Geochimica et Cosmochimica Acta 385 (2024) 16-33

FI. SEVIER

Geochimica et Cosmochimica Acta

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/gca

Check for

Tracking subduction-related metasomatism of the subcontinental | e
lithospheric mantle using Ca-, O-, and H-isotopes

S.E. Brooker ™", J.D. Barnes?, J.C. Lassiter °, A. Satkoski®, D.G. Pearson"”

2 Department of Earth and Planetary Sciences, Jackson School of Geosciences, University of Texas at Austin, Austin, TX 78712, USA
Y Department of Earth and Atmospheric Sciences, 1-26 Earth Sciences Building, University of Alberta, Edmonton, Alberta T6G 2E3, Canada

ARTICLE INFO

Associate Editor: Ralf Halama

Keywords:

Calcium isotopes

Oxygen and hydrogen isotopes
Mantle metasomatism
Recycled crustal signature
Peridotite xenoliths

ABSTRACT

Mantle xenoliths provide effective records of the metasomatic processes that affect continental lithosphere
evolution, such as interaction with subducted components or modification via small-degree melts. Correlations
between major/trace element geochemistry with stable and radiogenic isotope compositions can help constrain
the source and timing of this metasomatism. We report new 6180, 544/ 4OCa, and 8D values for twelve kimberlite-
hosted mantle xenoliths from the Slave Craton (NWT, Canada), which show varying degrees of metasomatism.
The 8'80 values of olivine (§'80,) = +5.33 + 0.13%q; 10; n = 12) overlap average mantle values. Clinopyroxene
and garnet 5180 values (6180cpx = +5.31 £ 0.10%o; 5180gn = +5.37 £ 0.23%o; 10) extend below those reported
in most mantle peridotites and are strongly correlated with clinopyroxene §*4/“°Ca (avg. = +1.00 + 0.10%o; 15)
and garnet 5*¥4%Ca (avg. = +1.18 4 0.19%o; 1) respectively, extending from typical mantle values to low 5'0
and high 5*/40Ca values. In general, AlSOCpx_ol and Algogrt_ol (ranging from —0.19%o to +0.19%c and from
—0.56%o to +0.35%o, respectively) are lower than expected equilibrium values at mantle temperatures. Strong
negative correlations are found between 6180gn and AISOgrt_Ol and garnet major and trace element composition
(Naz0, H20, La/Yby). Furthermore, phlogopite-bearing kelyphitic rims have 8D values (avg. = —126 =+ 13%o; 15)
lower than typical mantle values. Whole rock Sm-Nd model ages and oxygen isotope diffusion modeling suggest
that metasomatism occurred during the Mesozoic, shortly before kimberlite entrainment, consistent with in-
dications from diamond-forming fluids from the Slave craton. The combined low 5'80, 8D, and high 544/40Ca
signature of the mantle peridotite xenoliths, along with the age constraints, suggest the metasomatic fluid/melt is
sourced from a recycled oceanic crust component related to Mesozoic subduction in western North America.

1. Introduction

between the Earth’s surface and interior and thus provide a means of
testing the sources of metasomatic fluids and whether recycled com-

Mantle xenoliths are geochemical recorders of the mechanisms that
form and modify the subcontinental lithospheric mantle (SCLM). We
rely on xenoliths to understand the processes that affect the lithospheric
mantle, such as decompression melting, subduction-related flux melting,
metasomatism, and refertilization. These different processes distinc-
tively alter the chemistry of mantle xenoliths before their eruption and
allow for the identification of mantle processes that modified the SCLM.

Although elemental and radiogenic isotopes have been effective
tracers of the impact of metasomatism on lithospheric materials (e.g.,
Menzies and Hawkesworth, 1987; Pearson and Wittig, 2014), they are
limited in their ability to identify the source(s) of metasomatic fluids.
Stable isotopes are a powerful tool for examining material fluxes
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ponents are present in the SCLM. Stable isotope fractionation between
mineral and melt phases at magmatic temperatures is small (e.g.,
<~0.5%o for §'80; Eiler, 2001; <~0.1%s for **/*°Ca; Zou et al., 2024),
thereby providing little leverage for either partial melting or fractional
crystallization to significantly affect isotope compositions. However,
water-rock reactions at or near Earth’s surface produce larger isotopic
fractionations. Therefore, when surficial reservoirs (e.g., sediments,
altered oceanic crust, serpentinites) are returned to the mantle via
subduction, melts or fluids generated during the subduction process
have the potential to interact with and change the isotopic composition
of the overlying mantle wedge (e.g., Eiler, 2001; Sharp, 2017).
Although the mantle typically exhibits relative oxygen isotope
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homogeneity, the range of 5!80 values in olivine from peridotite xeno-
liths (+4.7 to +8.0%0) and their standard deviation (£+0.4%oc) greatly
exceed the method’s analytical uncertainty (typically < 0.1%o, 16) and
the accepted value of mantle olivine (5.2 + 0.1%o) as defined by Mattey
et al. (1994). These subtle variations, detectable due to precise analyt-
ical methods, may reveal important underlying processes that have
previously been overlooked. Surprisingly, only a few studies have paired
mantle peridotite 580 values with trace element and radiogenic tracers
to identify potential input of metasomatic fluids/melts related to sub-
duction, but the studies that have done this have shown this approach to
be highly effective (e.g., Hao et al., 2015; Marshall et al., 2017; Wang
et al., 2018; Fitzpayne et al., 2019a). For example, Fitzpayne et al.
(2019a) report negative correlations between 580 values and clino-
pyroxene (cpx) major and trace elements (CryOs, jadeite component,
Mg#, La/Zr) in lherzolites from Bultfontein kimberlite (Kimberley,
South Africa), which are interpreted to reflect mantle metasomatism
from a melt containing a recycled ocean crust component. Moreover,
oxygen isotope fractionation between coexisting mineral phases
(A'804_y, where A'80,, = 880, — 5'®0y) in over 50% of published
data on mantle peridotites (i.e., Gregory and Taylor, 1986; Deines and
Haggerty, 2000; Zhang et al., 2000; Orr and Luth, 2000; Perkins et al.,
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2006) are inconsistent with equilibrium fractionation suggested by
theoretical calculations or experimental investigations (Chiba et al.,
1989; Zheng, 1993; Rosenbaum et al., 1994). Several studies (e.g.,
Perkins et al., 2006) have attributed non-equilibrium AlSOpx_ol values
measured in many xenolith suites to open-system metasomatic interac-
tion with a low 8'%0 fluid/melt that may preferentially affect the
pyroxenes.

Non-traditional stable isotope systems, such as Ca, Mg, and Fe iso-
topes, have in recent years been increasingly applied to the study of
mantle-derived xenoliths and igneous rocks (e.g., Wang et al., 2016; Liu
et al., 2017; Chen et al., 2019; Soderman et al., 2021; Antonelli et al.,
2023; Erikson et al., 2024), and can provide complementary constraints
on the presence and nature of recycled components in the mantle to
those offered by traditional radiogenic or oxygen isotope studies. In
particular, several studies have suggested that mantle xenoliths with
5%/40Ca values (4+0.67 to +0.80%o) lower than fertile, unmetasomatized
mantle (6*%°Ca = +0.94 £ 0.1%o; Chen et al., 2019) reflect mantle
modification due to the subduction of carbonate sediments and altered
oceanic crust (e.g., Liu et al., 2017), although several recent studies
disagree with the carbonate subduction hypothesis (Antonelli et al.,
2023; Zou et al., 2024, Eriksen et al., 2024). Despite the potential for

Fig. 1. Geologic map of the Slave craton showing the distribution of Mesoarchean basement, in blue. Adapted from Helmstaedt and Pehrsson (2012). The Diavik

kimberlites from the Lac de Gras area are denoted with the red star.
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stable isotopes to trace evidence of subduction into the mantle, no
studies have examined O and Ca isotope covariations in the same mantle
peridotite xenoliths. To our knowledge, only one peridotite xenolith has
both published Ca and O isotope data, with the data published in
separate studies (5'%0 = +5.3%0; 5*/40Ca = 40.99%0; sample from
Vitim, Siberia; lonov et al., 1994; Kang et al., 2017).

Small isotopic variations reported in mantle peridotites may contain
overlooked signals of subduction processes over geologic time. In this
study, we pair stable isotope data with major and trace element
geochemical data, combining 5180, §**/40Ca, and 8D values with other
geochemical tracers to evaluate the role subduction has played in
modifying the elemental budgets of mantle xenoliths from the Archean
Slave Craton located in the Northwest Territories, Canada. We seek to
address the following questions: (1) Are there variations in the oxygen,
hydrogen, and calcium isotope composition in mantle xenoliths from the
Slave Craton? (2) If so, can variations and correlations between oxygen/
hydrogen/calcium isotope ratios and other geochemical data, along
with age constraints, be used to constrain the nature and source of the
variability (i.e., sources from subducting sediments, subducting oceanic
crust, or kimberlite melt)?

2. Geologic setting

The Slave craton, located in the Northwest Territories, Canada
(Fig. 1) and exposed over 210,000 kmz, is a small Archean province
within the larger North American craton (Isachsen and Bowring, 1994).
Kimberlite emplacement spans a period of over 600 m.y. in at least five
episodes of kimberlite magmatic activity from the late Proterozoic (616
Ma) to the Eocene (45 Ma) (Heaman et al., 2003; Kjarsgaard, 2007;
Sarkar et al., 2015).

Recovery of mantle xenoliths from kimberlite drill cores provides
direct samples of the Slave craton SCLM. Mineralogically, mantle xe-
noliths consists of forsterite olivine (ol), enstatite (opx), Cr-diopside
(cpx), Ca-rich garnet (grt), chromite (chr), and kyanite (ky). Pearson
et al. (1999) characterized several lithological groups from kimberlite
pipes in the Lac de Gras area: lherzolites (ol + opx + cpx + grt + chr),
harzburgites (ol + opx + grt + chr), dunites (ol + grt & chr), websterite
(opx + cpx + grt + chr), and eclogites (cpx + grt + ky). Thermobar-
ometry and mineral major and trace element compositions suggest a
stratified SCLM with peridotites grouped into a low-temperature,
shallow suite (<1000 °C, <145 km) and a high-temperature, deeper
suite (1000-1400 °C, >145 km) (Griffin et al., 1999b, 1999a; Griitter
et al., 1999; Pearson et al., 1999; Kopylova and Russell, 2000; Carbno
and Canil, 2002; Kopylova and McCammon, 2003; Creighton et al.,
2010; Aulbach et al., 2013). There is a pronounced contrast in chemical
compositions between the shallow and deeper lithosphere. The shallow
mantle shows greater chemical depletion (e.g., olivine Mg# ranges from
92 to 94) than the deeper layer (olivine Mg# ranges from 91 to 92).

About 30% of published Re-depletion ages of peridotite xenoliths
from the Slave Craton range from 3.0 to 2.6 Ga, whereas the remaining
have Re-depletion ages younger than 2.5 Ga, particularly in the North
Slave Craton (Irvine, 2002; Liu et al., 2021). Tgp ages calculated from
published peridotite Os data (Aulbach et al., 2004, 2009; Westerlund
et al., 2006) from the central Slave region (Ekati and Diavik-born sam-
ples) have a peak age of around 2.75 Ga (n = 75). This age is interpreted
to reflect when a large portion of the Slave SCLM formed and stabilized
(Heaman and Pearson, 2010), and corresponds to when an active
convergent margin coupled the western and eastern crustal domains at
2.6-2.7 Ga (i.e., Helmstaedt, 2009). Consistent with this, many studies
have demonstrated that mantle eclogite and pyroxenite xenoliths from
the shallow layer range from 1.8 to 2.7 Ga (i.e., Schmidberger et al.,
2005, 2007; Aulbach et al., 2007; Smart et al., 2014, 2017). The shal-
lower, spinel- and garnet-bearing peridotite layer (<145 km) generally
yields older Archean-Proterozoic (between 3.0 Ga and 2.5 Ga) model
ages (Irvine, 2002) than the deeper, younger Proterozoic (1.8 to 2.2 Ga)
garnet-bearing peridotite layer (>145 km). This age stratification likely
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reflects either refertilization of the deeper mantle or an incremental
downward growth of the SCLM (i.e., Griffin et al., 1999a).

The Slave SCLM shows extensive evidence for metasomatism and
hydration (Aratjo et al., 2009; Creighton et al., 2010; Aulbach et al.,
2013; Kilgore et al., 2020). The shallow and deeper layers are thought to
have had different metasomatizing agents due to differences in garnet
trace element enrichments and depletions. Garnets from the shallow
layer are enriched in LREE compared to MREE and HREE and have
negative Sr, Zr, Hf, and Ti anomalies attributed to metasomatism by an
oxidized carbonatite-like melt (Creighton et al., 2010; Aulbach et al.,
2013). Shallow carbonatite metasomatism is identified by low Ti/Eu
(<2500) and high Zr/Hf (>40) ratios in garnets (Shu and Brey, 2015).
Aulbach et al. (2013) and Kilgore et al. (2020) suggest the deeper layers
were metasomatized by evolving kimberlitic melts/fluids with lower
LREE enrichment and Ti depletion and that this metasomatism also
increased H concentrations in nominally anhydrous minerals.

2.1. Samples in this study

We analyzed twelve garnet-bearing mantle xenoliths (see Table S.1
for more details) from the Diavik A154N (samples with DDM prefix) and
A154S (samples with MX prefix) kimberlite pipes located in the Lac de
Gras area (Fig. 1). These xenoliths are predominantly composed of
olivine, orthopyroxene, clinopyroxene, and garnet, with garnets exhib-
iting thick kelyphitic rims in most samples. These kimberlite pipes have
an Rb-Sr age of 55.4 + 0.4 Ma (Graham et al., 1999; Creaser et al.,
2004). Based on calculated equilibration pressures and temperatures
from the orthopyroxene-garnet barometer and the orthopyroxene-
clinopyroxene thermometer of Brey and Kohler (1990), these xenoliths
equilibrated in the deeper layer (from 181 to 214 km) at pressures
ranging from 5.3 GPa to 6.8 GPa and temperatures ranging from 1200 °C
to 1332 °C (Creighton et al., 2010; Kilgore et al., 2020; Table S.1).
Previous work on these samples by Creighton et al. (2010), Mather
(2012), and Kilgore et al. (2020) report olivine and orthopyroxene Mg
numbers (100x [Mg/(Mg + Fe)]) ranging from 90.1 to 91.6 and 91.3 to
92.9, respectively.

Nominally anhydrous minerals present in these xenoliths (olivine,
clinopyroxene, and garnet) contain 31-74, 104-284, and 1-54 pg/g
H,0, respectively (Kilgore et al., 2020). Kilgore et al. (2020) identified
correlations between mineral hydrogen contents and tracers of meta-
somatism (i.e., garnet LREE/HREE ratios). They attributed these corre-
lations to the effects of percolation of kimberlite-like melts through
garnet peridotite. However, the timing and source of this metasomatism
is unconstrained.

Previous studies noted the absence of hydrous minerals such as
phlogopite or amphibole in these samples (Creighton et al., 2010).
However, we document the presence of garnets with thick kelyphitic
rims (0.1 mm to 0.5 mm), opaque in thin section (Fig. S.1), bearing
abundant phlogopite in all samples. Samples DDM_149 and DDM_327
have thinner rims (<0.1 mm; Fig. S.2). Kelyphites are fine-grained rims
of a mixture of spinel, olivine, and pyroxene and can contain hydrous
mineral phases such as amphiboles and phlogopite if sufficient water is
present (Obata, 1994; Godard and Martin, 2000; Pokhilenko, 2021). The
kelyphitic rims in samples from this study consist of fine-grained opaque
minerals with large grains of phlogopite (Figs. S.1 and S.2). Kelyphitic
rims surrounding garnets are thought to form either (1) as a result of a
reaction between garnet and adjacent minerals (olivine, pyroxene) or
(2) as a result of garnet decompression (Obata, 1994; Godard and
Martin, 2000; Dégi et al., 2010).

3. Methods

The garnet peridotite samples were prepared for mineral separation
by cleaning the samples manually and removing any significant vein
material by sawing. For mineralogy, geochemical, and isotopic analysis,
minerals were separated as follows. Bulk xenoliths were gently
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disaggregated using a rock hammer. Mineral separates (olivine, clino-
pyroxene, and garnet) were hand-picked under a binocular microscope.
Only the cleanest, “gem”-like, alteration- and inclusion-free grains were
selected. Mineral separates were cleaned for several hours in 2 N HCI,
ultrasonicated, and rinsed in de-ionized water. Hydrous, multi-mineral
kelyphitic rims were hand-picked under a binocular microscope and
not treated with HCI or water. Samples DDM_359 and DDM_384 did not
have previously published mineral major element data. Therefore,
mineral separates were picked and mounted in epoxy for electron
microprobe analysis. Electron microprobe methods and data are in the
Supplemental Information and Tables S2 and S3. Phlogopite was iden-
tified as one of the mineral phases present in the kelyphitic rim matrix
during electron microprobe work (Supplemental Information Section
S.2).

3.1. Oxygen Isotope Analysis

Oxygen isotope ratios were measured in the stable isotope laboratory
at the Jackson School of Geoscience, University of Texas at Austin, using
a ThermoElectron MAT 253 mass spectrometer. 580 values of silicate
minerals were measured using the laser fluorination method outlined in
Sharp (1990). Laser fluorination requires small amounts of pure silicate
mineral separates (~2 mg). All §'80 values are reported relative to
standard mean ocean water (SMOW; 61805MOW = 0%o). To check for
precision and accuracy, garnet UWG-2 6% = +5.8%o; Valley et al.,
1995), in-house olivine San Carlos 6% = +5.3%0), and quartz
Lausanne-1 (6180 = +18.1%o) standards were run with each batch of
sample analyses. Mineral separates were analyzed one to five times;
most were analyzed more than once. The data presented here is the
mean value of multiple analyses, and the uncertainty is reported as one
standard deviation of the multiple analyses. Garnet standard UWG-2 had
an average precision throughout the analytical runs of +0.07%o (10).
Precision for olivine and garnet analyses of xenolith samples is +0.06%o
based on the reproducibility of replicated samples. Precision for clino-
pyroxene minerals is lower, averaging +0.31%o, likely due to the
inability to pick inclusion-free grains. Clinopyroxene separates are very
dark, making it challenging to detect minor spinel inclusions.

The presence of CroO3 in minerals can hinder the total fluorination of
samples, particularly in garnet (CryO3 ranges from 2 to 10 wt%). The
5180gn value was corrected by increasing the overall measured value by
0.064%o per weight percentage of Cry0s3, following Wang et al. (2011).
The correction for each analysis is shown in Table S.4 and the standard
deviation of all garnet analyses decreases from 0.35%o in uncorrected
values to 0.22%o in corrected values. All of the 6180grt data presented in
the results and the discussion are the corrected SISOgrt values.

3.2. Calcium isotope analysis

Minerals with significant concentrations of Ca (i.e., clinopyroxene
and garnet) were analyzed for their Ca isotope composition. Individual
mineral separates were powdered and dissolved in a 3:1 HF-HNO3 acid
mixture in Teflon beakers for ~5 days. Samples were then taken to
dryness. Once dry, 6 M HCl was added, and samples were heated until
the sample was fully dissolved. Samples were taken to dryness and then
dissolved in 2.5 M HCI to make a ~200 ppm Ca solution. From this
~200 ppm Ca solution, 10 pg of Ca was aliquoted and mixed with a *>Ca-
“8Ca double spike. The sample/spike mixture was taken to dryness, then
dissolved in 100 pl of 2.5 M HCI to prepare them for ion-exchange
chemistry. The ion exchange chemistry is modified from Huang et al.
(2011) and briefly described here. Calcium was separated from the
matrix using 250 pl of BioRad AG50W-X12 (200-400 mesh) cation ex-
change resin loaded into a custom-made Teflon column. Calcium was
eluted using 1.1 ml of 2.5 M HCL. The full ion exchange separation was
performed twice. Ca yields are estimated to be greater than 94%. Pro-
cedural blanks are insignificant for the amount of Ca processed for each
sample (10 pg), based on analyses of similar quantities of Ca from known
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rock standards that were processed with each column batch of
unknowns.

Samples were then loaded onto outgassed Re filaments using 2.5 M
HCL and 1 M H3POj4 before being put into a Thermo Scientific Triton
TIMS (thermal ionization mass spectrometer) and analyzed at the Uni-
versity of Texas-Austin. The TIMS lab utilizes a double-filament geom-
etry for the analysis of Ca isotopes. The samples were analyzed in 5
blocks of 20 cycles with signal intensity of ~1 x 1071° amps of “°Ca. All
peaks were measured on Faraday cups using 10'! ohm resistors. The
data collection was done with a peak hopping routine where *°Ca, 4?Ca,
43Ca, 4*Ca were measured in the first sequence and **Ca and *8Ca in the
second sequence. The double spike inversion follows that outlined by
Rudge et al. (2009). The 5*/40Ca was calculated and normalized using
our long-term (~2 year) spiked and unspiked NIST SRM 915a mea-
surements. Samples that were analyzed once are assigned an uncertainty
of £0.1%o (2SD) based on the reproducibility of spiked NIST SRM 915a
measurements over a range of spike/sample ratios. Samples analyzed
more than once (repeated measures of a sample loaded onto a single
filament) were assigned a 2SE based on the repeated measurements.
International peridotite rock standard JP-1 was analyzed and produced
a8*40Ca = 1.09 + 0.1%o (2SD), consistent with published values (e.g.,
Magna et al., 2015; He et al., 2017).

3.3. Hydrogen isotope analysis

The hydrogen isotope ratios of hydrous, multi-mineral kelyphitic
rims around garnets were determined using the methods of Sharp et al.
(2001). Because of their fine-grained nature, we measured the kelyphitic
rims as a whole, rather than individual phlogopite grains. Approxi-
mately 6 mg of kelyphitic rims were crushed and loaded in silver foil
capsules. All samples were dried overnight at 100 °C in a vacuum
furnace to remove surface water before pyrolysis in a ThermoElectron
MAT TC-EA, coupled to a ThermoElectron MAT 253 mass spectrometer
located in the stable isotope laboratory at the Jackson School of Geo-
sciences, University of Texas at Austin. All 8D values are reported rela-
tive to SMOW (0%o). Analyses of standards NBS-22, CH7, USGS 57, and
USGS 58 were used to construct a 8D calibration curve. Error on each 8D
analysis is £2%o (106). Duplicate sample measurements are reported in
Table S.7.

3.4. Samarium-neodymium analysis

Sm-Nd isotopes were measured on ~10 to ~50 mg of hand-picked
cpx and garnet separates from 5 xenoliths. Samples were spiked with
an enriched 1*°Sm-15°Nd mixed spike and dissolved using 29 M HF and
15 M HNO3. The bulk REEs were extracted via ion exchange chemistry
using AG50W-X8 and 6 M HCl. Neodymium was separated from Sm
using LN-Spec resin and 0.6 M and 0.3 M HCI. Nd fractions were loaded
onto an outgassed Re filament and analyzed using a double filament
geometry on a Thermo Fisher Triton TIMS at the University of Texas-
Austin. Samarium measurements were made on a Nu Plasma 3D MC-
ICPMS at the University of Texas at Austin. Correction for mass bias
was done by the sample-standard bracketing technique using a purified
Sm standard. The long-term value and precision for isotope standard
JNdi-1 measured by the laboratory produces a *3Nd/'**Nd ratio of
0.512113 + 0.000013 (2SD; n = 42), consistent with published values
for this standard (e.g., Tanaka et al., 2000). Rock standard BHVO-2
analyzed during this study produced a **Nd/'**Nd ratio of 0.513002
and a *7Sm/ **Nd ratio of 0.1495, consistent within the uncertainty of
published values.

4. Results
4.1. 50 values of olivine, clinopyroxene, and garnet

Peridotites from the lower Slave lithospheric mantle have an average



S.E. Brooker et al.

5180, value of +5.33 =+ 0.13%o (1o; n = 12), with a range of +5.02 to
+5.51%o (Fig. 2a, Tables 1 and S.8). This range is within the error of the
previously reported average mantle olivine (+5.2 + 0.3%0 1c; Mattey
et al., 1994). Our newly acquired data agree with existing SIMS data
from Regier et al. (2018) on Archean cratonic peridotite xenoliths and
span a similar range of 618001 values (+5.01 to +5.53%0; n = 22). We
reanalyzed six samples from Regier et al. (2018) and reproduced their
published values within error, except for sample DDM_327 (Fig. S.3),
where Regier et al. (2018) report a 618001 = +5.15%0, and we measured
8180,] = +5.48%0). Bulk analyses of DDM_327 olivine of three separate
measurements yielded an error of +0.03%o (10) (Table S.8).

In contrast, clinopyroxene and garnet have oxygen isotope compo-
sitions that extend to values lower than typical for mantle peridotites.
6180Cpx values range from +5.10%o to +5.43%0, with an average of
+5.31 £ 0.10%o (1o; Fig. 2a; Tables 1 and S.9). Clinopyroxenes from
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Fig. 2. (a) Violin plot of mineral 5'%0 values (%o) from this study (in blue)
compared to published literature peridotite mineral 5'%0 values (%o; light gray;
Mattey et al., 1994; Ionov et al., 1994; Chazot et al., 1997; Lowry et al., 1999;
Deines & Haggerty, 2000; Zhang et al., 2000; Perkins et al., 2006; Rehfeldt
et al., 2008; Wang et al., 2011; Liu et al., 2014; Hao et al., 2015; Marshall et al.,
2017; Polat et al., 2018; Reiger et al., 2018; Wang et al., 2018; Dallai et al.,
2019; Fitzpayne et al., 2019; Lebedeva et al., 2020) and (b) violin plot of 54
40Ca values (%o) from this study (in blue) compared to published literature
peridotite, eclogite, and pyroxenite mineral and whole rock §*4/4°Ca (%o; Huang
et al.,, 2010; Kang et al., 2016, 2017; Zhao et al., 2017; Chen et al., 2018;
Amsellem et al., 2019; Antonelli et al., 2019; Chen et al., 2019; Ionov et al.,
2019; Kang et al., 2019; Wang et al., 2019; Dai et al., 2020; Kang et al., 2020;
Smart et al., 2021; Tappe et al., 2021). Dashed line represents the median and
solid lines represent the upper and lower quartiles.
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samples MX158, DDM_ 335, DDM 360, and DDM 384 have §'80py
values lower than the reported average mantle clinopyroxene values
(+5.57 + 0.16%q; lo; Mattey et al., 1994). §'®0gy values have an
average of +5.37 £ 0.23%o (10) and range from +4.95%o to +5.65%o
(Fig. 2a; Tables 1 and S.4). Garnets from samples MX158, MX5001,
MX5020, DDM_361, DDM_367, and DDM_368 have slsogn values lower
on average than reported mantle garnet values (+5.5 to +6.0%o; lonov
et al., 1994).

For the Slave peridotites, the measured fractionation between cli-
nopyroxene and olivine (Alsocpx_ol) ranges from —0.18%o to +0.19%o
(Table 1), with all Alsocpx_ol values lower than expected equilibrium
fractionation at mantle temperature ranges from this study (Fig. 3a;
1200-1400 °C; A'™80pe.o1 = +0.30 to +0.40%0; Chiba et al., 1989;
Rosenbaum et al., 1994; Valley, 2003). The measured fractionation
between garnet and olivine minerals (AlSOgrt_ol) ranges from —0.56%o to
+0.35%0 (Table 1), which is also lower than predicted equilibrium
fractionation at mantle temperatures from this study (Fig. 3b;
1200-1400 °C; A'®0gyt.01 = +0.40 to +0.60%q; Zheng, 1993). The frac-
tionation between garnet and clinopyroxene minerals (Alsogn_cpx)
ranges from —0.38%o to +0.47%o (Table 1). Most samples fall within the
predicted equilibrium fractionation range at mantle temperatures from
this study (Fig. 3¢; 1200-1400 °C; A'®0y¢.cpx = 0.00 to +0.20%q; Zheng,
1993), except for three samples, DDM_149, DDM_361, and DDM_367
(Table 1). The observed oxygen isotope equilibrium between garnet and
clinopyroxene is supported by the calculated trace element distribution
coefficients, which are consistent with equilibrium values (Fig. S.4).

4.2. 5**49Cq values of clinopyroxene and garnet

The average clinopyroxene 544/ 40CaCpx value is +1.00 £ 0.07%o (16),
ranging from +0.88%o to +1.11%o (Table 2; Fig. 2b), with all individual
samples within uncertainty of the average MORB-source mantle, 54
40Ca = +0.94 4+ 0.10%o (Chen et al., 2019). §*¥ 4OCagrt values record a
wider range (4+0.99%o to +1.53%o) than clinopyroxene, with an average
of +1.18 + 0.19%o (10; Table 2; Fig. 2b). Most garnets in this study have
higher §*/40Ca values than bulk peridotite values (644/ “OCa = +0.94 +
0.10%o; Chen et al., 2019). However, samples have similar 544/ 4OCagrt
values compared to garnets in mantle peridotites (Fig. 2b; 54 40Cagrt =
+1.33 + 0.28%0; 10; n = 7; Wang et al., 2019; Tappe et al., 2021),
garnets in mantle pyroxenites (Fig. 2b; §*/ 4OCagrt = +1.22 4+ 0.09%o;
1o; n = 2; Dai et al., 2020) and garnets in mantle eclogites (Fig. 2b; Rad
*0Cag = +1.10 + 0.33%0; 10; n = 16; Antonelli et al., 2019; Kang et al.,
2019; Smart et al., 2021).

The fractionation between garnet and clinopyroxene (A** 4°Cagrt,
cpx) in peridotites is not well constrained. Measured fractionations in this
study A 4ocagrt-cpx values = 0.00%o to +0.52%o; average = +0.18 +
0.17%o; 1o; Table 2, Fig. 4) are lower than the average measured frac-
tionations for peridotites, but are within 1 standard deviation A
40Cagr[.cpx = +0.48 + 0.28%o; 10; n = 7; Wang et al., 2019; Tappe et al.,
2021). For context, in mantle pyroxenites, average A% 4OCagrt_Cpx values
equal +0.33 + 0.16%o (10; n = 2; Dai et al., 2020). Eclogites have an
average A4 ‘“’Cagrt_cpx values equal to +0.30 + 0.11%o (1o; n = 15;
Kang et al., 2019; Smart et al., 2021). Theoretical calculations predict
A4 “OCagrt_CpX values to range from +0.20 to +0.35%o at mantle tem-
peratures, 1000-1400 °C (Huang et al., 2019; Antonelli et al., 2019).

There are negative correlations (r2 = 0.35 and 0.69 and p = 0.123
and 0.006, respectively) between the 544/ 4OCacpx and 61'30(:px values and
between 544 40Cagrt and 6180grt values (Fig. 5).

4.3. 6D values of kelyphitic rims

The kelyphitic rims have an average 8D value of —126 + 13%o (10),
ranging between —145%o and —106%o (Table 3; Fig. 6). These values are
more negative than the average MORB sourced-mantle values (—80 +
5%o; Fig. 6; Kyser and O’Neil, 1984). The kelyphite values are also lower
than those measured in phlogopites from mantle xenoliths from
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Table 1

5'80 values for mineral separates.
Sample Average 1s.d. Average 1s.d. Corrected 1s.d. A0 ¢pol 1s.d. A'®0g1.01 1s.d. A0 cpx 1s.d.

5'%001 (%o) (%o) 8"%0px (%0) (%o) 8"%0gri (o) (%o) (%) (%o) (%) ko) (ko) ko)

MX158 5.02 0.15 5.10 0.10 5.15 0.13 0.08 0.18 0.13 0.20 0.05 0.16
MX5001 5.23 0.11 5.42 0.05 5.49 0.01 0.19 0.12 0.26 0.11 0.07 0.05
MX5020* 5.29 0.06 5.10 0.04 -0.19 0.07
DDM_149 5.30 0.03 5.18 0.04° 5.65 0.02 -0.12 0.05 0.35 0.04 0.47 0.04
DDM_327 5.48 0.03 5.33 0.18 5.52 0.08 -0.15 0.18 0.04 0.09 0.19 0.20
DDM_335 5.30 0.07 5.34 0.04 5.52 0.08 0.04 0.08 0.22 0.11 0.18 0.09
DDM_359* 5.39 0.12 5.50 0.06 0.11 0.13
DDM_360 5.35 0.01 5.37 0.04° 5.55 0.01 0.02 0.04 0.20 0.01 0.18 0.04
DDM_361 5.51 0.04 5.33 0.04 4.95 0.11 —0.18 0.06 —0.56 0.12 —0.38 0.12
DDM_367 5.30 0.04 5.43 0.28 5.21 0.18 0.13 0.28 —-0.09 0.18 —0.22 0.33
DDM_368 5.31 0.04 5.26 0.30 5.39 0.08 —0.05 0.30 0.08 0.09 0.13 0.31
DDM 384 5.46 0.08 5.30 0.10° -0.16 0.13
Average 5.33 5.31 5.37 —0.02 0.05 0.07
1 s.d. 0.13 0.10 0.23 0.13 0.25 0.25

" Insufficient cpx for oxygen isotope analysis.
" Insufficient garnet for oxygen isotope analysis.
Uncertainty is 1 s.d. of the UWG standard from that analytical session

kimberlites globally (avg. = —65 + 12%o; Fig. 6; Sheppard and Epstein,
1970; Sheppard and Dawson, 1975; Kuroda et al., 1975, 1977; Boettcher
and O’Neil, 1980; Banerjee et al., 2018). Phlogopitic rims from this
study are more similar to 8D values of K-richterite amphiboles in peri-
dotites and MARID xenoliths from South Africa (avg. = —100 £ 24%o;
Fig. 6; Kuroda et al., 1975; Banerjee et al., 2018).

4.4. Sm-Nd isotopes in clinopyroxene and garnet

Sm-Nd isotopic data were obtained for mineral separates of five
samples (of which only garnet could be separated from DDM_327 and
clinopyroxene from DDM_361; Table 4). Clinopyroxene has
1478m/14Nd from 0.0680 to 0.1024 and yielded measured 1**Nd/**Nd
from 0.512170 to 0.512587. This corresponds to an eyg (per 10,000
deviation from '**Nd/***Nd in a model chondritic source) from —9.2 to
—1.0. In garnet mineral separates, ¥’Sm/***Nd is higher than clino-
pyroxene, ranging from 0.2721 to 0.3924. Garnet **Nd/'**Nd span a
wider range than in clinopyroxene, ranging from 0.511793 to 0.512687,
corresponding to exq from —16.5 to 0.9. Whole rock *¥7Sm/***Nd and
143Nd,/144Nd were calculated from mineral Sm-Nd data (Table 4) and
modal mineral compositions of peridotites (Table S.10) and are given in
Table 5 for samples MX158 and DDM_367. The determination of mineral
modal abundance is explained in Supplemental Information Section S.4.

5. Discussion
5.1. Evidence for subduction-related metasomatism

5.1.1. Calcium and oxygen isotope evidence for recycled crustal component

Metasomatism by a recycled crustal component is a reasonable
explanation for non-mantle-like variations in the §!%0 and §%“°Ca
values of some xenoliths. In Fig. 5, there are negative correlations be-
tween 6180cpX and 54/ 4OCacpx values (with outlier clinopyroxene sample
MX158 excluded, p-value = 0.123) and between Slsogrt and §* 40Cagrt
values (p-value = 0.0056) that trend from average mantle values
(6'80cpx = +5.42%0, 5'80g = +5.49%0, 5****Cag = +1.00%o0) to a
reservoir with lower §'80 values and higher 54/40Ca values (6180CPX =
+5.10%0, 8'%0g = +4.95%0, 5*/4°Cag = +1.53%0) which are end
member values from this study. Smart et al. (2021) identified a similar
negative correlation between slsogrt and & 40Cagrt values in
kimberlite-hosted eclogite xenoliths from the Kaapvaal Craton (Fig. 5;
gray stars) and attributed this to either seawater alteration of oceanic
crust protoliths or mixing between fresh and altered oceanic crustal
protoliths. The higher 544/ 4OCagrt values (>+1.3%o) were attributed to
partial melting of eclogites (Smart et al., 2021), even though these
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samples have low 6180gn values.

Partial melting results in minor stable O and Ca isotope fractionation
in melt residues to lower 5'®0 and higher §*4°Ca values. Hence,
melting followed by melt extraction could produce the observed Ca-O
isotope trends in Fig. 5. However, several lines of evidence suggest
this is not the case for our study. Models of batch, fractional, and flux
melting of lherzolitic peridotite indicate minimal oxygen isotopic frac-
tionation in coexisting minerals, melt, and the residual bulk solid at
temperatures greater than 1100 °C (approximately Alsobulk original-res-
idue = +0.20%o at 45% melt depletion and extraction; Bindeman et al.,
2022). However, the degree of melt depletion observed in xenoliths from
this study is significantly less than the 45% required to shift §'%0 by
0.20%o, and garnet minerals on average have 880 values 0.54%o lower
than what they would be if they were in equilibrium with their coex-
isting olivine. So even though 618Ogrt values cover a narrow range, they
still cannot be explained fully by partial melting. Additionally, partial
melting of lherzolitic peridotites is expected to produce only small Ca
isotope fractionations (~0.1%o; Zou et al., 2024) that do not fully explain
the 0.54%o variation in 544 40Cagn values in this study. If melting were
the primary factor, we would expect to see a correlation between Ca and
O isotopes and indices of melt extraction (i.e., Mg# in olivine and bulk
Al;0O3 concentrations), which is not observed in our data (Fig. S5).
Instead, the correlations we observe between slsogrt, 544/ 4‘)Cagrt, and
elements like La/Yb, Na50O, and H,0 indicate that metasomatism, rather
than partial melting, is responsible for the isotopic variations in our
study (Fig. 7).

Instead, several lines of evidence suggest that the correlated varia-
tions in Ca and O isotopes are most likely explained by metasomatism by
an isotopically distinct melt or fluid that has incorporated recycled
crustal components. Possible metasomatic sources include (1) subducted
marine carbonates, (2) carbonatite magmatism, (3) subducted altered
oceanic crust, and (4) subducted serpentinites. This fluid must travel
through the mantle without having its O and Ca isotope composition
significantly buffered by the ambient mantle it passes through.

Subducted carbonate appears unlikely to account for the observed
trends because although marine carbonates span a wide range of 5*¥
4Oca values (from —1.09%o to +2.51%o; Fantle and Tipper, 2014), they
typically have high 880 values, ranging from +20%o to +40%o (e.g.,
Mozley and Burns, 1993). Therefore, incorporating carbonate sediments
into the mantle via subduction could raise or lower the §**4°Ca value of
the mantle, but is expected to increase the 5'80 value of the mantle.
Because high 5'0 values are not observed in our samples, they likely
were not metasomatized by a fluid/melt derived from a subducted
component dominated by marine carbonates.

Carbonatites are igneous rocks with more than 50% carbonate-
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Fig. 3. (2) 8"%0px (%0) vs. 5180, values (%), (b) 5'80g (%o)vs. 580, (%o) and
(©) 61808n (%o) vs. slsoq,x (%o) values from this study compared to mineral 5'%0
values of previously published peridotites (Mattey et al., 1994; Ionov et al.,
1994; Chazot et al., 1997; Lowry et al., 1999; Deines & Haggerty, 2000; Zhang
et al., 2000; Perkins et al., 2006; Rehfeldt et al., 2008; Wang et al., 2011; Hao
et al., 2015; Polat et al., 2018; Dallai et al., 2019; Fitzpayne et al., 2019; Leb-
edeva et al., 2020) and equilibrium isotope fractionation for temperatures
ranging from 600 °C to 1400 °C (Chiba et al., 1989; Zheng, 1993; Valley, 2003).
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bearing minerals, and whether they originate from a primary mantle
source or recycling of surface materials is still debated. Regardless,
carbonatite magma can modify the surrounding mantle during ascent
with a distinctive low 8*44°Ca value of +0.26 & 0.25%o (20; n = 50;
Amsellem et al., 2020) and higher 5'80 value ranging from +6 to +10%o
(Horstmann and Verwoerd, 1997; Fig. 5). While the average carbonatite
5'%0 value is higher than typical mantle values, equilibrium isotope
fractionation between forsterite and calcite is ~—2%o at mantle tem-
peratures (Chiba et al., 1989) supports their derivation from a mantle
source. Metasomatism by carbonatite magmas would lower the §*4/4°Ca
value and raise or not change the 5'80 value of the mantle. Since this is
not observed in our samples, they likely were not metasomatized by a
fluid/melt derived from a carbonatite magma.

Altered oceanic crust is also a possible source of non-mantle like 5'%0
and §*/4°Ca values. On average, altered oceanic crust has a slightly
higher Ca isotope composition than the average mantle, 5**/*°Ca =
+1.03 + 0.19%o, and spans a wider range than the average mantle value,
from +0.54%o to +1.23%o (John et al., 2012; Blattler and Higgins, 2017).
The bulk oxygen isotope composition of altered oceanic crust overlaps
with average mantle values (5'®0mantle = +5.2 & 0.3%; Mattey et al.,
1994) and ranges from ~0 to +5.5%o in altered sheeted dike complexes,
~+2 to +5.5%o in hydrothermally altered gabbros, and from ~+6 to
+15%o in upper extrusive basalts (Gregory and Taylor, 1981; Alt et al.,
1986; Staudigel et al., 1995; Lecuyer and Reynard, 1996). Smart et al.
(2021) attribute the negative correlation between 5'80 and §*%Ca
values in the Bellsbank eclogite xenoliths to the seawater alteration of
the eclogite protolith, but higher §*/“°Ca values (>+1.3%.) were
attributed to melt extraction. Smart et al. (2021) does acknowledge,
however, that these extreme higher 5*4/*°Ca values could still be a
function of extensive hydrothermal alteration on the Archean seafloor.
Therefore, it is expected that metasomatism by fluids/melts derived
from the lower-most portions of subducted altered oceanic crust could
raise the 5*4%Ca value and lower the 5'80 value of the mantle.
Therefore, recycled altered lower oceanic crust could produce the
negative correlation between 580 and 5*#*°Ca values observed in the
Slave Craton xenoliths. Metasomatism by fluids emanating from altered
oceanic crust has also been invoked to generate Slave craton fibrous
diamonds (<200 Ma), especially those containing saline fluids (Weiss
et al., 2015).

A fourth possibility is metasomatism via a recycled serpentinite
component. Serpentinites have distinctively low 5'80 values that range
from ~0 to +6%o (e.g., Wenner and Taylor, 1974; Gregory and Taylor,
1981). However, to date, Ca isotope work on serpentinites is limited.
John et al. (2012) report near-mantle to slightly higher than mantle 5+
40Ca values for four obducted high-pressure serpentinites from the
Raspas Complex in Ecuador (4+0.76 to +1.09%o; n = 4). To our knowl-
edge, there have not been any published studies measuring the Ca
isotope composition of seawater-altered abyssal serpentinites. Although
it is likely that serpentinites inherit Ca from the oceanic crust protolith,
we speculate that seawater-altered serpentinites could incorporate Ca
from the ocean, which has a very high §4/40Ca value (+1.83%0; Fantle
and Tipper, 2014). If this is the case, recycled seawater-altered serpen-
tinite could also potentially explain the low 880 and high 5**°Ca
values observed in Fig. 5.

5.1.2. Relationships between 5'80 and **#°Ca values and major/trace
element concentrations in metasomatic minerals

Pairing §'%0 and §**/4%Ca values with major and trace elements and
radiogenic tracers in mantle xenoliths is an effective method to identify
metasomatic fluids/melts related to subduction (e.g., Hao et al., 2015;
Marshall et al., 2017a; Wang et al., 2018; Fitzpayne et al., 2019a). The
study by Kilgore et al. (2020) on some of the same mantle xenoliths from
the Slave craton as this study (samples with DDM prefix) identified
positive correlations between garnet H content and garnet CaO, NayO,
NiO, Cr,03 concentrations, Cr# (Cr/(Cr + Al)), and La/Lu, Gd/Lu, Sm/
Er, and Ce/YDb ratios. The authors attributed the observed correlations to
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Table 2

§*/40Ca values for mineral separates.
Sample Average §*Y*°Capy (%) 2 s.e. (%o) n Average §***°Cagy; (%0) 2 s.e. (%o) n A**0Capy gre (%o) 2 s.e. (%o)
MX158 0.90 0.10 1.42 0.10 0.52 0.14
MX5001 0.88 0.10 1.00 0.08 3 0.12 0.13
MX5020*
DDM_149 1.07 0.10 1.23 0.10 0.16 0.14
DDM_327 0.99 0.02 2 0.99 0.10 0.00 0.10
DDM_335 1.01 0.10 1.10 0.10 0.09 0.14
DDM_359 1.11 0.10 1.20 0.10 2 0.09 0.14
DDM_360 0.95 0.10 1.05 0.10 4 0.10 0.14
DDM_361 1.11 0.10 1.53 0.10 0.42 0.14
DDM_367* 0.99 0.10
DDM_368 0.99 0.10 1.09 0.06 3 0.07 0.12
DDM_384* 1.00 0.10
Average 1.00 1.18 0.17
1 s.d. 0.08 0.19 0.17

" Insufficient garnet for calcium isotope analysis.
" Samples with no replicates analyzed have an uncertainty equal to the 2 s.d. of standards.
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Fig. 4. 544 4OCagrt (%o) vs. 8%/ 4OCaCpx (%o) values from this study compared to
mineral §*#*°Ca values (%o) of previously published garnet lherzolites (black
triangles; Wang et al., 2019; Tappe et al., 2021), pyroxenites (black diamonds;
Dai et al., 2020) and eclogites (black circles; Antonelli et al., 2019; Kang et al.,
2019; Smart et al., 2021) and equilibrium isotope fractionation for tempera-
tures ranging from 600 °C to 1400 °C (Huang et al., 2019).

metasomatism by a kimberlitic melt that evolved during ascent through
the lithosphere. In this study, we document correlations between Slsogrt
and 5% 40Cagn values and garnet NaO, Hy0, and (La/Yb)y content
(Fig. 7a—f), that suggest samples with non-mantle-like 5!80 and §**/°Ca
values have trace element signatures that are inherited from a recycled
component.

Fig. 7a and d shows correlations between 6180grt values and garnet
NayO concentrations and 544/ 40Cagn values and garnet NayO concen-
trations. Previous studies have shown that garnets in diamond-bearing
eclogites have a higher NayO range (0.09-0.22 wt.%) compared to
garnets from low-pressure eclogites (0.01-0.06 wt.%), suggesting a link
between high NayO concentration and pressure (Sobolev and Lav-
rent’ev, 1971). However, our sample suite displays no correlation be-
tween estimated pressure (determined from the Al-in-opx barometer
from Brey and Kohler (1990)) and garnet NayO concentration. This
suggests that garnet NapO concentration in the peridotite xenoliths is not
primarily a function of pressure. Instead, the variations of NayO
observed in these garnets are likely related to Na being a fluid-mobile
element that concentrates in the '°0-**Ca- enriched melt/fluid that
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interacted with these samples. The source of the alkalis in the melt can
be attributed to subducted altered oceanic crust, as lower oceanic crust
gabbros have ~3 wt.% bulk Nay0, low 5'80 values, and higher 544/40¢ca
values (Gregory and Taylor, 1981; Alt et al., 1986; Staudigel et al., 1995;
Bach et al., 2001; Kelley et al., 2003; John et al., 2012; Blattler and
Higgins, 2017). This fits well with the model proposed by Weiss et al.
(2015) that highly saline fluids derived from a subducting slab are the
source of fluid-rich diamonds from the Ekati mine in the Slave Craton.

Additionally, garnet water content increases with decreasing 6180gn
values (Fig. 7b) and increasing 544/ 40Cagrt values (Fig. 7e). The source of
the water in the garnet is likely related to subducted altered oceanic
crust. On average, altered basalts and gabbros are significantly enriched
in HoO compared to fresh MORB (e.g., Staudigel, 2017). For example,
altered oceanic crust from ODP Hole 1256D have bulk water contents
ranging from 0.35 to 2.14 wt.%, significantly higher than in fresh MORB
(Shilobreeva et al., 2011). Therefore, fluids/melts derived from altered
oceanic crust can lower the 5180grt and raise the 5% 40Cagrt and H
content of the surrounding mantle.

Lastly, Fig. 7c shows a negative correlation between garnet (La/Yb)yx
ratios and slsogrt values. Additionally, Fig. 7f shows a positive corre-
lation between garnet (La/Yb)y ratios and 544/ 4OCagn values. High
LREE/HREE ratios can be interpreted as reflecting the incorporation of
recycled crustal material, although they can also be inherited by inter-
action with a highly fractionated melt, such as carbonatites, or from
LREE-enriched melts, such as OIBs and kimberlites. Therefore, we sug-
gest that the increase in the (La/Yb)y ratio and the accompanied
decrease/increase in the 6180gﬂ/644/ 4OCagrt value, respectively, is
derived from a LREE-enriched melt/fluid of subducted seawater-altered
oceanic crust.

Many studies have reported and observed negative Algocpx_ol frac-
tionations in mantle-sourced rocks and have attributed this signature to
metasomatism that preferentially lowers the §!80 value of the pyroxenes
(Gregory and Taylor, 1986; Deines and Haggerty, 2000; Zhang et al.,
2000; Orr and Luth, 2000). Both A0y and A'80g.q1 values from
this study are lower than estimated equilibrium values predicted by
theoretical calculations at 900 °C to 1400 °C or observed in experi-
mental studies (A'®Ocpx.ol = +0.40%o to +0.70%0; Chiba et al., 1989;
Rosenbaum et al., 1994; Valley, 2003; A180gn.01 = +0.50%0 to +0.90%o;
Zheng, 1993). Evidence to support that non-equilibrium A'®0 and A**
40Ca values are related to metasomatism is shown in Fig. 8. Here, the
same negative correlations between trace element indices of meta-
somatism in Fig. 7 coupled with the slsogrt and 8% 40Cagrt values are
also observed with the AlSOgrt_ol, AlSOgrt_cpx, and A% 4OCagn_Cpx values.
The negative correlations between garnet NayO, H,0, and (La/Yb)y and
Alsogm,] show that the least metasomatized samples have positive
Alsogrt_,,l (Fig. 8a—c) and Alsogrt,Cpx (Fig. 8d-f). These values are closer
to equilibrium fractionation estimates at temperatures ranging from
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versus 5*/ 40Cagn (%o0) of garnet minerals from Bellsbank eclogites from the Kaapvaal Craton from Smart et al. (2021). The typical range for §'%0 and 5**/“°Ca values
(%o) of the following reservoirs: altered oceanic crust (light gray box; John et al., 2012; Blattler and Higgins, 2017; Kelley et al., 2003; Bach et al., 2001), mantle
(green box; Mattey et al., 1994; Chen et al., 2019), fresh MORB (black box; Zhu et al., 2018; Harmon and Hoefs, 1995), erupted kimberlites (brown box; Price et al.,
2000; Fedortchuk and Canil, 2004; Wilson et al., 2007; Antonelli et al., 2023), carbonatite (olive green box; Horstmann and Verwoerd, 1997; Amsellem et al., 2020)
and seawater (blue box; Fantle and Tipper, 2014), serpentinites (Wenner and Taylor, 1974; John et al., 2012).

Table 3

8D values of kelyphitic rims.
Sample Average 8D (%o) 1 s.d. (%0)
MX158 —-106 3.1
MX5001 -118 0.7
MX5020 -136 2.8
DDM_149*
DDM_327*
DDM_335 —-131 2.1
DDM_359 —128 0.0
DDM_360 —125 2.8
DDM 361 —-137 0.7
DDM_367 —145 0.7
DDM_368 -129 0.7
DDM_384 —108 2.1

* Insufficient kelyphitic rim material for hydrogen isotope analysis.

1200 to 1400 °C. The more metasomatized samples (with higher garnet
Na»O, H50, and (La/Yb)y) have lower AISOgn_ol and Amogrt_cpX values
that are the furthest from isotopic equilibrium. Therefore, we suggest
that metasomatism by a melt/fluid with low 5'30 preferentially lowered
the garnet oxygen isotope composition relative to olivine, resulting in
the observed non-equilibrium Alsogrt_ol values. Alternatively, the
subduction-derived metasomatism was modal, leading to the growth of
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8D values (%o) from Sheppard and Epstein (1970), Kuroda et al. (1975, 1977),
Sheppard and Dawson (1975), Boettcher and O’Neil (1980), and Banerjee et al.
(2018) and k-richterite 8D values from Kuroda et al. (1975) and Banerjee
et al. (2018).

new garnet and clinopyroxene, or cryptic, resulting in the growth and
overprinting of new garnet and clinopyroxene.
Only a few studies have measured 380 in both olivine and garnet in
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Table 4
Sm-Nd isotope systematics for mineral separates.
Sample Mineral Sm (ppm) Nd (ppm) 1478m /1*4Nd 2s.d. 1493Nd/M*Nd 2s.d. end
MX158 cpx 1.54 13.7 0.0680 0.0012 0.512170 0.000015 -9.2
grt 0.63 1.4 0.2721 0.0012 0.511793 0.000015 -16.5
DDM_327 grt 0.63 0.97 0.3924 0.0012 0.512687 0.000015 0.9
DDM_361 cpx 0.99 5.87 0.1024 0.0012 0.512587 0.000015 -1.0
DDM_367 cpx 1.18 8.68 0.0822 0.0012 0.512552 0.000015 -1.7
grt 0.85 1.85 0.2772 0.0012 0.512616 0.000015 -0.4
DDM_368 cpx 0.25 1.75 0.0867 0.0012 0.512515 0.000015 —2.4
grt 4.55 8.83 0.3116 0.0012 0.512536 0.000015 —-2.0
the same mantle peridotite xenoliths, with even a smaller subset of those
Table 5 . . samples that have measured clinopyroxene as well. These studies report
Model Sm-Nd depletion ages for whole rock xenoliths. Alsogrt_,,l fractionations that range from —0.54%o to +0.70%0 with an
Sample fglculaltff WR lcglculaltzd WR Sm-Nd Sm-Nd average of +0.05 + 0.26%o (1o; n = 27; lonov et al., 1994; Mattey et al.,
Sm/"'Nd Nd/™Nd g‘soéiellwagi g’;{del\lﬂagf 1994; Lowry et al., 1999; Deines and Haggerty, 2000; Rehfeldt et al.,
(Ma) (Ma) 2008; Wang et al., 2011; Fitzpayne et al., 2019a; Lebedeva et al., 2020);
MX158 0.0730 0512150 315 698 and AISOgn_Cpx values that range from —0.88%0 to + 1.33%c with an
ggxgg; ;.-0904 ;;512560 2; 184 average of —0.12 & 0.55%o (1o; n = 13; lonov et al., 1994; Lowry et al.,
DDM 368"~  —- . 79 161 1999; Zhang et al., 1999; Deines and Haggerty, 2000; Rehfeldt et al.,

Ages are calculated relative to bulk silicate earth values (**Nd/Nd =
0.512638; Sm/Nd = 0.325) & depleted mantle (***Nd/***Nd = 0.51326; Sm/Nd
= 0.435) after Workman and Hart (2005).

™ Model age is calculated from clinopyroxene Sm/Nd isotope compositions
listed in Table 4 either due to lack of modal abundance data or because there are
no Sm/Nd isotope data for garnet.

2008; Wang et al., 2011; Fitzpayne et al., 2019a; Lebedeva et al., 2020).
These values are, for the most part, also lower than predicted for equi-
librium fractionation between garnet and olivine and garnet and clino-
pyroxene. However, only two of these studies (Wang et al., 2011;
Fitzpayne et al., 2019) corrected the garnet §'80 value for the Cr-effect
documented by Wang et al. (2011). If the data from these previous
studies are corrected for the Cr-effect using the reported CryOs con-
centrations, then the average Alsogrt_ol value of these eight studies
(+0.27 £ 0.21%q; 16; n = 27) and the A'®Ogyy.cpx value (—0.02 £ 0.53%q;
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Fig. 7. swogn (%) on the top and 5**/ 40Cagrt (%o) on the bottom are plotted vs. garnet Na,O content (wt.%) (in a and d; Creighton et al., 2010; Kilgore et al., 2020),
water content (ppm) (in b and e; Kilgore et al., 2020)), and chondrite-normalized (McDonough and Sun, 1995) rare earth element ratios ((La/Yb)y in ¢ and f;

Creighton et al., 2010; Kilgore et al., 2020)).
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1o; n = 13) is increased, but is still lower than predicted equilibrium
fractionation at temperatures from 900 to 1400 °C (AIBOgrt.ol = 40.50%o
to +0.90%0; A80ge.cpx = 0.00%o to +0.20%0; Zheng, 1993). Although
not all of these studies directly link low AIBOgn_Ol or Alsogn_cpx to evi-
dence of metasomatism (as many reporting low Alsocpx_ol values have
done), many of these studies have identified mantle metasomatism in
sample suites where non-equilibrium Algog,t_ol and Alsogrt_cpX values
are reported (Deines and Haggerty, 2000; Rehfeldt et al., 2008; Wang
et al., 2011; Fitzpayne et al., 2019; Lebedeva et al., 2020).

Studies on mineral Ca isotope fractionation in mantle peridotites has
largely focused on clinopyroxene and orthopyroxene (avg. A** 40Caopx_
epx = +0.25 £ 0.45%0; 10; n = 41; Huang et al., 2010; Kang et al., 2016;
Zhao et al., 2017; Chen et al., 2018; Chen et al., 2019; Kang et al., 2020).
In contrast, studies of Ca isotope fractionation between garnet and cli-
nopyroxene in peridotites are limited, with only two studies reporting
values averaging +0.48 £+ 0.28%o (1o; n = 7; Wang et al., 2019; Tappe
et al.,, 2021). For eclogites and pyroxenites, average A4 40Cagrt,cpx
values are reported as +0.30 + 0.11%o (16; n = 15; Kang et al., 2019;
Smart et al., 2021) and +0.33 £ 0.16%0 (16; n = 2; Dai et al., 2020),

26

respectively. Garnet preferentially incorporates the heavier **Ca isotope
relative to *°Ca due to shorter Ca—O bond lengths than clinopyroxene
(Magna et al., 2015). This results in theoretical equilibrium fraction-
ation factors, A4 40Cagrt_Cpx values, to range from +0.20 to +0.25%o at
temperatures 1200-1400 °C (Antonelli et al., 2019; Huang et al., 2019).
Samples in this study generally cluster above and below predicted
equilibrium fractionation, with errors falling within the predicted Ca
isotope fractionation between garnet — clinopyroxene (between +0.20
and +0.25%o0). The exceptions are samples MX158 and DDM_327.
Notably, with the exception of these samples, 5**°Ca values of clino-
pyroxene and garnet are well correlated (Fig. 4), suggesting equilibrium.

Fig. 8g—i shows that samples with higher A*%/ “()Celgrt,CPX values have
higher garnet Na;O and H,O concentrations, and higher (La/Yb)y ratios
than samples with lower A% 4°Cagn_cpx values suggesting that the sub-
duction derived metasomatism played a role in the variations of the A**
40Cagrt_Cpx values. It is noted that the variations we observed in the A*¥
40Cagrt,cpx values are much more limited than large fractionations A
4OCagrt,Cpx values up to +2%o) that are recorded by granulite facies lower
crustal xenoliths, even some from the A154N kimberlite from the Diavik
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Diamond Mine (Antonelli et al., 2019). Larger A*40Ca values (>+1%o)
are attributed to kinetic Ca isotope effects and are found to correlate
with Mg# (Zhao et al., 2017; Antonelli et al., 2019; Kang et al., 2020)
due to the compositional effect on kinetic Ca isotope fractionation that
occurs during melt-peridotite interaction. To disentangle equilibrium
effects from any kinetic and compositional effects, we plotted the A%
40Cagn_Cpx vs. garnet and whole rock Mg#, revealing no significant
correlations (Fig. S6). This suggests the variations observed in the A**
40Cagn_cpx are also associated with the subduction-derived
metasomatism.

5.1.3. 5D evidence for a recycled crustal component

This study investigated the hydrogen isotope composition of whole
kelyphitic rims rather than individual grains of phlogopite due to the
fine-grained nature of the rims. The 8D value of the rims (—126 + 13%o)
is very different from the 8D value reported for phlogopite from kim-
berlites worldwide (8D = —65 + 12%o; Fig. 6; Sheppard and Epstein,
1970; Sheppard and Dawson, 1975; Kuroda et al., 1975, 1977; Boettcher
and O’Neil, 1980; Banerjee et al., 2018). One possible explanation for
the low 8D of the kelyphitic rims is the interaction with subduction-
related fluids. Recent studies have found that subduction processes
can fractionate the D/H ratio of Earth’s reservoirs (Shaw et al., 2008;
Walowski et al., 2015). Water is carried into Earth’s mantle at subduc-
tion zones via hydrous mineral phases in subducting lithospheric plates.
A fraction of this water is released during subduction, leading to the
generation of arc volcanism. Arc-related magmatic melt inclusions have
high 8D values (e.g., —55%o to —12%o from the Marianas arc; Shaw et al.,
2008; and —66%0 to —33%o from the Cascadian arc; Walowski et al.,
2015). The water released from the subducting slab into the overlying
mantle wedge is enriched in D, forming a D-depleted slab. This suggests
that ocean island basalts (OIBs) that contain recycled slab components
should be characterized by low 8D values. This is observed in melt in-
clusions from Hawaii, which have 8Dayg = —121 £ 35%0 (16; n = 19;
Hauri, 2002). The low 8D values recorded in the kelyphitic rims from the
Slave craton are consistent with fluids derived from deeply subducted
slab residues that have lost some of their water during subduction-
induced dehydration.

Overall, several lines of evidence show that these Slave craton xe-
noliths have been metasomatized by a melt/fluid characterized by
elevated 5**%°Ca values and low 50 and 8D values. This meta-
somatism enriched samples in HoO, LREEs, and Na. We argue the most
likely origin of this fluid/melt is subducted lower altered oceanic crust,
although we cannot rule out serpentinites given the lack of published Ca
isotope data on serpentinites.

5.2. Timing of subduction-related metasomatism: O isotope diffusion and
Nd isotopes

Nd isotopes can provide general constraints on the timing of the
observed subduction-related metasomatism and whether it was associ-
ated with the initial stabilization of the Slave subcontinental litho-
spheric mantle during the Archean or whether it occurred more recently
during the Proterozoic or Phanerozoic. Calculated Sm-Nd whole rock
model ages relative to bulk silicate earth (BSE) and depleted mantle
(DM) values (Workman and Hart, 2005) are listed in Table 5. Given that
these samples’ calculated whole rock Sm-Nd isotope ratios are very
similar to each sample’s respective clinopyroxene Sm-Nd composition,
model ages were calculated for samples DDM_361 and DDM_368 based
on the clinopyroxene Sm-Nd isotope ratios to give a rough age estimate
(Table 5). Sm-Nd BSE and DM model ages (Table 5) indicate a Phaner-
ozoic age for the metasomatism with the exception of a DM model age of
sample MX158 (698 Ma; Fig. 9). This confirms that the subduction-
derived metasomatism occurred more recently (within the last ~700
Ma) and did not coincide with the initial stabilization of the craton
during the Archean.

Despite the Sm-Nd isotope system’s utility in providing age
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evolution curves are shown as red and green lines, respectively (Workman and
Hart, 2005).

constraints, the results are affected by the low abundance of Sm and Nd
in depleted peridotites, making them prone to metasomatic over-
printing, including from the host kimberlite (i.e., Schmidberger et al.,
2007). The '*3Nd/***Nd in both clinopyroxene and garnet from samples
MX158, DDM_327, DDM_361, DDM_367, and DDM_368 overlap with the
kimberlite Nd isotope composition of the A154 pipe (}**Nd/!**Nd =
0.512500; Tappe et al., 2013; Fig. 10). The narrow range in 143Nd/M4Nd
over a large range of 147Sm/***Nd observed in minerals from this sample
suite is similar to the range reported for a suite of deep peridotite
samples from the Diavik mine (Aulbach et al., 2013; Fig. 10), suggesting
that metasomatism may be related to the kimberlite magmatism as
suggested by Kilgore et al. (2020).

Oxygen isotope diffusion modeling can provide tighter constraints on
when the subduction-related metasomatism occurred as inter-mineral
oxygen isotope disequilibrium can be preserved in the mantle at
temperature-dependent diffusive timescales. Diffusion modeling was
performed for the lherzolites in this study using the equation of Crank
(1979), following several recent approaches (Perkins et al., 2006; Hao
et al., 2015; Fitzpayne et al., 2019a):

5180(t) = 5 Ocqm + (5 Ormeasured — 5% Ocqm ><erf<;>,
() qs ( d qs ) 2\/&

where §'80(1) is the oxygen isotope composition at time t, 618Oeqm is the
expected equilibrium oxygen isotope composition of the mineral at
temperature T, 6180measured is the measured oxygen isotope composition
of the mineral (Table 1), r is the radius of the mineral, and D is the
mineral’s diffusion coefficient at temperature T.

The equilibration temperature for each sample is taken from Brey
and Kohler temperatures published in previous studies (Creighton et al.,
2010; Kilgore et al., 2020), and the average radius of clinopyroxene and
garnet grains are obtained from thin section (Supplemental Table S.1).
Oxygen isotope diffusion modeling was only conducted on samples with
grain size measurements (MX158, DDM_149, DDM_329, DDM 335,
DDM_361, and DDM_367). It is assumed that the coexisting olivine
provides the equilibrium conditions of the local ambient mantle, given
the similarity between measured olivine values (+5.02 to +5.48%o
Table 1; Fig. 2a) and published values for lithospheric mantle olivine
(+5.2 + 0.3%0; Mattey et al. 1994). The expected equilibrium §'%0
values for both clinopyroxene and garnet (6180eqm) were calculated
using fractionation factors from Zheng (1999) and Valley (2003).
Diffusion coefficients for clinopyroxene were calculated using data from
Ingrin et al. (2001) at an average equilibration temperature of 1250 °C.
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Fig. 10. Plot of 1*7Sm/M**Nd vs. 1*3Nd/'**Nd for clinopyroxene (green circles) and garnet (pink triangles) minerals from xenoliths from this study. Also shown are
compositions of clinopyroxenes and garnets from xenoliths from the A154 kimberlite pipe that equilibrated at shallower depths from Aulbach et al. (2013) and the
composition of the A154 kimberlite that brought the samples from this study and Aulbach et al. (2013) to the surface (Tappe et al., 2013).

Diffusion coefficients for garnet minerals were extrapolated from
Coughlan’s (1990) data at a temperature of 1250 °C. At these high
temperatures (1200-1350 °C), clinopyroxene and garnet can only retain
non-equilibrium §'80 values for times scales of 10,000-100,000 years
(Fig. 11; depending on the radius, measured composition, and equili-
bration temperature). These short time scales indicate that the meta-
somatism recorded by the mineral-scale oxygen isotope disequilibrium
had to occur shortly before or during entrainment by the kimberlite host
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Fig. 11. 580 (%o) vs. time (years) for clinopyroxene (top panel) and garnet
(bottom panel) samples from this study, showing change in 5'%0 value over
time due to diffusion within clinopyroxene and garnet, triggered by progressive
isotopic equilibration between clinopyroxene/garnet and local ambient mantle;
see text for details.
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at 55 Ma (Graham et al., 1999; Creaser et al., 2004).

5.2.1. Subduction-derived metasomatism related to kimberlite melt?

Given the oxygen isotope diffusion modeling and the observed inter-
mineral disequilibria, the subduction-related metasomatism we have
noted has to have been nearly contemporaneous with kimberlite erup-
tion since the disequilibria can be maintained for <10° years. This re-
quires a subduction-related metasomatism event nearly the same age as
the 55.4 Ma kimberlite eruption, or possibly that the kimberlite itself
acted as the metasomatic agent. We propose three hypotheses that link
the observed subduction metasomatism and kimberlite volcanism to
explain the contemporaneous nature of the metasomatism and kimber-
lite volcanism.

The near contemporaneous metasomatism and kimberlite eruption
could be related to (1) the kimberlite melt triggering the movement of
subduction-derived fluids that were stabilized in the SCLM during flat-
slab subduction in the Mesozoic. It has been noted that flat-slab sub-
duction, commonly associated with the Laramide orogeny in the
southwestern United States, was in place as far north as ~60°N (Currie
and Beaumont, 2011), although other geodynamic models (i.e., Liu
etal., 2010) argue Laramide low angle subduction didn’t extend beyond
the Wyoming craton (~48°N). Despite this, a decrease in the angle of the
subducting slab can cause the subducted oceanic plate to come into
contact with the base of the overlying SCLM, cooling the SCLM (Smith,
2010). Additionally, as the oceanic plate dehydrates, it releases hydrous
fluids and melts, metasomatizing the overlying SCLM (Lee, 2005). The
cooler temperatures allow hydrous mineral formation and stabilization
in the hydrated SCLM (Humphreys et al., 2003). The percolation and
intrusion of the kimberlitic melt at 55 Ma could have triggered the
movement of these subduction-derived fluids that were already present
in the SCLM, providing an explanation for why kimberlite volcanism and
the metasomatism occurred within 100,000 years of each other.

Alternatively, (2) this subduction-derived fluid could have been a
precursor fluid that triggered kimberlite emplacement. Kamenetsky
et al. (2013) and references therein have proposed parental kimberlite
liquid was a Si-poor, Ca—Mg carbonate-rich fluid, enriched in alkali
elements, lithophile trace elements, P, Cl, and S. Some studies have
concluded from geochemical and experimental data that the Cl-bearing
carbonate precursors of kimberlites could be the products of saline fluids
metasomatizing peridotites in the surrounding lithospheric mantle
(Navon et al., 2008; Klein-BenDavid et al., 2009; Safonov et al., 2009;
Weiss et al., 2009). The subduction-derived, Na-rich fluid we infer to
have metasomatized the Slave craton xenoliths has characteristics that
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are similar to the saline fluids proposed to have produced fluid-rich
diamonds from the Ekati mine in the Slave craton (Weiss et al., 2015),
with the majority of these diamonds having formed within 1 Ma of
kimberlite volcanism. Additionally, Tappe et al. (2013) identified that
Cretaceous and Eocene-aged kimberlites from the Lac de Gras area
exhibit extreme Nd-Hf isotope decoupling compared to kimberlites
globally and attribute this trend to an ancient, subducted component in
the kimberlite source region. They argue that the incorporation of this
material was due to mantle return flow related to complex subduction
along the western margin of North America during the Cretaceous.
Active subduction zones, from at least 170 Ma to ~70-50 Ma (Shephard
et al.,, 2014), were a key feature of the complex tectonic setting of
western North America and the Arctic, providing several options for the
fluid source in the ideal time window to allow for metasomatism of the
xenoliths. Therefore, the initiation of kimberlite volcanism by a
subduction-related fluid can explain the metasomatism coinciding with
kimberlite volcanism.

Lastly, (3) the kimberlite melt itself could act as the metasomatizing
agent, provided the kimberlite melt is derived from a subducted source.
There are many proposed models for kimberlite genesis, such as mantle
plumes (i.e., Crough et al., 1980), continental extension (i.e., Phipps,
1988), melts originating from the mantle transition zone and deeper (i.
e., Ringwood et al., 1992; Torsvik et al., 2010), and lithospheric sub-
duction (i.e., Currie and Beaumont, 2011). The origin of kimberlite
sources is unclear, and whether subducted components are involved is
still debated today. Ultimately, the oxygen and calcium isotope com-
positions are not well-constrained for kimberlite materials. The O
isotope composition of minerals (typically micas, carbonates, serpen-
tines, sulfides) in kimberlite magmas show a wide range of 5'%0 values
from +1.2%o to +17.4%0, with an average 5180 = +8.7 + 3.2%o (1c;
Price et al., 2000; Fedortchuk and Canil, 2004; Wilson et al., 2007).
Although the average kimberlite §'%0 value is higher than typical
mantle values, Price et al. (2000) state that a 5'%0 range of +6.2 to
+8.2%o lies within the range established for mica and serpentine found
in kimberlite groundmass and is consistent with derivation from a
mantle source. Studies attribute the higher 5180 values (>+8.2%o)
observed in carbonate minerals in the kimberlite groundmass to sec-
ondary alteration from meteoric water post-eruption. Only a handful of
studies (Guiliani et al., 2019; Xu et al., 2021) have analyzed the oxygen
isotope composition of olivine xenocrysts, including cores and rims, in
kimberlites to constrain the starting composition of kimberlites. Guiliani
et al. (2019) found that the 880 values of different olivine zones do not
deviate from typical mantle olivine values of +5.2 + 0.3 (Mattey et al.,
1994), which suggests the source of kimberlite magmas are not isoto-
pically distinct from the surrounding mantle. However, Xu et al. (2021)
identified kimberlite-hosted olivine xenocryst cores from the Kaapvaal
Craton in South Africa and the Rae Craton in Canada with lower than
mantle 580 values (avg. = +4.11 = 0.28%o; 16; n = 11). They attributed
these low 580 values and the positive correlations with olivine Mg# to
the assimilation of SCLM wall rocks, which have lower-than-average
5180 values. However, they also suggest that the low 580 values in
the cores of olivine could originate from the proto-kimberlite melts
derived from a low 5!80 mantle region with a recycled crustal source. To
our knowledge, Ca isotopes have only been measured on South African
kimberlites, with values ranging from +0.68%c to +1.27%. with an
average of +0.81 + 0.11%o (16; n = 25; Tappe et al., 2021; Antonelli
etal., 2023), so the true Ca isotope range of kimberlites worldwide is not
well established. In summary, existing data indicate that low-5'0
components may be present in kimberlite source, while the evidence for
calcium remains unclear. Therefore, kimberlite metasomatism cannot be
ruled out, even though kimberlites that have reached the surface
generally have higher oxygen and lower calcium isotope compositions
than the mantle (light brown box; Fig. 5; Price et al., 2000; Fedortchuk
and Canil, 2004; Wilson et al., 2007; Antonelli et al., 2023).

There is experimental and petrographic evidence that kimberlites
interact and assimilate with the lithospheric mantle material on their
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way to the surface and that their chemical composition changes from
source to surface (i.e., Russell et al., 2012; Mitchell, 2013; Soltys et al.,
2016; Sharygin et al., 2017). More recently, there has been radiogenic
isotope evidence that kimberlites evolve and interact with the sur-
rounding mantle material during ascent (Fitzpayne et al., 2019b).
Therefore, if the stable isotope composition of the kimberlite source
magma is different from the stable isotope composition of the ambient
SCLM, the kimberlite magma could evolve to become more mantle-like
during ascent and interaction with the ambient mantle. By this logic,
deeper-derived mantle xenoliths, as in this study, will retain the isotope
signature of the proto-kimberlite melt, and shallower-derived mantle
xenoliths will retain the isotope signature of the evolved kimberlite melt
that is in isotope equilibrium with the SCLM. Therefore, the isotope
composition of clinopyroxene and garnet minerals in the xenoliths from
this study could be representative of the stable isotope composition of
the proto-kimberlite melt, as these xenoliths equilibrated at depths
associated with kimberlite genesis. Therefore, it is possible that the
kimberlite source magma could have a low §'80 and high §*4/“°Ca that
could be associated with the subduction of seawater-altered oceanic
crust. A caveat to this hypothesis is the study by Zou et al. (2024), which
reports that 5*/*°Ca values in melts are minimally modified during
transport from depth to the surface when compared to more significant
changes observed in other major element stable isotopes, such as Fe and
Mg. Further investigation is needed to determine if similar constraints
apply to kimberlite magmas.

Kimberlite metasomatism is commonly characterized by Ti enrich-
ment in garnets (i.e., Dongre et al., 2016). Kimberlites from the Lac de
Gras area in the central Slave craton have an average TiO; concentration
of ~0.64 wt.% (Tappe et al., 2013). Therefore, if kimberlites were the
metasomatizing agent, we would expect correlations between the 5'80
or §*%°Ca and the Ti concentration in garnets or enrichment in high
field strength elements relative to LREEs, which are not observed
(Fig. S.7), potentially because the A154 pipe that hosted the xenoliths in
this study is found to be Ti-depleted (Aulbach et al., 2013; Kilgore et al.,
2020) or simply, because the kimberlite was not the metasomatizing
agent.

We prefer models (2) and (3) to explain the observed deviations in O,
Ca, and H isotopes from the typical mantle and the associated correla-
tions with geochemical tracers of subduction. Ultimately, how or
whether the subduction-related metasomatism recorded in the Slave
craton mantle xenoliths reported in this study is related to kimberlite
emplacement is unclear and cannot be answered with this dataset.

6. Broader geochemical significance and conclusions

The combined isotope data (6180, 44/ 40Ca, and 8D) from this study
indicate metasomatism in mantle peridotites from the Slave Craton,
despite their resemblance to accepted mantle ranges. Our findings
emphasize the importance of subtle variations within the mantle, as they
are discernible due to low analytical uncertainty, suggesting that even
minor deviations can signal significant processes.

Clinopyroxene and garnet 880 values correlate with their respective
544/40Ca values, which extend beyond reported mantle ranges to low
5'%0 and high §*/4°Ca. Coupled low §'80 values and high §*4/“°Ca
values are attributed to the variable incorporation of altered oceanic
crust-derived fluids in the SCLM. This is consistent with negative 8D
values of phlogopite-bearing kelyphitic rims measured in some samples.
Additionally, garnet minerals exhibit major and trace element correla-
tions (NayO content, H,O content, and (La/Yb)y) with 6180gn and 5
40Cagrt values. These lines of evidence indicate that these deeply
entrained mantle xenoliths record the stable isotope and chemical
composition of a melt or fluid derived from subducted altered oceanic
crust.

Clinopyroxene and garnet minerals are often out of O and Ca isotope
equilibrium with each other and out of O isotope equilibrium with
coexisting olivine. These variations in observed mineral-mineral oxygen
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and calcium isotope fractionation likely result from metasomatism, as
the AlBOgrt.olv, AlsOgrt.cpx, and A%/ 40Cagn.cpx all correlate with the same
indices of metasomatism, garnet Na;O content, garnet H>O content, and
the garnet (La/Yb)n. This suggests that some minerals, particularly
garnet, may be more affected by metasomatic processes than others,
leading to isotopic disequilibrium between minerals. Our method offers
a new perspective on why more than 50% of mantle peridotites exhibit
lower than expected oxygen isotope equilibrium fractionation. These
samples’ high equilibration temperatures (>1200 °C) reduce the diffu-
sion timescales on which clinopyroxene and garnet minerals maintain
oxygen isotope disequilibrium. Diffusion modeling constrains the timing
of metasomatism to within 10,000 to 100,000 years before kimberlite
entrainment.

This recycled component was likely incorporated in the SCLM during
the Mesozoic subduction of oceanic lithosphere beneath the North
American continental lithospheric mantle. How this metasomatic fluid is
related to kimberlite emplacement is unclear. However, the temporal
juxtaposition of metasomatism and kimberlite eruption suggests either
that kimberlite melts triggered remobilization of subduction-derived
components in the SCLM, that the subduction-derived fluids/melt
responsible for metasomatism were precursors to kimberlitic melts, or
that the kimberlite melt itself was the metasomatizing agent.

Our research demonstrates that the modest isotopic variations re-
ported in mantle peridotites may contain overlooked signals of sub-
duction processes over geologic time. By pairing stable isotope data with
major and trace element geochemical data, we have identified meta-
somatism by subduction-derived fluids within the subcontinental lith-
ospheric mantle. These results underscore the necessity of considering
the impact of subducted materials on the mantle’s geochemical evolu-
tion, independent of specific geographic contexts. By focusing on the
broader geochemical processes at play, this study contributes to the
global understanding of mantle metasomatism and the geochemical
evolution of the Earth’s interior.
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