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Rare-element granitic pegmatites enriched in lithium are economically important hosts for the lithium alumino-
silicates, spodumene and petalite. Most spodumene and petalite crystallize from the pegmatite melt, depending
on pressure and temperature. This paper reports the rare occurrence of petalite postdating the subsolidus stage in
spodumene pegmatites within the ~2.02 Ga Vredefort impact structure, the largest, oldest and most deeply
erodedmeteorite impact structure currently known on Earth. The studied spodumene-bearing pegmatites post-
date the deformation fabric in the surrounding amphibolites of the granitoid-greenstone terrane. Impact-related
veins of fragment-rich pseudotachylites cut across the pegmatites. Spodumene, albite and quartz constitute the
primary mineral assemblage of the pegmatites. Muscovite is late magmatic and contains inclusions of spodu-
mene and albite. During the subsolidus stage, K-feldspar replaced spodumene and albite during pervasive meta-
somatic alteration. Samples collected closer to the pseudotachylites show reaction textures between spodumene
and quartz without the involvement of muscovite. Raman spectroscopy and microprobe analyses show that the
reaction textures consist of quartz and petalite. Unlike spodumene, petalite does not show a replacement by K-
feldspar. The 40Ar/39Armuscovite age of 2027±8Ma coincideswith the timing of themeteorite impact and doc-
uments its effect on the spodumene pegmatites. We suggest that the formation of petalite after spodumene was
related to heating, which was generated in the target rocks by the post-shock thermal event. Thus, the unique
conditions associatedwith themeteorite impact can not only result in the formation of rareminerals in the target
rocks, but can also account for rare scenarios resulting in phases that would not otherwise form in nature.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Spodumene-bearing granitic pegmatites (spodumene pegmatites
hereafter) are the most common lithium-rich rare-element pegmatites
(Černý, 1991; Černý and Ercit, 2005; London, 2008). Petalite-bearing
granitic pegmatites are also common (Chakoumakos and Lumpkin,
1990; Stewart, 1978). Phase relations in the system LiAlSiO4-SiO2-H2O
are very sensitive to variations in pressure (P) and temperature
(T) (Fig. 1; Stewart, 1978; London, 1984; Krivovichev, 2004). The pri-
mary magmatic phases, spodumene (LiAlSi2O6) and petalite
(LiAlSi4O10), are antithetic in terms of P and T, so that petalite is the
high-T – low-P equivalent of spodumene in lithium-rich pegmatites
(Krivovichev, 2004; London, 1984; Stewart, 1978). During the late
stage of evolution of granitic pegmatites, residual fluidsmodify the orig-
inal composition of primary mineral phases. Eucryptite (LiAlSiO4),
which is stable at low P and T (Fig. 1), is a secondary mineral replacing
petalite and/or spodumene in lithium-rich pegmatites. Other common
alteration phases include albite, K-feldspar, mica and clay minerals
(Lagache et al., 1995; London and Burt, 1982; Wood and Williams-
Jones, 1993). As the spodumene-petalite transition typically occurs
under magmatic conditions, formation of petalite in the subsolidus is
less likely in a lithium-rich pegmatite.

Within the Kaapvaal craton in southern Africa, spodumene pegma-
tites occur in a unique setting – within the Vredefort meteorite impact
structure (Fig. 2a). This paper focuses on these pegmatites. The main
aim of the study is to demonstrate that the pegmatite mineral assem-
blages and textures are uniquely the product of the post-shock thermal
event and/or decompression as a consequence of the Vredefort meteor-
ite impact at ~2.02 Ga. The results have implications for the study of rare
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Fig. 1. Pressure-temperature diagram showing phase boundaries of the system LiAlSiO4-
SiO2-H2O [from London, 1984]. Equilibria curves showing the break-down of muscovite
+ quartz (muscovite + quartz = K-feldspar + Al2SiO5 + H2O) from Kerrick (1972) is
also shown. Spd – spodumene; Vrg – virgilite; Euc – eucryptite; Pet – petalite; Qz –
quartz; Ms – muscovite; Als – aluminosilicate.
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minerals formed under unique scenarios in target rocks within meteor-
ite impact structures.
2. Geological setting

The studied spodumene pegmatites occur in the southeastern sector
of the 2023 ± 4Ma (U\\Pb zircon; Kamo et al., 1996) Vredefort impact
structure, in an inlier dominated by granitoid-greenstone rocks (Fig. 2a,
b). The 90 km wide eroded remnant of the original ~250 km Vredefort
impact structure consists of an uplifted central core of predominantly
high-grade Mesoarchean granitoid-greenstone rocks, exposing a sec-
tion of the middle and, possibly, lower crust. It is surrounded by a collar
of upturned Neoarchean to Paleoproterozoic supracrustal strata (Wit-
watersrand, Ventersdorp and Transvaal Supergroups) that unconform-
ably overlie the basement rocks (Fig. 2b; Gibson and Reimold, 2008).
A number of ultramafic, mafic, intermediate and felsic intrusive bodies
related to the ~2.06–2.05 Ga Bushveld Complex (Fig. 2a) magmatic
event occur in the northern collar of the Vredefort structure (Bisschoff,
1972; Coetzee et al., 2006; De Waal et al., 2006, 2008; Graham et al.,
2005). One of the largest bodies is the 2052 ± 14 Ma Schurwedraai al-
kali granite, which intrudes the supracrustal rocks of the lower Witwa-
tersrand Supergroup (Fig. 2b; Graham et al., 2005). Like other pre-
impact rocks, the different syn-Bushveld intrusions are cut across by
dark fragment-rich veins of pseudotachylites, related to the ~2.02 Ga
impact event. Except for an inlier, the southeastern part of the impact
structure is covered by the Phanerozoic Karoo Supergroup sediments
(Fig. 2b; Antoine et al., 1990; Minnitt et al., 1994; Lana et al., 2003;
Hart et al., 2004).

The inlier in the southeastern sector, termed the Greenlands
granitoid-greenstone complex, consists dominantly of ultramafic to
mafic metavolcanics intercalated with subordinate banded iron forma-
tions and felsic schists (Fig. 3). The greenstone rocks have been dated
at ~3.30 Ga (actinolite-chlorite schist; Reimold et al., 1988; Lana et al.,
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2003). In the northern part, the greenstone rocks are bounded by
migmatitic granitoid gneisses and amphibolites. Available age data
bracket the migmatitic granitoid gneisses to ~3.11–2.97 Ga (Reimold
et al., 1988; Robertson, 1988). The granitoid gneisses contain inclusions
of amphibolites, and are locally pegmatitic, made up dominantly of
quartz and plagioclase, together with mica and garnet. Gneissic rocks
and amphibolites in the northern part display a strong northeast-
trending fabric. This differs from the northwest-trending foliation ob-
served in the greenstone rocks to the south (Fig. 3; Colliston and
Reimold, 1990; Minnitt et al., 1994; Lana et al., 2003). The northeast-
trending fabric forms part of the mylonitic Broodkop shear zone
(Fig. 3), and represents the contact between the greenstone rocks and
higher-grade gneisses (Colliston and Reimold, 1990; Lana et al., 2003,
2006).

The deformed and/or metamorphosed granitoid-greenstone rocks
in the Greenlands region are intruded by several pre-impact sheet-like
gabbroic bodies of tholeiitic affinity (Fig. 3; Pybus, 1995; Reimold
et al., 2000; Lana et al., 2003). Similar mafic intrusions occurring in the
northern collar of the Vredefort impact structure are related to the
~2.7 Ga Ventersdorp magmatism (Pybus, 1995). Unlike the pre-impact
intrusions, which are cut across by pseudotachylite veins (Reimold
and Colliston, 1994), the post-impact intrusions in the Greenlands re-
gion are characterized by undeformed tholeiitic gabbroic intrusions
(Fig. 3). Available geochronologic data relate these mafic intrusions to
the ~1.1 Ga Anna's Rust Sheet event (Fig. 2b; Reimold et al., 2000),
which occurs in both the core and collar regions of the Vredefort struc-
ture and are not cross-cut by pseudotachylite veins.

3. Field relations of the spodumene pegmatites

Spodumenepegmatites occur as isolated bodieswithin amphibolites
or greenschist rocks (dominantly actinolite-chlorite schist; Figs. 3 and
4a, b). The contacts are not exposed (Fig. 4c, d). The pegmatite bodies
show no deformation fabric and postdate a strong northeast-trending
fabric in the surrounding amphibolites and northwest-trending fabric
of the greenschist rocks (Fig. 4a to e). Bisschoff and Bisschoff (1988)
documented the occurrence of holmquistite (lithium-dominant amphi-
bole) replacinghornblende in the amphibolites. They suggested that the
presence of ameter-widemetasomatic aureolewithin the host amphib-
olites was produced by the lithium-bearing fluids that emanated from
the spodumene pegmatites. The samples for the present studywere col-
lected from the spodumene pegmatites in the amphibolites.

The pegmatite is a coarse-grained, plagioclase and quartz dominated
rock with zones rich in lath-shaped randomly oriented spodumene
crystals (length: ~1 to 15 cms; width: ~1 to 5 cms; Fig. 4e to g). Locally,
they exhibit a preferential orientation subperpendicular to the margin
of the pegmatite sheets (Fig. 4h). No zoning is present in the pegmatite.
Minor aplitic veins cut across the pegmatite (Fig. 4i). Weathered expo-
sures are pale ash-brown in color, imparted by feldspar and spodumene
crystals, with white quartz standing out (Fig. 4g to i). Dark fragment-
rich centimeter-scale pseudotachylite veins related to the ~2.02 Ga me-
teorite impact cut across the spodumene pegmatites (Fig. 5a to c). The
fragments are dominantly quartz and plagioclase from the host pegma-
tite. Fragments along the center of pseudotachylite veins have rounded
boundaries, whereas those near the margins are sub-angular with the
angular side facing the margin (Fig. 5d, e). The rounded fragments in
the center of spodumene pegmatite hosted pseudotachylite veins are ir-
regularly distributed. This is in contrast to rounded fragments elongated
parallel to the length of granitoid hosted pseudotachylite veins (Fig. 5f)
as often observed elsewhere in the Vredefort impact structure.

3.1. Timing of the spodumene pegmatites

The northeast-trending mylonitic fabric within the Broodkop shear
zone affected the amphibolites and not the spodumene pegmatites
which intrude the meta-basaltic rocks (Figs. 3 and 4a to e). Lana et al.



Fig. 2. (a) The known extent of Kaapvaal Craton (yellow line; allochthonous zone is dashed) shown on a totalmagnetic intensity (TMI) image of southernAfrica (reproduced andmodified
after McCarthy et al., 2018). The ~2.06–2.05 Ga Bushveld Complex andMolopo Farms Complex layered intrusions, and the ~2.02 Ga Vredefort impact structure are indicated. (b) General
geological map of the Vredefort impact structure shown on a Landsat TM742 satellite image. The location of spodumene pegmatite occurrences within metavolcanics rocks of the
Greenlands granitoid-greenstone complex is shown. Outline of the different geologic units were derived from Gibson and Reimold (2008). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Generalized geological map of the Greenlands granitoid-greenstone complex showing the spodumene pegmatite occurrences (from Lana et al., 2003). The grey lines indicate the
northeast-trending fabric in amphibolites, banded iron formations and migmatitic granitoid gneiss, and northwest-trending fabric in greenschist rocks. Inset is a map of the Vredefort
impact structure showing the post-shock temperature estimates based on metamorphic assemblages (from Gibson and Reimold, 2008). The Greenlands granitoid-greenstone complex
occurs within the intermediate zone with post-shock temperature estimates of 500–700 °C. The outlines correspond with the different geological units in Fig. 2b.
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(2006) pointed out that the Broodkop shear zone developed after the
peak of high-grade metamorphism dated at ~3.08 Ga (Armstrong
et al., 2006; Flowers et al., 2003; Hart et al., 1999; Moser et al., 2001).
A suite of aplitic dykes that postdate the mylonitic fabric in migmatitic
granitoid gneiss was dated at ~3.06 Ga (Armstrong et al., 2006). Thus,
the Broodkop shear zone likely developed within the period
~3.08–3.06 Ga (Lana et al., 2006). Taking into account of the ~2.02 Ga
age for pseudotachylite veins (Kamo et al., 1996), the timing of the
spodumene pegmatites should be constrained to ~3.06–2.02 Ga. In con-
trast, Moser et al. (2011) presented an ID-TIMS zircon age of 1136 ±
47 Ma for the spodumene pegmatites. However, the field relations of
the ~2.02Ga pseudotachylite veins crosscutting the spodumene pegma-
tites (Fig. 5) clearly indicate a pre-impact age for the pegmatites, and
the age obtained by Moser et al. (2011) is likely a Pb-loss event (see
Rajesh and Knoper, 2012). The spodumene pegmatite sample dated by
Moser et al. (2011) seemed to be collected in the region south of the
Broodkop shear zone where low-grade metavolcanics have been af-
fected by post-impact mafic intrusions related to the ~1.1 Ga Anna's
Rust Sheet event (Fig. 3).

4. Analytical methods

Samples were collected from the pegmatite bodies proximal as well
as distal to the pseudotachylite veins. After detailed petrographic study
using back-scattered electron (BSE) imaging, mineral chemical analyses
were obtained using electron microprobe (EPMA). Energy dispersive
4

spectrometry (EDS) elemental mapping using scanning electron mi-
croscopy (SEM) was carried-out on textural domains. Raman spectro-
scopic analyses were carried-out on spodumene, quartz and Li-bearing
reaction zones. In view of the effect of meteorite impact on the spodu-
mene pegmatites, 40Ar/39Ar dating was carried-out on muscovite sepa-
rated from the pegmatite. Analytical details are given in supplementary
online material DR1.

5. Petrography

Large spodumene crystals are associated with albite and quartz
(Fig. 6a, b). Spodumene and albite are extensively replaced by K-
feldspar (spodumene more than albite; Fig. 6a to d). Muscovite form
small flakes along spodumene grain margins or large flakes in the ma-
trix (Fig. 6a to e). They show irregular lobate margins with spodumene
and albite (Fig. 6a to d). Subhedral to euhedral spodumene and albite in-
clusions occur in muscovite (Fig. 6f to h). Rare inclusions of spodumene
in muscovite do not exhibit any replacement texture (Fig. 6f, h). The
above textural relations in the spodumene pegmatite indicate the late
magmatic origin of muscovite. Mn-rich garnet occur in the matrix as
well as inclusions in albite, mica and spodumene. Accessory minerals
are apatite, sicklerite, columbite-tantalite and topaz. The likely impact-
related microstructures in the pegmatite include bent twin lamellae in
albite, undulose extinction in quartz, and deformed muscovite with
local kink-like zones (see arrows in Fig. 6a to d and f to h, including in-
sets). Fracturing seems to accompany the deformation structures.



Fig. 4. Field relations between the spodumene pegmatite and surrounding rocks from the Greenlands granitoid-greenstone complex. (a) Amphibolite. (b)Dominant greenschist (chlorite
schist). (c) The contact between amphibolite and pegmatite. (d) Typical occurrence of the pegmatite. The undeformed pegmatites postdate the deformation fabric in the surrounding
amphibolites. (e to g) Fresh (e, f) and weathered (g) pegmatite exposures with randomly oriented spodumene laths. (h) Spodumene crystals locally exhibit a preferred orientation
subperpendicular (see inset) to the margin of the pegmatite sheets. (i) Minor aplitic veins cut across the pegmatite.
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Fig. 5. Field photographs illustrating the relation between pseudotachylite veins related to the ~2.02 Ga meteorite impact and the pegmatite bodies. Fresh (a) and weathered (b, c)
exposures with dark veins of fragment-rich pseudotachylites cutting across pegmatites. (d, e) Close-up of portions of the pseudotachylite vein in (c) illustrating the nature and
distribution of the quartz and plagioclase fragments, broken out from the host pegmatite. The fragments occurring along the center of pseudotachylite veins have rounded margins,
whereas those near the margins are sub-angular with the angular side facing the margin. (f) Pseudotachylite cutting across granitoid gneiss from the northeastern sector of the
Vredefort impact structure (locality indicated as 5f in Fig. 2b). Note the rounded fragments elongated parallel to the length of the pseudotachylite. This contrasts with the irregular
distribution of fragments in the pegmatite hosted pseudotachylite veins.
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Samples collected closer to the pseudotachylite veins show a lithium-
bearing phase surrounding spodumene in association with quartz. The
width of the overgrowths commonly does not exceed ~10 μm, but in
rare cases, it can be up to 25 μm. The common textural relation between
the three phases are overgrowths of the lithium-bearing phase on quartz
invading spodumene (Fig. 7a), spodumene inclusions in the lithium-
bearing phase within quartz (Fig. 7b), and quartz inclusions with rims
of the lithium-phase within spodumene (Fig. 7c). Rims of the lithium-
phase on quartz can also occur with vermicular spodumene-quartz
6

intergrowths (Fig. 7d). Significantly, the lithium-bearing phase is devoid
of any of the subsolidusminerals that are common in spodumene (Fig. 7a
to d). Muscovite and albite are associated with these textural domains.
For example, the EDS elemental maps of a representative domain
(Fig. 7e to h; elements Al, Si, K shown) show that the lithium-bearing
phase overgrows inclusions of spodumene in quartz that have been par-
tially replaced by muscovite. The rims of the lithium-bearing phase are
continuous and occur not only at the interface between spodumene
and quartz, but also between muscovite and quartz (Fig. 7e to h).



Fig. 6.BSE images illustrating the relation of spodumene (Spd), albite (Ab),muscovite (Ms) and K-feldspar (Kfs) in the spodumene pegmatites. (a, b)Muscovite occurs along themargin of
large spodumene crystals. Insets in (a, b) illustrate deformedmuscovite with local kink-like zones. (c, d) Spodumene is pervasively replaced by K-feldspar. Note the irregular lobate grain
margins of spodumene, albite and muscovite. (e) Small crystals of muscovite and K-feldspar along themargin of spodumene. (f) Spodumene and albite inclusions inmuscovite. Note the
subhedral to euhedral outline of the inclusions. (g) Spodumene inclusion replaced by K-feldspar in muscovite. (h) Rare spodumene inclusions in muscovite exhibit no replacement
textures involving K-feldspar. Arrows in the images point to microstructures preserved in muscovite that are likely related to impact-related deformation.
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Fig. 7. BSE images (a to e) illustrating the textural relation between spodumene, quartz (Qz) and petalite (Pet) from the spodumene pegmatites. (f to h) EDS elemental mapping of a
representative textural domain (e) is shown, with elements Al Kα (f), Si Kα (g) and K Kα (h) shown.
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Table 1
Representative mineral chemical data of spodumene and petalite from the spodumene pegmatites.

spodumene spodumene spodumene spodumene petalite petalite petalite petalite

Na2O 0.11 0.12 0.17 0.10 0.01 0.01 0.00 0.03
MgO 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.02
Al2O3 26.97 27.24 27.09 26.77 16.82 16.62 16.75 16.74
K2O 0.01 0.00 0.00 0.00 0.02 0.01 0.00 0.01
SO2 0.00 0.01 0.00 0.00 0.02 0.02 0.00 0.00
P2O5 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.01
SiO2 64.54 63.75 64.30 64.68 78.29 78.04 78.31 78.05
CaO 0.00 0.02 0.00 0.00 0.02 0.00 0.00 0.00
BaO 0.00 0.00 0.01 0.00 0.06 0.05 0.00 0.11
TiO2 0.00 0.04 0.02 0.01 0.00 0.03 0.03 0.00
FeO 0.59 0.75 0.68 0.80 0.00 0.05 0.00 0.00
MnO 0.20 0.06 0.08 0.01 0.00 0.01 0.00 0.02
Cr2O3 0.04 0.02 0.03 0.00 0.00 0.00 0.07 0.00
Li2O 7.46 7.97 7.59 7.52 4.73 5.14 4.71 4.93
Total 99.91 99.99 99.97 99.91 99.98 99.99 99.87 99.91
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6. Mineral chemistry

Chemical analyses of the overgrowth phase indicates a composition
of lower aluminium (Al2O3 = ~16–17 wt%), alkalis (Na2O + K2O =
~0.01–0.04), iron (FeO= ~0.05wt%), and lithium (Li2O= ~5wt%) con-
tent, than spodumene (Al2O3: ~26–27 wt%; Na2O + K2O =
Table 2
Representative composition of muscovite from the spodumene pegmatites.

Muscovite Muscovite Muscovi

SiO2 46.18 45.28 45.26
TiO2 0.02 0.01 0.00
Al2O3 34.80 33.43 32.92
FeO 2.60 2.57 2.97
MnO 0.19 0.15 0.23
MgO 0.33 0.39 0.30
CaO 0.01 0.02
Na2O 0.37 0.25 0.31
K2O 9.47 9.16 9.44
ZnO 0.04 0.05 0.05
F 0.60 0.52 0.79
Cl 0.03 0.02
Cr2O3 0.02 0.01
Li2O⁎ 0.11 0.09 0.17
H2O⁎⁎ 4.16 4.08 3.94
Subtotal 98.92 95.99 96.43
O=F,Cl 0.26 0.22 0.34
Total 98.66 95.77 96.10

O = 22
Si 6.217 6.271 6.279
Al(IV) 1.783 1.729 1.721
Al(VI) 3.739 3.729 3.662
Ti 0.002 0.001
Cr 0.002 0.001
Fe 0.293 0.298 0.345
Mn 0.022 0.018 0.027
Mg 0.066 0.081 0.062
Zn 0.004 0.005 0.005
Li⁎ 0.060 0.048 0.095
Ca 0.001 0.003
Na 0.097 0.067 0.083
K 1.626 1.618 1.670
OH⁎⁎ 3.738 3.772 3.649
F 0.255 0.228 0.347
Cl 0.007 0.005
TOTAL 17.910 17.866 17.953

XMg 0.18 0.21 0.15
Altotal 5.52 5.46 5.38

XMg = Mg/(Mg + Fe).
⁎ Li2O calculation fromMonier and Robert (1986).
⁎⁎ H2O calculation after Tindle and Webb (1990).
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~0.10–0.17 wt%; FeO = ~0.59–0.75 wt%; Li2O = ~7–8 wt%) (Table 1).
Two possible candidates of similar composition are petalite, which usu-
ally follows spodumene as a stable lithium aluminosilicate in lithium-
rich pegmatites (e.g., Černý and Ferguson, 1972; Charoy et al., 2001),
and virgilite (LixAlxSi3-xO6), which has only been reported from the
Macusani volcanic glass in Peru (French et al., 1978). In general, petalite
te Muscovite Muscovite Muscovite

45.81 46.13 45.52
0.03 0.02 0.04
32.77 32.73 34.83
3.26 2.58 2.33
0.16 0.20 0.15
0.29 0.29 0.24

0.05
0.26 0.31 0.38
9.63 8.98 10.06
0.04 0.07 0.06
0.62 0.67 0.69

0.01
0.01 0.00

0.12 0.13 0.14
4.05 4.03 4.09
97.04 96.20 98.54
0.26 0.28 0.29
96.78 95.92 98.25

6.316 6.370 6.173
1.684 1.630 1.827
3.642 3.696 3.741
0.003 0.002 0.004

0.001
0.376 0.298 0.264
0.019 0.023 0.017
0.060 0.060 0.049
0.004 0.007 0.006
0.065 0.074 0.076

0.007
0.070 0.083 0.100
1.694 1.582 1.740
3.730 3.707 3.702
0.270 0.293 0.296

0.002
17.932 17.833 17.997

0.14 0.17 0.16
5.33 5.33 5.57
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has slightly higher aluminium (Al2O3 = ~16.6–17.2 wt%) and lower
lithium (Li2O = ~4.4–4.8 wt%) concentrations than virgilite (Al2O3 =
~16–16.7 wt%; Li2O = ~4.9–5 wt%) (Černý and Ferguson, 1972;
French et al., 1978). On the other hand, iron content is low in petalite
(FeO = ~0.03–0.05 wt%) in comparison to that reported for virgilite
(FeO = ~0.59–1.65 wt%) (Černý and Ferguson, 1972; French et al.,
1978). SEM-based qualitative spectrum analyses and mapping of Al
and Si contents of adjacent spodumene and overgrowth domains from
the studied samples indicated Al:Si ratios of 1:4, typical of petalite and
different from that of virgilite.

Muscovite shows XMg = Mg/(Mg + Fe) = 0.14–0.21, 0.001–0.004
apfu (atoms per formula unit) Ti, 5.33–5.57 apfu Al, 0.52–0.81 wt
% F + Cl (Table 2). The low Li content (0.09–0.17 wt%) is not character-
istic of lithianmuscovites. However, in viewof the overlapping nature of
the parameters used to separate muscovite (mgli > −0.4; mgli <1.0;
feal < −3.0; feal > −4.0) and lithian muscovite (mgli > −2.4; mgli <
−0.4; feal < −3.0; feal > −3:8; mgli: Mg-Li; feal: Fetot + Mn + Ti-
Alvi; Tischendorf et al., 1997), the possibility of the presence of lithian
muscovite is not excluded.
7. Raman spectroscopy

Raman spectra were acquired on spodumene, quartz and the Li-
bearing reaction zone, occurring in proximity. The spectra obtained for
quartz from the studied sample shows diagnostic peaks at about 125,
206, and 463 cm−1 (Fig. 8a). Depending on orientation, spodumene
from the studied sample exhibits the most intense Raman peaks at
Fig. 8. Raman spectra of quartz (a), spodum
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about 248, 298, 355, 394, 522, 706, and 1072 cm−1 (Figs. 8b and 9).
All of them are related to Si\\O bending and Si\\O stretching vibrations
(Pommier et al., 2003; Stangarone et al., 2014).

The Raman spectrum of virgilite displays two characteristic over-
lapping bands at about 455 and 479 cm−1 and a weaker feature at
about 790 cm−1 (see Benaway et al., 2012; Sirbescu et al., 2017).
None of these bands were detected in the spectra of the reaction
zones (Fig. 9). Raman spectra of the reaction zone yielded Raman
bands for petalite and quartz even at a lateral resolution of 1 μm
(Figs. 8c, d and 9). Raman bands at about 110, 146, 282, 321, and
492 cm−1 are only from petalite, which also has fairly intense
peaks at about 355 and 385 cm−1 (Fig. 9). All of them are from
Si\\O bending and Si\\O stretching modes, which are related to
the folded [Si2O5]-layers linking to Li and Al tetrahedra (Tagai
et al., 1982).
8. 40Ar/39Ar muscovite geochronology

The Ar analytical results for the studied muscovite, including Ca/
K and Cl/K ratios, are listed in Table 3. The muscovite grain from the
spodumene pegmatite yielded a plateau age of 2027 ± 8 Ma
(Fig. 10). The Ca/K ratios of the muscovite is zero (Table 3). The clo-
sure temperature of the Ar\\Ar isotopic system for the retention of
radiogenic argon is about 425 °C for muscovite (Harrison et al.,
2009). Any rise in the actual temperature which exceeds the closure
temperature will likely result in complete resetting of the Ar\\Ar
isotopic system. Hence, the Ar\\Ar age of muscovite likely represent
ene (b) and petalite + quartz (c, d).



Fig. 9. Raman spectra of quartz (Qz), spodumene (Spd) and petalite + quartz (Pet+Qz) obtained across the reaction zone shown in the reflected light image in the inset (quartz – bright,
petalite + quartz – dark grey, spodumene – medium grey).

Table 3
40Ar/39Ar age data for muscovite from the spodumene pegmatite.

T °C cc stp 39Ar % 39Ar Included Age Ma ± 95% Ca/K ± 95% Cl/K ± 95%

500 5.3E-12 0.36 no 1178.8 ± 33.9 – 0.0087 ± 0.0010
570 1.194E-11 0.81 no 1854.5 ± 16.9 – 0.0016 ± 0.0002
640 4.115E-11 2.78 no 1990.8 ± 10.0 – 0.0014 ± 0.0002
710 1.029E-10 6.94 yes 2012.8 ± 9.4 – 0.0016 ± 0.0002
780 2.36E-10 15.92 yes 2020.7 ± 8.5 – 0.0015 ± 0.0002
850 3.589E-10 24.21 yes 2023.6 ± 7.8 – 0.0015 ± 0.0002
920 3.071E-10 20.72 yes 2030.6 ± 8.0 – 0.0015 ± 0.0002
990 5.843E-11 3.94 yes 2030.9 ± 10.4 – 0.0015 ± 0.0002
1060 1.27E-10 8.57 yes 2036.4 ± 10.5 – 0.0015 ± 0.0002
1130 4.618E-11 3.12 yes 2032.1 ± 11.0 – 0.0015 ± 0.0002
1200 4.832E-11 3.26 yes 2038.2 ± 9.3 – 0.0014 ± 0.0002
1270 8.427E-11 5.69 yes 2030.7 ± 10.0 – 0.0015 ± 0.0002
1340 5.338E-11 3.60 yes 2041.8 ± 9.5 – 0.0016 ± 0.0002
1400 1.366E-12 0.09 no 2081.9 ± 63.4 – 0.0014 ± 0.0010

Fig. 10. 40Ar/39Ar age spectra for muscovite from the spodumene pegmatite.

H.M. Rajesh, M.W. Knoper, G.A. Belyanin et al. Lithos 376–377 (2020) 105760

11
the time of the last strong thermal event. Hence, we interpret the
~2.02 Ga 40Ar/39Ar age as the timing of effect of the meteorite impact
on the spodumene pegmatites.

9. Discussion

9.1. Formation of petalite postdates the subsolidus stage in the pegmatite

Petalite reaction zones typically follow the spodumene grain mar-
gins at their contacts with quartz in the Vredefort granitic pegmatite
(Fig. 11). The textural relation of spodumene and quartz invading
each other, and the occurrence of petalite around spodumene (Figs. 7a
to c and 11), are interpreted to indicate the reaction.

spodumeneþ 2 quartz ¼ petalite ð1Þ

However, this textural relation is not unambiguous.
For example, petalite is associated with vermicular spodumene-

quartz intergrowths (Fig. 7d). This texture is comparable to the
symplectic spodumene-quartz intergrowths (SQIs) commonly reported



Fig. 11. EDS elemental mapping of a representative rock domain involving spodumene, quartz, petalite, albite,muscovite and K-feldspar. (a) BSE image, (b) Si Kα, (c) Na Kα, (d) K Kα, (e)
Al Kα, (f) Fe Kα. The petalite rims conspicuously follow the margin of spodumene. Note that the muscovite is separated from petalite by spodumene [better seen in (b)].
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from lithium-rich granitic pegmatites and interpreted as pseudomor-
phic replacement of petalite via reverse reaction (1) (Černý and
Ferguson, 1972; Chakoumakos and Lumpkin, 1990; London and Burt,
1982; Thomas et al., 1993). For example, in the Tanco pegmatite,
12
Manitoba, Canada, large petalite crystals are frequently penetrated by
fine-grained symplectites of spodumene and quartz, and by coarse ag-
gregates of parallel spodumene fibres embedded in quartz (Černý and
Ferguson, 1972). In the Highburg pegmatite, Natal Belt, southern
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Africa, spodumene occurs as part of centimeter-scale graphic and
symplectic intergrowths with quartz, which constitute up to 70% of
the rock (Thomas et al., 1993). In these studies, the bulk composition
of the spodumene-quartz intergrowth is close to that of petalite. To-
gether with the textural evidence, they argued for the formation of
spodumene-quartz intergrowths by the breakdown of petalite (Černý
and Ferguson, 1972; Thomas et al., 1993). Unlike these studies, the
spodumene-quartz intergrowth documented in the present study is lo-
calized in occurrence. No such textures are seen in the large spodumene
crystals from the pegmatite and no remnants of primary petalite occur
in the pegmatite. Themodal proportion of spodumene:quartz in the in-
tergrowth (e.g., Fig. 7d) indicates a ratio of ~81:19, which is different
from the ~60:40 ratio reported for spodumene-quartz intergrowths by
Thomas et al. (1993). In the common case, spodumene resulting from
the breakdown of former magmatic petalite shows a low iron content
(Černý and Ferguson, 1972; Thomas et al., 1993). This is different from
those reported for spodumene in this study. Thus, the localized occur-
rence of the spodumene-quartz intergrowths in the Vredefort pegma-
tite is not evidence for earlier petalite.

Charoy et al. (2001) reported thin petalite rims on spodumene in
lithium-rich granitic pegmatites from northern Portugal. This texture
is comparable to that observed in the present study (Figs. 7 and 11).
However, Charoy et al. (2001) documented that spodumene is locally
penetrated but not replaced by petalite along cracks or twin planes.
They also reported needles of petalite, together with euhedral quartz,
filling angular voids among ameshwork of euhedral laths of spodumene
(see Charoy et al., 2001). Importantly, spodumene is replaced by albite
(± muscovite), while petalite is altered to eucryptite and K-feldspar
during the subsolidus stage via interaction with a residual magmatic
fluid (Charoy et al., 2001). Unlike this scenario, the petalite+ quartz re-
action zones in the studied pegmatites do not show any subsolidus K-
feldspar, which is prevalent in spodumene and albite (see Figs. 6, 7
and 11). This clearly indicates that the formation of petalite postdates
the subsolidus evolution stage of the pegmatite and is not related to in-
teraction with a fluid.

9.2. Likely conditions and geological scenario for the formation of petalite

In the quartz-saturated conditions characteristic for granitic pegma-
tites, phase relations between the lithium aluminosilicates are a func-
tion of temperature and pressure and are largely independent on the
proportions of other phases (Krivovichev, 2004;London, 1984;
Stewart, 1978). The pressure and temperature conditions of formation
of spodumene and petalite can be roughly estimated from the lithium
aluminosilicate phase diagram (Fig. 1; London, 1984). Pegmatites in
which spodumene is the primary lithium aluminosilicate are
constrained to begin crystallization at about 650 °C and ~3–5 kbar and
reach solidus at 500–550 °C (Černý, 1991; Chakoumakos and
Lumpkin, 1990; London, 1984). Thus, the formation of petalite via
reaction (1) in the subsolidus occurred below this temperature and, fol-
lowing Fig. 1, required either an increase in temperature or a decrease in
pressure (London, 1984; Stewart, 1978). A combination of two pro-
cesses cannot be excluded, as well. There are two nearly coeval events,
which could provide heating and/or decrease of pressure after a com-
plete solidification of the rock: the ~2.06–2.05 Ga Bushveld magmatic
event and the ~2.02 Ga Vredefort impact event.

The ~2.06–2.05 Ga Bushveldmagmatic event including the Bushveld
Complex andMolopo Farms Complex layered intrusions (Fig. 2a) is one
of the largest intracratonic large igneous provinces in the world (see
Rajesh et al., 2013 and references therein; Ernst, 2014). Different studies
pointed out the heat and fluid effects related to the Bushveld magmatic
event to regions in and around the Vredefort impact structure (Friese
et al., 2003; Gibson et al., 2000; Rasmussen et al., 2007; Robb et al.,
1997). ~2.06 to 2.04 Ga 40Ar/39Ar mica-amphibole overprint ages have
been reported from the region (Allsopp et al., 1991; Friese et al., 2003;
Gibson et al., 2000). Estimates of the duration of elevated geothermal
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gradients in the region indicate that the generation and migration of
hot fluids were sustained for at least ~20 Ma (Gibson and Stevens,
1998). A number of syn-Bushveld intrusions occur in the northern
part of the Vredefort impact structure (Bisschoff, 1972; Coetzee et al.,
2006; De Waal et al., 2006, 2008; Graham et al., 2005). However,
these bodies are essentially restricted to the northern collar of the
Vredefort structure. No syn-Bushveld intrusion is reported from the
southeastern sector, including the Greenlands granite-greenstone com-
plex (Colliston and Reimold, 1990; Hart et al., 2004; Lana et al., 2003;
Minnitt et al., 1994; Reimold et al., 1988). Importantly, the ~2.02 Ga
40Ar/30Armuscovite age reported in this study is closer to themeteorite
impact age. Hence, discarding the possibility of effect of the Bushveld
event, the next event to consider is the ~2.02 Ga meteorite impact,
which in general, is able to provide both heat and decompression.

The decompression scenario for the formation of the petalite rims is
justified by the location of the pegmatite body near the “uplifted central
core” of the Vredefort structure, which experienced the post-impact up-
lift. However, in this case, the petalite textures must be formed within
the whole pegmatite body, not only locally near the pseudotachylite
veins. For this reason, the decompression is hardly to be a leading factor
in the petalite-forming reaction. Thus, the only process suitable for the
formation of the petalite textures is post-impact heating. The relations
between thepetalite textures and rock-formingminerals allow for spec-
ification of the extent of this process.

The EDS elemental (Si, Na, K, Al, Fe) maps in Fig. 12a to f show that
petalite occurs not only between spodumene and albite, but also at
the interface of muscovite and quartz. However, muscovite has smooth
regular (near straight-line) grain margins with petalite, while the con-
tact between spodumene and petalite is irregular and lobate. Petalite
± quartz conspicuously follows the grain margins of spodumene
(Fig. 12). Fig. 13a to f show that petalite is restricted to spodumene
grain boundaries and does not formalongmuscovite or albite interfaces.
The restricted development of petalite is also seen in Fig. 11, where it is
separated from muscovite by spodumene. K-feldspar is not associated
with the petalite textures. No textures indicating decomposition of
muscovite to form K-feldspar are present in the rock. All the above rela-
tions indicate that muscovite did not participate in the petalite forma-
tion, which proceeded within the muscovite + quartz P-T stability
field (see Fig. 1), and thus, did not exceed 550–600 °C.

9.3. Role of themeteorite impact in the formation of petalite – A unique geo-
logical scenario

The Vredefort spodumene pegmatites are unique in terms of their
occurrence within a meteorite impact structure. Shock metamor-
phism is known to generate high temperatures and pressures in the
target rocks (Melosh, 1989). The latter is manifested in shock defor-
mational features exposed within the impact structure. Depending
on the distance from the central core, rocks from different parts of
the Vredefort impact structure variably preserve macroscopic field
features including pseudotachylites, shatter cones and overturned
beds. Documented micro-deformation features include planar defor-
mation features (PDFs) in quartz (e.g., Grieve et al., 1990; Kovaleva
et al., 2018; Leroux et al., 1994), zircon (e.g., Graham et al., 2005;
Kamo et al., 1996; Moser et al., 2011; Reimold et al., 2002), monazite
(Flowers et al., 2003), recrystallized diaplectic glass and shock melts
in feldspars (Gibson and Reimold, 2005) and the occurrence of check-
erboard feldspar (Buchanan and Reimold, 2002). Minerals newly
formed during the impact are rarely reported from the Vredefort im-
pact structure. Granular zircon neoblasts still retaining the original
morphology of the grains have been reported (e.g., Kamo et al.,
1996; Moser, 1997). High-pressure SiO2 polymorphs, coesite
and stishovite, are found in pseudotachylites from the collar rocks
(Martini, 1991).

Petalite overgrowths in spodumene pegmatites can be a new min-
eral formed by the meteorite impact. This interpretation is supported



Fig. 12. EDS elemental mapping of a representative rock domain involving spodumene, quartz, petalite, albite,muscovite and K-feldspar. (a) BSE image, (b) Si Kα, (c) Na Kα, (d) K Kα, (e)
Al Kα, (f) Fe Kα. Petalite occurs at the interface of muscovite and quartz [see upper left quadrant; better seen in (b)]. The contact of muscovite with petalite is smooth regular (near
straight-line). This is different to the irregular-lobate grain margin between spodumene and petalite.
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by field observations of impact-related pseudotachylite veins (Fig. 5)
cutting across the pegmatites. Petalite rims are restricted to pegmatite
sampled closer to the pseudotachylite veins. The angular fragments
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within the pseudotachylite veins cutting across the spodumene pegma-
tites indicate that they were shaken and broken but were not stirred
and moved by the cataclastic process (e.g., Garde and Klausen, 2016).



Fig. 13. EDS elemental mapping of a representative rock domain involving spodumene, quartz, petalite, albite,muscovite and K-feldspar. (a) BSE image, (b) Si Kα, (c) Na Kα, (d) K Kα, (e)
Al Kα, (f) Fe Kα. Petalite is restricted to spodumene and quartz and does not occur along the interface of muscovite or albite.
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The later which are primarily related to the original impact would have
resulted in rounded grains as seen elsewhere in the Vredefort impact
structure. The distance from the central uplift of the impact structure
15
also likely played a role in this. This argues for a prominence of post-
shock effect on the spodumene pegmatite in the southeastern part of
the impact structure.
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Based on metamorphic assemblages in rocks from different parts of
the impact structure, Gibson and Reimold (2008) estimated post-shock
temperatures of >1000 °C from the inner core to 700–1000 °C for the
outer core (see inset in Fig. 3). The temperature progressively decreases
through the intermediate zone with 500–700 °C to 400–500 °C
and < 400 °C in the outer zones (see inset in Fig. 3). The spodumene
pegmatites occur outside the central most portion of the impact struc-
ture where very high temperatures are reported. They are exposed
within the intermediate zone, where post-shock temperatures of
500–700 °Cwere estimated. This temperature is enough to formpetalite
from spodumene and quartz (Fig. 1). BSE-SEM imaging did not delin-
eate any features similar to PDFs in quartz from the spodumene pegma-
tites and this is probably due to the strong annealing by the post-impact
metamorphism. Raman analyses of quartz adjacent to spodumene and
petalite did not show peaks for coesite or stishovite. The restricted dis-
tribution of high pressure silica polymorphs in the Vredefort impact
structure have been attributed to post-shock thermal effects, which
may have destroyed these minerals throughout much of the impact
structure (e.g., Martini, 1991).

Thus, a unique scenario to achieve the condition for the formation of
petalite in a granitic pegmatite likely involves high temperatures gener-
ated in the target rocks by post-shock thermal event related to the
~2.02 Ga meteorite impact.

10. Concluding remarks

Meteorite impact structures continue to surprise uswith the amount
of geologic information preserved in the rocks exposedwithin them. As
the rocks within impact structures are variably overprinted by shock
and post-shock deformational and/or thermal metamorphic features,
phase transition of minerals is expected. The most commonly reported
include the formation of high-pressure polymorphs of silica, coesite,
and stishovite (Melosh, 1989). The extreme P-T conditions achieved
during shock and post-shock events could result in the formation of ex-
tremely rareminerals,whose natural occurrence is scarce andwhich are
often produced in the laboratory. For example, reidite, a high-pressure
polymorph of zircon, was reported in sandstone from the
~470–450 Ma Rock Elm meteorite impact structure in North America
(Cavosie, 2015). The extreme conditions can also result in rare scenarios
such as in the present study where petalite formed in the intermediate
zone of the ~2.02 Ga Vredefort impact structure. The spodumene peg-
matiteswere at the right place at the right time to be affected by heating
to form petalite after its subsolidus evolution stage. The identification of
reidite (Cavosie, 2015) and petalite (this study), from target rocks, one
porous and the other crystalline, respectively, raises the possibility
that other minerals, especially rare phases, formed at extreme P-T con-
ditions and under rare circumstances such as after the subsolidus stage
can be found in nature.
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