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Abstract

Trace element concentrations in abyssal peridotite olivine provide insights into the formation and evolution of the oceanic
lithosphere. We present olivine trace element compositions (Al, Ca, Ti, V, Cr, Mn, Co, Ni, Zn, Y, Yb) from abyssal peri-
dotites to investigate partial melting, melt—rock interaction, and subsolidus cooling at mid-ocean ridges and intra-oceanic
forearcs. We targeted 44 peridotites from fast (Hess Deep, East Pacific Rise) and ultraslow (Gakkel and Southwest Indian
Ridges) spreading ridges and the Tonga trench, including 5 peridotites that contain melt veins. We found that the abundances
of Ti, Mn, Co, and Zn increase, while Ni decreases in melt-veined samples relative to unveined samples, suggesting that
these elements are useful tracers of melt infiltration. The abundances of Al, Ca, Cr, and V in olivine are temperature sensi-
tive. Thermometers utilizing Al and Ca in olivine indicate temperatures of 650—1000 °C, with variations corresponding to
the contrasting cooling rates the peridotites experienced in different tectonic environments. Finally, we demonstrate with
a two-stage model that olivine Y and Yb abundances reflect both partial melting and subsolidus re-equilibration. Samples
that record lower Al- and Ca-in-olivine temperatures experienced higher extents of diffusive Y and Yb loss during cooling.
Altogether, we demonstrate that olivine trace elements document both high-temperature melting and melt—rock interaction
events, as well as subsolidus cooling related to their exhumation and emplacement onto the seafloor. This makes them useful
tools to study processes associated with seafloor spreading and mid-ocean ridge tectonics.
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Introduction

Modern plate tectonic theory is centered around the life
cycle of the oceanic lithosphere, including plate formation
at mid-ocean ridges and the subsequent descent of plates
back into the Earth’s interior at subduction zones. Inves-
tigating the processes of oceanic lithosphere formation at
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ridges is thus a fundamental aspect of plate tectonics and
important for understanding how materials are extracted
from the Earth’s interior to form its solid outer layer. Within
the oceanic lithosphere, the formation and evolution of the
mantle section is of particular interest owing to its volumet-
ric dominance, which yields strong control over the physi-
cal and chemical properties of the oceanic plate (Hirth and
Kohlstedt 1996; Asimow 2002; Behn et al. 2009; Naif 2018;
Crameri et al. 2019). Previous studies have demonstrated
that the chemical composition of abyssal peridotites (i.e.,
peridotites exposed on the seafloor) provide information on
lithosphere formation processes that are complementary to
constraints provided by basalts (e.g., Dick et al. 1984; John-
son et al. 1990; Cannat et al. 1995; Stracke 2012; Lassiter
et al. 2014; Warren 2016).

Current understanding of the peridotite record of ridge
processes, including estimates of the degree of partial melt-
ing, melt-rock reaction, and thermal history, are mostly
based on the compositions of spinel and clinopyroxene (Dick
and Bullen 1984; Johnson et al. 1990; Seyler and Brunelli
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2018), as well as bulk-rock compositions (Hellebrand et al.
2001; Niu 2004; Bodinier and Godard 2014). In contrast,
while olivine is the most abundant mineral in the upper man-
tle sampled by abyssal peridotites, the systematics of their
olivine trace elements have yet to be examined in detail.
This is due to both the low abundance of most trace ele-
ments in olivine and to olivine commonly being the most
altered phase during hydrothermal alteration (e.g., Allen
and Seyfried 2003). Yet, in lithologies of great geological
significance, such as refractory harzburgites and dunites, oli-
vine is the predominant phase and clinopyroxene is rare or
absent. Understanding how trace elements in olivine respond
to mantle processes—such as partial melting and melt—rock
interaction—should provide clues on the petrogenesis of
these lithologies and the tectonic processes involved.
Studies of olivine trace elements in peridotites from other
tectonic settings (De Hoog et al. 2010; Foley et al. 2013;
Sanfilippo et al. 2014, 2017; Rampone et al. 2016; Su et al.
2019; Chen et al. 2020; D’Souza et al. 2020; Rooney et al.
2020; Wang et al. 2021; Demouchy and Alard 2021) have
provided insights into a variety of lithosphere-forming pro-
cesses and mantle dynamics. For instance, De Hoog et al.
(2010) showed that Cr# (defined as molar fraction of Cr over
Cr+ Al) and Ti in olivine are strongly correlated with spi-
nel Cr# and whole-rock TiO, content, respectively, both of
which can be used to track the degree of melt extraction and
melt-rock interaction (Niu et al. 1997; Birner et al. 2021).
Foley et al. (2013) reported enrichments in olivine Ti and
Ca contents, which they interpreted as recording interaction
with Fe—Ti rich and carbonatite melts, respectively. Because
V becomes more compatible in olivine under increasingly
reducing conditions (Canil and Fedortchouk 2001), Foley
et al. (2013) suggested that V/Sc ratios in peridotitic olivines
may record the oxygen fugacity of original melt extraction or
later melt-rock interaction. Studies have reported a gradual
decrease in olivine Ni and increase in Mn contents from
peridotite to dunite and troctolite in ridge-type ophiolites
(Sanfilippo et al. 2014; Rampone et al. 2016). Since dunite
and troctolite are products of reactions between peridotite
and melts with various compositions across a range of P-T
conditions (e.g., Kelemen et al. 1995; Ferrando et al. 2018),
this indicates the potential of these elements for tracing
melt-rock interaction in the oceanic lithosphere. Melt—rock
interaction is ubiquitous in the oceanic lower crust and upper
mantle (e.g., Warren 2016; Gleeson et al. 2023) and modi-
fies the composition of melts that erupt to form mid-ocean
ridge basalt (MORB) (e.g., Lissenberg and MacLeod 2016).
In this study, we present olivine trace element data for
abyssal peridotites from the Gakkel Ridge, Southwest Indian
Ridge (SWIR), Hess Deep on the East Pacific Rise (EPR),
and the Tonga Trench (Fig. 1). We demonstrate that trace
elements in abyssal peridotite olivine can be grouped based
on their geochemical behavior following the classification
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developed by De Hoog et al. (2010) for orogenic and xeno-
lith peridotites. We explore the use of olivine trace elements
to investigate melting, melt-rock interaction, and subsoli-
dus redistribution during cooling. These data complement
the pyroxene record of these processes and serve as a tool
for constraining lithosphere formation and emplacement in
pyroxene-free lithologies.

Geological settings

The peridotites in this study were recovered from the ultra-
slow spreading Gakkel and Southwest Indian ridges, Hess
Deep near the fast-spreading East Pacific Rise, and the intra-
oceanic Tonga trench. All these peridotites have been previ-
ously characterized for their mineral major element compo-
sitions, with a subset having been characterized for pyroxene
trace element contents. A summary of these samples and
associated references are provided in Table 1.

Ultra-slow spreading ridges: the Gakkel
and Southwest Indian ridges

Both the Gakkel ridge and SWIR are ultra-slow spreading
ridges, with average full spreading rates of 10 mm/yr and
14 mm/yr, respectively (Vogt et al. 1979; Patriat et al. 1997;
Dick et al. 2003). Ultra-slow spreading results in sparse
and unevenly distributed magmatic activity (Michael et al.
2003; Dick et al. 2003). Faulting accommodates some of the
spreading, leading to the exposure of mantle peridotites on
the seafloor (e.g., Sauter et al. 2013).

Based on bathymetric data and relative abundances of
recovered lithologies, the Gakkel ridge has been divided into
three tectonomagmatic regimes (Michael et al. 2003): the
Western Volcanic Zone (WVZ at 7°W-3°E), the Sparsely
Magmatic Zone (SMZ at 3°E-28°E), and the Eastern Vol-
canic Zone (EVZ at 28°E-85°E), as shown in Fig. 1b. Most
of the peridotites investigated in this study were dredged
from the SMZ, except for two melt-influenced peridotites
from the EVZ (Fig. 1b). Mineral major element composi-
tions, pyroxene trace element abundances, and the extent
of alteration are reported in previous studies (Warren 2016;
D’Errico et al. 2016; Lynn et al. 2018; Patterson et al. 2021).

The SWIR is a much longer ridge than the Gakkel ridge,
consisting of a series of spreading centers offset by trans-
form faults (Fisher and Goodwillie 1997; Mendel et al.
1997). In this study, we focus on peridotites recovered
from the Oblique and Orthogonal Segments (Fig. 1c). The
Oblique Segment starts at the Shaka transform fault at 9°E
and continues east for 320 km before transitioning into the
Orthogonal Segment at 15°E (Standish et al. 2008). This
segment continues for ~ 650 km east before ending at the Du
Toit transform fault at 25°E (Grindlay et al. 1998). Mineral
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Fig. 1 a Global map of the sample localities. Bathymetric maps are
labeled with dredge and drill site locations for the b Gakkel ridge, ¢
Oblique and Orthogonal Segments, SWIR, d Hess Deep, EPR and e

major element compositions and pyroxene trace element
abundances were reported in previous studies (Warren 2016;
Birner et al. 2018).

Fast spreading ridge: Hess Deep on the East Pacific
Rise

Hess Deep is a 25 km long graben located at the tip of
a westward propagating rift valley of the Cocos-Nazca
spreading center that dissects the eastern flank of the EPR
(Lonsdale 1988; Smith and Schouten 2018), which has
a full spreading rate of 135 mm/yr. Hess Deep exposes
basalts, sheeted dikes, lower crust, and upper mantle,
which are interpreted as lithosphere created at the EPR and
exposed by incipient rifting due to the Cocos-Nazca rift
propagation (Fig. 1d). This environment provides a unique
window into the lithosphere formed at the fast-spreading
EPR axis (e.g., Karson et al. 2002; Smith et al. 2020).
Samples investigated in this study are from three drill
holes (A, C, and D) from ODP Leg 147, Site 895 (2°16.6'
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Tonga trench. The bathymetric maps were created using GeoMapApp
(www.geomapapp.org; Ryan et al. 2009)

N, 101°25.7' W; Gillis et al. 1993), which is located south
of the intra-rift crest. Mineral modes were reported in Dick
and Natland (1996).

Intra-oceanic subduction zone: the Tonga Trench

The Tonga Trench is the northern segment of the Tonga-
Kermadec subduction zone in the southwest Pacific,
located where the Pacific Plate subducts beneath the Indo-
Australian Plate (Fig. 1e). The trench is a non-accretion-
ary, extension-dominated convergent plate boundary (Clift
1998), which has the highest convergence rate (240 mm/
yr) among subduction zones in a Pacific-fixed reference
frame (Tappins et al. 1994; Bevis et al. 1995). Peridotites
in this study are recovered from the nearshore flank of the
trench and are lithospheric fragments from the overriding
plate, which are exposed due to the lack of an accretion-
ary prism.

Birner et al. (2017) reported mineral major elements and
pyroxene trace elements and suggested that Tonga peridotite
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Table 1 Summary of peridotite samples in this study

Sample ID Petrography summary Local geographic and tectonic summary References®

Lithology® Alteration Locality ~ Segment Lat Long Depth (mbsl)

score®

Residual peridotites
HLY0102-70-87 Lherz* 4 Gakkel EVZ 86.76°N  64.8°E 3872 1
HLY0102-87-37 Harz* 4 Gakkel EVZ 86.34°N  39.04°E 4688 1
PS59-235-1 Lherz 2 Gakkel SMZ 84.64°N  4.22°E 4220 2
PS59-235-17 Lherz 2 Gakkel SMZ 84.64°N  4.22°E 4220 2
PS59-235-18 Lherz 2 Gakkel SMZ 84.64°N  4.22°E 4220 2
PS59-249-12 Harz 35 Gakkel SMZ 85.38°N  14.73°E 2809 1
PS59-249-60 Harz 35 Gakkel SMZ 85.38°N  14.73°E 2909 1
PS59-249-74 Harz 4 Gakkel SMZ 85.38°N  14.73°E 2809 1,3
Kn162-9-37-10 Harz 4 SWIR Oblique 2 52.68°S 11.81°E 3916 4
Kn162-9-37-14 Harz 35 SWIR Oblique 2 52.68°S 11.81°E 3916 4
Kn162-9-50-7 Lherz 4 SWIR Oblique 2 52.42°S 12.75°E 3930 4
Kn162-9-55-23 Lherz 4.5 SWIR Oblique 2 52.43°S 13.41°E 4094 4
Kn162-9-58-16 Harz 4 SWIR Oblique 2 52.16°S 13.73°E 2575 4
Kn162-9-59-2 Lherz 35 SWIR Oblique 2 52.28°S 14°E 3553 4
Kn162-9-59-7 Lherz 4.5 SWIR Oblique 2 52.28°S 14°E 3553 4
PS86-6-26 Lherz 4 SWIR Oblique 2 52.35°S 13.13°E 4509 5,6
Van7-85-27 Harz 4 SWIR Oblique 3 52.14°S 15.23°E 4190 5,7
Van7-85-30 Harz* 35 SWIR Oblique 3 52.14°S 15.23°E 4190 7
Van7-85-47 Lherz 4 SWIR Oblique 3 52.14°S 15.23°E 4190 7
Van7-85-49 Lherz* 35 SWIR Oblique 3 52.14°S 15.23°E 4190 7
895A-2R-1, 7-10 cm Harz 3.5 EPR Hess Deep 2.28°N 101.45°E 3821 8
895D-2R-2, 43-46 cm Harz 4 EPR Hess Deep 2.28°N 101.45°E 3821 8
895D-4R-3, 5660 cm Harz 3.5 EPR Hess Deep 2.28°N 101.45°E 3821 8
895D-5R-1, 7-11 cm Harz 3 EPR Hess Deep 2.28°N 101.45°E 3821 8
BMRG08-98-1-12 Harz 3 Tonga 19.25°S 172.94°W 8194 9
BMRGO08-98-2-7 Harz 2 Tonga 19.25°S 172.94°W 8194 9
BMRGO08-98-2-8 Harz 1.5 Tonga 19.25°S 172.94°W 8194 9
BMRGO08-98-2-18 Harz 1.5 Tonga 19.25°S 172.94°W 8194 9
BMRG08-98-2-23 Harz 1.5 Tonga 19.25°S 172.94°W 8194 9
BMRGO08-98-2-25 Harz 1.5 Tonga 19.25°S 172.94°W 8194 9
Melt-influenced peridotites
HLY0102-04-63 Plag harz’ 4 Gakkel SMzZ 84.82°N  4.71°E 4294 1
Kn162-9-58-30 Plag Iherz' 4 SWIR Oblique 2 52.16°S 13.73°E 2575 4
PS86-6-39 Lherz 4 SWIR Oblique 2 52.35°S 13.13°E 4509 5.4
Van7-78-40 Plag harz" 4 SWIR Orthogonal ~ 52.38°S 16.63°E 3901 4
Van7-96-28 Plag Iherz' 4 SWIR Oblique 1 53.14°S  9.98°E 3134 7
BMRGO08-106-1-2 Harz' 35 Tonga 17.42°S 172.41°W 7423 9
BMRGO08-106-1-5 Harz' 3.5 Tonga 17.42°S 172.41°W 7423 9
BMRGO08-106-1-15 Dunite 2.5 Tonga 17.42°S 172.41°W 7423 9
BMRGO08-106-1-17 Harz" 3 Tonga 17.42°S 172.41°W 7423 9
Melt-veined peridotites
PS59-235-04 Ol websterite 1.5 Gakkel SMZ 84.64°N  4.22°E 4220 3
Van7-78-25 Dunite with gabbro vein 2.5 SWIR Orthogonal 52.38°S 16.63°E 3901 4
Van7-78-31M Plag peridotite w/gabbro vein 35 SWIR Orthogonal 52.38°S 16.63°E 3901 4
Van7-78-36A Plag peridotite w/gabbro vein 4 SWIR Orthogonal 52.38°S 16.63°E 3901 4
Van7-78-36B Plag peridotite w/gabbro vein 4 SWIR Orthogonal 52.38°S 16.63°E 3901 4

“Lithology: samples with an asterisk (*) contain trace amount of plagioclase but are not enriched in other geochemical indices and are classified
as residual in this study (see “Sample classification and petrography” section). "Interstitial plagioclase and/or clinopyroxene present

b Alteration score using the scale of Birner et al. (2016), where 1=fresh and 5=completely altered. For melt-veined samples, the alteration score
refers to the peridotite matrix
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Table 1 (continued)

“References: 1=Lynn et al. (2018); 2=D’Errico et al. (2016); 3=Hellebrand et al. (2005); 4=Birner et al. (2021); 5=Warren (2007); 6 =Salt-
ers and Dick (2002); 7=Warren et al. (2009); 8 =Dick and Natland (1996); 9 =Birner et al. (2017)

compositions are best explained as residues of melting dur-
ing subduction initiation and formation of the forearc crust.
A subset of samples from one dredge (D106) shows evidence
for flux melting (Birner et al. 2017).

Sample classification and petrography

Samples in this study have experienced hydrothermal altera-
tion and are described in Table 1 using the alteration scores
developed by Birner et al. (2016). On average, peridotites
from SWIR and Hess Deep are more altered than those from
Gakkel and Tonga, which include some of the freshest abys-
sal peridotites ever recovered (Birner et al. 2016; D’Errico
et al. 2016; Patterson et al. 2021). As the composition of
mantle minerals remaining after hydrothermal alteration
are unmodified, even when only small islands of minerals
remain within the serpentine matrix (Birner et al. 2016), we
use these minerals to explore the high-temperature history
of our samples.

We classified samples in this study as residual, melt-influ-
enced, and melt-veined peridotites based on petrographic
and geochemical criteria (Table 1). Samples that contain
veins are straightforward to classify, whereas those without
petrographically identifiable veins are classified into either
residual peridotites or melt-influenced peridotites based on
their spinel TiO, content and their normalized clinopyroxene
Ce/Yb ratio (Fig. 2).

e Residual peridotites have spinel TiO, < 0.1 wt% and (Ce/
Yb)y <0.08 (Fig. 2a, b). They have a typical upper man-
tle assemblage of olivine, orthopyroxene, clinopyroxene,
and spinel, with compositions that reflect various degrees
of melt extraction. In this study, residual peridotites have
either protogranular (Fig. 3a) or porphyroclastic (Fig. 3b)
textures. Residual peridotites are further subcategorized
into lherzolites and harzburgites based on whether they
have > 5% or < 5% modal clinopyroxene, respectively (Le
Maitre et al. 2002).

e Melt-influenced peridotites have spinel TiO,> 0.1 wt%
and/or (Ce/Yb)y>0.08 (Fig. 2a, b). The elevated (Ce/
Yb)y ratios correspond to light rare earth element
(LREE)-enriched patterns (Fig. 2¢c, d). Petrographically,
most of the melt-influenced peridotites contain either pla-
gioclase (commonly altered) or interstitial clinopyroxene
(e.g., Seyler et al. 2001; Fig. 3c, d).

e Samples with identifiable veins in thin sections and hand
samples are classified as melt-veined peridotites (Fig. 3e,

f). These samples always meet our criteria for melt-influ-
enced samples, which supports our application of spinel
TiO, content and clinopyroxene (Ce/Yb)y as indicators
of interaction with melt.

Our classification system is based on previous studies on
these samples (Warren 2016; D’Errico et al. 2016; Birner
et al. 2018, 2021). Despite the interpretive component in
“residual” and “melt-influenced” terminology, we consider
them the best ones that can account for the geochemical
characteristics of these rocks compared to alternative termi-
nologies, such as “depleted/enriched”, “refractory/fertile”,
or “metasomatized”, which have specific geochemical impli-
cations (e.g., Byerly and Lassiter 2014).

The collection of SWIR peridotites in this study includes
12 residual, 4 melt-influenced, and 4 melt-veined samples.
The residual peridotites comprise 7 lherzolites and 5 harz-
burgites (Table 1). The SWIR melt-veined peridotites are
from dredge Van7-78 and contain gabbroic veins (Figs. 2f,
3e). Samples from the Gakkel ridge consist of 8 residual
peridotites (4 lherzolites, 4 harzburgites), 1 melt-influenced
harzburgite, and 1 melt-veined peridotite. At Hess Deep,
all 4 peridotites are residual harzburgites. Samples from
the Tonga trench in this study include 6 residual harzburgites
and 4 melt-influenced peridotites, one of which is a dunite.

Methods

Laser ablation analyses were performed at the University of
Delaware using a Thermo Scientific iCAP-TQ-ICPMS in
combination with a Teledyne Analyte Excite Laser Abla-
tion System, which has a 193 nm ArF excimer laser. We
analyzed trace elements in olivine for all the samples listed
in Table 1, with data compiled in Tables S1-S6. In addition,
we measured trace elements in orthopyroxene (22 samples)
and clinopyroxene (5 samples) in samples that had no prior
pyroxene data. Here, we summarize our methodology, with
further details provided in Supplementary Material A.

For olivine analyses, a spot size of 85 pm was selected
with a repetition rate of 10 Hz, laser fluency =11 J/cm?,
and ~ 40 s ablation time. For pyroxenes, we chose a slightly
larger spot size of 110 pm, repetition rate of 8§ Hz and laser
fluency = 12.37 J/cm?. For olivine, we measured the isotopes
20Me, 27Al, 29Si, “Ca, **Ti, 51V, 3Cr, M, 57Fe, %°Co, “Ni,
7n, 8Y, and '"?Yb, with Mg as the internal standard.
For pyroxenes, we additionally measured the isotopes ®*Cu,
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«Fig.2 Spinel major element and pyroxene REE chemistry. a Spinel
Cr# against TiO, content. The solid curve is the calculated spinel Ti
content for a non-modal fractional melting model (parameters given
in “Partial melting and sub-solidus redistribution: Ti, Y, and Yb” sec-
tion) against the empirical relationship for Cr# as a function of degree
of melting from Hellebrand et al. (2001). Purple star is the Depleted
MORB Mantle (DMM) composition of Workman and Hart (2005).
b Normalized cpx Ce/Yb against spinel TiO, contents for sample
classification. REE variation diagrams for ¢ cpx in residual perido-
tites, d cpx in melt-influenced and melt-veined peridotites, e opx in
residual peridotites, and f opx in melt-influenced and melt-veined
samples. Data are a combination of literature values (Warren 2007;
Warren et al. 2009; D’Errico et al. 2016; Birner et al. 2017) and data
from this study. All REE concentrations are normalized to chondrite
(Anders and Grevesse 1989)

85Rb, %8S, °0Zr, %Nb, '¥Ba, '®La, 4°Ce, ''Pr, 46N,
147§ m, 151Ey, 199Tb, 10Gd, 19Dy, '9Ho, '%Er, 1% Tm, 15Lu,
178Hf, 208pp, and 232Th. Dwell times were set to 0.05 s for
Mg, #Si, 33Cr, >*Mn, *"Fe, ¥Co, N1, %Zn, 0.1 s for 3! V,
and 0.5 s for all other elements to improve counting statistics
at lower concentrations. Background signals were collected
for approximately 8 s ahead of each ablation. The signal for
each element during ablation was carefully checked. Cycles
with time-resolved signals indicative of spinel inclusions
(anomalous spikes of Al, Cr, V) or penetration into a differ-
ent grain (sudden increase/decrease of signal) were removed
(Fig. S1), as discussed further in Supplementary Material A.

Element concentrations were calculated from measured
signals in counts per second using working curves constructed
by measuring a mixture of MPI-DING reference glasses
(Jochum et al. 2000) and USGS basaltic glasses (Jochum
et al. 2005a) with values from the GeoReM database (Jochum
et al. 2005b, 2016; compiled in Table S7). We demonstrate in
Supplementary Material B that matrix-dependent elemental
fractionation is insignificant (< 10%) at our operating condi-
tions, which is supported by the long-term reproducibility of
MongOLSh11-2 in our study (Table S8).

All analyses were conducted on thin or thick sections.
Typically 4-6 olivine grains of random distribution across
each sample were analyzed with at least two spots on each
grain where possible. Ablation spots were located as close to
the center of exposed olivine and pyroxene grains as possi-
ble. In melt-veined peridotites, all olivine and pyroxene anal-
yses were conducted on those within the peridotite matrix.

Data were processed using the Microsoft Excel macro
spreadsheet Lasyboy written by Joel Sparks at Boston Uni-
versity. Individual analyses of an element were excluded if (1)
they show clear spikes indicative of spinel inclusions (Fig. S1,
Supplementary Material A), or (2) they were within two
standard deviations of the average background signal (which
defines the detection limit), or (3) if an analysis had accumu-
lated counting errors > 50% of the counts. All remaining data
were used to calculate average abundances for each sample,
as no systematic spatial variations were observed at the thin

section scale. To obtain long-term reproducibility, Mon-
gOLSh11-2 was analyzed as an unknown in every session
and the results are in good agreement with its reported refer-
ence values (Batanova et al. 2019), as compiled in Table S8.

Results

We report sample-averaged trace element data for olivine in
Table S1, while results from individual analytical spots are
presented in Table S2. Pyroxene data sets are in Tables S3—S4,
with individual analytical spots in Tables S5-S6. We briefly
present the pyroxene trace element results—which agree with
previous studies of these samples—before describing our new
olivine trace element data set for abyssal peridotites.

Clinopyroxene and orthopyroxene REE composition

The REE concentrations in clinopyroxene from our samples
are plotted in Fig. 2. The clinopyroxene REE patterns for
Gakkel and SWIR residual peridotites (Fig. 2c) are generally
LREE depleted. Harzburgites, on average, have clinopyroxene
LREE slightly lower than lherzolites (Lay=0.17 for lherzo-
lites compared to 0.10 for harzburgites). Clinopyroxene in
Hess Deep peridotites was too small for analysis. Residual
Tonga harzburgites have heavy REE (HREE) values an order
of magnitude lower than Gakkel and SWIR samples. Clino-
pyroxene from melt-veined peridotites have higher REE abun-
dances and higher LREE/HREE ratio than those from melt-
influenced peridotites (Fig. 2d). Melt-influenced peridotites
from Tonga have relatively flat REE patterns with slightly
lower REE abundances than those from Gakkel and SWIR.

Orthopyroxene REE contents (Table S4) are lower than
those in clinopyroxene from the same sample by approxi-
mately an order of magnitude (Fig. 2e, f), in agreement with
partitioning data (e.g., Sun and Liang 2014). The Tonga and
Hess Deep orthopyroxene have extremely depleted REE abun-
dances with most of the MREE and LREE below detection.
Orthopyroxene in melt-influenced and melt-veined peridotites
from Gakkel and SWIR have smooth, LREE depleted patterns
that are sub-parallel with one another. Melt-influenced peri-
dotites from Tonga are again lower in REE abundances, with
most LREE and MREE below the detection limit.

Olivine trace elements

Olivine trace element abundances are plotted on a sample-aver-
aged basis in Figs. 4, 5 and 6 against olivine forsterite content
(Fo, defined as molar fraction of Mg over Mg+ Fe). Literature
data for olivine trace elements from continental xenoliths (Witt-
Eickschen and O’Neill 2005; Witt-Eickschen et al. 2009; Mall-
mann et al. 2009; De Hoog et al. 2010; Quinn et al. 2018; Canil
et al. 2021; Canil and Russell 2022) and ophiolitic peridotites

@ Springer



Version of Record at: https://doi.org/10.1007/s00410-023-02044-6

66 Page 8 of 28

Contributions to Mineralogy and Petrology (2023) 178:66

otite

Fig.3 Photos of residual (a, b), melt-influenced (¢, d), and melt-
veined (e, f) peridotites. a Residual peridotite with protogranular tex-
ture (PS59-235-17). b Residual peridotite with porphyroclastic tex-
ture (Kn162-9-37-14). ¢ Melt-influenced peridotite. The inset panel
shows an example of spinel in this sample (not in this image) with

@ Springer
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altered plagioclase (HLY0102-4-63). d Melt-influenced sample with
interstitial cpx outlined in yellow (BMRGO08-106-1-2). e Gabbro vein
cross-cutting the peridotite matrix (Van7-78-25). f Hand specimen of
a gabbro-veined peridotite (Van7-78-31). All photomicrographs are
under cross-polarized light
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Fig.4 Abundances of Group I elements in olivine plotted as a func-
tion of olivine Fo content. For comparison, literature olivine data are
plotted for spinel-peridotite xenoliths (Witt-Eickschen and O’Neill
2005; Witt-Eickschen et al. 2009; Mallmann et al. 2009; De Hoog

(Sanfilippo et al. 2014; Rampone et al. 2016; Wang et al. 2021)
are plotted in the background for comparison.

Using sample-averaged data requires evaluation of com-
positional heterogeneity (e.g., core—rim zonation) in oli-
vine, which is a challenging task in abyssal peridotites due
to hydrothermal alteration. For a first order evaluation, we
picked a fresh peridotite from the Gakkel Ridge (PS59-235-
17, alteration score 2) and collected core-to-rim transects of
olivine trace elements on six different grains (Supplemen-
tary Material C). Most of the elements do not preserve sys-
tematic core-to-rim zonation. For Ti, V, and Cr, 3 out of the
6 surveyed grains contain resolvable core-to-rim zonation,

et al. 2010; Quinn et al. 2018; Canil et al. 2021; Canil and Russell
2022) and ophiolitic peridotites (Sanfilippo et al. 2014; Rampone
et al. 2016; Wang et al. 2021)

with one example illustrated in Fig. S3 and Table S9. The
extent of this core-rim variability is captured by the one
standard deviation obtained using only core values (Table S1
and Figs. 4, 5, 6) and does not correspond to spatial varia-
tions in composition in the sample. As the zonations in Ti,
V, and Cr require further detailed analysis, the main conclu-
sions of this study are focused on the systematics of ele-
ments that do not preserve core-to-rim zoning.

To understand the systematics of our sample-averaged
olivine trace element data set, we used the groupings of
De Hoog et al. (2010). Group I elements (Zn, Mn, Co, Ni)
have limited concentration ranges (Fig. 4) and olivine is the
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Fig.5 Abundances of Group II elements in olivine as a function of
olivine Fo content. Literature xenolith (Witt-Eickschen and O’Neill
2005; Witt-Eickschen et al. 2009; Mallmann et al. 2009; De Hoog

dominant host of these elements in peridotites. Our abyssal
peridotite olivine has Fo contents from 89.5 to 92.0, typi-
cal of upper mantle olivine, and Group I elements display
a limited concentration range within this range of Fo con-
tent. Zinc and Co vary by a few tens of ug/g, while Mn and
Ni have a slightly larger variation by a few hundred pg/g
(Fig. 4). We find no systematic variation among these ele-
ments for the different tectonic environments of our sam-
ples. On average, the melt-veined peridotites have lower Fo
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et al. 2010; Quinn et al. 2018; Canil et al. 2021; Canil and Russell
2022) and ophiolitic peridotite (Sanfilippo et al. 2014; Rampone et al.
2016; Wang et al. 2021) data are plotted for comparison

contents (89.5-90.0), lower Ni contents, and higher Mn, Co,
and Zn contents than the residual peridotites (Fig. 4). The
melt-influenced peridotites are intermediate in composition
between melt-veined and residual harzburgites for all Group
I elements. Olivine trace element data from both continental
spinel peridotite xenoliths and ophiolitic peridotites have a
similar abundance range to our abyssal peridotites (Fig. 4),
but extend to higher abundances of Co and Ni at similar Fo
contents. Group I elements, when plotted against each other
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Fig.6 Abundances of Group III elements in olivine as a function of
olivine Fo content. Literature xenolith (Witt-Eickschen and O’Neill
2005; Witt-Eickschen et al. 2009; Mallmann et al. 2009; De Hoog

(Supplementary Material D), have statistically significant
co-variations.

Group II elements (Ca, Al, V, Cr) have comparatively
large concentration ranges of approximately an order of
magnitude (Fig. 5). De Hoog et al. (2010) observed that
the concentrations of these elements in olivine co-vary with
equilibration temperatures recorded by the rock, implying
a temperature dependence on their partitioning between
olivine and other mantle minerals. The abundance of these
elements varies among the different tectonic environments
in our study (Fig. 5). Olivine in fast-spreading Hess Deep
residual peridotites contains the highest abundances of
Group II elements, followed by residual peridotites from the
ultra-slow spreading ridges. Olivine from the Tonga trench
have the lowest Group II element abundances, particularly
dredge BMRGO08-106 samples, which are classified here as
melt-influenced peridotites. At ultra-slow spreading ridges,
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et al. 2010; Quinn et al. 2018; Canil et al. 2021; Canil and Russell
2022) and ophiolitic peridotite (Sanfilippo et al. 2014; Rampone et al.
2016; Wang et al. 2021) data are plotted for comparison

both the melt-veined and melt-influenced peridotites have
olivine trace element contents similar to the residual peri-
dotites. Olivine from peridotite xenoliths have higher Group
II element abundances, while ophiolitic peridotite olivine
overlaps with those of our abyssal peridotites (Fig. 5).

For Group III elements, we analyzed Ti and Y, and
included Yb due to its similar geochemical behavior with Y
(Fig. 6). Olivine is a minor host of these elements, which are
incompatible in all peridotite phases, and their abundances
are controlled by partial melting (De Hoog et al. 2010) and
likely subsolidus re-equilibration (Sun and Liang 2014;
Cherniak and Liang 2014). The Group III elements (Fig. 6)
all show general trends of decreasing abundances as Fo
content increases, with variations among the different tec-
tonic settings. Olivine from Tonga have similar Fo contents
as the SWIR peridotites but have lower concentrations of
Group III elements by approximately an order of magnitude.
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«Fig.7 Variation of olivine Group I elements (Mn, Co, Ni, Zn)
plus Ti as a function of olivine Fo content. For comparison, litera-
ture data are plotted for troctolites (Sanfilippo et al. 2014; Rampone
et al. 2016; Basch et al. 2018, 2021), and MORB olivine phenocrysts
(Sobolev et al. 2007; Neave et al. 2018)

Melt-veined peridotites have higher Ti abundances than do
melt-influenced and residual peridotites. When compared
to olivine trace elements from xenoliths, abyssal peridotites
have lower Ti, but similar Y and Yb at a given Fo content.
Ophiolitic peridotite olivine mostly overlap in Ti contents
when compared with our abyssal data set, while little data
exist for Y and Yb in ophiolitic olivine.

Discussion

Partial melting and melt extraction at MORs control the for-
mation of the oceanic lithosphere during seafloor spreading
(e.g., Klein and Langmuir 1987; Katz et al. 2022). Below we
demonstrate that Group I element abundances in olivine are
modified during melt infiltration. We then use Group II ele-
ments to evaluate the cooling history of peridotites down to
temperatures lower than those recorded by pyroxene-based
thermometers. Finally, we explore how Group III elements
in abyssal peridotite olivine reflect a combination of partial
melting followed by subsolidus re-equilibration.

Olivine trace elements as tracers of melt-rock
interaction

Reactions between percolating melts and the surround-
ing mantle are ubiquitous at mid-ocean ridges, influenc-
ing the compositional evolution of the oceanic lithosphere
(e.g., Constantin et al. 1995; Lissenberg and Dick 2008;
Drouin et al. 2009; Dick et al. 2010; Warren 2016; Zhang
et al. 2021). Because olivine is present in mantle peridotites
and portions of the lower oceanic crust, their trace element
compositions can be useful tracers of melt evolution dur-
ing various stages of melt—rock reaction, melt assimilation,
and fractional crystallization (Coogan 2014; Sanfilippo et al.
2014, 2017; Rampone et al. 2016; Basch et al. 2018). In
Fig. 7, we plot the variation of olivine Group I elements
(Mn, Co, Ni, Zn) and Ti for samples in this study. All resid-
ual peridotites have Ni/Co ratios > 19 and Mn < 1200 ppm,
whereas our melt-veined peridotites have Ni/Co < 19 and
Mn > 1200 ppm (Fig. 7f). Our melt-influenced peridotites
have abundances that are mostly between the melt-veined
and residual harzburgites, overlapping with the residual
lherzolites. This suggests that small amounts of melt-rock
interaction may slightly refertilize residual harzburgites but
does not significantly affect the olivine composition.

Formation of the lower oceanic crust involves melt
assimilation and fractional crystallization (Coogan 2014),
leading to lithologies formed across a range of melt-rock
ratios. Residual peridotites are interpreted as residual mantle
that has undergone limited interaction with melt, while troc-
tolites require melt impregnation at high melt-rock ratios
(e.g., Drouin et al. 2009; Sanfilippo et al. 2014; Basch et al.
2019). In Fig. 7, we compare our olivine trace element data
set to those of MORB phenocrysts (Sobolev et al. 2007;
Neave et al. 2018), representing an end-member of olivine
precipitated from fully aggregated melts, and melt-hybrid-
ized troctolites (Rampone et al. 2016; Basch et al. 2018,
2021; Ferrando et al. 2018), which contain olivine from a
rock formed at a high melt—rock ratio. Figure 7 illustrates
that as melt increasingly dominates the system from resid-
ual to melt-veined peridotites to hybridized troctolites and
MORB phenocrysts, olivine trends towards lower Fo, Ni,
and Ni/Co contents and higher Ti, Mn, Co, and Zn contents.
These observations imply that the abundance of Group I ele-
ments in olivine vary as a function of the extent of melt—rock
reaction in the oceanic upper mantle and lower crust, mak-
ing them potential tracers of melt addition in the oceanic
lithosphere.

Evaluating olivine trace element thermometry

The abundance of Group II elements in olivine is depend-
ent on closure temperature due to the temperature-depend-
ent exchange coefficient of these elements between perido-
tite minerals (e.g., De Hoog et al. 2010). This allows the
application of olivine geothermometers for evaluating the
thermal history of peridotites. Previous studies of the ther-
mal history of exhumed peridotites have mainly focused
on pyroxene-based thermometers (Dygert and Liang 2015;
Dygert et al. 2017; Grambling et al. 2022; Secchiari et al.
2022). These confirmed that for peridotites exhumed
slowly to the Earth’s surface, fast-diffusing species record
lower temperatures compared to slow-diffusing species.
Modeling of this temperature difference as a function of
cooling rate, grain size, diffusivity, and initial temperature,
following the formulation by Dodson (1973) and Ganguly
and Tirone (1999) and the theoretical generalization for
bi-mineralogic systems (Yao and Liang 2015; Liang 2015),
has demonstrated that these temperatures converge at high
cooling rates (Dygert and Liang 2015). These studies were
limited to cpx-bearing peridotites, whereas olivine-based
thermometers can be applied to clinopyroxene-poor lith-
ologies. In addition, pyroxene-based thermometers rarely
record temperatures < 800 °C for abyssal peridotites due to
the relatively slow diffusivities of the associated exchange
systems (Fig. 8). Here, we demonstrate that olivine-based
thermometers can reveal the thermal history of abyssal
peridotites in the temperature range of ~650-1000 °C.
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Fig. 8 Compilation of experimentally determined Arrhenius relationships for diffusion rates of elements used for peridotite thermometry. Those
that contain partial oxygen pressure (pO,) terms were calculated at pO, = 107515 bars

We focus on application of the experimentally cali-
brated Al-in-olivine and Ca-in-olivine thermometers in
comparison with pyroxene-based thermometers (Table 2).
The Al-in-olivine thermometer (Tzll' Pl Wan et al. 2008;
Coogan et al. 2014; D’Souza et al. 2020) is based on the
temperature-sensitive, but pressure-independent, partition-
ing of Al between olivine and spinel and can be applied to
all our samples (Wan et al. 2008; Coogan et al. 2014;
D’Souza et al. 2020). The Ca-in-olivine thermometer
(Tg'a' P*. Shejwalkar and Coogan 2013) is based on Ca
exchange between olivine and cpx, and can only be applied
to the subset of our samples that contain cpx. We compare
these thermometers to two commonly used thermometers
for pyroxene-bearing ultramafic rocks: (1) the two-pyrox-
ene rare earth element (REE) thermometer (Tygg; Liang
et al. 2013) and (2) the two-pyroxene major element ther-
mometer (Tggky; Brey and Kohler 1990). We also evaluate
the Ca-in-opx solvus thermometer (Tc,.iy.opx; Brey and
Kohler 1990) and the olivine-spinel Fe—-Mg thermometer
Tp, b, (Li etal. 1995).

For residual abyssal peridotites (Fig. 9), pyroxene-based
thermometers record higher temperatures than olivine-
based thermometers, with Tygg being the highest
(1100-1400 °C), followed by Tc,.ip-opx (9001300 °C) and
then Tyyy (800-1200 °C). The olivine-based thermome-
ters, in contrast, record relatively lower temperatures, of

which Tg, "3 is the highest (8001000 °C), then T, ™

@ Springer

(750-1000 °C), and finally TZII"SPI recording the lowest
temperatures (650—1000 °C). Literature data for xenoliths
are plotted for comparison in Fig. 9. These xenoliths yield
consistent temperatures among all the thermometers and
plot close to the 1:1 line, except for more scatter associated
with T;ii’j[lg The similar temperatures recorded in these
xenoliths by most thermometers is best explained by rapid
emplacement and cooling (Dygert and Liang 2015).

The range of temperatures recorded in abyssal peridotites
(Fig. 9) is explained by different species recording different
closure temperatures (i.e., the temperature at which these
species cease significant diffusive exchange with surround-
ing minerals; Dodson 1973; Liang 2015). During the slow
cooling experienced by these peridotites, fast-diffusing spe-
cies continue diffusing and equilibrating to lower temper-
atures. Some of the temperatures recorded by Tgld P* and
T:ll' ! are below the temperature range (950-1450 °C) of
their original experimental calibration (Wan et al. 2008;
Shejwalkar and Coogan 2013; D’Souza et al. 2020) and
thus have higher uncertainties. The thermometric equations
applied here are fitted against thermodynamic formula-
tions, which allows for extrapolation beyond the range of
the experimental calibrations. Relative differences in tem-
peratures that we obtained between peridotites from different
settings should thus remain meaningful despite the higher
uncertainties associated with their absolute values.
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Table 2 Summary of %P, |, Tgin TP s Tarin-opxs Tﬁiﬁlg and Ty values in °C

Sample ID Lithology Ridge T lo Tgew TP, 16 Teginop 70! Tpee o
Fe - Mg

Residual peridotites

HLY0102-70-87 Lherz Gakkel 767 76  nd. 888 62 1267 980 n.d. n.d.
HLY0102-87-37 Harz Gakkel 943 20 nd. 960 32 1188 901 n.d. n.d.
PS59-235-1 Lherz Gakkel 920 53 1182 966 51 1274 820 1054 27
PS59-235-17 Lherz Gakkel 900 47 1033 939 39 1203 835 1153 15
PS59-235-18 Lherz Gakkel 929 32 1317 983 22 1472 871 n.a. n.a.
PS59-249-12 Harz Gakkel 760 37  nd. 880 53 1077 964 n.d. n.d.
PS59-249-60 Harz Gakkel 755 26 nd. 906 36 961 851 n.d. n.d.
PS59-249-74 Harz Gakkel 797 51 nd. 904 32 1151 855 n.d. n.d.
Kn162-9-37-10 Harz SWIR 726 32 872 825 21 1027 934 1340 36
Kn162-9-37-14 Harz SWIR 756 31 nd 877 24 1245 927 n.d. n.d.
Kn162-9-50-7 Lherz SWIR 892 18 1066 936 39 1257 914 1254 14
Kn162-9-55-23 Lherz SWIR 781 31 992 887 28 1363 922 1028 59
Kn162-9-58-16 Harz SWIR 755 29 1193 848 23 1231 917 n.d. n.d.
Kn162-9-59-2 Lherz SWIR 840 65 913 909 41 1306 981 1237 33
Kn162-9-59-7 Lherz SWIR 763 45 989 898 24 1257 930 1330 21
PS86-6-26 Lherz SWIR 764 51 1094 818 65 1186 854 1381 81
Van7-85-27 Harz SWIR 858 56 1095 902 8 1228 837 1314 74
Van7-85-30 Harz SWIR 751 32 1056 894 17 1181 783 1311 146
Van7-85-47 Lherz SWIR 804 28 1130 909 37 1349 882 1177 34
Van7-85-49 Lherz SWIR 866 34 1157 913 38 1211 846 1336 53
895A 2R-1, 7-10 cm Harz EPR 922 38 nd 971 41 1299 915 n.d. n.d.
895D 2R-2, 43-46 cm Harz EPR 990 48 nd. 1024 60 1247 918 n.d. n.d.
895D 4R-3, 56-60 cm Harz EPR 1026 54  nd. 998 57 1315 933 n.d. n.d.
895D 5R-1, 7-11 cm Harz EPR 997 42 nd. 1014 53 1290 956 n.d. n.d.
BMRG08-98-1-12 Harz Tonga 785 37 1357 850 41 1192 863 n.a. n.a.
BMRGO08-98-2-7 Harz Tonga 766 63 1018 825 50 1171 905 1271 10
BMRGO08-98-2-8 Harz Tonga 770 53 1094 826 44 1146 905 1423 60
BMRGO08-98-2-18 Harz Tonga 757 51 1096 856 55 1134 884 1356 77
BMRGO08-98-2-23 Harz Tonga 766 57 1041 884 37 1130 924 1278 21
BMRG08-98-2-25 Harz Tonga 761 53 963 859 49 1224 903 1146 5
Melt-influenced peridotites

HLY0102-04-63 Plag lherz Gakkel 868 30 1129 920 29 1123 899 1420 30
Kn162-9-58-30 Plag lherz SWIR 772 35 964 852 18 1213 912 1215 15
PS86-6-39 Lherz SWIR 794 24 1009 894 16 1103 852 1113 3
Van7-78-40 Plag harz SWIR 881 77 931 845 33 1220 781 875 111
Van7-96-28 Plag lherz SWIR 763 14 1115 828 48 1337 818 1113 39
BMRGO08-106-1-2 Harz Tonga 711 25 773 783 58 903 821 1172 57
BMRGO08-106-1-5 Harz Tonga 685 46 807 768 41 864 844 1112 14
BMRGO08-106-1-15 Dunite Tonga 673 66 n.d. n.d. nd. nd 803 n.d. n.d.
BMRGO08-106-1-17 Harz Tonga 658 24 762 730 30 1018 867 677 3
Melt-veined peridotites

PS59-235-04 Ol websterite Gakkel 899 36 1288 918 42 1259 1063 n.a. n.a.
Van7-78-25 Dunite w/gabbro vein SWIR 843 28 n.d. 878 50 n.d. 743 n.d. n.d.
Van7-78-31M Plag peridotite w/gabbro vein SWIR 824 26 871 810 26 1168 763 1096 4
Van7-78-36A Plag peridotite matrix SWIR 783 20 744 797 17 950 788 1167 34
Van7-78-36B Plag peridotite with gabbro vein SWIR 814 78 744 851 28 950 826 1317 0

P=15kbar is assumed for T°°P%.,,, Tcaein-opx and Tpxy
n.a. =not applicable, indicates that REEs from the two pyroxenes are out of equilibrium and, therefore, excluded

n.d. =no data, corresponding to samples for which analyzable cpx is not present and thus Tggy and Txgg cannot be calculated
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emplacement on the seafloor. For comparison, xenoliths are rapidly
emplaced and record similar temperatures with all thermometers
(xenolith data from Witt-Eickschen and O’Neill 2005; Witt-Eick-
schen et al. 2009; Mallmann et al. 2009; De Hoog et al. 2010; Quinn
et al. 2018; Canil et al. 2021; Canil and Russell 2022)
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The order of temperatures recorded by different thermom-
eters in a single abyssal peridotite sample matches the order
of diffusivities for the components used in the thermom-
eters (Fig. 8). The REEs in pyroxenes diffuse the slowest
(Van Orman et al. 2001; Cherniak and Liang 2007), fol-
lowed by Ca in opx (Cherniak and Liang 2022), Fe-Mg in
cpx (Dimanov and Wiedenbeck 2006; Miiller et al. 2013),
Fe-Mg in spinel and olivine (Dohmen and Chakraborty
2007), and finally Ca in olivine (Coogan et al. 2005). Mul-
tiple substitutional mechanisms have been proposed for
Al in olivine, with associated diffusivities ranging from
extremely slow (substituting Si into the olivine tetrahe-
dral site; Dohmen 2002) to a rapid subsidiary mechanism
dependent on Si activity (Zhukova et al. 2017). Our tem-
perature estimates from Tzll’ P! are even lower than Tgld X
which suggests that Al diffuses faster than Ca in olivine and
favors the diffusivity determined by Zhukova et al. (2017).
As spinel Cr# is affected by subsolidus cooling (Voigt and
von der Handt 2011), which may affect the calculated TX'I ) SPI,
we ran a model to demonstrate that the effect of spinel Cr#
redistribution with temperature is minimal (Supplementary
Material E). Instead, the variation of TXII' sl ig mostly con-
trolled by Al in olivine (Fig. S5). Overall, the temperatures
in a single peridotite from high to low match the exact order
from slow to fast for the diffusivity data upon which the
thermometer depends (Figs. 8, 9). This supports previous
interpretations that thermometers based on faster diffusing
species will record lower temperatures, particularly when
cooling is sufficiently slow (Ozawa 1983; Liang et al. 2013;
Dygert and Liang 2015).

Temperature estimates by olivine-based thermometers
show differences between the tectonic environments, in
contrast with the similar temperature ranges recorded by
pyroxene-based thermometers across all tectonic settings
(Fig. 9). To illustrate this, average and one-standard devia-
tion temperatures were calculated for each tectonic setting
(Fig. 9). The Hess Deep harzburgites from the fast-spreading
EPR have higher TZII' ! and Tgld P* yalues than peridotites
from the ultraslow-spreading SWIR and Gakkel (Fig. 9b).
Hess Deep harzburgites also have elevated abundances of
other Group II elements (Cr and V; Fig. 5c, d), suggesting
similar, temperature-sensitive partitioning behavior. The
olivine-based temperature differences between tectonic set-
tings are also consistent with the subsolidus cooling model
for Group III elements in olivine that we present in the “Par-
tial melting and sub-solidus redistribution: Ti, Y, and Yb”
section.

Variations in closure temperature as a function of spread-
ing rate can be caused by contrasting cooling rates and/or
initial temperatures (Ganguly and Tirone 1999; Dygert and
Liang 2015). We attribute the differences in TZII’SPI and

Tgla P* among the ridge peridotites to contrasting cooling

rates for two reasons. First, the pyroxene-based thermom-
eters from Gakkel and SWIR also record high tempera-
tures > 1000 °C, suggesting that initial temperatures were
similar across tectonic settings. Second, predictions of man-
tle potential temperature based on geophysical constraints
indicate no temperature differences in these regions (Dalton
et al. 2014).

The contrast in cooling rate between the ridges agrees
with their geological settings. Harzburgites from Hess Deep
experienced faster cooling as uplift and emplacement is
faster at faster spreading rates (e.g., Coogan et al. 2007).
In contrast, peridotites from ultraslow spreading ridges are
exhumed more slowly, experiencing a longer period of con-
ductive cooling (Cannat 1996; Sauter et al. 2013; Liu et al.
2020). Besides tectonic emplacement, hydrothermal circula-
tion can also affect cooling rates and the observed closure
temperatures. Although hydrothermal circulation is typically
associated with temperatures < 600 °C, multiple studies at
Hess Deep have suggested that seawater influx to lower crus-
tal and upper mantle depths likely reached temperatures of
600-750 °C (Manning and MacLeod 1996; Manning et al.
2000; Grambling et al. 2022). Since peridotites from the
same locality likely have experienced similar exhumation
mechanisms, the scatter among them might be caused by
variations in the extent of hydrothermal circulation, leading
to uneven cooling rates.

Compared to temperature averages for ridge peridotites,
average peridotite from the Tonga forearc have similar Ty,
Tygne and Ty iy opye and slightly lower average 79 and
Tgld P (Fig. 9b). The melt-influenced Tonga peridotites
record the lowest average temperatures in our peridotite
data set (Fig. 10). These observations suggest that the Tonga
peridotites have similar cooling histories to the ridge perido-
tites at temperatures > 1000 °C, but then experienced slow
cooling between ~600—-1000 °C that overlaps with perido-
tites from ultraslow spreading ridges. Birner et al. (2017)
concluded that the petrogenesis of the Tonga residual peri-
dotites is best explained by high degrees of melting during
subduction initiation. At this stage, the mantle wedge experi-
ences adiabatic decompression melting due to near-trench
spreading, which tectonically resembles mid-ocean ridge
melting and produces forearc basalts that are composition-
ally similar to MORB (Reagan et al. 2010; Stern and Gerya
2018). This geodynamic resemblance can account for the
similar temperatures recorded by Tonga and ridge peridotites
at higher temperatures following melting (i.e., Trpg, Tpxn
and Ty inopx at T>1000 °C). These Tonga peridotites are
later exhumed at the trench inner wall due to tectonic erosion
(Clift 1998; Birner et al. 2017), which is a different exhuma-
tion mechanism that lacks mantle upwelling compared to
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ridge peridotites. The overall outcome appears to be a rela-
tively slow exhumation rate, comparable to ultraslow spread-
ing ridges, which accounts for the similar TZII’ * and Tgld P
recorded at 650-1000 °C.

Although the melt-influenced and melt-veined data set
presented here is small, we observe differences in their clo-
sure temperatures when compared to residual peridotites
(Fig. 10). For thermometers utilizing relatively fast-diffusing
species (Tgns T:ll ~sel Tgl P and Oy, the melt-veined

a Fe - Mg

peridotites from SWIR show a better agreement among the
thermometers and plot close to the 1:1 line (Fig. 10a, b, d).
We interpret these temperatures as the final equilibration
temperatures after gabbroic melt (> 1100 °C) intrudes into
relatively cold peridotite in slowly ascending mantle. The
presence of melt may thermally facilitate diffusive exchange
between minerals and thus promote re-equilibration, result-
ing in close agreement among Tk, TXII'SPI, Tgld %, and
T;’i’_iﬁ; (Fig. 10). These thermometers in our SWIR melt-
veined data set record temperatures of ~ 800 °C, which we
interpret as the final temperature of equilibration following
melt addition. The melt-veined peridotite from Gakkel
recor(?’ls_ii{nilar Tzllbcpl and Tgld P* (Fig. 10b), but not Tgky
and Tp,, »}\ig (Fig. 10a, d, respectively). This might be due to
the rock being an olivine websterite, which is lithologically
distinct from the SWIR gabbro-veined peridotites, but is also
difficult to interpret given that only one sample is
available.

When melt-influenced and melt-veined peridotites are
compared to residual peridotites based on tectonic settings,
peridotites from Tonga preserve the most significant differ-
ence (Fig. 10). For all six thermometers, the melt-influenced
peridotites from Tonga record lower average temperatures
than the residual peridotites. Apart from recording lower
temperatures, these peridotites have imprints of melt in the
form of enriched clinopyroxene LREEs and either interstitial
clinopyroxene or enriched spinel TiO, (Figs. 2, 3). One pos-
sibility is that trace amounts of melt infiltrated the system
during cooling, which may have thermally facilitated dif-
fusive exchange, promoting re-equilibration at lower tem-
peratures. However, this temperature difference between
melt-influenced and residual peridotites is less distinctive
at SWIR. More observations are needed to investigate
whether this contrasting observation between Tonga and
SWIR reflects different melt compositions, different timing
or style of melt-rock interaction, or different exhumation
mechanisms.

To summarize, we observe differences in temperatures
recorded by olivine-based thermometers, particularly Till -l
and TSL °PX "as a function of tectonic setting. Over the tem-
perature interval 600—1000 °C, Hess Deep harzburgites from
the fast-spreading EPR record the highest temperatures, fol-
lowed by peridotites from the ultra-slow spreading Gakkel

and SWIR, and the Tonga forearc peridotites with slightly
lower average temperatures. In the next section, we demon-
strate that subsolidus re-equilibration recorded by olivine
Group III elements agree with this order of cooling rates.
From comparison of residual peridotites to melt-influenced
and melt-veined peridotites, we suggest that the presence of
melt can facilitate diffusive equilibrium between peridotite
minerals. Overall, our results highlight the utility of olivine-
based thermometers for studying thermal histories of clino-
pyroxene-poor lithologies and exploring tectonic processes
within the 600-1000 °C temperature interval.

Partial melting and subsolidus redistribution:Ti, Y,
and Yb

In this section, we use the systematics of Group III elements
in residual peridotites to explore the extent of partial melt-
ing and subsolidus re-equilibration (Fig. 11). The extent of
melting experienced by residual peridotites are convention-
ally estimated from the concentrations of high field strength
elements and REEs in clinopyroxene (e.g., Johnson et al.
1990; Bizimis et al. 2000; Warren and Shimizu 2010; Birner
et al. 2017). Because these elements are also incompatible
in olivine during mantle melting, we expect their contents
in olivine to similarly record the degree of partial melting.
When olivine Ti is plotted against Yb and Y (Fig. 11a, b,
respectively), the residual peridotites form a gradual deple-
tion trend, from fertile (clinopyroxene-rich) lherzolites to
harzburgites to clinopyroxene-poor harzburgites, which have
the lowest concentrations. The decrease in clinopyroxene
mode from clinopyroxene-rich lherzolites to clinopyroxene-
poor harzburgites reflects an increasing degree of partial
melting (e.g., Dick et al. 1984), which suggests that Group
IIT element abundances in olivine are also controlled by par-
tial melting. Here, we show that the relative abundances of
Group III elements reflect the degree of partial melting, but
that absolute concentrations have been reset by subsolidus
redistribution.

Melting model

To test whether olivine Group III elements can provide
quantitative estimates of the degree of partial melting, we
used a non-modal fractional melting model for olivine fol-
lowing previous models for melting of peridotite bulk rock
(e.g., Shaw, 1970) and clinopyroxene (Johnson et al. 1990):

1
. ——1
C i s
Sn(-28)
COA D,

where A is the mineral (ol, opx, or cpx) and i is the element
of interest; le is the concentration of i in mineral A; Cf) A is
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«Fig. 11 Variation in olivine of a Yb as a function of Ti and b Y as
a function of Ti. Co-variation in olivine and cpx of ¢ Yb and d Y.
Co-variation in olivine and opx of e Yb and f Y opx. Lines illustrate
the melting and subsolidus redistribution model isotherms from 1200
down to 800 °C (see text for details) and dots indicate increments of
3% melting

the concentration of i in mineral A before melting; and F is
the degree of partial melting. The parameter Df] is the bulk
rock/melt partition coefficient before melting, defined as

Dy =Y Dix, 2

where D; is the mineral A/melt partition coefficient of the
element i and x, is the starting mode of mineral A. The
parameter P’ is defined as

P'= Y Dip, 3)

where p, is the coefficient for mineral A in the melting
reaction.

For our model calculations, we used the depleted MORB
mantle (DMM) model composition from Workman and
Hart (2005) to define the initial elemental concentrations
and mineral modes. Melting reaction coefficients for fertile
lherzolite were used from Wasylenki (2003), and partition
coefficients were calculated at 1350 °C from the experi-
mentally parameterized lattice strain models compiled in
Sun and Liang (2014) (summarized in Table S10 in Supple-
mentary Material F). Detailed evaluation of parameters in
this melting model can be found in Warren (2016). We used
this model to calculate the trace element content in olivine
and clinopyroxene in a residual peridotite for melting up to
F=18%. As shown in Fig. 11c, the model predicts higher Yb
concentrations in olivine than observed for a given clinopy-
roxene Yb content. Since this model can readily reproduce
the Yb and Y contents for both pyroxenes at various degrees
of melting (Fig. S6a, b), the misfit in Fig. 11c is likely due to
the model overestimating olivine Yb contents. This overesti-
mation is also observed for Y in olivine (Fig. 11d).

Experimentally parameterized lattice strain models pre-
dict that olivine experiences diffusive loss of Group III ele-
ments to coexisting clinopyroxene during cooling. Collec-
tively, the lattice strain models for REEs and Y in olivine
(Sun and Liang 2013a), orthopyroxene (Yao et al. 2012; Sun
and Liang 2013b), and clinopyroxene (Sun and Liang 2012)
predict increases of D', D' and D' as tempera-

cpx/ol opx/ol cpx/opx
ture decreases (Sun and Liang 2014, where i denotes Yb or
Y). These increases imply that during cooling, clinopyrox-
ene gains REEs from coexisting olivine and orthopyroxene,
while olivine loses REEs to pyroxenes.

To evaluate the redistribution of Yb and Y in olivine after
melting, we calculated the mineral-mineral partition

coefficients at 1350 °C using the models above (see
Table S10 in the Supplementary Material F for parameters).
In Fig. S7, these are compared with the observed min-
eral-mineral partition coefficients, which are calculated
from the measured concentrations in our minerals. For

ipx fopx’ the predicted and observed partition coefficients
cluster around the 1:1 line (Fig. S7a, b). This agreement
between cpx and opx suggests that the pyroxene Yb and Y
distribution in abyssal peridotites have not been significantly
modified by subsolidus redistribution, in agreement with the
high closure temperatures for these elements in pyroxenes
(Liang et al. 2013; Dygert and Liang 2015). In contrast, most
of the observed Dg gx /o and Dgpx 1o Values are higher than the

predicted values (), implying that olivine lost Yb and Y dur-
ing subsolidus cooling. This agrees with previous observa-
tions and model predictions of subsolidus cooling effects in
peridotites (Sun and Liang 2014; Liang et al. 2021).
Subsolidus redistribution of Group III elements between
olivine and pyroxenes has a much greater effect on element
abundances in olivine than in pyroxenes, because olivine
contains much lower abundances of these elements (oli-
vine =0.7-5 ng/g; orthopyroxene =38-400 ng/g; clino-
pyroxene =70-1880 ng/g for Yb in this study). In a hypo-
thetical system of 100 g peridotite with 70% olivine, 20%
orthopyroxene and 10% clinopyroxene that has 10, 200, and
1000 ng/g Yb, respectively, a 5 ng/g reduction in olivine
Yb content would increase orthopyroxene Yb by 17 ng/g or
clinopyroxene Yb by 35 ng/g. Both these increases are neg-
ligible when compared to their original Yb concentrations.

Subsolidus redistribution model

To quantify the effects of subsolidus redistribution on olivine
Group III elements, we constructed a temperature-depend-
ent, closed-system subsolidus re-equilibration model based
on the formulation by Liang et al. (2021). We implemented
this model as a follow-on stage to our non-modal fractional
melting model. For simplicity, we assumed closed-system
conditions and that chemical equilibrium is maintained at
various stages of cooling. According to mass balance:

C' =w,C +w,,C

N CpX ~cpx OopXx = opx

+ Wy Ci)l + Wipl C;pl 4)

where Ci, is the bulk rock composition of element i, w is the
modal proportion of the corresponding mineral, and C, is
the concentration of i in mineral A. We dropped the spinel
term in Eq. 4, since spinel hosts very small amounts of the
elements of interest here. Equation 4 can be re-arranged with
respect to C' :
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c

ol — Ci

Ci
cpx opx
WCPX Cfﬂ * WOPX Ca * Wl

&)

Assuming equilibrium, then C::px / ci and Cépx Ci are
ol ol

equivalent to D', and D'

epxol opx/ol’ respectively, which yields:

Ci
C, = . —
N W DA we Dy ©

CPX™ cpx/ol OpX™ opx/ol

At a given temperature, the D’ values were obtained
from the lattice strain models (Sun and Liang 2014). Fur-
ther details of the model are discussed in the Supplemen-
tary Material F. Because a temperature-dependent lattice
strain model is not available for DT . we only modeled
Yb and Y. Due to the co-variation of Ti with both Yb and Y
(Fig. 11a, b), we expect the behavior of Ti in olivine to be
similar during melting and subsolidus cooling.

Our two-stage model simulates the scenario where a peri-
dotite experienced melting and then underwent subsolidus
cooling during uplift and emplacement on the seafloor. Trace
elements in olivine continue to re-equilibrate with adja-
cent pyroxenes until the closure temperature for diffusive
exchange is reached. The output of the partial melting model
(Cf;; Eq. 1) is thus used as the starting concentration in Eq. 6,
which allows the re-equilibrated concentration at a lower
temperature (Cf)]) to be calculated. We used our two-stage
model to investigate the temperature range 800-1200 °C
(Fig. 11c—f). As temperature decreases, the model isotherms
increasingly show concave-upward geometries, with large
concavities at high extents of melting. We interpret the con-
cavity to be the outcome of the modal mineralogy effect
outweighing other factors in the model: at high degrees of
melting (F ~ 18%), the modal cpx content is so low that very
little Yb and Y are re-distributed to maintain equilibrium
and mass balance in a closed system.

Overall, our model illustrates that lower equilibrium tem-
peratures result in lower olivine trace element abundances at
similar pyroxene trace element abundances. Our model iso-
therms (Fig. 11) fit the observed concentrations of Yb and Y
in olivine, clinopyroxene, and orthopyroxene for subsolidus
re-equilibration over a temperature range of 800—1000 °C.
In contrast, trace elements in clinopyroxene and orthopyrox-
ene remain at near-solidus (1350 °C) abundances (Fig. S6a,
b). This confirms that diffusion of trace elements between
clinopyroxene and orthopyroxene terminated at higher, near
solidus temperatures (Liang et al. 2013), whereas trace ele-
ments continued to diffuse out of olivine until lower tem-
peratures (~ 800 °C).

@ Springer

Two-stage model results by tectonic setting

The two-stage model reproduces the contrasting closure
temperatures observed among our abyssal peridotite locali-
ties. This reflects the control on peridotite thermal histories
at different tectonic regimes by their different cooling rates
and agrees with our inferences from thermometry results
in the “Evaluating olivine trace element thermometry” sec-
tion. The olivine Yb and Y contents of residual peridotites
from Gakkel and SWIR place them between the 1000 and
1100 °C model isotherms for the subsolidus re-equilibration
model (Fig. 11c—f), suggesting that these elements in olivine
re-equilibrated until slightly above 1000 °C. The only excep-
tions are three strongly depleted, clinopyroxene-poor Gakkel
harzburgites, all of which have experienced high extents of
melting and have Yb and Y contents below our model pre-
dictions. The Hess Deep harzburgites, in contrast, plot at
temperatures of 1100-1200 °C (Fig. 11e, f), which agrees
with the faster exhumation predicted for Hess Deep based
on its faster spreading rate.

Compared to most ridge peridotites, peridotites from
Tonga record lower closure temperatures and fall between
the modeled 900-1000 °C isotherms, indicating relatively
slower cooling rates that agree with their lower T;ll'_sgrl and
Tgla P* (“Evaluating olivine trace element thermometry”
section, Fig. 9b). We emphasize that these Tonga harzbur-
gites have other geochemical characteristics identical to the
Hess Deep harzburgites (e.g., high spinel Cr#, low clinopy-
roxene modal abundance, low pyroxene Yb and Y contents),
but their olivine trace element contents are very different
(Figs. 5, 11). These observations suggest that while both
Tonga and Hess Deep harzburgites underwent very high
degrees of melting (Dick and Natland 1996; Birner et al.
2017), olivine trace elements show the exhumation rate at
Tonga was slower than in ridge environments.

Melt-influenced and melt-veined peridotites

The melt-veined peridotites from Gakkel and SWIR have
Yb and Y in olivine, orthopyroxene, and clinopyroxene
higher than most residual peridotites (Fig. 11) and roughly
fall along the same modeled 1000-1100 °C isotherms with
the Gakkel and SWIR residual peridotites. We interpret
this as enrichment caused by melt-infiltration. In contrast,
melt-influenced peridotites from Gakkel and SWIR mostly
overlap with their residual counterparts, indicating that
melt—rock interaction at low melt-rock ratios has little effect
on the Yb and Y in mantle minerals (Fig. 11).
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At Tonga, the melt-influenced peridotites have higher
Yb and Y in pyroxenes compared to the residual peridotites
(Figs. 2, 11). However, they have lower Yb and Y in oli-
vine, plotting between the 800 and 900 °C model isotherms
(Fig. 11c—f). This record of lower closure temperature agrees
with our thermometry results (“Evaluating olivine trace ele-
ment thermometry” section; Fig. 10). A possible explanation
is that the presence of melt during cooling can thermally
facilitate diffusive exchange and equilibration to lower
temperatures. While this might be the case at Tonga, melt-
influenced peridotites and residual peridotites from other
settings share similar olivine Yb and Y contents, leaving the
processes behind this observation to be further investigated.

To summarize, the Yb and Y abundances in abyssal peri-
dotite olivine form a depletion trend that reflects the extent
of melt depletion, yet the absolute values do not match pre-
dictions for the residues of melting. Our two-stage model,
consisting of mantle melting followed by subsolidus re-equi-
libration, reproduces the co-variation in Group III element
abundances between pyroxenes and olivine. This suggests
that olivine has diffusively lost these elements during sub-
solidus cooling. The re-equilibration temperatures recorded
by Yb and Y in olivine vary among the peridotites with tec-
tonic settings with Hess Deep having the highest, followed
by Gakkel and SWIR, and Tonga having the lowest tem-
peratures. This reflects the contrasting cooling rates among
these different tectonic environments and agrees with our
geothermometry observations in “Evaluating olivine trace
element thermometry” section.

Conclusions

In this study, we analyzed trace elements in olivine from
abyssal peridotites to investigate their behavior during for-
mation and evolution of the lithosphere at ridges and sub-
duction zones. We categorized our peridotites into residual,
melt-influenced, and melt-veined peridotites based on petro-
graphic and geochemical characteristics and compared each
category. We found that the systematics of olivine trace ele-
ments in abyssal peridotites follow the De Hoog et al. (2010)
classification into Group I-III elements. Analyses of each
of these groups reveals aspects of olivine geochemistry that
can be used to understand the petrogenesis of the oceanic
lithosphere:

e Group I elements, including Ni, Zn, Co, and Mn, are
dominantly hosted in olivine in peridotites. We found
that melt-veined peridotites have higher Mn, Co, Zn and
lower Ni, Fo, and Ni/Co contents compared to residual
peridotites. This highlights their potential as tracers of
melt-rock interaction.

e Group II elements are Al, Ca, Cr, and V. Their abun-
dances in olivine are strongly controlled by temperature
and we explored the application of Al- and Ca-in-olivine
geothermometers. We demonstrated that these thermom-
eters allow the cooling history of clinopyroxene-poor
lithologies to be examined, and that they provide con-
straints on rates of cooling and emplacement between dif-
ferent tectonic settings. Samples from the fast-spreading
Hess Deep record the highest (900-1100 °C) tempera-
tures, followed by the ultraslow-spreading Gakkel and
SWIR (700-1000 °C), within which the Tonga harzbur-
gites average at the lower end (700-800 °C). Infiltration
of gabbro veins in SWIR peridotites has re-equilibrated
these thermometers at~ 800 °C. Olivine-based thermom-
eters are thus useful for investigating the thermal histo-
ries of peridotites in the 600—1000 °C interval, which is
lower than the closure temperature for most pyroxene-
based thermometers.

e Group III elements, including Y, Yb, and Ti, are
extremely incompatible in olivine. The relative abun-
dances of these elements reflect the extent of partial
melting, but our two-stage model demonstrates that their
absolute concentrations are diffusively reset by subsoli-
dus re-equilibration. The temperatures predicted based
on the extent of subsolidus re-equilibration agrees with
thermometry estimates from Group II elements.

Altogether, we found that trace elements in mantle olivine
provide a record of processes involved in lithosphere forma-
tion, including partial melting, melt—rock interaction, and
cooling and subsolidus re-equilibration.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00410-023-02044-6.
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