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Abstract

MARID (Mica-Amphibole-Rutile-Ilmenite-Diopside) and PIC (Phlogopite-Iimenite-
Clinopyroxene) rocks are rare mantle xenoliths entrained by kimberlites. Their high
phlogopite modes (15 to ~100 vol.%) and consequent enrichments in alkali metals and
H,O suggest a metasomatic origin. Phlogopite also has high concentrations (>0.2 pug/g)
of thallium (TI) relative to mantle abundances (<3 ng/g). Thallium isotope ratios have
proven useful in tracing the input of Tl-rich materials, such as pelagic sediments and
altered oceanic crust, to mantle sources because of their distinct isotopic compositions
compared to the peridotitic mantle. This study presents the first Tl isotopic
compositions of well-characterised phlogopite separates from MARID and PIC samples
to further our understanding of their genesis. The PIC rocks in this study were
previously interpreted as the products of kimberlite melt metasomatism, whereas the
radiogenic and stable N-O isotope systematics of MARID rocks suggest a parental
metasomatic agent containing a recycled component.

The €Tl values of phlogopite in both PIC (2.7 + 0.8; 2 s.d., n = 4) and
MARID samples (2.5 + 1.3; 2 s.d., n = 21) overlap with the estimated mantle
composition (-2.0 £ 1.0). PIC phlogopite Tl contents (~0.4 ng/g) are suggestive of
equilibrium with kimberlite melts (0.1-0.6 pg/g TI), based on partitioning experiments
in other silica-undersaturated melts. Kimberlite Tl-¢*®T1 systematics suggest their
genesis does not require a recycled contribution: however, high temperature-altered

oceanic crust cannot be ruled out as a component of the Kimberley kimberlites’ source.
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Mantle-like €Tl values in MARID samples also seem to contradict previous
suggestions of a recycled contribution towards their genesis. Recycled components with
isotopic compositions close to mantle values (e.g., high temperature-altered oceanic
crust) are still permitted. Moreover, mass balance mixing models indicate that
incorporation into the primitive mantle of 1-30% of a low temperature-altered oceanic
crust + continental crust recycled component or 1-50% of continental crust alone could
be accommodated by the TI-€’"TI systematics of the MARID parental melt. This
scenario is consistent with experimental evidence and existing isotopic data. One PIC
phlogopite separate has an extremely light Tl isotopic composition of —9.9, interpreted
to result from kinetic isotopic fractionation. Overall, phlogopite is the main host mineral
for Tl in metasomatised mantle and shows a very restricted range in Tl isotopic
composition, which overlaps with estimates of the mantle composition. These results
strongly suggest that negligible high temperature equilibrium T1 isotopic fractionation
occurs during metasomatism and reinforces previous estimates of the mantle’s Tl

isotopic composition.

1 Introduction

The subcontinental lithospheric mantle (SCLM) is heterogeneous, both mineralogically
and chemically (e.g., Erlank et al., 1987; Jones et al., 1982). The SCLM beneath the
Kaapvaal craton in southern Africa is thought to be the residue of high degree partial
melting (>50%), based on mineral inclusions with refractory compositions preserved in
diamonds (e.g., Banas et al., 2009; Phillips et al., 2004) as well as experimental studies

of partial melting of fertile peridotites at high pressure and temperature (Herzberg,
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2004; Walter, 1998). However, it is evident that several metasomatic events have since
affected the Kaapvaal SCLM and introduced volatile-rich and/or exotic phases
including phlogopite, K-richterite, and titanates (e.g., Aoki, 1974; Erlank and Finger,
1970; Haggerty, 1983). Many studies have also reported the occurrence of phlogopite-
rich (and olivine-free), ultramafic mantle rocks (previously “glimmerites”) amongst
kimberlite xenolith suites, and particularly those from South African localities (e.g.,
Dawson and Smith, 1977; Grégoire et al., 2002; Waters 1987), although they do occur
elsewhere (e.g., Canada; Peterson and le Cheminant, 1993). Such phlogopite-rich
lithologies have often been cited as important source components from which alkaline
magmas are derived (e.g., Foley, 1992). Many early studies attributed phlogopite-rich
metasomatism to interactions with kimberlite melts (Dawson and Smith, 1977; Gurney
and Harte, 1980; Harte et al., 1993). More recently, geochemical and isotopic
compositions have been used to divide phlogopite-rich rocks into two groups named
MARID (Mica-Amphibole-Rutile-Ilmenite-Diopside) and PIC (Phlogopite-Ilmenite-
Clinopyroxene: e.g., Fitzpayne et al., 2018a; Grégoire et al., 2002, and references
therein). Both lithologies are derived from the lithospheric mantle, and are transported
to the Earth’s surface primarily by kimberlites; however, radiogenic isotope and trace
element data suggest that the genesis of only the PIC suite — and related rocks, for
example some lherzolites (cf. Bussweiler et al., 2018) and wehrlites (Fitzpayne et al., in
press) — can be closely related to kimberlite melt metasomatism (Fitzpayne et al.,
2018a, 2019). In contrast, MARID rocks may be related to interactions between the
mantle and orangeite/lamproite melts (e.g., Hamilton et al., 1998; Konzett et al., 1998)
or other alkaline, mafic magmas (e.g., relating to the Karoo large igneous province:
Giuliani et al., 2014a; Konzett et al., 1998; van Achterbergh et al, 2001). Several

investigations of MARID rocks have suggested that their source rocks likely require a
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recycled component (e.g., Fitzpayne et al., 2019, in press). Uncertainties remain
regarding the identity of this recycled component, which might be resolved by
employing alternative isotope systems to those studied to date (N, O, Sr, Nd, Hf, Pb).
The thallium (TI) isotope system has been successfully used to trace the contributions of
recycled material (altered oceanic crust, sediments) to subduction-related magmas (e.g.,
Nielsen et al., 2016, 2017b; Prytulak et al., 2013; Shu et al., 2017). Moreover, micas are
likely the main hosts for Tl in most igneous rocks (e.g., Rader et al., 2018). Here, we
present the first investigation of the Tl isotopic composition of mica separates from
mantle-derived MARID and PIC rocks to provide new information about the sources of
phlogopite-rich metasomatism and its implications towards subduction and the

evolution of the mantle.

1.1 MARID and PIC rocks

MARID and PIC rocks are coarse-grained, ultrapotassic and ultramafic rocks (e.g.,
Dawson and Smith, 1977; Waters, 1987) that are most commonly found as xenoliths
entrained by the Kimberley kimberlites in South Africa (e.g., Grégoire et al., 2002).
MARID and PIC rocks are predominantly composed of phlogopite, which results in
large ion lithophile element (LILE) enrichment (4—10 wt.% K,O; Grégoire et al., 2002;
Waters, 1987), relative to the primitive mantle (McDonough and Sun, 1995). No
geochronological or thermobarometric work has been undertaken on PIC samples due to
the lack of mineral assemblages upon which such studies can be conducted. Despite
this, a genetic link between kimberlites and PIC samples has been well established,
based on trace element compositions and overlapping radiogenic isotopic compositions
(Fitzpayne et al., 2018a, 2019; Grégoire et al., 2002). It appears unlikely that PIC rocks

are the source of kimberlite magmatism, because they display petrographic evidence of
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kimberlite melt infiltration — such as inclusions of kimberlite magmatic minerals (e.g.,
calcite, apatite, perovskite) in reacted PIC clinopyroxene rims (Fitzpayne et al., 2018b).
Kimberlite melt infiltration likely occurred shortly before or during entrainment in the
host kimberlite magma, based on the preservation of disequilibrium features such as
clinopyroxene zonation. PIC rocks have therefore been inferred to be the metasomatic
products of failed kimberlite intrusions, which reacted with peridotite protoliths
(Fitzpayne et al., 2018a, b).

Geochronological constraints for MARID samples provide minimum
crystallisation ages of between 130—140 Ma (zircon U-Pb; Giuliani et al., 2015; Konzett
et al.,, 1998) and 170 Ma (bulk-rock Re-Os; Pearson et al., 1995), which have led to
suggestions by the same authors of a genetic link to Karoo magmatism. MARID rocks
likely reside within the lithospheric mantle, based on limited thermobarometric data (4.2
GPa, 960 °C from Ca-in-orthopyroxene thermobarometry: Konzett et al., 2014), as well
as experimental evidence that phlogopite and K-richterite can be stable to pressures of
up to 8.5 GPa (i.e., at or below the lithosphere-asthenosphere boundary beneath the
Kaapvaal craton; e.g., Konzett et al., 1997). There is also natural evidence (mineral
inclusions in diamonds) that MARID rocks may occur within the diamond stability field
(Meyer and McCallum, 1986), which for the Kaapvaal craton is equivalent to pressures
> ~4.5 GPa (i.e. depths of ~ 150 km; e.g., Kennedy and Kennedy, 1976; Mather et al.,
2011; O’Reilly and Griffin, 2006).

Radiogenic isotope data for MARID minerals (clinopyroxene and amphibole)
suggest that MARID rocks have “enriched mantle” signatures (e.g., *'Sr/*Sr; ~ 0.711;
Fitzpayne et al., 2019) prior to kimberlite entrainment and infiltration. Such
compositions may be related to a contribution from recycled crustal components,

prolonged storage of incompatible element-enriched material in the lithospheric mantle,
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or a combination thereof. Several investigations have found trace element similarities in
clinopyroxene in MARID and lherzolite samples derived from southern African and
other kimberlites (e.g., Aulbach et al., 2013; Grégoire et al., 2003; Rehfeldt et al.,
2008). This inference has recently been extended to other geochemical and stable
isotope systematics (Fitzpayne et al., in press), which indicate that the genesis of
MARID and some lherzolites can be related to a similar metasomatic fluid. The
presence of a recycled component in both MARID rocks and some lherzolites is further
supported by high "°N (up to +9 %o: Banerjee et al., 2015) and low 8'*O values (as low
as +4.4 %o: Fitzpayne et al., in press) in phlogopite and clinopyroxene, respectively,
relative to reported values for the ambient mantle (3"°N = —5 + 2 %o: Marty and
Dauphas, 2003; 8180CpX = +5.5 + 0.7 %o: Mattey et al., 1994). Low 8'°0 values from
MARID and related lherzolite samples from Kimberley suggest that the parental
metasomatic fluid incorporated a high temperature-altered oceanic crust component.
However, low 5°'S values in sulfides from the same lherzolites (5.9 to —2.1 %o:
Giuliani et al., 2016) are more likely to relate to incorporation of sedimentary sulfides
(e.g., Farquhar et al., 2010) or low temperature-altered oceanic crust (Alt and Shanks,
2011). Based on these data, the nature of recycled components in the source of the
MARID metasomatic agent(s) remains uncertain. This contribution combines
previously reported petrographic, geochemical, and isotopic data for MARID and PIC
rocks with new mica T1 isotopic compositions, in order to further our understanding of

the causes and sources of phlogopite-rich metasomatism in the SCLM.

1.2  Geochemistry and isotope systematics of thallium

Thallium is a volatile and highly incompatible trace metal with two redox states (TI"

and TI’"). In igneous systems, Tl only exists as TI" (e.g., Nielsen et al., 2017a), whereas
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the TI*" species occurs in oxidising conditions at the surface of the Earth (Batley and
Florence, 1975; Vink, 1993). Due to its large ionic radius (T1": 1.49 A; Shaw, 1952), Tl
behaves similarly to the LILE (especially K™: 1.33 A; Rb": 1.49 A; Cs™: 1.65 A; e.g.,
Shaw, 1952) and is incompatible during mantle partial melting. Consequently, Tl is
more abundant in the continental crust (0.5-1.6 pg/g; Rudnick and Gao, 2014)
compared to the primitive mantle (~0.0035 pg/g; McDonough and Sun, 1995). The
similarity between alkali metals and T1 also extends to their tendency to be fluid-mobile
(e.g., Vink, 1993). Experimental investigations have shown that TI is compatible in K-
rich phases such as biotite (e.g., " ™Dy = 8.6; Bea et al., 1994). Mica (biotite,
muscovite, and phlogopite) and other phyllosilicate (chlorite) mineral separates (n = 45)
from a variety of crustal igneous, metamorphic, and metasomatic environments have Tl
abundances between 0.2 and 22.5 pg/g (Rader et al., 2018), with most having greater
concentrations than continental crust estimates (Fig. 1).

Thallium can also display strong affinities to sulfur-rich phases (McGoldrick et
al,, 1979; Noll et al., 1996). Some experimental studies have suggested that Tl
preferentially partitions into sulfide liquids in equilibrium with basaltic melts (at 1400
°C and 1.5 GPa: e.g., Kiseeva and Wood, 2013). However, the majority (24 out of 38)
of natural sulfide samples contain undetectable amounts of Tl (<0.2 pg/g; Rader et al.,
2018), or more generally contain lower TI than phlogopite (Fig. 1).

Thallium has two stable isotopes, 2Tl (29.5%) and **TI (70.5%), ratios of
which are reported in parts per ten thousand (& units) relative to the NIST TI reference
material SRM997, which is defined as 0, where

205Tl/203'1‘lsamp1e - 2OSTI/203TISRM997

2057] = 104
: * 205T] /203 TlgRrMo97
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Thallium isotopes have been used for a variety of applications (Nielsen et al., 2017a,
and references therein), including the characterisation of terrestrial Tl cycling between
the crust and the mantle via subduction zones. It might first seem that Tl would be
unable to contribute to these studies, as the TI isotopic composition of the bulk
continental crust (based on loess samples: &%Tl = 2.0 + 0.5; 2 s.d.; Nielsen et al.,
2005) is identical to the reported mantle value (62Tl = —2.0 + 1.0; 2 s.d.), based on the
analysis of MORB glass samples from various ocean basins (Nielsen et al., 2006a,
2017a). Furthermore, it has been suggested that magmatic processes, including melting
and fractional crystallisation of anhydrous lavas, do not cause analytically resolvable
differences in 2Tl (Hettmann et al., 2014; Prytulak et al., 2013, 2017). Although this
implies that the ””°Tl value of subducted material should be reflected in any later-
derived mantle metasomatic or melting products (e.g., arc lavas), this does not appear to
be helpful if crustal and mantle lithologies display similar Tl isotopic ratios. However,
rocks that have been altered in low temperature environments can display significant
shifts in TI isotopic composition. Oceanic ferromanganese sediments and pelagic clays
preferentially incorporate *T1 (¢TI from +2 to +15; Rehkamper et al., 2002, 2004),
whereas the lighter *T1 isotope becomes preferentially concentrated in low temperature
hydrothermally-altered oceanic crust (¢°”T1 as low as —16; Coggon et al., 2014; Nielsen
et al., 2006a). Consequently, many studies have employed Tl isotopes as a tracer for
recycled material, for example of Fe-Mn sediments in ocean island basalts (Nielsen et
al., 2006b, 2007) or the relative contribution of pelagic clays and altered oceanic crust
in island arc magmatism (Nielsen et al., 2016, 2017b; Prytulak et al., 2013; Shu et al.,
2017). Mineral separates of clinopyroxene and garnet from six bulk-rock eclogite
samples from the Kaalvallei (kimberlite) and Bellsbank (orangeite) localities in South

Africa have also been characterised for their TI isotopic compositions by Nielsen et al.
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(2009). Only one recalculated bulk-rock sample (5.1 + 1.0) displays a negative
excursion from the mantle £°®T1 value, inferred to represent low temperature-altered
oceanic crust that had been subducted and incorporated into the lithospheric mantle. In
contrast, high temperature-altered oceanic basalts have ¢TI values (~ —2) and very
low TI concentrations (0.005 pg/g), similar to those of the mantle (e.g., Nielsen et al.,
2006a). Shu et al. (2019) recently analysed ~60 bulk-rock eclogite samples from several
localities worldwide, which displayed €Tl values of between -5.6 and +0.7. This
range was interpreted to reflect the differences in protolith as well as the
metamorphic/metasomatic history in each locality.

Thallium isotopic variations in the reservoirs mentioned above have largely been
interpreted to reflect equilibrium fractionation. However, Nielsen et al. (2017a)
suggested that kinetic effects might be (partly) responsible for large isotopic excursions
from the mantle value (of up to ~10 € units) during hydrothermal alteration of oceanic
crust. They also note that equilibrium isotopic effects might be responsible for large
Tl shifts if the oxidised TI’" species were present. Such effects might be better
characterised by conducting studies upon mineral separates and not bulk-rock samples,
and emphasises the need to collect petrographic information to aid the interpretation of

isotopic data.

2 Samples

The xenolith samples analysed in this study were collected from kimberlite
(Bultfontein, De Beers, Kamfersdam, Kimberley, Wesselton) and orangeite (Newlands)

localities in the Kimberley block of the Kaapvaal craton, South Africa (Fig. 2; Field et

10



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

al., 2008). The emplacement of the Kimberley kimberlites (~84 Ma: Kramers et al.,
1983) occurred after the intrusion of orangeites at Newlands (114 = 1 Ma: Smith et al.,
1985).

All xenolith samples were selected from the collections housed in the John J.
Gurney Upper Mantle Research Collection at the University of Cape Town and the De
Beers Consolidated Mines rock store, or were collected during field work in the Boshof
Road dumps, which comprise waste material from historical mining of the Bultfontein
kimberlite. The samples investigated in this study display a variety of textures including
granular, foliated, and porphyroclastic (Fig. 3; Table 1). The modal mineral abundances
in MARID and PIC rocks are notoriously heterogeneous (Grégoire et al., 2002; Waters,
1987), and the samples in this study likewise have extremely variable amounts of
phlogopite (20100 vol.% and 80—-100 vol.%, respectively: Fitzpayne et al., 2018a).
Phlogopite is the dominant Tl host in MARID and PIC mantle xenoliths (e.g., MARID
mica average = 2.1 £ 5.9 ng/g Tl; 2 s.d., n = 147: Fitzpayne et al., 2018a). MARID and
PIC phlogopite core Tl contents vary between 0.3 and ~10 pg/g, and are always higher
than those of coexisting minerals (K-richterite: <0.1 pg/g; clinopyroxene: <0.02 ng/g;
ilmenite: <0.01 pg/g; rutile: <0.005 pg/g; Fitzpayne et al., 2018a, b). This observation is
consistent with that of Rader et al. (2018), who also show that phlogopite from a variety
of geological environments commonly has a much greater T content than its coexisting
minerals. Although Tl concentration is not routinely analysed, there are a few studies
that provide further evidence that common mantle minerals do not contain high Tl
abundances. For example, an olivine/orthopyroxene/spinel-dominated harzburgite from
the Eifel (Germany) volcanic field has a bulk-rock TI content of 0.00105 pg/g (Klein et
al., 2015), and peridotites from the Balmuccia Massif in Italy have Tl <0.00355 nug/g (n

=17; Wang et al., 2018).

11
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Analysis of mineral separates may circumvent uncertainties regarding bulk-rock
analyses of mantle samples as proxies for the mantle’s TI isotopic composition, which
may be hampered by kimberlite (i.e. entraining magma) contamination (e.g., Nielsen et
al., 2009) and the presence of interstitial sulfides (e.g., Nielsen et al., 2014). The latter
issue may not be as significant as previously thought, since Tl partitioning into sulfide
phases appears to be minor, particularly when phyllosilicates such as micas are also
present (Fig. 1; Rader et al., 2018). Importantly, the Tl content in mica is also much
greater than the abundance of Tl in the Kimberley kimberlites (bulk-rock: 0.25 + 0.23
pg/g Tl; 1 s.d., n = 5: Muramatsu, 1983), which suggests that mica Tl isotopic
compositions are unlikely to be affected by interstitial kimberlitic material.

Several different textural modes of phlogopite occur in the studied samples. In
MARID rocks, phlogopite occurs both as a coarse-grained (typically >200 pm)
“primary” matrix mineral (with variable amounts of zonation; Fig. 3a), and as a finer-
grained (generally <50 um) “secondary” phase in carbonate- or serpentine-rich pools or
veins. Phlogopite rims and vein-hosted phlogopite have both been shown to be
compositionally distinct from “primary” MARID groundmass phlogopite, and both
features are likely related to infiltration of the xenoliths by the host kimberlite magma
(Fitzpayne et al., 2018b). In contrast, PIC rocks typically contain unzoned, coarse-
grained (>100 um) phlogopite porphyroclasts that are surrounded by euhedral neoblasts
of fine-grained phlogopite (<50 pum). Carbonates are commonly found interstitially
between phlogopite grains in PIC rocks, and both their presence and the sheared
textures in PIC rocks may be attributed to interactions with the entraining kimberlite
melt (Fitzpayne et al., 2018b). There appear to be few differences between the major

element compositions of PIC phlogopite porphyroclasts and neoblasts; however, only
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porphyroclastic phlogopite was targeted for in situ LA-ICP-MS trace element analysis

(Fitzpayne et al., 2018a, b).

3 Methods

Small rock chips of MARID and PIC samples were crushed using either a jaw crusher
or a steel percussion mortar, before being sieved into several size fractions. Phlogopite
grains were hand-picked under a binocular microscope, focussing on relatively coarse
size fractions (125-500 um) in order to select only monomineralic grains, as well as to
minimise contamination from fine-grained vein-hosted or neoblastic phlogopite that
may not be part of the primary MARID or PIC paragenesis (Fig. 3; Fitzpayne et al.,
2018a, b). Sample dissolution was carried out at the University of Melbourne. First, the
phlogopite separates (2—-14 mg) were dissolved in a 3:1 mix of HF-HNO; (~48 h),
followed by concentrated HNO3; and 6 M HCIl (~100 °C, ~24 h each). Chemical
separation of Tl was carried out in the MAGIC laboratories at Imperial College London,
following a two-step anion exchange column chromatography procedure described by
Rehkamper and Halliday (1999), and modified by Nielsen et al. (2004). Three total
procedural blanks yielded Pb at electronic background levels and <8 pg/g T1.

The separated T1 fractions were diluted and doped with the NIST SRM981 lead
isotopic standard to correct for instrumental mass bias. Thallium isotopic compositions
were measured using a Nu Instruments HR MC-ICP-MS at Imperial College London.
All sample analyses were conducted using sample-standard bracketing employing the
NIST SRM997 Tl reference material, which is defined as £*>T1 = 0. Samples were run

at Pb/T1 ratios of 3—6 and contained 2 ng/g TI. In order to minimize possible matrix
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effects, concentrations of Pb and Tl in samples were matched to within 15% of their
concentrations in the bracketing SRM997 standards. Therefore, all samples and
standards were also diluted with a solution of 0.1 M HNO3-0.1% H,SO4. The isotopic
composition of a T1 solution standard from Sigma Aldrich, which has been measured by
multiple laboratories (8205T1 =-0.79 £ 0.35, 2 s.d., n = 187: Nielsen et al., 2017a), was
analysed before samples were introduced and at the end of each run (¢°°T1=-1.0 + 0.3,
2 s.d., n = 11; Supplementary Table 1).

Accuracy and precision were further assessed by measuring the Tl isotopic
compositions of reference materials, including two separate dissolutions of USGS
basaltic reference material BCR-2, and two CRPG/CNRS mica standards (Mica-Mg and
Mica-Fe). Procedural duplicates of BCR-2 returned a combined average £ T1 value of
—2.4 £ 0.8 (external 2 s.d., n = 7), which is identical to published values (Supplementary
Table 1; Brett et al., 2018; Prytulak et al., 2013). Both of the mica standards (Mica-Mg
and Mica-Fe) also returned €”°°T1 values (0.2 + 0.5 and —3.1 + 0.9, respectively) that
are within uncertainty of their published values (Supplementary Table 1: Brett et al.,
2018).

The Tl contents of MARID and PIC phlogopite separates, as well as each of the
dissolved standard reference materials, can be estimated by matching beam-size
intensities during solution-mode MC-ICP-MS analyses (see Prytulak et al., 2013;
Rehkamper and Halliday, 1999). Each of the standard reference materials analysed
yielded Tl contents within uncertainty of previously reported values (Fig. 4;

Supplementary Table 1; preferred values from Brett et al., 2018, and references therein).

4 Results
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4.1 Thallium content in MARID and PIC phlogopite: in situ

LA-ICP-MS vs solution-mode MC-ICPMS

All samples of PIC phlogopite display similar Tl contents via both in situ and solution-
mode analytical methods except for sample FW-20, for which an order of magnitude
more TI (~5 png/g; Table 2) was recorded when measured in solution than is indicated by
in situ measurements (~0.4 pg/g; Table 1). Thallium contents in orangeite-derived
MARID samples analysed in situ by Fitzpayne et al. (2018a) are also generally similar
to those estimated by beam-matching during MC-ICPMS analysis in this study (Fig. 4).
In contrast, kimberlite-derived MARID samples typically appear to contain less Tl
when measured in solution (0.5-1.0 pg/g) than the average value reported from in situ
phlogopite core trace element analyses (0.6—4.9 pg/g; Fig. 4; Fitzpayne et al., 2018a).
The sample displaying the largest discrepancy, WES-2, contains phlogopite that is
ubiquitously zoned and almost entirely replaced by poikilitic rims (Fig. 3a), likely due
to interactions with its host kimberlite magma (Fitzpayne et al., 2018b).

Thallium abundances in both MARID and PIC phlogopite cores are not
correlated with contents of either Al,O3 or K,O, or abundances of other LILE (e.g., Rb;
Fig. 5; data from Fitzpayne et al., 2018a). Furthermore, in contrast to the suggestion of
Rader et al. (2018) for crustal mica, Tl concentrations in MARID and PIC phlogopite do

not co-vary with Mg# [i.e. 100*Mg/(Mg+Fe)] (Fig. 5b).

4.2 Thallium isotopic composition of MARID and PIC

phlogopite
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Four of the PIC phlogopite samples have similar €Tl values (2.7 + 0.8; external 2
s.d.; Table 2). However, the PIC sample with an unexpectedly high Tl content in
solution analyses (FW-20; Fig. 3d) also has a much lower €Tl value (-9.9 + 0.6;
external 2 s.d., n = 3). Phlogopite from kimberlite-hosted MARID xenoliths has an
average 9Tl value of —2.5 + 1.3 (external 2 s.d., n = 19; Table 2), which is within
uncertainty of the average PIC phlogopite value. The two orangeite-derived MARID
samples have £°°T1 values of 3.6 + 1.1 (external 2 s.d., n = 5) and —2.4 + 0.8 (external
2 s.d., n = 4). There is no correlation between £°T1 and TI content in the samples from
this study (Fig. 6). There are no correlations between phlogopite €2 TI (this study) and
the major element compositions of phlogopite cores analysed by Fitzpayne et al.
(2018a; Supplementary Figure 1), or radiogenic isotopic compositions of coexisting
clinopyroxene and amphibole determined by Fitzpayne et al. (2019; Supplementary

Figure 2).

5 Discussion

In the following sections, the new Tl abundance and isotopic data are first considered in
the context of potential kimberlite (i.e. entraining magma) contamination, before the
incorporation of Tl into mantle micas is discussed. Thereafter, T1 abundances and
isotope ratios are used to constrain the compositions of the parental PIC and MARID
metasomatic agents, as well as the possible presence of recycled components in their
sources. Finally, an explanation is sought for the light €2 T1 value in PIC sample FW-

20.
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5.1 Homogeneous thallium isotopic compositions in MARID
and PIC phlogopite

Although their mineral assemblages are unlike the depleted mantle, the €2°T1 values of
both MARID (-2.5 £+ 1.3) and PIC phlogopite (-2.7 £+ 0.8; Table 2) overlap with
estimates of the mantle value (based on MORB data: —2.0 + 1.0, 2 s.d.; Nielsen et al.,
2017a). Each of these average values also overlaps with the €Tl value of the bulk
continental crust (-2.0 = 0.5; Nielsen et al., 2005); however, the range in &%°T1
observed in crustal micas (from —12 to +18; Rader et al., 2018) sharply contrasts with
the homogeneity of MARID and PIC micas. Kimberlite infiltration of MARID samples
has recently been suggested to cause the radiogenic isotopic compositions of MARID
minerals to more closely resemble those of PIC rocks (Fitzpayne et al., 2019). If true,
the measured MARID phlogopite Tl isotope ratios could be interpreted as either:

1. Complete equilibration between a pristine MARID end-member composition

and the infiltrating kimberlite melt; or
ii.  The result of partial equilibration of a MARID end-member composition
with the entraining kimberlite, which both have mantle-like £ Tl values.

Solution-mode analyses of Tl contents in kimberlite-derived MARID bulk-phlogopite
samples are generally lower than in situ data for phlogopite cores (Fig. 4; Table 2), and
tend towards the Tl abundances of PIC phlogopite (i.e., phlogopite in equilibrium with
kimberlite melt). This contrasts with the reference material measurements, all of which
(n = 4) are consistent with reported values (Fig. 4; Supplementary Table 1). The
difference between measurements of solution-mode and in situ Tl abundance are likely
related to variable mixtures of pristine MARID phlogopite cores and secondary
phlogopite rims that crystallised during interactions with kimberlite melts (Fig. 3a-b;

Fitzpayne et al.,, 2018b, 2019). Some evidence for this can be found in the data
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presented by Fitzpayne et al. (2018a, b), in which MARID phlogopite core analyses
show generally higher Tl than their accompanying rims (Supplementary Figure 3).
Despite the variable development of kimberlite-related zonation in MARID
phlogopite, both within and between samples (Fig. 3), MARID phlogopite £*TI is
surprisingly homogeneous (2.5 + 1.3; 2 s.d.; n = 21). Indeed, there is no analytically
resolvable variation in €Tl (see Table 2) between samples that show almost no
zonation (e.g., sample AJE-2422; £ Tl = —2.0; Fig. 3b) and those that are extremely
altered by kimberlite infiltration (e.g., sample WES-2; ¢°T1 = —1.6; Fig. 3a). Such
intense kimberlite infiltration of sample WES-2, as depicted by its high proportion of
phlogopite rims (Fig. 3a), may explain why the Tl content of the phlogopite separate
from this sample is lower than in other MARID phlogopite samples, and so closely
resembles the data (both in situ and by solution) for phlogopite in equilibrium with
kimberlite melt (i.e. PIC phlogopite; Fig. 4; Table 2). Furthermore, the Tl isotopic
compositions of the two orangeite-derived samples (—2.4 + 0.8 and —3.6 + 1.1; external
2 s.d.; Table 2), which have experienced no interaction with kimberlite melts (and
limited interactions with orangeite melts, based on petrographic evidence: see Fitzpayne
et al., 2018b), are also within uncertainty of the range of values in kimberlite-derived
MARID phlogopite (Fig. 6). This suggests that, although MARID phlogopite might be
variably affected by kimberlite infiltration, the original TI isotope ratios in MARID
phlogopite were similar to those of the entraining kimberlite melts (as given by PIC
mica) with which they interacted. The £2°T1 data for MARID phlogopite therefore most
likely reflect mixing between “end-member” MARID and kimberlitic components with

similar, mantle-like TI isotopic compositions.

5.2 Thallium content in MARID phlogopite: crystal chemical
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control?

The range of Tl contents in MARID mica samples from this study (i.e., 0.4—11.6 pg/g)
is similar to previously reported data for crustal mica (Rader et al., 2018; Fig. 1, 5b).
However, unlike Rader et al. (2018), this study has found no relationship between
phlogopite Tl content and major oxide contents (Fig. 5), and it is therefore difficult to
infer a crystal chemical control for Tl in mica. There is also no correlation between Tl
and K in phlogopite (Fig. 5¢), although K contents span a range of only about 1 wt.%.
Rader et al. (2018) recently suggested that Tl incorporation into the mica structure is
preferred at high Mg# (>80), and proposed that this was related to the larger ionic radius
of Mg®" compared to Fe*". There is no direct relationship between phlogopite T1 content
and Mg# in the MARID and PIC suites from this study (Fig. 5b); however, the absolute
range in Mg# is small, making it difficult to evaluate. Instead, the variability in the Tl
content, as well as other major element abundances, of MARID phlogopite cores is
probably caused by compositional heterogeneity in the parental MARID melt/fluid, or
variable interaction between the parental MARID fluid and lithospheric wall-rocks
(Fitzpayne et al., 2018a). These factors could also explain why MARID samples derived
from the Newlands orangeite (~10 pg/g; Fig. 4, 5, 6) have higher T1 contents than those
found in the Kimberley kimberlites (<5 pg/g), which are ~35 km away (e.g., Field et al.,
2008). However, there is little difference between the in situ phlogopite core and
solution-mode bulk phlogopite separate determinations of Tl abundance for orangeite-
derived MARID samples (Fig. 4), indicating that orangeite interaction is itself unlikely
to have caused this difference. Finally, the lack of correlation between phlogopite major
and trace element compositions and their 2T values makes it unlikely that TI isotopes
are fractionated during the metasomatic interactions by which they formed, implying

that MARID &°°Tl values are representative of their parental metasomatic agent. This
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may in part be due to the relatively hot mantle conditions (~960 °C: Konzett et al.,

2014) at which MARID rocks are estimated to be formed.

53 Can TI isotopes trace recycled components in mantle-

derived micas?

5.3.1 Equilibrium between PIC and kimberlite melts, and the composition
of the kimberlite melt source

Previous geochemical and isotopic studies have proposed a genetic link between PIC
rocks and kimberlites (Fitzpayne et al., 2018a, b, 2019; Grégoire et al., 2002). The T1
content and TI isotopic ratio of PIC phlogopite should therefore be in equilibrium with
those of kimberlitic melts. The TI abundances in PIC phlogopite (0.42-0.46 ng/g; Table
1) are similar to those of bulk-rock analyses of the Kimberley kimberlites (0.08—0.65
pg/g Tl: Muramatsu, 1983). These values imply a range in empirical Tl partition
coefficients between PIC phlogopite and kimberlites (phl/ kimbpy ) from 0.6 to 5 .8) that is
similar to published experimental data for other silica-undersaturated melts ("™ "Dy, =
3.0-5.2 for nepheline basanites: Adam and Green, 2006), potentially supporting a
genetic link between kimberlite melts and PIC rocks.

The use of partition coefficients can be extended to examine the Tl content of a
kimberlite melt in equilibrium with its mantle source. To the authors’ knowledge, no
bulk partition coefficient data have been published for T1 between peridotites and silica-
undersaturated melts. Thallium (i.e. TI") exhibits similar behaviour to alkali metal ions
(K*, Rb", Cs"). Values for peridotite-carbonatite partitioning coefficients (Prdetemelpy)
are almost identical for Rb and Cs (~0.003; e.g., Dasgupta et al., 2009). This value is
therefore used to approximate that of P%U™e'D . "The primitive mantle (here used as

an approximation of the undepleted, asthenospheric mantle) has an estimated T1 content
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of 0.0035 ng/g (McDonough and Sun, 1995), whereas the depleted mantle contains an
order of magnitude less Tl (0.00038 pg/g; Salters and Stracke, 2004). Bulk-rock
samples of peridotite also have low TI contents (<0.00355 ng/g; Nielsen et al., 2015;
Wang et al., 2018). In an equilibrium partial melting scenario, with a melt fraction of
between 0.5 and 1.0% (see discussion in Soltys et al., 2018), a primary kimberlite melt
sourced from the convective mantle should contain between 0.03 and 0.44 pg/g Tl,
which overlaps the range of Tl contents in the Kimberley kimberlites (0.08-0.65 pg/g:
Muramatsu, 1983). This similarity might suggest that kimberlites are formed by partial
melting of the convective mantle in the presence of CO,, consistent with some
experimental studies (e.g., Dasgupta et al., 2009; Stamm and Schmidt, 2017). To the
authors’ knowledge, Tl isotope data have not been collected for kimberlites; thus, the
proposed equilibrium between PIC and kimberlites permits the use of PIC £ T1 values

as a proxy for those of kimberlites.

5.3.2 Recycled components in kimberlite melts?
Some stable isotope studies on kimberlites have indicated that they have signatures
broadly similar to reported mantle values, for example carbonate 8'°C (median value of
—5.3 %o: Giuliani et al., 2014b) and olivine §'*O (see Giuliani et al., in press). The ¢TI
values in PIC phlogopite, here employed as a proxy for kimberlite melt compositions,
are also similar to mantle values (-2.7 £ 0.8; 2 s.d.,, n = 4). However, O isotopic
compositions in kimberlite-derived xenoliths sometimes exhibit disequilibrium, perhaps
as a result of interactions with the entraining kimberlite melt. Examples of this
phenomenon have been found in wehrlites associated with kimberlite metasomatism
(e.g., Fitzpayne et al., in press; Rehfeldt et al., 2008), as well as mantle polymict

breccias (Zhang et al.,, 2000, 2001), and some superdeep xenoliths (Deines and
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Haggerty, 2000). Furthermore, Fitzpayne et al. (in press) showed that wehrlites —
which appear to be products of kimberlite melt metasomatism — display high 3'"°N
values (+5.9 %o), similar to continental sediments (+7.2 + 3.3; Cartigny and Marty,
2013). Perovskite from the Kimberley kimberlites also displays an initial Sr isotope
ratio (*’St/**Sr; = 0.7043-0.7046) that is generally higher than other coeval kimberlites
on the Kaapvaal craton (0.7032—0.7045; Woodhead et al., 2009). Finally, the few Pb
isotope studies on southern African Cretaceous kimberlites have found high **°Pb/***Pb
ratios consistent with a kimberlite source containing a HIMU component (Collerson et
al., 2010; Janney and Bell, 2017; Smith, 1983), which could relate to either subducted
oceanic crust (Zindler et al., 1982), carbonate-rich sediments (Castillo, 2015), or
delaminated, carbonate-metasomatised SCLM (Weiss et al., 2016). Overall, the
combined stable and radiogenic isotope evidence support the incorporation of a recycled
component into the melt source of the Kimberley kimberlites.

The mantle-like €Tl values of PIC phlogopite indicate that any recycled
contributions to PIC (and hence, kimberlite melt) genesis must either closely resemble
the T1-£*®T1 systematics of the mantle, or be incorporated in sufficiently small amounts
that the mantle source retains a low Tl abundance as well as an £*°TI value close to —2
+ 1. To constrain the possible contribution of recycled components (continental crust,
altered oceanic crust, pelagic clay, and ferromanganese sediments) to PIC genesis, a
mass balance mixing model in T1-e*TI space was constructed between these crustal
lithologies and that of the mantle (0.0035 pg/g T1: McDonough and Sun, 1995; £ Tl =
—2.0: Nielsen et al., 2006a, 2017a). For each crustal component, ranges in Tl content
and £ Tl were selected from previously reported values:

e Low temperature-altered oceanic crust (AOC): 0.04—0.15 pg/g Tl; €Tl

=-9to—16 (Coggon et al., 2014; Nielsen et al., 2006a);
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e Pelagic clay: 0.5-1.5 pg/g Tl; €Tl = +2.5 to +5.0 (Rehkamper et al.,
2004);
e Ferromanganese sediment: 30-150 pg/g Tl &®Tl = +10 to +15
(Rehkamper et al., 2002);
e Continental crust: 0.5-1.6 pg/g Tl (Rudnick and Gao, 2014); Tl = —
2.0 £ 0.5 (Nielsen et al., 2005);
e High temperature-AOC: 0.005 pg/g TI; 2Tl = -2 (Nielsen et al.,
2006a).
Notably, pelagic clay has an €Tl value distinct from the continental crust, despite
pelagic clays likely being predominantly composed of continental sediments. The
positive 2Tl values in pelagic clays have been related to the adsorption of authigenic
Fe-Mn oxyhydroxides onto these clays (Rehkamper et al., 2004). From a mass balance
perspective, adding to the primitive mantle even 1% of any of the first three components
listed above will cause a shift of >1 epsilon unit (i.e., outside of the range of mantle
Tl = 2 + 1; Fig. 7). Similarly, the addition to the primitive mantle of 1% of a
continental crust component creates a mixture with a Tl content of 0.018 pg/g: a
kimberlitic partial melt derived from 0.5-1.0% melting of such a source would contain
1.4-2.3 pg/g Tl, much greater than any reported bulk-rock kimberlite data. The
similarity between the Tl-¢’°’Tl of the primitive mantle and high temperature-altered
oceanic crust make this the only plausible recycled component that might have been
incorporated into PIC rocks (and kimberlites), because the mantle-like €Tl values of
PIC rocks cannot accommodate significant input from any other recycled material.
Moreover, kimberlite bulk-rock Tl contents, in combination with previously reported
partitioning data, appear to be consistent with partial melting of a carbonated, low-TI

mantle source (either the convective mantle, or high temperature-AOC).
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5.3.3 Identifying recycled components in MARID rocks
It is likely that MARID parental melts/fluids contain more T1 than kimberlites, based on
the relative Tl contents of MARID and PIC mica (Table 1) and assuming that similar
mica-melt Tl partition coefficients can be employed, i.e. the MARID parental melt is
also silica-undersaturated (e.g., Dawson and Smith, 1977; Fitzpayne et al., 2018a;
Sweeney et al., 1993). Combining the same phlmeltyy values (0.6-5.8) with the TI
contents of primary MARID phlogopite cores (0.6—11.6 png/g; Table 1) leads to a wide
range in the possible Tl contents of MARID parental melts (0.1-19.4 pg/g). Moreover,
assuming that this parental melt also contains a carbonate component (based on
experimental data: e.g., Sweeney et al., 1993), it can be assumed that the MARID
parental melt is derived from a similar, carbonated lherzolite composition at high
pressure to PIC rocks (see previous section). Thus, assuming again a low degree of
melting (0.5-1.0%), the same P ™D value (0.003) can be employed to show that
the source assemblage to MARID parental melts contains between 0.0008 and 0.25 pg/g
of Tl. This range includes the values employed earlier for the Tl content of the mantle
(0.00038—-0.0035 ng/g) as well as values up to ~70 times greater than that of the
primitive, undepleted mantle (0.0035 pg/g; McDonough and Sun, 1995).

As demonstrated by the PIC samples from this study, the mantle-like €Tl
values in MARID phlogopite at first also suggest that no recycled component is
required within the source of MARID parental melts. This contrasts with evidence that
“primary” MARID minerals (i.e. before late-stage metasomatism) have “enriched
mantle” radiogenic isotopic compositions (i.e. ¥'Sr/*°Sr; = 0.711; eNd; = —11; *°Pb/***Pb
= 17.33), suggestive of the presence of recycled components in the source of their

metasomatic agent (Fitzpayne et al., 2019). A recycled component in MARID rocks
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(and related lherzolites) is supported by recent stable isotope evidence, although some
uncertainty remains as to the identity of the recycled component, potentially being
related to continental crust/sediments, or alternately low or high temperature-altered
oceanic crust (e.g., Banerjee et al., 2015, 2018; Fitzpayne et al., in press). A two-step
mass balance mixing model is constructed here for MARID rocks. The first step is used
to determine which recycled components might be mixed together while preserving a
range in £°°T1 values resembling that of MARID rocks. The second step examines how
much of such a mixed recycled component can be combined with a primitive mantle
composition to generate a mantle source containing between 0.0008 and 0.25 pg/g TI
(i.e., given by MARID melts in equilibrium with a peridotite source, using
peridotite/meltyy o ¢, 71y from Dasgupta et al., 2009).

High Tl contents and mantle-like €Tl values in MARID phlogopite are
remarkably similar to the characteristics of the continental crust (Fig. 8), indicating
perhaps that MARID genesis is heavily influenced by continental material. Therefore,
mass balances were initially calculated between the continental crust and other recycled
components (see section 5.3.2) to determine which other crustal components might be
incorporated without causing a shift in €Tl value beyond the range observed in
MARID samples in this study (3.9 to —1.6; Table 2). These calculations are shown
graphically in Fig. 8, and demonstrate how mixing 0-55% of a low temperature-AOC
component with continental sediment results in an €°’TI range (-3.9 to —1.5) almost
identical to that found in MARID samples. In contrast, very little (if any) pelagic clay or
Fe-Mn sediment can be mixed with continental crust to be inferred as a likely
explanation for MARID &°*T1 compositions (Fig. 8).

In the second step of the mixing model, mixtures are calculated for varying

proportions of the hybrid low temperature-AOC/continental crust component and the
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primitive mantle, to examine how much crustal material might be incorporated to create
Tl contents up to 0.25 pg/g. It is important to note again that high temperature-altered
oceanic crust contains 0.005 pg/g T1, and has £ T1 ~ —2 (Nielsen et al., 2006a), making
this component almost identical to the model primitive mantle composition used in Fig.
7 and 8. It is therefore not possible to quantify the relative amounts of primitive mantle
and high temperature-altered oceanic crust that might contribute to MARID genesis
using only the Tl isotopic data presented in this study. Nevertheless, the mixing
calculations performed here show that incorporating 1-30% or 1-50% of the mixed low
temperature-AOC + continental crust component or of continental crust alone,
respectively, into a primitive mantle composition (and/or high temperature-AOC; Fig.
8) results in T1 contents of up to 0.25 pg/g, while maintaining a range in £*T1 (3.9 to
—1.5) that resembles the range observed in MARID phlogopite (Table 2: —3.9 to —1.6).

The stable (N-O-S) isotopic data presented for MARID and related lherzolite
minerals (Fitzpayne et al., in press, and references therein) are somewhat inconclusive
in identifying recycled components in metasomatised rocks. Indeed, MARID source
components can be variably related to continental crust/sediment (low 8°*S, high §'°N),
low temperature-AOC (low 8°*S), or high temperature-AOC (low §'°0, high §'°N). The
Tl isotopic data presented in this study and the accompanying models might support a
model wherein the MARID parental metasomatic agent is produced by melting of a
primitive mantle composition potentially also including a high temperature-AOC
component of identical Tl-€*Tl composition, mixed with 1-30% of a hybrid
component containing both continental crust/sediments and low temperature-AOC (Fig.
8) or 1-50% of continental crust alone.

It remains to be shown whether such a mixed recycled source could melt to

produce a MARID parental melt. Fitzpayne et al. (2018a) used MARID mineral
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geochemistry and reconstructed bulk-rock compositions to infer that MARID rocks
were crystallised in an open system from an ultrapotassic and hydrous melt, which
might have a wide range in Mg# (51-77). Recent experiments by Wang et al. (2017)
examined the melting