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Abstract

U-Pb ages were determined by split-stream LA-SF/MC-ICPMS in garnets from UHT granulite xenoliths (Star mine, South
Africa; 124 Ma). They give a considerable age range of 400 million years with well-defined maximas at 3.09, 3.01 and 2.75
Ga. The oldest peak overlaps with the changeover from tonalites to K-granites at 3.14-3.04 Ga and with zircon ages of the
mid-crustal granulites of the Vredefort dome (3.1 Ga) in the wake of the 3.2 Ga collision of three terrains that compose the
Witwatersrand block. Subduction (or sagduction) of the uppermost crust in an ultrahot orogen setting brought shales and
greenstones to the lower crust. Ultrahigh temperature (UHT) conditions are the result of high mantle potential temperatures
and self- heating by the radioactive inventory of the subducted lithologies. Metamorphism, anatexis to very high degrees
and melt extraction left UHT granulites as residue. Rejuvenation of UHT conditions was brought about by Dominion Group
magmatism between 3.0 and 2.95 Ga. Magmatic uprise caused intense shearing in the lower crust followed by recrystallisation
of the shear zones to generate the younger garnet age group. Ventersdorp flood basalt volcanism caused similar processes
at around 2.72 Ga and generated the third garnet age group. Zircon gives U-Pb ages mainly around 2.72 Ga (both literature
and our own data) i.e. zircon adjusted or newly crystallized at the youngest UHT event. Only few zircon grains retained older
ages up to 2.94 Ga. Still unconstrained, but very high closure temperatures (> 1100 °C) for the U-Pb system in garnet keep
the memory of the oldest ages in UHT granulites. Such ages can only be reset by recrystallization. This way, garnet records
a prolonged high-temperature history of the lower crust of the Kaapvaal craton.
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Introduction metamorphic stages and physical conditions is, however, not

straightforward, because the latter are mainly derived from

The determination of the age and duration of metamorphism,
especially of ultrahigh temperature (UHT) granulite-facies
metamorphism, generally relies on accessory minerals such
as zircon and monazite. Age interpretation with respect to
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reactions of coexisting major minerals [see discussions by
Harley et al. 2007; Kelsey and Hand 2015; Kohn et al. 2015;
Harley 2016)]. Zircon may grow along the prograde path and
during peak metamorphism, but mostly forms at the onset of
cooling along the retrograde path from trapped melt or from
the release of Zr from other phases, such as garnet (Grt) and
rutile (Rt) (Kelsey et al. 2008; Kohn et al. 2015; Yakym-
chuck 2023). In some cases, the growth sequence can be
determined from micro-textures and microanalysis, coupled
with considerations of mineral equilibria and trace-element
distribution (Harley et al. 2007; Kohn 2016). Direct age
determination of a rock-forming metamorphic mineral that
can be used to derive pressure—temperature estimates was
and is, therefore, highly desirable. Sm—Nd and Lu—Hf geo-
chronology by isotope dilution mass spectrometry are com-
monly employed to date metamorphic garnet (see review in
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Baxter and Scherer 2013). However, isotope dilution thermal
ionization mass spectrometry (ID-TIMS) is a relatively slow,
expensive, and laborious process that requires significant
sample preparation to target specific growth domains (e.g.
Pollington and Baxter 2010; Tual et al. 2022). Also, the
ID-TIMS process involves the dissolution of large-volumes
that may yield an average of different age domains or inclu-
sions in minerals with no geological significance. Early on,
U-Pb ID-TIMS geochronology studies were conducted on
metamorphic garnets by Mezger et al. (1989, 1991). Later,
DeWolf et al. (1996) pointed out that U-rich inclusions pose
a problem in such studies. The challenges of ID-TIMS geo-
chronology can be overcome by the high spatial resolution
of laser ablation inductively coupled plasma mass spectrom-
etry (LA-ICPMS) analysis combined with careful screening
of time resolved signals and trace element contents. LA-
ICPMS analysis is rapid, requires minimal sample prepara-
tion, and has a high spatial resolution. Examples are in-situ
U-Pb age determinations on grossular-andradite garnets
with 1040 pg/g (e.g. Seman et al. 2017), on amphibolite
facies garnets with 0.2-694 ng/g by Schannor et al. (2021)
and on pyrope—almandine garnets with <90 ng/g U by Mil-
lonig et al. (2020). We push here the limits further to garnets
with less than 15 ng/g.

Comparison of U-Pb age dating of garnet and zircon is
especially critical for rutile-bearing UHT granulites. In zir-
con-quartz-bearing rocks at UHT metamorphic conditions,
rutile has the capacity to host approximately 4000 ug/g Zr at
900 °C and more than 10,000 pg/g above 1000 °C (Watson
et al. 2006). Garnet also can host several hundreds of pg/g
Zr at such extreme conditions (Kohn et al. 2015). Depending
on bulk rock Zr-contents and the modal abundance of rutile,
zircon can be present at peak metamorphic conditions or dis-
solved by incorporation into rutile and garnet. If bulk rock
Zr-contents were high and modal abundances of rutile low,
zircon will be stable at UHT metamorphic conditions. In
the opposite case, zircon will grow on cooling by exsolution
from rutile and garnet and reaction with quartz. It would thus
postdate the time of peak metamorphism. Above the solidus,
significant zircon dissolution into silicate melts is predicted
for anatexis (Kohn et al. 2015; Yackymchuck 2023). High
degrees of partial melting and near-complete melt extrac-
tion are required to generate nominally anhydrous UHT
mineral assemblages. Therefore, zircon crystallization from
remnant melt may be limited. The time difference between
peak metamorphism and the new growth of zircon depends
on the degree of Zr saturation in garnet and rutile amongst
other phases, the cooling rate, and the respective closure
temperatures. Short-lived UHT-metamorphism connected
with fast cooling will diminish the time difference between
peak metamorphic conditions and zircon ages. Mezger et al.
(1989) estimated that garnet, zircon and monazite have a
similar (high) closure temperature (7-) in excess of 800 °C
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for the U-Pb isotope system. Burton et al. (1995) estimated a
similar closure temperature as Mezger et al. (1989), whereas
Dahl (1997) estimated > 1010 °C for garnet and > 900 °C
for zircon. Therefore, the U-Pb isotope record of garnet
has a high potential to date the time of prograde and peak
metamorphism, whereas zircon is more likely to record the
subsequent stage of cooling in the metamorphic history of
UHT granulites (Kohn and Kelly 2018). An example for the
latter was described by Degeling (2002) from the Napier
complex in Antarctica. Ubiquitous rutile cannot place any
further constraints of the timing and duration of UHT meta-
morphism because of its low closure temperature for U-Pb
(Iess than 600 °C; see e.g. Cherniak et al. 2007).

In our study, we test the ability of garnet U-Pb geochro-
nology to date UHT metamorphism of lower crustal xeno-
liths from the Star mine kimberlite (age = 124 Ma) from the
Kaapvaal craton. Schmitz and Bowring (2003a) measured
U-Pb ages of various generations of zircon and monazite
from UHT granulite xenoliths from Star and further three
diamond mines on the Kaapvaal craton (details are described
below). They obtained ages of ca 2.72 Ga for the main zircon
population and considered this age to date the time of peak
metamorphism of the granulites. This age correlates with
the age of the Ventersdorp flood basalts, which erupted at
2714 + 8 Ma throughout the central Kaapvaal craton (Arm-
strong et al. 1991). This large tectonomagmatic event was
considered as causative for the UHT metamorphism with a
duration of only 5-10 million years. Baldwin et al. (2007)
obtained a maximum temperature of 1030 °C from Ti—in-
zircon thermometry, which is lower than the estimated peak
temperature from coexisting major minerals of > 1050 °C
(appendix Fig. Al, simplified from Dawson et al. 1997).
Therefore, zircon may not date the time of peak metamor-
phism, but rather the onset of cooling.

Repeated UHT metamorphism may have occurred,
since widespread, high-temperature conditions existed in
the crust already before 2.72 Ga. For example, granulite
metamorphism occurred at 3.1 Ga at mid-crustal levels in
the Vredefort Dome (Stevens et al. 1997; Hart et al. 1999;
Moser et al. 2001) and in the Ancient Gneiss Complex in
Swaziland (Suhr et al. 2015). Also, widespread granitic
magmas, at least some of which were formed by crus-
tal melting, intruded the Kaapvaal crust around that time
(3.14-3.04 Ga) and dominate a large part of the Archean
rock outcrop today (Eglington and Armstrong 2004; Mar-
schall et al. 2010). Basaltic magmas erupted at the base of
the Witwatersrand Basin at approximately 2.96 Ga (Paprika
et al. 2021) and later in the middle of the Witwatersrand
sequence around 2.90 Ga, coeval with the collision of the
two main building blocks (Witwatersrand and Kimberley
Block) of the Kaapvaal Craton (Fig. 1). Independent age
information on the time of peak metamorphism is, there-
fore, highly desirable and the U-Pb isotope systematics of
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Fig. 1 Archean geology of the Kaapvaal craton (top plane) and loca-
tion, age and conditions of origin of granulites. UHT granulites
occur in kimberlites within the Witwaters-rand basin, granulites in
kimberlites in and at the margin of the craton and in two uplifted ter-
rains. The two planes at 15 and 33 km indicate the depth of meta-

garnet in metamorphic rocks offer such a possibility. We
have collected UHT granulite xenoliths containing abun-
dant pyrope—almandine garnet from the Star diamond mine
in the Kaapvaal Craton with the aim of better constraining
the time of peak metamorphism, reconstructing the early
thermal evolution in the lower crust of an Archean craton
and provide empirical constraints on Archean geodynamics.

An overview of the geology and granulites
from the Kaapvaal craton

A simplified geological map of the Kaapvaal Craton and
its granulite occurrences is shown in Fig. 1. The top plane
is an oblique view of the Archean geology of the Kaapvaal
Craton. It is summarized from the work of Eglington and
Armstrong (2004) and Schoene et al. (2008). The main
division of the Kaapvaal Craton is along the Colesberg
lineament, where the older Witwatersrand Block in the east

Grst

morphism. Insert right: temporal evolution of the craton between 3.7
and 2.65 Ga. Wits=Witwatersrand block; Kimb=Kimberley block;
Grst=Greenstone; Vent= Ventersdorp Group; Wits basin= Witwa-
tersrand basin; Dom=Dominion Group; assW =assembly Witwa-
tersrand block

and the younger Kimberley block in the west collided at
approximately 2.9 Ga. The Witwatersrand Block consists
of three 3.7-3.3 Ga old terrains (stippled lines in the figure)
with tonalite-trondhjemite-granodiorite (TTG) gneisses and
greenstone belts. The terrains amalgamated at approximately
3.2 Ga (Schoene et al. 2008). Subsequently, shield-wide
crustal melting occurred at 3.14-3.04 Ga with the produc-
tion of voluminous K-accentuated granitoids. The produc-
tion of granitoid magmas continued until approximately
2.65 Ga. Basin formation began at approximately 2.99 Ga
(Paprika et al. 2021) with the emplacement of the volcano-
sedimentary Dominion Group at the base of the forthcoming
Witwatersrand Basin. Its subsidence and that of the Pongola
Basin lasted until 2.71 Ga. The Witwatersrand succession is
interlaid by small-volume volcanics of the Crown and Bird
lavas (Humbert et al. 2021). On the Kimberley Block, the
oldest crustal rocks are 3.1 Ga old granitoids and greenstone
belts. Granitoid formation continued until 2.7 Ga. Between
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2.72 and 2.67 Ga, vast portions of the assembled Kaapvaal
Craton were covered with the sediments and flood basalts of
the Ventersdorp Supergroup. The periphery of the Kaapvaal
Craton was reworked in the west between 2.1 and 1.8 Ga
along the Kheis Magondi Belt (e.g., Altermann and Hélbich
1991) and in the south between 1.2 and 0.9 Ga along the
Namaqua—Natal Belt (e.g., Thomas et al. 1993).
Granulites, metamorphosed at sub-UHT conditions, occur
within and at the margin of the craton, whereas UHT granu-
lite xenoliths are reported only from kimberlites within the
Witwatersrand basin. Pelitic and mafic granulites outcrop
in terrains within the Ancient Gneiss Complex in Swazi-
land (Suhr et al. 2015) and in an uplifted mid-crustal sec-
tion of the Vredefort Dome (Stevens et al. 1997). Granulites
are also sampled as xenoliths by the 114 Ma old Newlands
kimberlite (Schmitz and Bowring 2003b). Peak metamor-
phic conditions were estimated at approximately 0.5 GPa
and 850-950 °C for all occurrences by the authors cited
above. Metamorphic zircon from the granulite terrains
yielded U-Pb ages of approximately 3.1 Ga (Suhr et al.
2015), whereas rounded, oscillatory-zoned zircon inclu-
sions in metamorphic minerals date to 3.5 Ga (Hart et al.
1999). Zircon and monazite from granulite xenoliths in the
Newlands kimberlite are slightly discordant with upper and
lower intercepts of 2.92 and 2.73 Ga, respectively (Schmitz
and Bowring 2003b). The granulite xenoliths, entrained by
kimberlites along the southern margin of the Kaapvaal cra-
ton, yield younger monazite and zircon ages between 1.1 and
1.0 Ga overlapping with the 1.2—-0.9 Ga Namaqua—Natal belt
(Schmitz et al. 2004; Sommer et al. 2013). Peak metamor-
phic conditions were between 800 and 900 °C at 1.0 to 1.3
GPa (Harte and Jackson 1981; Pearson et al. 1995; Schmitz
and Bowring 2003b and references therein). The latter
authors also provided discordant U-Pb ages on rutile, titan-
ite and apatite from granulites and UHT granulites and con-
structed a thermochronological history of the craton. They
suggest that resetting of rutile U-Pb systematics by thermal
perturbations first occurred at around 2 Ga caused by the
Bushfeld intrusion and the impact of the Vredefort dome,
followed by further resetting at around 1.2 (Namaqua Natal
belt) and around 0.1 Ga caused by kimberlite volcanism.
UHT granulite xenoliths in the Kaapvaal Craton are
reported from four kimberlite pipes that are aligned along
the NNE trending axis of the Witwatersrand Basin (Fig. 1).
They were first described by Dawson and Smith (1987) and
Dawson et al. (1997) from the Lace diamond mine (133 Ma).
Later, Schmitz and Bowring (2003a) reported similar UHT
granulites from the other three Free State diamond mines
Star (124 Ma), Kaalvallei (85 Ma) and Voorspoed (131 Ma)
as well. Ages of kimberlites are taken from a review by
Fields et al. (2008). The UHT granulites consist of garnet
as the most abundant phase together with sillimanite (Sil),
sapphirine (Spr), orthopyroxene (Opx), plagioclase (P1) and
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quartz (Qz) in various proportions and combinations (Fig. 2;
Table 1). Dawson et al. (1997) compiled a petrogenetic grid
from Hensen and Green (1973) and Bertrand et al. (1991)
estimating that the paragenesis garnet + sapphirine + quartz
is only stable at temperatures above 1050 °C and pressures
between 1.0 and 1.3 GPa (Fig. Al in the electronic appen-
dix). Hensen and Green estimated somewhat lower pres-
sures. Dawson et al. (1997) also used cordierite-bearing
reaction coronas, the Fe—-Mg partitioning between garnet and
orthopyroxene, and Al-contents in orthopyroxene, to deduce
that peak metamorphism was followed by near-isobaric cool-
ing (appendix Fig. Al).

Three zircon types were distinguished by Schmitz and
Bowring (2003a) and attributed to growth during prograde,
peak and retrograde metamorphism (Type 1, 2, 3), respec-
tively. Rare Type 1 zircon with oscillatory growth zones
yielded the oldest U-Pb ages of 2.743 and 2.730 Ga, some-
what younger than a concordant U-Pb age of 2.767 Ga for
monazite. Type 2 sector-zoned zircons have ages between
2.721 and 2.714 Ga. Pink-colored Type 3 zircon gave the
youngest age of approximately 2.690 Ga. Type 3 zircon is
related to leucosome textures and also occurs as overgrowths
on colorless Type 2 zircon. Accordingly, the contemporane-
ity of the Type 2 zircons with the age of the Ventersdorp
flood basalts at 2.714 +8 Ma (Armstrong et al. 1991) led the
authors to suggest that the Ventersdorp magmatism caused
UHT metamorphism and that UHT conditions lasted only
for 5-10 Ma. Baldwin et al. (2007) calculated temperatures
from the Ti-contents of Type 2 and Type 3 zircon (thermom-
eter calibration of Ferry and Watson 2007) and obtained
880-1030 °C for Type 2 and 840-940 °C for Type 3 zir-
con, i.e. Type-2 zircon temperatures are lower than the peak
metamorphic conditions inferred from the petrogenetic grid
(Fig. Al).

Sample description

The Star mine is situated approximately 10 km northeast of
Theunisson in the Free State of South Africa. Diamonds are
mined from four east—west trending dikes of Group-II kim-
berlites with a K—Ar age of ca. 124 Ma (Maclntyre and Daw-
son 1976). Approximately 70 UHT granulite xenoliths with
3—4 cm in diameter were collected from a coarse concentrate
dump during our field campaign. Most have broken surfaces,
and a few have a kimberlite rim on one rounded side. Most
samples have thin alteration rims along grain boundaries and
some have larger, patchy alteration parts. We prepared 70-80
um thick polished sections from 27 samples and selected 22
for electron probe microanalysis (EPMA). Mineral associa-
tions in each sample and estimated modal abundances are
given in Table 1.

Garnet grains are elongated with embayed or irregular
surfaces in a number of samples, but most are roundish and
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Table 1 Modal and

o L Nr Grt (vol%) Grt MgO (n) SprMgO (n) P1CaO (n) Qtz Sil Crn Sp Rt S* Gr
compositional characteristics of
UHT granulites ST4 50 142402 (12) 157 (2) 87+02(3) X X X X X
poik. core
ST7 45 14.8+0.1 (9) 155+034) X X X X X X
ST8 30 145+03(8) 157+0.1(5) 94+024) X X X X
ST65 80 144+03(5) 16.0(1) 86+0512) X X X X X
poik. core
ST68 60 14.6+02(12) 156+03@4) 86+0208) X X X X X X X
13.2+0.9 4)
ST69 50 146+05(0) 155+04(¢5) 81+03(2 X X X X X X
poik. core
ST63 14.6+0.14(9) 157x0.6(5) 7.7+04(15) X X X X X
ST1 70 13.7+0.2 (14) 85+01(6) X X X X X
ST2 40 11.1+0.5(4) 65+043) X X X X
ST3 35 13.0+0.2 (7) X X X
ST6 50 14.1+0.2 (17) 85+02(10) X X X X X X
ST10 50 18.6+0.2 (11) 9.1+03(06) X X X X X
ST14 50 14.3+0.1 9) X X X X
poik. core
ST58 80 14.3+0.2 (9) 85+03(06) X X X X
poik. core
ST62 80 12.8+0.2 (8) 9.8+0.2(3) X X X X X
ST64 60 12.8+0.1 (13) 8.1+0.2 (4) X X X
poik. core
ST12 10.3+0.3 (6) 104+05(16) X X X X
STe6l 7.2+0.1(7) 81+09(12) X X X X X
ST70 11.8+0.3 (8) 7.6+04(11) X X X X
ST66 14.6+0.3 (13) 8.6+04(10) X X X X X
ST5 7.3+0.1(9)
ST9 13.2+0.2 (16) 9.1+04(11) X X X X

* The modal amount of garnet (vol%) was estimated for most samples in thick sections by point counting
with a 0.7 mm grid (column 2). The presence of poikiloblastic inclusions in garnet cores is indicated by
“poik. core”, and the presence of all other phases is provided in columns ‘quartz’ to ‘graphite’ by the sym-
bol X. Columns 3-5 give the mean MgO contents (in wt%) of garnet and sapphirine and the CaO contents
of plagioclase together with the 2¢ deviation and the number of analyses (n)

Ssulfide

equigranular with 1-4 mm in diameter (Fig. 2a, b). Pho-
tomicrographs of all samples are shown in the Appendix
in Fig. A2. Garnet abundances range from 45 to 80 vol%,
estimated by point counting with a 0.7 mm grid (Table 1).
Garnets from six samples have circular cores of mostly
altered, ovoid inclusions (Fig. 2a). In some cases, quartz,
rutile, plagioclase and rounded sulfide grains can be identi-
fied. Tiny, evenly distributed rutile needles (5-50 pm long
and 1-2 um thick; Appendix Fig. A2) are visible under the
microscope in garnet grains from several samples. Examples
for retrograde growth of garnet and of corundum are shown
in Fig. 2c, d. Dawson and Smith (1997) describe a number
of further reactions with retrograde growth of garnet.
Sapphirine occurs in nine samples. It is greenish with
irregular shapes and with visually estimated abundances
of up to 10 vol%. An example is shown in Fig. 2b, where

sapphirine is in direct contact with garnet, sillimanite and
quartz. Other examples can be found in the Appendix in
Fig. A2.

Plagioclase is present in most xenoliths with visually
estimated 1-2 vol%. Sample ST?2 has the highest abundance
with ca. 10 vol%. Plagioclase was not found in four samples.
It was either not present in the original rock or was com-
pletely altered by the kimberlite host magma.

Sillimanite and quartz are common in all samples with
varying abundances from high to low, whereby quartz seems
to be absent in four samples.

Primary spinel was found in eight samples. Ruby (Crn)
occurs in retrograde reaction patches (Fig. 2d) of six sam-
ples. Large graphite (Gr) flakes (Fig. 3a) are clearly visible
in five samples under a stereo microscope and in reflected
light. Twelve further samples have rare, smaller graphite
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Fig.2 a Sapphirine-bearing sample ST65 with roundish garnet grains
and pokiloblastic inclusions in the cores. Plagioclase (Pl), quartz and
sillimanite occur interstitially. b Sapphirine-bearing sample ST7 with
elongated and irregularly embayed garnet grains. Flaky green sap-

flakes and graphite was not found in the other five samples.
Rutile (Rt) and sulfide occur in all samples. Rutile grains
reach more than 1 mm in size and can comprise up to
approximately 3 vol% of the rock mode (visual estimate). It
occurs as interstitial grains and as inclusions in garnet and
sillimanite. Sulfide grains with amoeboid shapes occur inter-
stitially and as roundish inclusions in garnet and sillimanite
(Fig. 3a—d). The sulfide grains are mostly fresh, and only a
few are slightly oxidized along their rims. Only one large
zircon grain was found optically in sample ST7 (Fig. 3a, e).
Otherwise, zircon was found by BSE and CL imaging in the
matrix (Fig. 3e—g) and as inclusion in garnet and sillimanite
(Fig. 3j-1). Graphite, sulfides and rutile can occur in direct
contact with one another (Fig. 3a).

Analytical methods
Electron probe microanalysis (EPMA)
Major and minor element contents of silicates and oxides

as well as the oxidation state of garnet were determined by
EPMA in the wave-length-dispersive mode (WDS) with a

@ Springer

phirine in contact with garnet, quartz, and sillimanite. ¢ Growth of
garnet between sapphirine and quartz. d Retrograde growth of corun-
dum in sillimanite. The latter is mantled by retrograde garnet

JEOL JXA-8530F Plus Hyperprobe equipped with a field
emission gun at Goethe-University Frankfurt. Measuring
procedures and conditions are described for silicates and
oxides in the electronic appendix in file “EPMA analyti-
cal methods” and for Fe** determination in Hofer and Brey
(2007) and Hofer et al. (2017).

Trace element and isotope determination
by LA-ICPMS

Simultaneous U-Pb isotope and trace element
analysis of garnet and sillimanite via split stream LA-
(ICPMS + MC-ICPMS)

U-Pb isotopic and trace element data were acquired on gar-
net and, in some cases, on sillimanite from polished thick
sections at Goethe-University Frankfurt (Frankfurt Isotope
and Element Research Center, FIERCE). For the split-stream
technique, we coupled a RESOLUTION-LR (Resonetics)
193 nm ArF Excimer laser (CompexPro 102, Coherent)
equipped with an S-155 two-volume ablation cell (Laurin
Technic, Australia) to two ICPMS instruments. The U-Pb
data was collected with a multi-collector (MC)-ICPMS
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Fig.3 a Large graphite flake intergrown with rutile and monosulfide.
The large amoeboid monosulfide below is in contact with a large
zircon (Zrn z1) and rutile. b BSE image of a section of that mono-
sulfide. Small globular grains of mainly pentlandite and little chalco-
pyrite (Ccp) are aligned along cracks and rim. Feathery pentlandite
exsolutions occur within the monosulfide. ¢ Intergranular amoeboid
monosulfides and globular monosulfide inclusions in garnet. d Glob-

(Neptune Plus, ThermoFisher Scientific), while the trace
element data was simultaneously analyzed with a single-
collector (SC)-ICPMS (Element XR, ThermoFisher.

Due to the low U contents of garnet of only a few ng/g,
80% of the ablated material was used for U-Pb analysis
while the remaining 20% were used for trace element analy-
sis. This ratio was achieved by using different tubing diam-
eters and lengths. After the ablation cell, the particle stream
was divided via a small glass chamber with two outlets, four-
fifths of the material was directed to the MC-ICPMS (U-Pb)
and the rest to the SC-ICPMS. Analytical details (i.e. gas
flows, spot sizes, etc.) are detailed in Appendix Table Al.
The U-Pb analyses followed the procedure described in
Beranoaguirre et al. (2022). Soda-lime glass SRMNIST614
(Jochum et al. 2011) was used as the primary reference mate-
rial to correct for mass bias, inter-element fractionation and
instrumental drift during the analytical session. Mali garnet
reference material (Seman et al. 2017) was used to correct
the matrix offset between NIST glass and garnet. Lake Jaco
(Seman et al. 2017) and an in-house grossular-andradite gar-
net (reproducible age ca. 45 Ma) were measured repeatedly
during each analytical session to validate the analysis. All
details of the measuring procedure and the results for the
reference materials in each session are reported in Appendix
Table A1 (MetaData).

Data processing was done with an in-house VBA Micro-
soft Excel® spreadsheet (Gerdes and Zeh 2006, 2009),

25um
o~ ).

ular monosulfide with pentlandite exsolutions mainly along the rim.
e—g Cathodoluminescence (CL) images of intergranular zircons. Zir-
con ST7z1 shows no zonation, ST8 z1,9 are complexly zoned. h BSE
and CL picture of zircon ST3-23 intergrown with rutile. i Rutile with
ilmenite rim and zircon exsolutions. j-1 CL pictures of roundish zir-
con grains with complex zonation included in garnet or sillimanite

which employs the same algorithms as Isoplot (Ludwig
2012). Uncertainties are the quadratic additions of internal
uncertainties, counting statistics, background, and the excess
of variance (Horstwood et al. 2016). Data are displayed in
Tera-Wasserburg plots (Tera and Wasserburg 1972) and ages
were calculated by unanchored regression as lower Concor-
dia-curve intercepts. Expanded systematic uncertainties are
also reported. During data processing, the U, Pb and trace
element data of each analysis was scrutinized for inclusions
of zircon, monazite, rutile, sillimanite and contamination by
kimberlite, reflected by elevated Zr, REE (especially Ce), Ti,
Sr and LREE (see below “Garnet U-Pb ages”).

For trace element analysis, 2°Si in garnets was used as
an internal standard and SRMNIST614 glass (Jochum et al.
2011) and BIR-1 basaltic glass (Jochum et al. 2016) as exter-
nal reference materials. The trace element data was evalu-
ated using LADR (Norris Scientific, Norris and Danyush-
evsky 2018).

LA-ICPMS analysis (zircon)

Uranium-Pb and trace element data of zircon were meas-
ured from polished thick sections in a separate analytical
session using the (SC)-ICPMS coupled to the Excimer laser
described above. All analytical details are specified in the
Appendix in Table A2. The reference zircon GJ-1 (Jackson
et al. 2004; 603 Ma; ID-TIMS data, Wolfgang Dorr, pers.
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comm.) was analyzed repeatedly to correct for the laser- and
plasma-induced elemental fractionation and the instrumental
mass bias (i.e. 2’Pb/>*Pb and 2°°Pb/>38U ratios). Secondary
reference zircon BB-16 (Santos et al. 2017), and Plesovice
(Slama et al. 2008) were used for quality control. Raw
data were corrected with the same VBA Microsoft Excel®
spreadsheet as the garnet U-Pb data. The trace element data
were processed using LADR following the method described
in Kozlik et al. (2016).

Results and interpretation
Major and minor element composition of phases

Garnet grains were analyzed in intervals from core to rim
with 4-17 points per probe mount. Averages for MgO
together with the number of analyses (n) are given in
Table 1. Selected analyses corresponding to averages are
given in the appendix (Table A3). In general, there are no
systematic compositional variations from core to rim and
garnet from within inclusion coronas is not different to that
from outside. The MgO contents range from 7.2 — 18.6 wt%
with 82% falling between 12.8 and 14.7 wt% (Table 1). The
26 deviation on the average for each sample is 0.1wt% for
50% of the samples, 0.2 wt% for 27% and 0.3 wt% for 23%.
The range of CaO contents is very limited between 1.2 and
1.8 wt%, generally with a variability of +0.1 w% and in a
few cases of 0.3 to 0.6 wt%. In such cases, CaO is slightly
negative correlated with MgO, the latter with a much smaller
variability.

The Fe-oxidation state in garnet was determined in four
samples (Table 2). They give consistently a Fe*>*/ZFe ratio
of zero meaning that no andradite component is present in
the garnets. MnO is always around 0.3 wt% so that garnet
is mainly an almandine—pyrope solid solution in roughly
equal proportions with only approximately 3 mol% gros-
sular. Mg-values (100 x Mg/(Mg + Fe)) range from 45 to
53 in sapphirine-free samples and approximately 54-55 in
sapphirine-bearing samples (Fig. 4a). TiO, contents range
from 0.05 to 0.30 wt% and vary within +0.05 wt% in indi-
vidual samples, i.e. within the analytical error. Only a few
analyses show a larger deviation that may be caused by the
inclusion of small rutile needles in the analysis.

Table 2 Fe-oxidation state of garnet

Sample ST3 ST6 ST65 ST68
FeO (wt%) 22.57 21.76 21.01 20.99
Fe**/ZFe 0.003 —0.003 0.005 0.005

Detection limit Fe**/XFe in garnet=0.010
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Fig.4 AFM (Al,0;—FeO-MgO) diagrams for 15 sapphirine-free and
7 sapphirine-bearing samples. The compositions of garnet, silliman-
ite and sapphirine from Star are shown in black and (for compari-
son) those from Lace in violet (Dawson et al. 1997). The latter also
include Opx-bearing varieties. The bars outside the triangles show
the CaO-contents of plagioclase from Star. Tie lines connect the CaO
contents of plagioclase with the composition of coexisting garnet in
the AFM diagrams

Sapphirine was analyzed with 1 to 5 spots in each sam-
ple (variability for MgO in Table 1). Averaged analysis are
given in the appendix (Table A3). Mg-values range from 76
to 78 as shown in Fig. 4a. Like in the Lace UHT granulites
reported by Dawson and Smith (1987) and Dawson et al.
(1997), Cr,0O5 in sapphirine in this study is high and exceeds
1.2 wt% in all cases. The comparison of the mineral compo-
sitions shows that Lace garnet and sapphirine have slightly
higher Mg-value for both the sapphirine-free and the sap-
phirine-bearing varieties compared to Star (Fig. 4a). We did
not find any orthopyroxene (Opx) in our samples, whereas
Opx-bearing samples were previously reported from the
Lace diamond mine (Fig. 4; Dawson and Smith 1987).

Plagioclase was analyzed with 2—10 spots per sample.
The variability of CaO contents is given in Table 1. The
internal 2¢ variability of each sample is 0.2 wt% in most
cases, 0.3-0.5 wt% in a few cases and 0.9 wt% in one
extreme case. Averaged CaO contents vary between 7.7 and
10.4 wt% corresponding to Ans; ;5. They are shown in Fig. 4
on separate bars outside the AFM diagrams. With one excep-
tion, garnet with lower Mg# coexists with plagioclase with
lower CaO content. Averaged plagioclase analyses are given
in Appendix (Table A3).

Sillimanite is present in all samples but was analyzed only
in nine. The mean minor element content is 0.15 wt% TiO,,
0.24 wt% FeO and 0.47 wt% Cr,05. Spinel (Spl) grains are
present in seven samples and are Cr, Zn and V rich like those
from the Lace UHT granulites (Dawson et al. 1997). Ruby in
reaction haloes from three samples contains approximately
0.04 wt% TiO,, 0.93 wt% Cr,05 and 0.27 wt% FeO.
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Zircon inclusions in garnet and sillimanite and zircon
grains in the matrix were analyzed in three samples by
EPMA (two sessions separated by several weeks). During
the first session (EPMA1) 28 grains were analyzed with
2-8 points in each grain depending on its size. Analyses of
zircons intergrown with or adjacent to rutile were rejected
because of artificial high Ti due to phase boundary fluo-
rescence. For the accepted 122 analyses Ti varies between
142 and 186 pg/g (Fig. 5a). Selected analyses are given in
the appendix (Table AS5). U-Pb isotope analysis was carried
out on the same grains (see below) followed by fourteen
LA-ICPMS analysis of trace elements (see below). The frag-
ments of these zircons were analyzed by EPM in a second
session (EPMA2). The Ti-content for 18 analyses ranged
from about 65-145 ug/g; Table AS).

Rutile is in some cases intergrown with zircon (Fig. 3h),
commonly has zircon exsolutions and occasionally ilmenite
seams along the rim (Fig. 3i). Zr contents in large rutile
grains are shown in Fig. 5b as line profiles and as individual
data points for rutile inclusions and exsolutions in garnet.
Zirconium varies between 200 and 600 pg/g in the large
rutile grains (line profiles) and reaches up to 3700 ug/g in
rutile inclusions in garnet. Selected analyses are given in the
appendix (Table A6).

Sulfides are almost Co-free monosulfides with small glob-
ular grains of pentlandite (Pn) and rare chalcopyrite (Ccp)
aligned along cracks and rims and feathery pentlandite exso-
lutions within grains (Fig. 3b, d). Two pyrite grains were
found in sample ST10 which coexist with an exsolved mono-
sulfide with mss:Pn=50:50, i.e. the primary monosulfide
was significantly Ni-richer than all other monosulfides in the
samples. Selected compositions are given in the appendix
(Table A7). Forty two monosulfide analyses vary within the
range of close to zero up to 15 at% Ni/(Fe + Ni), the field
shown in Fig. 6a. The amount of pentlandite exsolutions

50 e . 4000
1a) Tiin zircon
40
g ]
2 304 ®
° E}
‘G ] = ZOOOj
.é 20 ~N
S ) Baldwin et al
Z 10- 2007
102 analysesl I
0Llhpa nay | T

20 60 100 140
Ti (ne/g)

180 220 260

Fig.5 a Histogram of the Ti-contents in zircon from samples ST3,
ST7 and ST8 in comparison with the results of Baldwin et al. from
Lace and Voorspoed (grey box). b Line profiles of Zr through four

is estimated to be a maximum of 5 vol%, such that the pre-
served composition of the monosulfides is close to their
original composition. The analysis of uncontaminated pent-
landite was difficult because of the small size of the feathery
exsolutions. Fighteen analyses give a range between 30-56
at% Ni/(Fe + Ni), close to the field of first appearance of
pentlandite at ca. 550 °C according to Firdu and Taskinen
(2010; Fig. 6a). A similar temperature is suggested by the
comparison of chalcopyrite compositions with the phase
diagram by Yund and Kullerud (1966; Fig. 6b).

Rare earth elements in garnet and zircon

Trace elements, along with a number of major elements,
were analyzed in garnet simultaneously with the U-Pb iso-
topes. Accordingly, this yielded 50-60 analyses for each
sample randomly distributed over multiple garnet grains.
The full set of trace elements is given in the appendix
(Table AX trace elements garnet). Examples of laser pits
are shown in Fig. A2 for samples ST2, ST3 and ST6. By
checking for anomalies of one or more elements in the
time-resolved analytical spectra during offline data evalu-
ation we were able to identify outliers for the U-Pb iso-
tope systematics caused by impurities and inclusions (see
below in ‘Garnet U-Pb ages’). Like the major elements,
the trace elements are only slightly heterogeneous with no
discernable systematic spatial variations, e.g. the range
of heterogeneity for HREE contents within each sample
lies at a factor of 1.5-2.0. Figure 7a shows the averaged
chondrite-normalized REE pattern of six samples as rep-
resentatives for all samples (data in Appendix Table A4).
The LREE are strongly depleted with La down to 0.1 times
chondritic, whereas the middle to heavy REE patterns are
flat to slightly negatively inclined with abundances of
20-60 times that of CI chondrites. Garnet has pronounced

4b) . Zr in rutile
100%e
] rutile exsolutions
i P in Grt
| rutile _»¢ %0¢g
inclusions ST3
7 inGrt
ST65
i \000
] intergranular rutile grains R
7 A ~AOA00 000000 OO|sT3rut7 @[
OO OQ L= IS PO § sT8rut1 @[
1 390906408980848488048G cc ovven |
T T T T T
0 S 10 15 20 25 30

Number of analyses

intergranular rutile grains of two samples plus Zr contents of rutiles
included in garnet (ST65) and of rutile exsolutions in ST3 garnet
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Fig.6 Sections of the phase diagrams of the Fe(Ni, Co)S system
at 1 atm at 550 and 1100 °C with tie lines and ternary fields from a
compilation by Firdu and Taskinen (2010), based on Kullerud et al.
(1969). a Averaged compositions of two line profiles of two pyrite
grains in ST1 together with the fields of 42 monosulfide and 18 pent-
landite analyses on several grains each from samples ST1, ST7, ST64,
ST10 with tie lines and ternary fields for 550 °C. Pentlandite appears
at about this temperature on cooling. b The phase diagram at 1100 °C
after Firdu and Taskinen (2010). The field of monosulfides overlaps

negative Eu anomalies (Eu/Eu* =0.02-0.21), consistent
with the presence of plagioclase. The one garnet REE pat-
tern given by Dawson et al. (1997) from Lace lies at the
upper end of the range of garnet patterns of this study. The
middle to heavy REE patterns of bulk rocks from Lace,
Voorspoed and Star reported by Schmitz and Bowring
(2003a) are similarly sloped to those of the garnet inves-
tigated here, but at overall lower abundances (Fig. 7a).
The LREE contents in the bulk samples are elevated most
likely as the result of contamination by the kimberlite host
magma.

The REE patterns of zircon fall into two groups (Fig. 7
and Table A8). Eight analyses of three matrix and one
inclusion (ST3-z23) grain have flat middle to heavy REE
patterns with negative Eu- and positive Ce-anomalies
(Fig. 7b). This figure also shows the range of garnet com-
positions from Fig. 7a for comparison. Four zircon inclu-
sions in garnet and sillimanite have positively sloping
REE patterns with negative Eu- and positive Ce-anomalies
similar to matrix grains. All zircon grains analyzed for
REE fall in a narrow age range between 2.68 and 2.73 Ga

@ Springer

with the field of residual monosulfides (blue field) within the large
field of melt (light blue) in the intermediate portion of the Fe-Ni-S
system at 1100 °C. Because of the small amounts of pentlandite (and
chalcopyrite) exsolutions (Fig. 3b, d), the composition of monosulfide
is close to the pre-exsolution composition. ¢) The composition of four
chalcopyrite grains from sample ST7 (Fig. 3b) in comparison with
the phase diagram for Cu—Fe-sulfides as given by Yund and Kullerud
(1966) for 400 °C

except for grain ST7-z4 that yielded the oldest age of 2.94
Ga (see below “Zr U-Pb ages”™).

Garnet U-Pb ages

We analyzed 16 samples in four different sessions
(Table Al). Two were analyzed by LA-SF ICPMS and
fourteen samples by LA-SF/MC ICPMS in three further
analytical sessions separated by several weeks (electronic
Appendix Table Al). Samples ST6 and ST14 were analyzed
twice in different sessions to test the reproducibility of our
analytical procedure. The ages derived from the two ses-
sions (seq 2, 4) overlap within their uncertainties (26). We
calculated weighted averages and use these ages further on
(Table 3). Two samples (ST 2 and 8) were analyzed by laser
ablation SF-ICPMS only, without simultaneous trace ele-
ment analysis (cf. Millonig et al. 2020).

Approximately 60 analyses were collected for each sam-
ple. The U-Pb data points form linear arrays in 2°’Pb/>°Pb
vs. 238U/2%Pb space mostly with nil to ten outliers per sam-
ple. All data are given in the Appendix in Table Al and are
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Fig.7 a REE patterns of garnet from six UHT granulites from Star
(normalized to McDonough and Sun 1995). They represent the whole
range of garnet compositions found in Star UHT granulites. The
range of UHT bulk rock compositions from Lace, Voorspoed and Star
(yellow) is taken from Schmitz and Bowring (2003a) and of Fig Tree

displayed there as Tera-Wasserburg diagrams with outliers
identified by dashed ellipses. Outliers were identified by
eye and by the trace element contents of garnet (electronic
Appendix Table AX). They may be caused by accidental
co-ablation of U- or Pb-rich mineral inclusions, by contami-
nation with kimberlite melt/fluid along cracks and rims or
by the analysis of retrograde garnet. They were excluded
from the regression line calculations. Inclusions of zircon
or monazite are readily recognized as U, Th, or Pb spikes
and high Zr and LREE in the U-Pb isotope data (Millonig
et al. 2020) and contamination by kimberlite by elevated K,
Rb, LREE and Sr concentrations. Data points for retrograde
garnets fall to the right of the isochron. They rare except

shales (black) from Toulkeridis et al. (2015). b Composition of inter-
stitial zircon grains (matrix) with flat middle to heavy REE patterns
and negative Eu— and positive Ce anomalies. ¢ Composition of zir-
con inclusions in garnet and sillimanite with steep middle to heavy
REE patterns and negative Eu— and positive Ce-anomalies

in sample ST14 where they form a second alignment (see
Appendix Table A1, seq 2). Examples with few outliers are
shown in Fig. 8a—d. An extreme case for the number of outli-
ers is sample ST6 with high concentrations of K and Sr for
each data point (Fig. A3). Excluding such data points, the
age changes from 2918 +310 to 2993 + 60 Ma and reduces
the MSWD from 37 to 0.88.

In seven samples we analyzed both garnet and sillimanite
(Table 3). Sillimanite is distinguished from coexisting garnet
by its three times higher count rates for Al (Fig. 8e), a high
proportion of Pb and lower abundances of most trace ele-
ments, including U (Fig. 8f). The low U/Pb ratio of silliman-
ite minimizes the ingrowth of radiogenic Pb, and therefore
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Table 3 Compilation of garnet U-Pb lower intercept ages (2 errors after Ludwig 2012 respectively Gerdes and Zeh (2006, 2009), initial
207pp/2%pp, MSWD values, number of used/measured analyses (n) and mean U and Pb contents

Sample Age (Ma) (*7Pb/*%Pb), MSWD n used/all U (ng/g) mean Pb (ng/g) mean Sil regr
ST2 2733 +37/46 1.0772 +0.0074 2.19 53/54 142 25.5 X
ST61 2769 +71/76 1.0098 +0.0278 3.2 39/55 4.1 16.2

ST14 WAVG 2956 +46

ST14 seq2 2924 +28/40 1.0580+0.0259 1.0 53/60 33 8.2

ST14 seq4 2988 +42/51 1.0399+0.0180 2.07 41/56 4.1 11.1

STI12 2942 +41/50 1.0823 +0.0080 2.19 49/59 1.7 4.4 X
ST8 Spr 3022 +27/41 1.0348 +0.0187 1.58 47/57 9.3 7.4

ST3 2965 +24/38 1.0712+0.015 1.43 51/60 12.5 13.6 X
ST9 2983 +67/73 1.0327 +0.0251 2.26 51/61 1.6 3.8 X
ST6 WAVG 3025+79

ST 6 seq2 2997 +54/61 1.0895+0.0136 1.12 44/60 0.6 22

ST6 seq4 3052 +93/98 1.0567 +0.0212 1.59 38/57 0.6 3.1

ST10 3001 +37/47 1.0784 +0.002 0.87 54/60 1.9 24.7 X
ST63 Spr 3009 +74/80 1.0084 +0.0403 2.68 52/62 1.3 32

ST5 3077 +67/74 0.9312+0.0272 2.42 52/60 2.0 6.7

ST65 Spr 3027 +98/103 0.8963 +0.0361 1.64 56/60 0.7 23 X
ST64 3096 +43/53 1.0678 +0.0220 1.68 59/60 2 6.8

ST70 3096 +37/48 1.0567 +0.007 3.05 53/58 2.3 6.8 X
ST66 3097 +63/70 1.0165+0.0273 2.18 53/53 0.7 1.7

ST7 Spr 3133 +127/131 0.9584 +0.0265 1.62 54/57 0.6 2.5

Regression calculations were done unanchored. Also given are weighted averaged ages (WAVG) for two doubly measured samples. All data and
Tera-Wasserburg diagrams are given in Tables Al in the electronic appendix

Spr=sapphirine present. X =both sillimanite and garnet isotope data have been used for age calculations

defines the initial 2°’Pb/?°Pb ratio (i.e., the common-Pb
component) during crystallization of the equilibrated meta-
morphic mineral assemblage. Sillimanite data points plot
on the same regression line as garnet, but close to the y-axis
of the Tera-Wasserburg diagram (Fig. 8§ d and Table Al). A
regression of sillimanite and garnet data from ST10 yielded
an age of 3000 + 38 Ma, similar to, but slightly more pre-
cise than an age of 2990 +42 Ma derived for garnet alone
(Fig. 8d). Since sillimanite is synmetamorphic with garnet,
the age derived from the combined data of both phases is
preferred for such samples (Table 3).

Tiny rutile exsolution needles (see above “Sample
description”) were identified optically in a number of garnet
and quartz grains in this study as already described by Daw-
son and Smith (1987). However, we did not observe compo-
sitional spikes or outliers associated with rutile exsolution.
The exsolutions are so small and evenly distributed that they
are averaged out by the large-diameter laser beam. As the
rutile needles were exsolved from the garnet, their chemical
components (Zr, Si, Ti, U) must have been incorporated in
the garnet structure at the time of peak metamorphism and
co-exsolved during cooling (cf. Keller and Ague 2019). Due
to the large laser beam diameter, these elements are reinte-
grated, and the obtained U-Pb date is interpreted to reflect
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garnet growth prior to the exsolution of rutile upon cooling
and decompression.

The lower intercept of the unanchored regression line
with the Concordia defines the ages presented in Table 3 and
Fig. 9. The individual uncertainties (2c) vary between + 1.0
and +2.6% (+20-80 million years), with one extreme
of + 130 million years for the oldest age (Table 3). The aver-
age of the uncertainties from the regression of U-Pb isotopic
data calculated with Isoplot 4.15 (Ludwig 2012) is +57 mil-
lion years, i.e., a relative uncertainty of approximately 2%
(20). This is the same as that reported in earlier published
LA-ICPMS U-Pb garnet geochronology studies with three
orders of magnitude higher U contents (8000-35,000 ng/g;
e.g. Wafform et al. 2018; Yang et al. 2018). Garnet in the
present study contains < 30 ng/g, similar or lower than garnet
in the study of Millonig et al. (2020).

Each sample displays a single date population, as evi-
denced by MSWDs mostly between one and two for each
regression. While no intra-sample variability is observed,
the obtained dates between samples span a wide range
of nearly 400 million years from 3.10 to 2.75 Ga. Four-
teen of the samples fall in the 210-million-years age range
between 3.14 and 2.93 Ga, whereas only two samples give
a date of ca. 2.72 Ga. A Kernel density estimation curve
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Fig.8 Tera-Wasserburg diagrams with garnet U-Pb ages for samples
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(Vermeesch 2012) shows three peaks at 3.09, 3.01 and
2.75 Ga (Fig. 9a). The ages of the youngest samples ST2
and ST61 are indistinguishable from the zircon ages deter-
mined by Schmitz and Bowring (2003a) and from our own
U-Pb ages by LA-ICPMS (see below).
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Zircon U-Pb ages
U-Pb ages were determined via LASS-ICPMS) from

intergranular zircons and from zircon inclusions in garnet
and sillimanite from three samples (ST3, ST7, STS8). The
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Kernel density estimation curve for garnet ages (Vermeesch 2012).
b Uranium content of zircon from samples ST3, ST7 and ST8 plot-
ted against 2°’Pb/*%Pb ages. Black diamonds are matrix grains and
both yellow diamonds and green dots are inclusions (incl) in garnet
and sillimanite. Green dots are analyses with 95-97% concordance,
the yellow and black diamonds represent analyses that are >97% con-

analytical results, ages and Wetherill diagrams are given
in the appendix in Table A2. In Fig. 9b U concentrations
of single spot analyses are plotted against lead-lead ages
(*"7Pb/2%Pb). We distinguish in Fig. 9b between ages with
a Concordia agreement of 97-101% and 95-97% (Table A2)
and between matrix and inclusion zircon grains. Ages range
from 2938 + 15 to 2640 + 15 Ma with the majority around
2.71 Ga, the main peak in Fig. 9b. The ages overlap with the
results of Schmitz and Bowring (2003a). All matrix zircon
plot at the lower end of the observed age range. Four zircon
grains, included in garnet or sillimanite, have significantly
higher U-Pb ages up to 2938 Ma. The oldest zircon analysis
agrees within uncertainty with the second-oldest peak of
the garnet age distribution curve (Fig. 9b). Note, however,
that most garnet analyses show ages as old or older than the
oldest zircon age (Fig. 9). One analysis of a zircon grain
intergrown with rutile gives a near-concordant age of only
1.34 Ga (not shown; Table A2).

Geothermobarometry

The mineralogical composition and petrologic appearance
of the sapphirine-free and sapphirine-bearing granulites are
very similar to the UHT granulite xenoliths described from
Lace by Dawson and Smith (1987) and Dawson et al. (1997).
The latter authors presented a field of peak metamorphism
for coexisting garnet, sapphirine and quartz for the FMAS
(FeO-MgO-Al,0;-S10,) system based on evaluations of
Bertrand et al. (1991) and Hensen and Green (1973). Their
fields are reproduced in the electronic appendix in Fig. Al.
Accordingly, peak metamorphism must have reached con-
ditions of 7> 1050 °C and P between 1.0 and 1.3 GPa or
T>1030 °C and P of 0.8—1.1 GPa. We calculated pressures
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cordant. Ages fall mainly between 2.74 and 2.66 Ga but ages up to
2.94 Ga exist. The peak around 2.7 Ga coincides with the peak of zir-
con ages (their Type 2) determined Baldwin et al. (2007; violet field
and diamonds) and interpreted as representing peak metamorphism.
This age coincides with the youngest maximum of the garnet age-
distribution curve

from the grossular and anorthite contents of coexisting
garnet and plagioclase, respectively, at 1050 and 1100 °C
using the garnet-alumosilicate-quartz-plagioclase (GASP)
barometer of Hodges and Crowley (1985) as implemented
in Program GTB (Spear et al. 1991). The results are shown
for two different temperatures in Fig. 10a in a diagram of
pressure versus XCaG"/Anpl, the critical pressure-determining
variable and given in Table 4. Pressures range from 0.88
to 1.15 at 1050 °C and from 0.95 to 1.21 GPa at 1100 °C.
Only sample ST2 gives much higher pressures with 1.33
and 1.40 GPa, respectively. Pressures calculated from the
few samples with higher CaO at garnet rims are elevated at
a constant temperature. Consistent with the deductions by
Dawson et al. (1997) for Lace, we interpret this as the result
of isobaric cooling.

Pressures calculated at 1100 °C are plotted in Fig. 10b
against age. The oldest sample (ST7, 3141 + 127 Ma) lacks
plagioclase and the pressure cannot be determined. The pres-
sure range of the two age groups with peaks at 3.09 and
3.01 Gais very similar, and no age-dependent pressure vari-
ation is apparent. The typical 26 uncertainties on the GASP
barometer, including calibration uncertainty and propagated
uncertainties in the temperature, are +0.2 GPa and our P
data largely fall within 1.1 +0.2 GPa. Thus, small P differ-
ences may exist between samples that cannot be resolved
within uncertainty.

Ti-in-zircon temperatures (Watson et al. 2006) in sam-
ples from Star fall into two groups with estimates that range
between 939 and 1074 °C with a median at 1039 °C and
824-885 °C (Fig. 11). The highest temperatures exceed
those given by Baldwin et al. (2007) but there is overlap
at the lower temperatures. The highest temperatures record
temperatures close to or at the conditions estimated for
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Fig. 10 a Pressures for UHT granulites calculated with the GASP
barometer using the calibration of Hodges and Crowley (1985) from
coexisting garnet and plagioclase in the presence of sillimanite and
quartz at 1050 and 1100 °C. The change of 50°C causes an increase
of apparent pressure of approximately 0.06 GPa (i.e. 1.2 MPa/K).
No pressure estimate is available for ST7, because this sample lacks

plagioclase. The red field indicates the pressure range for UHT meta-
morphism as suggested by Bertrand et al. (1991). b Calculated pres-
sure plotted against age. The pressure ranges for the two age groups at
around 3.10 and 3.0 Ga overlap, and there is no age-dependent pres-
sure variation

Table 4 Pressures (in GPa) calculated with the GASP geobarometer for 1050 and 1100 °C

Sample ST4 ST8 ST65 ST68 ST69 ST1 ST2 ST6 ST10 ST58
1050 °C 0.98 1.01 1.08 1.12 0.90 1.15 1.34 0.94 0.90 0.90
1100 °C 10.4 1.07 1.15 1.18 0.96 1.22 1.42 1.00 0.95 0.96
Sample ST59 ST62 ST64 ST71 ST12 ST63 ST61 ST70 ST66 ST9
1050 °C 1.11 1.04 0.93 0.95 1.06 0.92 0.92 1.04 0.91 1.04
1100 °C 1.17 1.11 0.99 1.00 1.13 0.98 0.99 1.10 0.97 1.10

the stability of garnet, sapphirine and quartz. By contrast,
Zr-in-rutile temperatures (Ferry and Watson 2007) from
rutile exsolutions and inclusions in garnet show tempera-
tures between 800 and 900 °C and are even lower, down to
600-700 °C, in matrix rutile grains. We did not use a ther-
mometer with a pressure correction because our rocks were
metamorphosed in the same pressure range as the experi-
ments (i.e. P=1.0 GPa; Watson et al. 2006). Zirconium dif-
fusion in rutile is sufficiently fast such that the matrix rutiles
can adjust to lower temperatures upon cooling (Cherniak
et al. 2007; Pape et al. 2016; Dohmen et al. 2019). The Zr-in-
rutile temperatures recorded in our samples are at the lower
end of temperature estimates from other UHT granulites
(Harley 2016). When rutile grains become isolated from an
external Zr sink (i.e. zircon) upon cooling they cannot, or
only partially adjust to the lower temperatures (Taylor-Jones
and Powell 2015). This may apply to rutile inclusions and
exsolutions in garnet that preserve the Zr contents equili-
brated at higher temperatures (e.g., Zack et al. 2004; Pauly
et al. 2016).

Lowest temperatures are recorded by pentlandite exsolu-
tions in monosulfides. Crystallization of pentlandite in the

Fe—Ni-S system is from about 550 °C downwards (Kitakaze
et al. 2011; Firdu and Taskinen 2010) which suggests that the
rocks cooled down to at least that temperature (Fig. 6a). These
low temperatures are close to the present day temperatures of
the lower crust as indicated from the extension of conductive
geothermal gradients of the Kaapvaal craton (e.g. Bell et al.
2003). Monosulfides contain only small amounts of pentlan-
dite and chalcopyrite exsolutions so that their measured com-
position is close to that from high temperatures. Therefore,
monosulfide appears to be the only, single-phased sulfide at
the conditions of UHT metamorphism. Its composition lies in
the field of residual monosulfide within the extensive melt field
at 1100 °C in the intermediate portion of the Fe—Ni—S system
(Fig. 6b). Because of this compositional overlap we consider
monosulfide as residual phase or immiscible liquid of partial
melting of more complex sulfides.
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Fig. 11 Temperatures of zircon and rutile calculated with the single-
grain Ti-in-zircon and Zr-in-rutile thermometers of Watson et al.
(2006) and Ferry and Watson (2007), respectively. Temperatures in
zircon range from 939-1074 to 824-885 °C for our EPMA measure-
ments. Ti-in-zircon temperatures for the Lace and Voorspoed zircons
range from about 830-1030 °C (Baldwin et al. 2007). Zr-in-rutile
temperatures for rutile inclusions and exsolutions in garnet range
from 800-900 °C and for rutiles in the matrix from 600-700 °C. The
pentlandite exsolutions in monosulfide grains indicate the lowest
temperatures around 500 °C (temperature by comparison with phase
diagram, Fig. 6b). The grey band in the back denotes the GASP pres-
sures calculated for 1100 °C in this study. The green field is the field
for coexisting garnet, sapphirine and quartz after Dawson et al. (1997)

Discussion

The mineral assembly of the UHT granulites and their com-
position indicate that bulk rocks are high in MgO, FeO and
Al,0O3, low in Na,O and CaO, barren in K,O, and generally
low in many incompatible elements, including the LREE
(Dawson and Smith 1987; Schmitz et al. 2003a; this work).
These geochemical features, together with strongly supra-
chondritic bulk-rock **Nd/'*Nd isotope ratios, led Schmitz
et al. (2003a) to suggest that the UHT granulites are restites
of partial melting of a sedimentary protolith with garnet as
the main residual phase. Consistently, garnet has depleted
LREE patterns, whereas the LREE appear to be elevated in
the bulk rocks (Schmitz and Bowring 2003a). There is no
phase with elevated LREE in sufficient abundance in the
UHT granulites granulites to account for this enrichment.
Our interpretation is that the elevated bulk-rock La—Ce-Pr
contents are secondary and due to contamination by the
kimberlite host magma as commonly observed in xenoliths
(e.g. Jacob et al. 2005; Barth et al. 2001). High Cr and Ni
contents in sapphirine, spinel (Spl), sillimanite and rutile
(Dawson et al. 1997; see also “Results” above) suggest a
high mafic to ultramafic component in a sedimentary precur-
sor. The signature of a high Cr and Ni component is char-
acteristic of pelites derived from the erosion of greenstone

@ Springer

belts (McLennan et al. 1983). Shales like the Archean Fig
Tree shales from the Barberton greenstone belt are possible
protoliths. Extensive partial melting at high pressures pro-
ceeded mainly in the presence of garnet (see also Schmitz
and Bowring 2003a). Melts are successively generated by
the breakdown of muscovite, biotite and K-feldspar with
continuous removal of melt. This way, the residue becomes
depleted in volatiles, whereas garnet increases in abundance
as a peritectic and residual phase. Sulfides change accord-
ingly, to become eventually monosulfide at peak meta-
morphic conditions either as a residual phase or a residual
immiscible melt (see Fig. 6). An origin from the lower crust
with temperatures above 1050 °C was derived by Dawson
et al. (1997) from petrogenetic grids. These authors also
deduced near isobaric cooling from thermobarometry. An
origin from the lower crust is confirmed by our calculations
with the GASP barometer that gave pressures between 0.9
and 1.1 GPa. There is no apparent correlation of pressure
with age but the garnet age distribution curve allows the
division into three age groups (Figs. 9 and 10).

There are two main age groups at around 3.1 and 3.0 Ga
and a third, less pronounced, at 2.75 Ga. The older garnet
spans a range of approximately 200 million years from 3.14
to 2.93 Ga. This age period could be interpreted to reflect
UHT metamorphism that lasted for over 200 million years.
This is supported by the long period of granitic magma-
tism in combination with basaltic volcanism of the Domin-
ion group (Fig. 12). Alternatively, based on the maxima in
the age distribution curve (Fig. 9a), two periods of UHT
metamorphism may have occurred at around 3.1 and 3.0
Ga, separated by a period of cooling. Two periods are sup-
ported by the restricted age range of mid crustal granulites
from the Vredefort dome and from Swaziland at 3.1 Ga by
the culmination of intrusion ages of K-granites around that
time (Kamo and Davis 1994; Poujol et al. 2003) and by a
longer time lag until the onset of Dominion Group volcan-
ism (2.99 Ga). Granulite terrains worldwide record short-
and long-lived UHT metamorphism. Most are short-lived
with several tens of million years. An example for long-lived
UHT-metamorphism is documented from the Eastern Ghats
Province of India with at least 80 million and possibly up
to 200 million years from 1130 to 930 Ma (Korhonen et al.
2013). Another case is the late Archaean Napier Complex
of East Antarctica where conditions of 950-1050 °C and
0.7-1.1 GPa were maintained for 135 million years (e.g.,
Ellis 1987; Horie et al. 2012; Suzuki et al. 2006; Harley
2016; Clark et al. 2018). Causes for UHT metamorphism
include a thickened crust with elevated heat production
from high contents of radioactive elements or an increased
thermal flux from the underlying mantle (see overviews
by Kelsey and Hand 2015 and Harley 2016). Specifically,
Harley (2016) favors the concept of ultrahot orogens that
was introduced by Chardon et al. (2009). Ultrahot orogens
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Fig. 12 a Pressure plotted against age. Garnet ages with error bars
are shown as stars with an enveloping age distribution curve and zir-
con ages as an age distribution curve only. The vertical red bars give
the age range for K-granites and mid-custal granulite terrains, for
the Dominion Group volcanism, the Crown and Bird basalts and for
the Ventersdorp flood basalts. Shown underneath is a schematic dia-
gram for the origin of UHT granulites in an ultrahot orogen setting
and uprising diapirs to indicate various periods of basaltic volcanism.
b Establishment of UHT conditions indicated as red hexagons, con-
temporaneous generation of mid-crustal granulites (Vredefort dome,

develop on hot, weak lithosphere whereby higher mantle
potential temperature (7},) and higher heat production in the
Archean crust-lithosphere system provide favorable condi-
tions. These orogens are characterized by rapid accretion-
ary crustal growth, thickening by downward movements of
supracrustal units (sagduction), diapirism, juvenile magma-
tism and high geothermal gradients (Gapais et al. 2009).
The older U-Pb ages of Star-UHT-xenoliths were pre-
served in most garnet samples despite the third, albeit short-
lived crustal UHT revival at 2.72 Ga (Fig. 12). This suggests
a very high closure temperature of the U-Pb system in gar-
net, in excess of 1050-1100 °C. If so, garnet has the capac-
ity to retain old ages even under temperature conditions at
the most extreme end of crustal metamorphism. This opens

Swaziland) and crustal melting with generation of K-rich magmas.
The dark-shaded center of the vertical bar indicates the most promi-
nent ages of K-granites and granulites. ¢ Second garnet generation
around 3.0 Ga through rejuvenation of UHT conditions by Dominin-
ion-Group magmatism accompanied by shearing and recrystallization
of shear zones (curved black lines and pink hexagons). d Renewal of
UHT conditions by Ventersdorp flood basalt volcanism, shearing and
recrystallization (yellow hexagons). e Eruption of Star kimberlites
that sampled xenoliths including all three garnet generations

the possibility for an evaluation of the long-term thermal
evolution of the lower crust of the Kaapvaal Craton. The
period around 2.72 Ga is documented by a maximum in
the garnet age distribution curve and by zircon ages from
Bowring and Schmitz (2003a) and from this study. The latter
authors attributed this youngest period to the Ventersdorp
flood basalts at 2714 + 8 Ma (Armstrong et al. 1991) as the
main cause for short-lived (5—10 million years) UHT meta-
morphism. We interpret the youngest groups of garnet and
the main group of zircon ages to reflect a reestablishment
of UHT conditions by the Ventersdorp magmatism. Zircon
from our study spans a wider age range than reported by
Schmitz and Bowring (Fig. 9b). Some are slightly younger
and others are older reaching up to 2.94 Ga overlapping
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with the second garnet age group. Equilibrium between gar-
net and zircon can be tested from the partitioning of REE
(Rubatto 2002; Rubatto and Hermann 2007 and Taylor et al.
2015). Garnet patterns are fairly uniform with flat middle to
heavy REE whereas zircon REE patterns are twofold: one
group with flat middle to heavy REE patterns, the other with
positively sloping REE (Fig. 7). Zircon and garnet with flat
HREE yield partition coefficients below unity for middle
to heavy REE, that overlap with the experimental results
reported by the above authors mentioned for temperatures
between 900 and 1000 °C. They thus indicate equilibrium
between garnet and zircon. Zircons with positively-sloping
HREE are not in equilibrium with garnet and apparently
preserve an earlier growth stage at lower temperatures.

Garnet age groups are set in relation to events in crust
and mantle in Fig. 12. The oldest garnet age group with a
peak around 3.1 Ga ties in with the widespread intrusion of
granitic magmas on the Witwatersrand block between 3.14
and 3.04 Ga. It also coincides with the time of granulite
metamorphism at mid-crust levels of Swaziland and the Vre-
defort dome (Fig. 12b). Of note, the Vredefort dome lies in
the extension of the alignment of the UHT-xenolith-bearing
kimberlites along the NNE axis of the Witwatersrand basin
(Fig. 1). Granitic magmatism, mid-crustal granulite facies
metamorphism and lower crust UHT granulite xenoliths
may be the witnesses of ultra-hot orogen(s) that developed
in the wake of the assembly of the Witwatersrand block at
3.2 Ga from three terrains (Fig. 1; see also Schoene et al.
2008). The high-temperature conditions in the lower crust
around 3.1 Ga were likely based on a high mantle potential
temperature (7},) in the Archean (1500-1600 °C; Herzberg
et al. 2010) and internal heat production from radioactive
elements. These elements may reside in (metamorphosed)
TTGs and in subducted/sagducted sedimentary protoliths
of the UHT granulites and the source of crust-derived gran-
ites (see also Marschall et al. 2010). The isotope and trace
element composition of the UHT granulite xenoliths sug-
gest a sedimentary origin (Schmitz and Bowring 2003a)
with a composition similar to the Barberton shales. Bar-
berton shales are high in K, U and Th and have, on aver-
age, approximately 3.6 wt% K,O, 1.7 pg/g U and 5.4 pg/g
Th (Toulkeridis et al. 2015). Today’s heat production from
these elements is approximately =1.01 yWm™ (calculated
after Rybach 1988; see also Kramers et al. 2001). The higher
radiogenic heat production in the Archean increases this
estimate to 2.85 yWm™ at 3.1 Ga, which is approximately
8 times higher than the heat production in the present-day
average lower continental crust.

Based on our data and data from the literature, we sug-
gest the following model for the temporal evolution of the
lowermost crust of the Kaapval craton. At ca 3.10 Ga, meta-
morphism at mid-crustal levels now exposed in the Vrede-
fort Dome reached ca. 900 °C. Temperatures were higher at
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greater depths and presumably rose above 1050 °C at 3040
km depth. The UHT assemblage of garnet+ sapphirine + sil-
limanite + quartz was established at that time as a conse-
quence of the transfer of the K-Th—U-rich sedimentary pro-
toliths to lower crust depths. This process was accompanied
by heating and substantial partial melting below and above
the stability of hydrous silicates to the extent of consumption
of K-feldspar (Brown and Kohonen 2009).

The first UHT event at approximately 3.1 Ga may have
been followed by a period of cooling until renewed heat input
from the mantle into the crust occurred at 3.00-2.95 Ga, as
indicated by the basaltic volcanism of the Dominion Group
at this time. Heat may be transferred by advection via melt
channels or by conduction. Transfer via melt channels is
localized and short-lived so that mineral assemblages and
compositions would only partially equilibrate. In contrast,
heat transfer via conduction is regional, long lasting and
ensures time for compositional adjustment and equilibration.
It was apparently not sufficient to disturb or re-equilibrate
the U-Pb system in garnet, because of an exceedingly high
closure temperature of this system in garnet (presumably
higher than 1100 °C) as indicated by the preservation of 3.1
Ga garnet during subsequent UHT metamorphism.

However, not all samples yielded garnet U-Pb ages
that record the oldest metamorphic event at approximately
3.1 Ga. Instead, there is also a garnet age group with a peak
at approximately 3.0 Ga. It overlaps with the intrusion
and extrusion of the magmatic members of the Dominion
Group between 2.99 and 2.96 Ga (Fig. 12a). The age of
the intrusive and extrusive emplacement of the mafic and
felsic magmas at the base of the Witwatersrand Basin was
originally determined as 3.07 Ga (Armstrong et al. 1991;
Agangi et al. 2020). However, Paprika et al. (2021) showed
that these older dates stem from xenocrystic zircons and
that, instead, magmatic zircons from the felsic and mafic
members yield ages of 2.99 Ga, and 2.96 Ga respectively.
Also, zircon from the lowermost sediments of the Witwa-
tersrand Basin records a maximum age of 2.99 Ga. The heat
input renewed UHT conditions and reset a subset of the
garnet dates. There are two mechanisms by which garnet
dates may have been reset: Pb diffusion and recrystallization.
The closure temperature for thermally activated diffusion in
a crystal lattice depends on temperature, cooling rate, and
grain size (Dodson 1973), where large grains and fast cool-
ing rates result in higher closure temperatures. If Pb diffu-
sion would be responsible for resetting garnet dates to 3.0 Ga
(or 2.72 Ga in even younger samples), we would anticipate
significant scatter in Tera Wasserburg space as a function of
grain size and position of analysis (e.g. garnet core vs rim).
Yet, the U-Pb data for each sample can be fit with a single
well-defined regression line (Fig. 8), which is inconsistent
with Pb diffusion. Alternatively, some samples may have
experienced renewed UHT metamorphism and Pb diffusion
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would be very rapid, such that a given xenolith would be
fully reset to reach homogeneity. However, if all xenoliths
are sampled from similar depths in the crust, as suggested
by our pressure calculations, it is unlikely that only some
samples would be locally reset by thermal diffusion. Based
on these constraints, we instead propose that garnet ages at
approximately 3.0 Ga represent heterogeneous recrystalliza-
tion in different segments of the deep crust. Our suggested
solution is shown in a sketch in Fig. 12c: Dominion group
magmatism was accompanied by shearing, (ultra)mylonitisa-
tion, and possibly renewed partial melting in the lower crust.
These shear zones perhaps focused on domains in the crust
in which some hydrous minerals survived metamorphism at
3.10 Ga, garnet was newly formed in these mylonite zones
and recrystallized at the prevailing high temperatures. While
our samples do not show evidence of shearing or grain size
reduction, this could be explained by the high temperatures
at UHT conditions that would enable fast recrystallization of
the rock fabric. Many samples exhibit a second generation
of thin garnet overgrowths which extend from larger garnet
porphyroblasts (Fig. 2c). While these garnet overgrowths
(which occur along the grain boundaries between quartz,
sapphirine, and plagioclase) are too small for LA-ICP-MS
analysis, these textures are consistent with multi-stage garnet
growth.

We interpret the recrystallized garnet date around 3 Ga to
document a thermal perturbation in the crust as a result of
Dominion group volcanism. Temperatures remained high in
the crust during continued subsidence of the Witwatersrand
Basin with the deposition of predominantly marine sedi-
ments of the West Rand Group and renewed small-volume
basaltic volcanism (Crown and Bird lavas) at the time of
the collision of the Witwatersrand and Kimberley blocks
(2.9 Ga). Approximately 150 million years of relative qui-
escence followed, during which the Witwatersrand Basin
deepened further by more than 2 km (estimated from the
2.9 km thick Central Rand Group with the Bird lavas at
its base; Coward et al. 1995). A major tectonomagmatic
event affected the central and southwestern Kaapvaal Cra-
ton a third time with the emplacement of the Ventersdorp
flood basalts at around 2.72 Ga, which covered an area of
approximately 300,000 km? (Armstrong et al. 1991; Van
der Westhuizen et al. 1991). This event caused a renewed
thermal impact onto the lower crust, shearing and recrystal-
lization that is recorded in zircon in the UHT granulites and
by garnet in samples ST2 and ST61 (Schmitz and Bowring
2003a; this study).

This model explains the repeated ultrahigh temperature
periods as documented in garnet. However, zircon may tell a
different story. All zircon grains in the study of Schmitz and
Bowring (2003a) yielded ages of around 2.72 Ga (Fig. 12),
with no record of the older events. Zircon occurs as inter-
granular grains in the UHT rocks and as inclusions in all

metamorphic minerals (Schmitz and Brown 2003a). We also
found larger, intergranular zircon grains and smaller, round-
ish zircon grains included in garnet and sillimanite (Fig. 3).
This suggests that zircon existed before the growth of gar-
net but may have also grown at a late stage, postdating the
formation of the rock-forming minerals. Zirconium can be
incorporated in garnet and rutile at very high temperatures
(see Introduction), such that intergranular zircon probably
grew below peak metamorphic temperatures at the onset
of cooling. Also, temperatures of UHT metamorphism are
above the closure temperature for the U-Pb system in zircon
(Mezger et al. 1989; Dahl 1997). Zircon is thus expected to
grow only during cooling and/or yield young ages because
zircon can adjust by U-Pb by diffusion down to its closure
temperature. In either case, zircon would not record the time
of peak metamorphism. Schmitz and Bowring (2003a) deter-
mined the age of single grain separates and possibly missed
small inclusions in garnet and sillimanite. They would have
thus been biased to zircon grains that formed at a late stage
at the onset of cooling following the youngest UHT event.
In contrast, zircon inclusions in garnet and sillimanite may
yield older ages due to shielding by the host mineral. We
tested this by in-situ U-Pb dating using split-stream LA-
ICPMS. We mostly found ages around 2.7 Ga, confirming
the results of Schmitz and Bowring (2003a). However, four
zircon inclusions revealed older ages of up to 2.94 Ga. The
full range of zircon ages is displayed in Figs. 9b and 12. The
oldest zircon is indistinguishable from the second maximum
in the garnet age distribution curve at 2.96 Ga (Figs. 9b and
12). Our new findings confirm the dominating role of the
Ventersdorp flood basalts in resetting the majority of zircon
to an age of approximately 2.72 Ga, as advocated by Schmitz
and Bowring (2003a). However, that event did not entirely
erase the record of zircon inclusions in garnet and sillimanite
and neither did it reset the older ages recorded in garnet.

Conclusions

We obtained a date range for garnet from approximately
3.1-2.7 Ga with three peaks at 3.09 Ga, 3.01 Ga and 2.75
Ga. In contrast, zircon U-Pb dates from this and previous
studies show a single dominant age peak at 2.72 Ga. Few
older dates of up to 2.94 Ga are recorded by zircon grains
included in garnet and sillimanite. Our results demonstrate
that garnet can retain U-Pb dates throughout younger UHT
metamorphic events in granulites, where zircon is reset by
Pb loss or records late exsolution, likely from rutile and
garnet. Inclusions of zircon in sillimanite or garnet may
be partially shielded from age resetting and in some cases
also provide a record of older metamorphic events. Despite
similar pressure conditions deep in the crust, garnets from
each xenolith yield a single well-defined date. These data
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are inconsistent with diffusional resetting of the U-Pb sys-
tem in garnet and likely reflect selective metamorphism,
deformation, recrystallization, and annealing of different
portions of the lower Kaapvaal crust. These data suggest
that the closure temperature for the U-Pb system in garnet
is in excess of the UHT conditions that prevailed again for
the sapphirine-quartz-bearing granulites at 2.96 Ga and at
2.72 Ga. This observation leads us to conclude that garnet
U-Pb geochronology can record the most extreme condi-
tions of crustal metamorphism, which may not be recorded
by other geochronometers.

The garnet ages presented here also show that very high
temperatures existed already very early on in the history
of the Kaapvaal craton. Initially, high temperatures at 3.1
Ga were likely caused by crustal internal incubation due to
the deep-crustal burial of sediments rich in heat-producing
elements. Later events saw periods of advective heat input
from the underlying mantle by magmas of the Dominion
Group volcanic succession between 2.99 and 2.90 Ga and
of the Ventersdorp flood basalts at around 2.72 Ga. These
events caused a rejuvenation of UHT conditions in the
Kaapvaal lower crust.

The extremely high temperatures of UHT metamor-
phism in the lower crust at around 3.1 Ga run converse
to the conception that a cold thick mantle lithosphere is
formed at around this time. This concept is based on pre-
vious Sm—Nd and Re-Os ages of diamonds and mantle
xenoliths (e.g. Richardson et al. 1984; Pearson and Wit-
tig 2008). Formation of a thick lithosphere around that
time was already considered as unlikely e.g. by Moser
et al. (2001), Schmitz and Bowring (2003a), Schoene et al.
(2008) and Marschall et al. (2010). Their counterargu-
ments are the generation of granitic magmas and gran-
ulite metamorphism at around 3.1 Ga. Heat generation
was within the crust from the radioactive inventory since
oxygen isotopes of zircons in the granites do show mainly
crustal values (Marschall et al. 2010). UHT conditions in
the lower crust at around 3.1 Ga rule out the establishment
of a cool thick lithosphere even more so. They may even
be witnesses of relamination processes as far back in time
(Hacker et al. 2011). The two arguments from Re—Os and
diamond ages are not directly applicable as proof for the
establishment of lithosphere at least not for the Witwa-
tersrand block. Old diamond ages are only reported from
the Kimberley block (Richardson et al. 1984) and not from
the Witwatersrand block and only three Ty, ages>3.0 Ga
are reported from the Witwatersrand block (Carlson and
Moore 2004). They determined a maximum at 2.9 Ga that
is entirely in agreement with the maximum of our own
nine unpublished data on Re—Os from spinel peridotites
underneath Star. Our new U-Pb data of UHT-metamor-
phism in the lower crust necessitate a time younger than
3.1 Ga the formation of a cool stable lithosphere.

@ Springer

We were able to determine U-Pb dates from garnet
crystals with extremely low U concentrations of less than
15 ng/g. The in-situ age determination on a major phase
with such low concentrations of U opens wide possibilities
to put new constraints on the evolutionary history of the
lower crust, the upper mantle and of metamorphic systems
in general.
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