significances 

Contaminations in some eclogitic 

samples 

Protolith derived from a slightly 

enriched to depleted mantle, or 

contaminated  by crustal compositions 

Slightly crustal influence is apparent in 

the LILE distribution pattern 
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11. Figures 

Figure 1 
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Figure 2 
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Figure 3 

a) b) 

c)  d)  
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Figure 4 
a) 

b)  

c) 
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Figure 5 

a)  

b)  

c) 
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Figure 6  

a)  

 

b)  

 

 
 

 

 

c) d) e) 
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Figure 7 
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Figure 8 
a) 

 
b)  
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Figure 9 
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Figure 10 

  

  

 

c) 

a) b) 
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Figure 11 
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12. Figure captions 

Figure 1. (a) Geological map of part of East Africa. Map and lithological subdivisions are 

after Reddy et al., (2004). (b) Geological map of part of the Usagaran Orogen, Tanzania. 

Map and lithological subdivision are after Reddy et al. (2004). 

Figure 2. a) & b) Photomicrograph of eclogitic sample T01 – 40 under plane polarized 

light and cross polarized light respectively. c) and d) Photomicrograph of eclogitic 

sample T06 – 11 under plane polarized light and cross polarized light respectively. e) and 

f) Photomicrograph of mafic sample T06 – 39 under plane polarized light and cross 

polarized light respectively. g) and h) Photomicrograph of mafic sample T06 – 38 under 

plane polarized light and cross polarized light respectively. Abbreviations: Amp= 

amphibole, Cpx=clinopyroxene, Grt=garnet, Ilm=ilmenite, Opx=orthopyroxene, 

Pl=plagioclase Qtz=quartz. 

Figure 3. a) TAS diagram after Le Maitre et al. (1989), as cited in Rollinson (1995). b) 

AFM diagram classifications for the Usagaran eclogite and mafic rocks. Boundary after 

Irvine and Baragar (1971), as cited in Rollinson (1995). c) P2O5-TiO2 discrimination 

diagram (after Winchester and Floyd, 1976). d) A12O3- TiO2 discrimination diagram after 

Pearce (1983) as cited in Miller and Thöni (1997) and Sassi et al. (2004). 

Figure 4. a) Primitive mantle normalized spidergram of Usagaran eclogites. b) E-MORB 

normalized spidergram of Usagaran eclogites. c) Chondrite normalized REE diagram of 

Usagaran eclogites. Ideal N-MORB and E-MORB are plotted by normalized N-MORB 

and E-MORB values to chondrite. All normalizing values are from Sun and McDonough 

(1989). 

Figure 5. a) Primitive mantle normalized spidergram of Usagaran mafic rocks. b) 

Chondrite normalized REE diagram of Usagaran mafic rocks. Normalizing values are 

from Sun and McDonough (1989). c) PAAS normalized REE diagram of Usagaran 

pelites. Normalizing values are from McLennan (1989) as cited in Rollinson (1995). 

Figure 6. a) and b) Ti-Zr-Y discrimination diagram and Ti-Zr discrimination diagram 

respectively (after Pearce and Cann, 1973). c) Ti-K-P oxides discrimation dragram (after 
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Pearce et al., 1975). d) Zr-Nb-Y discrimination diagram (after Meschede, 1986). e) Ti-V 

discrimination diagram (after Shervais, 1982). 

Figure 7. Harker diagrams where all major oxides (except MgO) and some trace elements 

are plotted against Mg#. 

Figure 8. a) εNd evolution diagram of Usagaran eclogite, mafic rocks and pelites. 

Additional samples from Möller et al. (1998) are included. Orange array represents the 

εNd evolution path of Tanzanian Craton. Depleted mantle t(0)= 0.51315 (Goldstein et al., 

1984). b) Sm-Nd errorchron of the Usagaran eclogitic samples calculated using Isoplot 

(Ludwig, 2008). 

Figure 9. Elements that have been used in discrimination diagrams plotted against Zr 

(after Kullerud et al., 1990). 

Figure 10. Classification of the 1.95 Ga Jormua Ophiolite from northeastern Finland 

(Peltonen et al., 1996) and the 1.9 Ga Flin Flon Belt from Canada (Stern et al., 1995) by 

discrimination diagrams. a) and b) Ti-Zr-Y discrimination diagram and Ti-Zr 

discrimination diagram respectively (after Pearce and Cann, 1973). c) Zr-Nb-Y 

discrimination diagram (after Meschede, 1986). d) Ti-V discrimination diagram (after 

Shervais, 1982). 

Figure 11. Cartoon diagram showin the formation and exhumation of the Usagaran 

eclogites, mafic and pelite. Grey arrows represent the motion of the plate. Abbrevation: 

TC = Tanzanian Craton. 


