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Olivine is a ubiquitous mineral in mafic-ultramafic rocks and has been widely used as a mineral marker in various
geological processes. However, its development of trace elements is limited. Here we present newly-obtained
trace element data “Li, 2’Al, 2°Si, 3'P, 43Ca, #°Sc, 4°Ti, >'V, >3Cr, >*Mn, *°Co, ®°Ni, and ®®Zn of olivine in typical mantle
xenoliths, mantle peridotites in ophiolites, and plutonic rocks from layered and Alaskan-type intrusions to de-
velop trace element proxies for the petrogenesis, mineralization and discrimination of various mafic-ultramafic
rocks. Residual olivine grains in mantle xenoliths and ophiolitic peridotites, which represent residues of mantle
melting, have higher Ni/Co (>20) and Ni/Mn (>2) ratios than magmatic olivine (Ni/Co < 20, Ni/Mn < 2), which
are consistent with the compatibilities of these elements during partial melting and magma differentiation.
Lower Ni content, and lower Ni/Co and Ni/Mn ratios at a given Fo content can distinguish olivine in Alaskan-
type intrusions from layered intrusions, reflecting the nature of their mantle sources. The V and Sc contents
and V/Sc ratios in olivine can distinguish mantle xenoliths (V > 2 ppm, V/Sc > 0.5) from ophiolitic peridotites
(V<2 ppm,V/Sc < 0.5), indicating a more reduced state of continental lithospheric mantle compared to the oce-
anic lithospheric mantle. As a consequence, the four occurrences of mafic-ultramafic rocks can be distinguished
by olivine with (Sc x 10)-(Ti x 2)-Zn and V/Sc-(Co/Ni x 2)-(Zn/Mn x 5) ternary diagrams. In addition, Li, Ti and P
contents in olivine are good tracers of melt/fluid metasomatism, whereas Ni/Co, Ni/Mn and Mn/Zn ratios are
indicators of chromite mineralization. Therefore, trace elements in olivine can be used as chemical proxies to dis-
tinguish the origin of various mafic-ultramafic rocks, as well as the processes by which they evolved.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

The composition of mafic-ultramafic rocks and their crystal cargoes
provide windows into the composition of Earth's mantle and the nature
of crust-mantle interactions. Such rocks occur in a wide range of tec-
tonic settings and preserve significant records of mantle evolution,
magma generation and magma differentiation (e.g., Dawson, 2002;
Li et al., 2001). These lithologies can also host significant Ni-PGE-Cr
deposits (Kelemen et al., 1998; Pearson et al., 2003; Scoon and
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Klerk, 1987), and have therefore long been the target of scientific
investigations.

Olivine, being the most common and abundant mineral in mafic-
ultramafic rocks, is widely used as geophysical and geochemical indica-
tors. For instance, the preferred orientation of olivine crystals can result
in seismic anisotropy of the mantle (Jung et al., 2008; Nishimura and
Forsyth, 1989), whereas the modal abundance and forsterite (Fo) con-
tent of olivine may reflect variable degrees of mantle melting, the nature
and evolution of primitive mantle-derived melts (e.g., Bernstein et al.,
2007; Herzberg, 2011), as well as the magmatic processes that may in-
fluence the composition of basaltic melts during transport to the surface
(e.g., Gleeson and Gibson, 2019; Hole, 2018). However, compared to its
major elements, studies on the trace element chemistry of olivine are
limited.
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With continued advances in micro-analytical techniques, trace
elements in olivine can be precisely measured, thereby attracting
increasing attention (Batanova et al., 2015; Brett et al., 2009; De
Hoog et al., 2010; Prelevic et al., 2013; Sobolev et al., 2008; Su
et al.,, 2019a; Wang et al., 2020). Such data have been used as pet-
rogenetic tracers of mantle source compositions (Gleeson and
Gibson, 2019; Herzberg, 2011; Howarth and Harris, 2017; Sobolev
et al., 2005), and geothermometry (Bussweiler et al., 2017; Foley
et al., 2013; Gavrilenko et al., 2016; Wan et al., 2008), as well as
crustal recycling and carbonatitic metasomatism (Foley et al.,
2013; Jaques and Foley, 2018; Prelevic et al., 2013). However, the
study of trace element chemistry of olivine in mafic-ultramafic
rocks is still at an early stage. Here we provide in-situ trace element
7Li, 27Al, 295i, 31P, 43Ca, *°Sc, 4°Ti, >V, 3Cr, >>Mn, *°Co, °°Ni, and
66zn analyses of olivine crystals from a diverse range of mafic-
ultramafic rocks, and use these data to develop geochemical dis-
criminators for their host rocks and to reveal their petrogenesis
and related mineralization.

2. Samples

The olivine grains investigated in this study are from a diverse spec-
trum of mafic-ultramafic samples, including: (i) mantle xenoliths (112
analyses); (ii) ophiolitic peridotites (313 analyses); (iii) layered intru-
sive rocks (245 analyses); and (iv) Alaskan-type intrusive rocks (136
analyses). The locations of these samples are shown in Fig. 1, and salient
features of the sample localities and petrological characteristics are
provided below.
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2.1. Mantle xenoliths

The mantle xenoliths were collected from Jingyu (North China
Craton), Thrace Basin (NW Turkey in the southern margin of the Eur-
asian continent) and Lashaine (Tanzanian Craton). They all represent
fragments of the continental lithospheric mantle. The xenoliths from
Jingyu and Thrace Basin are all spinel peridotites, such as lherzolites
and harzburgites, with some dunites in the latter; and their petro-
graphic descriptions are available in Tang et al. (2012), and in
Aldanmaz et al. (2005) and Jing et al. (2018), respectively.

The Lashaine xenoliths are mainly garnet peridotites, including
harzburgites and lherzolites. Harzburgites are mainly composed of
light-green olivine, brown orthopyroxene, rosy garnet and brown
primary chromian spinel. Apatite and calcite are also observed.
Harzburgites usually show protogranular textures with reaction feature
especially between garnet and olivine. Olivine grains generally occur as
coarse grain, up to 1 cm in diameter, occasionally as inclusions in pri-
mary spinel and as moderate and possibly relict grain within garnet ag-
gregate. Some relict orthopyroxenes were found in melt pockets and
fine-grained orthopyroxenes occur as the products of reaction in reac-
tion rims. Garnet occurs as aggregate up to 2 cm in diameter and ex-
hibits reaction and/or breakdown texture. Apatite occurs as veins
along the olivine boundary and reaching breakdown garnet.

The Lashaine lherzolites are composed predominantly of olivine,
orthopyroxene, clinopyroxene, garnet and brown primary chromian
spinel. Phlogopite and apatite coexisting with secondary spinel occur
in melt pockets together (Dawson, 2002). Calcite is present as vein
among silicate minerals and as fine grain in melt pockets. Lherzolite
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displays coarse granular texture and its constituent minerals have
slightly curved and straight grain boundaries. Olivine grains vary
between 2 and 6 mm in diameter, and occur within garnet
and orthopyroxene grains (Rudnick et al, 1994). Fine-grained
orthopyroxenes occur as the products in reaction rim where relict oliv-
ines are occasionally present. Melting features are also present in sieve-
tectured clinopyroxene and primary spinel. Garnets occur as discrete
coarse grains and are generally surrounded by reaction rims between
garnet and olivine. Most of the secondary spinel grains in melt pockets
occur as inclusions in clinopyroxenes.

2.2. Ophiolites

The studied ophiolitic peridotites within the manlte sequences are
from the Bursa and Pozanti-Karsanti ophiolites in Turkey (Chen et al.,
2020; Liu et al., 2018,2019; Su et al,, 2018), and the Luobusa and Purang
ophiolites in China (Su et al., 2015b, 2019b; Xiao et al., 2016). These
ophiolites are relics of oceanic lithosphere formed in various spreading
centers and stages in the Neo-Tethyan ocean. All the ophiolites but
Purang host economic chromite deposits. The studied ophiolitic olivine
grains were mainly selected from the least-altered harzburgites,
dunites, and chromitites, with additional lherzolites of the Purang
ophiolite.

2.3. Layered intrusions

The layered intrusive rocks were collected from the Peridotite Series
of the Stillwater Complex in the Wyoming Craton, which hosts world-
class stratiform chromite and PGE deposits (Jackson, 1961). The studied
samples are composed of olivine, olivine + orthopyroxene, and olivine
+ chromite, termed dunite, harzburgite and chromitite, respectively
(Bai et al., 2019, 2021). They are representative of the entire vertical
stratigraphic section of the Peridotite Series and, thus, represent the
early formation stage of a large layered intrusion.

2.4. Alaskan-type intrusions

Alaskan-type intrusive rocks were collected from three localities,
namely Duke Island, Annette Island, and Union Bay in southeastern
Alaska. The samples from Duke Island are composed chiefly of dunite
and olivine clinopyroxenite, and their petrological and geochemical fea-
tures have been described by Liang (2018) and Thakurta et al. (2008).
The other two intrusions consist mainly of dunite and webhrlite, with ad-
ditional olivine clinopyroxenite and gabbro in Union Bay (Liang, 2018;
Ruckmick and Noble, 1959).

As the mantle xenoliths are mantle residues after partial melting,
and ophiolitic peridotites formed by partial melting and later
melt-peridotite interaction, we define the olivine from these bodies as
residual olivine, whereas the layered and Alaskan-type intrusions are
fractional crystallization products within crustal depth, their olivine is
referred to magmatic olivine.

3. Analytical techniques
3.1. Major element analyses

Major and minor elements of olivine were determined by wave-
length dispersive spectrometry using a JEOL JXA8100 electron probe
microanalyzer (EPMA) at the Institute of Geology and Geophysics, Chi-
nese Academy of Sciences, Beijing. Each olivine grain was analyzed at
15 kV accelerating voltage, 10 nA beam current and 5 um beam spot.
Peak and background counting times for major elements Mg, Si and Fe
were 20 s and 10 s, respectively, whereas 60 s and 30 s were used for
minor elements, such as Mn and Ni. Natural and synthetic minerals
were used for standard calibration. A program based on the ZAF
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procedure was used for matrix corrections. Typical analytical uncer-
tainties for all the elements analyzed were better than 1-2%.

3.2. Trace element analyses

Trace elements were measured by a 193 nm excimer laser (RESOlu-
tion M-50, ASI) coupled to an inductively coupled plasma mass spec-
trometer (Agilent 7900) at the State Key Laboratory of Continental
Dynamics in Northwest University. The operating conditions and proce-
dures are described in detail by Bao et al. (2016). Each analysis was per-
formed using 60-um-diameter ablating spots at 6 Hz with energy of
~100 m] per pulse for 45 s after measuring the gas blank for 20 s. The fol-
lowing isotopes were measured: “Li, 27Al, 29Si, 3'P, 43Ca, 4°Sc, 4°Ti, °1V,
53Cr, >>Mn, >°Co, °Ni, and %5Zn.

Aglass standard, NISTSRM 610, was used for external calibration, and
BCR-2G and BHVO-2G standards were used to monitor instrument drift.
Off-line data processing was performed with the ICPMSDataCal10.9
program using 2°Si as an internal standard. The accuracy was in a
discrepancy of +10%, with the analytical precision less than 10% for
“Li, #7Al, 2°Si, 3'P, #°Sc, #°Ti, 31V, *3Cr, >>Mn, >°Co, ®°Ni and *°Zn, and be-
tween 10 and 15% for “*Ca. Analytical results of NISTSRM 610, BCR-2G
and BHVO-2G are consistent with their recommended values, and oliv-
ine trace element data of samples numbered ‘06]Y’ obtained by ICP-MS
and LA-ICP-MS are in good agreement (Supplementary Table 1; Wang
et al., 2020). Major and trace element data of the individual olivine
grains are all presented in Supplementary Table 2.

4. Results

The olivine grains from mantle xenoliths have Fo contents ranging
from 87 to 96 (Supplementary Table 2), consistent with those in conti-
nental lithospheric mantle (Bernstein et al., 2007; Boyd, 1989). Their Ni
(2610-3336 ppm), Ca (<732 ppm), Cr and Al (<300 ppm), Li, V and Sc
contents (<10 ppm) are within ranges previously determined for man-
tle xenolithic olivine, whereas Mn contents (554-1483 ppm) are
slightly higher (De Hoog et al., 2010; Simkin and Smith, 1970; Sobolev
et al.,, 2009). Titanium and P contents of the mantle xenolithic olivine
both vary from 1 to 216 ppm. Their Co and Zn contents range from
115 to 160 ppm and 40 to 113 ppm, respectively, higher than estimated
primary mantle (PM) values (McDonough and Sun, 1995).

Olivine grains from ophiolitic peridotites have Fo values from 89 to
96, with Ni (1280-4365 ppm) and Mn (512-1786 ppm) contents
(Fig. 2a, b) in the same ranges of ophiolites reported by Chen et al.
(2019). Their Co (61-186 ppm), Zn (6-72 ppm), Ti (<22 ppm), P
(4-30 ppm), and V and Sc (<10 ppm) contents (Fig. 2¢, d, f, i, k, 1) are
within the range of olivine from Alpine Jurassic ophiolites (Sanfilippo
et al,, 2014), whereas Ca contents are highly variable, ranging from 30
to 1694 ppm (Fig. 2e). Chromium and Al range from 5 to 292 ppm
and 2 to 134 ppm, respectively (Fig. 2g, h), and Li contents are
<4 ppm (Fig. 2j).

Olivine grains from the layered intrusive rocks have lower Fo values
ranging from 83 to 90, within the range of olivine from the Stillwater
layered intrusion (Bai et al., 2019, 2021). Their Ni, Mn, Co and Zn con-
tents are 1999-3345 ppm, 1187-2174 ppm, 102-209 ppm and
16-86 ppm (Fig. 2a-d), respectively. The olivine grains have Ca contents
of 71-631 ppm, and Ti (5-62 ppm) and P (9-201 ppm) contents are
slightly low (Fig. 2e, f, i). Their Cr and Al contents are <100 ppm,
whereas the Li, V and Sc contents are <7 ppm, < 4 ppm and 2-6 ppm,
respectively (Fig. 2g, h, j-1).

The Alaskan-type intrusive rocks have olivine with Fo values in the
range of 78-90, and their Ni (332-2024 ppm), Mn (1212 to
3971 ppm) and Ca contents (30 to 2044 ppm) are consistent with oliv-
ine values reported for the Duke island and Xiadong Alaskan-type intru-
sions (Bai et al., 2017; Himmelberg and Loney, 1995; Li et al., 2012,
2013). The olivine Co (125 to 289 ppm), Zn (32 to 177 ppm), Al (2 to
338 ppm) and Cr contents (2-230 ppm) in these rocks are highly
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Fig. 2. Element contents (ppm) versus forsterite (Fo) value of olivine (a-1). Samples are from mantle xenoliths (garnet peridotites, Sp-Grt peridotites and spinel peridotites), ophiolites
(peridotites and chromitites), layered intrusive rocks (peridotites and chromitites) and Alaskan-type intrusive rocks. Grt-MX: garnet peridotites; Sp-MX: spinel peridotites; OP:
ophiolitic peridotites; OC: ophiolitic chromitites; LP: layered intrusive peridotites; LC: layered intrusive chromitites; Al: Alaskan-type intrusive rocks. Fo values of olivine in mantle
xenoliths are from Jing et al. (2018), Su et al. (2015a), and this study; values for ophiolites are from Chen et al. (2020) and Su et al. (2018, 2019b); values for layered intrusions are
from Bai et al. (2019, 2021), and for Alaskan-type intrusions are from Liang (2018) and this study. Trace elements compositions of olivine in ophiolites are from Su et al. (2019b) and
Chen et al. (2020), mantle xenoliths are from Sobolev et al. (2009) and De Hoog et al. (2010).

variable (Fig. 2c,d, g, h). Their Ti and P contents are within the ranges of
4-48 ppm and 19-138 ppm, respectively, whereas the Li, V and Sc con-
tents are all <10 ppm (Fig. 2f, i-1).

5. Discussion

Olivine is one of the most refractory minerals present during partial
melting of mantle peridotites, and it is also the first silicate mineral to
crystallize from most mantle-derived melts (Bowen, 1928; Kushiro,
1975). Olivine crystals from mantle residues preserve the chemical sig-
natures of melt loss in peridotites (Bernstein et al., 2007; De Hoog et al.,
2010), whereas the olivine grains crystallized from the mantle-derived
melts record the earliest stage of evolving mantle-derived magmas and
processes occurring in crustal magma storage chambers (Gleeson and
Gibson, 2019; Hole, 2018; Jaques and Foley, 2018; Lynn et al., 2018).
Therefore, olivine is an excellent monitor of the chemistry of mantle
residues and magma differentiation.

5.1. Trace element variations in mantle residual olivine: Differences of man-
tle melting and metasomatism between continental and oceanic litho-
spheric mantle

A variety of petrological and geophysical studies have revealed that
the mantle xenoliths are residues of continental lithospheric mantle,
which is likely to have a maximum thickness of 250 km (Anderson,
1994; Forte and Perry, 2000) and melts under high temperatures
(Foley et al., 2013). On the other hand, ophiolites form in a variety of
tectonic environments and are considered to be residues of the oceanic
lithospheric mantle (Su et al., 2018; Winter, 2013).

Olivine grains from spinel peridotites have similar Ni and higher Mn,
Co and Zn than those from garnet peridotites; however, they have
similar Ni, Mn and Co contents but higher Zn compared to the ophiolitic
olivine at a given Fo and overlap with each other (Figs. 2a-c, 4a, b). The

higher Mn and Co contents in olivine from spinel peridotites compared
to those from garnet peridotites show that the partition coefficient of
these elements decreases at elevated temperatures, which is consistent
with the partitioning between olivine and melt during partial melting
(Davis et al., 2013; Le Roux et al.,, 2011). The similar Ni contents show
that its partitioning is controlled not only by temperature, but also by
the modal abundance of olivine in the residual mantle (Matzen et al.,
2013, 2017). Therefore, the Ni/Co and Ni/Mn ratios are slightly fraction-
ated between the spinel peridotites, garnet peridotites and ophiolitic
peridotites (Fig. 4e, f).

Olivine grains in mantle xenoliths have similar Ca, but higher Ti, Cr,
Al, P and Li contents at a given Fo value compared to ophiolitic olivine
(Fig. 2f-j), indicating relatively low degrees of partial melting of the
mantle xenoliths compared to ophiolitic peridotites; an observation
consistent with their mineral assemblages. The distribution of Ca in
the residual olivine is related to its partition coefficient between olivine
and melt, which is similar in garnet and spinel peridotites but decreases
with increasing H,0 (Gavrilenko et al., 2016). The distribution of Li ap-
pears to be virtually independent of temperature, pressure and mineral
composition (Mallmann et al., 2009) but it has high fluid activities, and
thus the large range of Li contents in olivine from mantle xenoliths may
be related to metasomatic processes, as suggested by earlier workers
(Dawson, 2002; Gibson et al., 2013; Jing et al., 2018). Similar changes
in Ti and P with Fo may also reflect the metasomatism.

Olivine grains from spinel peridotites have lower V and higher Sc
compared to those from garnet peridotites but higher V and similar
Sc contents compared to ophiolitic olivine (Figs. 2g, k, 1, 4c, d). In ad-
dition, the two lithologies can be easily distinguished by their olivine
V/Sc ratios (Fig. 4f). Vanadium is a polyvalent cation that occurs as
V3T or V4 at terrestrial values of oxygen fugacity (fO,) (Borisov
et al., 1987). As the crystal structures of most phases on the liquidus
of mafic and ultramafic magmas preferentially incorporate V3™ over
V4*, the Dy °Vine/lia typically decreases with increasing fO, (Canil,
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1997; Canil and Fedortchouk, 2001). The higher V content of olivine
grains from the mantle xenoliths may be attributed to a relatively
low fO, of the continental lithospheric mantle relative to the oceanic
lithospheric mantle (Canil, 2002; Canil and Fedortchouk, 2000),
which most likely experienced metasomatism from subduction-
related fluids/melts prior to emplacement.

The behavior of Sc is typically considered to be similar to V during
mantle melting, but it is not redox-sensitive (Laubier et al., 2014; Lee
etal., 2005; Mallmann and O'Neill, 2009). Sc in olivine is less compatible
than in garnet (Davis et al., 2013; De Hoog et al., 2010). As a result, Sc
contents are lower in olivine from garnet peridotites than olivine from
spinel peridotites. V/Sc ratio can serve as a proxy for the oxidation
state during partial melting based on the principle that the major differ-
ence in V/Sc ratio of the resulting melt/residue is driven by changes in
oxidation state rather than melt-fraction or other melting processes
(Canil and Fedortchouk, 2001; Zanetti et al., 2004).

5.2. Trace element fractionation during magma differentiation and
mineralization

Layered intrusions are typically found in ancient cratons and exhibit
evidence of extensive fractional crystallization and crystal segregation
by settling or floating of minerals in a melt, which are ascribed to
plume magmatism or rift upwelling (Wager and Brown, 1968), whereas
Alaskan-type intrusions, which typically occur in orogenic belts, consist
of a dunite core, surrounded by wehrlite, clinopyroxenite, hornblendite,
and gabbro zones concentrically arranged outward, which are products
of post-accretion, island arc or active continental margin magmatism
(Noble, 1960; Taylor, 1967; Cui et al., 2020). Therefore, the trace
element contents in olivine are principally controlled by the tectonic
setting and co-crystallizing minerals, such as orthopyroxene,
clinopyroxene and chromite.

Nickel, Mn, Co and Zn concentrations in magmatic olivine generally
correlate with Fo values, which is consistent with fractional crystalliza-
tion (Fig. 2a-d). In olivine, Ni (DRY/™¢!* = 5.65-10.28) is a highly compat-
ible element, whereas Co, Zn and Mn (D™t = 1.96-3.08, D2}/™me!t =
0.89-1.16 and DM€t = 0.75-1.15, respectively) show less compatible
behavior, and they are more compatible than other rock-forming min-
erals, such as orthopyroxene (DJP¥/™elt = 2.77-4.49, Dpx/melt —
0.89-1.46, DP¥/melt — 06-0.77 and DYEY™" = 0.66-1.05) and
clinopyroxene (DE*/™e!t = 2.44-3.78, DEP¥/melt — 0.96-1.18 and DSRY/
melt — 0.44-0.5), except Mn (D§PY/™e!* = 1.06-1.16) (Davis et al., 2013;
De Hoog et al., 2010; Le Roux et al., 2011). Olivine grains in the layered
intrusive rocks show narrower variations in Fo, Mn, Co and Zn than
those in the Alaskan-type intrusive rocks, due to the lower evolvement.

The Ni/Co and Ni/Mn ratios in olivine from the layered intrusive
rocks rarely fractionate, whereas the Ni/Co, Ni/Mn and Mn/Zn
ratios in olivine from the Alaskan-type intrusive rocks decrease
with Fo (Fig. 3), which may be related to the coexisting mineral,
orthopyroxene and clinopyroxene, respectively, and consistent with
previous study that the crystallization of olivine and orthopyroxene
do not significantly fractionate Ni/Co but clinopyroxene can fraction-
ate Ni/Co and Mn/Zn (Le Roux et al., 2011). However, olivine grains in
the layered intrusive rocks show higher Ni at a given Fo than olivine
in the Alaskan-type intrusive rocks (Figs. 2a, d, 3a, b), indicating
that the primary differences between the layered intrusions and
Alaskan-type intrusions are not only related to the degree of frac-
tional crystallization but also to the tectonic setting. The Alaskan-
type intrusions are products of arc magma, which referred to a low
temperature; however, layered intrusions are related to mantle
plume which has higher temperature, and thus the contents of partial
melts have high concentration of Ni because of the negative effect of
temperature on the D' of Ni (Li and Ripley, 2010).

Incompatible elements in magmatic olivine show relatively little
variations with Fo (Fig. 2e-1). Olivine grains in the layered intrusive
rocks have lower Zn and P, but higher Cr and V contents at a given Fo
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Fig. 3. Trace element ratios versus Fo of olivine. (a) Ni/Co vs. Fo, (b) Ni/Mn vs. Fo and
(c) Mn/Zn vs. Fo. Samples are from mantle xenoliths (garnet peridotites, Sp-Grt
peridotites and spinel peridotites), ophiolites (peridotites and chromitites), layered
intrusive rocks (peridotites and chromitites) and Alaskan-type intrusive rocks. Data
sources and symbols are same as in Fig. 2.

than those in the Alaskan-type intrusive rocks (Fig. 2d, g, i, k), which
may be related to the mantle sources. The layered intrusions are prod-
ucts of partial melting of peridotites in the continental lithospheric
mantle, which have a relatively low fO, than the oceanic lithospheric
mantle as aforementioned (Canil, 2002; Canil and Fedortchouk, 2000),
and thus olivine grains in the layered intrusions have higher Cr and V
contents. The primary magma of the Alaskan-type intrusions was de-
rived from fluids/melts metasomatized mantle wedge in a subduction
zone setting (e.g., Himmelberg and Loney, 1995; Murray 1972; Cui
et al., 2020), which resulted in the enrichment of elements, such as Zn
and P.

Olivine grains in chromitites from the ophiolites and layered intru-
sions both have higher Fo and Ni, but lower Mn, Co, Zn contents than ol-
ivine from the peridotites (Fig. 2a-d). Thus, the Ni/Co, Ni/Mn and Mn/Zn
ratios can be used to trace the mineralization of chromite (Figs. 3a-c, 4e,



J. Wang, B-X. Su, P.T. Robinson et al.

300 @8
8
250 - 5 @
. e
g200 ¢ C@
\a/
S 150 | @%
100 |-
50 L
0 900 1800 2700 3600 4500
Ni (ppm)
Bl
(o
=
[a W
il L1 a1l L1 a3l
0.1 1 10
V (ppm)
100 @ Chromite mineralization
E residues o
S | =
= 10 3 It =
2 10t e -k
C o@iff¥&s® Clinopyroxene
L Q% &0 o crystallization
i (o)
1 1 1 1 1 1 L1 1
10 100

Mn/Zn

Lithos 388-389 (2021) 106085

4500
®)
3000 F
10 100
Zn (ppm)
@ 2
100 3
10 3
e .
| | 1 |
1 3 5 7
10 Eresidues oxidized
i g
- n
[ m M
0.1 1 ""'?‘&Ol CIOIO”“?IO Lo
0.01 0.1 1 10
V/Sc
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represents bulk silicate Earth (BSE) (McDonough and Sun, 1995). Data sources and symbols are same as in Fig. 2.

f). As previous studied, Ni (DR/™¢! = 1.3-3.2) is less compatible
in chromite compared to olvine, whereas Mn (Df{™e't = 2.1),
Co (3.83-4.49) and Zn (6.9-7.92) are more compatible (Foley et al.,
2013; Pagé and Barnes, 2009). Therefore, the crystallization of chromite
consumes Mn, Co and Zn, and increase the Ni/Co, Ni/Mn and Mn/Zn
ratios in olivine (Figs. 3a-c, 4e, f), supported by the covariations of
trace elements between olivine and chromite in previous studies
(Suetal, 2019b). The higher Fo could be attributed to Fe—Mg exchange
between olivine and chromite (Bai et al., 2017, 2021; Xiao et al., 2016).

5.3. Trace element discrimination for mafic-ultramafic rocks

Distinct Ni, Co and Mn contents in olivine can be employed to
classify the host mafic-ultramafic rocks into two groups, made up
of: (i) mantle xenoliths and ophiolites and (ii) layered and
Alaskan-type intrusive rocks, which, respectively, represent mantle
residues and mantle-derived melts (Figs. 2a-c, 4a, b). Nickel is a
highly compatible element in olivine compared to other mantle
minerals and tends to be retained in residues during partial melting,
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in Alaskan-type intrusions shows the highest Co/Ni x 2. Data sources and symbols are same as in Fig. 2

whereas Co and Mn show compatible to slightly incompatible be-
havior during mantle melting (Davis et al., 2013; Le Roux et al.,
2011), leading to lower concentrations in residual olivine compared
to those in magmatic olivine.

Nickel, Co and Mn are not influenced by metasomatism, and thus,
Ni/Co and Ni/Mn ratios can be used to distinguish between mantle
melting and magma fractionation. The Ni/Co and Ni/Mn ratios in resid-
ual olivine (> 20 and > 2, respectively) are higher than the bulk silicate
earth (BSE) values (McDonough and Sun, 1995), and consistent with
values reported in earlier studies (Sobolev et al., 2007), whereas mag-
matic olivine shows lower Ni/Co and Ni/Mn ratios (<20 and <2, respec-
tively) (Figs. 3a, b, 4e, f). Elements such as Zn, Ti, V and Sc, and V/Sc ratio
in residual olivine show different ranges, making them distinct discrim-
inators between mantle xenolithic olivine, ophiolitic olivine or both
(Figs. 24, f, k, 1, 4f).

We combine these values and ratios, and propose discriminations
empirically rather than statistically, in order to produce diagrams that
can be understood in petrogenetic terms. The contents of Sc and Ti
were magnified to the same order of magnitude as Zn, whereas the ra-
tios of Co/Ni and Zn/Mn were magnified to the same order of magnitude
as V/Sc before they were converted to percentages so that they could be
separated significantly (Fig. 5).

The Sc x 10 of olivine grains from the mantle xenoliths are below
30%, whilst Ti x 2 and Zn both show a wide range from 0 to 90% in the
ternary diagram (Fig. 5a). The ophiolitic olivine grains are characterized
by higher percentages of Sc x 10 (30-70%) compared to olivine grains
from the mantle xenoliths and show the lowest Ti x 2 (below 35%)
values. The olivine grains from layered intrusions are scattered in the
middle part of the ternary diagram and form a separated field distinct
from olivine in mantle xenoliths, with the narrow range of Sc x 10
(23-53%) and Ti x 2 (below 20-37%), respectively.

Olivine grains from the mantle xenoliths are characterized by
the lowest ratios of Co/Ni x 2 (< 14%) and Zn/Mn x 5 (< 30%)
and the highest V/Sc (60-95%) (Fig. 5b), whereas olivine grains
from the ophiolitic peridotites show a higher Co/Ni x 2 (10-40%)
and Zn/Mn x 5 (28-60%) and lower V/Sc percentage (10-62%).
The olivine grains from the layered intrusions still plot in the mid-
dle part of the ternary diagram with percentages of 20-37% Co/
Ni x 2, 16-32% Zn/Mn x 5 and 37-63% V/Sc. Olivine grains from
the Alaskan-type intrusions have the lowest percentage of V/Sc
(5-42%) and the highest Co/Ni x 2 (43-78%). All the mafic-
ultramafic rocks can be discriminated by the ternary diagram of
V/Sc-(Co/Ni x 2)-(Zn/Mn x 5) (Fig. 5b).

6. Conclusions

This study presents new analyses of trace elements in olivine from
mantle xenoliths, ophiolites, layered intrusions and Alaskan-type intru-
sions. The following conclusions could be drawn:

(1) Olivine grains from mantle xenoliths and ophiolitic peridotites
have higher Ni/Co (>20) and Ni/Mn (>2) ratios compared to
magmatic olivine from layered and Alaskan-type intrusions,
whereas olivine grains from the Alaskan-type intrusions
have lower Ni/Mn and Ni/Co ratios than those from the layered
intrusions.

(2) Olivine grains from the mantle xenoliths have higher V contents
(>2 ppm) and V/Sc ratios (>0.5) compared to those in the
ophiolitic peridotites, indicating that the oxygen fugacity of the
continental lithospheric mantle is lower than that of the oceanic
lithospheric mantle.

(3) Olivine grains from mantle xenoliths, ophiolites, the layered in-
trusions and Alaskan-type intrusions can be distinguished by
(Scx 10)-(Ti x 2)-Zn and V/Sc-(Co/Ni x 2)-(Zn/Mn x 5) discrim-
inant diagrams. In addition, the elevated Ni/Co, Ni/Mn and Mn/Zn
ratios represent indicators of chromite mineralization.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2021.106085.
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