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Abstract
Chromium isotope compositions have been determined for 42 mantle-derived xenoliths from Cameroon, France, Mongolia, Russia and the USA. The samples are mainly spinel and garnet lherzolites, or harzburgites, and yield d53CrNIST979 from
0.33 to 0.43‰, within the range of previously reported compositions, 0.51 to 0.74‰ (Xia et al., 2017). Partial melting has
been proposed as a process that alters the d53Cr of the mantle residue. New non-modal melting models show that the compatible nature of Cr is inconsistent with large changes in the residue’s isotopic composition. The fractionation during melting
is constrained by calculated D53Crmantle-melt-values <0.09 and the measured D53/52Cr mantle-melt  0.07‰, which is too small
to generate the observed range in d53Cr at low to medium degrees of melting. Fertile to melt-depleted, unmetasomatised peridotite xenoliths show no correlations between d53Cr and indicators of partial melting. Almost all LREE-enriched samples
studied here deﬁne a correlation between d53Cr and (La/Yb)N. This is consistent with alteration of Cr isotopic compositions
by some process that is related to interactions with low degree partial melts. The low Cr content of small degree partial melts
renders metasomatism via such liquids a diﬃcult explanation for the isotopic eﬀects found. A possible explanation is some
form of disequilibrium loss of isotopically light Cr into such liquids during their percolation through the mantle. This is similar to a previously proposed mechanism of kinetic isotopic fractionation of Cr associated with interactions between silicate
melts and peridotitic mantle (Xia et al., 2017).
Ó 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords: Cr isotopes; Mantle; Partial melting; Metasomatism

1. INTRODUCTION
Transition metal isotope compositions can be fractionated at high temperatures, depending on, for example, oxidation states, mineral phases, disequilibrium exchange and
volatilisation (Schauble, 2004). It now is possible to resolve
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and utilize such small mass fractionations in chromium (Cr)
isotope compositions as a diagnostic tool for such processes
(Schoenberg et al., 2008). For example, loss of moderately
volatile Cr may explain the light isotopic compositions
found in Vesta and the Moon (Sossi et al., 2018; Zhu
et al., 2019).
A key issue of interest has been whether Cr isotopes
could be used to interrogate core formation. The behaviour
of Cr during metal-silicate separation depends upon the
oxygen fugacity of the body, as well as temperature and
pressure (Wade and Wood, 2005; Wood et al., 2008;

https://doi.org/10.1016/j.gca.2021.10.022
0016-7037/Ó 2021 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

M. Jerram et al. / Geochimica et Cosmochimica Acta 317 (2022) 138–154

Siebert et al., 2011). Chromium isotope variations are
expressed as d53Cr, the 53Cr/52Cr ratio normalised to that
of the National Institute of Standards and Technology,
Standard Reference Material (SRM) 979 in parts per mil
(Ellis et al., 2002). Large fractionations have been discovered in iron meteorites resulting from the fractional crystallisation of protoplanetary core material (Bonnand &
Halliday, 2018). In contrast, the isotopic composition of
the bulk silicate Earth (BSE) is similar to all classes of chondrites (Bonnand et al., 2016; Schoenberg et al., 2016), which
implies little fractionation during silicate-metal segregation.
This can be reconciled with Cr isotope fractionation factors
calculated in Moynier et al. (2011), for the special case on
Earth, where Cr is more siderophile at the especially high
temperatures and pressures of partitioning (Drake et al.,
1989).
To ascertain the precise degree of isotopic fractionation
during core formation requires determination of the exact
d53Cr of the BSE. Mantle peridotites display considerable
d53Cr heterogeneity, leading to large uncertainties in BSE
estimates (Schoenberg et al., 2008; Xia et al., 2017).
Although this problem has been circumvented by using
mantle derived chromites (Farkaš et al., 2013), and komatiites that sample larger volumes of the mantle (Sossi et al.,
2018; Jerram et al., 2020; Wagner et al., 2021), the exact
causes of mantle variability in Cr isotope composition have
not been determined.
The behaviour of Cr during melting depends on the oxidation state. Chromium occurs as Cr2+ and Cr3+ in the
mantle. Higher temperatures, lower oxygen fugacity will
increase Cr2+/CrTOT (CrTOT = Cr2++Cr3+; Schreiber &
Haskin, 1976; Li et al., 1995; Berry et al., 2006). The composition of melts can also aﬀect the Cr2+/CrTOT, e.g.,
strongly basic melts stabilise lower Cr2+/CrTOT (O’Neill
and Berry, 2021). The modern mantle is relatively oxidised,
which means that Cr3+ is prevalent (Berry et al., 2006). Trivalent Cr is largely compatible in the octahedral sites of
pyroxenes, garnets and spinels, which produces low Cr
melts. While the Cr concentration in mantle peridotites is
variable (Liang & Elthon, 1990; Ionov & Hofmann,
2007), it does not correlate with degree of melt extraction.
This has been explained by mantle peridotites retaining a
signature of ancient melt extraction at higher temperatures
and degrees of melting (Liang and Elthon, 1990); conditions where Cr would be less compatible (Li et al., 1995).
Two explanations for the d53Cr variations in mantle
peridotites have been proposed, melt-rock interactions
(metasomatism) and partial melting (Xia et al., 2017;
Shen et al., 2018). The extent to which these processes aﬀect
mantle peridotites is unresolved, leading to uncertainty in
the interpretation of d53Cr variations. An initial study by
Schoenberg et al. (2008) found no resolvable diﬀerence
between the Cr isotope composition of the mantle and that
of partial melts, and concluded that Cr isotopes do not
fractionate during melting. However, Xia et al. (2017)
argued that, while the variability in d53Cr of mantle
peridotites cannot be explained by melting alone, it can
produce variations of up to d53Cr = 0.2‰. Isotopic fractionation factors (a-values where ln(a) D53Crresidue-melt)
for melting ranging from 1.0002 to 1.0008 were given, based

139

on the identiﬁcation of a trend between d53Cr and Al2O3
(wt.%) (Xia et al., 2017). Later studies found that partial
melts formed with d53Cr values that are only 0–0.07‰
(a = 1.00000–1.00007) lower than the mantle (Sossi et al.,
2018; Bonnand et al., 2020a,b; Jerram et al., 2020; Shen
et al., 2020), which agrees with experiments from Berry
et al. (2021a,b) Therefore, the relative contributions of partial melting and post-melting processes to the large heterogeneity observed in xenoliths is unresolved.
Kinetic fractionation during melt percolation and metasomatism have been proposed as other processes that can
provide much greater d53Cr variations in mantle peridotites. Xia et al. (2017) reported contrasting Cr isotope
compositions in pyroxenite veins and their host peridotites.
The authors argued that chromatographic interactions lead
to a transfer of kinetically fractionated isotopically light Cr
from mantle peridotites into silicate melts. Isotopically
heavy and light d53Cr compositions of mantle peridotites
can be created across the gradient of this chromatographic
model. Variations of d53Cr in mantle peridotites produced
by metasomatism were also identiﬁed by Shen et al.,
(2018), who suggested that they could be due to mineralmelt interactions and/or kinetic diﬀusion. Ionic models
can be used to estimate the chromium isotopic composition
of minerals in equilibrium, which should yield d53Cr of
spinel > clinopyroxene = orthopyroxene > olivine (Shen
et al., 2018). However, mineral separates do not always display this trend (Xia et al., 2017; Shen et al., 2018; Supplementary Information) providing evidence they may not
always be in equilibrium, possibly because of
metasomatism.
This study expands on previous work and reports high
precision Cr isotope measurements of a large set of wellcharacterised mantle peridotites, allowing interrogation of
partial melting eﬀects. The samples are from four continents, representing a range of lithologies and compositions.
We also reassess published melting models and introduce
new non-modal melting equations. Using these more
appropriate and internally consistent models, the limits
on d53Cr variation from melting of mantle peridotites can
be quantiﬁed and shown to be very small. Geochemical
data are used to provide evidence that other processes,
probably metasomatic, are mainly responsible for changes
in mantle d53Cr.
2. SAMPLES
Forty-one peridotite xenoliths and one pyroxenite were
selected for this study. The classiﬁcation of ultramaﬁc xenoliths in this study follows that of Streckeisen (1976). The
peridotites were chosen to provide an overview of typical
rocks in the mantle lithosphere. To avoid the eﬀects of
low temperature alteration, fresh, un-weathered samples
were selected. The peridotites show a broad range in the
amount of melt extraction, and some display petrological
and geochemical indicators of metasomatism.
This study includes fertile and unmetasomatised peridotites from Tariat, Mongolia and Vitim, Siberia which
have compositions approaching that of the BSE (Fig. 1;
Preb et al., 1986; Ionov et al., 1993a,b; Ionov, 2007). The

140

M. Jerram et al. / Geochimica et Cosmochimica Acta 317 (2022) 138–154

Fig. 1. Al2O3 (wt.%) versus modal abundance of clinopyroxene (cpx) and Cr2O3 (wt.%) for mantle peridotites in this study. The Kilbourne
Hole and Vitim suites of peridotites are presented separately from other samples. The samples from Kilbourne Hole show a strong correlation
between cpx and Al2O3 (wt.%) reﬂecting the inﬂuence of melting, while the Vitim samples have little variation and are close to the composition
of the BSE (Preb et al., 1986; Ionov et al., 1993a,b; Ionov, 2007). The other samples show a general positive trend between cpx and Al2O3 (wt.
%). No variations between Cr2O3 (wt.%) and Al2O3 (wt.%) are seen for any of the suites, in agreement with previous studies (Liang and
Elthon, 1990).

peridotites from Kilbourne Hole, New Mexico included in
this study exhibit the eﬀects of variable melting (Fig. 1),
metasomatism, melt-rock refertilisation (KH03-3 and
KH96-8) as well as interactions between the xenoliths and
their host magma, which has led to spongy clinopyroxene
KH03-10, KH03-15, KH03-24 and KH03-27), and interstitial glass (KH03-15, KH03-16 and KH03-21; Harvey et al.,
2011, 2012, 2015). Interactions with melts and ﬂuids that
took place in the mantle before entrapment in the host
magma have been recorded in other samples, including
enrichment in FeO by percolating melts of samples 853024 and 8531-40; and inﬁltration of a Ca- and Fe rich melt
of Tok 10-1, which enriched the Fe isotope composition
by d56Fe = +0.06‰ (Weyer and Ionov, 2007).
The suite of samples measured in this study show correlations between diﬀerent indicators of partial melting

(Al2O3 wt.%, CaO wt.%, cpx % and Mg#; Fig. S5), however, there is no correlation between these indicators of partial melting and Cr concentration (Fig. 1), consistent with
the ﬁndings of Liang & Elthon, (1990). All samples have
previously been studied and are well characterised in the literature (e.g. Reid et al., 1975; Rhodes & Dawson, 1975; Lee
et al., 1996; Ionov, 2004; Ionov et al., 2006; Williams et al.,
2005; Weyer & Ionov, 2007; Pogge von Strandmann et al.,
2011; Gibson et al., 2013; Harvey et al., 2011, 2012, 2015;
Prytulak et al., 2013).
2.1. Lherzolites
Twenty-seven lherzolites were included in this study.
These are from Kilbourne Hole, New Mexico (n = 13);
Vitim, Siberia (n = 8); Tariat, Mongolia (n = 2);
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Ngaoundéré, Cameroon (n = 2); Labait Hills, Tanzania
(n = 1); Massif Central, France (n = 1). The Cr2O3 concentrations range from 0.15 to 0.92 wt.%. The Al2O3 concentrations are from 1.8 to 4.6 wt.%. The bulk Mg# (Mg/
(Mg + Fe)) varies from 0.89-0.92. The lherzolites in this
study are both spinel and garnet bearing (Table 1). The garnet lherzolites have spinel, olivine and pyroxene inclusions
in the garnet (Ionov et al., 2005a,b).
2.2. Harzburgites
Eleven harzburgites were selected for this study. These
are from Tariat, Mongolia (n = 4); Kilbourne Hole, USA
(n = 3); Lashaine, Tanzania (n = 2); Kamchatka, Russia
(n = 1); Dariganga, Mongolia (n = 1). Harzburgites have
lower abundances of the moderately incompatible elements,
(Ca, Al, Na). The compositions of these harzburgites are
more melt-depleted, with higher Mg# (0.9–0.93) and lower
Al2O3 (0.72 to 2.00 wt.%) than lherzolites. The Cr2O3 concentrations range from 0.09 to 0.49 wt.%.
2.3. Dunites
Two dunites were measured in this study, both of which
came from Lashaine, Tanzania. They have Cr2O3 of 0.09
and 0.41 wt.% and are highly depleted in Al2O3 (0.16 and
0.4 wt.%). Dunites are thought to form either by the accumulation of crystallising olivine in melt channels, during
extremely high degrees of partial melting, or through
replacement of pyroxene by olivine (Kelemen et al., 1995,
1997; Gibson et al., 2013).
2.4. Wehrlites
One wehrlite from Tok, SE margin of the Siberian craton, was measured in this study (Tok 10-1). This sample
has a Cr2O3 of 0.25 wt.% and Al2O3 of 2.8 wt.%. This sample belongs to a lherzolite-wehrlite trend created by inﬁltration of an Fe- and Ca-rich, Si undersaturated melt, which
replaced orthopyroxene by clinopyroxene and increased
the FeO and CaO concentrations to 11.8 wt.% and 4.6
wt.% respectively. Wehrlites are believed to have formed
through refertilisation of the mantle, usually through interactions with silicate melts (Ionov et al., 2005a,b).
2.5. Pyroxenites
Pyroxenites have more than 60 % pyroxene (Streckeisen,
1976) and can be formed from trapped melts, melt-rock
interactions or recycled material (Davies et al., 1993;
Santos et al., 2002; Downes, 2007). The pyroxenite measured in this study, P6, is from Ngaoundéré, Cameroon,
which is believed to have formed as a trapped melt (Lee
et al., 1996). It has a Cr2O3 content of 0.15 wt.% and
Al2O3 of 13.3 wt.% (Lee et al., 1996).
3. ANALYTICAL METHODS
Measurements of Cr isotopic mass dependent fractionation followed the method previously published by
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(Bonnand et al., 2016). A summary is provided here. All
acids were puriﬁed by in-house sub-boiling distillation. Dissolutions were ﬁrst carried out on hotplates, while samples
with refractory material were also dissolved using highpressure Parr bombs. Hotplate dissolutions ﬁrst used a
HNO3 and HF mixture followed by drying down and redissolving in 6 M HCl. Parr bomb dissolutions utilised 6 M
HCl at 200 °C. If undissolved material remained, samples
were dried, and fresh acid added before repeating the
dissolution.
Mass fractionation occurring during chemical separation and isotopic measurement (mass bias) were corrected
using the double spike method (e.g. Albaréde & Beard,
2004). Samples were spiked with a 50Cr - 54Cr double spike,
prior to Cr puriﬁcation, and left to equilibrate on hotplates.
The Cr separation follows the method developed in
(Bonnand et al., 2016). Two AG 50 W-X8 cation exchange
resin columns were deployed: the ﬁrst removed matrix elements, and the second speciﬁc isobaric interferences (50Ti,
50
V and 54Fe). Chromium blanks were negligible (<4 ng)
compared to the total amount processed (2 mg).
Samples were measured on a ThermoScientiﬁc Triton
thermal ionisation mass spectrometer (TIMS) in static multicollection mode at the University of Oxford. Samples were
loaded onto an outgassed Re ﬁlament, together with silica
gel and a boric acid activator. Each measurement consisted
of 54 blocks of 10 cycles, each cycle lasting 8.4 seconds,
with a baseline of 50 seconds measured after every block.
High precision measurements using TIMS was possible
due to the long-term stability of the ion beam. Along with
the Cr isotopes (50, 52, 53 and 54), masses 49, 51 and 56
were monitored and used to correct isobaric interferences
from Ti, V and Fe respectively. An ampliﬁer gain calibration was performed daily. Ampliﬁer rotations were carried
out through the run. The double spike deconvolution was
performed oﬄine using an iterative procedure following
that of Bonnand et al., (2011).
The 2 standard error internal precision for each run was
typically less than 0.01‰. Uncertainty of the measurements
was assessed by repeat measurements of JP-1 over a threeyear period, yielding d53Cr = 0.108 ± 0.019‰ (2 s.d.,
n = 11), which closely matches previous measurements of
the standard, and deﬁnes an intermediate precision comparable to that of previous work (Schoenberg et al., 2008;
Bonnand et al., 2016; Xia et al., 2017; Bonnand et al.,
2020a,b).
4. RESULTS
The d53Cr values for peridotites are presented in Table 1
and Fig. 2. Data for separated constituent mineral phases
are presented in the Supplementary Information and
Fig. 3. The mantle peridotites display d53Cr values from
0.33 to +0.43‰, within the range of published data
(d53Cr = 0.51 to +0.74‰; Schoenberg et al., 2008; Xia
et al., 2017). Mantle peridotites measured in this study
are more variable than maﬁc and ultramaﬁc magmatic
rocks (d53Cr = 0.21 to 0.01‰; Schoenberg et al., 2008;
Sossi et al., 2018; Shen et al., 2020; Bonnand et al.,
2020a,b; Jerram et al., 2020) and diverge considerably from
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Table 1
Table showing the bulk rock geochemical data for Cr, Al2O3, #Mg and (La/Yb)N (normalised to the primitive mantle (Palme and O’Neill,
2014)). Concentrations are taken from the literature (Reid et al., 1975; Rhodes & Dawson, 1975; Lee et al., 1996; Ionov, 2004; Ionov et al.,
2006; Weyer & Ionov, 2007; Harvey et al., 2012; Gibson et al., 2013) or were measured in house using the Thermo Finnigan Element 2 at the
Department of Earth Sciences, Oxford. Additional geochemical and petrological data on these samples are provided in the Supplementary
Information. a chromium concentrations determined using isotope dilution.
Sample

Rock Descriptor

Location

Cr (mg.g1)

d53Cr

2 s.e.

Al2O3 (wt%)

Mg#

(La/Yb)N

Vi313-1
Vi313-6
Vi313-102
Vi313-104
Vi313-106
Vi313-112
Vi314-56
Vi314-58
Mo-101
MOG-1
PB-XEN1
KH03.02
KH03.03
KH03.6
KH03.7
KH03.10
KH03.11
KH03.18
KH03.21
KH03.24
KH03.25
KH96.2
KH96.8
KH96.18
C235D
H93-X8
P13
4500-18
4500-19d
8530-24
8531-40
BN-8
Av-8
KH03.15
KH03.16
KH03.27
BD-774
BD-822
BD-806
BD-825
Tok-10-1
P6
JP1

Gr Lhz
Gr Lhz
Gr Lhz
Gr Lhz
Gr Lhz
Gr Lhz
Sp Lhz
Sp Lhz
Sp Lhz
Sp Lhz
Sp Lhz
Sp Lhz
Sp Lhz
Sp Lhz
Sp Lhz
Sp Lhz
Sp Lhz
Sp Lhz
Sp Lhz
Sp Lhz
Sp Lhz
Sp Lhz
Sp Lhz
Sp Lhz
Sp Lhz
Sp Lhz
Sp Lhz
Sp Hzb
Sp Hzb
Sp Hzb
Sp Hzb
Sp Hzb
Sp Hzb
Sp Hzb
Sp Hzb
Sp Hzb
Sp Hzb
Sp Hzb
Dunite
Dunite
Wehrlite
Pyroxenite
Peridotite

Vitim, Russia
Vitim, Russia
Vitim, Russia
Vitim, Russia
Vitim, Russia
Vitim, Russia
Vitim, Russia
Vitim, Russia
Tariat, Mongolia
Tariat, Mongolia
Central Massif, France
Kilbourne Hole, USA
Kilbourne Hole, USA
Kilbourne Hole, USA
Kilbourne Hole, USA
Kilbourne Hole, USA
Kilbourne Hole, USA
Kilbourne Hole, USA
Kilbourne Hole, USA
Kilbourne Hole, USA
Kilbourne Hole, USA
Kilbourne Hole, USA
Kilbourne Hole, USA
Kilbourne Hole, USA
Mt Cameroon
Laibat Hill, Tanzania
Ngaoundere, Cameroon
Tariat, Mongolia
Tariat, Mongolia
Tariat, Mongolia
Tariat, Mongolia
Dariganga, Mongolia
Kamchatka, Russia
Kilbourne Hole, USA
Kilbourne Hole, USA
Kilbourne Hole, USA
Lashaine, Tanzania
Lashaine, Tanzania
Lashaine, Tanzania
Lashaine, Tanzania
Tokinsky, Siberia
Ngaoundere, Cameroon
Geological Reference

2531
2599
2462
2551
2736
2633
2326
2462
2804
2736
n.d.
2051a
2535a
1765a
1496a
1557a
2074a
1990a
1812a
1551a
2709a
2336a
3575a
1549a
3984
2051
3700
1778
2736
2257
1984
2017
3333
1701a
2302a
2168a
1368
1642
616
2804
1689
1014
2807

0.17
0.11
0.14
0.11
0.08
0.11
0.19
0.15
0.09
0.12
0.13
0.17
0.17
0.22
0.01
0.32
0.00
0.09
0.10
0.40
0.07
0.11
0.17
0.10
0.08
0.08
0.15
0.12
0.02
0.43
0.39
0.14
0.14
0.10
0.02
0.25
0.03
0.06
0.33
0.19
0.06
0.35
0.11

0.006
0.006
0.007
0.005
0.008
0.005
0.025
0.009
0.005
0.004
0.014
0.004
0.007
0.003
0.007
0.006
0.005
0.003
0.004
0.005
0.007
0.007
0.003
0.005
0.006
0.020
0.005
0.006
0.006
0.003
0.007
0.004
0.005
0.007
0.004
0.010
0.005
0.007
0.044
0.057
0.005
0.044
2 s.d.

4.4
3.9
4.5
3.7
3.3
4.2
4.3
3.9
4.3
4.5
n.d.
2.8
4.4
3.3
2.5
3.2
3.6
3.4
4.4
2.7
2.2
1.8
3.1
3.5
4.6
n.d.
4.3
0.7
1.1
2.0
1.2
1.3
0.8
1.2
1.1
1.3
0.2
1.9
0.4
0.2
2.8
13.3
0.019

0.895
0.893
0.890
0.892
0.895
0.894
0.888
0.893
0.910
0.890
n.d.
0.916
0.903
0.914
0.916
0.912
0.909
0.911
0.903
0.904
0.919
0.923
0.917
0.908
n.d.
n.d.
n.d.
0.927
0.923
0.899
0.900
0.919
0.911
0.919
0.926
0.922
0.920
0.930
0.808
n.d.
0.848
n.d.

0.90
0.89
0.88
0.89
0.89
0.89
0.89
0.90
0.46
3.26
2.35
0.54
0.40
0.34
0.34
1.39
0.25
0.14
0.31
0.74
0.19
0.22
1.81
0.03
n.d.
n.d.
n.d.
61.71
6.92
12.95
8.70
n.d.
1.43
1.96
4.74
0.34
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

the BSE value (d53Cr = 0.12 ± 0.04‰, Jerram et al. 2020).
Although the data span a 0.76‰ range, 20 samples yield
values that are within the uncertainty of the BSE
(d53Cr = 0.12 ± 0.04‰).
The compositions of spinel and garnet bearing lherzolites
are similar, with garnet lherzolites having a narrow range,
d53Cr = 0.17 to 0.08‰, towards the middle of the range
of spinel lherzolites. The range in compositions of the lherzolites (d53Cr = 0.33 to +0.40‰) and harzburgites
(d53Cr = 0.25 to +0.43‰) are similar. The d53Cr of dunites
ranges from 0.33 to 0.19‰, which is only slightly lower

than previously measured dunites (d53Cr = 0.17 to
0.12‰; Schoenberg et al., 2008; Xia et al., 2017). The
wehrlite (d53Cr = 0.06‰) is within the range of the BSE.
The pyroxenite, P6, is much lighter than the BSE
(d53Cr = 0.35‰) but within range of previously measured
pyroxenites, d53Cr = 1.36 to 0.05‰ (Xia et al., 2017).
The d53Cr of samples measured in this study have been compared to a range of diﬀerent variables, including mineral
abundance, equilibrium temperature and geochemical data,
which are presented in the Supplementary Information.
Only signiﬁcant features are discussed below.
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Fig. 2. Isotopic composition of Cr in mantle xenoliths and crustal samples. Data from this study is in coloured symbols, data from previous
work is shown in grey symbols, a= Xia et al., 2017; b= Schoenberg et al., 2008; c= Shen et al., 2020; d = Bonnand et al., 2020a,b; e= Sossi
et al., 2018; f= Jerram et al., 2020. The BSE (0.12 ± 0.04‰) is shown with the blue bar (Jerram et al., 2020). Measurements from this study
are within range of previous measurements, apart from the dunites. One of the dunites measured within this study is lighter than the range of
previous Cr isotope measurements. Crustal rocks show a smaller range of value, which lies closer to the BSE.

5. DISCUSSION
5.1. Chromium isotope behaviour during partial melting
As outlined above, previous studies disagree on whether
and how the Cr isotope composition of the mantle fractionates during partial melting (Schoenberg et al., 2008; Xia
et al., 2017). Isotopic fractionation during melting can be
estimated using the diﬀerence in composition between partial melts and the mantle. Two recent studies have provided
evidence that a small fractionation (D53Crmantle-melt
0.07‰) is achieved during basalt melt production
(Bonnand et al., 2020a,b; Shen et al., 2020). However, the
eﬀect on the residual mantle of the generation of such melts
that are only slightly isotopically fractionated is unclear.
One reason for the lack of clarity is that the formulation
of melting models deployed to understand isotopic fractionation may not have been appropriate. Therefore, these
models are corrected in the following.
The behaviour of Cr isotopes during mantle melting can
be quantiﬁed with modal and non-modal models. The former assumes that the minerals in the mantle assemblage
always melt in ﬁxed proportions according to their modal
abundance in the original solid. Non-modal melting models
consider the diﬀering rates at which minerals melt using the
‘‘P-value” (Eq. (1)). The following equations use the notation, x, s and l to denote mineral, solid and liquid phases
respectively. The ‘‘P-term” combines the partition coeﬃcient (Dx/l) for Cr in each mineral with the melting reaction
cx (Shaw, 1970). The melting reaction (c) is normalised to
the mass of liquid formed, so by deﬁnition the sum of the
melting reactions over all minerals will be 1.
X
P¼
ðDx=l cx Þ
ð1Þ
x

Spinel and clinopyroxene (cpx) are the major Cr bearing
phases in the fertile upper mantle (e.g. Woodland et al.,
2006). During melting, spinel is consumed non-modally,
therefore at low degrees of melting it contributes a greater

fraction of the melt (0.09–0.12) than its abundance in the
mantle (0.01–0.03; Gudﬁnnsson & Presnall, 1996). Garnet
bearing peridotites mainly contain Cr in garnet and cpx,
which are both exhausted during melting earlier than
orthopyroxene and olivine (Baker & Stolper, 1994;
Walter, 1998). Therefore, as spinel, garnet and clinopyroxene are consumed preferentially, non-modal melting models
are required to describe the behaviour of Cr. The melting
equations used in this study are for incongruent melting,
with olivine produced at low pressures and orthopyroxene
at higher pressures (Table 2).
Models to describe isotope variation have been developed in recent years, e.g. (Dauphas et al., 2009; Sossi &
O’Neill, 2017; Wang et al., 2018). The models described
here for Cr isotopes are modiﬁed from those presented in
Shaw (1970) for element concentrations and in Sossi and
O’Neill (2017) for isotope ratios. Shaw (1970) derived equations for non-modal fractional (Eqs. (2) and (3)) and batch
(Eqs. (4) and (5)) melting. The output of the models is the
ratio of the concentration in the accumulated liquid (Cl),
batch liquid (CI) or residual mantle (Cr) over the initial
mantle (C0), in terms of the fraction of melting (F). These
models use a constant initial bulk coeﬃcient (D0) and Pvalue.

 ðP1 Þ !
Cl
1
F
¼
ð2Þ
1 1P
C0 F
D0
Cr
1
¼
C0 1  F
C l


 ðP1Þ
F
1P
D0

1
Do þ F ð1  P Þ

 

Cr
DP F
1

¼
1F
Do þ F ð1  P Þ
Co
Co

¼

ð3Þ
ð4Þ
ð5Þ

Sossi and O’Neill (2017) showed that by treating isotopes as separate elements, Eqs. (2)–(4) could be modiﬁed
to calculate the isotope ratio variations during melting.
At high temperatures the approximation can be made that
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Fig. 3. d53Cr of mineral separates and whole rock compositions plotted as pairs. a) Whole Rock vs. opx; b) cpx vs. opx c) spinel vs cpx and d)
olivine vs cpx. Phases are plotted as pairs to highlight the diﬀerence in composition between all data. The grey line represent the diﬀerence in
composition between the phase of the x axis – the y axis. Data is taken from this study and previous studies (Xia et al., 2017; Shen et al., 2018).
The average Dx-y composition and two times standard deviation is shown.

the partition coeﬃcient of an isotope (j) is the same
element (Eq. (6), Sossi & O’Neill, 2017). The small
ence in partition coeﬃcient between two isotopes (i
is proportional to the fractionation factor (aEi=j
12 ,
E is the element of interest; Eq. (7)).
X
Dxl
Djs=l 

as the
diﬀerand j)
where
ð6Þ

x

 i 
Dis=l ¼ aEjs=l Djs=l

ð7Þ

The corresponding expressions for P values are derived
in the same manner. At high temperatures P jsl will be
approximately the same as P (Eq. (8)). The partition coeﬃcients used to calculate P is=l will also be proportional to P js=l
i
j

i
j

through aEs=l . The fractionation factor, aEs=l , is constant
over the sum of minerals, therefore, P is=l is given using the
Eq. (9). Further details on the derivation of these equations
can be found in Sossi and O’Neill (2017).
X
ðDx=l ci Þ
ð8Þ
P js=l  P ¼
x
i

P is=l  ðaEjs=l Þ

X

between the bulk coeﬃcient and one of the P-values.
Eq. (14) is used to convert the isotope ratio (calculated
using the concentrations of isotope-i and isotope-j) into
the delta notation.

1
0
1
!!
i=j
C
P j aE
C il
1B
F
s=l
C
B
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¼
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¼
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Eqs. (10) and (11) for fractional melting and Eqs. (12)
and (13) for batch melting represent the behaviour of
isotope-i during melting and include the terms for D and
P from Eqs. (7) and (9). The behaviour of isotope-j is
assumed to be the same as element E, therefore is modelled
using Eqs. (2)–(5). In Eqs. (10) and (11), aEi=j
12 terms cancel
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Variables used in this study are shown in Table 2. Partition coeﬃcients of elements are from McKenzie & O’Nions
(1995) and Mallmann and O’Neill (2009). The partition
coeﬃcient of Cr is sensitive to Cr2+/CrTOT (Schreiber &
Haskin, 1976; Roeder & Reynolds, 1991; Li et al., 1995;
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Bonnand et al., 2020a,b). The partition coeﬃcients for
minerals in spinel peridotites are calculated for a mantle
Cr2+/CrTOT 0.15 (Table 2Berry et al., 2006; Shen et al.,
2018). Melting reactions of spinel and garnet peridotites
for the interval of melting from 0 to 20 % melting, are given
in Table 2. The partition coeﬃcients and melting reactions
used in this study do not vary. It is assumed that this
approximation holds for a compatible element like Cr over
the melting range modelled (20%). The mode of spinel is
more important for Cr than other elements and is calculated using the average modal abundance of fertile mantle
peridotites measured in this study, (0.028, Table S5).
The bulk a-value is the weighted sum of the a-values of
all minerals in the mantle (Eq. (15), where fresidue(x) is the
fraction of Cr hosted in each phase). The bulk fractionation
factor will vary as the degree of melting alters the modal
mineralogy of the residue and, therefore, fresidue(x). Measurements of mineral-melt pairs provide primary ax-melt values, however no Cr isotope measurements of primary melts
in contact with their source material and residual minerals
are available. Instead, the minerals-melt a-values can be
modelled by comparing the d53Cr of minerals to a theoretical initial melt composition, or by comparison to theoretical equilibrium fractionation between melt and mantle
minerals (Berry et al., 2021a). The fractionation factor
can be used for modal and non-modal melting, depending
on the melting reactions used to calculate the theoretical
initial melt.
X
aEmantlemelt ¼
f residueðxÞ  aExmelt
ð15Þ
x

Mantle mineral d53Cr compositions can, in principle, be
deduced in two ways, isotopic measurements and ionic
models. Fig. 3 shows the d53Cr composition of mineral separates from spinel bearing peridotites measured in this
study (Table S1) and previous studies (Xia et al., 2017;
Shen et al., 2018). No measurements of garnet bearing peridotites have been made. The D53Cr-values, that is the diﬀerence in d53Cr between two phases, can be used to calculate
the average Cr isotopic composition of the mantle minerals.
Fig. 3 shows that the range in D53Cr-values of mineral sep-
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arates results in high uncertainties (2 s.d. = 0.17–0.27‰).
The variations seen in the mineral pair compilation may
partially be explained by diﬀerent physical conditions of
the peridotites; temperature and fO2 will aﬀect the equilibrium isotopic composition (Shen et al., 2018). However, the
variations cannot entirely be explained as equilibrium features. For example, in Fig. 3b and d, both negative and positive D53Cr-x-y values are found, which cannot be produced
by diﬀerences in temperature (as temperature will only
aﬀect the magnitude), or by variations in Cr oxidation state,
as olivine will always have the highest Cr2+/CrTOT due to
the greater compatibility of Cr2+ in olivine (Mallmann
and O’Neill, 2009). Variations could arise from nonequilibrium processes, such as diﬀusion or metasomatism
(Shen et al., 2018; Bai et al., 2019). Whatever the mechanism, the range in D53Cr-values means that mineral measurements are unsuitable for modelling.
Ionic models can be used to calculate equilibrium isotopic fractionations under set conditions. Shen et al.,
(2018) calculated isotopic compositions of minerals in spinel lherzolites, using the Cr2+/CrTOT and the coordination
number to calculate the potential energy of the site that
Cr inhabits. The relative d53Cr composition of mantle minerals from measurements is the same as the theoretical values calculated for a mantle peridotite with Cr2+/
CrTOT = 0.15 Shen et al. (2018) i.e., spinel > cpx = opx >
olivine.. The composition of garnet was not calculated in
Shen et al., (2018). However, the expected value can be
inferred using their calculations. Garnet contains Cr3+ in
octahedral sites (Carlson, 2012), which for the ionic model
of (Shen et al., 2018) is analogous to Cr3+ in spinel and olivine. Therefore, the same potential energy is assumed to be
applicable for Cr3+ in garnet.
The a-values can be converted into D53Crmantle-melt values to clearly show diﬀerence in isotopic composition
between phases. Mineral-melt D53Crmantle-melt -values are
calculated using the modelled equilibrium mineral compositions of garnet- and spinel-bearing peridotite and the melting conditions in Table 2. The modal mineral abundance of
the residue is then used to calculate the D53Crmantle-melt value as a function of melting (Fig. 4). The initial values

Table 2
Partition coeﬃcients taken from (McKenzie and O’Nions, 1995; Liu and O’Neill, 2004; Mallmann and O’Neill, 2009). A spinel modal
abundance of 0.028 is calculated from the average value for fertile spinel lherzolites (Supplementary Information.). Melting reactions and
modes are taken from Sossi & O’Neill, 2017, Gudﬁnnsson & Presnall, 1996 and Walter, 1998. Partition coeﬃcients for Cr are for Cr2+/
CrTOT = 0.15, which is an estimate for the Cr2+/CrTOT ratio during melting of the terrestrial mantle (Berry et al., 2006; Shen et al., 2018).
Olivine
2+

Dmineral-melt(Cr )
Dmineral-melt(Cr3+)
Dmineral-melt (Cr2+/CrTOT = 0.15)

Orthopyroxene

0.85
0.85
0.85

0.84
3.52
2.98

Spinel peridotites
Reaction
Mode
RD = 7.4

0.29
0.589

0.46
0.235

Garnet peridotites
Reaction
Mode
RD = 3.5

0.05
0.57

0.15
0.28

Clinopyroxene

Spinel

Garnet

0.59
12.6
10.20

–
170
170

–
5.5
5.5

0.71
0.147
RP = 28.3

0.11
0.028

–
–

0.96
0.13
RP = 12.6

–
–

0.14
0.05
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for melt formed are lighter than the mantle by 0.09 and
0.07‰ for spinel and garnet peridotites respectively, which
both become lighter with degree of melting. This agrees
with measurements of partial melts - the composition of
(high degree) komatiitic melts (Sossi et al., 2018; Jerram
et al., 2020) is closer to the mantle value than lower degree
basaltic melts (Bonnand et al., 2020a,b; Shen et al., 2020).
The initial D53Crmantle-melt-value of spinel bearing peridotites is higher than garnet bearing peridotites, as residues
with spinel initially contain a greater amount of isotopically
heavy Cr. However, the spinel peridotite D53Crmantle-meltvalue decreases, as spinel is consumed at a greater rate than
garnet during non-modal melting.
The modelled D53Crmantle-melt-values agree with the average composition of basaltic suites, which are up to 0.07‰
lighter than the mantle (Bonnand et al., 2020a,b; Shen
et al., 2020). The composition of basaltic melts can only
provide an approximation of the D53Crmantle-melt -value as
they may not represent the ﬁrst increment of melt. However, the fact that the calculated D53Crmantle-melt-values have
similar composition and behaviour to partial melts, provides conﬁdence in the calculated D53Crmantle-melt -values.
The D-values from theoretical equilibrium fractionations
between the melt and a mantle residue, are even smaller
D53Crmantle-melt -values, < 0.01‰ (Berry et al., 2021a,b)
Therefore, the composition of melts produced in the mineral melting model presents an upper limit, which would
be reduced through isotopic equilibrium with the residue.
Fig. 5 compares non-modal melting models to the data
for ultramaﬁc samples. Peridotites in Fig. 5a are those that
do not show clear evidence of metasomatism (see Supplementary Information). The models have a starting composition of the BSE of d53Cr = 0.12‰ and use variable
D53Crmantle-melt-values and D and P values given in Table 2.
The d53Cr in the residual mantle in the models varies
by < 0.01‰, far less than the  0.3‰ variation seen in
the selected peridotites. The non-modal models for spinel
peridotites and garnet lherzolites both produce smaller variations than are seen in the measurements of their respective
rock types. The models are totally encompassed by the
range of mantle peridotite d53Cr, which greatly exceeds
the variability generated in the melting models. There is a
slight divergence between the modelled d53Cr variations
for garnet and spinel. Garnet has a lower Cr partition coefﬁcient than spinel (McKenzie & O’Nions, 1995; Mallmann
and O’Neill, 2009), however spinel is removed at a greater
rate from the mantle during non-modal melting. This
results in the d53Cr of residual spinel facies mantle being
slightly more susceptible to partial melting.
The modelled composition of melts is presented in
Fig. 5b, alongside the average or initial composition of
basaltic suites (Bonnand et al., 2020a,b; Shen et al., 2020).
The modelled variability lies within the range of basalts
(d53Cr = 0.19 to 0.12‰), demonstrating that the behaviour of Cr is well approximated using this model. The
small variable a-values calculated in this study, are able
to recreate the composition of natural melts, even though
they only produce small d53Cr variations in the residue
of < 0.01‰. The composition of melts formed from garnet
and spinel peridotites show little variation with degree of

melting (0.03‰) and the melts formed are within < 0.02
‰ for all increments of melting. The composition of initial
basaltic melts show a greater variation than the models
(Fig. 5), which cannot be explained by degree of melting
alone. Melting in the mantle occurs at diﬀerent temperatures and oxidation states, which aﬀects the magnitude of
equilibrium fractionation. The model presented in Fig. 5
uses values that provide the best overall representation of
the mantle. However, variations in natural conditions are
expected, which could produce the range in the composition
of initial melts. Fig. 3 shows that there is heterogeneity in
the d53Cr composition of minerals in the mantle, which
could also produce diﬀerent D53Crmantle-melt-values. However, the sensitivity tests (Supplementary Information)
show that even if the D53Crmantle-melt-value is slightly higher,
the composition of the residue will still not be signiﬁcantly
aﬀected.
The models presented here show that the variation of
d53Cr in the mantle cannot be explained by non-modal
partial melting over the degrees considered. The small
D53Crmantle-melt-values close to zero, together with the compatible nature of Cr in the mantle, means that the d53Cr
variation in the mantle resulting from partial melting is
small. This agrees with models and data for other compatible elements, such as Ni (Klaver et al., 2020; Saunders
et al., 2020), and is in contrast to the behaviour of V and
Fe which show variations (Williams et al., 2005; Weyer
and Ionov, 2007; Prytulak et al., 2013). Previous models
of d53Cr evolution in the mantle (Xia et al., 2017; Shen
et al., 2018) produce larger estimates of melting-induced
variation likely due to the choice of smaller partition coefﬁcients, resulting in more Cr removed from the mantle, and
higher D53Crmantle-melt -values. These parameters result in
more Cr removed from the mantle through melting, which,
combined with the larger isotopic fractionation, makes the
mantle more susceptible to melting. The diﬀerences between
the non-modal melting models produced here and those of
other studies are discussed further in the Supplementary
Information. The modelling carried out in this section is
applicable to low to medium degree melts only, as the behaviour of Cr (melting reactions and partition coeﬃcients) at
higher degrees of melting is less well constrained. However,
high degree partial melts (komatiites) have d53Cr compositions similar to the BSE (Jerram et al., 2020), therefore,
only small changes in the mantle may be anticipated at high
degrees of melting as well.
5.2. Statistical tests on the d53Cr of mantle peridotites
To understand further the eﬀect of partial melting, the
model results are compared with statistical analyses of the
variations in d53Cr associated with a population of samples
exhibiting chemical characteristics consistent with diﬀerent
degrees of melt depletion. Samples selected for the statistical tests should not display petrographic or trace element
eﬀects of processes other than partial melting. Thirtyeight of the samples measured in this study are suﬃciently
well-characterised in terms of their petrology and geochemistry to be considered for inclusion in linear regression and
two tailed Student’s t statistical tests (see Supplementary
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Fig. 4. Variable D-values for spinel and garnet bearing peridotites as a function of melt fraction. Values are calculated using model
equilibrium mineral compositions and melting reactions (Gudﬁnnsson & Presnall, 1996; Walter, 1998; Sossi & O’Neill, 2017; Shen et al.,
2018). Greater variation is seen for spinel bearing peridotites, however the values are similar for both spinel and garnet bearing peridotites.

Information). Of these, 8 samples exhibited textures created
by metasomatic and contamination processes. A further 7
samples were excluded on the basis of their chemical composition, either due to high (La/Yb)N ratios or Ca/Al ratios
that deviated from a simple melting trend (Fig. S4). The
remaining 23 mantle peridotites have strongly correlated
indicators of melting (Fig. S5). These samples along with
12 mantle peridotites identiﬁed as unmetasomatised in
Xia et al. (2017) were included in the dataset of selected
peridotites.
Aluminium can be used as a proxy for partial melting, as
the bulk distribution coeﬃcient is robust to changes in temperature and pressure (Herzberg, 2004; Ionov & Hofmann,
2007). Aluminium is also immobile during weathering, serpentinization and metamorphism (Coleman and Keith,
1971; Snow and Dick, 1995). Variations of Al2O3 (wt.%)
can occur through interactions with silicate melts (Le
Roux et al., 2007), however, the strong correlation between
Al2O3 (wt.%) and other indicators of partial melting (CaO
wt.%, cpx % and Mg#), and suggest that the composition of
our selected samples reﬂects partial melting (Fig. S5).
Variations in d53Cr as a function of Al2O3 (wt.%) for the
35 selected mantle peridotites are shown in Fig. S6a. There
is no correlation between d53Cr and degree of partial melting. Similarly, low R2 values are calculated for d53Cr and
other indicators of melting (CaO wt.%, cpx % and Mg#;
Fig. S6). It should be noted however, that a previous study
found a stronger correlation between Al2O3 and d53Cr in
peridotites with an R2 of 0.35 given by Xia et al. (2017).
Therefore, further work is needed to understand why there
is this apparent diﬀerence.
The selected set of mantle peridotites can also be used to
carry out Student’s T tests, which can reveal melting
induced d53Cr variations that do not produce a linear correlation. For example, if signiﬁcant variations in d53Cr only
occur at < 2 % Al2O3 wt.% this may not produce a linear
correlation but will produce a statistically signiﬁcant diﬀerence in composition between refractory and fertile mantle
peridotites. The statistical test was carried out by splitting
the selected peridotites into 4 groups with an equal number
of samples, using an indicator of partial melting (Al2O3 wt.
%, Mg# and CaO wt.%). The Student’s double tailed t-test
was then carried out between the most fertile and most
depleted of these groups. At the 95 % conﬁdence level there

is no evidence to suggest that there is a diﬀerence in d53Cr
between the most fertile and most depleted mantle peridotites (see Supplementary Material for detailed discussion). Again, this contrasts with the results of Xia et al.
(2017) who found  0.1‰ diﬀerences between peridotites
with Al2O3 > 3 % and < 3 %.
The statistical tests ﬁnd no evidence that the Cr isotopic
composition of the upper mantle is aﬀected by any degree
of partial melting. This is consistent with the measured
compositions of melt extracted at higher degrees of melting.
Komatiites have indistinguishable d53Cr from the composition of the BSE (Sossi et al., 2018; Jerram et al., 2020).
Small diﬀerences in the compositions of melts are expected,
and time series experiments have also shown that disequilibrium melting can fractionate Cr isotopes (Bonnand
et al., 2020a,b). However, as there is no relation between
d53Cr and degree of partial melting, this process cannot
cause resolvable variations in the d53Cr of the residue.
Other disequilibrium mantle processes, are addressed in
the following section.
5.3. Explanations for d53Cr heterogeneity in mantle
peridotites
Ten mantle peridotites measured in this study are
isotopically lighter and 11 heavier than the BSE
(d53Cr = 0.12 ± 0.04‰, Jerram et al. 2020). There also
are resolvable diﬀerences between mantle peridotites that
fall within the range of the BSE. If partial melting does
not create resolvable changes to the d53Cr of mantle
peridotites, other explanations must be found for the
signiﬁcant variations (Fig. 2). Broadly speaking there are
two kinds of processes, other than melting, that might
impact transition element isotopic composition in the
mantle – recycling of subducted sediment or crust and
disequilibrium kinetic fractionation.
Recycling of subducted sediments and crust, which can
be isotopically fractionated at low temperatures, may dominate some isotope systems, such as K (Tuller-Ross et al.,
2019). Low temperature processes can fractionate d53Cr,
with some sediments recording compositions of > 0.4‰
(Frei et al., 2009; Bonnand et al., 2013; Gueguen et al.,
2016; Holmden et al., 2016; Frank et al., 2020). Igneous silicate rocks have a smaller range in d53Cr values of 0.22 to

148

M. Jerram et al. / Geochimica et Cosmochimica Acta 317 (2022) 138–154

Fig. 5. The d53Cr versus Al2O3 (wt.%) for selected mantle peridotites (this study and Xia et al. 2017) compared to modelled mantle evolution
lines for partial melts are shown in 5a. Fig. 5b shows the average composition of basaltic suites (Shen et al., 2020), or in the case of Fangataufa
(Low-K) basalts the calculated initial composition (Bonnand et al., 2020a,b). The models use the starting given in Table 2.

0.00‰, resulting from partial melting and crystallisation
(Schoenberg et al., 2008; Bonnand et al., 2020a,b; Shen
et al., 2020). Therefore, in principle, incorporation of recycled material into the mantle can impose localised variations in d53Cr. However, the low Cr concentrations in
sediment and crust compared with those in the mantle will
prevent large changes in d53Cr, simply from a mass balance
consideration. To aﬀect the Cr isotopic compositions significantly would require a mass of recycled material that
would drastically alter the composition of mantle peridotites by increasing the concentration of incompatible elements, (e.g., K, Ba, U etc.). However, there is no
correlation between d53Cr and the concentrations of these
elements.
Kinetic isotope fractionation, disequilibrium eﬀects and
metasomatic interactions have been implicated in causing
large isotopic variations in mantle peridotite for many transition elements, (e.g. Fe, Ni and Zn; Weyer & Ionov, 2007;
Wang et al., 2017; Klaver et al., 2020), as well as Cr (Xia
et al., 2017; Shen et al., 2018). Diﬀerences of
d53Cr = 0.8‰ have been explained in these ways, leading
to both isotopically light and heavy peridotites. Xia et al.
(2017) explained isotope heterogeneities in peridotites
through isotopically light Cr diﬀusing from Cr-rich peridotites into silicate melts, which in turn crystallised isotopically light pyroxenite cumulates in melt channels. This
created a d53Cr gradient with lightest values in the meltﬁlled vein and surrounding mantle, and isotopically heavier
values reaching a maximum at some distance away from the
vein. Apart from isotopically heavy Cr, peridotites modiﬁed
in this fashion did not show anomalous chemical compositions. The pyroxenite (P6) measured in this study, has a
d53Cr lighter than the BSE (d53Cr = 0.35‰) which may

result from similar interactions. No other mantle samples
in this study relate to P6. However, it is possible that
interactions with similar silicate melts contributed to the
d53Cr of some mantle peridotites in this study.
Variations in the d53Cr of mantle peridotites have also
been attributed to the introduction of low degree partial
melts (Shen et al., 2018). Metasomatism by low degree partial melts in the mantle is widespread, including by kimberlitic (e.g. Menzies & Wass, 1983) and carbonatitic (Yaxley
et al., 1991; Ionov et al., 1993a,b; Griﬃn et al., 1996) melts.
These interactions are recorded by elevated light REE to
heavy REE ratios such as (La/Yb)N (Green and Wallace,
1988; Rudnick et al., 1993), due to the incompatible element enriched composition of low degree partial melts
(Baker et al., 1995). Thirteen of the fourteen LREEenriched ((La/Yb)N > 1) peridotites in this study display a
similar range of (La/Yb)N as other peridotites aﬀected by
low degree partial melts (Rudnick et al., 1993). One peridotite sample (4500-18) has an extremely elevated (La/
Yb)N of 61.7. The remainder display a clear positive linear
co-variation between (La/Yb)N and d53Cr (Fig. 6).
There are no published d53Cr compositions of low
degree partial melts but they are likely to be slightly lighter
than the mantle, as are basalts (Bonnand et al., 2020a,b;
Shen et al., 2020). However, equilibrium peridotite-melt
d53Cr fractionations are small and, as discussed above,
low degree partial melts form with composition  0.07‰
lighter than the composition of the BSE. Therefore, nonequilibrium fractionation is a more plausible mechanism
for low degree partial melts to alter the d53Cr of mantle
peridotites. Due to the relatively low Cr contents of low
degree partial melts such a hypothetical process would
require a large volume of melt, or a large fractionation. A
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Fig. 6. (La/Yb)N versus d53Cr of mantle peridotites measured in this study. A (La/Yb)N /d53Cr trend is identiﬁed, which contains 13 samples
with (La/Yb)N > 1 that have a strong correlation with d53Cr, as highlighted by the melt enrichment trend (R2 = 0.86). The light blue circle
represents the composition of the BSE. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

process that could create large fractionations in the mantle
would be disequilibrium Cr exchange during chromatographic migration of liquids through the mantle. Mantle
chromatography has previously been used to explain
decoupling between elements (Ionov & Hofmann, 1995;
Ionov et al., 2002) and is thought to occur during interactions between a column of melt and the mantle. If an element in the melt is over- or under-saturated with respect
to the mantle, a chemical potential gradient can be created,
that will result in an exchange of that element until equilibrium is reached or the melt is removed (Navon and Stolper,
1987).
Mantle chromatography is particularly relevant to low
degree partial melts such as carbonatites. Some of the samples with (La/Yb)N > 1 also show fractionated Ti/Eu
(Fig. 7), which is considered diagnostic of carbonatite metasomatism (Nelson et al., 1988; Rudnick et al., 1993;
Sweeney, 1994; Yaxley et al., 1998). Experimental data
show that DCr Mantle-Carbonatite greatly increases from 0.5
to 9 GPa as shown in Fig. S7. Transient carbonatite melts
decompressing while rising through the mantle, may not
reach equilibrium with the surrounding peridotite, but will
become undersaturated in Cr with respect to the mantle,
therefore fulﬁlling the prerequisites of mantle chromatography (Navon and Stolper, 1987). As the melts rise and interact with the mantle, there will be a transfer of Cr into the
undersaturated component, the carbonatite liquid. Large
changes in the d53Cr may occur, due to kinetic fractionation, as isotopically light isotopes diﬀuse faster into melt
(Richter et al., 2009), if this process does not reach equilibrium (i.e. the interaction is transient). High Cr diﬀusion
rates are required for this method. The thermal diﬀusion
of Cr in mantle minerals occurs over billion year timescales
(e.g. Ganguly et al., 2007). However, diﬀusion due to chemical gradients on relevant timescales has been observed;
ﬂuid/melt metasomatism has been implicated in causing diffusion of Cr in spinel cores (El Dien et al., 2019).
This process can be illustrated through mass balance calculations. The calculations used are described in greater
detail in the Supplementary Information. Fig. S8 shows
the results of 3 scenarios that can produce a mantle peridotite with d53Cr = 0.43‰ through disequilibrium Cr
exchange. Brieﬂy, higher d53Cr of the altered mantle is
favoured by: 1) an isotopically light carbonatite product

(the ﬁnal composition of the carbonatite liquid after the
disequilibrium exchange), 2) the removal of larger amounts
(up to 500 mg.g1) of Cr from the mantle peridotite, 3)
increasing the carbonatite/peridotite ratio (up to 5 is modelled). The isotopically heaviest d53Cr mantle peridotites
were likely created by an interaction that takes a midpoint
between these scenarios. Most samples with (La/Yb)N > 1
could be produced by a smaller extent of interaction. Therefore, a pervasive ﬂux of carbonatite melt transfer perhaps
over many millions of years could progressively change
the isotopic composition of localised mantle peridotites
with only a modest increase of 20 mg.g-1in Cr concentration
in the carbonatite, and a d53Cr similar to the pyroxenite
veins in Xia et al., (2017). Such low Cr, low degree partial
melts, do not introduce Cr into the residual mantle but
do provide a repository for isotopically light Cr, which will
change the mantle d53Cr.
Although this process may explain the relationship
between (La/Yb)N and d53Cr, only the LREE enriched
samples lie on this trend (Fig. 6), while samples that show
no LREE enrichments may have d53Cr values beyond the
BSE range. Therefore, other processes must also be
involved. The metasomatic change of d53Cr will be accompanied by only limited changes to the bulk major element
composition (see also Xia et al. 2017). If, subsequently,
the melt-aﬀected peridotites are disturbed by repeated small
degrees of fractional partial melting, then, in principle, it
seems plausible that the La will be preferentially lost. The
only noticeable eﬀect surviving from earlier melt-rock interactions would be the d53Cr composition. This might explain
the variation in mantle peridotites that have (La/Yb)N < 1.
This subset has a strikingly similar range in d53Cr to mantle
peridotites with (La/Yb)N > 1 (0.24 to 0.40‰ and 0.33
to 0.43‰ respectively). Yet for these samples, no correlation with (La/Yb)N or other geochemical parameters,
including indicators of partial melting, are apparent.
It should also be noted that some of the most isotopically heavy d53Cr samples are melt depleted harzburgites
or low-Al2O3 lherzolites. As discussed above, melt depleted
samples do not form part of a melting trend with d53Cr. It
has previously been suggested that harzburgites and other
melt depleted samples are more susceptible to metasomatism (Bodinier et al., 1990). If these eﬀects extend to the loss
of light Cr, then this may explain why harzburgites appear
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Fig. 7. Showing Ti/Eu against a) (La/Yb)N and b) d53Cr. The composition of the BSE is given by the green oval and the range in the average
compositions N-MORB, E-MORB and IAB basalts is provided by the orange rectangle using values from (Sun and McDonough, 1989);(La/
Yb)N = 0.45–9 and Ti/Eu = 5300–6700). Many of the samples lie out of this range.

to be more susceptible to enrichment of heavy Cr isotopes.
Alternatively, it may be that there are other explanations
related to aspects of Cr behaviour that are not yet well
enough understood.
The discussion on d53Cr behaviour in mantle processes
has thus far focussed on the production of the heavier
d53Cr of mantle peridotites. Light d53Cr compositions have
been measured in pyroxenites with 1000–4000 mg.g1 Cr
(Xia et al., 2017). The high Cr content of pyroxenites and
their isotopically light compositions, means that this lithology may have further implications for the d53Cr of the mantle. These isotopically light magmas would themselves
produce lighter mantle compositions if they were to interact
with peridotites. There are few isotopically light peridotites
in the dataset, which implies that this process would not be
as widespread.
Finally, although metasomatism normally is not considered to greatly impact compatible elements concentrations,
metasomatised peridotites also record isotopically heavy
and light Ni compositions (Klaver et al., 2020; Saunders
et al., 2020). There is therefore increasing evidence that
the isotope composition and bulk concentration of compatible elements become decoupled because of metasomatic
eﬀects.
6. CONCLUSIONS

(1) The d53Cr of diverse mantle peridotites studied here
deﬁne a range from 0.33 to 0.44‰.

(2) Modelling shows that the Cr isotope composition of
the upper mantle will not signiﬁcantly change by
melting over a range of realistic partition coeﬃcients
and D53Crmantle-melt-values. A change in d53Cr of the
mantle residue of < 0.01‰ is expected at  20 %
melting, far less than the variations observed in peridotite xenoliths.
(3) Consistent with this, the d53Cr compositions of the
peridotites display no robust correlation with indicators of partial melting such as Al2O3, CaO, Mg# and
clinopyroxene abundance, and no statistically significant diﬀerence is observed between fertile and melt
depleted peridotites.
(4) Nearly all of the LREE-enriched samples in this
study display a co-variation between (La/Yb)N and
d53Cr. This provides evidence that some form of
interaction with low degree partial melts may have
led to disequilibrium loss of light Cr from the mantle
peridotites into a transient melt phase, through mantle chromatography.
(5) Perturbations in d53Cr may be preserved in the mantle over long periods of Earth history, because other
processes such as melting are unable to change the
isotopic compositions further. However, subsequent
melting would aﬀect LREEs, which may partially
explain the similar range of Cr isotope variability
found in LREE depleted samples.
(6) In principle, metasomatic interactions can generate
isotopically heavy and light d53Cr as found in mantle
peridotites. This is consistent with evidence from Ni
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isotopes and provides evidence that compatible element isotope variations in the mantle due to nonequilibrium melt-rock reactions may be pervasive.
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