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To understand how the mantle cools beneath mid-ocean ridge spreading centers, we applied a REE-
in-two-pyroxene thermometer and major element thermometers to peridotites from the Wadi Tayin
massif in the southern part of the Samail ophiolite in the Sultanate of Oman, which represent more
than 10 km of structural depth beneath the paleo-Moho. Closure temperatures for REEs in pyroxenes
deduced from the REE-in-two-pyroxene thermometer (Tggg) decrease smoothly and systematically with
depth in the section, from >1300°C near the crust to <1100°C near the metamorphic sole, consistent
Keywords: with previously observed, similar variations in mineral thermometers with lower cooling temperatures.
Mantle Estimated cooling rates decrease from ~0.3°C[y just below the crust-mantle transition zone (MTZ) to
REE ~1073°Cly at a depth of six km below the MTZ. Cooling rates derived from Ca-in-olivine thermometry
thermometry also decrease moving deeper into the section. These variations in cooling rate are most consistent with
Oman ophiolite conductive cooling of the mantle beneath a cold overlying crust. In turn, this suggests that hydrothermal
closure temperature circulation extended to the MTZ near the axis of the fast-spreading ridge where the igneous crust of the
geospeedometry Samail ophiolite formed. These observations are consistent with the Sheeted Sills model for accretion of
lower oceanic crust, and with previous work demonstrating very rapid cooling rates in the crust of the
Wadi Tayin massif. Our observations, combined with previous results, suggest that efficient hydrothermal
circulation beneath fast spreading centers cools the uppermost mantle from magmatic temperatures to
<1000°C as quickly as tectonic exhumation at amagmatic spreading centers. In contrast, thermometers
sensitive to cooling over lower temperature intervals indicate that the Wadi Tayin peridotites cooled
more slowly than tectonically exhumed peridotites sampled near the seafloor along mid-ocean ridges.
Hydrothermal cooling of the crust may have waned, so that the crust-mantle package cooled more
slowly, whereas rapid cooling of abyssal peridotites during tectonic exhumation continued to seafloor
temperatures.

© 2017 Elsevier B.V. All rights reserved.

Nickel and Green, 1985; Putirka, 2008; Wells, 1977; Witt-Eickschen
and Seck, 1991; Wood and Banno, 1973) and/or trace element ex-
change reactions (Eggins et al., 1998; Lee et al.,, 2007; Liang et al.,
2013; Seitz et al., 1999; Sun and Liang, 2015; Witt-Eickschen and
O’Neill, 2005).

The physical meaning of a temperature derived from the ap-
plication of a geothermometer to a natural sample depends on its
thermal history. In cases where the sample is maintained at con-
stant pressure and temperate conditions and then rapidly exhumed

1. Introduction

Geothermometers are widely used to investigate the thermal
history of mafic and ultramafic rocks. They utilize the temperature
dependent solubility or partitioning of a component among phases
in a mineral assemblage, allowing temperatures to be calculated
from measured mineral compositions. Geothermometers are cali-
brated experimentally or with well-equilibrated natural samples,
and depending on the thermometer, take advantage of temperature

dependent major element (e.g., Boyd, 1973; Brey and K&hler, 1990;
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or erupted, any well calibrated geothermometer should give a
temperature reflecting the condition of equilibration in agreement
with other thermometers (e.g., Liang et al, 2013; Smith, 2013;
Witt-Eickschen and Seck, 1991). No kinetic information is pre-
served in such samples. In contrast, if the sample cools sufficiently
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slowly to allow appreciable diffusive reequilibration to occur dur-
ing cooling, geothermometers will give a range of temperatures. All
will record higher temperatures for faster cooling rates, providing
the basis for “geospeedometry” (e.g., Dodson, 1973; Lasaga, 1983;
Ozawa, 1984), a powerful tool that has been widely used to
study the thermal history of crust and mantle formed at oceanic
spreading ridges (e.g., Coogan et al., 2002, 2005a, 2007a, 2007b;
Dygert and Liang, 2015; Faak et al., 2015; Faak and Gillis, 2016;
VanTongeren et al., 2008). In addition, the temperature recorded by
a given thermometer will depend on the effective diffusion rates of
the components used to calibrate the thermometer. Thermometers
based on slowly diffusing elements record higher temperatures
than those based on faster diffusing elements (e.g., for peridotites,
Dygert and Liang, 2015; Hanghej et al., 2010; Liang et al., 2013;
Miintener et al., 2010; Yao and Liang, 2015).

In this work we will discuss temperatures from three types of
thermometers. (1) The REE-in-two-pyroxene thermometer of Liang
et al. (2013), which utilizes the composition-dependent tempera-
ture sensitivity of exchange of trivalent REEs + Y between orthopy-
roxene (opx) and clinopyroxene (cpx). (2) Two-pyroxene solvus
thermometers (e.g., Brey and Kéhler, 1990; Lindsley, 1983; Lindsley
and Anderson, 1983; Wells, 1977), which parameterize tempera-
ture sensitive “transfer of the enstatite component between coex-
isting ortho- and clinopyroxene” around the solvus (Brey and Koh-
ler, 1990). In reality, this exchange reaction is more complicated as
unmixing of solid solutions during cooling involves coupled diffu-
sion of several major elements (e.g., Ca, Mg and Si), and net growth
of one phase at the expense of another. (3) Cation exchange ther-
mometers, which parameterize the temperature sensitivity of ex-
change of major elements between two phases (e.g., Fabries, 1979;
Kohler and Brey, 1990). For samples that cooled slowly, ther-
mometers based on exchange of trivalent elements (e.g., REEs,
Al) give temperatures tens to hundreds of degrees higher than
two-pyroxene solvus thermometers, which in turn give higher
temperatures than divalent cation exchange thermometers (e.g.,
D’Errico et al.,, 2016; Dygert and Liang, 2015; Liang et al., 2013;
Marchesi et al., 2016; Miintener et al., 2010; Sun and Liang, 2015;
Wang et al, 2015; Witt-Eickschen and Seck, 1991). These differ-
ences in temperature can be attributed to slower diffusion of triva-
lent elements compared to divalent elements (e.g., Chakraborty,
2010; Cherniak and Dimanov, 2010 and references therein), and
the slower diffusion of multivalent mineral components compared
to interdiffusion of isovalent cations.

As a general rule, the larger the difference between the tem-
peratures given by thermometers based on trivalent elements and
solvus or cation exchange thermometers, the slower the aver-
age cooling rate for the sample. Thermometers based on trivalent
cation exchange may reflect cooling rates in high temperature in-
tervals along the cooling path; solvus thermometers may reflect
cooling rates in intermediate temperature intervals along the cool-
ing path. Divalent cation exchange thermometers are sensitive to
lower temperature cooling intervals, and among themselves, are
sensitive to cooling at different temperatures, with thermometers
based on the fastest diffusing cations reflecting cooling over the
lowest temperature intervals.

In a recent study, Dygert and Liang (2015) applied the REE-
in-two-pyroxene thermometer of Liang et al. (2013) and several
solvus thermometers to abyssal peridotites and peridotites sam-
pled from the mantle section of ophiolites. Some ophiolites cooled
more slowly than abyssal peridotites. This was expected, as abyssal
peridotites are dredged from mantle exposures that were tecton-
ically exhumed along transform faults and detachment faults in
less than a million years, while ophiolites have crustal sections
that generally act as insulating barriers for underlying mantle peri-
dotites for many millions of years. In contrast, peridotites from the
northern Samail ophiolite appear to have cooled as quickly as the

abyssal peridotites based on REE thermometry. This is surprising
as the Samail ophiolite has a thick (5-7 km) crustal section and
probably formed at a fast-spreading center (e.g., Nicolas, 1989; Ri-
oux et al., 2012, 2013, 2016; Tilton et al.,, 1981), suggesting that
cooling of the mantle beneath mid-ocean ridges is independent of
spreading rate and the presence or absence of crust, at least in the
temperature interval from ~1300 to 1000 °C.

To investigate the thermal history of mantle peridotites beneath
thick crustal sections, as compared to mantle peridotites that are
tectonically exhumed along faults near mid-ocean ridges, we ap-
plied the REE-in-two-pyroxene thermometer (Liang et al., 2013)
and conventional major element-based pyroxene solvus, olivine-
cpx and olivine-spinel cation exchange thermometers (Brey and
Kohler, 1990; Fabries, 1979; Kohler and Brey, 1990; Putirka, 2008;
Wells, 1977; Witt-Eickschen and Seck, 1991) to a suite of sam-
ples from the Wadi Tayin massif in the southern Samail ophiolite
(Fig. 1), previously studied by Hanghgj et al. (2010). Corrected for
structural depth beneath the paleo-Moho, assuming that there is a
constant dip parallel to the crust-mantle transition, and that there
are no faults that repeat or omit section, these samples represent
more than 10 km of paleo-depth below the Moho, with continuous
outcrop. Samples from this section can thus be used to investigate
the dependence of cooling rate on depth beneath the crust.

Our focus on the Wadi Tayin massif was motivated by the ob-
servation of large gradients in major element thermometer tem-
peratures across the mantle section, with higher temperatures in
mantle samples near the base of the crust and lower temperatures
deeper in the section (Fig. 2, also see Fig. 7 in Hanghgj et al., 2010).
In addition, interpretation of closure temperatures for olivine-cpx
Ca-Mg exchange indicates that the entire crustal section in the
Wadi Tayin massif cooled very rapidly, with no systematic gradi-
ent in cooling rate with depth in the crust (VanTongeren et al.,
2008).

The southern massifs of the Samail ophiolite show some geo-
chemical characteristics indicative of a “subduction component”
(e.g., Pearce et al., 1981 and recent reviews in MacLeod et al., 2013
and Rioux et al., 2016), but also record a fast rate of submarine,
sea-floor spreading (Rioux et al., 2012, 2013; Tilton et al., 1981).
The massifs have a well-developed, gabbroic lower crust underly-
ing sheeted dikes and pillow basalts, with mid-ocean ridge basalt
(MORB)-like parental magmas and trace element chemistry, and
they have mantle composition similar to abyssal peridotites (e.g.,
Braun, 2004; Garrido et al., 2001; Godard et al., 2000; Hanghgj
et al., 2010; Kelemen et al., 1995, 1997a, 1997b; Nicolas, 1989;
Pallister and Knight, 1981). Thus, the southern massifs of the
Samail ophiolite in Oman represent the ophiolites with the great-
est affinities to crust formed at fast-spreading mid-ocean ridges.
As a result, our study provides new insight into the processes that
cool the mantle beneath present-day, fast-spreading mid-ocean
ridges such as the East Pacific Rise.

2. Samples and mineral compositions

Here we report major element compositions from analyses of
opx, cpx and olivine and trace element compositions of opx and
cpx in eight peridotites from the OM94 traverse originally stud-
ied by Hanghgj et al. (2010) (Fig. 3, Supplementary Tables S1
and S2, Supplementary Figs. S2-S5). Analytical methods are de-
scribed in the Electronic Supplement. The samples are depleted,
plagioclase-free harzburgites. Pyroxene minor element concentra-
tions plot at the depleted ends of the ophiolitic and abyssal peri-
dotite fields (Figs. 3a, 3b, Supplementary Figs. S2, S3). Consistent
with the depleted pyroxene compositions, bulk rock REE and other
incompatible trace element characteristics in Wadi Tayin peri-
dotites overlap the low end of the compositional range for abyssal
peridotites (Fig. 3a in Hanghgj et al., 2010). Similarly, spinel Cr#s in
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Fig. 1. (a) A geologic map of the Wadi Tayin massif, Samail ophiolite, modified from Hanghgj et al. (2010), and Nicolas et al. (2001). Inset shows the location of the massif in
southern Oman. Approximate locations of our samples are shown by the green circles. The green line cutting across the sample area is the Makhibiyah shear zone, which is
thought to have accommodated little or no relative motion between the adjacent blocks (Nicolas and Boudier, 2008). (b) The approximate depth of each sample beneath the
crustal section, assuming that there is a constant dip parallel to the crust-mantle transition, and that no faults repeat or omit section. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Tree, TN, Tca-in-opx» Tca-in-or» and Toigp plotted as a function of dis-
tance from the paleo-Moho for our OM94 samples. Note Trgg, Tpkn, Tca-in-opx» and
Tca-in—o1 decrease moving deeper into the section. Aside from a slight decrease at
the top of the section, To-s, exhibits little systematic variation with depth. Tge,
Tpkny and Tcg-in-opx May reflect to high temperature cooling histories while To;-s,
and T¢g-in-o1 may reflect low temperature cooling histories. The sensitivity of a
thermometer to cooling over a particular temperature interval depends on its for-
mulation (see main text).

the Wadi Tayin and adjacent Samail massif mantle sections range
from 35 to 73 (Cr# = 100 x molar Cr/(Cr 4 Al); Braun, 2004;
Hanghgj et al., 2010; Koga et al, 2001; Korenaga and Kelemen,
1997), overlapping the high end of the range in depleted abyssal

peridotites (maximum Cr# ~ 60) and extending to slightly higher
values (e.g., Dick and Bullen, 1984; updated compilation in Fig. 5
of Hanghgj et al., 2010). With the exception of one sample that
has slightly elevated REE concentrations and may have experi-
enced late-stage melt infiltration (OM94-114, Hanghgj et al., 2010),
REEs in cpx overlap the low ends of the fields defined by abyssal
peridotites and ophiolites (Fig. 3 in Kelemen et al., 1995). REE con-
centrations are generally higher in samples deep in the section,
and lower close to the Moho, consistent with increasing extents
of depletion with decreasing depth, due to decompression melting
and melt extraction. This agrees with the previous observation that
spinel Cr# in harzburgites increases upward from the base of the
section toward the Moho (Hanghgj et al., 2010). Other major ele-
ments exhibit little systematic variation as a function of distance
from the Moho (Supplementary Fig. S5). Overall, these observations
suggest that the Wadi Tayin peridotites are residues of decompres-
sion melting beneath a spreading center similar to a fast-spreading
mid-ocean ridge.

3. Temperatures and cooling rates

Temperatures obtained using the REE-in-two-pyroxene ther-
mometer of Liang et al. (2013) and solvus and cation exchange
thermometers developed by Brey and Koéhler (1990), Kohler and
Brey (1990), and Fabriés (1979) are plotted in Fig. 2 as a func-
tion of distance from the paleo-Moho. Brey and Kéhler’s Ca-in-opx
thermometer (Tcg-in-opx) is based on the Ca content of opx along
the solvus between two pyroxenes, and their two-pyroxene ther-
mometer (Tpgy) parameterizes unmixing along the solidus to form
cpx with different proportions of the diopside component. Koh-
ler and Brey’s Ca-in-olivine thermometer (Tcq-in-01) iS based on
Ca-Mg exchange between olivine and clinopyroxene. The olivine-
spinel thermometer (Tqi_sp) of Fabriés parameterizes Fe-Mg ex-
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Fig. 3. Pyroxene compositions in OM94 samples compared to abyssal and ophiolitic
peridotites. Abyssal peridotite data are from PetDB, and data for ophiolitic peri-
dotites are from the compilation of Dygert and Liang (2015) (see caption to Fig. 4
for individual references). Incompatible minor elements are shown in (a) cpx and
(b) opx. Note the OM94 samples plot with depleted abyssal and ophiolitic peri-
dotites, suggesting high extents of partial melting. (c) Chondrite normalized REEs
in cpx from ophiolites and abyssal peridotites. REE patterns and concentrations are
similar to depleted abyssal peridotites, as also reflected in whole rock data for REEs
and other incompatible trace elements (Hanghgj et al.,, 2010, Figs. 3 and 4). Con-
centrations of REEs in cpx generally increase moving deeper into the section, with
the exception of OM94-114 which may have experienced a melt infiltration event
(Hanghgj et al., 2010). (d) Chondrite normalized REE concentrations in cpx (solid
lines) and opx (dotted lines). Error bars are 1o standard deviations of replicate
analyses.

change between the two minerals. For each sample, the ther-
mometers give different temperatures, but the variation in Tggg,
Tgkn, Tca-in-opx» and Tcg-in-or is fairly well-correlated. For those
thermometers, samples near the paleo-Moho have higher temper-
atures than samples deeper in the section, as previously shown
for Ty, and Tcg-in-opx by Hanghgj et al. (2010, see their Fig. 7).
As shown in Fig. 2, Tgree exhibit a smooth and systematic de-
crease from >1300°C near the crust to <1100°C at the bottom
of the section, while Tcg-in-opx and Tpgy show slightly differ-
ent patterns, with highest temperatures near the crust (Tpxy =
1060 °C, Tcg-in-opx = 1127 °C), lowest temperatures in the mid-
dle of the section (Tpkn = 718°C, Tcg-in-opx = 892°C), and in-
termediate temperatures near the ophiolite’s metamorphic sole
(Tpn =834°C, Tcg-in-opx = 961 °C). Tcg-in-o1 decrease from a high
of 855°C near the crust to a low of 633°C in the middle of the

section. Aside from a sample with a slightly higher temperature
near the crust, To-s, shows no significant variation with depth,
as is true for temperatures determined using the Al-in-opx ther-
mometer of Witt-Eickschen and Seck (1991) (Table 1). However,
the OM94 pyroxene compositions fall outside the calibration range
of the empirical Al-in-opx thermometer.

Temperatures determined using the REE-in-two-pyroxene ther-
mometer are plotted versus Tpgy and Tcg-in-opx in Figs. 4a and 4b.
In addition to samples from Oman and other ophiolites, abyssal
peridotites and subcontinental peridotites from thermally stable
environments are shown (plots for other thermometers are pre-
sented in Supplementary Fig. S1). The two OM94 samples nearest
to the paleo-Moho have Tggy and Tcg-in-opx Similar to those in
abyssal peridotites and slightly higher Tggp than the abyssal peri-
dotites. They have major element temperatures overlapping those
for other samples from Oman but higher Trge. Samples from the
OM94 traverse deeper in the Wadi Tayin section record lower
temperatures than abyssal peridotites, overlapping those of other
ophiolites. The similar distribution of data in Figs. 4a and 4b
demonstrates that the temperature systematics we observe are not
an artifact of a particular thermometer (e.g., also see Supplemen-
tary Fig. S1c). Fig. 4c compares Toj-sp and Tcg-in-o; for peridotites
from Oman, other ophiolites, and abyssal peridotites. Oman sam-
ples have lower Tq.s, than many abyssal peridotites and lower
Tcq-in-o1 than most abyssal peridotites, which is true of all ophio-
lites.

To interpret the physical meaning of the temperatures recorded
by major and REE-based thermometers, we must consider the con-
cept of closure temperature, and evaluate whether the tempera-
tures we observe qualify as closure temperatures. Closure temper-
ature is defined as the lower temperature limit at which diffusive
exchange of an element (or component) between a mineral and its
surroundings effectively ceases during cooling (Dodson, 1973). For
a mineral surrounded by an effectively infinite reservoir, Dodson’s
equation for closure temperature, T, is given by

E ART?Dg

—=In|—7—1, 1
RT. Ea2s (1)

where E and Dg are the activation energy and the pre-exponential
factor for diffusion of the element of interest, respectively; A is a
geometric constant (here we assume a sphere); a is an effective
grain size; § is the cooling rate at T.; and R is the gas constant.
In this formulation, T, is the mean or average closure temperature
across the mineral grain. We will use the mean closure tempera-
ture or closure temperature, for short, in our discussion below.

In a majority of published studies, temperatures derived from
major or trace element-based thermometers for a sample are cal-
culated using average concentrations based on chemical analysis of
several mineral grains in a thin section. It is reasonable to interpret
major element exchange thermometer temperatures as the mean
closure temperatures or proxies for closure temperatures if (1) an-
alytical quality is good and representative, and (2) the sample of
interest had a simple thermal history, i.e., not disturbed by melt
infiltration, metasomatism, or another geologic processes. Tggg are
more difficult to interpret, as the REE-in-two-pyroxene thermome-
ter depends on major and trace element exchange between two
pyroxenes, and gives a single temperature for all REEs + Y. Nu-
merical simulations of REE diffusive exchange between pyrox-
enes in cooling opx-cpx aggregates (Yao and Liang, 2015), and
comparisons among natural samples from a variety of tectonic
environments (including subcontinental mantle, mid-ocean ridge
spreading centers, subduction zones, incipient rifts, and ophiolites,
Dygert and Liang, 2015; Liang et al., 2013; Sun and Liang, 2015;
Wang et al., 2015) indicate Tggr reflect average closure tempera-
tures for diffusive exchange of REEs+Y between opx and cpx. This
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Table 1

Temperatures and cooling rates.
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2.84E—-01

115

766 1055

855
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18

0M94-114

@ Calculated with the thermometer of Fabriés (1979) using olivine and spinel data from Hanghgj et al. (2010).

b Wells (1977).

¢ Eq. (37), Putirka (2008).

4 Witt-Eickschen and Seck (1991). Note the pyroxene compositions are outside the calibration range for this thermometer.

€ Grain size is estimated assuming the shortest bisector establishes the effective grain size. Grain size is weighted by the number of laser spots in a grain of a particular size.

f Single olivine grains or two grains of approximately the same size were analyzed.

& Cooling rate cannot be obtained for this sample, see main text.

is further supported by the small Tggr uncertainties for the OM94
samples, which depend on the linearity of the Tggg inversions (i.e.,
the consistency among Trge given by individual REEs, Supplemen-
tary Fig. S11). Collectively, the new major and trace element data
reported here (Fig. 3, Supplementary Tables S1 and S2), system-
atic variations of Tgeg, Tca-in-opx,» Tskn, and Tcg-in-o1 With depth
(Fig. 2), and linearity of the temperature inversions suggest the
Tree temperatures recorded by the Wadi Tayin peridotites can also
be considered closure temperatures (see discussion below for one
or two exceptions and further analysis).

Closure temperatures from two thermometers can be used to
estimate an average cooling rate for a sample by comparison of the
temperatures. This method requires that (1) the relative reequi-
libration rates for the thermometers can be reasonably assumed,
(2) the sample of interest was in chemical equilibrium at an ini-
tial high temperature and cooled to its closure temperature at a
constant rate in a closed system, (3) the rate of grain growth is
insignificant compared to the rate of cooling, and (4) grain size
is known. Using approximate solutions to diffusion equations for
bimineralic systems, Liang (2014) showed that for two miner-
als, diffusive reequilibration rates follow the “minor’s rule”, which
states the mineral with the lesser amount of a trace element in the
system controls the reequilibration timescale. This idea was further
explored in numerical simulations of REE redistribution in two py-
roxene systems by Yao and Liang (2015), and by Liang (2015), who
developed a generalized closure temperature equation for biminer-
alic systems. These studies found that, except in peridotites with
very little cpx (¢epx/Popx < 0.05, where ¢ is the volume fraction
of the mineral), REE diffusion in opx determines reequilibration
timescales for the REE-in-two-pyroxene thermometer. This is an
intuitive result; because opx/cpx partition coefficients are gener-
ally <0.05 and decrease further with decreasing temperature (e.g.,
Sun and Liang, 2014), unless cpx abundance is very low, most REEs
in peridotites reside in cpx. Thus, in cases where ¢cpx/@opx > 0.05,
cpx can be treated as a semi-infinite reservoir for REEs and most
temperature-sensitive reequilibration will take place in REE-poor
opx. Calculated using bulk major element analyses from Hanghgj
et al. (2010), normative cpx/opx for most OM94 samples are >0.08
(Supplementary Table S3). (These normative estimates may or may
not be representative of the thin sections we analyzed, as the
cpx/opx content of the subsamples used to make the thin sections
may differ from the subsamples analyzed for bulk composition.)
Because diffusion of REEs in opx is not sensitive to REE ionic ra-
dius (Cherniak and Liang, 2007), individual REEs should all record
the same Tgge for a given sample with ¢epx/Popx > 0.05. This is
suggested by the linearity of the eight OM94 samples in the Tggg
inversion diagrams (Supplementary Fig. S11).

An effective Arrhenius relation for inter or chemical diffusion of
major elements involved in the two pyroxene thermometer of Brey
and Kohler (1990) is difficult to interpret, as this thermometer re-
lies on exchange of the enstatite component between coexisting
cpx and opx, and growth of cpx along the pyroxene solvus during
cooling. Cpx growth during cooling is only volumetrically signifi-
cant relative to cpx present at magmatic temperatures for Ca-poor
samples. According to mineral norms for OM94 peridotites (Sup-
plementary Table S3), cpx grown at subsolidus temperatures is
minor relative to cpx present at magmatic temperatures in 6 of
the 8 samples investigated here. For the samples that experienced
insignificant cpx growth during cooling, Tpgy closure temperatures
may be reasonably approximated by Arrhenius relations for Ca-
Mg-Fe exchange between diopside and enstatite. As diffusion data
needed to model this exchange are not currently available, Dygert
and Liang (2015) compared Tpgy for ophiolitic peridotites to clo-
sure temperatures calculated using Fe-Mg diffusion coefficients
from 7 sources and Dodson’s closure temperature equation, ulti-
mately selecting an Arrhenius relation for Fe-Mg interdiffusion in
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cpx (Dimanov and Wiedenbeck, 2006). This choice best matches
temperatures in Tgpegr and Tpgy space recorded by slow cooling
peridotites. According to Eq. (1), they should converge to a line
left of and sub-parallel to the 1:1 line in Fig. 5 (also see Fig. 8 in
Dygert and Liang, 2015). Choosing an Arrhenius relation allows us
to calculate cooling rates which should be accurate relative to each
other for OM94 samples that are not very cpx poor.

Fig. 5 presents closure curves constructed using a modified
form of Dodson’s equation (Ganguly and Tirone, 1999), which
models the dependence of closure temperature (T.) on grain size,
initial temperature, and cooling rate, assuming the closure of Tggg
are rate-limited by diffusion of REEs in opx (Cherniak and Liang,
2007) and the closure of Tggy are approximated by diffusion of
Fe-Mg in cpx (Dimanov and Wiedenbeck, 2006). We emphasize
that (1) this method assumes one-stage cooling at constant rates
and grain size, (2) gives an average cooling rate over the temper-
ature interval recorded by the thermometers. Closure curves are
presented for a range of initial temperatures (as indicated right of
the 1:1 line). Numbers above the hottest cooling curve are cooling
rates in °Cly. As demonstrated by the closure curves, the position
of a sample in temperature space generally indicates its relative
cooling rate, with samples farther from the 1:1 line experiencing
slower cooling. These closure curves were calculated for an effec-
tive and constant grain radius of 0.5 mm but can be scaled to
other grain sizes as T, varies with radius squared (Eq. (1)). Because
pyroxene grain size varies by orders of magnitude among natural
samples, scaling to measured grain sizes is critical when using this
method to estimate cooling rates.

Assuming one-stage cooling, the path of a sample in temper-
ature space is as follows: Starting on the 1:1 line, it moves left
along a cooling curve corresponding to its initial temperature. If
it cools sufficiently slowly, the sample will then move diagonally
downward along the curve given by Eq. (1). Samples that fall to
the left of the cooling curves may record closure temperatures
that are not meaningful due to geochemical disturbance (e.g., melt-
rock interaction), data quality issues, complex cooling histories that

Fig. 4. Comparisons of temperatures derived from several geothermometers, addi-
tional comparisons are shown in Supplementary Fig. S1. Gray circles (highlighted by
peach fields in (a) and (b)) are abyssal peridotites. Samples from Oman are large cir-
cles, other ophiolites are shown as blue circles, red circles are subcontinental peri-
dotites. (a) Tree plotted against Tpky. Note that many samples from Oman have Trgg
and Tpgy similar to abyssal peridotites. This suggests abyssal peridotites and Oman
peridotites cooled at similar rates from initially high temperatures. In contrast, sam-
ples from many other ophiolites have Tggr similar to abyssal peridotites, but lower
Tpin. (b) Tree plotted against Tcg-in-opx- As in (a), abyssal peridotites and some
samples from Oman have similar temperatures, while many ophiolites have lower
Tca-in-opx than the abyssal peridotites, demonstrating that the temperature system-
atics hold up for different thermometers. (c) A comparison of To-s, and Tcg-in-o1
temperatures. Because their parameterizations are based on fast-diffusing mineral
components, these thermometers are more sensitive to the low temperature cool-
ing history of a sample than the Tgeg, Tcg-in-opx, and Tpgny thermometers. The figure
shows that samples from Oman and other ophiolites have lower Tq-s, than many
abyssal peridotites and lower Tcq-in-o1 than most abyssal peridotites, suggesting that
in general, ophiolites cool more slowly than abyssal peridotites at low temperatures
(<900°C). Additional Oman data: Akizawa et al. (2016) are harzburgites from Wadi
Fizh, Wadi Thugbah, Wadi Rajmi, and Wadi Sarami in central and northern Oman.
They were mostly collected at what are interpreted as paleo-spreading center seg-
ment ends. Three exceptions are from the central portion of the Thugbah massif,
among them, Tgge is highest in a sample closest to the paleo-Moho. Akizawa et al.
(2012) are harzburgites from Wadi Fizh in the northern Samail ophiolite, ~5 km
W of the Moho (distance in map view); Takazawa et al. (2003) is from deformed
Wadi Fizh lherzolites near the basal thrust. Data sources for other ophiolites and
subcontinental peridotites are the following: Aldanmaz (2012), Barth et al. (2003),
Batanova et al. (2011), Dygert and Liang (2015), Dygert et al. (2016), Jean et al.
(2010), Khedr et al. (2014), Marchesi et al. (2011), Miintener et al. (2010), Riches
and Rogers (2011), Takazawa et al. (2003). Data sources for abyssal peridotite Tgge
are the following: Brunelli and Seyler (2010), D’Errico et al. (2016), Hellebrand et
al. (2005), Seyler et al. (2011), Warren et al. (2009). Abyssal peridotite Toj-s, and
Tce-in-or are augmented with data for plagioclase-free samples from the compila-
tion of Warren (2016). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)



140 N. Dygert et al. / Earth and Planetary Science Letters 465 (2017) 134-144

1500 T T T LA N N R N B I B B
L . 1 _
1400 |~ 1 10 00 —
L 1e-1 i

1300 A —120ne
, le-2 = T,=1300°C]
B % o) O b
1200 — 19000 _
I 1g-3 - : T,=1200°C |
g_) 1100 __ 1e_4 .° ) R .. T0=1100°C __

W 7
w | & - o —
L& 1000 ~— T,=1000°C
i Abyssal Oman |
900 QOThis study ]
- @Akizawa et al., 2016 | -
800 QOAkizawa et al., 2012| _|
@Takazawa et al.

B Other Peridotites |
700 — @ Abyssal —
L @ Ophiolitic |

600 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1

600 800 1000 1200 1400
TBKN (°C)

Fig. 5. Closure temperature cooling curves calculated using the method of Dygert
and Liang (2015) overlaid on measured closure temperatures for the REE and BKN
thermometers. Calculations were made assuming the cooling rate was constant
throughout the cooling interval recorded by these two thermometers. Initial tem-
peratures (To) for each cooling curve are indicated right of the blue 1:1 line. Cooling
rates calculated for a 0.5 mm radius opx grain (°C/y) are indicated above the high-
est cooling curve; divide by 100 to rescale cooling rates for 5 mm radius grains. For
reference, the OM94 opx we analyzed have (on average) radii of 0.425-1.15 mm (Ta-
ble 1, Supplementary Figs. S7-S10); the abyssal peridotites apparently have larger
radii (up to 7.5-10 mm according to Hellebrand et al., 2005 and Brunelli and Seyler,
2010). Black lines originating from the To = 1400 °C cooling curve indicate cooling
rates for lower Ty. At slow cooling rates, the curves converge to Eq. (1) (Dodson,
1973), the line left of and sub-parallel to the 1:1 line. Cooling curves were cal-
culated with the closure temperature model of Ganguly and Tirone (1999) using
diffusion data for REE in opx for Tgge (Cherniak and Liang, 2007) and diffusion data
for Fe-Mg interdiffusion in cpx for Tpgy (Dimanov and Wiedenbeck, 2006) (see ex-
planation in the main text). Cpx in sample OM94-98, which plots left of the cooling
curves, may have exsolved from opx at low temperature (cf. Supplementary Fig. S8).
A meaningful cooling rate for this sample cannot be determined. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

are difficult to interpret using closure temperatures alone, or have
been cpx-free at magmatic temperatures. It is important to reiter-
ate the need for accurate diffusion data in modeling the closure
of relevant major and trace elements in the two-pyroxene systems.
Future study should also consider effects of major element com-
position and pressure on cation diffusion and closure temperatures
in pyroxenes.

Five of the eight OM94 samples plot along a single cool-
ing curve corresponding to an apparent initial temperature of
~1330°C. We interpret the three outliers as follows: The sam-
ple that falls far to the left of the cooling curve (OM94-98) has
small cpx (80-150 pum in diameter) hosted by large opx grains
(Supplementary Fig. S7) and low bulk Ca, suggesting all of its cpx
exsolved from opx at subsolidus temperatures. In a scenario where
cpx grows from opx at low temperature, REEs are likely to be
depleted in a metamorphic halo in the host opx immediately sur-
rounding the growing cpx grain. This would starve the growing cpx
of REEs. Because opx/cpx REE partition coefficients decrease with
decreasing temperature (Eggins et al., 1998; Sun and Liang, 2014;
Witt-Eickschen and O’Neill, 2005), analysis of cpx with artificially
low REE concentrations in cpx, together with “correct” REE concen-
trations in opx away from the depletion halo, would lead to artifi-
cially high Tggg. Such a sample would also have a low Tpgy. Thus,
we infer that OM94-98 does not provide closure temperatures rel-
evant to the high-temperature cooling history of the ophiolite.
The other two samples that plot away from the cooling curve de-

fined by five samples, to the right of the cooling curve (OM94-61,
OM94-67), are at the base of the mantle section of the ophiolite,
near the metamorphic sole. Thus, these two samples may record
a thermal disturbance related to obduction. (We caution that one
of these samples, OM94-61, has low bulk Ca and may have been
cpx-free at magmatic temperatures.)

Apparent cooling rates obtained from the closure curves (cor-
rected for measured grain sizes) are plotted as a function of dis-
tance from the paleo-Moho in Fig. 6 (red and blue squares), and
presented in Table 1. The cooling rates mimic the closure tempera-
tures; they are high near the paleo-Moho (~0.3 °C/y), gradually de-
creasing to a minimum in the middle of the section (~10=3°C/y)
before an apparent increase at the base (~5 x 1073 °Cly). Shown
for comparison are cooling rates obtained using Ca-in-olivine ther-
mometry (Kéhler and Brey, 1990) and Dodson’s (1973) equation
(white and green circles) using a diffusion coefficient for Ca in
olivine from Coogan et al. (2005b) (parallel to c-axis). Rates for
samples from the crustal section (unfilled circles, VanTongeren et
al., 2008) agree with rates for the mantle section (green circles,
this study), and the fast cooling rates obtained using Tggr and
Tgkn for peridotites closest to the Moho. This consistency is strik-
ing, especially as the cooling rates were obtained using different
minerals, thermometers, and methods.

Previous studies applying olivine-spinel geospeedometers to
ophiolitic peridotites have obtained cooling rates somewhat consis-
tent with our results. Investigating dunites from Wadi Bani Kharus
in the Nakhl massif of the Samail ophiolite in Oman, Coogan et
al. (2007b) found rates of ~10=2°CJy near the Moho, ~10~3 °Cjly
in the interior of the mantle section, and ~10~2°CJy at the basal
thrust. Ozawa (1984) found cooling rates of ~10~4-10=2°CJy for
peridotites from several Japanese ophiolites (Horoman, Iwanaidake,
and Miyamori). Rapid Fe-Mg diffusion makes olivine-spinel ther-
mometers sensitive to low temperature cooling processes and
spinel grain size, which may explain some of the inconsistency
with our observations; choice of diffusion data also significantly
affects calculated cooling rates.

4. Interpretations

Our next task is to understand what physical processes could
have brought about the spatial variations in closure temperatures
and cooling rates with depth in the mantle section. The cooling
history of the oceanic upper mantle is intimately related to the
cooling history of the overlying crust. A body of literature has
explored the thermal history of the oceanic crust in an effort to
evaluate mechanisms of crustal accretion (e.g., Coogan et al., 2002,
2007b; Faak et al., 2015; Faak and Gillis, 2016; Garrido et al., 2001;
VanTongeren et al., 2008). There are two end-member crustal
accretion models; in the Gabbro Glacier model, lower oceanic
crust accretes from crystallization in a single magma chamber
beneath the axis of a spreading center (Henstock et al., 1993;
Phipps Morgan and Chen, 1993; Quick and Denlinger, 1993; Sinton
and Detrick, 1992; Sleep, 1975). Newly formed crust advects down-
ward from the magma chamber floor and away from the ridge axis
as seafloor spreading progresses. In contrast, in the Sheeted Sills
model, oceanic crust accretes from crystallization of small sills at
many depths within the lower crust, and the sills were emplaced
at depths they are observed today (Kelemen et al., 1997a, 1997b;
Korenaga and Kelemen, 1998; VanTongeren et al., 2008, 2015). Hy-
brid models that combine features of these two end-members have
also been proposed (e.g., Boudier et al., 1996). In fact, even the
schematic sheeted sill illustrations of Kelemen et al. (1997a, 1997b)
and Korenaga and Kelemen (1998) include a small gabbro glacier
forming the uppermost part of the plutonic oceanic crust.

The end-member crustal accretion models have different re-
quirements for crustal cooling. The Sheeted Sills model requires
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Fig. 6. Cooling rates of OM94 peridotites based on REE and BKN thermometry (red
and blue squares, Table 1 and Fig. 5) and Ca-in-Ol thermometry (green circles)
based on olivine-cpx Ca/Mg exchange. Also shown are rates for crustal gabbros
(white circles; VanTongeren et al., 2008). Measured cooling rates are compared to
cooling rates modeled using Eq. (2), and from Cherkaoui et al. (2003). Conductive
cooling models assume a thermal diffusivity of 1 x 10~ and an initial temperature
of 1350°C. Blue squares are samples that may have cooling histories affected by
the obduction process. (a) Comparison with models that assume conductive cool-
ing of the lower crust and mantle. We assume hydrothermal circulation is pervasive
in the upper oceanic crust and fix the temperature 2.5 km beneath the seafloor at
200°C. The results are almost identical in simulations where temperature is fixed
at 0°C at the same depth. These models underestimate cooling rates of the lower
crust and mantle. (b) Comparison with models that assume the entire crust cools
by hydrothermal circulation. In the model of Cherkaoui et al. (2003), the crust has a
permeability of 1 x 10~'4 m?. The conductive models assume cooling of the mantle
into a cold overlying crust with a constant temperature (200 °C). Again, the results
are almost identical in simulations where temperature at the crust-mantle interface
is fixed at 0°C or 350°C. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

deep and efficient hydrothermal circulation beneath the ridge axis
to accommodate latent heat produced by crystallization of the sills
(e.g., Maclennan et al., 2004). The Gabbro Glacier model requires
that immediately beneath the ridge axis, hydrothermal circula-
tion is limited to the extrusive section of the crust, while the
lower crust and underlying mantle cool mainly by conduction.
(This might not preclude deep hydrothermal circulation within a
few km of the mid-ocean ridge axis around a very tall and narrow

Gabbro Glacier, Buck, 2000.) Making the simplifying assumptions
that the lower crust and the uppermost mantle have the same
initial temperature, and that heat conduction in the direction of
seafloor spreading can be neglected, we can test whether the ob-
served cooling rates are consistent with conductive cooling of the
crust and mantle (and by extension, the Gabbro Glacier model) us-
ing a half-space solution to the one-dimensional heat conduction
equation,

T = (T1 — To) xerf(zim) +To. 2)

where T; is the initial temperature of the rock and Tg is the tem-
perature at the rock-seawater interface; z is the depth beneath the
seafloor; t is time; and « is thermal diffusivity (Eq. 4-125, Turcotte
and Schubert, 2002). Taking the derivative of Eq. (2) with respect
to time gives the instantaneous cooling rate, which varies nonlin-
early in time at a given z. More useful is an average cooling rate
calculated over the observed Tgrgg, Tpgn, and Tcg-in-o1 Closure tem-
perature intervals of our samples.

The results of several models for conductive cooling of the
lower crust and mantle are presented in Fig. 6a. Average cool-
ing rates calculated over high temperature cooling intervals (e.g.,
the magenta line, 1300-1000°C) are faster than cooling rates
calculated over lower temperature intervals (e.g., the black line,
850-700°C). These models underestimate cooling rates recorded
by crust and mantle rocks throughout the section, more impor-
tantly, they fail to match the spatial variation of cooling rate with
depth. We conclude that purely conductive cooling of the lower
crust and mantle is inconsistent with the closure temperatures and
cooling rates preserved at Wadi Tayin, suggesting the lower crust
in that section was not emplaced in a gabbro glacier.

A crustal cooling model from Cherkaoui et al. (2003) is shown
in Fig. 6b (purple vertical line). Cherkaoui et al. (2003) incorpo-
rated both heat conduction and hydrothermal circulation in their
models, which provide a better match than purely conductive cool-
ing models to the crustal closure temperatures and corresponding
cooling rates of VanTongeren et al. (2008) in the Wadi Tayin mas-
sif. Intrigued by these results, we calculated cooling rate profiles
for the mantle assuming conductive cooling of the mantle section
below the Moho, overlain by a cold lower crust with constant tem-
perature. (We used 200 °C, based on Cherkaoui et al., 2003; crustal
temperatures between 0 and 350°C would provide similar re-
sults.) The correspondence between the models and the curvature
and magnitude of the cooling rate profiles suggests that the Wadi
Tayin mantle section cooled by conduction below a cold overly-
ing crust, in agreement with the Sheeted Sills model and the data
of VanTongeren et al. (2008). These findings are consistent with a
recent investigation of lattice-preferred orientations in Wadi Tayin
crustal gabbros (VanTongeren et al., 2015), which found no evi-
dence for the plagioclase a-axis alignment that would be produced
by advection of crust from an axial magma chamber (required by
the Gabbro Glacier model). Instead, in the lower crust, girdles de-
fined by plagioclase a-axes are perpendicular to the paleo-Moho,
consistent with the Sheeted Sills model.

Samples nearest to the paleo-Moho (which have Tggr > 1300 °C)
experienced very fast cooling that effectively froze REE abundances
in coexisting pyroxenes at magmatic temperatures. Seawater in-
filtration caused by faulting would rapidly cool the mantle, but
may also produce a cooling rate profile with near-constant, fast
cooling rates, unlike the gradual, systematically decreasing cool-
ing rates we observe (Fig. 6). Our observations are most consistent
with efficient hydrothermal circulation that extended to (but not
far beneath) the base of the crustal section. Serpentinization of the
mantle at the paleo-Moho (and the associated volume increase)
may have formed a barrier to deeper circulation of seawater, pre-
venting hydrothermal cooling of the mantle, as previously pro-
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posed by Hanghgj et al. (2010). Thus, serpentinization of ophiolitic
peridotites may largely take place off axis, perhaps during or after
obduction.

Although the presently available data are admittedly limited,
we interpret the pyroxene solvus temperatures, with the associ-
ated, apparent increase in cooling rates at the base of the section,
as reflecting a late thermal disturbance related to obduction. The
samples may have been heated from below by frictional sliding
along the ophiolitic sole after earlier closure of the major and trace
element thermometers. Because of the slow diffusion of REEs com-
pared to major elements, this could increase Tpgy at ~ constant
Tgree, moving the samples from the Dodson (1973) closure temper-
ature cooling curve rightward toward the 1:1 line (Fig. 5). Alter-
natively, the samples may have been quenched from below during
obduction, requiring initiation of basal thrusting while the mantle
lithosphere was still young and hot (e.g., Hacker et al., 1996).

Finally we turn to the Toj-sp and Tcg-in-or Systematics (Fig. 4c).
The OI-Sp and Ca-in-Ol thermometers are based on exchange of
relatively fast-diffusing mineral components and are thus typically
sensitive to cooling at temperatures <1000 °C (at mantle-relevant
cooling rates). In general, Toj-sp and Tcg-in-o1 are lower for ophio-
lites than abyssal peridotites as noted previously by Hanghgj et al.
(2010), suggesting that ophiolites cool more slowly than abyssal
peridotites at temperatures <1000 °C. This presents an interesting
contrast to cooling of ophiolitic peridotites and abyssal peridotites
at high temperatures, which appears to occur at similar rates. Per-
haps hydrothermal cooling at the base of ophiolite crusts slows
or stops during obduction, whereas rapid cooling of peridotites in
abyssal environments continues as they migrate to the seafloor by
tectonic exhumation.

5. Summary and conclusions

Abyssal peridotites and samples from the mantle section of the
Wadi Tayin massif of the Samail ophiolite in Oman appear to have
experienced similar high temperature cooling histories (Dygert and
Liang, 2015). Because abyssal peridotites are dredged from amag-
matic environments while the Oman ophiolite has a thick crust,
the cooling rate of the mantle beneath mid-ocean ridges in the
temperature interval from ~1300 to ~1000°C appears to be in-
dependent of spreading rate or the presence or absence of crust.
To understand what physical mechanisms cool the mantle beneath
mid-ocean ridges, we applied the REE-in-two-pyroxene thermome-
ter of Liang et al. (2013) and major element thermometers of Brey
and Kohler (1990), Kohler and Brey (1990), and Fabriés (1979)
to peridotites from a transect through the mantle section of the
Wadi Tayin massif in the southern Samail ophiolite in Oman. Cor-
rected for structural depth, the section represents 10 km of man-
tle stratigraphy, making it suitable for investigating physical con-
trols on cooling. Samples exhibit a statistically significant gradient
in major element and REE-in-two-pyroxene closure temperatures,
with Tggg > 1300°C near the paleo-Moho and <1100°C at the
base of the section. Based on cooling curves constructed using
Arrhenius relations for REE and Fe-Mg diffusion in pyroxene, we
estimated cooling rates which vary systematically throughout the
section. The uppermost mantle was cooled from high tempera-
ture at a rate (~0.3°CJy) consistent with previous estimates for
the crust (VanTongeren et al., 2008). Cooling was slowest ~6 km
beneath the paleo-Moho (~103 °CJy) and may have been slightly
faster near the ophiolitic sole (~5 x 10~3 °CJy). Cooling rates cal-
culated for the Ca-in-olivine thermometer are slower, and also de-
crease moving deeper into the section.

We used half-space cooling models to better understand our
observations, which demonstrate that conductive cooling alone un-
derestimates cooling rates of rocks in the crust and mantle. The
spatial variation in cooling rates can be explained by conductive

heat loss from the mantle into a cold overlying crust, suggesting
hydrothermal circulation extended to (but not far beneath) the
Moho at the ridge axis. These observations are most consistent
with the Sheeted Sills model for accretion of oceanic crust. A lack
of hydrothermal circulation beneath the Moho near the ridge axis
suggests serpentinization of the mantle in ophiolites must largely
take place off axis, perhaps during or after obduction. Fast cool-
ing at the base of the mantle section can be attributed to frictional
heating during obduction, or quenching associated with emplace-
ment of the ophiolite along the basal thrust while the mantle was
still hot. This study suggests that efficient hydrothermal cooling
of the crust beneath mid-ocean ridges cools the uppermost man-
tle through the temperature interval from ~1300 to 1000°C as
quickly as tectonic exhumation in amagmatic environments. Ther-
mometers based on fast diffusing cations seem to record lower
closure temperatures and slower cooling rates for ophiolite sam-
ples compared to exhumed peridotites, perhaps because hydrother-
mal cooling slowed at the base of ophiolite crust during obduction,
whereas rapid cooling of peridotites in abyssal environments due
to tectonic exhumation continued to the seafloor. Overall, our new
data demonstrate that the REE-in-two pyroxene thermometer is a
powerful tool for unraveling the high-temperature cooling history
of ultramafic rocks, placing new constraints on important tectonic
and geophysical processes. We hope this work motivates new ef-
forts to model hydrothermal cooling beneath mid-ocean ridges,
more detailed investigations into the cooling histories of ophiolites
and abyssal peridotites, and additional studies of cation diffusion
in pyroxene.
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