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Abstract We present elemental geochemistry and multiple isotopic systematics (Re-Os, Lu-Hf, Sm-Nd
and Sr) for mantle peridotite xenoliths from Lashaine in northern Tanzania. We use the data to examine how the
major Proterozoic tectono-thermal events that affected the crust of the western Tanzanian craton are imprinted
on the lithospheric mantle in the Mozambique belt adjacent to the eastern margin of the Tanzanian craton.
Whole-rock and mineral compositions together with '870s/'®80s ratios of Lashaine peridotites are consistent
with Archean-aged cratonic mantle assembled to create the root beneath the Tanzanian cratonic nucleus. Highly
radiogenic 87S1/%0Sr ratios (0.70411—0.83604), unradiogenic Nd (eNd = —14 — +2) and variable Hf isotope
ratios (eHf = +4 — +2,912) of minerals combined with the other geochemical features in Lashaine peridotites
reflect extensive melt extraction followed by metasomatic enrichment of the lithospheric mantle by subduction-
related melts/fluids. Mineral Lu-Hf isotopic compositions define a 1.4 Ga isochron and, together with the
distinctive, robust Lu-Hf model age (1.4 Ga) of one garnet with very high 178 u/""Hf ratio (3.182), indicate that
a major Mesoproterozoic subduction-related metasomatic event reset Lu-Hf isotope systematics of the Lashaine
peridotites. This over-printing of the mantle lithosphere indicates a clear link to the Mesoproterozoic Kibaran
event along the western margin of the Tanzanian craton. We invoke a flat-slab subduction model during the
Kibaran event to introduce subduction-related components in a pervasive Mesoproterozoic metasomatic event
beneath Lashaine.

Plain Language Summary The Kibaran orogenic event occurred along the western margin of the
Tanzanian craton during the Mesoproterozoic and was associated with the amalgamation of the Congo craton
and the Tanzanian craton. However, the extent to which this orogenic event affected the lithospheric mantle on
the Mozambique belt adjacent to the eastern margin of the Tanzanian craton is less clear, as few studies have
focused on the chronological studies on mantle xenoliths in that region. In this study, we use mantle-derived
peridotites from Lashaine in northern Tanzania to search for the imprint of the major crustal events that occurred
right through the Proterozoic Eon on the lithospheric mantle of the Mozambique belt. We reveal that the
lithospheric mantle beneath Lashaine records both an Archean ancestry and later modification closely related to
the Mesoproterozoic Kibaran event. An evolution to flat-slab subduction during the Kibaran event may have
caused the introduction of subduction-related components into the lower lithosphere at the Mozambique belt,
resulting in a pervasive metasomatic overprint in the lithospheric mantle beneath Lashaine.

1. Introduction

The history and processes affecting the accretion of continental masses and the building blocks of supercontinents
are largely constrained by crustal geology (e.g., Hofmann, 1988). However, the lithospheric mantle roots un-
derlying these regions can reveal a rich and complex history that tracks the processes involved in continent
building and disruption (e.g., Brey & Shu, 2018; Ionov et al., 2015; J. Liu et al., 2021; Pearson et al., 2021; Zhou,
Yu, et al., 2023).

The Tanzanian cratonic nucleus has survived for billions of years since its formation (Dawson, 2008). It is
bounded to the east by the Mozambique belt, composed of reworked Proterozoic-Archean crust (Maboko, 2000;
Moller et al., 1998), and to the southwest by the Ubendian belt (Boniface et al., 2012; Moller et al., 1995). In
contrast, post-Archean crustal accretion to the west of the Tanzanian craton is dominated by the Mesoproterozoic
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Kibara and Karagwe-Ankole belts (Figure 1a; Debruyne et al., 2015; Fernandez-Alonso et al., 2012; Tack
et al., 2010). These events culminated in the docking of the Congo craton with the Tanzanian craton, forming the
larger composite Congo cratonic mass that is underpinned by thick (>150 km) lithospheric mantle (Ritsema
et al.,, 1998; Weeraratne et al., 2003), sandwiching the intervening Kibaran belt at ~1 Ga, likely during the
formation of the Rodinian supercontinent (Debruyne et al., 2015; Villeneuve et al., 2023). However, whether this
event triggered deep lithospheric modification extending far beyond the plate boundaries of the Tanzanian craton
remains unresolved.

The geodynamic evolution of the Mesoproterozoic “Kibaran” event remains debated. Early models attributed it to
prominent bimodal magmatism at ~1,375 Ma, consisting of a 350 km long zone of mafic and ultramafic,
Bushveld-type, layered complexes thought to originate from an enriched lithospheric mantle source in an intra-
cratonic setting; the layered complexes are coeval with voluminous S-type granites (Tack et al., 2010). Recent
studies based on integrated geochemical and structural evidence interpreted its formation as related to the
collision of the Congo and Tanzanian cratons and emphasized the belt having formed in a subduction-collisional
setting (Debruyne et al., 2015; Nambaje et al., 2021). The Kibaran event represents a continent-scale tectonic
reorganization, which would be expected to induce craton-scale mantle modification—a phenomenon well-
documented in other cratons such as the North China Craton, Slave Craton, Wyoming Craton and Kaapvaal
Craton, where subduction processes at cratonic margins have been shown to trigger extensive mantle meta-
somatism over distances of several hundred kilometers from plate boundaries (Apen et al., 2024; Li, 2020; Weiss
et al., 2015; Zhang et al., 2022). Given the scale of the Kibaran event and the width of the Tanzanian craton
(~500 km), similar metasomatic effects could reasonably extend across its entire lithosphere. However, direct
evidence for mantle overprints associated with the Kibaran event remains absent. A key outstanding question is
the extent to which this major lithospheric disruption along the western margin of the Tanzanian craton is
recorded by the numerous samples of mantle xenoliths found in Quaternary volcanic rocks on the Mozambique
belt adjacent to the eastern margin of the Tanzanian craton.

In this study, we focus on the Quaternary Lashaine volcano located in the late Proterozoic Mozambique belt in the
North Tanzania divergence zone (Dawson, 2008; Mansur et al., 2014; Moller et al., 1998). We use mantle-derived
peridotites from the Lashaine volcano to search for the imprint of the major crustal events that occurred right
through the Proterozoic Eon on the lithospheric mantle of the Mozambique belt adjacent to the eastern margin of
the Tanzanian craton. We develop a further understanding of the metasomatic history affecting the Lashaine
peridotites by examining the time-constraints offered by radiogenic isotopes and scrutinizing the trace element
compositions of the coexisting clinopyroxenes and orthopyroxenes to better understand the nature of the meta-
somatic agents. We find that although the Re-Os isotope systematics of the Lashaine peridotites retain the
signature of Archean lithosphere formation associated with the genesis of the Tanzanian cratonic nucleus, the Lu-
Hf isotope systematics of constituent minerals are dominated by major re-setting associated with metasomatism
during the Mesoproterozoic Kibaran event. Our results further demonstrate that subduction processes at craton
margins can induce craton-scale lithospheric modification. This finding provides critical insights into super-
continent assembly processes and deep lithospheric dynamics.

2. Geological Setting and Samples

The Tanzanian craton is bounded to the east by a Proterozoic mobile belt, known as the Mozambique belt, and to
the southwest by the Ubendian belt. To the west, the Tanzanian craton is bounded by the Kibaran belt (Figure 1a).
The Mozambique belt consists of high-grade rocks that were reworked during two separate orogenic events: (a)
The Usagaran orogeny that occurred at the southeastern margin of the craton, which may be related to continent-
continent collision during the Paleoproterozoic period (~2 Ga), and led to eclogite-facies metamorphism of a
MORB-like precursor (Boniface et al., 2012, 2014; Boniface & Schenk, 2012; Collins et al., 2004; Moller
et al., 1995). (b) The East African orogeny (~600 Ma), which is thought to have formed by the collision between
eastern and western Gondwana and led to granulite-facies metamorphism (Fritz et al., 2013). Rocks recording the
East African orogeny in the Mozambique belt are dominantly granulites (Figure 1b). Based on protolith ages,
metamorphic ages and metamorphic P-T paths, the granulite belt is divided into the Western and Eastern
Granulites (Apen et al., 2020; Fritz et al., 2009; Mansur et al., 2014). The Eastern Granulites comprise the
basement and cover (Figure 1b). Protoliths of the Eastern Granulites formed during the Mesoproterozoic to
Neoproterozoic, and were metamorphosed at granulite facies conditions at around 640 Ma (e.g., Apen et al., 2020;
Thomas et al., 2013). The Eastern Granulites were accreted outboard of the Western Granulites (Figure 1b).
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Figure 1. (a) Regional tectonic map of the Tanzanian craton showing the Lashaine xenolith locality (red star), other xenolith-bearing localities (black star) and the
surrounding mobile belts (Mozambique belt, Ubendian belt, Karagwe-Ankole belt (KAB) and Kibara belt (KIB). White shaded areas in inset (top right corner) represent
the western branch and eastern branch of the East African Rift system. Modified from Dewaele et al. (2011) and Van Daele et al. (2020). (b) Simplified geological map
of northern Tanzania showing the xenolith and sample locations (black and red star), Quaternary-Tertiary volcanic rocks and sedimentary cover (light gray), and the
distribution of granulites in the Mozambique belt (modified from Apen et al., 2020).

Protoliths of the Western Granulites formed during the Archean, and were metamorphosed at amphibolite-
granulite facies conditions at ca. 560—540 Ma (e.g., Apen et al., 2020; Mansur et al., 2014; Sommer
et al., 2003; Tenczer et al., 2013; Thomas et al., 2013), that is, later than the Eastern Granulites.

The Kibaran belt forms a NE-SW trending, 1,300 km long, Mesoproterozoic orogenic belt, which separates the
Archean-Paleoproterozoic Congo craton from the Archean Tanzanian craton and Paleoproterozoic Bangwuele
Block (Figure 1a). The belt was subdivided into two segments, namely, the Karagwe-Ankole belt (KAB) in the
northwest and the Kibara belt (KIB) in the southwest, which are separated by the Paleoproterozoic Rusizi-
Ubendian belt (Figure 1a). The KAB has two structurally contrasting domains, the Eastern Domain underlain
by a Paleoproterozoic basement and the Western Domain with Archean basement (Figure 2a; Nambaje
et al., 2020). They are separated by a boundary zone, a NE trending Kabanga-Musongati alignment comprising
mafic-ultramafic, Bushveld-type intrusions (Figure 2a; Duchesne et al., 2004; Tack et al., 1994, 2010). The
supracrustal cover sequence, namely, the Kagera Supergroup in the Eastern Domain of the KAB is composed of
metasedimentary units that overlie the gneissic basement of the Tanzanian craton (Figure 2a; Koegelenberg &
Kisters, 2014; Tack et al., 2010). The supracrustal cover sequence of the Akanyaru Supergroup in the Western
Domain of the KAB is composed of Mesoproterozoic metasedimentary and subordinate interlayered meta-
volcanic rocks, which were intruded by widespread S-type granites and subordinate A-type granites (Figure 2a;
De Clercq et al., 2021; Fernandez-Alonso et al., 2012; Nambaje et al., 2021; Tack et al., 2010; Van Daele
et al., 2020). The KIB is mainly composed of supracrustal metasedimentary rocks and voluminous granitoid of
Mesoproterozoic age, as well as subordinate mafic-intermediate plutonic rocks of Mesoproterozoic age
(Figure 2b; Kokonyangi et al., 2004, 2005, 2006). In contrast to the KAB, no A-type granites or mafic-ultramafic
layered complexes have been reported in the KIB.
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Figure 2. (a) Simplified geological map showing the distribution of Supergroup, mafic/ultra-mafic complex, granites and
metamorphic complex in the Karagwe-Ankole belt (modified after Nambaje et al., 2021). (b) Simplified geological map
showing the distribution of Supergroup and granites in the Kibara belt (modified after Kokonyangi et al., 2006).

The East African Rift was initiated in the Cenozoic era at ~45 Ma in Ethiopia and propagated southward with time
(Rooney, 2017, 2020a, 2020b), forming two branches around the Tanzanian craton: the older, more volcanically
active eastern branch and the younger, less active western branch (Figure la; Dawson, 1992; Nyblade &
Brazier, 2002). The eastern branch propagated into northern Tanzania at ~5 to 8 Ma and continues along the
boundary between the Tanzanian craton and Mozambique fold belt (Figure 1a; Dawson, 1992). Geophysical data
indicate that the rift may be related to a single or two mantle plumes beneath eastern Africa (Boyce & Cot-
taar, 2021; Boyce et al., 2021; Civiero et al., 2015; Nyblade et al., 2000; Weeraratne et al., 2003).

The Quaternary Lashaine volcano is located within the late Proterozoic Mozambique belt in the north Tanzania
divergence zone, a complex zone of grabens and half grabens (Figure 1; Dawson, 2008; Mansur et al., 2014;
Moller et al., 1998). Mantle xenoliths occur within the ankaramitic tuffs of the Lashaine tuff cone (Cohen
et al., 1984; Dawson, 2002, 2008; Dawson et al., 1970; Rudnick et al., 1994). Mantle peridotites from Lashaine
analyzed in this study were from the J.B. Dawson collection and loaned by the Sedgwick Museum, University of
Cambridge. The samples are selected from a suite of peridotites already documented by Gibson et al. (2013) for
their petrography and major and trace element compositions (Table 1). The xenolith suite comprises garnet
lherzolites and harzburgites, spinel harzburgites, dunite and wehrlite (Table 1). At least two generations of garnet
are found in the Lashaine garnet peridotites: (a) ultra-depleted garnets with very low CaO and Cr,0O; contents that
formed by isochemical exsolution from orthopyroxene (during sub-solidus cooling associated with cratonization)
and (b) sub-calcic to calcic garnets with relatively high CaO and low Cr,05 contents that formed by infiltration
and reaction of small fraction of carbonatite or silicate melts (metasomatism) (Gibson et al., 2013; their Figure 9).
However, the occurrence of ultra-depleted garnets is restricted to specific banded garnet harzburgites (e.
g., BD3927 and BD3928; Gibson et al., 2013) derived from shallow lithospheric depths (<125 km), where they
form distinct “necklace” textures around orthopyroxene. The garnets analyzed in this study are dominantly calcic
to sub-calcic in composition derived from deeper lithospheric levels (e.g., the base of the lithosphere at
125—160 km; Gibson et al., 2013). There is no petrographic and geochemical evidence for mixture of two
different generations of garnet in the studied Lashaine peridotites. Based on the MgO and SiO, contents of the
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Table 1

Modal Abundance and Whole-Rock Abundances of Major Elements Oxides of the Lashaine Peridotite in This Study

Modal abundance (%)

CaO Al,O4
Rock type Sample Ol Opx Cpx Grt Sp wt.% wt.% Reference
Garnet lherzolite BD730 64.4 21.5 5.6 8.5 1.45 2.44 Gibson et al. (2013)
Garnet harzburgite BD740 68.8 21 2 8.2 0.91 2.09 Gibson et al. (2013)
Garnet harzburgite BD79%4 70.4 21.4 2.3 5.9 0.87 1.53 Cohen et al. (1984) and Gibson et al. (2013)
Garnet harzburgite cpx-free BD797 64.4 28.9 4.9 0.4 0.57 1.42 Gibson et al. (2013)
Garnet harzburgite cpx-free BD775 75 15.9 8.6 0.5 0.42 2.06 Gibson et al. (2013)
Garnet harzburgite cpx-free BD796 73.9 18.3 6.8 0.59 1.67 Gibson et al. (2013)
Wehrlite (grt-free and sp-free) BD773 87.9 2.7 94 1.74 0.53 Gibson et al. (2013)
Dunite (grt-free) BD774 91.8 4.7 0.2 0.71 0.24 Gibson et al. (2013)
Spinel harzburgite BD781 85.7 10.3 34 0.6 0.75 0.19 Gibson et al. (2013)
Spinel harzburgite BD771 87.2 6.8 4.8 0.3 1.58 1.96 Dawson (2002) and Gibson et al. (2013)
Spinel harzburgite cpx-free BD822 86.3 12.1 0.4 0.31 0.42 Gibson et al. (2013)
Spinel harzburgite cpx-free BD787 83.8 14.6 0.6 0.25 0.37 Gibson et al. (2013)

Note. Ol: olivine; Cpx: clinopyroxene; Opx: orthopyroxene; Grt: garnet; Sp: spinel.

most refractory spinel peridotites and comparison with the melting model of Herzberg (2004), Gibson
et al. (2013) suggested that the Lashaine peridotites represent residues of up to 35% melt extraction. This
decompression melting initiated in the garnet stability field and extended to the spinel stability field.

The Re-Os isotope systematics of a sulfide from a single Lashaine mantle xenolith yielded a minimum Re
depletion model age (Trp) of 3.4 Ga (Burton et al., 2000) using the primitive upper mantle (PUM) reference
model of Meisel et al. (2001). Dawson (2002, 2008) recognized two subsequent episodes of metasomatism in the
Lashaine peridotites based on Nd-Pb isotopes. The first occurred at ~2.0 Ga, followed by a more recent meta-
somatic event, which was deduced from texturally and chemically unequilibrated minerals and involved the
addition of K, Ti, Ca, Fe, Nb, and Ta, but without clear age constraints. Here we use the Lu-Hf isotope system to
further examine the chronology of lithospheric events because of the generally larger fractionations of Lu from Hf
compared to other lithophile-element based parent-daughter isotope pairs (e.g., Wittig et al., 2006); this translates
into larger isotopic variability and potentially greater geochronological power in mantle samples (e.g., Shu
et al., 2013, 2019).

3. Analytical Methods

Detailed descriptions of the analytical methods used in this study are provided in Text S1 in Supporting Infor-
mation S1. In-situ major element compositions of garnet were determined by electron probe microanalysis
(EPMA, JAX-iHP200F) at the Research Center for Earth and Planetary Material Sciences, School of Earth
Sciences, Zhejiang University. These major element concentrations have relative uncertainties typically better
than 5%. Trace elements for garnet, clinopyroxene and orthopyroxene were analyzed using laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS) at the State Key Laboratory of Lithospheric
Evolution, Institute of Geology and Geophysics, Chinese Academy of Sciences. The analytical accuracy for most
trace elements in GOR128-G rock standards was generally better than £10% (e.g., Wu et al., 2018). The Re-Os
isotopic compositions and highly siderophile elements (HSE) concentrations were analyzed both in whole rocks
and olivine separates. Rhenium-Os isotope and HSE concentrations were analyzed using an isotope dilution
technique coupled with High Pressure Asher (HPA-S, Anton Paar) digestion at the University of Alberta,
following the protocols documented in J. Liu and Pearson (2014) and Pearson and Woodland (2000). The Lu-Hf,
Sm-Nd and Sr isotopic compositions for minerals were analyzed at the University of Alberta, following pro-
cedures detailed in Lazarov et al. (2009) and Shu et al. (2013).
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4. Results
4.1. Major and Trace Element Compositions of Constituent Minerals

In this study, major element compositions of the main constituent minerals
o' were determined from one garnet harzburgite BD796 (not analyzed by Gibson
_\\.s? et al., 2013; Table S1). Trace element concentrations in clinopyroxene and

@ é\? orthopyroxene were determined for one garnet lherzolite (BD730) and two

& @ ; N garnet harzburgites (BD740 and BD794), and garnet and orthopyroxene

compositions (Table S2) were determined from one garnet harzburgite
(BD796), to complement the in situ trace element data of minerals from

BD740 ’. BD730 Lashaine samples published by Gibson et al. (2013). In addition, trace

Subcalcic

element contents of clinopyroxenes and orthopyroxenes from two garnet-free
Calcic peridotites, one spinel harzburgite (BD781), and one wehrlite (BD773) with

relatively high clinopyroxene contents, were also determined in this study

(Table S2). With the exception of orthopyroxene, which shows some scatter
4 6 8 due to the low concentrations of trace elements, individual analyses of cli-

Cao (wt %) nopyroxene and garnet in all studied peridotites indicate they are largely

homogeneous both within and between grains in each sample (Table S2).

Figure 3. CaO versus Cr,0; diagram for garnets from the Lashaine
peridotites (this study and Gibson et al., 2013). The dashed line with an Garnets in the cpx-free garnet harzburgite BD796 have moderate contents of

arrow illustrates the general evolutionary trend of Lashaine garnets. The CaO (4.46—4.65 wt%) and Cr,0; (4.85—5.20 wt%; Table S1) and plot within

major element compositions of garnet BD796 are from this study, while data
for other garnets are from Gibson et al. (2013). Garnet fields are from Griitter

et al. (20006).

the fields of sub-calcic garnet (Figure 3). In contrast, garnets in Lashaine
lherzolite BD730, harzburgites BD740 and BD794 analyzed by Gibson
et al. (2013) exhibit high CaO (4.81-5.28 wt%) and low Cr,04
(2.96—4.63 wt%) contents, plotting within the fields of calcic garnet (Figure 3).

Clinopyroxenes have convex-up chondrite normalized rare earth elements (REE) patterns in three garnet peri-
dotites (BD730, BD740 and BD794), the patterns becoming more linear from Tm to Lu (Figure S1 in Supporting
Information S1). The calcic garnets in these samples previously analyzed by Gibson et al. (2013) have moderate
depletions of light rare earth elements (LREE) or weakly sinusoidal patterns with LREE peaking at Pr, Nd or Sm
(Figure S1 in Supporting Information S1). In primitive mantle-normalized diagrams, garnets and clinopyroxenes
overall show depletion in Zr and Ti (Figure S1 in Supporting Information S1). Those from garnet peridotites have
negative Ti anomalies that tend to be compensated by positive anomalies in their coexisting orthopyroxene
(Figure S1 in Supporting Information S1). Sub-calcic garnet from sample BD796 exhibits a strong sinusoidal
chondrite-normalized REE pattern with low concentrations of middle rare earth elements (MREE) and high
concentrations of LREE and HREE (heavy REE) with LREE peaking at Pr (Figure S1 in Supporting Informa-
tion S1). Orthopyroxene in sample BD796 shows progressive enrichment from MREE to LREE and nearly flat
HREE, characterized by negative Zr anomalies (Figure S1 in Supporting Information S1). Clinopyroxenes in the
garnet-free peridotites BD781 and BD773 have convex-up chondrite normalized REE patterns (Figure S1 in
Supporting Information S1), coupled with progressive enrichments from HREE to MREE in orthopyroxene
(Figure S1 in Supporting Information S1).

We reconstructed the whole-rock compositions for the three garnet peridotites BD730, BD740, and BD794 from
the modal abundances and trace element compositions of garnet, clinopyroxene and orthopyroxene. The
reconstructed whole-rock compositions overall show weakly sinusoidal chondrite-normalized REE patterns with
a continuous decrease from Lu to Dy and a maximum around Nd (Figure 4a). They are enriched in the most
incompatible elements but show negative Zr, Hf and Ti anomalies (Figure 4b). The reconstructed whole-rock
compositions of garnet peridotite BD796, based on modal abundances and trace element compositions of
coexisting garnet and orthopyroxene, exhibits more pronounced sinusoidal REE patterns than those in garnet
peridotites BD730, BD740, and BD794 (Figure 4a), characterized by high contents of LREE and HREE, low
contents of MREE, and strong negative Zr and Hf anomalies (Figures 4a and 4b). The reconstructed whole-rock
compositions of garnet-free peridotites BD781 and BD773 have convex-up chondrite normalized REE patterns
(Figure 4c) and show no significant negative anomalies in Zr and Hf (Figure 4d).
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Figure 4. Chondrite-normalized rare earth elements (REE) patterns (a) and primitive mantle-normalized trace element
patterns (b) for reconstructed whole-rock (WR) from garnet lherzolites and garnet harzburgites. Chondrite-normalized REE
pattern (c) and primitive mantle-normalized trace element patterns (d) for reconstructed WR from wehrlite and spinel
harzburgite. The chondrite and primitive mantle compositions are from McDonough and Sun (1995) and Sun and
McDonough (1989), respectively. Grt—garnet; Sp—spinel.

4.2, HSE Abundances and Re-Os Isotope Systematics in Whole Rock and Olivine

Whole-rock and/or olivine HSE concentrations and Re-Os isotopic ratios of the Lashaine peridotites are given in
Table S3. The PUM-normalized HSE patterns are shown in Figure 5 for garnet-free peridotites, garnet peridotites
and for olivine separates. The garnet-free peridotites (except for spinel harzburgite BD771) overall exhibit a
significant depletion of platinum-group PGE (PPGE: Pt and Pd) relative to iridium-group PGE (IPGE: Os, Ir and
Ru; Figure 5a). The HSE patterns of these samples coincide well with predicted partial melting curves between
30% and 40% partial melting from Becker and Dale (2016) and Lorand et al. (2008). The spinel harzburgite
BD771 is distinct in having higher Pdy/Iry (0.23, N refers to PUM-normalized data) compared to predicted partial
melting curves (Figure 5a). Two garnet-free peridotites BD771 and BD773 also display obvious Os depletion
relative to Ir (Osy/Iry = 0.06—0.15). The garnet peridotites have unfractionated IPGE and negatively sloped,
highly fractionated PPGE (Pdy/Iry = 0.01—0.12), creating a normalized HSE pattern that is analogous to those of
the garnet-free peridotites (Figure 5b). All peridotites show variable Re enrichment (Rey/Iry = 0.04—1.93;
Figures 5a and 5b). The olivine separates in three garnet harzburgites BD775, BD796 and BD797 show similar
inter-HSE variations, that is, depletion in Pt and Pd relative to Ir (Pdy/Iry = 0.02—0.04; Figure 5c). They also have
significantly lower Os and Ir concentrations (except for sample BD775) relative to the PUM and Os depletion
relative to Ir (Osy/Iry = 0.10—0.51; Figure Sc¢).

The garnet-free peridotites show highly variable '®7Re/'®%0s (0.017—0.612) and '®70s/'®¥0s ratios
(0.1061—0.1255; Figure 6a) relative to the PUM estimates. Two spinel harzburgites (BD822 and BD771) have
higher '"8"Re/'®80s ratios (0.572 and 0.612) than the PUM (Figure 6a). Among the garnet-free peridotites, spinel
harzburgite BD771 has the highest 187Re/'80s ratios (0.612) and most radiogenic 18705/'880s ratios (0.1255).
The garnet peridotites have lower '®Re/'®0s (0.022—0.069) and less radiogenic '®70s/'®%0s ratios
(0.1103—0.1139) than PUM (Figure 6a). Olivine separates from three garnet harzburgites have comparable
87Re/"®80s (0.066—0.412) and '370s/'®%0s ratios (0.1064—0.1115) to the garnet peridotites whereas olivine
from sample BD797 has a much higher '®’Re/'®¥0s ratios (0.412; Figure 6a). There is no relationship between
18705/'880s and '®"Re/"*¥0s and Pdy/Iry ratios (Figures 6a and 6b). But, for sample BD771, a co-variation exists
between '#70s/'%80s and Pdy/Iry ratios (Figure 6b). The garnet-free peridotites (except for sample BD771) yield
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Figure 5. Primitive Upper Mantle (PUM: Becker et al. (2006))-normalized

highly siderophile elements (HSE) patterns of Lashaine Grt-free peridotites
(a) and Grt peridotites (b). The gray curves in panels (a) and (b) represent the
HSE patterns of residual peridotite formed by different degrees of partial
melting as given by Becker and Dale (2016) and Lorand et al. (2008). The
red dashed line in panel (a) represent the modeled HSE patterns assuming
addition of metasomatic base metal sulfides (BMS) to a refractory spinel
harzburgite BD787. (c) PUM-normalized HSE patterns for olivine from
Lashaine garnet harzburgites. Grt—garnet; Cpx—clinopyroxene; Sp—

spinel.

Re depletion model ages (Tgp) of 2.8-3.2 Ga (Table S3), whereas spinel
harzburgite BD771 has a younger Typ of 0.6 Ga due to its radiogenic
18705/'#80s ratios (0.1255). The garnet peridotites have Ty, ages from 2.1 to
2.6 Ga (Table S3). The olivine from one garnet harzburgite (BD797) yields a
Trp age at 3.1 Ga and the other two have minimum ages of 2.5 and 2.7 Ga
(Table S3). Burton et al. (2000) carried out whole-rock analyses of four
Lashaine garnet peridotites BD730, BD738, BD-771 and BD-821, with both
samples analyzed in duplicate. The Os concentration (0.67—0.86 ppb) and Os
isotopic ratios (0.1102—0.1122) reported by Burton et al. (2000) for the same
sample BD730 differ significantly from those in this study (Os = 6.10 ppb and
18705/'880s = 0.1139). Although the difference in Os concentration may be
explained by the nugget effect related to the heterogeneous distribution of
high-Os micro-phases in the whole rock (Pearson et al., 2004), or differences
in dissolution technique (e.g., the relatively low-temperature dissolution
technique used by Burton et al., 2000), the distinct '8’Os/'%8Qs ratios are most
likely attributed to over-sampling of garnet, which has the most radiogenic Os
isotopic composition (**’0s/'*80s = 0.1205) among all silicate minerals in
sample BD730 (Burton et al., 2000). All Lashaine peridotites from our data
set, combined with the whole rock and sulfide Ty, age data of Burton
et al. (2000) share two main Ty, age modes at 2.5 Ga and 3.1 Ga (Figure 7).

4.3. Lu-Hf, Sm-Nd, and Sr Isotope Compositions of Garnets and
Clinopyroxenes

Garnet from garnet lherzolite BD730, garnet harzburgites BD794 and BD796,
and clinopyroxene from spinel harzburgite BD781 were used for Lu-Hf and
Sm-Nd isotopic analyses, and the clinopyroxene from sample BD781 was
used for Sr isotope determination (Table S4). In addition, Sm-Nd and Sr
isotope compositions of clinopyroxenes from two garnet peridotites BD730
and BD794 were also determined in this study (Table S4). The 87S1/%6Sr ratios
of the clinopyroxenes range from 0.70565 to 0.70690 (Figure 8a), within the
much larger range that was previously reported for Lashaine clinopyroxenes
by Aulbach et al. (2011) and are much lower than the extremely radiogenic Sr
isotopic composition (*’Sr/**Sr > 0.8) of one Lashaine clinopyroxene re-
ported in Cohen et al. (1984). Furthermore, it is noted that the clinopyroxene
in sample BD794 from this study exhibits Sr-Nd isotopic ratios of 0.70565
and 0.51222, which lie outside the analytical uncertainty of the ratios
(0.70473 and 0.51253) reported for the same sample by Cohen et al. (1984).
This discrepancy likely stems from the analysis of different populations of
handpicked mineral separates used for isotopic analysis in the two studies.
These populations varied in their mineralogical characteristics, such as the
degree of alteration and the presence of mineral inclusions, or other
impurities.

The '"®Lu/'""Hf and ""SHf/""7Hf ratios of garnets and clinopyroxenes vary
from 0.001 to 3.182 and from 0.28289 to 0.36512, respectively (¢eHf from +4
to + 2,912; Figure 8b). Garnet BD796 has the highest !”®Lu/!""Hf ratio (3.182)
and most radiogenic '"°Hf/'""Hf ratio (0.36512; eHf = 2,912). Garnets and
clinopyroxenes have '*’Sm/'**Nd ratios of 0.021-0.442 and "**Nd/"**Nd ra-
tios of 0.51194-0.51275, corresponding to eNd from —14 to 42 (Table S4).

Abundances of Lu and Hf obtained by isotopic dilution (ID) and LA-ICP-MS
are consisitent (<20% deviations) for the garnet and clinopyroxene from
analyzed samples (Figure S2 in Supporting Information S1). However, sig-
nificant discrepancies between the ID and LA-ICP-MS data exist for Sm and
Nd abundances (Figure S3 in Supporting Information S1). Clinopyroxene in
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Figure 6. (a) "*"Re/"*0s versus '#70s/"0s for the Lashaine peridotites. The composition of primitive upper mantle
(PUM) is from Meisel et al. (2001). Panel (a) also shows whole-rock data from garnet peridotites reported by Burton
et al. (2000) for comparison. (b) Pdy/Iry versus 1870s/'80s for the Lashaine peridotites. Grt—garnet; Sp—spinel.

sample BD781 shows two times higher Sm abundances from LA-ICP-MS than from ID. Similar deviations exist
for the Nd abundances of garnet in sample BD796. Clinopyroxene in sample BD781 shows 64% higher Nd
abundances for LA-ICP-MS analyses compared to ID. Generally, deviations in the results of the two analytical
methods are likely associated with alteration of the mineral rims and the presence of unnoticed mineral inclusions
with low Sm and Nd concentrations (e.g., spinel) during handpicking for ID analysis.

Isochron regression of the garnets and clinopyroxenes from samples BD730, BD794, BD796 and BD781 using

“Model 3” of IsoplotR (Vermeesch, 2018), for data sets where there is likely significant variation in either the age

of re-setting or the initial isotope composition, indicates significant over-dispersion, defining an age of

1,377 + 118 Ma (dispersion = 0.0017 + 0.0021; Figure 9) with an initial '"*Hf/"’"Hf of 0.2840 + 0.0028

(eHf = +74). As expected, garnet BD796, with the highest '"®Lu/!"’Hf ratio (3.182) and the most radiogenic Hf

isotope ratio (0.36512), defines the upper end of the correlation. In contrast, Sm-Nd isotope data for the con-
stituent minerals of the Lashaine peridotites are much more scattered and do
not yield any viable regression with age significance (Figure S4 in Supporting
Information S1).

[ Peridotite (this study)

8 1 Grt-peridotite (Burton
L etal., 2000)

7 ] Sulphide (Burton et al., 2000)

Number

Labait S. Discussion
5.1. History of Melt Depletion of the Lashaine Peridotites
5.1.1. Lithophile and Highly Siderophile Element Evidence

Based on detailed petrography, mineralogy and lithophile element features,
Gibson et al. (2013) proposed an evolutional model for the Lashaine peri-
dotites involving initial intensive melt depletion and subsequent metasomatic
processes. By examining the MgO-SiO, systematics of the spinel-bearing
peridotites and applying the melting model of Herzberg (2004), Gibson
et al. (2013) deduced that the Lashaine peridotites were formed by up to 35%
adiabatic decompression melting of a convecting mantle, with the onset of
melting initiated in the garnet stability field and ending in the spinel stability

field. The key geochemical evidence for this model is summarized below.

The high Fo contents in some olivines from the Lashaine peridotites strikingly
resemble those of olivine inclusions in diamonds from the Mwadui kimberlite

Figure 7. Histogram and probability density curve (red line) for all Ty, ages

from the Lashaine peridotites, including garnet (Grt) peridotites (both whole
rock and olivine separate), garnet-free peridotites and one sulfide from a
garnet peridotite (data are compiled from this study and from Burton

et al., 2000). Histogram and probability density curve of Ty, ages of the
Labait peridotites and Olmani peridotites are also shown for comparison
(data from Burton et al., 2000; Chesley et al., 1999). The Ty, ages of all
occurrences are recalculated with the primitive upper mantle reference

model (Meisel et al., 2001).

pipe, located in the core of the Tanzanian craton (Gibson et al., 2013; their
Figure 4). The CaO and Cr,0; contents of garnets in the Lashaine peridotites
are comparable to those of garnet megacrysts from the Nzega kimberlite, also
from the core of the Tanzanian craton (Gibson et al., 2013; their Figure 7).
These features suggest that the composition of lithospheric mantle beneath
Lashaine are typical of the cratonic mantle that assembled to create the root
beneath the Tanzania cratonic nucleus.
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Figure 8. (a) *’Sr/*®Sr versus '**Nd/'**Nd diagram for clinopyroxene from Lashaine (this study and Aulbach et al., 2011;
Cohen et al., 1984), for clinopyroxene from Labait (Aulbach et al., 2008; Koornneef et al., 2009), and for clinopyroxene and
whole-rock from Olmani and Pello Hill/Eledoi (Aulbach et al., 2011; Cohen et al., 1984; Rudnick et al., 1993) in the
Tanzanian craton and the Mozambique belt. Whole-rock Sr-Nd isotope ratios from a single monazite-bearing harzburgite
89-773 from Olmani are also shown for comparison (data from Rudnick et al., 1993). The fields for the Afar and Kenya
plumes are from Aulbach et al. (2011), Rogers et al. (2000) and Rooney et al. (2012), respectively. Enriched mantle (EMI and
EMII) and HIMU mantle end members are from Zindler and Hart (1986). The light blue field encompasses all data from the
Lashaine peridotites. The pink field encompasses data from the Labait, Olmani, and Pello Hill/Eledoi peridotites. The sample
BD738 is labeled with a black arrow pointing to its position outside the axis range, indicating its highly enriched nature.
(b) Present day ¢Hf versus eNd of garnet for garnet lherzolite BD730 and garnet harzburgites BD796 and BD794 from
Lashaine and present day eHf versus eNd of clinopyroxene for spinel harzburgite BD781 from Lashaine. The present day e Hf
and eNd of the subcalcic garnets from the Kaapvaal craton (Lazarov et al., 2009; Shu & Brey, 2015; Shu et al., 2013) are also
plotted for comparison (gray boxes). Mantle array is from Vervoort and Blichert-Toft (1999). The fields of Ethiopia, Kenya
and Uganda are from Nelson et al. (2019). The Roman numerals (I, IL, III, IV) in panels (a) and (b) represent the four different
quadrants. Grt—garnet; Cpx—clinopyroxene.
Highly siderophile elements reside in mantle peridotites predominantly in
base metal sulfides (BMS) and platinum-group minerals (Alard et al., 2000;
036 | Age = 1377 + 118 Ma (n=4) Lorand & Luguet, 2016). Their combined PUM-normalized HSE patterns
(175Hf/17|7"_'tf_)i I= ?4?8407*: 0.0028 generally result from partial melting and metasomatic overprint (Ballhaus
=+ . . .
Dispers?(l)rl\a=50.0017 +0.0021 et al., 2006; Bockrath et al., 2004). Partial melting leaves the relative abun-
- 0.34 dances of the IPGE (Os, Ir and Ru) almost unchanged and increasingly de-
F\I: pletes PPGE (Pt and Pd) and Re. This is mainly due to a stronger affinity of
= 0.32 PPGE + Re for the sulfide melt and IPGE for refractory sulfide or alloys
E ' during incongruent melting of BMS (Luguet & Pearson, 2019; Pearson
©
= et al., 2004). The PUM-normalized HSE patterns of residues after various
0.30 degrees of partial melting from Becker and Dale (2016) and Lorand
| et al. (2008) are shown in Figures 5a and 5b for reference. The HSE patterns
BD781\ . . C s
0.28 ! S ‘ ‘ ‘ ‘ of garnet-free peridotites and garnet peridotites (except for samples BD771
’ 0.0 05 10 15 20 25 3.0 and BD730) coincide with the 30—40% melting patterns (Pdy/Iry < 0.115;
' ' ' ' ' ' ' Figures 5a and 5b), but their Re contents are strongly increased.
176 u/1TTHf

Figure 9. “Model 3” IsoplotR Lu-Hf isochron diagram for garnet and
clinopyroxene from the Lashaine peridotites, which define an age of 1.4 Ga
with an initial '"°Hf/'”"Hf of 0.2840 % 0.0028 and eHf of +74. Error bars are
within the size of the symbols. Uncertainties of '"*Lu/!""Hf ratios are based
on replicate standard measurements and are 0.35% (2SE) for garnet and 1%
(2SE) for clinopyroxene. Unlike the conventional isochron diagram
attributing any over-dispersion to underestimated analytical uncertainties,
Model 3 regression of IsoplotR incorporates geological uncertainty through
an additional (co)variance term. The parameter “dispersion (x % y)” in the
isochron diagram quantifies isochron scatter, where x represents the excess
geological dispersion of the isochron age, and y denotes the absolute
analytical uncertainty of x (Vermeesch, 2018).

Garnet peridotite BD730 has PPGE-depleted HSE patterns (Figure 5b), which
is consistent with <20% melt depletion. However, both Pd and Re contents
are elevated in the garnet-free peridotite BD771 compared to the predicted
melting curves (Figure 5a). The enrichment of PPGE in the HSE patterns has
been observed in many cratonic and off-craton xenoliths from elsewhere
(e.g., Kilbourne Hole, New Mexico, Harvey et al., 2015; Letlhakane,
Botswana, Luguet et al., 2015; Finsch, South Africa, Shu et al., 2019; Tethyan
orogenic belt, Thailand, Zhou, Shu, et al., 2023), as well as in ophiolitic
peridotites (e.g., Lesvos, Greece, Xu et al., 2021). Such features are
commonly explained by BMS addition to residual peridotite from percolating
melts during metasomatic processes (Aulbach et al., 2016; Becker &
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Dale, 2016). Because metasomatic BMS are generally enriched in PPGE and Re relative to IPGE (Alard
et al., 2000, 2002, 2011), their addition results in a significant elevation in incompatible PPGE on a whole-rock
scale. We modeled this as simple mixing of the highly depleted Lashaine peridotite BD787 with a metasomatic
BMS. In the absence of equivalent sulfide information from the Lashaine peridotites, metasomatic BMS from
garnet peridotite FO5JM9 from Finsch on the Kaapvaal craton (Os = 10.4 ppm, Ir = 7.9 ppm, Pt = 33.0 ppm;
Pd = 22.2 ppm; Shu et al., 2019) was chosen for modeling the input of metasomatic BMS (i.e., Type 2 BMS) as
defined by Alard et al. (2000) and Lorand & Alard. (2001). The enrichment of PPGE (except for Pt) of Lashaine
garnet-free peridotite BD771 can be reproduced by the addition of 0.005% FO5IM9 BMS (Figure 5a). The
variable Pt abundances in this sample may result from selective removal of the Pt-rich microphases through
interactions with metasomatic melts (e.g., Ackerman et al., 2009). The olivine separates in three garnet harz-
burgites BD775, BD796 and BD797 have negatively sloped HSE patterns from Ir to Pd (Pdy/Iry = 0.02—0.04)
and low overall abundances (Figure 5c). Such low and variable abundances in olivine separates were also
observed in Greenland mantle peridotites by Aulbach et al. (2019). From a comparison with whole-rock com-
positions, they attributed the variability to an inhomogeneous distribution of sulfides in the olivine separates
(nugget effect) and the same may be true here.

5.1.2. Timing of Melt Depletion

High degrees of partial melting result in highly fractionated HSE patterns with low Pdy/Iry and very low Re/Os
radios and PUM-like or elevated Os contents in the residue (Pearson et al., 2004). The #70s/'®80s ratios in
residues with low Re/Os ratios will not significantly evolve with time. The assumption of Re/Os = 0 in com-
bination with the mantle evolution line leads to the concept of the Re depletion age Ty, (Walker et al., 1989).
Using the measured '*"Re/'®¥Os ratio gives a Re-Os model age (Ty,,) that is very susceptible to Re addition or
loss during secondary processes. The commonly used Trp, model age provides a minimum age for the partial
melting event but is also susceptible to ancient Re addition, or the subsequent addition of radiogenic Os. As
discussed above, except for garnet-free peridotite BD771, the HSE patterns of the Lashaine peridotites are mainly
controlled by melt depletion process. The Lashaine peridotites (except for sample BD771) have low Pdy/Iry, high
Os contents and unradiogenic '870s/'®80s ratios and fulfill the criteria for partial melting residues. Only Re is
strongly elevated (Figure 5). Since their Re/Os ratios are not correlated with '3’Os/'®80s values (Figure 6a), the
introduction of Re must be recent, most likely as contamination by the host magma or a precursor rift-related melt,
for example, the evidence for recent rift-related metasomatism seen in Labait peridotites from the eastern margin
of the Tanzanian craton (Chesley et al., 1999). Their Ty, ages are, therefore, the closest estimates of the time of
melt depletion underneath Lashaine, even though they are minimum ages. The addition of radiogenic Os is more
evident in garnet-free peridotite BD771 due to elevation in both Pdy/Iry and '870s/'®80s ratios in this sample
(Figure 6b). Therefore, its Ty, age is not suitable to estimate the formation age of the lithospheric mantle.

Two main modes in the distribution of Ty, ages in the Lashaine peridotites (Figure 7), at 2.5 Ga and 3.1 Ga, can
be discerned in a histogram of Ty, ages from our data set and the whole rock and sulfide Ty, age data of Burton
et al. (2000). These authors carried out whole rock analyses of four garnet peridotites, two of them in duplicate.
The duplicates of one sample have the oldest Ty age (3.4 Ga), and one further sample has a Ty, age of 3.2 Ga.
Trp ages for the remaining two samples are spread between 2.4 and 3.1 Ga (Figure 7). One sulfide analyzed by
Burton et al. (2000) also yields a Ty, age of 3.4 Ga. In summary, the age of 2.5 Ga persists as a minimum estimate
for melt depletion of the lithospheric mantle beneath Lashaine though the numerous Mesoarchean ages recorded
may be more indicative of the age of depletion of most residues beneath this Archean nucleus. Whatever the actual
time of melting, the new and published geochronological data for the Lashaine peridotites suggest that an Archean
mantle root is retained beneath the Mozambique belt adjacent to the eastern margin of the Tanzanian craton.

Minimum melt-depletion ages of 2.5 Ga and 3.1 Ga are comparable with the age of overlying crust from the
Tanzanian craton nucleus (older than 2.6 Ga; Manya et al., 2006; Manya & Maboko, 2003; Thomas et al., 2016).
Moreover, the 2.5 Ga and 3.1 Ga ages are well matched with the granulites exposed in the Mozambique belt. The
U-Pb ages of zircon from garnet biotite two-pyroxene granulite at Lashaine are 2.6 Ga, and the whole-rock Nd
model ages of biotite-garnet granulites from Lashaine are 2.8 Ga (Apen et al., 2020; Mansur et al., 2014). If the
mantle underneath Lashaine is taken as representative of the Tanzanian cratonic mantle, this implies that the
Archean root beneath the nucleus of the Tanzania craton dips beneath the Mozambique belt adjacent to the eastern
margin of the Tanzanian craton. As discussed in Section 5.1.1, the similarity between Fo values in olivine in-
clusions in diamonds from Mwadui and those from the Lashaine peridotites (Gibson et al., 2013), as well as the
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similarity between CaO and Cr,O; contents in garnet megacrysts from Nzega and those from the Lashaine pe-
ridotites (Gibson et al., 2013) suggest that the mantle portion beneath the Mozambique belt and the core of the
Tanzanian craton share the similar composition.

By contrast, the peridotites from Labait, to the SW of Lashaine, located in the eastern margin of the Tanzanian
cratonic nucleus show Ty, age mode of 0.7 Ga and 2.6 Ga (Figure 7; Chesley et al., 1999; Lee & Rudnick, 1999).
The presence of the Archean Ty, ages in the refractory peridotites beneath Labait attests to the preservation of
cratonic mantle beneath Labait, a characterisitic similar to the Lashaine region (Chesley et al., 1999; Lee &
Rudnick, 1999). However, the younger Ty age mode evident for the fertile peridotites from Labait is considered
to reflect a recent rift-related plume overprint in this region that mixed in radiogenic Os (Chesley et al., 1999; Lee
& Rudnick, 1999). Although Archean Ty, ages are also evident in the peridotites from Olmani, located within the
Mozambique belt, slightly east of Lashaine (Figure 7), many show high '®’Re/'®80s and/or '8"0s/'®80s ratios,
indicating that they have been overprinted by the addition of Re and/or radiogenic Os during recent meta-
somatism, as has been proposed for peridotites at Labait (Burton et al., 2000; Chesley et al., 1999).

5.2. History of Metasomatic Overprinting of the Lashaine Peridotites
5.2.1. Nature and Origin of the Metasomatic Agent

Gibson et al. (2013) demonstrated that the Lashaine garnet peridotites experienced at least two stages of meta-
somatism. In a plot of olivine Fo content versus modal olivine, garnet peridotites plot off the “oceanic” melting
trend of Boyd (1989) indicating silica enrichment and the transformation of some of the olivine to orthopyroxene
(Gibson et al., 2013; Rudnick et al., 1994). This metasomatism was suggested to have occurred at an early stage in
the evolution of Lashaine lithospheric mantle, pre-dating lithospheric thickening during cratonization. The second
type of metasomatism is reflected in the REE patterns of the garnets that range from ultra-depleted garnets with
“tick (\/ ) -shape” REE patterns to sub-calcic garnet with sinusoidal REE patterns and to calcic garnet with weakly
sinusoidal patterns (Gibson et al., 2013; their Figure 9). These variations were attributed to a gradual change in the
nature of the metasomatic agent from low-temperature high-density fluid (HDF) metasomatism to high-
temperature silicate melt-related enrichment on the scale of meters or even kilometers (Gibson et al., 2013).
Below, we further constrain the nature of the metasomatic agents in the Lashaine peridotites by scrutinizing the
trace element compositions of the coexisting clinopyroxenes and orthopyroxenes.

Calcic garnets in the Lashaine lherzolite BD730 and harzburgites BD740 and BD794 display weakly sinusoidal
chondrite-normalized REE patterns, characterized by negative anomalies in Zr, Hf, and Ti (Figure S1 in Sup-
porting Information S1). Based on garnet trace element data, Gibson et al. (2013) attributed these geochemical
signatures to infiltration of a high-temperature small-fraction silicate melt. In the garnet peridotite, garnet con-
tributes significantly to the trace element budget of the peridotite, coexisting clinopyroxenes and orthopyroxenes
can also host a significant portion of these elements. Reconstructed whole-rock compositions of garnet peridotites
BD730, BD740, and BD794 (using coexisting garnets, clinopyroxenes and orthopyroxenes) preserve weakly
sinusoidal REE patterns and negative anomalies in Zr, Hf, and Ti (Figures 4a and 4b). Notably, the observed
geochemical features are inconsistent with typical silicate melt metasomatism as proposed by Gibson
et al. (2013). Although the negative anomalies in Zr, Hf, and Ti could suggest carbonatite metasomatism, the low
Zr/Hf ratios (27—44 compared to chondrite value with 36) and low Ca/Al ratios (0.59—0.80) in these samples do
not fully agree with the typical characteristics expected for carbonate metasomatism. Given that neither pure
silicate melts nor carbonatitic melts can account for the observed geochemical signatures, a metasomatic agent
with intermediate composition—most likely a carbonated silicate melt—is suggested, analogous to metasomatic
agents documented in garnet peridotites from other cratons (e.g., Aulbach et al., 2013).

Sub-calcic garnet in the cpx-free garnet harzburgite BD796 shows highly sinusoidal REE patterns, characterized
by strong negative anomalies in Zr and Hf (Figure S1 in Supporting Information S1). The incorporation of
orthopyroxene data into the reconstructed whole-rock compositions of sample BD796 reveals that the negative Zr
and Hf anomalies persist even after accounting for the additional contribution from orthopyroxene (Figure 4b).
This demonstrates that the observed Zr and Hf anomalies in garnet BD796 are not artifacts resulting from
neglecting orthopyroxene contribution, but rather reflects a metasomatic overprint. Compared to other samples in
the suite, sample BD796 exhibits more pronounced sinusoidal REE patterns than those in garnet peridotites
BD730, BD740, and BD794 (Figure 4a), characterized by high contents of LREE and HREE, low contents of
MREE, and strong negative Zr and Hf anomalies (Figures 4a and 4b). These features suggest that the metasomatic
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Figure 10. Comparison of trace element patterns for reconstructed whole-
rock in Lashaine peridotite BD796 with modeled trace element patterns
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(HDF) from Weiss et al. (2022) to a 30% adiabatic decompression melt
residue (Gibson et al., 2025). Data are normalized to the MORB source
mantle of Salters and Stracke (2004).

melts/fluids responsible for sample BD796 were poorer in high field strength
element (HFSE) with stronger LREE enrichment. Gibson et al. (2013) pre-
viously demonstrated that sub-calcic garnets with sinusoidal REE patterns
typically occur in low-temperature Lashaine harzburgites derived from
shallower depths than the calcic garnets with normal and weakly sinusoidal
REE patterns common in lherzolites. Thus, we interpret the systematic var-
iations in chondrite-normalized REE patterns of garnets from Lashaine pe-
ridotites as reflecting the compositional continuum of metasomatic agents,
resulting from the evolution of a single metasomatic melt through interaction
with the lithospheric mantle during ascent (e.g., Aulbach et al., 2013). In such
a scenario, carbonated silicate melts that metasomatized samples BD730,
BD740, and BD794 may have formed from incipient partial melting of a
carbonate-bearing mantle source (e.g., Dasgupta et al., 2006; Foley
et al., 2009). Interaction of the deep garnet- and clinopyroxene-bearing lith-
ospheric mantle with such melts could lead to the formation of a residual low-
volume carbonatitic fluid that is HFSE-poorer, and strongly enriched in
LREE (Aulbach et al., 2013; Stachel et al., 2004), which is able to rise to the
shallow lithospheric mantle and produce sinusoidal REE patterns in garnet
with which it interacts. Such fluids may also contribute to diamond formation
via redox reactions (Stachel & Harris, 2008). Indeed, the highly sinusoidal

chondrite-normalized REE patterns—commonly observed in many sub-calcic garnets in cratonic peridotites and

garnet inclusions in diamonds—are typically interpreted as resulting from the subsolidus percolation of carbo-
natitic high-density fluids (HDFs; Stachel et al., 2004; Weiss et al., 2022). Similarly, the sinusoidal chondrite-
normalized REE pattern of sub-calcic garnet in sample BD796 falls in the “tick (\/ ) -shape” category of “ul-
tra-depleted” garnet from Lashaine that Gibson et al. (2013) attribute to minor enrichment by a low-temperature
carbonatitic HDFs. For further insights, bulk mixing modeling following the rationale outlined in Gibson
et al. (2025) was employed to further assess the effects of carbonatitic HDFs on the trace element compositons of
sample BD796. As shown in Figure 10, the trace element patterns for reconstructed whole-rock compositions of

sample BD796 (accounting for orthopyroxene contributions) can be reproduced by adding a very small amount
(~3%) low-Mg carbonatitic HDFs to a ~30% melt residue.

In garnet-free peridotites, clinopyroxenes and orthopyroxenes dominate the trace element budget of the peridotite,

making them critical for reconstructing whole-rock compositions. We therefore analyzed clinopyroxenes and

orthopyroxenes from two garnet-free peridotites (spinel harzburgite BD781 and wehrlite BD773). The steeply

inclined upward-convex REE patterns of reconstructed whole-rock for wehrlite BD773 (Figure 4c), also reflect a

metasomatic overprint. Mantle wehrlites are commonly thought to from by reaction of lherzolite and harzburgite

precursors with silica-undersaturated melts (e.g., carbonated silicate melt), which results in high clinopyroxene

modes at the expense of orthopyroxene relative to other peridotites in the same xenolith suite (Ionov et al., 2005;
Lin et al., 2020; Rudnick et al., 1993; Yaxley et al., 1991). Mineralogical observations in wehrlite BD773 (high
modal olivine (88%) and low modal orthopyroxene (3%)) are also consistent with carbonated silicate melt
metasomatism. Primitive mantle-normalized trace element patterns for wehrlite BD773 show no significant Zr,
Hf, and Ti anomalies (Figure 4d), distinct from those observed in garnet peridotites. This feature could result from

interaction with larger melt volumes, where an increasing melt volume result in the dilution of carbonate com-

ponents by silicate melt and attenuate the geochemical signature typically associated with carbonatitic meta-
somatism (e.g., Gudfinnsson & Presnall, 2005). Similarly, the reconstructed whole-rock of spinel harzburgite
BD781 shows analogous REE patterns (Figures 4c and 4d), implying potential involvement of comparable
metasomatic processes despite its distinct modal compositions.

Previous studies have documented that the lithospheric mantle beneath the eastern margin of the Tanzanian craton

(e.g., Labait) and adjacent Mozambique belt (e.g., Olmani, Eledoi and Pello Hill) has been overprinted to varying

extents by recent rift-related metasomatism associated with plume-derived magmatism (Aulbach et al., 2008,
2011; Chesley et al., 1999; Cohen et al., 1984; Dawson, 2002; Dawson & Smith, 1988; Hui et al., 2015;
Koornneef et al., 2009; Rudnick et al., 1993, 1999). Despite the lack of unequivocal evidence linking the trace

element signatures of the Lashaine peridotites directly to rift-related magmatism, a relatively recent metasomatic

event is also recognized in the Lashaine peridotites based on texturally and chemically unequilibrated minerals
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and is interpreted as due to the addition of K, Ti, Ca, Fe, Nb, and Ta (Dawson, 2002). The geochemical signature
of this recent event is distinctly different from that of the carbonated silicate melt metasomatism identified in this
study. The age of this metasomatism is determined in the following section. These observations suggest that the
abundances of certain incompatible trace elements (e.g., Nb, Ta, and Ti) in the Lashaine peridotites may have
been overprinted by multistage metasomatism, whereas the major trace element signatures inherited from
carbonated silicate melt metasomatism remain largely unaffected by this recent metasomatic event.

The Sr, Nd, and Hf isotope systematics of the Lashaine peridotites can provide further insight into the origin of the
metasomatic agent. Clinopyroxenes from Olmani, Pello Hill, and Eledoi are remarkably uniform in their Sr and Nd
isotope ratios and entirely overlap with the signature of the plume-related Kenya volcanic rocks (~15 Ma; George
etal., 1998; Figure 8a). Aulbach etal. (2011) and Rudnick et al. (1993) attributed the Sr and Nd isotope signatures of
peridotites at Olmani to overprinting by recent rift-related carbonatitic melts. The whole-rock analysis of the single
monazite-bearing harzburgite 89—773 from Olmani shows similar Sr isotope ratios but significantly lower Nd
isotope ratios compared to the clinopyroxene from Olmani peridotite (Figure 8a), which is attributed to recent
metasomatism by a carbonatitic melt from a different source (Rudnick et al., 1993). Some clinopyroxenes from
Labait plot in this field while three others have higher 8’St/*6Sr or lower '**Nd/'**Nd ratios (pink field in Figure 8a).
The peridotite from Labait that overlaps the “plume field” has been interpreted to represent a metasomatic overprint
associated with the rift, whereas the three other samples may reflect a metasomatic overprint from an agent from an
ancient enriched source such as the lithospheric mantle (Aulbach et al., 2008).

The clinopyroxenes from three Lashaine peridotites in this study and those reported by Aulbach et al. (2011) and
Cohen et al. (1984) show highly variable Sr-Nd isotope ratios, mainly plotting within quadrant I and quadrant I in
the Sr-Nd isotope diagram (light blue field in Figure 8a), far removed from the Afar and Kenya plume signatures.
The present-day eHf and eNd values of garnet and clinopyroxene from the Lashaine peridotites (Figure 8b) are also
far from the fields for East African Rift magmatism, as summarized by Nelson et al. (2019). Three peridotites plotin
quadrant IV of Figure 8b, and one barely into quadrant I. Residues of partial melting should plot exclusively within
the depleted quadrant (I), and for residues of more than 25% partial melting (depending on its age), their eHf values
would be up to several thousand and eNd more than +50 (Shu & Brey, 2015). The clinopyroxene and garnet in
Lashaine peridotites, for the most part, are displaced from these values because their Lu/Hf and Sm/Nd ratios have
been, in most cases, significantly lowered by metasomatism but their Sr-Nd-Hf isotope signatures remain far from
those typical of the convecting mantle and indicate clearly that metasomatism at Lashaine is rather ancient, un-
related to Oligocene or younger East African Rift processes (Nelson et al., 2012).

The highly radiogenic %’ Sr/3®Sr ratios (0.70411—0.83604; this study and previous work) and extremely low Rb/Sr
ratios in clinopyroxene of the Lashaine peridotites indicate that the carbonate-bearing metasomatic agent must
originate from a source with high 8’Sr/*°Sr ratios. Such radiogenic ¥’Sr/*°Sr ratios in the metasomatic melt are
distinct from those of the depleted mantle (0.7026—0.7027; Carlson & Ionov, 2019; Salters & Stracke, 2004), but
overlap values typically associated with an altered oceanic slab (0.70364—0.70744; Staudigel et al., 1995) or
marine sediments (>0.706; Plank & Langmuir, 1998), allowing the possibility that the origin of carbonate-bearing
metasomatic melts could be related to a subducted slab. This possibility is in-line with high pressure phase
equilibria (Thomson et al., 2016) and with the suggestion that the highly variable Sr isotope compositions of the
Lashaine peridotite clinopyroxene reflect metasomatism of lithospheric mantle by a slab-derived melt (Aulbach
et al., 2011).

Highly radiogenic 87 St/3®Sr ratios, coupled with unradiogenic Nd and variable Hf isotope ratios, are also typical
for garnets and clinopyroxenes from cratonic peridotites and inclusions in diamonds (e.g., Jacob et al., 1998;
Klein-BenDavid & Pearson, 2009; Richardson et al., 1984; Shu & Brey, 2015; Shu et al., 2019; Walker
et al., 1989), which suggest that components with ancient subducted, crustal materials were involved. Thus, we
infer that the Sr, Nd and Hf isotopic characteristics observed in the Lashaine peridotites reflect the modification of
the lithospheric mantle by a highly evolved and enriched component, for example, a melt or fluid derived from a
subducted slab.

5.2.2. Timing of Metasomatism

We have demonstrated above that the Sr, Nd and Hf isotope systematics of minerals from the Lashaine peridotites
are not related to recent East African Rift processes but reflect an older metasomatic event that affected melt-
depleted residues. For a single metasomatic event, peridotite mineral compositions have the potential to form
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an isochron and record the time of metasomatism (e.g., J. Liu et al., 2012, 2020; Shu et al., 2013, 2019). However,
if the minerals are not cogenetic and the initial isotopic compositions of minerals are not homogenized through a
metasomatic event, then far from complete over-printing will not yield useful age information, especially if the
system is further disturbed by host-rock interaction.

The Sm-Nd isotopic data of minerals from four Lashaine peridotites show considerable scatter and do not yield
any reliable age information (Figure S4 in Supporting Information S1), indicating disturbance of their Sm-Nd
isotope systematics. Contamination by host magma is likely one of the main causes, because the host ankar-
amite has a distinct Nd isotope composition ("**Nd/"**Nd = 0.51276; Cohen et al., 1984) compared to many
samples. The Sm-Nd isotopic results in this study are also consistent with many previous studies on mantle
xenoliths indicating that Sm-Nd isotope systematics are more susceptible to recent disturbances, or contamination
by host magma (e.g., J. Liu et al., 2012, 2020; Shu et al., 2013, 2019). In contrast, the Lu-Hf isotope systematics
have the best potential to preserve the geological history of mantle xenoliths, as recorded in peridotites (e.g.,J. Liu
et al., 2012, 2020; Shu et al., 2013, 2019) and eclogites (e.g., Shu et al., 2014), especially because of the often
significant fractionation of Lu from Hf in some minerals such as garnet.

The Hf isotope systematics of garnet from three samples BD730, BD794, and BD796 and clinopyroxene from one
sample BD781 vary widely because of their distinct Lu/Hf fractionation. Accepting some over-dispersion of the
data due to minor incomplete homogenization of the Hf isotope signatures during metasomatism, they can be
regressed using the “Model 3” isochron approach in IsoplotR (Vermeesch, 2018) to yield an isochron age of
1,377 = 118 Ma (Figure 9), with a highly elevated initial eHf value of +74 that likely reflects, in part, the prior
depletion history of these peridotites mixed with a metasomatic agent. No correlation between 1/Hf and
78H£/'77Hf is observed for the regressed samples, indicating that the observed correlation cannot be explained as
a mixing line. Instead, the Hf isotope systematics indicate almost complete resetting by a major metasomatic
event driven by carbonated silicate melt and carbonatitic HDFs on a lithospheric scale, from peridotites residing
in the garnet into the spinel stability field. The over-dispersion in the Hf isotopic data in the isochron plot
(Figure 9), indicates incomplete equilibration during this event, as frequently experienced by suites of mantle
xenoliths that may be separated from each other by meters or even kilometers (Pearson & Wittig, 2014), and
seems highly likely if metasomatism took place on a lithospheric scale at Lashaine.

A striking feature in the Lu-Hf isochron correlation defined by the Lashaine peridotites is that BD796 garnet, that
defines the most radiogenic Hf isotope composition ('’°Hf/'”’Hf = 0.36512), anchoring the upper end of this
reference isochron (Figure 9) has such a high Lu/Hf ratio and elevated Hf isotopic composition that its Lu-Hf
model age is 1.4 Ga (the same as the “model 3” isochron regression), irrespective of which reservoir is chosen
as a “model” parent (Tcyyr (Hf) = 1,384 Ma; Ty (Hf) = 1,379 Ma). This robustness of the 1.4 Ga model age in
garnet BD796 is particularly significant, despite the known challenges arising from the high sensitivity of Hf
model ages to Lu-Hf isotopic variations among reference reservoirs (e.g., CHUR vs. DM) and potential post-
formation modification of Lu/Hf ratios in the samples. For garnet BD796, the very high 178Lu/"""Hf ratio
(3.182) and radiogenic Y764 £/'7THf ratio (0.36512; eHf = 2,912) make it remarkably resistant to later metasomatic
disturbances. Furthermore, the extremely high '7®Lu/'"7Hf ratios (3.182) produces a steep slope evolution tra-
jectory on the time versus eHf diagram (Figure 11a), minimizing the difference between Hf model ages calculated
using different reference reservoirs and resulting in a Teyyr and Ty, ages difference for garnet BD796 of 5 Ma.
Even when adopting an initial eHf value of +74 (as indicated by the isochron regression) for the starting reservoir,
the calculated model age (1,350 Ma) for this garnet remains within 30 Ma of the other model ages and within
uncertainty of the isochron age—a robustness attributable to the steep slope of the evolution trajectory. The very
high Lu/Hf ratio of garnet BD796 makes it analogous to a phlogopite Rb-Sr model age when the phlogopite has a
very high Rb/Sr ratio. Consequently, the ~1.4 Ga Hf model age of garnet BD796 likely provides a good reflection
of the timing of metasomatism for garnet BD796 in the Mesoproterozoic, in a peridotite host that experienced
melt depletion in the Archean for example, at least 2.5 Ga (Typ, age of whole rock from sample BD796 in this
study). The metasomatic agent that reset the Hf isotopic systematics of garnet BD796 in this rock was related to
the infiltration of carbonatitic HDFs. In other words, this sample has clearly experienced a dramatic fraction of Lu
from Hf in Mesoproterozoic times and its model age provides very powerful support for the relevance of the
isochron regression age for the broader sample suite. This complex isotopic evolution is illustrated in Figure 11b
and discussed further below.
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Figure 11. (a) Hf isotope evolution plot illustrating model ages for garnet BD796. (b) The Hf isotopic evolution of garnet and
clinopyroxene for the Lashaine peridotites with time, indicating a major Mesoproterozoic re-setting event from a parent with
likely Archean heritage. Grt—garnet; Cpx—clinopyroxene.

As discussed in Section 5.2.1, the sinusoidal REE pattern of garnet BD796 is consistent with very low-level
enrichment by a highly fractionated, LREE-enriched carbonatitic HDFs, whereas the other three samples
(BD730, BD794, and BD781) have reacted with less fractionated carbonated silicate melts and do not, on their
own, show such definitive Lu-Hf isotope systematics. The evolution of the carbonated silicate melt that meta-
somatized peridotites BD730, BD794, and BD781 from the deep lithospheric mantle toward more residual
compositions, was accompanied by a increase in Lu/Hf fractionation. In such a scenario, metasomatic melts
percolate and react with the deep garnet- and clinopyroxene-bearing lithospheric mantle. This process is
accompanied by elemental and isotopic exchange and fractionation between metasomatic melts and peridotite
minerals. As the metasomatic melt reacts with wall rocks and accompanying continuous mineral precipitation, a
fractionated residual fluid with high LREE/HREE ratios and HFSE depletion will evolve. Such a highly frac-
tionated fluid would continue to migrate upward in the mantle column and would further interact with lithospheric
mantle at a shallower depth. The metasomatized garnet thus inherited the trace element features from the highly
fractionated residual fluid (e.g., LREE enrichment and HFSE depletion) retaining some characteristics of the
residuum, such as a high Lu/Hf ratio, as observed in garnet BD796. By contrast, garnets from samples BD730 and
BD794 and clinopyroxenes from sample BD781 have lower '7®Lu/'"Hf ratios and less radiogenic Hf isotopic
compositions relative to those from garnet BD796, plotting on the lower end of the 1.4 Ga isochron reference line
(Figure 9). As discussed in Section 5.2.1, the different trace element characteristics of these samples are related to
the infiltration of less fractionated carbonated silicate melts. Relative to the highly fractionated carbonatitic
HFDs, the carbonated silicate melts are higher in HFSE and lower in LREE/HREE ratios, thus resulting in
metasomatized samples BD730, BD794, and BD781 having less fractionated Lu/Hf ratios.

The Hf isotopic composition of a highly-depleted melt residue would have been extremely high if evolved over a
1.7 Ga time span (from the occurrence of melt extraction in the Archean (~3.1 Ga) to the occurrence of meta-
somatic event in the Mesoproterozoic (~1.4 Ga)). We calculate the Hf isotope evolution path for a 1.7 Ga time
span, assuming that a mantle source with the CHUR composition experienced 30% fractional melting at 3.1 Ga as
indicated by the Ty, age mode from this study, which would at least yield an initial eHf value of 414,000 at
1.4 Ga (Figure 11b). Thus, the much lower initial eHf value (4+-74) indicated by the ~1.4 Ga Hf isotope isochron is
the product of mixing between the metasomatic agent and a highly radiogenic peridotitic melting residue
(Figure 11b). It is from this base that the variably radiogenic Hf isotope compositions of the minerals in the
Lashaine peridotites subsequently developed (Figure 11b).

5.3. Genetic Link Between Mesoproterozoic Metasomatism and the Regional Kibaran Event

The Mesoproterozoic metasomatic age and subduction-related metasomatic signatures identified in the Lashaine
peridotites may be placed into the broader context of the evolution of the Tanzanian craton by considering major
crustal events. Two distinct orogenic events were recorded in the Mozambique belt to the east of the Tanzanian
craton; the ~2.0 Ga Usagaran orogeny and ~600 Ma East African orogeny (Collins et al., 2004; Fritz et al., 2013;
Moller et al., 1995). No known crustal events have been identified in the Mozambique belt that would involve the
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introduction of subduction-related components in the lithospheric mantle during the Mesoproterozoic era. In
contrast, post-Archean crustal accretion to the west of the Tanzanian craton is dominated by the Mesoproterozoic
KAB and KIB (Debruyne et al., 2015; Fernandez-Alonso et al., 2012; Tack et al., 2010), as indicated by abundant
granitic and mafic-ultramafic magmatism that developed during the Mesoproterozoic era (Figures 1a and 2). For
the Kibaran belts, there are currently two main hypotheses concerning their geodynamic evolution. Previous
geochronological and geochemical studies have shown that the widespread occurrence of Mesoproterozoic
(~1,375 Ma) bimodal mafic-felsic magmatism in the KAB was related to an extensional regime in an intra-
cratonic setting (Tack et al., 2010). Later studies based on structural mapping of the KAB, however, inter-
preted its formation as related to the collision of the Congo and Tanzanian cratons and emphasized the belt having
formed in a collisional setting (Koegelenberg & Kisters, 2014). Moreover, recent geochemical evidence from
granites of the KAB further supports the formation in a convergent setting (Nambaje et al., 2021). In contrast, the
Mesoproterozoic magmatism of the KIB generally displays arc-like geochemical signatures, interpreted to have
occurred in a convergent margin setting due to successive stages of subduction-driven accretion (Debruyne
et al., 2015; Kokonyangi et al., 2004, 2005, 2006). In summary, for the KAB and KIB, a convergent margin
setting associated with the subduction and collision is favored based on the geochemical and structural evidence.

The Mesoproterozoic (~1.4 Ga) metasomatic ages identified by the Lu-Hf isotope system for the Lashaine pe-
ridotites of this study are in good agreement with the timing of the major tectono-magmatic event associated with
the Kibaran orogen that formed the KAB and KIB. Thus, it is reasonable to speculate that the Mesoproterozoic
metasomatic event affecting the Lashaine peridotites may have been associated with the Kibaran subduction
event, occurring at ~1.375 Ga (Tack et al., 2010), in close agreement with the mantle Lu-Hf age. The state and
geometry of a subducting slab beneath the Tanzanian craton during the Mesoproterozoic era is poorly constrained.
We speculate that the subduction processes involved in the Kibaran event may have extended across the base of
the Tanzanian craton, from west to east, disturbing the entire lithosphere.

5.4. Large-Scale Flat-Slab Subduction and Related Metasomatism in the Lithospheric Mantle

The spatial and temporal linkage between the Kibaran event and metasomatic signatures in the lithospheric
mantle beneath Lashaine necessitates a mechanism capable of transmitting subduction-related components across
the base of the Tanzanian craton. We propose that large-scale flat-slab subduction during the Mesoproterozoic
Kibaran event provides a plausible geodynamic framework to reconcile these observations (Figure 12). This
hypothesis is supported by (a) geochemical evidence of subduction-derived melts/fluids in the Lashaine peri-
dotites, (b) spatiotemporal correlations between metasomatic ages and Kibaran event, and (c) analogous modern
and ancient examples of flat-slab subduction systems.

Flat-slab subduction, characterized by shallow-angle slab descent (<20°), is a well-documented phenomenon in
modern subduction zones (e.g., Axen et al., 2018; Gianni et al., 2023; L. Liu et al., 2021). This process typically
generates broad orogenic belts extending from the continental margin into the interior (e.g., Li & Li, 2007).
Modern analogs, such as the Pampean flat-slab region in the central Chile, the subducted Nazca plate developed a
flat-slab segment (90—110 km depth, 300—600 km inland) between ~11 and 5 Ma (e.g., Marot et al., 2014; Porter
et al., 2012). A similar process was observed in the Farallon flat-slab subduction beneath the Western United
States, where the subducted Farallon slab maintained a flat geometry (120—150 km depth, >1,500 km inland)
from ~90 to 50 Ma (e.g., Axen et al., 2018; Copeland et al., 2017). The most extensive documented case is the
South Gondwana flat slab, with a potential inland extent between ~2,280 and 2,600 km (Gianni et al., 2023).
Notably, flat slab subduction is not restricted to modern subduction systems and has been a recurrent tectonic
process since at least the Mesoproterozoic (Betts et al., 2009), and possibly, a frequent subduction style in the
Archean (Abbott et al., 1994). Similar variations in subduction geometry likely affected the subducted slab along
the western margin of the Tanzanian craton during the Mesoproterozoic Kibaran event. However, the primary
geological evidence crucial for the identification of Kibaran flat-slab subduction events remains exceptionally
scarce, likely due to multistage structural destruction and/or poor preservation. Most flat-slab subduction regions
are marked by an absence of arc volcanism due to the closure of the hot mantle wedge as the slab flattens beneath
the overriding plate (e.g., Axen et al., 2018; Gutscher et al., 2000; X. Liu et al., 2021). This is exemplified by the
Tanzanian craton, where the absence of coeval arc magmatism along its eastern margin aligns with flat-slab
models predicting either migration cratonward or the complete shut down of magmatic arcs.
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Figure 12. Schematic cartoon showing the metasomatic processes that have affected the lithospheric mantle beneath
Lashaine. Flat subduction of the Kibaran slab may have introduced carbonate-bearing crustal components into the base of the
lithospheric mantle. Low-degree melting of these components generate carbonated silicate melt (e.g., Dasgupta et al., 2006;
Foley et al., 2009), which may infiltrate and metasomatize the overlying lithospheric mantle beneath Lashaine. Gravity data
are from Fletcher et al. (2018), which show the presence of thick lithosphere (blue) beneath Lashaine, Mwadui and Nzega.
The presence of thick lithosphere is consistent with P-T estimates from mantle peridotites found at Lashaine (Gibson

et al., 2013). The white line with triangles represents the thrust fault. The red dashed line labeled A-B represents a cross-
sectional line through the Lashaine region. The inset in the lower-right corner shows a schematic lithospheric profile and
metasomatic processes along cross-section A—B beneath Lashaine.

Plate kinematic reconstructions and seismic tomography studies of modern flat-slab subduction systems reveal that
subhorizontal slab geometry facilitates long-distance (over 2,000 km away from the trench) transfer of slab-derived
materials into the overriding plate's interior (Gianni et al., 2023), generating significant mantle heterogeneity
through interactions between the slab-derived melts/fluids and the base of the cratonic lithosphere. The Laramide
orogeny in western North America provides a well-documented example where Farallon flat-slab subduction leads
to the formation of fluid-metasomatized mantle xenoliths and lower crustal xenoliths, as well as eclogitic remnants
of metamorphosed subducted oceanic crust that are ultimately entrained within Cenozoic basalts (Apen et al., 2024;
Lee, 2005; Usui et al., 2003). Farallon flat-slab subduction and the infiltration of slab-derived saline fluids are also
suggested as a key mechanism for fluid-rich diamond formation in the central Slave craton (Weiss et al., 2015). In
the North China Craton, the flat-slab subduction of the Izanagi plate transported and liberated water beneath the
overriding lithosphere (about 600 km from the trench), leading to intense hydration and significant weakening of
the cratonic root and further contribute to its thinning and destruction (Li, 2020). In addition, in the Kaapvaal craton,
flat-slab subduction may have facilitated the re-healing of cratonic mantle roots by emplacing slab-derived ma-
terials into lithospheric gaps left by plume erosion (Zhang et al., 2022). These analogs validate the feasibility of
craton-wide metasomatism via flat-slab subduction processes. By analogy, the Kibaran flat-slab subduction along
the western margin of the Tanzanian craton may have similarly transported subducted crustal components over
distances >500 km inland (Figure 12). Such a process could generate the temperatures and pressures for low-degree
melting of subducted crustal components (Gutscher et al., 2000). We proposed that melting of subducted carbonate-
bearing Kibaran crust generated carbonated silicate melt (e.g., Dasgupta et al., 2006; Foley et al., 2009), which may
infiltrate and metasomatize the overlying lithospheric mantle beneath Lashaine (Figure 12). Further work on
mantle xenoliths from other locations on the eastern margin of the Tanzanian craton may be able to better constrain
the extent of the link between the metasomatism and the Kibaran event.

6. Conclusion

The elemental geochemistry and multiple isotopic systematics (Re-Os, Lu-Hf, Sm-Nd, and Sr) of the peridotite
xenoliths from Lashaine indicate that the lithospheric mantle on the Mozambique belt adjacent to the eastern
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margin of the Tanzanian craton represents mantle that assembled to create the root beneath the Tanzania cratonic
nucleus. The Lu-Hf isotope system provides very clear documentation of a subsequent widespread enrichment by
carbonated silicate melt and carbonaititc HDFs at ~1.4 Ga. The carbonate-bearing metasomatic agent originated
from a source with highly radiogenic ¥’Sr/*°Sr ratios, unradiogenic Nd and variable Hf isotopic ratios. These
suggest that subduction-related crustal components were involved in the generation of the metasomatic melts. The
estimated Lu-Hf isochron age of 1.4 Ga for metasomatism in the lithospheric mantle beneath Lashaine is coeval
with the Mesoproterozoic Kibaran event that occurred in the western margin of the Tanzanian craton. To explain
these relationships, we invoke a flat-slab subduction model to introduce subduction-related crustal components in
a pervasive Mesoproterozoic metasomatic event beneath Lashaine. Thus, the lithospheric mantle in this region
records both an Archean ancestry and later modification closely related to major crustal events that occurred right
through the Proterozoic Eon on the western margin of the Tanzanian craton, but affecting regions through the
craton nucleous.
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