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ABSTRACT 17 

Re-Os and platinum group element analyses are reported for peridotite xenoliths from the 533 Ma Venetia 18 

kimberlite cluster situated in the Limpopo Mobile Belt, the Neoarchaean collision zone between the Kaapvaal 19 

and Zimbabwe Cratons. The Venetian xenoliths provide a rare opportunity to examine the state of the cratonic 20 

lithosphere prior to major regional metasomatic disturbance of Re-Os systematics throughout the Phanerozoic. 21 

The 32 studied xenoliths record Si-enrichment that is characteristic of the Kaapvaal lithospheric mantle and can 22 

be subdivided into five groups based on Re-Os analyses. The most pristine group I samples (n = 13) display an 23 

approximately isochronous relationship and fall on a 3.28 ± 0.17 Ga (95% conf. int.) reference line that is based 24 

on their mean TMA age. This age overlaps with the formation age of the Limpopo crust at 3.35-3.28 Ga. The 25 

group I samples derive from ~50 to ~170 km depth, suggesting coeval melt depletion of the majority of the 26 

Venetia lithospheric mantle column. Group II and III samples have elevated Re/Os due to Re addition during 27 

kimberlite magmatism. Group II has otherwise undergone a similar evolution as the group I samples with 28 

overlapping 187Os/188Os at eruption age: 187Os/188OsEA, while group III samples have low Os concentrations, 29 

unradiogenic 187Os/188OsEA and were effectively Re-free prior to kimberlite magmatism. The other sample 30 

groups (IV and V) have disturbed Re-Os systematics and provide no reliable age information. A strong positive 31 

correlation is recorded between Os and Re concentrations for group I samples, which is extended to groups II 32 

and III after correction for kimberlite addition. This positive correlation precludes a single stage melt depletion 33 

history and indicates coupled remobilisation of Re and Os. The combination of Re-Os mobility, preservation of 34 

the isochronous relationship, correlation of 187Os/188Os with degree of melt depletion and lack of radiogenic Os 35 

addition puts tight constraints on the formation and subsequent evolution of Venetia lithosphere. First, melt 36 

depletion and remobilisation of Re and Os must have occurred within error of the 3.28 Ga mean TMA age. 37 

Second, the refractory peridotites contain significant Re despite recording >40 % melt extraction. Third, 38 



assuming that Si-enrichment and Re-Os mobility in the Venetia lithospheric mantle were linked, this process 39 

must have occurred within ~100 Myr of initial melt depletion in order to preserve the isochronous relationship. 40 

Based on the regional geological evolution, we propose a rapid recycling model with initial melt depletion at 41 

~3.35 Ga to form a tholeiitic mafic crust that is recycled at ~3.28 Ga, resulting in the intrusion of a TTG suite and 42 

Si-enrichment of the lithospheric mantle. The non-zero primary Re contents of the Venetia xenoliths imply that 43 

TRD model ages significantly underestimate the true depletion age even for highly depleted peridotites. The 44 

overlap of the ~2.6 Ga TRD ages with the time of the Kaapvaal-Limpopo collision is purely fortuitous and has no 45 

geological significance. Hence, this study underlines the importance of scrutiny if age information is to be 46 

derived from whole rock Re-Os analyses. 47 

 48 
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 51 

1. Introduction 52 

 53 

The Re-Os isotope system has proven to be a powerful tool for constraining the timing of the formation of sub-54 

continental lithospheric mantle (SCLM). During mantle melting, Re partitions into the melt whereas Os is highly 55 

compatible, thus allowing the use of model ages to date melt extraction events (Walker et al., 1989; Pearson et 56 

al., 1995). The high Os contents and very low Re/Os of refractory lithospheric mantle compared to melts, fluids 57 

and the continental crust imply that the SCLM Os-isotope compositions should be relatively resistant to 58 

modification. Despite the general robustness of the Re-Os system, complex multi-stage metasomatic processes 59 

have often modified or erased primary Os-isotope signatures of the SCLM (e.g., Griffin et al., 2004; Pearson et 60 

al., 2004; Luguet et al., 2015). The principal causes for disturbance include re-introduction of Re and/or 61 

radiogenic Os during metasomatism, sulphide mobility, interaction of xenoliths with their basaltic or kimberlitic 62 

host magmas and/or disproportional Os and Re loss during weathering (e.g. Handler et al., 1999; Pearson et al., 63 

2004; Reisberg et al., 2004; Simon et al., 2007; Rudnick and Walker, 2009). In addition to the complexities 64 

caused by such disturbances, it is unclear whether the original melt extraction events would have left an 65 

isotopically homogeneous residue. For these reasons, convincing whole rock Re-Os isochronous relationships 66 

have not been found in peridotite xenolith suites (Aulbach et al., 2016), with the possible exception of a 67 

Proterozoic age recorded by peridotite xenoliths from the North China Craton (Gao et al., 2002). Nevertheless, 68 

Os model ages obtained from individual xenoliths (Walker et al., 1989) have been used extensively to obtain 69 

information on the timing of lithospheric melting episodes (e.g. Pearson and Wittig 2014). 70 

To improve the temporal constraints on the formation and modification of the Kaapvaal SCLM, a suite of 71 

peridotite mantle xenoliths from the Venetia kimberlite mine, South Africa, were analysed for Re-Os isotope 72 

compositions and platinum-group-element (PGE; including Os, Ir, Ru, Pt and Pd) contents. These samples were 73 

previously characterised in van der Meer et al. (2013) and are obtained from relatively deep mining levels and 74 

drilled core. They therefore have suffered less from near-surface weathering than the Venetian peridotites 75 

analysed by Stiefenhofer et al. (1999) and Carlson et al. (1999). The 533 ± 4 Ma Venetia kimberlite cluster (Rb-76 



Sr isochron age; Allsop et al., 1995) is one of the oldest in the region and hosts refractory peridotite xenoliths 77 

that record up to 50 % melt depletion and represent a virtually complete section of the SCLM from 55 km to 78 

>170 km depth (Carlson et al., 1999; Stiefenhofer et al., 1999; Hin et al., 2009; van der Meer et al., 2013). As a 79 

result of the Cambrian kimberlite emplacement age, Venetia mantle xenoliths record the state of the SCLM 80 

prior to disturbance of the Re-Os isotope system and PGE systematics by pervasive metasomatic events 81 

imprinted in the lithospheric mantle throughout the region during the Mesozoic (e.g., Pearson et al., 1995; 82 

Carlson et al., 1999; Simon et al., 2007). Hence, these xenoliths have the potential to yield more reliable Re-Os 83 

age information than other Kaapvaal kimberlite-hosted peridotite suites.  84 

We find that a subset of the studied samples, spanning nearly the entire depth range, displays coherent 85 

Re-Os systematics that show an approximately isochronous relationship. An important observation is that 86 

although Re contents are lower than those of fertile mantle (e.g. Becker et al., 2006; Aulbach et al., 2016), the 87 

Venetia xenoliths record time-integrated Re/Os values that are in excess of that expected for residues of >40 % 88 

melt depletion. This contradicts the generally accepted view that Re contents of highly depleted Archaean 89 

SCLM can be regarded as negligible prior to kimberlite emplacement (e.g., Pearson and Wittig, 2008; Rudnick 90 

and Walker, 2009; Pearson and Wittig, 2014; Aulbach et al., 2016) and has important implications for the 91 

accuracy of Re-depletion model ages (TRD; Walker et al., 1989; Pearson et al., 1995).  92 

 93 

2. Geological setting and petrography of the Venetia peridotite suite 94 

 95 

The ~533 Ma Venetia kimberlite cluster (Allsopp et al., 1995) is situated in the Central Zone of the Limpopo 96 

Mobile Belt (LMB) in southern Africa (Fig. 1), and is underlain by thick SCLM (~220 km) as indicated by mantle 97 

tomography (James et al., 2001). Stabilisation of the crust of the LMB Central Zone occurred at 3.35-3.27 Ga. In 98 

contrast, amalgamation of the Kaapvaal and Zimbabwe Cratons to form the nucleus of the Kalahari Craton was 99 

achieved at 2.7-2.6 Ga (e.g., Millonig et al., 2008; Zeh et al., 2010; Khoza et al., 2013; Xie et al., 2017). The LMB 100 

Central Zone is believed to represent a separate micro-continent that was sandwiched between the Kaapvaal 101 

and Zimbabwe Cratons during their collision at 2.6-2.7 Ga, or accreted to either craton prior to that. Van der 102 

Meer et al. (2013) argued that refractory harzburgites and clinopyroxene-poor lherzolites from the SCLM 103 

beneath the Central Zone are indistinguishable from those of the Si-rich Kaapvaal Craton in terms of major 104 

elements, thus lending support to a prolonged joined history. In this scenario, the Central Zone could be 105 

viewed as one of the Kaapvaal terranes such as the adjacent Pietersberg Terrane, which is similar in size and 106 

orientation (Fig 1.), with the distinction that deeper crustal levels are exposed in the LMB. Previous studies of 107 

the Venetia xenolith suite by Stiefenhofer et al. (1999), Hin et al. (2009) and van der Meer et al. (2013) report 108 

ranges in olivine Mg# (molar Mg/[Mg+Fe]) of 89 to 94 with an average of 92.7 that corresponds to ~40 % melt 109 

depletion (Bernstein et al., 2007). The low-temperature (<1000 °C) xenolith suite displays Si-enrichment, 110 

demonstrated by modal orthopyroxene contents that are too high for the degree of melt depletion (e.g., Boyd, 111 

1989). Metasomatic enrichment is also recognized in Venetian diamond inclusions (Aulbach et al., 2002; 112 

Richardson and Shirey, 2008; Richardson et al., 2009). In these aspects, the Venetia suite is indistinguishable 113 

from typical Kaapvaal SCLM (van der Meer et al., 2013). The main difference is that the Venetia xenolith suite 114 



lacks the intense modal and cryptic melt metasomatism recognized in the majority of Kaapvaal SCLM samples 115 

that are hosted in younger kimberlites. Melt metasomatism in Kaapvaal peridotites is commonly attributed to 116 

metasomatism related to kimberlite magmatism from 120 to 90 Ma, and the eruption of the Karoo flood 117 

basalts at ~180 Ma (e.g., Grégoire et al., 2003; Simon et al., 2003, 2007; Kobussen et al., 2009; Giuliani et al., 118 

2014). Critically, emplacement of the Venetia kimberlite predates these events. Silicate Fe-Ti-rich melt-related 119 

metasomatism is only recognized in Venetian high-temperature lherzolites that are derived from the lower 120 

parts of the Venetia SCLM (Barton and Gerya, 2003; Hin et al., 2009; van der Meer et al., 2013). 121 

Peridotite xenoliths hosted in the Venetia kimberlite were divided into three groups by van der Meer et al. 122 

(2013). The low-temperature, equant coarse crystalline lherzolites (Low-T lherzolites) are derived from 50-130 123 

km depth and contain an equilibrium mineral assemblage of olivine, orthopyroxene, clinopyroxene ± garnet ± 124 

spinel. The latter three phases occur as lobate, irregular intergrowths in association with orthopyroxene. 125 

Geochemical and petrographic evidence indicates that garnet and clinopyroxene formed through exsolution 126 

from aluminous high-temperature orthopyroxene and were not directly introduced by melt metasomatism (Hin 127 

et al., 2009; van der Meer et al., 2013). Prior to exsolution, the Low-T lherzolites were clinopyroxene-free 128 

harzburgites, in accordance with the high degrees of melt depletion suggested by their major element 129 

chemistry (van der Meer et al., 2013). The high-temperature (>1000 °C) xenolith suite comprises equant coarse 130 

harzburgites (High-T harzburgites) that are transitional to porphyroclastic lherzolites (High-T lherzolites). Both 131 

High-T groups derive from 130 km to 235 km depth and appear to be intermixed in the lower SCLM. Modal 132 

olivine contents increase from the Low-T lherzolites to the High-T lherzolites; the High-T harzburgites are 133 

intermediate between the two. The High-T harzburgites contain no primary clinopyroxene or spinel and garnet 134 

forms rounded grains ranging in size from 4 mm to 10 mm, which contrasts with smaller, lobate garnet in the 135 

Low-T lherzolites. In the High-T lherzolites, coarse (up to 1 cm) round garnet, smaller orthopyroxene and 136 

clinopyroxene crystals are set in a fine-grained olivine matrix. Olivine Mg# is significantly lower in the High-T 137 

lherzolites (average 91.5) than in the other two groups and, in combination with higher whole rock TiO2 138 

contents, suggests metasomatism by 1-5 % of the host kimberlite or a related magma prior to eruption (Hin et 139 

al., 2009; van der Meer et al., 2013). Interaction of the High-T suite with asthenosphere-derived melts is 140 

consistent with an inflection of the geothermal gradient, driving the samples off the cratonic “steady-state 141 

geotherm” (based on Low-T peridotites and non-touching diamond inclusion pairs; van der Meer et al., 2013) 142 

to temperatures that are elevated by >200 °C. Based on this evidence, infiltration of (proto)kimberlitic melts is 143 

considered to have caused localised heating of the lower lithosphere and metasomatism of the High-T 144 

lherzolites, but left very few metasomatic effects on the Low-T suite and most High-T harzburgites (van der 145 

Meer et al., 2013). In addition to the peridotites, rare pyroxenites, ranging from garnet-clinopyroxenites to 146 

olivine websterites, and a single eclogite have also been reported in Venetia (Stiefenhofer et al., 1999; Hin et 147 

al., 2009; van der Meer et al., 2013). 148 

 149 

3. Analytical techniques 150 

 151 



Rhenium-osmium analyses of 25 Venetia mantle xenolith samples were carried out at CRPG-CNRS in Nancy, 152 

France. Detailed petrographic descriptions, whole rock and mineral major element data for the studied samples 153 

are given in van der Meer et al. (2013). For Re-Os isotope analysis, 1 gram of whole rock powder spiked with 154 

185Re and 190Os was digested in 6.5 ml reverse aqua regia in a high-pressure asher (Anton Paar HPA-S; Reisberg 155 

and Meisel, 2002). Osmium was separated from the matrix by bromine liquid-liquid extraction and 156 

subsequently purified through micro-distillation (Birck et al., 1997). The osmium fractions were loaded onto Pt 157 

filaments together with a Ba(OH)2 activator and measured as OsO3
- by N-TIMS (Creaser et al., 1991; Völkening 158 

et al., 1991) on a Finnigan MAT 262 TIMS in static multi-collection mode. Mass 233 (185ReO3) was monitored 159 

throughout the run to assure that potential isobaric interferences from 187ReO3 were insignificant. Data were 160 

processed offline to correct for spike contributions, 17O and 18O oxide interferences and mass fractionation 161 

assuming a 192Os/188Os normalizing ratio of 3.08271. Rhenium was separated by anion exchange chemistry and 162 

measured on an Elan 6000 ICP-MS. Rhenium concentrations were corrected for an average total procedural 163 

blank of 3.6 pg; osmium blanks were <200 fg and considered negligible (generally <0.02%). The LOST Os-164 

standard yielded an average 187Os/188Os of 0.10695 ± 0.00025 (2 SD; n=17) in agreement with the accepted 165 

value for this standard (0.106916 ± 0.000010). Replicate analyses of peridotite reference material UB-N yield 166 

average values of 0.1274 ± 0.0008 for 187Os/188Os, 3.56 ± 0.25 ppb Os, and 0.211 ± 0.013 ppb Re (2 SD; n=3), in 167 

agreement with published values (Meisel et al., 2003). 168 

Abundances of PGEs and replicate Os isotope analyses were determined at the University of Durham, 169 

UK, using ~1 g of powder from the same batch used in Nancy. A 190Os–191Ir–99Ru–194Pt–106Pd–185Re mixed spike 170 

was added to the powders prior to digestion in inverse-aqua regia at high-pressure and high-temperature 171 

(~300°C, 18 hours) in quartz vessels enclosed in a high pressure asher. Sample processing followed the 172 

protocols detailed by Dale et al. (2012) and Ishikawa et al. (2014). To ensure efficient extraction of PGEs, 173 

particularly Re and Ru, a desilicification treatment was applied to the residual solids after aqua regia digestion. 174 

Chemical separation employed an anion exchange chromatography routine modified after Pearson and 175 

Woodland (2000). Abundances of PGE (Ir, Ru, Pt and Pd) and Re were determined by inductively-coupled 176 

plasma mass spectrometry using a ThermoFinnigan Element 2 at the University of Durham in the Durham 177 

Geochemistry Centre. Standard (Hf, Zr, Y, and Mo) solutions (all 1 ppb) were analysed at the start, middle and 178 

end of each session to quantify the degree of mass fractionation and the production rates of positively charged 179 

Hf, Zr, Y, and Mo-oxides (all <0.8%), which have equivalent masses to isotopes of Ir, Pt, and Pd. Os isotope were 180 

measurement by N-TIMS using similar operational procedures to those in Nancy, but using a ThermoFinnigan 181 

Triton at the Durham Geochemistry Centre. All Os-isotope beams and mass 233, corresponding to 185ReO3
− but 182 

also other molecular interferences, were measured sequentially using an axial secondary electron multiplier. 183 

Each isotope mass was centred at the start of the analysis. Eighty ratios were collected during each set of 184 

analyses made via peak hopping and integration times ranged between 1.05 and 8.39 seconds depending on 185 

the beam intensity. All raw Os-isotope data were exported and re-processed offline to apply an O-isotope 186 

interference correction, followed by an iterative mass fractionation correction and correction for the spike 187 

composition and 187ReO3
- interference. The 187ReO3/188OsO3 ratios determined during all Os-isotope 188 



measurements of the studied peridotite samples were ≤0.0004. All Os-isotope ratios, including 187Os/188Os, 189 

were mass fractionation corrected using a 192Os/188Os ratio of 3.08271 and an exponential law. 190 

Peridotite reference material GP-13 was processed with the samples analysed in Durham and is 191 

reported in Tables 1 and 2 along with previously published values. At Durham, blank concentrations applied to 192 

the samples are, with a few exceptions, <8 % for Re, Ir, Pt, Pd, and Ru, <5% for Re and <1 % for Os-abundances. 193 

For corrections, the blank is assumed to have 187Os/188Os of 0.32; the average of two measured blanks in this 194 

session. The average composition of DROsS measured on 100 pg and 10 pg loads during the period of analyses 195 

at Durham is 0.160518 ± 0.00057 (2SD, n = 4) and is within uncertainty of the in-house long-term value for 196 

measurement using Faraday cup and SEM protocols (0.16078 ± 0.00168 2SD, n= 458, and in agreement with 197 

that reported by Nanne et al., 2017).  198 

Duplicate analyses for ATC 720 and ATC 722 at Nancy yielded almost identical results. Measurements 199 

of the same samples between different labs however, are outside analytical error but the difference is 200 

comparable to the reproducibility of three separate analyses of AT 1333 run at Durham (Table 1). The 201 

187Os/188Os isotopic compositions of the two procedural blanks determined using the peridotite-specific quartz 202 

asher vessels and reagents dedicated to PGE-processing at Durham differed from one another. The blank-203 

corrected isotopic compositions of the samples are sensitive to the blank composition assumed during offline 204 

processing (laboratory ID # P248-6; 7.23 pg of Os and a 187Os/188Os = 0.45 ± 0.01 and laboratory ID # P249-1; 205 

2.48 pg of Os and a 187Os/188Os = 0.194 ± 0.004). We used an average value based on the two measured blanks, 206 

if we were to apply only the second of these (P249-1), the agreement between the measured 187Os/188Os of a 207 

greater number of the samples measured at both Durham and Nancy improves and will generally be within 208 

uncertainty of one another. Osmium isotope data obtained in Nancy are reported and discussed throughout 209 

the manuscript. 210 

Osmium model ages (TRD and TMA) are calculated following Shirey and Walker (1998) using a mantle 211 

evolution curve based on ordinary chondrites, with 187Os/188Os = 0.1283 and 187Re/188Os = 0.422 (Walker et al., 212 

2002) and a 187Re decay constant of 1.666 × 10-11 yr-1 (Smoliar et al., 1996). Rhenium-depletion ages (TRD) and 213 

187Os/188Os at the time of eruption (187Os/188OsEA) employ a kimberlite emplacement age of 533 Ma for the 214 

Venetia kimberlite cluster (Allsopp et al., 1995). We note that TMA values are obtained by extrapolating 215 

187Os/188Os values back in time using the measured 187Re/188Os until intersection with the mantle evolution 216 

curve. They should therefore in theory reflect the actual age of melt extraction. This formulation is, however, 217 

sensitive to disturbance of Re/Os. In contrast, TRD ages calculate the intersection of 187Os/188OsEA with a model 218 

reservoir assuming total absence of Re, i.e. without radiogenic ingrowth prior to kimberlite eruption. TRD ages 219 

can be disrupted by mobility of Os but are not affected by perturbation of Re/Os during emplacement and 220 

must always be viewed as minimum values. 221 

 222 

4. Results 223 

 224 

The Re-Os dataset for the Venetia xenolith suite, including seven samples previously reported by Carlson 225 

et al. (1999), is listed in Table 1. Re-Os systematics of the Venetia suite are similar to those of Kaapvaal and 226 



other kimberlite-hosted SCLM samples. Most samples are depleted in Re compared to estimates for primitive 227 

upper mantle (PUM; 0.4 ppb; Becker et al., 2006) and Archean convecting mantle (ACM; 0.27 ppb; Aulbach et 228 

al., 2016), consistent with their refractory nature. Approximately a third of the samples show elevated Re/Os 229 

(>0.04), possibly as a result of kimberlite infiltration (Fig. 2a). Osmium contents vary from 11.3 ppb in a High-T 230 

lherzolite down to ~100 ppt in a High-T harzburgite, with the majority of the samples having between 2 and 5 231 

ppb Os. The median Os abundance is 3.8 ppb, within the range of concentrations typically observed in 232 

kimberlite-hosted peridotites (Maier et al., 2012), similar to the PUM (3.9 ppb; Becker et al., 2006) and ACM 233 

(3.4 ppb; Aulbach et al., 2016) values. Peridotite samples yield 187Os/188Os from 0.106 to 0.124 (Fig. 3) and TRD 234 

ages predominantly > 2.5 Ga, thus confirming the conclusion by Carlson et al. (1999) that the mantle beneath 235 

the LMB is Archaean in age (Table 1). Olivine websterite sample ATC 727 has 187Re/188Os and 187Os/188Os values 236 

within the range of the Venetia peridotites, but garnet clinopyroxenite AT 1198 is distinct. This pyroxenite has 237 

moderately high Re content (409 ppt), but a very low Os content (56 ppt) and associated radiogenic 187Os/188Os 238 

of 2.07, corresponding to a model age (TMA) of 2.62 Ga. On the basis of its high Re/Os and distinct major 239 

element composition (e.g., 8.2 wt. % Al2O3; van der Meer et al., 2013), AT 1198 does not appear to be a 240 

refractory peridotite, but more likely an ultramafic cumulate. 241 

Platinum Group Element concentrations for a selection of samples are reported in Table 2. 242 

Concentrations of I-PGE (Os, Ir, Ru) are similar to or higher than PUM values and PUM normalised 243 

concentration patterns are relatively flat. ATC 725 differs from other studied samples in having significantly 244 

lower IPGE (Os, Ir, Ru) abundances. Concentrations of P-PGE (Pd and Pt) and Re are sub-PUM for all samples, 245 

with variable relative abundances among the studied xenoliths (Fig. 4; supplementary Fig. S3). 246 

 247 

5. Discussion 248 

 249 

5.1. The effects of primary and secondary processes on Re/Os systematics 250 

 251 

The analysis of a large set of peridotite xenoliths from Venetia allows a critical examination of their Re-Os 252 

systematics and potentially permits discrimination between primary signatures and metasomatic alteration. On 253 

the basis of 187Os/188Os and Re-Os contents, the Venetia xenoliths can be divided into five distinct groups. 254 

Group I samples have positively correlated Re (14 – 304 ppt) and Os (0.75 – 6.5 ppb) contents and have Re/Os 255 

between 0.01 and 0.04 (Fig. 2). This group comprises four High-T harzburgites and nine Low-T lherzolites that 256 

have Re contents and 187Re/188Os that are lower than the estimated PUM and ACM values, consistent with 257 

being refractory residua (e.g., Aulbach et al., 2016). The low 187Os/188Os among group I samples (0.108-0.114, 258 

one Low-T lherzolite at 0.1186) suggests that melt depletion occurred in the Archaean. Group I samples yield 259 

realistic TMA ages (i.e., within the age of the Earth) that range from 2.91 to 3.81 Ga and yield a mean TMA age of 260 

3.28 ± 0.17 Ga (95% confidence interval, MSWD = 7.8 assuming a 2σ error of 200 Myr on individual TMA ages). In 261 

an 187Os/188Os versus 187Re/188Os isochron diagram (Fig. 3), the group I samples cluster tightly around the mean 262 

TMA 3.28 Ga reference line that passes through chondritic mantle (Walker et al., 2002). A regression of these 263 

samples yields an identical age to the mean TMA age but has a large uncertainty due to the limited spread in 264 



187Re/188Os: 3.40 ± 1.60 Ga with an initial 187Os/188Os of 0.1047 (MSWD = 40) that is close to the chondritic 265 

model reservoir at the time γOs(3.4Ga) = 1.0, where γOs = ((187Os/188Ossample/ 187Os/188Osreference)-1)*100 at a given 266 

time. Hence, the assumption of a protolith within the chondritic range (intermediate Re/Os between PUM and 267 

ACM) appears plausible. We use the mean TMA age of 3.28 ± 0.17 Ga as the best constraint on the timing of Re 268 

and Os mobility in mantle environs (i.e., the timing of craton stabilisation). The validity of this age and the 269 

interpretation of the isochronous relationship are further discussed in section 5.2.  270 

Five Low-T lherzolites, one High-T harzburgite, one High-T lherzolite and olivine websterite ATC 727 271 

constitute the group II samples. These samples roughly overlap in Os content (1.1 - 4.4 ppb) and 187Os/188Os 272 

(0.107 – 0.112) with the group I samples, but have distinctly higher 187Re/188Os (mostly 0.24 - 0.33) reflecting 273 

their higher Re concentrations (generally 79 - 299 ppt). Low-T lherzolite ATC 731 has the highest Re content of 274 

the sample set (1033 ppt) resulting in a 187Re/188Os of 1.67 coupled with unradiogenic 187Os/188OsEA (187Os/188Os 275 

at kimberlite eruption age; 533 Ma) similar to those of group I and other group II samples. As a result of the 276 

elevated 187Re/188Os, the group II samples yield spurious TMA ages that are older than the age of the Earth, 277 

whereas TRD ages are indistinguishable from those of the group I samples at ~2.6 Ga (Table 1). The overlap in Os 278 

contents and 187Os/188OsEA suggests that the group II samples shared a common history with the group I 279 

samples but suffered Re contamination associated with kimberlite magmatism (Fig. 3; Walker et al., 1989; 280 

Pearson et al., 1995; Carlson, 2005). 281 

Group III comprises a Low-T lherzolite and High-T harzburgite sample that have lower Re contents than 282 

most group I and II xenoliths (46 and 65 ppt), but over an order of magnitude lower Os contents (<150 ppt). 283 

Due to the low Os content, these samples have high 187Re/188Os (~2.1) but nevertheless have sub-chondritic 284 

measured 187Os/188Os (~0.124). Group III samples yield future TMA ages, but their TRD ages of 3.17 and 3.31 Ga 285 

are indistinguishable from the mean TMA age of the group I xenoliths. As their 187Os/188OsEA overlaps with the 286 

initial of the 3.28 Ga mean TMA age for group I (Fig. 3), it appears that the group III samples acquired Re during 287 

kimberlite entrainment. This is similar to the group II xenoliths, but with the major difference that Re was 288 

added to peridotites that contained essentially no Re and very little Os prior to contamination. Two important 289 

conclusions can be drawn on the basis of the unradiogenic 187Os/188OsEA and the fact that these Os-poor 290 

xenoliths are especially vulnerable to overprinting. First, they have retained their Archaean depletion signature 291 

without modification for nearly 3 Gyr until entrainment in the kimberlite; and second, kimberlite 292 

contamination did not introduce significant radiogenic Os to the xenoliths. Basalt-hosted xenolith suites 293 

commonly have variable and lower Os contents than xenoliths entrained by kimberlites. This has been 294 

attributed to supergene weathering (e.g., Handler et al., 1999) or sulphide breakdown in response to 295 

interaction with S-undersaturated melts (Rudnick and Walker, 2009). The two samples (AT 1324 and AT 1338) 296 

have similar compositions and identical 187Os/188OsEA to the initial of the group I isochronous regression. Hence, 297 

if Os loss occurred in these samples, then it must have been coupled to Re gain at ~533 Ma. It appears unlikely 298 

that the unradiogenic 187Os/188OsEA of these two samples are the result of late stage alteration. We therefore 299 

interpret the samples as having experienced a protracted, Re-free evolution at low Os concentrations.  300 

Whereas the group III samples are characterised by low Os contents, group IV samples are distinguished 301 

by negligible Re contents (<25 ppt) coupled with 2.7 - 6.2 ppb Os. Group IV comprises two Low-T lherzolites, 302 



one High-T harzburgite and one High-T lherzolite (Table 1). As a result of the low Re contents, TRD and TMA ages 303 

are identical but show considerable scatter, from 2.7 to 1.3 Ga. It appears that these group IV xenoliths have 304 

suffered major Re loss probably due to weathering and sulphide breakdown. Indeed, three out of four samples 305 

in group IV are from the Carlson et al. (1999) study that only had access to highly weathered xenoliths from the 306 

hypabyssal part of the kimberlite diatreme (Stiefenhofer et al., 1999), whereas our new samples are derived 307 

from deeper mining levels and drill cores. 308 

Group V samples have even more disturbed Re-Os systematics. This group exclusively contains High-T 309 

lherzolite samples with low olivine Mg# (<91.6; Table 1). Rhenium concentrations (222 - 821 ppt) are among 310 

the highest of the analysed samples and Os contents are highly variable (3.05 - 11.3 ppb). 187Os/188Os displays a 311 

broad range (0.106 - 0.121), resulting in unrealistic TMA ages and TRD ages that are mostly <2 Ga and thus 312 

overlap with values characteristic of the convecting upper mantle (e.g., Snow & Reisberg 1995; Parkinson et al., 313 

1998; Liu et al., 2008). One group V High-T lherzolite (V63; Carlson et al., 1999) records the oldest TRD age (3.65 314 

Ga), potentially representing a remnant of older melt depletion in the Venetian lithospheric mantle. This 315 

interpretation, however, would be based on a single sample that is part of the melt-metasomatised High-T 316 

lherzolite suite. Without other data supporting a ~3.65 Ga age at present, we cannot comment further on its 317 

possible significance. Because Re/Os systematics of the group IV and V samples are significantly disturbed and 318 

have variable TRD ages (1.29 - 3.65 Ga) and unrealistic TMA ages, these samples are excluded from further 319 

discussion. 320 

Garnet clinopyroxenite sample AT 1198 does not represent a residual lithology and has a TMA age (2.62 321 

Ga) that does not correspond to the ages recorded by groups I, II and III. Furthermore, it is difficult to assess if 322 

the Re/Os of this sample was altered by kimberlite-related contamination. If any Re was added after the 323 

formation of this pyroxenite then the TMA age underestimates the actual formation age. It should therefore be 324 

considered as a minimum age for this sample.  325 

 326 

5.2. Age constraints 327 

 328 

5.2.1. Significance of the Re/Os age 329 

The Venetia group I samples display a strong correlation in an 187Os/188Os versus 187Re/188Os diagram and 330 

scatter around a 3.28 Ga reference line (Fig. 3). As this reference line is based on the mean TMA age (3.28 ± 0.17 331 

Ga) of the group I samples and does not reflect an actual regression of the data, it cannot be regarded as an 332 

isochron. Nevertheless, it is evident that the group I samples display an approximately isochronous relationship 333 

and it would be unrealistic to expect perfect initial isotopic equilibration over a lithospheric mantle column of 334 

>100 km (Table 1 and supplementary Fig. S1). Such a linear correlation potentially reflects radiogenic ingrowth 335 

at different parent-daughter ratios from a reservoir with initially broadly homogeneous 187Os/188Os, and thus 336 

dates the time since the samples were last isotopically equilibrated. Alternatively, linear trends can result from 337 

later mixing between reservoirs with distinct isotope compositions, in which case the isochron age generally 338 

has no significance. The isochronous relationship of the group I samples does not appear to represent a mixing 339 

line for several reasons. First, 187Os/188Os does not correlate with the reciprocal Os concentration among the 340 



group I samples (supplementary Fig. S4), which would be expected in case of mixing. Second, it is difficult to 341 

envisage a process that would lead to perfect Re-Os mixing in the lithospheric mantle. Metasomatic processes 342 

commonly introduce either Re and/or radiogenic Os to depleted mantle residua, but rarely reflect simple two-343 

component bulk mixing relationships (e.g., Rudnick and Walker, 2009; Aulbach et al., 2016). The only mixing 344 

process that could produce the observed correlation is solid-solid mixing of a depleted, low Re/Os reservoir 345 

with primitive mantle material or enriched mantle domains such as pyroxenites. This process is difficult to 346 

accomplish from a geodynamical point of view and inconsistent with the refractory nature of the Venetia 347 

xenoliths.  348 

 Even in the unlikely instance that the isochronous relationship of the group I samples does reflect 349 

solid-solid mixing of different mantle domains, a low Re/Os reservoir with unradiogenic 187Os/188Os (0.1046 at 350 

Re/Os = 0) is still required. Such a reservoir has a model age of 3.3 Ga – equivalent to the mean TMA age for the 351 

group I samples and TRD age of group III. Hence, we conclude that the tight positive correlation of the group I 352 

samples in the isochron diagram testifies to the formation of the Venetia lithospheric mantle at 3.3 Ga. As such, 353 

this is the first reported whole rock mantle xenolith Re-Os near-isochronous relationship yielding an Archaean 354 

age. Interaction with melts or fluids a significant time after t0 will generally lead to disturbance of any 355 

isochronous relationship. The group II and III samples provide an example of such disturbance as they have 356 

been displaced toward higher Re/Os probably due to the infiltration of (proto-) kimberlite melts. The 357 

preservation of a nearly isochronous Archaean Re-Os relationship among the group I samples implies that 358 

these samples have effectively remained a closed system for Re-Os for >3 Gyr, despite evidence of 359 

metasomatic overprints (e.g., Hin et al., 2009; van der Meer et al., 2013). The Re-Os systematics of the Venetia 360 

samples can thus be used to place tight constraints on the timing of lithosphere formation as will be discussed 361 

in section 5.3. 362 

 363 

5.2.2. Correlation with crustal events 364 

The 3.28 Ga mean TMA age for the Venetia xenolith suite overlaps with the oldest tectonomagmatic event in the 365 

LMB Central Zone (supplementary Fig. S2), suggesting that the formation of the local SCLM and crust were 366 

coupled (e.g. Pearson, 1999; Griffin et al., 2004). Although detrital zircon grains found in quartzites of uncertain 367 

provenance yield ages up to 3.9 Ga (Zeh et al., 2008), the oldest magmatic zircon dates range from 3.35 to 3.27 368 

Ga (Zeh et al., 2010; also see supplementary Fig. S2), which is considered to be the age of the stabilisation of 369 

the LMB Central Zone (e.g., Millonig et al., 2008; Zeh et al., 2010; Kramers and Mouri, 2011; Rigby et al., 2011). 370 

The Paleoarchaean rocks in the Central Zone comprise the 3.31 to 3.26 Ga Sand River Gneisses (Kröner et al., 371 

1999; Zeh et al., 2007; Zeh et al., 2010) and the 3.34 to 3.29 Ga Messina Layered Suite (Mouri et al., 2009; Zeh 372 

et al., 2010), implying two episodes of melt extraction from the mantle. A tholeiitic amphibolite from the 373 

Venetia mine area, dated at 3.31 Ga, is likely associated with the Messina Layered Suite (Chudy et al., 2008). 374 

The tonalite-trondhjemite-granodiorite (TTG) Sand River Gneisses host magmatic zircon with slightly negative 375 

εHf(i) values, suggesting these rocks formed through reworking of older, possibly Hadean mafic protocrust in 376 

combination with juvenile magmatism (Zeh et al., 2008; Zeh et al., 2010). In contrast, positive zircon εHf(i) 377 

values in the tholeiitic Messina Layered Suite appear to represent a major juvenile contribution to the LMB 378 



crust (Zeh et al., 2010). Further support for a major pulse of mantle melting at 3.3 Ga is provided by the 379 

interpretation of ultramafic rocks potentially associated with the Messina Layered Suite as komatiites (Mouri et 380 

al., 2013). As such, the Messina Layered Suite might be derived from magmas formed during the initial melt 381 

extraction event that produced the depleted lithospheric mantle represented by the refractory Venetia 382 

xenoliths. This conclusion is valid regardless of the choice of the model reservoir (chondritic, ACM or PUM) for 383 

the Re-Os model ages.  384 

 385 

5.3. Melt depletion and refertilisation of the Venetia SCLM 386 

 387 

The recognition that a subset of the Venetia xenolith samples has retained coherent Re-Os systematics without 388 

modification for over 3 Gyr provides a unique opportunity to investigate the evolution of the Venetia SCLM 389 

prior to 533 Ma. In the subsequent discussion, we use the least perturbed group I, II and III samples to address 390 

the behaviour of Re and Os during melting and the timing of Si-enrichment from an Os-isotope perspective.  391 

 392 

5.3.1. Distribution of Re and Os in the Venetia xenoliths 393 

In order to include the group II samples in the discussion of the petrogenesis of the Venetia xenoliths, we 394 

introduce the concept of kimberlite-corrected Re contents for these samples. The isochronous relationship of 395 

the group I samples enables us to estimate the amount of Re added to the group II samples by the kimberlite. 396 

For this correction, the group II samples are assumed to have been sited on the 3.28 Ga reference line prior to 397 

kimberlite emplacement and that all excess Re was added by the kimberlite without changing the Os 398 

concentration after 3.28 Ga. By projecting the measured 187Os/188Os along 533 Ma (kimberlite age) reference 399 

lines to the 3.28 Ga mean TMA age reference line, an isochron intercept 187Re/188Os can be calculated, from 400 

which Re contents can be derived (Fig. 5). If these assumptions are valid, the group II samples are effectively 401 

corrected for Re added during kimberlite eruption based on their 187Os/188OsEA. For consistency, the group I 402 

samples have been recalculated in the same way, but this correction was found to be negligible. 403 

Kimberlite-corrected values for group I and II samples, excluding Low-T lherzolite ATC 747 with 404 

anomalously high Re content, display a tight correlation between Re and Os contents (R2 = 0.81). Interestingly, 405 

this trend has a non-zero initial with ~260 ppt Os at Re = 0, which is within error of the Os content of the group 406 

III samples. If only group I samples are considered, an even tighter correlation is observed (R2 = 0.89; ~1.2 ppb 407 

Os at Re=0), demonstrating that this trend does not result from the substantial corrections made to the group II 408 

samples. The non-zero intercept suggests that the range in Re-Os contents is unlikely to be the result of a 409 

nugget effect caused by heterogeneous distribution of a single PGE-bearing phase. Furthermore, Os/IrPUM is 410 

invariant at 1.0 ± 0.2 (Fig. 4) and does not correlate with Os content, which strongly argues against Os-loss as a 411 

result of oxidative weathering or reaction with the host melt as commonly seen in basalt-hosted peridotites 412 

(e.g., Handler et al., 1999; Pearson et al., 2004). Any potential late-stage Os-loss has to be proportional to Re-413 

loss to preserve the isochronous relationship of the group I samples, and is therefore considered insignificant. 414 

In contrast, we conclude that Re and Os concentrations are controlled by the relative abundance of two distinct 415 

PGE-bearing components. The first component (A) has effectively zero Re/Os and represents a small fraction of 416 



the Os budget (contributing ~260 ppt to the bulk rock Os content from the regression in Fig. 5) while the 417 

second component (B) has higher Re/Os (~0.025). All of the Re and most of the Os appear to be hosted by 418 

component B. We stress that our components A and B represent the PGE (and Re) hosting trace phases that 419 

form only a small part of the peridotite. Therefore, absolute concentrations of Re and Os illustrated in Fig. 5 are 420 

the product of the Re and Os concentrations and the abundance of the phase, and hence have no significance. 421 

In contrast Re/Os would be identical for the whole rock and the phases hosting PGE and Re. 422 

PGE patterns are useful in further constraining the nature of the PGE-bearing phases in the two different 423 

components. Samples with 3.9-6.4 ppb Os have flat IPGE patterns and are strongly depleted in Pt, Pd and Re 424 

compared to PUM (Fig. 4), consistent with their refractory nature. The sample with the lowest Os content (2.2 425 

ppb), group II Low-T lherzolite ATC 725, has Os/Ir similar to PUM but lower Ru/Ir and Pt/Ir (Fig. 4 and 426 

supplementary Fig. S3). Hence, Os and Ir in this sample may be hosted in Os-Ir-rich but Ru-poor grains that 427 

stabilised in response to sulphide exhaustion after >25 % melt extraction (e.g. Luguet et al., 2007; Fonseca et 428 

al., 2012). These Os-Ir-rich phases distributed throughout the peridotite xenoliths and are likely to constitute 429 

component A. Additionally, component A could (partially) be represented by silicates; olivine in particular is a 430 

potential host for some Os and Ir (e.g. Brenan et al., 2005). The other samples have similar Os/IrPUM and higher 431 

Ru and Re contents suggesting that the PGE budget is dominated by component B, which could be a distinct or 432 

multiple sulphide phase(s) and/or Re bearing Pt-Fe alloy (Wainwright et al., 2016). Similar distribution of Re 433 

and Os between different sulphide and platinum-group minerals (PGM) have been reported in off-cratonic 434 

xenoliths (e.g. Harvey et al., 2010; Ackerman et al., 2013). Two samples have Pd/PtPUM > 1, as well as relatively 435 

high Re/Os, suggesting that these samples underwent mild melt metasomatism (Pearson et al., 2004). This is 436 

consistent with the presence of Cu-rich sulphides hosting Pd-Pt-rich microphases in group I sample ATC 747 437 

(see supplementary information). Assuming that these sulphides also host Re, the fact that this sample falls on 438 

the isochron constrains Re (and thus Pd) enrichment to within 10’s of Myr of melt depletion. In the case of 439 

group II sample ATC 725, Pd might have been added together with Re during (proto-) kimberlitic magmatism.  440 

 441 

5.3.2. Mobilisation of Re and Os during melt extraction 442 

The strong correlation of 187Os/188Os and 187Re/188Os around a 3.28 Ga reference line suggests that the variation 443 

in Re/Os of the group I samples reflects a variable degree of melt depletion. Indeed, correlations between 444 

187Os/188Os and melt depletion indices are commonly shown by xenolith suites and can be taken as evidence for 445 

melt depletion as the dominant control on Re/Os variations (e.g., Walker et al., 1989; Meisel et al., 2001; 446 

Reisberg et al., 2004). The Venetia xenoliths display weak correlations of 187Os/188OsEA with several indices of 447 

the degree of melt depletion (Fig. 6). For example, the negative correlation of 187Os/188OsEA for group I and II 448 

samples excluding ATC 747 with Mg# in olivine has an R2 of 0.40.  Melt metasomatism at the time of melting 449 

can also result in covariation of 187Os/188Os with Al2O3 due to similar bulk compatibility to Re (e.g., Reisberg and 450 

Lorand 1995; Pearson et al., 2004; Aulbach et al., 2016). For the Venetia data, a correlation is absent in the case 451 

of Al2O3, which is considered to result from the introduction of aluminous orthopyroxene and hence disruption 452 

of whole rock Al2O3 contents (e.g., Pearson and Wittig, 2008; Aulbach, 2012; van der Meer et al., 2013). Proxies 453 

for the degree of melt depletion that are little affected by silica enrichment such as olivine Mg# and Pt/Ir 454 



correlate with 187Os/188OsEA, thus seemingly lending support for melt depletion as the primary cause of the 455 

observed variation in Re/Os in the group I samples (Fig. 6). 456 

A more detailed evaluation, however, suggests that a simple single-stage melt depletion history fails to 457 

account for multiple aspects of the Re-Os systematics of the Venetia xenolith suite. Importantly, concentrations 458 

of incompatible Re and compatible Os correlate positively (Fig 2a and Fig. 5b) and Re-contents are too high to 459 

reflect residua of up to 50 % melting as implied by olivine Mg# of up to 93.6. The commonly accepted view is 460 

that Re partitions almost completely into the melt phase once sulphide is exhausted at ~25 % melting and that 461 

the unradiogenic 187Os/188Os of many cratonic xenoliths implies that any observed Re has been added recently 462 

(e.g., Pearson et al., 1995, 2004). In the case of Venetia group I samples, the preservation of the approximately 463 

isochronous relationship indicates that higher Re/Os has persisted since the Archaean and that Re was either 464 

not quantitatively lost during melting, or has been re-introduced to the refractory residue during or shortly 465 

following melt depletion. Second, the mean Os content of the Venetia group I and II xenoliths (3.8 ppb) is 466 

comparable to the average value of cratonic kimberlite-borne xenoliths (3.4 ppb) and modelled residua of ~40 467 

% melt depletion (Aulbach et al., 2016). Individual Os contents, however, vary from 0.1 to 6.5 ppb and do not 468 

show a correlation with degree of depletion, although the variation in Os concentration increases with higher 469 

olivine Mg# (Fig. 6; Gao et al., 2002). Auto-refertilisation, a process by which Re is precipitated from the melt 470 

back into the mantle residue after a short distance of melt migration during dynamic melting (Rudnick & 471 

Walker 2009) may explain the retention of some Re at higher degrees of melt depletion. Rhenium-retention 472 

also appears possible at low pressure and oxygen fugacity (ΔFMQ-2) in the models of Aulbach et al. (2016), 473 

wherein a part of the melt is retained in the residue. A problem is that these models offer no explanation for 474 

positively correlating Re and Os concentrations and can therefore not be the only cause for the observed Re 475 

budget. 476 

If our conclusion that the PGE budget of the Venetia xenoliths is controlled by the relative abundance of 477 

PGE-bearing components is correct, the correlation between Re and Os content reflects the relative proportion 478 

in which the two phases are present in a sample, and as such a “mixing line” between the two components (Fig. 479 

5b). On this basis, the observed Re-Os systematics require at least two distinct mechanisms that governed the 480 

PGE budget during SCLM formation: i) initial melt depletion (melt depletion curve in Fig. 5c), resulting in 481 

covariation of Re/Os with degree of depletion; and ii) local redistribution of the PGE budget between phases A 482 

and B. After >25 % melt depletion, IPGE-rich sulphides and PGM are the expected host for PGE and Re (e.g., 483 

Lorand and Luguet, 2016). Interaction with percolating melts can transform these residual phases back to base 484 

metal sulphides and lead to mobilisation of Os and Re, leaving behind a relatively Os-poor sulphide or PGM 485 

assemblage (e.g., Alard et al., 2002; Lorand et al., 2013; Wainwright et al., 2015; Aulbach et al., 2016; 486 

Kochergina et al., 2016) that is interpreted to host Os in component A in the Venetia samples. If these locally 487 

derived percolating melts/fluids are (close to being) S-saturated, Os-rich sulphides with relatively high Re/Os 488 

could be mobilised as immiscible melt droplets without being dissolved in the melt. Upon a change in physical 489 

conditions, the sulphide melt droplets would stall elsewhere in the depleted peridotites (e.g., Pearson et al., 490 

2004; Kochergina et al., 2016). As a consequence, Re and Os are effectively heterogeneously redistributed in 491 

the form of component B. The samples that contain the largest proportion of component B (e.g., ATC 747) are 492 



characterised by very high IPGE contents, Pd enrichment (Pd/PtPUM > 1) and a higher abundance of sulphides 493 

(supplementary data). ATC 747 also has the highest 187Os/188Os and Re/Os ratios of all of the group 1 samples. 494 

An important point is that component B exerts the dominant control on Re/Os and that mobilisation of Os 495 

will not dramatically alter Re/Os except where a substantial proportion of the Os is hosted by component A; i.e. 496 

at <1 ppb Os (Fig. 5c). The general correlation between Re/Os (and as a result 187Os/188OsEA) and degree of melt 497 

depletion therefore primarily reflects the difference between samples with Mg# up to 92.5 with those with 498 

higher Mg# and slightly lower Re/Os coupled with variable Re and Os concentrations due to mobilisation of 499 

component B over small distances. The timing of Os mobilisation is critically constrained to occur during or 500 

shortly after melt depletion in order to preserve the isochronous relationship. Moreover, the two group III 501 

samples with very low Os contents (~150 ppt) yield TRD ages of ~3.25 Ga (Table 1) that constrain the time of Os- 502 

and Re-loss to be within error of the mean TMA age. Rhenium and Os could therefore have been retained and 503 

remobilised by infiltrating melt/fluid broadly synchronous with melt extraction, a process involving local re-504 

precipitation of sulphides after a small distance of melt migration. The orthopyroxene-rich nature of the 505 

samples, however, indicates that pervasive Si-metasomatism must be accounted for. Therefore, Re and Os may 506 

have been remobilised during a second, unrelated event shortly after initial melt extraction. This introduces the 507 

problem that we find no evidence for the introduction of radiogenic Os from a recycled source at ~3.28 Ga, a 508 

point that is discussed below. 509 

 510 

5.3.3. Os isotopes and Si-enrichment 511 

From petrographic and geochemical evidence, it appears that the Venetia mantle xenoliths do not represent 512 

residua of a single melt extraction episode but have witnessed extensive Si-enrichment (Hin et al., 2009; van 513 

der Meer et al., 2013) and melt metasomatism in the case of High-T lherzolites. Silicon-enrichment translates to 514 

modal orthopyroxene contents in excess of those expected for refractory residua (e.g., Walter, 1998; van der 515 

Meer et al., 2013). Venetia shares this Si-rich nature with the majority of Kaapvaal SCLM samples (e.g., Boyd, 516 

1989), for which a wide range of models have been proposed. Most support is found for a metasomatic origin 517 

with Si addition either by intraplate melts (e.g., Koornneef et al., 2009), through interaction with Si-rich fluids 518 

or melts in a subduction zone (e.g., Kesson and Ringwood, 1989; Kelemen et al., 1998; Bell et al., 2005; Simon 519 

et al., 2007) or eclogite melting in a plume (e.g., Aulbach et al., 2011). Although the debate on the origin of high 520 

modal orthopyroxene is ongoing, Si-enrichment in cratonic xenoliths is typically associated with the 521 

introduction of radiogenic Os from a recycled component (Simon et al., 2007; Aulbach et al., 2009; 2011; 2016; 522 

Smit et al., 2014). For instance, Aulbach et al. (2011) relate orthopyroxene addition and suprachondritic initial 523 

187Os/188Os of peridotitic sulphide inclusions in central Slave Craton diamonds to interaction with eclogite melts 524 

with radiogenic 187Os/188Os. In addition, Simon et al. (2007) find a correlation between modal orthopyroxene 525 

content and 187Os/188OsEA for Low-T peridotites from Kimberley (Kaapvaal Craton). These authors interpret 526 

elevated 187Os/188Os unsupported by higher Re/Os as evidence for the addition of radiogenic Os from a 527 

subducting slab, which is consistent with the occurrence of 2.9 Ga eclogitic diamond inclusions with radiogenic 528 

initial 187Os/188Os from the same mine (Richardson et al., 2001). Pyroxenite formation in peridotite massifs has 529 

been related to the introduction of Re and radiogenic Os (e.g. van Acken et al., 2010). The two pyroxenites 530 



examined here appear to have formed in separate events. Olivine websterite ATC 727 (with 57 % modal 531 

orthopyroxene, van der Meer et al., 2013) is part of group II and appears to have had a shared development 532 

with the peridotite lithologies. Garnet clinopyroxenite AT 1198 on the other hand has high Re/Os and very 533 

radiogenic Os. The relatively young minimal TMA of this sample (2.62 Ga), however, indicates that this lithology 534 

was probably related to a later magmatic event in which case its formation had no noticeable effect on the 535 

Re/Os systematics of group I, II and III samples. 536 

The relatively pristine Re-Os systematics of the Venetia group I, II and III samples offer an ideal 537 

opportunity to investigate the nature and timing of orthopyroxene addition to the SCLM. In contrast to Simon 538 

et al. (2007), we find neither systematic variation of the range in modal orthopyroxene contents (~10 to 40 %; 539 

Fig. 7) with 187Os/188OsEA nor obvious correlations with Re/Os and Os, arguing against coupled Re and/or 540 

radiogenic Os proportional to orthopyroxene addition to a refractory mantle residue. Moreover, the 541 

isochronous relationship of the Venetia samples with unradiogenic initial 187Os/188Os (~0.1046, model age ~3.3 542 

Ga) is not compatible with the introduction of radiogenic Os. As it seems unlikely that the pervasive Si-543 

enrichment of the SCLM could have occurred without affecting the Re/Os system in any way, there is an 544 

apparent paradox of aluminous orthopyroxene addition, derived from a recycled component, and lack of 545 

introduction of radiogenic Os. This paradox can be alleviated if the recycled component is young (at the time of 546 

introduction) and has not had time to acquire highly radiogenic 187Os/188Os. This scenario requires that a 547 

limited amount of time elapsed between initial melt depletion and Si-enrichment (<100 Myr). Geological 548 

evidence supports rapid formation and stabilisation of the LMB Central Zone lithosphere associated with 549 

multiple mantle melting events. We propose a scenario in which the ~3.35 Ga tholeiitic Messina Layered suite 550 

is complementary to the depleted Venetia SCLM. We further suggest that TTG magmatism at 3.28 Ga was 551 

associated with Si-enrichment of the SCLM. Eclogite melting is proposed as the main mode of formation of TTG 552 

suites (e.g., Foley et al., 2002; Rollinson, 2010) and can thus be directly related to the stabilisation of 553 

orthopyroxene in the Venetia refractory peridotites. Moreover, as demonstrated by Zeh et al. (2010), negative 554 

zircon initial εHf of the 3.28 Ga Sand River TTG’s requires recycling of crustal material. Taken together, we find 555 

that recycling of oceanic crust equivalent to the Messina Layered suite within 70 Myr satisfies both the crustal 556 

Hf isotope evidence in the form of the Sand River TTG gneisses and the lack of perturbation of 187Os/188Os in 557 

the Venetia xenoliths. The addition of up to 30 % of melts derived from tholeiitic crust (40 ppt Os, 187Os/188Os(i) 558 

= 0.1041, 187Re/188Os = 23 and 187Os/188Os(i + 70Ma) = 0.1309) 70 Myr after its extraction from the convecting 559 

mantle at 3.35 Ga to the Venetia refractory mantle will raise 187Os/188Os(i) from 0.1046 to 0.1048. This variation 560 

is irresolvable within the uncertainty of the isochron initial 187Os/188Os. Hence, our proposed “rapid recycling” 561 

model can account for the lack of radiogenic Os addition accompanying Si-enrichment of the Venetia xenoliths. 562 

In contrast, amalgamation, and likely Si-enrichment, of the Kaapvaal Craton (Kimberley) at 2.9 Ga postdates the 563 

main mantle melting episode by 300 - 400 Myr (Richardson et al., 2001; Shirey et al., 2002; Simon et al., 2007). 564 

The time gap is even larger in the central Slave Craton (Aulbach et al., 2009; Aulbach et al., 2011), leaving 565 

sufficient time for highly radiogenic Os compositions to develop in the mafic crust that was recycled, ultimately 566 

sourcing melt/fluids that metasomatised the SCLM. These significant time gaps between initial melting and 567 



orthopyroxene metasomatism allow the introduction of radiogenic Os, which offers a possible explanation as 568 

to why Re-Os isochronous relationships are not preserved in Kimberley and Slave Craton peridotite suites.  569 

 570 

5.3.4. The evolution of the Venetia SCLM 571 

The geodynamical setting of melt extraction and mode of recycling of the Messina Layered suite cannot be 572 

tightly constrained by the Re-Os data alone and hence a detailed examination falls outside the scope of this 573 

study. Nevertheless, the preceding discussion allows some inferences to be made on the evolution of the 574 

Limpopo SCLM. In order to stimulate further research, we will present a geodynamical model based on the Re-575 

Os systematics whilst acknowledging that more data are required to substantiate the model. 576 

A primary observation is that samples with the lowest olivine Mg# (<92.3) and lowest modal 577 

orthopyroxene contents best approximate a ~30% melt depleted residue in terms of their Re and Os contents 578 

and Mg# (Figures 5c and 7b). The lack of correlation of orthopyroxene content with Re, Os, and Os-isotope 579 

compositions suggests that Re-Os mobilisation was not directly related to silicate mineralogy. It is striking, 580 

however, that the samples with olivine Mg# less than ~92.5 show a significantly smaller variation in Os 581 

contents than samples with olivine Mg# >92.5. On this basis, we propose a two-stage model that is illustrated 582 

in Fig. 8. The model comprises an initial episode of ~30 % melt extraction at 3.35 Ga to produce a harzburgitic 583 

residue with olivine Mg# ~92.3 and a ~30 km thick complementary mafic crust (Herzberg and Rudnick, 2012). If 584 

melting occurred at relatively low pressure and reducing conditions in an oceanic ridge setting, Re might not be 585 

quantitatively lost to the melt (Fig. 5c and 7b; Aulbach et al., 2016). Additionally, auto-refertilisation during 586 

dynamic melting processes might leave higher Re/Os than simple melt extraction (Rudnick and Walker 2009). 587 

Melt extraction from newly formed crust 70 Myr later, after transport to depth during accretion (probably in a 588 

slab-stacking or subduction-like setting) would result in an additional ~10 to 15 % hydrous melting of the 589 

lithospheric mantle, thereby raising olivine Mg# to 93.5 and stabilising aluminous orthopyroxene. Both of these 590 

melting events could create a small range of Re/Os, necessary for the development of an isochron. If the 591 

eclogite-derived melts of the latter event were (close to being) S saturated, residual sulphides (i.e. component 592 

B) might be locally remobilised as immiscible melt droplets but need not necessarily be dissolved in the melt 593 

and hence lost from the mantle (e.g., Pearson et al., 2004; Reisberg et al., 2004). This scenario could explain the 594 

correlation between (kimberlite-corrected) Re and Os concentrations in the group I and II Venetia xenoliths. 595 

Part of the lithosphere has apparently not, or only to a minor extent, witnessed the second melt extraction and 596 

Si-enrichment event, as indicated by the persistence of the samples with lower olivine Mg# and less disrupted 597 

Re-Os systematics. Based on the lack of radiogenic Os addition, we argue that the mode of crustal recycling 598 

leading to TTG magmatism and Si-enrichment is inconsistent with eclogite entrainment and melting in an 599 

upwelling plume (e.g. Aulbach et al., 2011). The 70 Myr time gap is insufficient to account for recycling of mafic 600 

crust to the lower mantle and back. Instead, rapid recycling was achieved either through an Archean equivalent 601 

of subduction (e.g., Pearson and Wittig, 2008), subcretion of oceanic crust beneath Craton margins (e.g. 602 

Bédard, 2017) or foundering of eclogite keels of thick oceanic crust (e.g., Bédard, 2006). Considering that Os 603 

mobility is most easily achieved in a hydrous, oxidising environment (e.g., Brandon et al., 1996; Alard et al., 604 

2002; Aulbach et al., 2016), we find most support for recycling though an Archean equivalent of subduction or 605 



slab stacking but clearly additional data are required to support this interpretation. Stacking or imbrication of 606 

lithospheric mantle does, however, explain the lack of correlation between equilibration pressure of the 607 

xenoliths and degree of melt depletion, 187Os/188OsEA and Re and Os contents (Supplementary Fig. S1). Eclogite 608 

xenoliths are extremely rare in the Venetia xenolith suite and analyses are lacking, thus leaving no independent 609 

means to constrain the timing and nature of lithospheric recycling in the LMB. 610 

Following rapid lithosphere stabilisation between 3.35 and 3.28 Ga, the majority of the Venetia samples 611 

have remained a closed system for Re and Os until entrainment in the host kimberlite at 533 Ma, despite 612 

evidence for multiple Neoarchaean and Proterozoic tectonomagmatic events (e.g., Zeh et al., 2010). The 613 

collision between the Zimbabwe and Kaapvaal Cratons at ~2.65 Ga (e.g., Zeh et al., 2007; Millonig et al., 2008; 614 

Kramers and Mouri, 2011) apparently left no trace in the Re-Os systematics of the peridotite xenoliths. In 615 

contrast, if the 2.62 Ga TMA of the highly radiogenic garnet-clinopyroxenite (Figure 2) represents its formation 616 

age then it is indistinguishable from the collision age indicating melt migration through the lithosphere at this 617 

time. The strong metamorphic overprint at ~2.0 Ga in the LMB crust, roughly coeval with but unrelated to 618 

Bushveld magmatism (e.g., Zeh et al., 2007; Chudy et al., 2008), is also unrecorded by the Venetia peridotite 619 

xenoliths. This age, however, is recorded in eclogitic sulphide diamond inclusions from Venetia (Richardson and 620 

Shirey, 2008), which scatter around a 2.05 Ga Re-Os isochron with an initial 187Os/188Os that is more radiogenic 621 

(~0.25) than Bushveld magmas or any of the Venetia xenoliths (Richardson and Shirey, 2008). Hence, the 622 

eclogitic sulphide inclusions provide evidence for at least localised introduction of radiogenic Os to the deep, 623 

diamondiferous keel of the Venetia SCLM. In order to reconcile the lack of a pervasive Os overprint with the 624 

evidence for pronounced metasomatic events at ~2 Ga and possibly ~2.6 Ga, we propose that these later melts 625 

were spatially limited to metasomes that would have formed along their pathways and did not invade the 626 

entire SCLM, leaving in particular the low-T suite unaffected. Phanerozoic metasomatism (after the 627 

emplacement of the Venetia kimberlite) related to Karoo flood basalts and regional kimberlites appears to have 628 

been more pervasive throughout the SCLM, explaining why samples from younger kimberlites do not display 629 

isochronous behaviour. Additionally, sulphide-bearing, relatively fertile peridotites at the base of the 630 

lithosphere could effectively scavenge Re and PGEs from melts that infiltrate the SCLM, leaving melts that 631 

reach higher levels PGE-bare (e.g., Reisberg et al., 2004). In this scenario, percolating melts have the potential 632 

to affect lithophile elements in the upper SCLM but have negligible influence on the Re-Os systematics. A 633 

sulphide-bearing boundary layer at the base of the SCLM could thus form an effective shield against melt 634 

metasomatism for the Re-Os system. PGE scavenging is consistent with the generally high Os (up to 11.3 ppb) 635 

contents and variably radiogenic 187Os/188Os (0.106 – 0.121) of the High-T lherzolites and some High-T 636 

harzburgite samples (groups IV and V), which are interpreted to have equilibrated with melts derived from the 637 

convecting mantle (e.g., Lorand et al., 2013; Aulbach et al., 2016). The preservation of the isochronous 638 

relationship in multiple High-T samples (Table 1 and supplementary Fig. S1) indicates that the deep SCLM was 639 

not uniformly overprinted, but that interaction with silicate melts after ~3.3. Ga SCLM stabilisation appears to 640 

have been confined to veins or discrete zones. Furthermore, we find no evidence in the xenolith suite for the 641 

presence of eclogitic pods with radiogenic Os compositions proposed by Richardson and Shirey (2008) to exist 642 

in the SCLM, with perhaps the exception of pyroxenite formation at ≥2.62 Ga. 643 



 644 

5.4. Significance of TRD and TMA model ages 645 

 646 

Due to the ubiquity of metasomatic overprint on the Re-Os systematics in cratonic xenoliths, isochronous 647 

relationships are generally not preserved and TRD and TMA model ages are used to constrain the timing of melt 648 

depletion (e.g., Walker et al., 1989; Pearson et al., 1995; Rudnick and Walker, 2009; Pearson and Wittig, 2014). 649 

Although TRD ages must be interpreted as minimum ages, it is generally assumed that Re has been 650 

quantitatively extracted during melting in highly refractory samples. In consequence, TRD ages are commonly 651 

correlated with crustal events (e.g., Pearson and Wittig, 2008, 2014). In this study, we have demonstrated that 652 

the Venetia xenoliths are characterised by long-term elevated Re/Os, implying that a significant amount of Re 653 

was present since lithosphere stabilisation at ~3.3 Ga despite olivine Mg# indicating >30% melt extraction. 654 

Rhenium was retained during the initial melting event, and/or added during TTG magmatism <70 My later. 655 

Rhenium-depletion ages therefore clearly underestimate the true depletion age of the xenoliths. This is 656 

illustrated in Fig. 9, where 187Os/188Os evolution with time and histograms of both TMA and TRD ages are 657 

presented (see also Table 1). Group II samples, characterised by mild Re addition during kimberlite 658 

entrainment, yield TMA ages in excess of the age of the Earth but their 187Os/188OsEA and TRD ages are identical to 659 

those of group I samples, with an average age of ~2.6 ± 0.2 Ga, much younger than the ~3.3 Ga mean TMA age 660 

that is supported by the isochronous relationship. Venetia TRD ages therefore convey no meaningful absolute 661 

age information. If the group I samples had not shown the tight correlation in an isochron diagram, one could 662 

easily have interpreted the 2.6 Ga mean TRD age of the group I and II samples as lithosphere stabilisation during 663 

the 2.65 Ga Kaapvaal-Limpopo amalgamation. The correspondence of the mean TRD age with this 664 

tectonomagmatic event is, however, purely fortuitous and has no geological significance. The only Re-Os data 665 

suggestive of a ~2.6 Ga event is the TMA age of the very radiogenic garnet-clinopyroxenite AT 1198. The two 666 

group III samples that have lost all Re and most of their Os during SCLM stabilisation are the only peridotites in 667 

this study that yield meaningful TRD ages of ~3.2 Ga (Fig. 9). This study underscores the importance of acquiring 668 

a sufficiently large dataset to allow scrutiny of the results in order to extract reliable age information (e.g., 669 

Rudnick and Walker, 2009; Pearson and Wittig, 2014; Liu et al., 2016).  670 

Finally, it is important to stress that there is increasing evidence for significant primary Re contents in 671 

highly depleted peridotites. Recent melt depletion modelling by Aulbach et al. (2016) allows for significant 672 

residual Re following low pressure melting under reducing conditions, even up to 40 %. Non-zero primary Re is 673 

also increasingly recognised in highly depleted off-craton xenolith samples where TRD ages appear to 674 

significantly underestimate the actual age of depletion (e.g., Janney et al., 2010; Kochergina et al., 2016) and is 675 

inferred by correlation of TRD ages with the degree of PPGE depletion (Pearson et al., 2002; Aulbach et al., 676 

2016). Although primary Re contents of the Venetia xenoliths are slightly higher than those of average depleted 677 

Kaapvaal xenoliths, the Venetia samples are very similar in terms of chemistry, petrology and Re-Os isotope 678 

composition and both sample suites record a clear dichotomy between TRD and TMA ages (Pearson and Wittig 679 

2014). Whole rock TRD ages from Kaapvaal show a well-defined mode at ~2.7 Ga with few TRD ages >3.0 Ga, 680 

whereas sulphide TMA ages have maxima at ~3.1 and ~2.7 Ga (Griffin et al., 2004; Pearson and Wittig, 2008, 681 



2014). This difference was variably interpreted to either reflect metasomatic overprint of the whole rocks that 682 

thus yield mixed ages (Griffin et al., 2004) or as lithosphere stabilisation in the Neoarchaean at 2.9 Ga following 683 

craton amalgamation (Pearson and Wittig, 2014). Non-zero primary Re contents in residua provide an 684 

alternative explanation for the systematically younger TRD ages. Support for this interpretation is provided by 685 

>3.0 Ga TMA ages of the most depleted, lowest Re/Os sulphides (Griffin et al., 2004) and the least radiogenic 686 

Kimberley xenoliths (Simon et al., 2007), as well as 3.3 Ga Sm-Nd model ages for silicate diamond inclusions 687 

(Richardson et al., 1984). Quantitative Re extraction during the formation of Archaean refractory mantle might 688 

thus not be as universal as commonly accepted, implying that lithospheric keels are much older than inferred 689 

on the basis of peaks in the distribution of TRD ages. 690 

 691 

6. Conclusions 692 

 693 

A detailed Re-Os isotope study of mantle xenoliths from the 533 Ma Venetia kimberlite cluster in the Limpopo 694 

Mobile Belt, South Africa establishes that: 695 

1. The Venetia xenoliths can be divided into five groups on the basis of Re and Os contents and 696 

187Os/188Os, ranging from pristine group I samples to highly disturbed group V samples. The group I 697 

samples yield a mean TMA age of 3.28 ± 0.17 Ga and display an approximately isochronous relationship 698 

of the same age that passes through mantle reference values; group II samples are interpreted to have 699 

been on the isochron until minor Re addition during kimberlite magmatism. 700 

2. The near isochronous relationship of the group I samples indicates that the Venetia xenoliths have 701 

higher Re/Os than expected for residua of 40 % melt depletion, which cannot result from recent Re 702 

addition. Such high Re contents may partially reflect low-pressure melting under reducing conditions 703 

and/or auto-refertilisation during dynamic melting. In addition, the highly variable Os contents suggest 704 

remobilisation of Re and Os during or shortly after initial melt depletion. 705 

3. Silicon-enrichment of the Venetia xenoliths requires a contribution from recycled crust. The absence 706 

of introduced radiogenic Os and preservation of the isochronous relationship constrains Si-enrichment 707 

and Re-Os remobilisation to <100 Myr of initial melt depletion. 708 

4. We propose a rapid recycling model with initial melt depletion at 3.35 Ga to form a tholeiitic mafic 709 

crust (Messina Layered suite) that is recycled at ~3.28 Ga, resulting in the intrusion of a TTG suite 710 

(Sand River gneisses) and Si-enrichment of the lithospheric mantle. Hence, formation and stabilisation 711 

of the Limpopo lithosphere was achieved within 70 Myr in the Mesoarchaean, in contrast to the more 712 

protracted history of the Kaapvaal SCLM. 713 

5. The high primary Re contents of the Venetia xenoliths imply that TRD model ages significantly 714 

underestimate the true age of melt depletion; the overlap of the mean TRD age with the Kaapvaal-715 

Limpopo collision is purely fortuitous and the TRD ages have no geological significance. A growing body 716 

of evidence for non-zero primary Re contents in highly depleted cratonic mantle warrants a critical re-717 

evaluation of the use of TRD ages as a tool to date lithosphere formation. 718 
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 981 

Table 1. Whole rock Re and Os concentrations and isotope compositions, Re-Os analyses with V sample number 982 

are from Carlson et al. (1999). HT: high-temperature, TL: low-temperature, hz: harzburgite, lhz: lherzolite, pyr: 983 

pyroxenite, Ref.: reference standard. Al2O3 concentrations and Mg# in olivine are from van der Meer et al. 984 

(2013), Stiefenhofer et al. (1999) and Carlson et al. (1999), n.r.: no report of data available, n/a: calculation not 985 

applicable. Chondritic mantle parameters (187Os/188Os = 0.1283 and 187Re/188Os = 0.422) for the calculation of 986 

γOs and model ages are from Walker et al. (2002). Kimberlite-corrected Re-intercept Re(int) concentrations for 987 

groups I, II and III are calculated at the intercept with the 3.28 Ma “isochron”, also see Fig. 5a. Pressure and 988 

Temperature are calculated iteratively using the garnet-orthopyroxene PNG85 barometer of Nickel and Green 989 

(1985) and the garnet-orthopyroxene TNG09 thermometer after Nimis and Grütter (2010), clinopyroxene-bearing 990 

lithologies were compared to the Taylor (1998) 2-pyroxene thermometer for validation (not reported). 991 



Exceptions are a: where T[Ca-OPX09] thermometry (Nimis and Grütter 2010) was used for garnet-free samples to 992 

calculate P at the crossing with the Venetian "steady-state geotherm" (van der Meer et al., 2013), b: garnet and 993 

pyroxene are in major element disequilibrium, c: mineral data is lacking or d: the lithology is unsuitable for 994 

conventional P-T calculation. Depth calculation assumes 50 km of crust with a pressure of 1.5 GPa at the base 995 

and a uniform average lithospheric mantle density of 3.5 g*cm-3. Replicate analyses are shown in italic with 996 

analyses conducted in Durham designated by “(D)”. The measured 187Os/188Os isotopic composition of GP-13 997 

(187Os/188Os = 0.1260 ± 0.0002, 2SE) is within uncertainty of published values, the Durham average (n = 35, 998 

187Os/188Os = 0.1261 ± 0.0005, 2σ), and average determined at the University of Alberta (n = 4, 187Os/188Os = 999 

0.1262 ± 0.0010, 2σ). However, the corrected value included in the data table has a 187Os/188Os composition 1000 

that is resolvable and lower than has been reported previously for distinct powder aliquots of this in-house 1001 

peridotite reference material. This variation may reflect; 1) real difference between the Os-isotopic composition 1002 

of the measured powder fraction and those studied previously ['nugget effect'], or 2) an over-correction based 1003 

on the average total procedural blank composition.  1004 

 1005 

Table 2. Platinum group element concentrations for selected samples. Os concentrations from the same sample 1006 

solution and also reported with duplicate isotope analyses in table 1. With the exception of Pt, the PGE-1007 

abundances of GP-13 are within uncertainty of values reported in previous studies (e.g., Meisel and Moser, 1008 

2004; Puchtel et al., 2004; Palesskii et al., 2009) 1009 

 1010 

Figure 1. Map of the Kalahari Craton and subdivision between the separate terranes, including the Limpopo 1011 

Mobile Belt and its zones, modified from van der Meer et al. (2013), after de Wit et al. (1992). Outcrop of the 1012 

2.05 Ga Bushveld LIP is shown in black. Dashed lines indicate national boundaries. SA, South Africa; NAM, 1013 

Namibia; LS, Lesotho; SW, Swaziland; BW, Botswana; ZIM, Zimbabwe. 1014 

 1015 

Figure 2. Plots of Re vs. Os abundances (a) and Re/Os vs. Al2O3 content (b) for the Venetia xenolith suite, 1016 

including data from Carlson et al. (1999). In (a), samples are divided into five colour-coded groups (Roman 1017 

capitals) according to their Re and Os contents and 187Os/188Os systematics. Generalised descriptions are as 1018 

follows: group I samples have Re/Os between 0.04 and 0.01, group II samples have higher Re/Os at similar Os 1019 

content, group III have higher Re/Os at lower Os content, group IV have low Re/Os at similar Os content; group 1020 

V samples are characterised by highly disturbed 187Os/188Os and cannot be distinguished on the basis of Re and 1021 

Os contents alone. See text for further discussion. In (b), the Venetia samples largely overlap with the field for 1022 

other Kalahari Craton mantle xenoliths. Pyroxenite AT 1198, at 8.17 wt.% Al2O3 and Re/Os = 7.3, falls off scale. 1023 

The mantle melting trends at pressures of 3, 5 and 7 GPa (all at ΔFMQ-2) and the field for Kalahari mantle 1024 

xenoliths are from Aulbach et al. (2016); whole rock Al2O3 data are from Carlson et al. (1999) and van der Meer 1025 

et al. (2013).  1026 

 1027 

Figure 3. 187Os/188Os vs. 187Re/188Os isochron diagram for the Venetia xenolith suite; symbols indicate lithology 1028 

whereas colours refer to the groups based on Re-Os systematics. Group I samples cluster around a 3.28 Ga 1029 



isochron; this reference line is based on the average TMA of the group I samples and is not a regression in this 1030 

diagram. Group II samples are displaced away from group I along a 533 Ma vector, consistent with Re addition 1031 

during kimberlite eruption. Group III samples (AT1324 and AT1338) are characterised by very low Os contents 1032 

and fall on a 533 Ma (kimberlite eruption age) reference line originating from the isochron initial ratio. Group IV 1033 

samples have 187Os/188Os values ranging from 0.10948 to 11930, but all have low 187Re/188Os (≤0.02). See text 1034 

for further discussion. The inset shows garnet clinopyroxenite AT 1198, which has high 187Re/188Os and a 1035 

radiogenic Os isotope composition. A tie line with CHUR yields a (TMA) age of 2.62 Ga. Chondritic mantle after 1036 

Walker et al. (2002).  1037 

 1038 

Figure 4. Platinum group element concentrations of selected samples. A: Platinum group elements normalised 1039 

to Primitive Upper Mantle (PUM) after Becker et al. (2006). Compatible I-PGE (Os, Ir, Ru) have higher relative 1040 

concentrations than P-PGE (Pt, Pd) and Re except for Ru in low I-PGE sample ATC 725. B: PUM normalised Pt/Ir 1041 

versus Os/Ir illustrates correlations corresponding to melt depletion trends and the lack of noticeable oxidative 1042 

Os loss related to weathering (e.g. Handler et al., 1999). 1043 

 1044 

Figure 5. Re and Os concentration systematics in the group I and II samples. a) shows how “isochron intercept” 1045 

187Re/188Os, and thus Re/Os and Re content, are calculated. This assumes that all excess Re that causes the 1046 

samples to fall off the 3.28 Ga mean TMA age reference line is added during kimberlite magmatism at 533 Ma, 1047 

and that Os contents remained unchanged. In b) and c), systematic variation of “isochron intercept” Re and 1048 

Re/Os with Os suggests that the Re-Os budget is controlled by two components, as discussed in the text. A 1049 

correlation between measured Re and Os is also observed in the group I samples if no corrections are applied. 1050 

Samples are colour coded for olivine Mg# as proxy for degree of depletion. Samples with lowest olivine Mg# 1051 

have homogeneous Os contents consistent with the melt depletion trend whereas samples with higher olivine 1052 

Mg# show a considerably wider variation. An approximated fractional melting column model for an Archaean 1053 

Convecting Mantle (ACM) source (5 GPa, ΔFMQ -2) with increments of 1.1% where 1% of the melt is added to 1054 

the starting composition of the following increment in c) is taken from Aulbach et al. (2016). The dashed lines 1055 

represent mixing between the two hypothetical Os-bearing components A and B that control the Re and Os 1056 

budged of the peridotites. 1057 

 1058 

Figure 6. Variation of 187Os/188OsEA for group I, II and III samples with indices of melt depletion. Sample ATC 747 1059 

(187Os/188OsEA = 0.1166) is excluded from b) for scaling purposes. PUM PGE normalisation values are from Becker 1060 

et al. (2006). Range of Os contents in fertile and depleted Archaean mantle in d) is from Aulbach et al. (2016). 1061 

 1062 

Figure 7. Variation of Re-Os systematics with modal orthopyroxene content of the group I and II samples. a) The 1063 

Venetia xenoliths show no correlation between187Os/188OsEA and modal orthopyroxene content, in contrast to 1064 

Kimberley (Kaapvaal Craton) xenoliths; data from (Simon et al., 2007). b) Re/Os versus Os content, symbols 1065 

identical to Figure 5c but with samples colour coded for modal orthopyroxene content. 1066 

 1067 



Figure 8. Schematic model for the Re-Os evolution of the Venetia xenolith suite during SCLM stabilisation. 1068 

Melting at 3.35 Ga produces thick mafic crust and a complementary refractory mantle that records 20-30 % 1069 

melt depletion, as illustrated by the “low olivine Mg# samples”. Melt model in A is the same as in Figure 5. 1070 

Residue compositions have decreasing Re/Os with increasing melt extraction, auto-refertilisation can cause 1071 

minor elevation of Re/Os and retain some Re in the residue. B: Rapid recycling of mafic crust at 3.28 Ga causes 1072 

reaction of the refractory mantle with percolating melts, stimulating an additional 10-15 % melting and 1073 

formation of aluminous orthopyroxene. Remobilisation of component B leaves some samples relatively depleted 1074 

in Os and others enriched. As component B controls the Re budget, Re/Os is only mildly affected by 1075 

remobilisation except at low Os concentrations (<200 ppb). 1076 

 1077 

Figure 9. Distribution of TMA and TRD model ages for the Venetia xenoliths (excluding group V). Group I samples 1078 

display TMA ages that reflect timing of melt extraction and lithosphere stabilisation, whereas the group II 1079 

samples yield fictitious TMA ages due to recent Re addition. Rhenium-depletion ages (TRD) are the same for both 1080 

sample groups, but do not have any geological significance and the overlap with the Kaapvaal-Limpopo collision 1081 

age is merely coincidental. Only group III samples that lost Re and most of their Os during SCLM stabilisation 1082 

yield meaningful TRD ages.  1083 


