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Abstract The mineralogy, chemical composition, and physical properties of cratonic mantle eclogites
with oceanic crustal protoliths can be modified by secondary processes involving interaction with fluids
and melts, generated in various slab lithologies upon subduction (auto‐metasomatism) or mantle
metasomatism after emplacement into the cratonic lithosphere. Here we combine new and published data to
isolate these signatures and evaluate their effects on the chemical and physical properties of eclogite. Mantle
metasomatism involving kimberlite‐like, ultramafic carbonated melts (UM carbonated melts) is
ubiquitous though not pervasive, and affected between ~20% and 40% of the eclogite population at the
various localities investigated here, predominantly at ~60–150 km depth, overlapping cratonic
midlithospheric seismic discontinuities. Its hallmarks include lower jadeite component in clinopyroxene
and grossular component in garnet, an increase in bulk‐rock MgO ± SiO2, and decrease in FeO and Al2O3

contents, and LREE‐enrichment accompanied by higher Sr, Pb, Th, U, and in part Zr and Nb, as well as
lower Li, Cu ± Zn. This is mediated by addition of a high‐temperature pyroxene from a UM carbonated melt,
followed by redistribution of this component into garnet and clinopyroxene. As clinopyroxene‐garnet
trace‐element distribution coefficients increase with decreasing garnet grossular component, clinopyroxene
is the main carrier of the metasomatic signatures. UM carbonated melt‐metasomatism at >130–150 km
has destroyed the diamond inventory at some localities. These mineralogical and chemical changes
contribute to low densities, with implications for eclogite gravitational stability, but negligible changes in
shear‐wave velocities, and, if accompanied by H2O‐enrichment, will enhance electrical conductivities
compared to unenriched eclogites.

Plain Language Summary Oceanic crust formed at spreading ridges is recycled in subduction
zones and undergoes metamorphism to eclogite. Some of this material is captured in the overlying
lithospheric mantle, where it is exhumed by passing magmas. Having formed in spreading ridges, these
eclogites have proven invaluable archives for the onset of plate tectonics, for the construction of cratons
during subduction/collision, as probes of the convecting mantle from which their precursors formed, and as
generators of heterogeneity upon recycling into Earth's convecting mantle. During subduction and until
exhumation, interaction with fluids and melts (called metasomatism) can change the mineralogy, chemical
composition, and physical properties of mantle eclogites, complicating their interpretation, but a
comprehensive study of these effects is lacking so far. We investigated mantle eclogites from ancient
continents (cratons) around the globe in order to define hallmarks of metasomatism by subduction‐related
fluids and small‐volume ultramafic carbonated mantle melts. We find that the latter is pervasive and
occurs predominantly at midlithospheric depths where seismic discontinuities are detected, typically
causing diamond destruction and a reduction in density. This has consequences for their gravitational
stability and for the interpretation of shearwave velocities in cratons.

1. Introduction

Mantle eclogites are high‐pressure garnet‐clinopyroxene rocks that constitute a portion of xenolith suites
entrained in kimberlites worldwide, and are thought to occur as lenses, pods, or layers within cratonic
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lithospheres (Helmstaedt & Schulze, 1989; Jacob, 2004). The premetamorphic origin of most of these suites
as subducted oceanic crust is recognized based on elemental, isotopic, experimental, and modeling con-
straints (Aulbach & Jacob, 2016). Their protracted history in the cratonic mantle lithosphere—involving
Precambrian oceanic crust subduction, metamorphism, and interaction with kimberlite magma prior to
entrainment—suggests the possibility that their compositions have changed significantly. Such changes
include interactions between slab‐derived metasomatic fluids and melts with portions of the oeanic crust
upon subduction (“auto‐metasomatism” in the sense that the agent is internal to the slab) and/or of
mantle‐derived fluids and melts with the eclogite reservoir after emplacement in the mantle lithosphere
(“mantle metasomatism” in the sense that the agent is externally derived). Indeed, various effects of meta-
somatism in eclogites have been described, such as addition of hydrous minerals or carbonates, enrichments
in MgO and incompatible elements, as well as enriched isotopic compositions (e.g., Czas et al., 2018;
Heaman et al., 2002, 2006; Hills & Haggerty, 1989; Huang et al., 2012, 2014; Ireland et al., 1994; De
Stefano et al., 2009; Jacob et al., 2009; Misra et al., 2004; Pyle & Haggerty, 1998; Shu et al., 2018; Smart
et al., 2009, 2014; Spetsius & Taylor, 2002; Taylor et al., 1996; Viljoen et al., 1996; Zedgenizov et al., 2018).
Introduction or internal production of a carbonatite‐ or kimberlite‐like ultramafic melt has been implicated
in many of these instances, and suchmelts have been shown to be temporally and genetically related to kim-
berlite magmatism (e.g., Giuliani et al., 2014; Jollands et al., 2018; Yaxley et al., 2017). The ability to distin-
guish low‐pressure (crustal) and secondary signatures is necessary for accurate interpretation within a
regional tectonomagmatic framework, which has implications for eclogite origins, craton construction
and evolution, and physical properties of the cratonic mantle (e.g., Shirey & Richardson, 2011).

Despite sporadic investigations of metasomatism in eclogite, a comprehensive effort to assess the composi-
tional effects—on a minor but consequential part of the lithospheric mantle—or its pervasiveness has yet to
be made. Recent research, aiming to estimate the proportion of eclogite in cratonic lithosphere, has high-
lighted the role of eclogite in explaining some enigmatic geophysical observations (Garber et al., 2018).
However, the densities, seismic velocities, and electrical conductivities of minerals in both metasomatized
and “pristine” eclogites and pyroxenites as a function of depth (and taking into account regional peculiari-
ties) have not been systematically investigated. Here we combine published and new data for
kimberlite‐hosted mantle eclogite/pyroxenite suites from Orapa (Zimbabwe craton), Lace (Kaapvaal), and
Diavik (Slave) with the aims to (1) identify elemental markers of UM carbonated melt metasomatism in
mantle eclogite/pyroxenite that distinguish this from other types of metasomatism; (2) obtain further
insights into the timing, locus, and pervasiveness of this interaction; and (3) explore physical consequences
with respect to density, seismic velocity, and electrical conductivity, which may be used to refine
craton‐specific estimates of eclogite/pyroxenite proportions as part of the subcontinental lithosphere.
These are critical to understanding and accurately interpreting the bulk lithospheric mantle signature
detected geophysically, which is commonly used to infer the composition, thermal state, and structure of
cratonic lithosphere, with geodynamic implications.

2. Sample Classification and Database

To understand compositional signatures of auto‐ and mantle metasomatism, we compiled new and pub-
lished data from a global suite of cratonic mantle eclogites (Figure 1). Various criteria, based on garnet, clin-
opyroxene, and reconstructed bulk‐rock compositions, are used to classify garnet‐clinopyroxene rocks,
following Aulbach and Jacob (2016) who focussed on non‐metasomatized samples to capture the nature
of their low‐pressure protoliths. To this end, samples are divided into gabbroic (whole‐rock Eu/Eu* =
chondrite‐normalized Eu/(Sm*Gd)^0.5 > 1.05; Rudnick & Fountain, 1995) and non‐gabbroic samples to
broadly separate cumulate protoliths (plagioclase‐rich) from protoliths representing complementary melts,
and further into pyroxenites (molar Na/(Na + Ca in clinopyroxene <0.2) and eclogites. Non‐gabbroic eclo-
gites comprise high‐Ca (garnet Ca# =molar Ca/(Ca + Fe +Mg+Mn) > 0.2), high‐Mg (Ca#≤0.2 andMg#=
molar Mg/(Mg + Fetotal) > 0.6) and low‐Mg (Ca# ≤ 0.2 and Mg# ≤0.6) varieties. Although these cut‐off
values do not rigorously yield separate groupings, and the classification of each individual suite must be
separately evaluated, they generally reflect different protoliths and processes in unmetasomatized samples:
High‐Mg and high‐Ca eclogites largely represent less‐ and more‐differentiated crustal protoliths, respec-
tively, whereas low‐Mg eclogites typically require Fe‐rich protoliths (Aulbach & Jacob, 2016). For the loca-
tions for which new data are presented (Diavik, Lace, Orapa), supporting information Text S1 provides an
overview of prior work, samples, methods, data filtering, and a description of the results, which are
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displayed in Tables S1 to S10. Literature data comprise suites from the
northern Slave craton (Jericho, Muskox, Voyageur; Smart
et al., 2009, 2014, 2017), Koidu in the West African craton (Aulbach,
Höfer, & Gerdes, 2019; Barth et al., 2001, 2002), and phlogopite‐bearing
eclogites/pyroxenites from Kimberley in the Kaapvaal craton (Jacob
et al., 2009), for which trace‐element ± isotopic compositions are avail-
able. Comparisons are also made to eclogites from Fort a la Corne in the
Sask craton (Czas et al., 2018) and to eclogites from Roberts Victor in
the Kaapvaal craton (Huang et al., 2012, 2014; Radu et al., 2019). These
suites have been selected because they are described as having some pro-
portion of metasomatized samples; for the sake of clarity not all suites are
shown in all figures. In the following, we will only refer to “eclogites” for
brevity, with the implicit understanding that this also includes pyroxe-
nites unless stated otherwise.

As outlined in supporting Text S1, metasomatized samples are classified
based on REE patterns into LREE‐enriched eclogites and
HREE‐enriched eclogites, the latter exemplified by phlogopite‐eclogites
from Kimberley, which have been enriched in both LREE and HREE,
and distinguished from unenriched eclogites (Figure S1). Different types
of metasomatism are recognized according to the effects they produce:
Patent metasomatism entails addition of new minerals, whereas cryptic
metasomatism is observable only in incompatible element composition
(Dawson, 1984), and stealth metasomatism entails addition of minerals
that are part of the preexisting assemblage, but with a distinct composition
(O'Reilly & Griffin, 2013). Metasomatism is further distinguished accord-
ing to the locus of interaction, as outlined in the introduction:
auto‐metasomatism, which occurs due to metamorphic reactions in sub-
ducting slabs and involves fluids andmelts from various slab components,
vs. mantle metasomatism (Roden & Murthy, 1985), which occurs after
emplacement of eclogitized oceanic crust in the subcontinental
lithospheric mantle.

3. Geothermobarometry and
Bulk‐Rock Reconstruction

Temperatures were derived from the garnet‐clinopyroxene Mg‐Fe
exchange thermometer of Krogh (1988; TKR88), which yields on average
lower temperatures than that of Krogh Ravna (2000) (Figure S4).
Barometry on mantle eclogites is hampered by the small amount of tetra-
hedrally coordinated Al, which is the pressure‐sensitive component in
clinopyroxene (Beyer et al., 2015; PB15) (see Text S1). To circumvent this
problem, here, pressures are estimated for all samples by iterative solution
with the regional peridotite‐derived conductive geotherm. For Koidu,
Lace, and Roberts Victor, reported geotherms correspond to a surface
heatflow of 38mW/m2 (Griffin et al., 2003;Mather, 2012; Smit et al., 2016).
For Diavik, samples from the shallow portion of the lithosphere (to ~4
GPa) appear to have equilibrated to a lower geotherm (35 mW/m2) than
those from the deeper lithosphere (Griffin, Doyle, et al., 1999;
Grütter, 2009). At the peridotite‐derived geotherm for Orapa (40
mW/m2; Stiefenhofer et al., 1997), the deepest samples were apparently
derived from beyond the geophysically determined depth to the
lithosphere‐asthenosphere boundary (220 km; Miensopust et al., 2011),
suggesting failure to equilibrate to the geotherm and isobaric heating. A
gradient for a surface heat flow of 36 mW/m2 was determined for

Figure 1. Criteria used to distinguish eclogite and pyroxenite classes.
(a) Mg# (molar Mg/(Mg + Fetotal) as a function of Na/(Na + Ca) in clino-
pyroxene, separating pyroxenites from eclogites. (b) Total HREE content
(ΣHREE, summing abundances from Tb to Lu in ppm) as a function of Eu/
Eu* (chondrite‐normalized Eu/(Sm*Gd)^0.5; chondrite of Sun &
McDonough, 1989) in garnet, separating gabbroic from non‐gabbroic eclo-
gites and (c) Ca# (molar Ca/(Ca + Mg + Fe + Mn)) as a function of Mg#,
classifying non‐gabbroic eclogites into high‐Mg, low‐Mg, and high‐Ca
classes. Samples are from the northern Slave craton (Jericho, Muskox,
Voyageur; Smart et al., 2009, 2014, 2017), central Slave craton (Diavik;
Schmidberger et al., 2007; this study), West African craton (Koidu; Barth
et al., 2001, 2002; Aulbach, Höfer, & Gerdes, 2019), Zimbabwe craton
(Orapa; Viljoen et al., 1996; Aulbach et al., 2016; this study), and the
Kaapvaal craton (Kimberley, Jacob et al., 2009, and Lace, Aulbach &
Viljoen, 2015; Aulbach et al., 2016).
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samples from the northern Slave craton (Grütter, 2009). With the exception of Smit et al. (2016), these works
describe geothermal gradients with respect to the older family of geotherms presented by Pollack and
Chapman (1977; PC77), which show too great a curvature at pressures >6 GPa in comparison to
pressure‐temperature arrays of cratonic mantle xenoliths (Rudnick & Nyblade, 1999). Therefore, the family
of geotherms of Hasterok and Chapman (2011; HC11) is used for iterative calculations. Since even at pres-
sures <6 GPa the two geotherm families do not coincide (Figure S4), the PC77 estimates are approximately
converted to HC11, and this is done by replacing 40, 38, and 36 geotherms according to PC77 with 38, 37, and
35 geotherms according to HC11. Hasterok and Chapman (2011) determined a surface heatflow of 40.2
mW/m2 for the Kalahari craton, without distinguishing between xenoliths entrained in Jurassic orangeites
and Cretaceous kimberlites, and of 37 mW/m2 for the Slave craton combining both northern and central
Slave xenoliths. We prefer to keep these separate in accord with prior work finding distinct
pressure‐temperature arrays (e.g., Grütter, 2009).

Advected heat, likely connected to kimberlite magmatism, is common especially near the base of the conti-
nental lithosphere (Grütter, 2009). Such samples will have overestimated pressures if their temperatures are
solved with the steady‐state geotherm. This includes five samples from Orapa (OE1, 23, 26, 33, 34) and eight
samples (D1056, D1530, D1503, D1541, D1534, D1617, D1649, MX121) from the deeper central Slave litho-
sphere, which equilibrated to a higher apparent conductive geotherm than those derived from the shallow
lithosphere (Griffin, Doyle, et al., 1999; Grütter, 2009). These samples will not be considered for depth esti-
mates (section 5.1.6) or considerations of geophysical properties (section 5.2). Iterative solutions of TKR88
with PB15, employing only samples with clinopyroxene <1.985 Si cations per formula unit (pfu) considered
to be reasonably accurate (Beyer et al., 2015), show a good positive correlation with solutions using the regio-
nal conductive geotherm, but PB15 may be systematically slightly underestimated, judging by the
pressure‐temperature arrays of individual eclogite suites relative to corresponding peridotite‐derived con-
ductive geotherms (Figure S4). For samples with clinopyroxene Si <1.985 pfu, the average difference
between iterative solutions of TKR88 with PB15 and with the regional conductive geotherm is ~0.9 GPa.

Whole rock compositions were calculated for bimineralic eclogites assuming garnet and clinopyroxene
modes of 55 and 45 wt%, respectively (Aulbach & Jacob, 2016). This is consistent with the average modes
determined in a recent study on a large suite of eclogite xenoliths from Siberia (55.4 ± 5.1 (1σ) wt% garnet,
44.3 ± 5.0 wt% clinopyroxene; Agashev et al., 2018), and is also close to those calculated from average mantle
eclogite compositions based on thermodynamic modeling at an intermediate lithospheric pressure of 4 GPa
(59 and 41 wt%, respectively; Garber et al., 2018). Higher variance may be observed in other suites in parti-
cular comprising smaller sample sizes, but it is difficult to assess whether this reflects compositional varia-
bility inherited from the protoliths, or is due to a combination of typically large grain size in mantle eclogite
relative to xenolith size and/or mineralogical layering. In detail, these modes will vary depending on bulk
composition (e.g., basaltic vs. picritic protoliths, melt‐undepleted vs. ‐depleted, pristine or metasomatized)
and also on pressure. For example, the global‐average cratonic eclogite model of Garber et al. (2018) shows
~3% modal variation between 6 and 8 GPa, whereas experimental work on subsolidus eclogites with MORB
compositions and on melt‐depleted eclogites shows 8% modal variations over the same pressure interval
(Knapp et al., 2015). The average uncertainty in reconstructed bulk rock compositions related to 10% modal
variation is given in Table 1. Additional uncertainties apply to samples containing minor mineral phases,
such as kyanite or orthopyroxene. The abundance of frequently observed accessory rutile is difficult to con-
strain accurately or precisely in typically small (<10 cm) xenoliths, but its omission in bulk‐rock reconstruc-
tions leads to an underestimate of TiO2, Nb, and Ta concentrations (Aulbach et al., 2008). As outlined in
Aulbach and Jacob (2016), the TiO2 deficit is compensated by assuming that the bulk rock has no negative
Ti anomaly relative to elements of similar compatibility during decompression melting of a dry peridotite, as
applies to MORB. The amount of rutile necessary to erase such anomaly is then determined, while Zr and Hf
concentrations in the hypothetical rutile are calculated using published distribution coeffients for
rutile‐eclogite. Concentrations will be a maximum estimate if the original rock had a negative Ti anomaly,
as applies to some gabbroic eclogites with cumulate protoliths (Aulbach & Jacob, 2016), or samples that
experienced LREE enrichment unaccompanied by HFSE addition. Finally, although accessory zircon and
apatite occur in some eclogite suites (e.g., Heaman et al., 2006; Nikitina et al., 2014; Shchukina et al., 2018),
they are relatively uncommon, and are thus not considered, as is coesite, which is generally trace
element‐poor and mainly dilutes the other components (Jacob et al., 2003).
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4. Trace Element Homogeneity
and Distribution

To assess the compositional homogeneity of the minerals, which
may have been affected by entrainment in the host kimberlite
and preentrainment heating and metasomatism, trace‐element
abundances were measured from the outermost rim to ~500 μm
into the interior of touching garnet and clinopyroxene grains
where possible, depending on the presence of alteration (data
and supporting figures in Table S10). Two unenriched eclogites
(high‐Ca and low‐Mg class) and two LREE‐enriched eclogites
(both high‐Mg) from Orapa were chosen. Several spots in clino-
pyroxene have implausibly high Ba contents (>1 ppm) compared
to Ba‐poor neighboring spots and are interpreted to have been
affected by kimberlite contamination in the sampled volume
(Aulbach & Viljoen, 2015). The trace‐element profiles show that
elements that are more compatible in clinopyroxene, such as Sr
and Ce, are relatively homogeneous in clinopyroxene, whereas
they increase from garnet cores to rims in the two high‐Mg eclo-
gites (Table S10). Importantly, the difference in concentration
between garnet and clinopyroxene in the LREE‐enriched, meta-
somatized eclogites is systematically much larger than in the
unenriched samples. This suggests that the trace‐element enrich-
ment recorded in clinopyroxene preceeded final kimberlite
entrainment and related heating, which caused some diffusion
of Sr, Ce, and other similarly incompatible elements into garnet,
either from the clinopyroxene or from the host kimberlite or pre-
cursory melt percolation. In contrast, Y, which is more compati-
ble in garnet than in clinopyroxene, shows no consistent zoning
in either phase. As a fast‐diffusing element (e.g., Dohmen
et al., 2010), Li concentrations vary little in all of the grains, but
are conspicuously higher in clinopyroxene from the unenriched
eclogites than in those from the LREE‐enriched eclogites. This
broad homogeneity is suggested to reflect chemical equilibrium,
and the consistent difference between LREE‐enriched and unen-
riched eclogites is again interpreted to reflect a preentrainment
event. In summary, given the small degree of variation away from
the outermost rim (see typically small relative standard devia-
tions for trace element abundances obtained from multiple spots
and grains per sample in Table S5), the samples are considered to
be in trace‐element equilibrium, allowing distribution coeffi-
cients (clinopyroxene/garnetDelement) to be calculated and interpreted
with respect to their dependence on temperature (and pressure
along the conductive geotherm) and composition.

5. Discussion
5.1. Compositional and Mineralogical Effects
5.1.1. Effects of Mantle and Auto‐Metasomatism on
Trace‐Element Distribution
The compositional dependence of clinopyroxene‐garnet
trace‐element distribution in eclogite has been previously high-
lighted (Aulbach et al., 2016; Harte & Kirkley, 1997; O'Reilly &
Griffin, 1995). In the eclogite suites under consideration here,
the jadeite and grossular components are lowest (jadeite < 0.2;T
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Ca# < 0.15) in LREE‐enriched samples (Figure 2a). Focusing on the dependence of trace‐element distribu-
tion on the grossular component to illustrate the effect of LREE‐enrichment, it is evident that with decreas-
ing garnet Ca contents, elements that are compatible (Y), mildly incompatible (Sr), and strongly
incompatible (Ce) in garnet are increasingly partitioned into clinopyroxene (Figures 2b–2d). The distribu-
tion takes on a natural logarithmic form (Harte & Kirkley, 1997), such that very high values are attained
for low garnet Ca#. Since UM carbonated melt metasomatism decreases garnet Ca# and the partitioning
of incompatible trace elements into garnet is limited at low Ca#, this leads to the apparently paradoxical
observation that garnet in LREE‐enriched samples shows few—if any—trace‐element differences compared
to unenriched samples (Figures 2e and 2f). This is also evident from Figure S2 where REE patterns of garnet
in LREE‐enriched and unenriched samples from Orapa are similar but those of clinopyroxene are distinct.
This illustrates that clinopyroxene is the main carrier of the metasomatic signature in LREE‐enriched
eclogites.
5.1.2. Patent and Stealth Effects of Mantle and Auto‐Metasomatism
As outlined above, metasomatism can lead to patent, cryptic, and/or stealth effects (O'Reilly & Griffin, 2013).
Themost commonly described examples of patentmantlemetasomatism inmantle eclogite or pyroxenite are
the addition of amphibole, phlogopite, apatite, zircon, and/or carbonate and diamond as well as the appear-
ance of melt pools, unequilibrated microstructures, and an increase in fluid inclusions (Heaman
et al., 2002, 2006; Hills & Haggerty, 1989; Huang et al., 2012, 2014; Jacob et al., 2009; Misra et al., 2004;
Pyle & Haggerty, 1998; Smart et al., 2009; Spetsius & Taylor, 2002). Rutile and sulphide may be metasomatic
(e.g., Hills & Haggerty, 1989), but can be primaryminerals, as rutile saturates during metamorphism of ocea-
nic crust (e.g., Gaetani et al., 2008), and sulphide may be inherited from the sulphide‐saturated oceanic crust
(e.g., Patten et al., 2013). In contrast, zircon formation in mantle eclogite xenoliths from the Grib kimberlite
in the East European platform was an auto‐metasomatic process, linked to fluids emanating from a
Palaeoproterozoic subduction zone (Shchukina et al., 2018). This may also apply to zircon and Nb‐rich rutile
in a group of mantle eclogites from Jericho recording crystallization ages close to the time of ca. 1.8 Ga meta-
morphism (Heaman et al., 2006). Stealth metasomatism has been recognized (though not referred to as such)
in eclogites fromDiavik and Ekati in the central Slave craton, expressed as the addition or overgrowth of gar-
net from deserpentinization fluids (Aulbach et al., 2011). At Lace in the Kaapvaal craton it is expressed as the
addition of aluminous clinopyroxene precipitated from a sediment‐derived melt in a subduction mélange.
This clinopyroxene later exsolved garnet and kyanite (Aulbach et al., 2016). At Koidu in theWest African cra-
ton, it is expressed as addition of diopside‐rich clinopyroxene from a UM carbonated melt, which converted
low‐Mg and gabbroic eclogites to high‐Mg eclogites and pyroxenites (Aulbach, Höfer, & Gerdes, 2019).

A metasomatic agent containing a sufficient amount of solutes to effect patent or stealth mineral growth
should also cause significant changes in whole‐rock major‐element and mineralogical compositions. The
major‐element relationships of the various eclogite suites examined here indicate that many of the
LREE‐enriched samples are MgO‐ and Cr2O3‐rich (Figure 3a), with high CaO compared to near‐primary
MgO‐richmantlemelt products (Figure 3b). Thosewith the highestMgO contents also tend to show the high-
est SiO2 contents (Figure 3c) and low FeO, Al2O3, and Na2O (Figures 3d–3f). These changes are explainable
by addition of a high‐temperature pyroxene from an external UM carbonated melt, such as those reported in
Mallik and Dasgupta (2013) and shown in Figure 15 in Aulbach, Höfer, and Gerdes (2019). In particular, we
interpret the anticorrelation of MgOwith FeO (Figure 3d) and correlation with SiO2 at highMgO contents as
a pyroxene control line (Figure 3c). If so, themodes assumed for LREE‐enriched samplesmay be better repre-
sented by higher clinopyroxene modes of, e.g., 50% than the 45% used to reconstruct bulk rocks. This is
because not all added components can be equally accommodated by garnet (in particular, SiO2 or Na2O)
and need to be added as more cpx. We account for this by considering, hypothetically, the effect of addition
of 5% eclogitic clinopyroxene. The uncertainty resulting from a 10% modal variation (i.e., 45%
clinopyroxene‐55% garnet and 55% clinopyroxene‐45% garnet) is displayed in Figure 3 and, with the excep-
tion of SiO2, is small relative to the variation displayed. An increase in clinopyroxenemode by 5%would shift
the bulk rock up by half the length of the error bar with respect to SiO2, Na2O, and CaO and down with
respect to FeO and Al2O3 at nearly constant MgO and Cr2O3. More drastic changes in
garnet‐clinopyroxenemodes appear unlikely because high‐MgO eclogites and low‐MgO eclogites have indis-
tinguishable modal proportions, e.g., in the Koidu suite (Hills & Haggerty, 1989). Even if a high‐temperature
pyroxene was added, reequilibration with the preexisting assemblage is indicated by concomitant changes in
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Figure 2. Effects of mantle metasomatism with LREE‐enrichment, ascribed to interaction with a UM carbonated melt similar to kimberlite, on mineral composi-
tions and trace‐element distribution in mantle eclogites. (a) Jadeite‐content in clinopyroxene as a function of grossular content (Ca#: 100Ca/(Ca + Fe +Mg +Mn)
in garnet. Note the generally low values observed for LREE‐enriched bulk rocks (filled symbols). (b–d) Distribution of various trace elements between clinopyr-
oxene and garnet, expressed as Di =

clinopyroxeneCi/
garnetCi, as a function of grossular content in garnet. With decreasing garnet Ca#, all trace elements partition

more strongly into clinopyroxene than into garnet; Di become extreme for highly incompatible elements (Ce) in LREE‐enriched samples with grossular‐poor
garnet. (e–f) Sr and Ce concentration in garnet as a function of garnet Ca#, illustrating that absolute concentrations of incompatible elements are as high or higher
in unenriched eclogites and pyroxenites than in LREE‐enriched eclogites, due to decreased partitioning into garnet at metasomatically induced low Ca#. Filled
symbols are for LREE‐enriched samples (NMORB‐normalized Ce/Yb >1; NMORB from Gale et al., 2013) and open symbols for unenriched samples, except
Kimberley where open symbols show samples enriched in both LREE and HREE. References as in Figure 1.
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Figure 3. Effects of mantle metasomatism with LREE‐enrichment, ascribed to interaction with a UM carbonated melt similar to kimberlite, on major‐element sys-
tematics of mantle eclogites. Concentrations of various oxides (wt%) as a function of MgO in reconstructed eclogites and pyroxenites from various localities. In (a),
stippled rectangle highlights LREE‐enriched samples at generally high MgO contents. Error bar next to panel letters is for a total of 10% modal variation
(e.g., 45% clinopyroxene + 55% garnet to 55% clinopyroxene + 45% garnet). Dark gray field in (b) shows expected range of MgO‐CaO for primitive mantle‐derived
melts that experienced various degrees of fractional crystallization (Herzberg & Asimow, 2008). Fields for high‐Mg and low‐Mg arc cumulates (Lee et al., 2006) in
panels (b) and (f), respectively, illustrate that mantle eclogites are unlikely to represent delaminated lower crustal arc material. Square with long stipples in
(d) and (e) highlights samples from Lace inferred to have reacted with a sediment‐derived melt in a subduction mélange, which lowered their FeO and MgO and
increased their Al2O3 content. The correlation with SiO2 and anticorrelation with FeO at high MgO in (c) and (d), respectively, is interpreted as a pyroxene‐control
line, reflecting the addition of FeO‐poor and MgO‐rich magmatic pyroxene further characterized by low Na2O, moderately higher CaO and SiO2, and higher
Cr2O3 than the premetasomatic bulk rock. Filled symbols are for LREE‐enriched samples (NMORB‐normalized Ce/Yb >1; NMORB from Gale et al., 2013) and
open symbols for unenriched samples, except Kimberley where open symbols show samples enriched in both LREE and HREE. References as in Figure 1.
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both garnet and clinopyroxene, as, e.g., both have higherMgO and lower FeO contents. Auto‐metasomatized
eclogites from Lace show CaO‐Al2O3 enrichment and FeO‐MgO dilution (Figures 3d and 3e).
5.1.3. Mantle and Auto‐Metasomatism and Diamond
Diamond in eclogite is regarded as ametasomaticmineral because the direct conversion of intrinsic carbon in
oceanic crust is kinetically inhibited, and influx of fluids or melts is required for diamond growth (Stachel &
Luth, 2015). As diamond formation involves themigration of melts and fluids containing various carbon spe-
cies and abundances as a function of pressure, temperature, and oxygen fugacity (Stachel & Luth, 2015), there
are varied relationships between metasomatism and the formation and stability of diamond. The close tem-
poral relationship between eclogitic diamond formation or growth and accretionary or collisional processes
during craton amalgamation or at craton margins (Shirey & Richardson, 2011; Timmerman et al., 2017) sug-
gests an auto‐metasomatic origin of diamond accompanying recycling of oceanic crust, as recognized in the
central Slave craton and at Lace (Aulbach et al., 2011, 2016). This constitutes an efficient process to achieve
high diamondmodes, aided by the high volume of carbonaceous fluids andmelts present in this tectonic set-
ting (e.g., Poli, 2015; Tumiati et al., 2017). Moreover, the low oxygen fugacity of eclogitized oceanic crust
(Smart et al., 2017; Aulbach, Woodland, et al., 2017; Aulbach, Woodland, et al., 2019) may cause CO2 in
the auto‐metasomatic fluid to be reduced to diamond.

An auto‐metasomatic origin for some eclogitic diamond suites does not preclude that significant new dia-
mond growth or overgrowth on preexisting diamond can occur during later metasomatic events (e.g.,
Taylor et al., 1996, 1998). Although eclogitic diamond can form from reduced or mixed carbon species
(Smit et al., 2019), oxidized carbon is inferred to be involved in diamond formation during interaction with
oxidizing UM carbonatedmelts, such as kimberlite (Fedortchouk & Canil, 2004). It has also been shown that
melts with dilute CO2 content, such as kimberlite, can coexist with diamond to low fO2 where fluids would
be water‐maximum (Luth & Stachel, 2014; Stagno et al., 2013; Stamm & Schmidt, 2017). Thus, diamond in
eclogite from Siberia has been linked to mantle metasomatism involving UM carbonated melts or
high‐density fluids. This model is supported by the occurrence of diamonds in secondary alteration zones
in eclogite (Schulze et al., 1996; Shatsky et al., 2008; Taylor et al., 2000; Zedgenizov et al., 2018).
Carbonatitic to silicic fluids have been identified in cloudy or fibrous diamond with eclogite inclusions
(Izraeli et al., 2001; Weiss et al., 2009, 2015). In the Slave craton, interaction with a UM carbonated melt pro-
duced extremely diamond‐rich high‐Mg eclogites or pyroxenites (Smart et al., 2009), and it has been sug-
gested based on experimental observations that both monocrystalline and fibrous lithospheric diamonds
form by redox reactions from carbonated fluids or melts (Bureau et al., 2018). Conversely, in mantle eclogites
from Orapa and Koidu, the diamond‐destructive nature of UM carbonated melt metasomatism is indicated
by the association of diamond with high‐Ca and low‐Mg eclogites, but absence in LREE‐enriched high‐Mg
eclogites and pyroxenites (Aulbach, Jacob, et al., 2017; Aulbach, Woodland, et al., 2019). Indeed, it has been
shown experimentally that interaction with oxidizing small‐volume carbonated silicate melts, such as kim-
berlite, eventually causes diamond resorption and associated carbon remobilization at mantle depth
(Fedortchouk et al., 2019). These seemingly contrasting observations may relate to the local buffering capa-
city and fO2 in the system. Given the aforementioned low fO2 of mantle eclogites, the mechanism causing
the observed diamond resorption by kimberlite‐like melts remains unclear.

The association of diamond with high Na2O in eclogitic garnet, whereas eclogites with low‐Na2O garnet are
barren (McCandless & Gurney, 1989), has been explained by the pressure‐dependent incorporation of Na2O
in garnet, as exemplified by the eclogite suite from Kaalvallei, Kaapvaal craton (Viljoen et al., 2005). Since
UM carbonated melt metasomatism lowers the jadeite component in clinopyroxene and therefore
bulk‐rock Na2O (Table 1), the diamond‐destructive effect of metasomatism, especially near the top of the
diamondiferous lithosphere, may also play a role. On the simplistic assumption that all LREE‐enriched eclo-
gites at Orapa and Koidu are barren, whereas all unenriched eclogites are diamondiferous, ~20% to 40% of
the eclogitic diamond inventory was destroyed due to UM carbonated melt metasomatism. This also has
physical ramifications as the absence or presence of just a few vol% diamond can significantly affect the bulk
shear velocity of eclogite (Garber et al., 2018), as will be explored further below.
5.1.4. Cryptic Effects of Mantle and Auto‐Metasomatism
Two types of auto‐metasomatism in subduction settings have been described. Stepped REE patterns in man-
tle eclogites from the central Slave craton are very similar to those reported for some Phanerozoic orogenic
eclogites and are inconsistent with melt depletion; they may result from garnet overgrowths due to
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interaction with deserpentinization fluids, where LREE are strongly excluded and removed with the fluids
(Aulbach et al., 2011). At Lace, kyanite‐ and/or diamond‐bearing eclogites—formed through interaction
of a pelite‐derived melt with subducted oceanic crust in a mélange setting—show enrichments in LREE
and Th, and depletions in Y, Zr, Hf, and HREE (Aulbach et al., 2016). Strong Pb addition during this event,
resulting in low U/Pb for some eclogites, has allowed the retention of highly unradiogenic clinopyroxene Pb
isotopic compositions (206Pb/204Pb < 14), yielding ca. 3.0 Ga single‐stage model Pb‐Pb ages (Aulbach,
Heaman, et al., 2019). Because of the close temporal relationship of zircon crystallization in eclogite xeno-
liths from the northern Slave craton and Eastern European Platform with accretionary processes
(Heaman et al., 2006; Shchukina et al., 2018), the HFSE enrichment accompanying zircon formation is also
suggested to reflect an auto‐metasomatic process unrelated to mantle metasomatism sensu stricto.

Cryptic metasomatism involving UM carbonated melts has been widely recognized, based, inter alia, on
LREE ± LILE‐ and HFSE‐enrichment (e.g., Czas et al., 2018; Heaman et al., 2006; Huang et al., 2012;
Jacob et al., 2009; Smart et al., 2009). Volumes sampled during laser ablation can comprise extraneous kim-
berlite material in optically invisible cracks or otherwise altered material; however, as outlined in Text S1,
rigorous reduction of the data with respect to such kimberlite contamination ensures that the enrichments
discussed here have a preentrainment origin. The coupled enrichment of LREE and MgO in the recon-
structed whole rocks (Figure 4a) clearly supports the addition of both from a small‐volume (hence strongly
incompatible element‐ and volatile‐enriched) UM carbonated melt, probably from the
kimberlite‐carbonatite spectrum, which will be referred to here as “kimberlite‐like” for simplicity.
Focusing on clinopyroxene as the main carrier of the metasomatic signature, as discussed above, Pb, Th,
and U were enriched along with LREE in all suites (Figures 4b and 4c), with Lace showing the lowest degree
of incompatible element enrichment. Again, with the exception of Lace, Nb concentrations are on average
higher in LREE‐enriched eclogites (Figure 4d), whereas Zr is only enriched in some samples from Diavik
and most samples from Orapa (not shown). Similarly, TiO2 and Y are not consistently co‐enriched with
LREE, but concentrations of both are elevated in HREE‐enriched eclogites from Kimberley, whereas clino-
pyroxene in LREE‐enriched Orapa eclogites has higher Y but not TiO2 contents (Figure 4e). The absence
of TiO2 and Y enrichments results from their low concentrations in kimberlite‐like melts, even if elevated
experimental mineral‐melt partition coefficients for clinopyroxene are assumed (Table 1). In detail, such
coefficients can vary significantly, and enrichment or dilution depends on trace element contents, e.g., inher-
ited during the low‐pressure history of the sample (prior to metasomatism) and degree of enrichment of the
kimberlite‐like melt, which may grade into basanite or carbonatite. In addition, selective TiO2 enrichment,
e.g., via ilmenite addition, would not necessarily be detected in small samples andwould not show up in bulk
rocks reconstructed with only garnet and clinopyroxene. Compared to only LREE‐LILE enrichment ascribed
to small‐volume UM carbonated melt metasomatism, coupled TiO2‐Y‐Zr‐LREE‐HREE enrichment is sug-
gested to indicate the involvement of a higher melt fraction with more dissolved SiO2—a silicate melt analo-
gous to that causing “melt metasomatism” recognized in peridotites (Griffin, Shee, et al., 1999). Although the
enrichment patterns vary in detail, it appears that metasomatic intensity increases from Lace to Diavik,
Jericho, and Orapa, with the strongest enrichment in high‐temperature HREE‐enriched
phlogopite‐bearing eclogites from Kimberley. This is also mirrored in REE patterns of clinopyroxene in
LREE‐enriched eclogites, which converge with those in unenriched eclogites at Nd or Sm for Diavik, but
at Ho or Er for Orapa (Figure S2). Since kimberlites have considerably higher contents of Sr, Nb, LREE,
Ta, Pb, Th, and U, and to a lesser degree Zr and Hf than unenriched eclogites (Table 1), they are considered
likely agents for the cryptic enrichment observed in LREE‐enriched eclogites.

A puzzling characteristic of LREE‐enriched eclogites is their low Li, Cu, and in part Zn abundances, as
reflected in clinopyroxene (Figure 4f; Table 1) and reconstructed whole rocks, lower than expected in fresh
or seawater‐altered MORB (Jenner & O'Neill, 2012; Staudigel, 2005). These elements are mildly incompati-
ble during differentiation of the inferred oceanic crustal protoliths and would therefore be expected to have
low abundances in less‐differentiated high‐MgO and gabbroic (cumulate) protoliths, in particular at higher
melt fractions facilitated by higher Archaean TP. Nevertheless, the association of low Li, Cu, and Zn not only
with high MgO but also with LREE‐enrichment suggests a link to metasomatism. This implies that they
were either leached out of eclogites due to low mineral‐melt distribution coefficients, or diluted by stealth
magmatism via addition of Li‐, Cu‐, and Zn‐poor clinopyroxene. Lithium concentrations in
kimberlite/orangeite are seldom reported; taking that from Lace with ~30 ppm (Howarth et al., 2011) as
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Figure 4. Cryptic effects of mantle metasomatism with LREE‐enrichment, ascribed to interaction with a UM carbonated
melt similar to kimberlite, on mantle eclogites. (a) NMORB‐normalized Ce/Yb as a function of MgO (wt%) in recon-
structed whole rocks, illustrating that LREE‐enrichment is linked to an increase in MgO. (b–f) Minor‐ (wt%) and
trace‐element (ppm) relationships in clinopyroxene, as the main carrier of the metasomatic signature (see Figure 2).
LREE‐enrichment is accompanied by enrichment in Sr, Nb, Ce, Pb, Th, andU inmost eclogite suites, whereas Y and Zr are
only enriched in some. Enrichment in Y, HREE, and HFSE is ascribed to interaction with a low‐volume mafic silicate
melt. In contrast, TiO2 is not higher in LREE‐enriched than in unenriched samples. Copper and Li were diluted by
addition of low‐Li pyroxene or were leached out of the rock, in particular Kimberley (Cu is not reported) for whichmedian
Li is shown as solid line. Stippled lines show expected Li concentrations in clinopyroxene in equilibrium with melt using
high (D = 0.27, in equilibrium with basanite; Adam & Green, 2006) and low (D = 0.04, in equilibrium with carbonatite
“carbon.”; Blundy & Dalton, 2000) experimental distribution coefficients (“D”). Filled symbols are for LREE‐enriched
samples (NMORB‐normalized Ce/Yb >1; NMORB from Gale et al., 2013) and open symbols for unenriched samples,
except Kimberley where open symbols show samples enriched in both LREE and HREE. References as in Figure 1.
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representative, ~1 to 8 ppm would be expected in clinopyroxene for D = 0.04 and 0.27, respectively, as
reported for equilibrium with carbonatite (Blundy & Dalton, 2000) or basanite melts (Adam &
Green, 2006) (Figure 4h). Zinc and Cu may be mildly incompatible or compatible (clinopyroxene/basaniteDZn

of 0.25 to 0.69 and DCu 0.47 to 1.5, respectively; Adam & Green, 2006). Median Zn and Cu concentrations
in kimberlites/orangeites from Lace, Jericho, Lac de Gras, and southern Africa vary from 38 to 75 and 50
to 77 ppm, respectively (Howarth et al., 2011; Le Roex et al., 2003; Tappe et al., 2013), compared to ~40 to
100 and 2.2 to 8.5 ppm (median) in unenriched eclogite from various suites (Table 1). Thus, precipitation
of stealth clinopyroxene (and garnet) or equilibration of eclogitic minerals with kimberlite may explain
the low observed Li, and perhaps Zn, concentrations in clinopyroxene from eclogites inferred to have inter-
acted with a small‐volume UM carbonated melt. The low Cu concentrations may imply sulphide precipita-
tion from melt or fluid in the system, consistent with the near‐ubiquity of this mineral in eclogite xenoliths
(personal observation) and evidence for partial metasomatic origin (Aulbach et al., 2009, Aulbach, Höfer, &
Gerdes, 2019).

Type I eclogites from Roberts Victor have microstructures interpreted as reflecting disequilibrium (rounded
garnet grains in a “matrix” of clinopyroxene) whereas Type II eclogites have equilibrium microstructures
with interlocking garnet and clinopyroxene grains, lower Na2O in garnet and K2O in clinopyroxene
(MacGregor & Carter, 1970; McCandless & Gurney, 1989). Type I eclogites have been suggested to be the
product of carbonated melt metasomatism of Group II eclogites (Huang et al., 2012, 2014), but they do
not bear the hallmarks of such metasomatism identified above: Few are LREE‐enriched relative to the
HREE, their HREE contents are lower than those of HREE‐enriched eclogites from Kimberley and eclogitic
clinopyroxenes are not consistently jadeite‐poor nor do they have highMg#. Both groups display strong rela-
tionships between Eu/Eu* and total HREE contents indicative of low‐pressure accumulation and fractional
crystallization as exemplified byMORB (e.g., Gale et al., 2013; Jenner &O'Neill, 2012) and gabbros (e.g., Hart
et al., 1999), albeit at a different slope perhaps reflecting lower oxygen fugacities (Aulbach & Viljoen, 2015)
(Figure S3). Recent analysis of a large suite of Group II eclogites (Radu et al., 2019) shows that their
whole‐rock REE patterns, clinopyroxene K2O contents, and garnet Na2O contents overlap those of Group
I eclogites investigated by Huang et al. (2012, 2014). We suggest that the compositional signatures
(LREE‐depletion, HREE‐enrichment, low Sr, Na2O, and K2O) of Type II eclogites are mostly explained by
partial melt loss and that many Type I eclogites are, in fact, relatively pristine, although we concur with
Radu et al. (2019) that the relationship between the different eclogite types at Roberts Victor is
not straightforward.
5.1.5. Muting of Crustal Signatures and Isotopic Effects of UM Carbonated Melt Metasomatism
LREE‐enriched eclogites are dominated by high‐Mg eclogites and pyroxenites, and the difference between
metasomatized and unmetasomatized pyroxenite varieties tends to be small (Table 1). This suggests that part
of the high‐Mg eclogites and most pyroxenites are the product of metasomatism. This may be accompanied
by a muting or complete erasure of typical crustal signatures. The effects of mantle metasomatism on stable
or radiogenic isotope compositions have been previously discussed in the literature, with varying conclu-
sions, and are reviewed here together with the effects on Eu/Eu* as a typical crustal signature in particular
in eclogites with gabbroic protoliths. If the inference of stealth metasomatism by addition of clinopyroxene
from an ultramafic kimberlite‐like melt is correct, the added clinopyroxene had no or small negative Eu
anomalies. Taking Ce/Yb as a measure for the intensity of UM carbonated melt metasomatism and clinopyr-
oxene as the main carrier of the metasomatic signature, it is evident that the range of Eu/Eu* is much larger
at low Ce/Yb than at high Ce/Yb (Figure 5a). When plotted against MgO content in reconstructed bulk
rocks, NMORB‐normalized Eu/Eu > 1.05 is retained in some gabbroic eclogites with moderate MgO con-
tents, but in most samples with MgO >15 wt%, reflecting the greatest stealth and cryptic metasomatic over-
print, Eu/Eu* is <1.05 (Figure 5b). These systematics indicate erasure of the gabbroic signature in eclogites
strongly affected by mantle metasomatism, possibly aided by the experimentally demonstrated higher Eu
diffusivity relative to other REE under reducing conditions (Szumila et al., 2019), such as those recorded
by mantle eclogite (Aulbach, Woodland, et al., 2017, Aulbach, Woodland, et al., 2019; Smart et al., 2017;
Stagno et al., 2015).

Oxygen isotope compositions lower and higher than the canonical mantle range (5.1–5.9; Mattey
et al., 1994) have been interpreted as reflecting high‐ and low‐temperature seawater alteration, respec-
tively (Muehlenbachs & Clayton, 1972a, 1972b), although mantle‐like δ18O is not evidence against a
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low‐pressure origin (e.g., Gregory & Taylor, 1981; Smart et al., 2012). Though Huang et al. (2014) see evi-
dence for an increase in δ18O in response to mantle metasomatism in Type I eclogites at Roberts Victor,
Riches et al. (2016) concluded that there is no detectible effect of metasomatism on δ18O and Korolev
et al. (2018) consider the effect to be small (generally <1.2‰). As discussed by Radu et al. (2019), mass
balance requires high fluid/melt‐rock ratios to change the isotopic composition of the major element O.
Since δ18O in garnet from unenriched eclogites from the northern Slave, Lace, and Koidu kimberlites are
largely within the canonical mantle range, they cannot be used to assess the effect of mantle metasoma-
tism. There is, however, some evidence that this has occurred in the sample suite from Orapa, where
mantle‐like δ18O is associated with radiogenic Sr ascribed to overprint by a small‐volume melt derived
from an aged lithospheric mantle metasome (Aulbach et al., 2017). Figure 3a shows that UM carbonated
melt metasomatism is accompanied by an increase in Cr2O3, suggested to reflect stealth addition of
Cr2O3‐rich pyroxene. This component has been taken up by both eclogitic clinopyroxene and garnet.
Thus, taking Cr2O3 in garnet as a proxy for the degree of metasomatic alteration, it is evident that many
unenriched eclogites have mantle‐like δ18O and some LREE‐enriched mantle eclogites retain δ18O out-
side canonical mantle, but that at high metasomatic intensity (high Cr2O3) values are exclusively
mantle‐like (Figure 5c). The association of low δ18O and high Eu/Eu* in some metasomatized eclogites
from the Sask craton (reported in Czas et al., 2018) appears consistent with a deep crustal gabbroic pro-
tolith that experienced high‐temperature seawater alteration (not shown), whereas metasomatized sam-
ples with high MgO content have heavier, mantle‐like δ18O, consistent with muting of the crustal
signature during strong metasomatism by a UM carbonated melt (Figure 5d). Czas et al. (2018) identify
chemical gradients, including in δ18O, from primary to metasomatized zones in eclogitic garnet in this
sample suite, showing conclusively that O isotopes can be modified at high melt/rock ratios, but only
toward and not away from canonical mantle values.

Effects of mantle metasomatism on radiogenic isotopes have been recognized and must be considered on a
suite‐by‐suite basis because of local variations in the isotopic composition of the metasomatic agent, the tim-
ing of metasomatism with consequent isotopic ingrowth, and the low‐pressure history of the samples. Thus,
positive trends of Y and negative trends of Eu/Eu* with 87Sr/86Sr may result from accumulation (low
time‐integrated Rb/Sr, low Y, high Eu/Eu*) and differentiation (high time‐integrated Rb/Sr, high Y, low
Eu/Eu*), as discussed for Orapa (Aulbach, Jacob, et al., 2017) (Figure 6a). Interaction with a young
kimberlite‐like (sensu stricto) agent with OIB‐like isotopic characteristics (Becker & Le Roex, 2006; Tappe
et al., 2017) would increase low 87Sr/86Sr of eclogites with ancient cumulate protoliths, but decrease that
of those with ancient evolved protoliths. Proto‐kimberlite and orangeite metasomatism mobilizes aged
and isotopically evolved lithospheric metasomes with enriched isotope characteristics (unradiogenic Nd,
radiogenic Sr; Becker & Le Roex, 2006; Giuliani et al., 2015; Tappe et al., 2008) and would therefore likely
decrease 143Nd/144Nd and increase 87Sr/86Sr in affected eclogites. At Lace, although LREE‐enriched samples
nearly span the whole range of initial 143Nd/144Nd, a broad trend toward less radiogenic Nd with increasing
Cr abundances is recognized, the lowest initial value, in pyroxenites, being below that of the host orangeite
(Figure 6b). This may indicate that pyroxenitization preceded Cretaceous orangeite magmatism and
involved an agent sampling an aged lithospheric mantle metasome, as suggested also for Orapa. At Koidu,
metasomatism by a kimberlite‐like melt is associated with an increase of 87Sr/86Sr in clinopyroxene and con-
vergence to a common value of ~0.7035, clearly linked to low Li abundances, while initial 143Nd/144Nd in
garnet decreases from radiogenic values (>0.5145) to a relatively constant value of ~0.5130 (Figure 6c), asso-
ciated with high Cr contents. At Orapa, strongly radiogenic Sr, indicative of a metasomatic agent derived
from an isotopically aged lithospheric mantle reservoir with 87Sr/86Sr > 0.7060 and similar to orangeites
(Becker & Le Roex, 2006), is mostly associated with LREE‐enriched eclogites (Figure 6a). In contrast, in eclo-
gites from the northern Slave craton, the metasomatic agent had less radiogenic Sr, whereas in the central
Slave craton a link between LREE‐enrichment and 87Sr/86Sr is not evident. Conversely, the preservation
of unradiogenic Sr in the eclogite suite from the Victor kimberlite, Superior craton, was suggested to indicate
negligible effects of such metasomatism (Smit et al., 2014).

5.1.6. Depth, Extent, and Timing of UM Carbonated Melt Metasomatism
The nature and intensity of metasomatism vary with depth and may be localized due to differences in the
density of fluids vs. melts allowing the former to rise to shallower depths (Griffin et al., 2003). Further
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effects are related to the solidus of the metasomatized lithology: harzburgites with high solidi are more likely
to be percolated by fluids whereas lherzolites and eclogites with lower solidi may be percolated more readily
by melts (Stachel & Luth, 2015). Keeping the uncertainties outlined in chapter 3 in mind, the
LREE‐enrichment in eclogites from Orapa, Diavik, northern Slave, and Kimberley is focused at
midlithospheric depths corresponding to ~2–5 GPa (Figures 7a and 7b). This is similar to the depths where
continental midlithospheric discontinuities are recorded, which have been ascribed to the accumulation of
metasomatic minerals, such as phlogopite and carbonate, which are directly (xenoliths) or indirectly (via
their contribution to mantle magmas) observed in cratons (Aulbach, Massuyeau, et al., 2017; Rader
et al., 2015). The inferred silicate melt metasomatism causing HREE‐enrichment in Kimberley eclogites is
largely restricted to higher pressures of ~4‐5 GPa (Figure 7c), closer to where intense melt percolation and
refertilization of the peridotitic lithosphere are observed (e.g., O'Reilly & Griffin, 2013), and is rare to
absent in the other eclogite suites considered here. In the Sask craton, LREE‐enrichment in eclogites,
unaccompanied by HREE addition, occurs at similar pressures (Figure 7d). Nevertheless, in common with

Figure 5. Muting of crustal signatures in LREE‐enriched eclogites, ascribed to interaction with a UM carbonated
melt similar to kimberlite (“kimberlite metasomatism”). Crustal signatures are gauged as (a,b) Eu/Eu*
(chondrite‐normalized Eu/(Sm*Gd)^0.5; chondrite of Sun & McDonough, 1989) and (c,d) δ18O (‰) in garnet reflecting
crustal differentiation and seawater alteration in low‐pressure protoliths, respectively, whereas metasomatic intensity is
gauged with Ce/Yb, Cr2O3 (wt%), and MgO (wt%). The range of Eu/Eu* and δ18O is larger in unenriched than in
LREE‐enriched eclogites. Canonical mantle δ18O range from Mattey et al. (1994). Filled symbols are for LREE‐enriched
samples (NMORB‐normalized Ce/Yb >1; NMORB from Gale et al., 2013) and open symbols for unenriched samples,
except Kimberley where open symbols show samples enriched in both LREE and HREE. References as in Figure 1, plus
Czas et al. (2018) for samples from Fort a la Corne (Sask craton), Huang et al. (2012, 2014) for Type I and Type II
eclogites, and Radu et al. (2019) for Type II eclogites from Roberts Victor (Kaapvaal).

10.1029/2019GC008774Geochemistry, Geophysics, Geosystems

AULBACH ET AL. 15 of 27



HREE‐enriched Kimberley eclogites, Sask samples are conspicuously
Nb‐enriched, whereas in the northern Slave craton, this enrichment is
restricted to a very narrow pressure interval (Figure 7d).

Bearing in mind that the number of samples is probably too low for statis-
tical significance, the proportion of pristine vs. metasomatized eclogite in
each of the suites (as gauged by bulk‐rock Ce/YbN > 1) may be used to
assess the extent of UM carbonated melt metasomatism. This indicates
that between ~20% (Lace, Diavik) and ~40% (northern Slave, Orapa) of
the eclogite reservoir was affected by UM carbonated melt metasomatism
(Table 1). The observation that ascending kimberlites do not sample the
mantle lithosphere in a representative manner (Moss et al., 2018) adds
further uncertainty to this estimate.

As is true for their peridotitic counterparts (e.g., Griffin, Shee, et al., 1999;
Jollands et al., 2018), LREE enrichment in some eclogites appears to be
temporally related to kimberlite‐like magmatism (though not directly
caused by the host kimberlite). This is evidenced by diamond brecciation
and elemental heterogeneity in deeply derived eclogites from the Sask cra-
ton, which occurred immediately prior to entrainment, as modeled from
diffusion profiles (Czas et al., 2018). In the absence of such heterogeneity
and given that zircon formation is related to auto‐metasomatism during
emplacement of oceanic crust (as discussed above), the timing of mantle
metasomatic effects in LREE‐enriched eclogites is difficult to pin down
precisely due to their multistage evolution. Some metasomatism is plausi-
bly related to reactivation of older metasomes related to lamproite mag-
matism (Mitchell, 2006) and failed protokimberlite magmatism (e.g.,
Giuliani et al., 2014). This is the case for Koidu, where Sr‐Nd isotopes in
eclogites indicate a Neoproterozoic age for metasomatism, possibly due
to extension during Rodinia break‐up (Aulbach, Höfer, & Gerdes, 2019).
Southern Africa presents a special case because older
lamproite/orangeite magmatism (>110 Ma) was superseded by kimberlite
magmatism sensu stricto (mostly ≤95 Ma), accompanied by strong meta-
somatism, warming and loss of the deepest part of the lithospheric root
(Griffin et al., 2003; Kobussen et al., 2009). As outlined above, eclogites
from the older Lace kimberlite are only mildly overprinted (20% affected),
whereas higher proportions have been affected at Orapa and Kimberley,
plausibly between 110 and 95 Ma. Circumstantial evidence for a young
event at Lace (relative to host orangeite emplacement) comes from the
inverse relationship of initial 143Nd/144Nd with Sm/Nd in metasomatic
pyroxenites (not shown), which cannot persist for extended periods of
time, as radiogenic ingrowth would cause a counterclockwise rotation of
the relationship. At Orapa, several samples show significant Sr isotopic
heterogeneity (Table S7), e.g., from 0.7010 to 0.7043 in diamondiferous
eclogite 801; low measured Rb/Sr excludes ablation of
kimberlite‐contaminated areas as the origin of this variability. This varia-
bility also qualitatively suggests relatively recent metasomatic overprint,
with insufficient time and/or heat to allow rehomogenization. Of note, a
phlogopite‐rich eclogite (30 vol%) occurs in the ca. 1150 Ma Premier
(Cullinan) kimberlite (Dludla et al., 2006). The age of this kimberlite is
similar to the age determined by Ar‐Ar dating on metasomatically intro-
duced phlogopite in peridotite xenoliths from various Kaapvaal kimber-
lites (Hopp et al., 2008). This provides bona fide evidence that significant
hydration in the Kaapvaal craton is not a phenomenon restricted to rela-
tively recent deep protokimberlite activity, and circumstantial evidence

Figure 6. (a) Eu/Eu* (chondrite‐normalized Eu/(Sm*Gd)^0.5; CI chondrite
of Sun & McDonough, 1989) as a function of 87Sr/86Sr in clinopyroxene
from various localities; for samples with variable 87Sr/86Sr from Orapa, the
lowest value is shown, with the assumption that the least radiogenic value
represents the least compromised one with respect to later metasomatism.
Eclogites with gabbroic (cumulate) protoliths are expected to have higher
Eu/Eu* than those with protoliths originating as residual melts, and to
evolve to lower and higher 87Sr/86Sr, respectively. Depending on this
pre‐history, metasomatism by young asthenosphere‐derived kimberlites,
and by orangeites having an aged lithospheric metasome component, may
increase or decrease the original 87Sr/86Sr. Cr content (ppm) in garnet, as a
measure of metasomatic intensity, as a function of initial Nd isotopic
composition (143Nd/144Ndi) in eclogites from (b) Lace (this work) and
(c) Koidu (Aulbach, Höfer, & Gerdes, 2019). Shown for comparison is range
of 143Nd/144Ndi of the Lace orangeite (Howarth et al., 2011) and of
Kaapvaal kimberlites (sensu stricto; Le Roex et al., 2003). The 143Nd/144Nd
of the compositionally transitional Koidu kimberlite is possibly
approximated, but possibly approximated by the unradiogenic Nd recorded
in garnet from metasomatized high‐Mg eclogite.
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that phlogopite addition precursory to kimberlite magmatism is a recurrent process since at least the
Mesoproterozoic.

5.2. Effects of Mantle Metasomatism on Eclogite Physical Properties

In order to assess the effects of mantle metasomatism on density and shear‐wave velocity of mantle eclogites,
we used the same methods as in Garber et al. (2018) (cf.Connolly, 2009; Stixrude
&Lithgow‐Bertelloni, 2005, 2011), with the difference that we (1) used measured rather than calculated

Figure 7. Depth focusing of metasomatism with LREE‐enrichment (“LREE‐enr.”) and with both LREE‐ and
HREE‐enrichement (“HREE‐enr.”) gauged by (a,b) NMORB‐normalized Ce/Yb (NMORB of Gale et al., 2013), (c) Y
(ppm), and (d) Nb (ppm) in reconstructed whole rocks as a function of pressure (GPa) obtained by iterative solution of
temperature (Krogh, 1988) with the regional geotherm (see section 3 and text S1), as parameterized from Hasterok and
Chapman (2011). Pressure range of cratonic midlithospheric discontinuities (MLDs) in (a) from Rader et al. (2015). As
applies to all incompatible elements (with varying sensitivity), Y contents decrease with increasing mantle potential
temperature (TP) and melt fraction during melt generation in the protolith stage and are excluded during accumulation,
whereas they increase with increasing degree of igneous differentiation of the crustal protoliths. Partial melting upon
subduction, modeled as melt extraction from rutile eclogite with a melt fraction F of 0.3, increases Y (see also Figure S3);
estimates for various NMORB from Sun and McDonough (1989) and Gale et al. (2013). Nb contents are minimum
because rutile, a frequent accessory mineral in eclogites known to control Nb abundances, has not been considered in bulk
rock reconstruction (see text for details). Uncertainty on the pressure along a 38 mW/m2 geothermal gradient is 0.38
GPa propagated for a 60 °C uncertainty at a temperature of 1000 °C (“prop. from temp.”). Filled symbols are for
LREE‐enriched samples (NMORB‐normalized Ce/Yb >1) and open symbols for unenriched samples, except Kimberley
where open symbols show samples enriched in both LREE and HREE. References as in Figure 1.
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mineral compositions; (2) did not consider accessory phases, such as coesite or kyanite (which due to their
low abundance are not necessarily exposed at thin section scale); (3) used pressure‐temperature estimates
obtained by iterative solution of temperatures derived from the garnet‐clinopyroxene Mg‐Fe exchange
thermometer of Krogh (1988) with regional peridotite‐derived geotherms, as parameterized from Hasterok
and Chapman (2011); and (4) applied mineral modes of 45% clinopyroxene and 55% garnet, compared to
~40–45% and ~55–60%, respectively, employed in Garber et al. (2018), the effect of which is explored in
Figure S5. Briefly, the molar volume, density, and shear moduli of each relevant clinopyroxene and garnet
compositional endmember were calculated over a large pressure‐temperature grid in Perple_X (using the
elastic parameters and equations of state in Stixrude & Lithgow‐Bertelloni, 2005, 2011), followed by
extraction of the relevant endmember data from the grid at the pressure and temperature of each xenolith
using MATLAB. Clinopyroxene and garnet endmember proportions were calculated directly from EPMA
major‐element oxide data, with clinopyroxene site assignation and endmember inversion performed using
themethods of Morimoto et al. (1988) and Dietrich and Petrakakis (1986), respectively. Fe3+ and Cr contents
are relatively minor across the sample suite, thus these endmembers were not considered, nor would
they significantly affect the results if they were included (cf. discussion in Garber et al., 2018). Molar volumes
and densities were calculated for clinopyroxene and garnet using Voigt averages of their compositional end-
member properties, whereas shear moduli (Gs) were calculated for the same phases with molar‐volume
weighted Reuss averages of endmember shear moduli (cf. Stixrude & Lithgow‐Bertelloni, 2005,
equations (9)–(11)). Finally, bulk‐rock densities were calculated using Voigt averages of the solid‐solution
densities; these densities were then used in combination with Voigt‐Reuss‐Hill averaged bulk‐rock shear
moduli to calculate shear‐wave velocities. Seismic attenuation was not considered, and thus calculated
shear‐wave velocities are maxima. Electrical conductivity was calculated using Hashin‐Shtrikman
lower (HS−) and upper (HS+) bounds based on formulations in Jones et al. (2009) and using the
pressure‐temperature‐conductivity relationship for dry garnet in Dai and Karato (2009) and the
temperature‐H2O‐conductivity relationship for wet clinopyroxene in Zhao and Yoshino (2016).
5.2.1. Density
One of the most conspicuous effects of UM carbonated melt metasomatism is FeO dilution (Figure 3d), with
a corresponding decrease in the almandine and hedenbergite endmembers. Hence, the density of metasoma-
tized eclogites is systematically lower than unmetasomatized eclogites from the same locality (Figures 8a
and 8b; Table 1). The calculated densities for LREE‐enriched eclogites are maxima if bulk rocks have
clinopyroxene‐garnet modes closer to 50:50 than to the 45:55 employed, as discussed above. Despite this
reduction, densities of metasomatized eclogites are still considerably higher than those of peridotites at simi-
lar depths, which are restricted to <3.5 g/cm3 even for the maximum bound determined for cold cratonic
peridotite by Garber et al. (2018) (i.e., using the same methods as in this study). Kopylova et al. (2004) report
lower densities for mantle eclogite xenoliths from the northern Slave craton based on laboratory‐determined
derivatives for eclogite bulk rocks (~3.4–3.5 g/cm3; see comparison in Figure S5), but these rocks may have
been affected by late‐stage changes in the xenoliths (partial melting of clinopyroxene due to decompression
and chemical interaction with host kimberlite; Gao et al., 2000; Pan et al., 2018). Apart from metasomatic
effects, several regional peculiarities emerge. For example, even unenriched eclogites from Lace and
Diavik are relatively FeO‐poor and therefore have densities much lower than the average eclogite at 38 or
40 mW/m2 from Garber et al. (2018) (Figures 8a and 8b). Conversely, unenriched eclogites from the
northern Slave craton, and most eclogites from Koidu regardless of their enrichment, are more FeO‐rich
and hence more dense. Even recognizing these metasomatic and regional differences, the range of eclogite
densities calculated in this study scatters about the range calculated by Garber et al. (2018) using
thermodynamic minimization techniques along a similar geotherm.

It is worth highlighting that, since mantle metasomatism occurs after emplacement of oceanic crust into
the lithospheric mantle, the density changes described above do not pertain to eclogite deeply recycled
into the convective mantle. In contrast, “auto‐metasomatized” eclogite, which interacted with
pelite‐derived melts in subduction mélanges, also is markedly FeO‐poor (Figure 3d), hence less dense.
Such interactions may decrease slab pull and also be a factor causing slabs to stagnate at midmantle
depths (Xu et al., 2019), as the density difference with the dominant mantle consisting of pyrolite is much
smaller for low‐Fe than for high‐Fe eclogite, although the extent of this type of metasomatism is difficult
to assess.
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5.2.2. Shearwave Velocity (VS)
At constant composition and pressures ~3 to 3.5 GPa kyanite disappears and eclogite assemblages become
dominated by garnet and clinopyroxene, with phase compositions and modal proportions depending on
bulk‐rock eclogite composition. At higher pressures, eclogite VS decreases along the geotherm as tempera-
ture increases, and is lower for warm than for cold conductive geotherms (e.g., Garber et al., 2018).
Shear‐wave velocity is also sensitive to composition as it increases with decreasing hedenbergite and alman-
dine component (cf. Garber et al., 2018, their Figure 6), which are lowered by UM carbonated melt metaso-
matism, and increases weakly with bulk‐rock SiO2 content, which is higher in many LREE‐enriched
eclogites inferred to have experienced stealth clinopyroxene addition (Figure 3c). However, because metaso-
matism serves to deplete both the seismically slowest endmembers (hedenbergite and almandine) and the
seismically fastest endmembers (jadeite and grossular), metasomatized eclogite VS is typically similar to
velocities calculated for unmetasomatized eclogites from the same region (Figures 8c and 8d). As for density,
there are distinct regional differences in eclogite VS: eclogites from Lace are seismically fast (≥4.8 km/s)
regardless of enrichment, as are unenriched eclogites from Diavik at pressures >5 GPa, which may be
explained by the generally SiO2‐rich and FeO‐poor compositions of these suites (Figures 3c and 3d).
Eclogites from the northern Slave craton, presumably equilibrated to a cold conductive geotherm, give some
of the highest VS at midcratonic lithosphere depth (Figure 8d). Notably, with the exception of the Lace and
N. Slave eclogite suites, and even allowing for a small model‐dependent uncertainty in VS (≤0.02 km/s;
Garber et al., 2018), most eclogite samples in this study are seismically slower than the range of eclogite com-
positions considered in Garber et al. (2018). Such differences arise from a slight discrepancy between clino-
pyroxene and garnet compositional endmembers calculated thermodynamically (Garber et al., 2018) relative
to those observed in mantle eclogites (this study), but a more significant effect arises from differences in the
calculated modes of each phase between studies (Figure S5)—particularly because eclogite bulk composi-
tions do not deviate significantly between the two different approaches.
5.2.3. Electrical Conductivity
Electrical conductivity, which can be extracted from regional magnetotelluric studies, is strongly
temperature‐dependent, but also increases with increasing mineral H2O content (e.g., Jones et al., 2009;
Yang et al., 2011; Zhao & Yoshino, 2016). With the exception of the Roberts Victor and Udachnaya
(Siberia) eclogites studied by Huang et al. (2014) and Kolesnichenko et al. (2018), respectively, there are
no comprehensive published studies on H2O content in mantle eclogite suites. Garnet in both studies
has very low H2O contents, but whereas clinopyroxene in eclogite from Udachnaya has a low median
content of ~40 ppm, that from Roberts Victor contains ~760 ppm H2O. Although the relationship between
metasomatism and H2O content in peridotitic minerals is tenuous at best (Marshall et al., 2018), we
calculate H2O content in clinopyroxene from LREE‐enriched and HREE‐enriched eclogites assuming
equilibrium with a melt containing 3 wt% H2O (similar to estimates for primitive southern African
kimberlites and orangeites), whereas 100 ppm is assigned to clinopyroxene from unenriched eclogites. A
comparison of expected H2O concentrations using the approach outlined above vs. measured concentra-
tions in eclogites from Roberts Victor (Huang et al., 2014) shows that, unsurprisingly, there is only a very
crude correspondence, though median values do not differ strongly (760 ppm measured vs. 620 ppm
calculated). Combined with dry garnet, we obtain bulk eclogite conductivities as outlined in the caption
to Figure 8. Our aim is to obtain a sense of the importance of this parameter to bulk eclogitic electrical
conductivity. For these hypothetical H2O contents, LREE‐enriched eclogites have predictably higher
conductivities than unenriched eclogites at a given depth (hence, temperature). As hypothetical H2O
abundances were calculated for both LREE‐ and HREE‐enriched eclogites from Kimberley, they plot along
a single trend (Figures 8e and 8f). Conductivities are higher than those expected for average eclogite used
in Garber et al. (2018) along applicable geotherms (36 mW/m2 for the northern Slave craton; 38 mW/m2

for Lace, Roberts Victor, Diavik, and Koidu; 40 mW/m2 for Kimberley), which directly reflects their choice
of purely dry assemblages.

6. Implications and Conclusions

The role of mantle eclogite in the density, seismic velocity, and electrical conductivity signatures of cratonic
lithosphere has recently been highlighted, using average eclogite and peridotite compositions as well as
high‐Mg and low‐Mg extremes with depth (Garber et al., 2018). The present study aims to shed more light
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on the physical properties of mantle eclogite, and also the effect of UM carbonated melt‐ and
auto‐metasomatism on eclogite composition, using a wide range of observed mantle eclogite compositions
and their distribution with depth for various cratons.

Figure 8. Variation of (a, b) density (rho, g/cm3), (c, d) shearwave velocity (VS, km/s), and (e, f) hypothetical (average of upper and lower bound) bulk electrical
conductivity (S/m) with pressure (GPa) or depth (km) in eclogites; suites have been split into two panels for clarity. Density and shear‐wave velocity were calculated
for eclogite mineral endmember proportions weighted by modes using the same methods and data as in Garber et al. (2018) (cf.Connolly, 2009 ; Stixrude &
Lithgow‐Bertelloni, 2005, 2011), but at 5% lower garnet modes, 5% higher clinopyroxene modes, and at pressure‐temperature estimates obtained as outlined in the
text. Electrical conductivity was calculated based on formulations in Jones et al. (2009), Dai and Karato (2009), and Zhao and Yoshino (2016) (see text for
further details). To illustrate the effect of water and in accord with rare observational data from eclogites (Huang et al., 2014), it is assumed that all garnet is dry and
that clinopyroxene in LREE‐enriched eclogites, and in HREE‐enriched eclogites from Kimberley, has equilibrated with a kimberlite‐like melt containing 3 wt%
H2O, whereas clinopyroxene in unenriched eclogites was assumed to contain 100 ppmH2O. The distribution coefficient clinopyroxene/meltDH depends on Al2O3 in
clinopyroxene and was calculated using the relationship reported in Aubaud et al. (2008). Conductivities are hypothetical values except for eclogites from
Roberts Victor where it was calculated for measured H2O contents in clinopyroxene. Shown for comparison in (a)–(d) are results for average eclogite as well as
low‐Mg and high‐Mg extremes fromGarber et al. (2018) for 38mW/m2 as interpolated from their results for 35 and 40mW/m2. In panels (c) and (d) the average and
bounds of average cratonic VS in the model of French and Romanowicz (2014) is shown with black and gray long stipples, respectively, and graphite‐diamond
(G‐D) boundary for a geotherm of 35 mW/m2 (indicated) and 40mW/m2 (line below) is based on Day (2012). Uncertainties related to a 10%modal variation (0.45 gt
plus 0.55 clinopyroxene, as opposed to the 0.55 gt plus 0.45 clinopyroxene used in bulk rock reconstruction) are shown as error bars. Uncertainty on the pressure
along a 38 mW/m2 geothermal gradient is 0.38 GPa propagated for a 60 °C uncertainty at a temperature of 1000 °C (“prop. from temp.”). Model‐dependent
differences between VS are ≤0.02 km/s (Garber et al., 2018). Solid and stippled black lines in (e) and (f) are conductivities calculated by Garber et al. (2018) for
average eclogite and peridotite, respectively, for conductive geotherms corresponding to a surface heat flow of 35 (lower conductivity) and 40 mW/m2 (higher
conductivity); black bars are conductivities extracted from magnetotelluric studies in the Slave, Zimbabwe (Zim), and Kaapvaal cratons as reported in Garber
et al. (2018). The uncertainty arising from a 10% modal variation is not discernible at the scale displayed. Filled symbols are for LREE‐enriched samples
(NMORB‐normalized Ce/Yb >1; NMORB from Gale et al., 2013) and open symbols for unenriched samples, except Kimberley where open symbols show samples
enriched in both LREE and HREE. References as in Figure 1, plus Huang et al. (2014) for samples from Roberts Victor and Czas et al. (2018) for samples from Fort a
la Corne (Sask craton).
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The regional extent of mantle metasomatism remains poorly constrained. On the one hand, it has frequently
been cautioned that the mantle sampled by kimberlites is anomalous because magmatism occurs along, in
cases multiply, reactivated lithospheric pathways (e.g., Afonso et al., 2008). Consistent with this, the positive
buoyancy observed in cratonic areas away from kimberlite provinces, as opposed to near‐neutral buoyancy
within these areas, has been ascribed to anomalous lithosphere enrichment associated with kimberlite mag-
matism, indicating the presence of more refractory mantle away from those regions (Artemieva et al., 2019).
On the other hand, cratonic midlithospheric discontinuities, ascribed to deposition of metasomes (e.g.,
Rader et al., 2015), are not restricted to kimberlite provinces and suggest that metasomatism widely affects
deep and warm lithospheric keels underlying cold and viscous cratonic cores (e.g., Aulbach, Massuyeau, &
Gaillard, 2017). Regardless of the extent of metasomatism, eclogite emplacement into the cratonic mantle
starting in Mesoarchaean to Palaeoproterozoic time (Shirey & Richardson, 2011) relates to large‐scale geo-
dynamic processes and is unrelated to areas of kimberlite magmatism where subduction relics are acciden-
tally exhumed as xenoliths. In addition to uncertainties regarding regional extent, there are also questions
regarding the relevance to present‐day geophysical observations. Thus, although the effects of older metaso-
matism may persist through time (e.g., isotopically aged, ancient metasomes tapped during Phanerozoic
lamproite magmatism;Mitchell, 2006), all xenoliths provide a snapshot of lithospheric conditions at the time
of entrainment in the host kimberlite, in cases several 100 Ma ago, and subsequent events may have modi-
fied the lithosphere up until the present. This is exemplified in the southern African case, where significant
warming, refertilization, and thinning occurred between older (~Jurassic) orangeite and younger
(~Cretaceous) kimberlite emplacement (e.g., Kobussen et al., 2009).

If the metasomatism identified in the various eclogite suites under consideration here is geographically
restricted, it implies that (1) in areas of kimberlite activity, metasomatic densification of mantle peridotite
(e.g., Lee et al., 2011) may be partially offset by the lowered density of metasomatized eclogite, and (2) in
areas away from kimberlite activity, positive/excess buoyancy of low‐density refractory peridotite
(Poudjom Djomani et al., 2001) may be balanced by the presence of dense (i.e., unmetasomatized) eclogite,
as suggested by Kelly et al. (2003) and Garber et al. (2018). Except in HREE‐enriched Kimberley eclogites,
where high FeO contents at higher pressures reflect infiltration of asthenosphere‐derived silicate melt, there
is no correlation of FeO with temperature, suggesting that no density sorting has taken place within the
lithosphere. Very dense eclogites at Koidu and Diavik persist between ~2.5 and 5.5 GPa (Figure 8b), possibly
attesting to the strength, buoyancy, and high viscosity of the dominant peridotitic lithosphere.

Although Kopylova et al. (2016) conclude that eclogites from the Slave craton do not derive from depths cor-
responding to geophysically detected discontinuities, the concentration of seismically fast, LREE‐enriched,
SiO2‐rich, and FeO‐poor eclogites at midlithospheric depths at several localities may help explain the high
maximum velocities observed at similar depths in the shearwave tomographic model of French and
Romanowicz (2014) (Figures 8c and 8d). However, the results presented here also complicate interpretations
that significant eclogite fractions may help explain the fast shear‐wave velocity signature of cratonic mantle
lithosphere globally (e.g., Garber et al., 2018). On the one hand, the decreased density but unmodified VS sig-

nature of metasomatized eclogite permits significant fractions of chemically modified, stiff, and fast‐VS eclo-
gite to be hosted in cratonic lithosphere—perhaps far more than postulated using gravity and density
limitations (≤20 vol%; Garber et al., 2018). On the other hand, even this theoretical limit exceeds those from
empirical studies, e.g., those using surveys of garnet xenocrysts (4%; McLean et al., 2007) or those based on
thermal state and heat production constraints (0.17% to 1.5%; Russell et al., 2001). Further, though there are
particular suites with Vs significantly higher than the cratonic average (Figure 8; cf. French &
Romanowicz, 2014), most calculated eclogite shear‐wave velocities in this study are slower than velocities
calculated for thermodynamically modeled eclogites, reflecting a key difference in the modal proportions
of clinopyroxene and garnet. Therefore, though small fractions of either metasomatized or unmetasomatized
eclogite increase the bulk shear‐wave velocity of cratonic lithosphere above that of peridotite alone, our
results emphasize that such contributions cannot reconcile the observed VS; assuming that xenolith P‐T con-
ditions accurately represent craton thermal structures, other constituents with fast shear‐wave velocities
(e.g., diamond) must be present. Notably, we have not considered diamond in concert with our eclogite
results, but recognize the potential for VS modifications driven by either diamond growth or destruction dur-
ing metasomatism. Any diamond in unenriched eclogites, and diamond in the extremely diamond‐rich

10.1029/2019GC008774Geochemistry, Geophysics, Geosystems

AULBACH ET AL. 21 of 27



LREE‐enriched eclogites from the northern Slave craton (Smart et al., 2009) will increase bulk eclogite VS

and decrease the fraction of eclogite in explaining bulk mantle VS.

Eclogite conductivity is much more temperature‐dependent, hence also dependent on the geothermal gradi-
ent in addition to the depth of xenolith derivation, than on degree of hydration. Nevertheless, hypothetical
enrichment in H2O may have occurred along with LREE around the depths of cratonic midlithospheric dis-
continuities, focused at ~60 to 160 km and potentially linked to the formation of amphibole‐/phlogopite‐ and
carbonate‐bearing metasomes (Aulbach, Massuyeau, & Gaillard, 2017; Rader et al., 2015). Concentrations of
H2O‐rich eclogite have been suggested to cause conductivity anomalies in the upper mantle (Liu et al., 2019)
and may help explain anomalous conductivities observed in the Slave cratonic midlithosphere (Jones
et al., 2001) and elsewhere (Selway, 2014). If H2O enrichment occurred along with LREE around the depths
of cratonic midlithospheric discontinuities as observed in several localities (Diavik, Orapa, Kimberley), it
may establish a link to the formation of amphibole‐/phlogopite‐ and carbonate‐bearing metasomes, which
have been suspected of acting as weak zones where future decratonization may occur (Aulbach,
Massuyeau, & Gaillard, 2017; Rader et al., 2015). Perhaps not coincidentally, olivine in peridotite xenoliths
from the Kaapvaal craton reaches a maximum H2O content at ~160 km depth (Baptiste et al., 2012), and
upward increasing intensity of hydrous metasomatism has been implicated in generating cratonic seismic
velocity profiles as well as MLDs (Eeken et al., 2018). However, the conductivities of dry or hypothetical
wet eclogites in this study are much higher than bulk conductivities reported for the Kaapvaal cratonic litho-
sphere, suggesting that either eclogites are generally much drier than inferred here and/or placing limits on
the proportion of eclogite that may be present in the regional lithospheric mantle.
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