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Abstract

Chemical diffusion of Ca has been characterized in natural enstatite under buffered conditions (IW, NNO) and in air.
Experiments were conducted using synthesized powder sources, with Ca diffusion profiles measured with Rutherford
Backscattering Spectrometry. A variety of sources of diffusant were used to investigate the effects of silica activity and Ca
concentration on diffusion. Calcium diffusion appears relatively insensitive to crystallographic orientation and oxygen fugac-
ity under the range of investigated conditions, and also appears little influenced by differences in silica activity and Ca con-
centration in the diffusant source. For Ca diffusion in a natural enstatite, we obtain the following Arrhenius relation for
diffusion over the temperature range 750-1150 °C,

D = 1.17 x 10~ %xp(—240 + 10 kJ mol~!/RT) m%sec™'.

Calcium diffusion is slower than Mg, Cr and Fe in enstatite, but faster than larger divalent cations Pb and Eu that also are
likely to preferentially occupy the M2 site. Calcium diffusion is also faster than that for trivalent REE and tetravalent Ti in
enstatite. Calcium diffusivities in enstatite are intermediate between Ca diffusivities in clinopyroxene and olivine, with Ca dif-
fusion in enstatite about 2 orders of magnitude faster than Ca self-diffusion in diopside and 2 orders of magnitude slower than
Ca diffusion in olivine.

Diffusion parameters obtained from this study were used to develop a simple model for closure temperature of the Ca-in-
opx thermometer of Brey and Kohler (1990). By coupling closure temperature and the Ca-in-opx thermometer, it is possible
to constrain cooling rates of peridotites and pyroxenites. Applications to peridotites from the Lanzo Massif and the Oman
ophiolite are presented.
© 2022 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Pyroxene is a major rock-forming mineral in the Earth’s
upper mantle and lower crust, and plays an important role
in the generation and differentiation of mafic and ultramafic
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rocks in the Earth, Moon, Mars, and other planetary bod-
ies. Orthopyroxene can incorporate and fractionate a vari-
ety of minor and trace elements at high temperature
magmatic and subsolidus conditions. Calcium is a minor
cation in the M2 site of orthopyroxene. The solubility of
Ca in orthopyroxene decreases as a function of tempera-
ture, which can be used as a thermometer for peridotites
and pyroxenites (e.g., Lindsley, 1983; Brey and Kohler,
1990). The interpretation of the calculated temperature
depends on thermal history experienced by the peridotites
and pyroxenites. For well-equilibrated peridotites from
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cratons, orthopyroxene grains in hand samples are chemi-
cally homogeneous. Temperatures calculated using Ca
solubility-based thermometers represent equilibrium tem-
peratures as they are generally in good agreement with tem-
peratures derived from pyroxene thermometers that are
based on Fe-Mg exchange in the pyroxenes or REE parti-
tioning between orthopyroxene and clinopyroxene (e.g.,
Witt-Eickschen and O’Neill, 2005; Nimis and Griitter,
2010; Liang et al., 2013). For peridotites from tectonically
perturbed or active regions, such as orogenic, ophiolitic,
and abyssal peridotites, orthopyroxene grains are often
chemically inhomogeneous with core-to-rim zoning in Ca,
Al, Cr, Ti, Fe, Mg, and trace elements (e.g., Witt-
Eickschen and Seck, 1991; Takazawa et al., 1996; Ozawa,
2004; Witt-Eickschen, 2007; Jollands and Mintener, 2019;
Aoki et al., 2020). In general, Ca concentrations in orthopy-
roxene cores are higher than Ca concentrations in orthopy-
roxene rims, which can be attributed to diffusional loss of
Ca to coexisting clinopyroxene during cooling. The amount
of Ca retained in orthopyroxene cores depends on orthopy-
roxene grain size, cooling rate, and Ca diffusion in the
orthopyroxene. Surprisingly, there is no data for Ca diffu-
sion in orthopyroxene.

Significant progress has been made in characterizing dif-
fusion coefficients of geochemically important major and
trace elements (e.g., Mg, Cr, Ti, REE, and Pb) in orthopy-
roxene (e.g., Ganguly and Tazzoli, 1994; Schwandt et al.,
1998; Cherniak, 2001; Dohmen et al., 2016; Cherniak and
Liang, 2007, 2012; Ganguly et al., 2007; Sano et al.,
2011). The purpose of this study is to provide data for Ca
diffusion in orthopyroxene. Experiments characterizing Ca
diffusion in a natural enstatite were conducted at 1 bar
for a range of temperatures (750-1150 °C) and oxygen
fugacity (from in air to the IW buffer) using a constant
source method (Section 2). An Arrhenius relation for Ca
diffusion in enstatite is obtained (Section 3) and compared
with those for other cations in orthopyroxene (Section 4).
The new diffusion parameters for Ca in enstatite are used
to assess diffusional loss of Ca under isothermal and cool-
ing conditions (Sections 5.1 and 5.2) and to develop a
Dodson-like closure temperature model for the Ca-in-opx
thermometer of Brey and Kohler (1990). As an initial appli-
cation, we use the new closure temperature model and con-
centrations of Ca in orthopyroxene to infer cooling rates of
peridotites from the Lanzo Massif and the Oman ophiolite
(Sections 5.2 and 5.3).

2. EXPERIMENTAL METHODS
2.1. Materials and experimental procedure

Calcium diffusion experiments were run on a natural
enstatite from Embilipitiya, Sri Lanka, the same enstatite
used in studies of Pb (Cherniak, 2001), REE (Cherniak
and Liang, 2007), and Ti diffusion (Cherniak and Liang,
2012). The enstatite composition is provided in
Table 1. In terms of pyroxene structure unit, we
have Cag.001Mg1.927F€0.016A10.047T10.0005511.99206. Samples
selected for experiments were optically clear and free of
inclusions. Typical samples were square or rectangular,

Table 1
Compositional information on enstatite used in this study from
Cherniak (2001).

wt%
SiO, 60.03
TiO, 0.02
AlO; 1.19
FeO 0.59
MnO -
MgO 38.94
CaO 0.04
Cr203 —
NazO -
total 100.81

2-5 mm on a side. Samples were oriented to measure diffu-
sion parallel to ¢, and normal to (210) cleavage faces. Most
samples were oriented to measure D normal to (210), but a
few were cut to measure D normal to (001), as diffusion
parallel to c is likely to be the fastest in orthopyroxene in
cases where diffusional anisotropy exists (e.g., Ganguly
and Tazzoli, 1994; Ganguly et al.,, 2007; Sano et al.,
2011). All specimens were polished to 0.3 pm alumina,
and finished with a chemical polish using a colloidal silica
suspension. Following polishing, samples were cleaned
ultrasonically in distilled water and ethanol. Samples were
then pre-annealed under conditions comparable to those
to be experienced during diffusion experiments, either in
air or with solid buffers, following a procedure comparable
to that of the experimental diffusion anneals described
below, to equilibrate point defects prior to the diffusion
experiments themselves.

Several different sources of diffusant were used for
experiments. One diffusant source (source “b”) used a pow-
der source of diopside composition, made by combining
dried MgO, SiO, and CaSiO; powders (in molar ratio
1:1:1), mixed under ethanol, dried and heated in a platinum
crucible at 1300 °C for one day; this was diluted 1:5 (by wt)
with a synthesized enstatite powder (made by solid-state
reaction of a stoichiometric mix of dried MgO and SiO,
powders, heated at 1200 °C for one day); the combined
enstatite-diopside mixture was then heated for an addi-
tional day at 1200 °C. The two other diffusant sources
(sources “c” and “d”) explored the effect of different silica
activities in the source material, using assemblages of the
synthetic enstatite and diopside as prepared above, along
with either SiO, or forsterite powders (both obtained from
Alfa-Aesar). In these sources, one part (by wt) of either
SiO, or forsterite was combined with six parts enstatite
and three parts diopside powder, mixed thoroughly under
ethanol, dried, and heated at 975 °C for several hours in
a box furnace. In addition, some early experiments were
conducted using the pure diopside source (made as
described above). However, these experiments showed very
high Ca concentrations so were not used in deriving diffu-
sion data in this study.

Experiments were run either in air or under buffered
conditions. To make a diffusion charge, the source and pol-
ished enstatite samples were placed in platinum capsules,
which were crimped shut. For buffered experiments,
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capsules prepared in this manner were then placed in silica
glass ampoules along with a crimped platinum capsule con-
taining either a mixture of iron flakes and FeO powder (to
buffer at IW), or a mixture of Ni and NiO powders (to buf-
fer at NNO). Inside the silica glass ampoules, silica glass
chips were placed between the capsule containing the solid
buffer and the capsule containing the source and sample to
physically separate sample and buffer. The assemblies in the
silica glass ampoules were then sealed under vacuum.

Prepared capsules were annealed in 1-atm tube furnaces
for times ranging from a few hours to a few months at tem-
peratures from 750 to 1150 °C. Experiments below 1100 °C
were conducted in Kanthal wound vertical tube furnaces,
with temperatures monitored with chromel-alumel (type
K) thermocouples. Higher-temperature experiments were
conducted in tube furnaces with MoSi, heating elements,
with temperature monitored with Pt-Pt10%Rh (type S)
thermocouples. Temperature uncertainties are +2 °C in
both cases. On completion of the diffusion anneals, samples
were quenched by removing them from furnaces and per-
mitting them to cool in air. Samples were then extracted
from the capsules, freed of residual source material and
cleaned ultrasonically in successive baths of distilled water
and ethanol. SEM and BSE imaging of samples following
diffusion anneals and cleaning show small numbers of
cracks and pits, and only isolated fragments of material
clinging to sample surfaces; given the distribution and com-
position of these materials (primarily an Fe-rich phase and
noble metal from sample capsule materials) on the surface,
they would have minimal effects on RBS analyses. Exam-
ples of sample surface images are included in the supple-
mental materials (Fig. S1).

2.2. RBS analysis

Rutherford Backscattering Spectrometry (RBS) has
been used in numerous diffusion studies of pyroxene,
including those on Pb (Cherniak, 1998, 2001) and Ti diffu-
sion (Cherniak and Liang, 2012) in a range of pyroxene
compositions, Sr diffusion in diopside (Sneeringer et al.,
1984), Ca self-diffusion in diopside (Dimanov et al., 1996;
Dimanov and Ingrin, 1995), and REE diffusion in enstatite
(Cherniak and Liang, 2007). The analytical approach used
here is comparable to that used in our previous diffusion
studies for pyroxene (Cherniak, 1998, 2001; Cherniak and
Liang, 2007, 2012), with *He" incident beam energies rang-
ing between 2 and 3 MeV for analysis. Beam spots were
typically about 1 mm?, and depth resolution ~10 nm. Spec-
tra were converted to Ca concentration profiles employing
procedures similar to those outlined in these publications,
in this case taking into account the backgrounds in the
energy region of interest in the spectra, primarily due to
naturally present Fe and Ca in the samples. With this pro-
cedure, reported Ca concentrations in profiles and the data
table are the relative concentrations with background Ca in
the starting enstatite subtracted. The Ca concentration pro-
files (C) obtained from RBS spectra were fit with a model to
determine the diffusion coefficient (D). Diffusion is modeled

as simple one-dimensional, concentration independent dif-
fusion in a semi-infinite medium with a source reservoir
maintained at constant concentration (i.e., a complemen-
tary error function solution). The rationale for the use of
this model has been discussed in previous publications
(e.g., Cherniak and Watson, 1992, 1994). Diffusivities are
evaluated by plotting the inverse of the error function
(ie., erf 1((Cy — C(x,1))/Cy)) vs. depth (x) in the sample.
A straight line of slope (4Dt)_1/ 2 results if the data satisfy
the conditions of the model. The surface concentration of
diffusant (Cp), is independently determined by iteratively
varying its value until the intercept of the line converges
on zero. In Fig. 1, typical diffusion profiles and their inver-
sions through the error function are shown. The uncertain-
ties in concentration and depth from each data point
[mainly derived from counting statistics and background
(primarily due to the presence of Fe) in the former and
detector resolution in the latter] were used to evaluate the
uncertainties in the diffusivities determined from the fits
to the model. Calcium concentrations at sample surfaces
using the “b” source (1:5 ratio diopside:enstatite) range
from 1000 to 5000 atomic ppm; Ca surface concentrations
for the “c” and “d” sources are ~1000 ppm and
2000 ppm, respectively.

3. RESULTS

Results from the Ca diffusion experiments are presented
in Table 2 and plotted in Fig. 2. The data show little evi-
dence of strong anisotropy for Ca diffusion in enstatite
(Fig. 2). In addition, diffusivities obtained with the 5:1
enstatite:diopside source (“b”) are in agreement with those
from experiments run with Di-En-Fo and Di-En-SiO,
sources (“‘c” and “d”). The data show at most a weak, pos-
itive dependence of Ca diffusion on oxygen fugacity over
the investigated range of conditions (Fig. 3). At 1050 °C,
we have D o (fO,)™, where m = 0.052 £ 0.017. However,
the dependence on fO, diminishes at 850 °C (Fig. 3).

For diffusion normal to the (210) cleavage face, for
experiments run in air over the temperature range 750-
1150 °C, we obtain the following Arrhenius relation:

D = 2.18x10 "exp(—245 £ 11 kJ mol"'/RT) m?sec”
(log Dy = —9.66 +0.46) (1)

Similar diffusivities are found for diffusion normal to
(001), suggesting little anisotropy of Ca diffusion in ensta-
tite. A “global” fit to all data, incorporating all sources, ori-
entations and buffer conditions, yields the following
Arrhenius relation for Ca diffusion in enstatite:

D = 1.17x10""%exp(—240 + 10 kJ mol™'/RT) m’sec”’
(log Dy = —9.93+0.43) (2)

Finally, a time-series study (Fig. 4), run at 950 °C, which
shows consistent diffusivities over experimental durations
differing by a factor of eight, suggests that the measured
concentration profiles represent volume diffusion and are
not a consequence of other phenomena such as surface
reaction.
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Fig. 1. Typical concentration profiles for Ca diffusion in natural enstatite from experiments, Ca-En-11 (a,b), CaEn-13 (c,d), and CaEn-30 (e,
f). In (a). (c) and (e), the measured diffusion profile is plotted with complementary error function curves. In (b), (d) and (f), the data are
linearized by inversion through the error function. The slope of the lines is equal to (4D¢)~". Cis the Ca concentration at a given depth, and
C, is the Ca concentration at the pyroxene surface.

4. DISCUSSION structural transition, although it should be noted that we
have relatively few data above this temperature. The poten-
The temperature range of diffusion anneals in this study tial for effects of this transition on diffusion has been dis-

spans conditions for the orthoenstatite — protoenstatite cussed previously (Cherniak and Liang, 2007), but prior
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Table 2
Ca Diffusion in Enstatite.

T (°C) time (sec) D (m%sec™) + source buffer surface conc (at ppm)*
Normal to (210)
CaEn-18 748 291 x 10° 1.65 x 10722 —21.78 0.29 b air 1600
CaEn-14 800 2.15 x 10° 2.62 x 10722 —21.58 0.14 b air 2150
CaEn-11 851 6.62 x 10° 1.20 x 1072 —20.92 0.18 b air 1310
CaEn-19 850 5.80 x 10° 8.62 x 10722 —21.06 0.31 b NNO 2670
CaEn-20 850 5.80 x 10° 8.56 x 1072 —21.07 0.33 b W 1800
CaEn-33 850 6.19 x 10° 5.03 x 1072 —21.30 0.37 d air 2040
CaEn-32 850 6.08 x 10° 1.33 x 1072 —20.88 0.27 c air 1750
CaEn-10 902 2.52 x 10° 6.51 x 1072 —20.19 0.27 b air 890
CaEn-16 950 1.48 x 10° 9.63 x 107! —20.02 0.29 b air 1230
CaEn-21 950 6.08 x 10° 2.13 x 1072 —20.67 0.14 b air 2990
CaEn-24 950 7.92 x 10* 5.09 x 1072 —20.29 0.20 b air 2360
CaEn-25 949 2.52 x 10° 2.01 x 1072 —20.67 0.27 b NNO 1170
CaEn-26 949 2.52 x 10° 3.77 x 1072 —20.42 0.16 b W 1600
CaEn-30 950 1.90 x 10° 3.88 x 1072 —20.41 0.19 c air 1010
CaEn-31 950 238 x 10° 3.70 x 10721 —20.43 0.26 d air 1990
CaEn-17 1000 7.56 x 10* 1.58 x 1072° —19.80 0.12 b air 1800
CaEn-15 1049 1.62 x 10* 9.59 x 1072° —19.02 0.11 b air 1810
CaEn-28 1050 1.80 x 10* 2.87 x 107%° —19.54 0.17 b NNO 3970
CaEn-29 1050 1.80 x 10* 1.78 x 1072° —-19.75 0.30 b Y 1260
CaEn-34 1052 2.16 x 10* 3.81 x 107%° —19.42 0.19 c air 1350
CaEn-35 1052 2.16 x 10* 492 x 1072° —19.31 0.18 d air 1080
CaEn-13 1099 1.26 x 10* 1.21 x 107" —18.92 0.10 b air 5600
CaEn-12 1150 5.40 x 10° 1.62 x 107" —18.79 0.15 b air 2270
parallel to ¢
CaEn-23 850 6.73 x 10° 2.15 x 10721 —20.67 0.25 b air 1490
CaEn-22 949 1.73 x 10° 473 x 107! —20.33 0.19 b air 1340
CaEn-27 1050 2.16 x 10* 3.01 x 107%° -19.52 0.14 b air 2520

Sources: b — diopside + enstatite source; ¢ — diopside + enstatite + qtz source; d — diopside + enstatite + forst source.
* Surface concentrations from fits to profiles with background concentration from naturally-present Ca substracted out.

T(°C)
1200 1000 900 800
-18 en-di source T
19 | /en-di-fo source -

en-di-qtz source

parallel to ¢

log D (m2sec™)

Y
=y
T

8
1T (x10* K™

Fig. 2. Arrhenius plot of Ca diffusion data for enstatite. From a
global fit to all of the data, we obtain an activation energy for
diffusion of 240 + 10 kJ mol™! and pre-exponential factor of
1.17 x 1071 m%sec™! (log D, = —9.93 + 0.42). Ca diffusivities for
transport normal to (210) and parallel to ¢ in enstatite are similar,
suggesting that anisotropy of Ca diffusion in orthopyroxene is not
significant.

19T 1050°C
‘TO
8 950°C
£
[m)
o -21
s 850°C

2oL i

-15 -10 -5
log fO,

Fig. 3. Dependence of Ca diffusivities in enstatite on oxygen
fugacity. At 1050 °C, the data show a small, weak dependence of
Ca diffusion on fO,, with a value of m of 0.034 & 0.016.

work on Pb (Cherniak, 2001), REE (Cherniak and Liang,
2007) and Ti (Cherniak and Liang, 2012) diffusion across
this temperature range suggests that it has little influence
on measured diffusivities.
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Fig. 4. Time-series study at 950 °C for experiments run in air with
diffusion normal to the (210) cleavage face. Diffusivities are quite
similar over times differing by about a factor of 8, suggesting that
volume diffusion is the dominant process being measured. Also
shown are diffusivities parallel to ¢, and diffusion for experiments
run under IW-buffered and NNO-buffered conditions at this
temperature, illustrating relative insensitivity to these parameters.

4.1. Cation diffusion in enstatite

Here we consider extant cation diffusion data in pyrox-
ene with respect to our new results for Ca (Fig. 5). It is
important to note that larger cations such as REE, Ca
and Pb prefer the larger, irregular M2 site of pyroxene,
whereas smaller cations such as Ti, Al, and Cr prefer the
smaller, more regular M1 site of pyroxene. Mg and Fe?"
occupy both M1 and M2 sites. In the M2 site, cation coor-
dination is eightfold in diopside and sixfold in enstatite, but
sixfold for the M1 site in both pyroxenes. In the discussion
below, we select effective ionic radius in view of this general
observation.

The starting enstatite (from Embilipitiya, Sri Lanka) is
the same and experimental approaches used in this work
are similar to those used in our earlier studies of Ti
(Cherniak and Liang, 2012), Pb (Cherniak, 2001) and
REE diffusion in enstatite (Cherniak and Liang, 2007).
Fig. 5 also compares results for Ca diffusion with those
for Cr (Ganguly et al.,, 2007), Fe-Mg (Dohmen et al.
2016), Mg (Schwandt et al., 1998) and Nd (Sano et al.,
2011). Overall, diffusivities show a dependence on both
cation size and charge, and an apparent interplay between
these two factors and dependence on M-site preference.
Calcium diffusion is slower than Mg, Cr and Fe, but faster
than larger divalent cations Pb and Eu that also are likely
to preferentially occupy the M2 site (ionic radii of 1.00,
1.17 and 1.19 A for Ca, Eu”?" and Pb in sixfold coordina-
tion, respectively; Shannon, 1976). Calcium diffusion is also
faster than that for trivalent REE and tetravalent Ti. Inter-
estingly, our measured activation energy for Ca diffusion in
enstatite (240 & 10 kJ/mol) is lower than those for Mg, Fe-
Mg, and Eu®" diffusion in enstatite or orthopyroxene, by
27-137 kJ/mol (Schwandt et al., 1998; Cherniak and

T(°C)
1200 1000 900 800
17 L i
18 F Fe-M i
Ca ?
= ol IO ]
3 Gd \\
N§, -20 | .
0O 211 i
(o
©
221 i
23+ .
4 | ENstatite Pb (QFM) |
7 8 9

1T (x10° K™

Fig. 5. Diffusion of various cations in enstatite. Sources for data:
Mg — Schwandt et al. (1998); Fe-Mg — Dohmen et al. (2016); Cr —
Ganguly et al. (2007); Eu, Gd — Cherniak and Liang (2007); Nd
(IW) — Sano et al. (2011); Ti — Cherniak and Liang (2012). Ca
diffusion is among the faster-diffusing species, within an order of
magnitude of Mg, Cr, and Fe-Mg, and considerably faster diffusing
than the trivalent REE, tetravalent Ti, and larger divalent cations
Pb and Eu.

Liang, 2007; Dohmen et al., 2016). Although diffusion is
faster, activation energies for Fe-Mg diffusion in orthopy-
roxene are higher than Ca diffusion in enstatite (308 and
377 kJ/mol for EngFsy and EngFs;, respectively,
Dohmen et al., 2016).

When considering diffusion in other mineral phases with
respect to our data, Ca diffusion in enstatite is intermediate
in magnitude between Ca diffusion in clinopyroxene and
olivine (Fig. 6), with Ca diffusion in enstatite about two
orders of magnitude faster than Ca self-diffusion in diop-
side and two orders of magnitude slower than in olivine.
This is consistent with the trend of Ca partitioning in the
respective minerals, suggesting the importance of the size
of the M2 site for Ca diffusion in pyroxene and olivine.

4.2. Dependence on silica activity and oxygen fugacity

Our measured Ca diffusivities are in agreement for the
range of sources used in diffusion experiments. This sug-
gests that there is little concentration dependence of Ca dif-
fusion over the investigated range of conditions. Ca
diffusion in enstatite also appears to have little dependence
on silica activity of the diffusant source, given the similari-
ties in Ca diffusivities for the various sources used in
experiments.

Some cations in orthopyroxene exhibit pronounced
dependences of diffusion on oxygen fugacity. Studies of
Pb diffusion (Cherniak, 2001) indicate a positive depen-
dence of diffusion on oxygen fugacity, suggesting that Pb
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Fig. 6. Calcium diffusion in enstatite, olivine and diopside. For Ca
diffusion in olivine and diopside, diffusivities are calculated for an
oxygen fugacity of 107! bar and for diffusion parallel to c, using
the diffusion parameters of Coogan et al (2005) and Dimanov and
Jaoul (1998), respectively.

diffusion likely proceeds via a vacancy mechanism. The
dependence found for Pb diffusion in enstatite, where Dpy,
x (pO2)™ and m = 0.2, is similar to that for Pb diffusion
in other pyroxenes investigated, and comparable to values
determined for Fe diffusion in diopside (Azough and
Freer, 2000). In contrast, Fe-Mg interdiffusion in orthopy-
roxene has at most a weak dependence on fO, (Dohmen
et al., 2016), with m = 0.053 + 0.027 for orthopyroxene
of composition Fso, and no dependence on fO, for orthopy-
roxene with very low Fe content (Fs;). Interestingly, the
former value is similar to the dependence on fO, found
for our Ca diffusion experiments at 1050 °C.

Dohmen et al. (2016) discussed diffusion mechanisms in
pyroxene in terms of an fO,-dependent transition metal
extrinsic  diffusion (TaMED) mechanism and an
fO,-independent pure extrinsic diffusion (PED) mechanism.
In this model, vacancies in octahedral metal sites are charge
balanced by trivalent cations, which may include aliovalent
impurities such as Cr>" or AI*", as well as Fe® created by
Fe?" oxidation, with the latter, but not the former, sensitive
to fO,. As fO, and Fe content of the material decrease,
Fe*t becomes less prevalent and charge balance by other
species which lack dependence on fO, becomes more impor-
tant. This represents a change in diffusion mechanism from
a transition metal extrinsic diffusion mechanism, which is
fO, dependent, to a pure extrinsic diffusion mechanism,
which lacks dependence on fO, (Chakraborty, 1997,
Dohmen et al., 2016). The enstatite in this work has very
low amount of Al (0.047 a.p.f.u.) and Fe (0.016 a.p.f.u.).
It is not clear if such low level of Al and Fe can support
the transition metal extrinsic diffusion mechanism. The
weak dependence of Ca diffusion in enstatite on fO,
(Fig. 3) requires further study.

5. APPLICATIONS

The results obtained from this study can be used to
understand diffusional loss or grain of Ca in orthopyroxene
(opx) in natural samples. In this section we will briefly dis-
cuss some simple applications using these data. To highlight
Ca diffusion in opx, we assume that opx grains are miner-
alogically homogeneous, i.e., without mineral inclusions
and clinopyroxene exsolution lamellae. The latter will
involve diffusion in other minerals in addition to opx. With-
out loss of generality, we use spherical geometry in the
examples presented below.

5.1. Center retention times

We first consider the simple case of isothermal diffusive
exchange, in which opx grains are spheres of radii ¢ with an
initial uniform concentration of diffusant Cj, exposed to an
external medium with diffusant concentration C,. This sim-
ple model also assumes that there is no external source or
sink of Ca that could rate limit the exchange with the phase
of interest. A solution to the diffusion equation at the center
of a sphere with these initial and boundary conditions can
be derived (e.g., Crank, 1975). When the dimensionless
parameter Dt/a’ (where D is the diffusion coefficient and ¢
is the time) has a value less than or equal to 0.03, the con-
centration at the grain center will remain unchanged from
its initial value. This may be referred to as the criterion
for “center retention”. When Dt/a’ exceeds this value, the
concentration of diffusant at the center of the grain will
be affected by the external concentration C,. In Fig. 7
curves for this condition are plotted as a function of tem-
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Fig. 7. Time temperature conditions for “center retention” of Ca
isotopic or chemical signatures in the centers of 500 um radius
grains of enstatite, diopside and olivine for a simple case of
isothermal heating. Diffusion parameters for olivine and diopside
used in calculations are those plotted in Fig. 6. For conditions
below each curve, compositions in the centers of grains are not
altered by diffusion. See text for additional discussion.
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perature and time for grains of radius 500 um for Ca in oli-
vine, enstatite and diopside, using the diffusion coefficients
plotted in Fig. 6 for these minerals. While some diffusional
anisotropy has been observed for Ca diffusion in olivine
(Coogan et al., 2005) it is not large, so in these simple cal-
culations we use parameters for diffusion parallel to c. The
original Ca concentration and isotope signatures will be
best retained in diopside, followed by enstatite and olivine.
For example, at 800 °C, the original Ca signatures in min-
eral cores will be retained in enstatite for ~1 Myr, but for
only 10,000 years in olivine, and over 500 Myr in diopside.
At magmatic temperatures, such as 1200 °C, initial Ca con-
centration in the core of the 500 um opx will be lost in less
than 1000 years. This has important implications for the
Ca-in-opx thermometer, which we will discuss below.

5.2. Closure temperature of the Ca-in-opx thermometer of
Brey and Kaohler (1990)

A practical application of the diffusion parameters
obtained in this study is the closure temperature of the
Ca-in-opx thermometer of Brey and Kohler (1990) which
has been widely used to calculate equilibrium or closure
temperatures of peridotites from different tectonic settings
(e.g., orogenic, ophiolitic, and abyssal). The Ca-in-opx ther-
mometer of Brey and Kohler (1990) is based on the
temperature-dependent Ca solubility in opx buffered by
clinopyroxene (cpx) and takes on the simple expression:

6425+ 26.4P

T(K) = 1.843 — InC; 3)

where P is the pressure (in kbar); C; is the Ca concentration
or solubility in opx (in atoms per six oxygens in the pyrox-
ene structure formulae or a.p.f.u.) coexisting with cpx.
Rearranging Eq. (3), we have an expression for the
temperature- and pressure-dependent Ca solubility in opx:

6425 + 26.4P
- 7) . (4)

C, = 6.3154exp( T

The dependence of Ca solubility on pressure is relatively
small. According to Eq. (4), Ca concentration in opx is
0.0899 (a.p.f.u.) at 1300 °C, 0.033 at 1000 °C, and 0.0124
at 800 °C, all at 10 kbar or 1 GPa. Hence during cooling,
a fraction of Ca diffuses out of opx into adjacent cpx.

The Ca-in-opx thermometer of Brey and Kohler (1990)
is calibrated for four-phase spinel- or garnet-lherzolites of
mantle-like compositions, i.e., Mg# (=100 Mg/Mg + Fe,
in molar) of opx and cpx around 90. There is no Ca diffu-
sion data for mantle-like opx. In Cherniak and Liang
(2012), we measured Ti diffusion in natural opx in a spinel
lherzolite xenolith from Kilbourne Hole, New Mexico and
the same batch of enstatite used in the present study. We
found that Ti diffuses slightly faster in the enstatite than
the natural opx (by a factor of 1.3 at 1200 °C and 2.1 at
800 °C). Unless Fe has a strong preference for substituting
for Ca in the M2 site of opx, we expect a small difference in
Ca diffusivity for the enstatite and mantle-like opx. Hence,
to a good approximation, our measured Ca diffusion
parameters can be used to assess diffusional loss/gain of
Ca in mantle-like opx. Fig. 8a presents an example of calcu-
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Fig. 8. (a) An example of calculated Ca diffusion profiles at 5
selected times in a 1| mm spherical opx grain and at a cooling rate of
200 °C/Myr. (b) Variations of the average concentration (blue
curve), core and rim concentrations (dashed curves), and the Ca
solubility in opx (red curve, Eq. (3)) as a function of time. (c)
Variations of calculated temperatures based on the average, core,
and rim Ca concentrations as a function of time. The 5 filled circles
correspond to the 5 diffusion profiles in (a). The radial distance (r)
is normalized by grain radius. The closure temperature is calculated
using the method of Dodson (1975) and Yao and Liang (2015). The
cooling curve in (b) is based on Eqs. 4a and 4b with 7, = 918 °C.
The time is scaled by diffusion time at 1200 °C. A unit time is 63.98
kyr. The concentrations in (a) and (b) are scaled by the initial Ca
concentration in opx at 1200 °C. The diffusion profiles are for a
spherical geometry, calculated using a variable time-step finite
difference method and Eq. (3) as the boundary condition. (For
interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

lated Ca concentration profiles for a spherical opx grain of
1 mm radius subjected to a prescribed cooling. The cooling
function follows that of Dodson (1973):

1 1 §
=—+n,n= (5a,5b)

2 5
T To T2’
where T is the starting temperature (1200 °C in this exam-
ple); and 5 is the cooling rate (200 °C/Myr) at temperature
T.. Initially the opx grain is well-equilibrated at 1200 °C
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and 1 GPa. In the presence of cpx, Ca concentration in the
outmost rim of opx is given by Eq. (4) at temperature 7.
The closure profile for Ca is established after 38 time units
or 2.4 Myr in this example. Fig. 8b shows that the grain-
averaged Ca concentration decreases gradually as a func-
tion of time, and approaches an asymptotic value of 0.34
times of the initial Ca in opx after 2.4 Myr. The system is
effectively closed to Ca diffusional loss thereafter. The tem-
perature that corresponds to the cessation of diffusional
loss of Ca from opx is the closure temperature of the Ca-
in-opx thermometer. Following Dodson (1976) and Yao
and Liang (2015), the closure temperature for the Ca-in-
opx thermometer can be obtained by substituting the
asymptotic value of the average Ca concentration into
Eq. (3), which gives a temperature of 918 °C at 1 GPa for
the present example. Graphically, this is equivalent to first
finding a closure time by projecting the asymptotic value of
the average Ca concentration to the solubility curve in
Fig. 8b. The closure temperature is obtained by projecting
the closure time to the cooling function curve in Fig. 8c.
(For an illustrated example, a reader is referred to Fig. 3
in Yao and Liang, 2015.) Fig. 8c shows that the tempera-
ture calculated by substituting the average Ca concentra-
tion into Eq. (4) decreases gradually as a function of
time, and approaches the asymptotic value or closure tem-
perature of 918 °C after 2.4 Myr. The graphic method illus-
trated in Fig. 8a-8¢ can be quantified by a modified
Dodson’s equation for closure temperature with the Ca-
in-opx thermometer of Brey and Kohler (1990) as the
boundary condition (Eq. (4)).

Dodson (1973) derived the now-familiar expression for
closure temperature (7,):

E, ART*D,
=In 0 (6)
RT, E, sa?

where E and D, are the activation energy and pre-
exponential factor for diffusion of the element of interest;
§ is the cooling rate at the closure temperature; a is the effec-
tive diffusion radius; R is the gas constant; and 4 is a geo-
metric factor and is equal to 55 for a spherical mineral
grain. Fig. 9a compares closure temperatures of the Ca-
in-opx thermometer of Brey and Kd&hler (1990) calculated
using a finite difference method with Eq. (4) as the bound-
ary condition (open symbols) with closure temperatures cal-
culated using Dodson’s equation (solid lines) for a range of
grain sizes (0.04-10 mm) and cooling rates (2-2000 °C/M
yr). For the grain size and cooling rate considered here,
the closure temperatures of the Ca-in-opx thermometer
are 10-30 °C higher than the closure temperatures based
on Dodson’s equation (for details see supplementary
Fig. S2). This is due to the difference in boundary condi-
tions between the two models. In Dodson’s model, the con-
centration of Ca at the opx surface decreases linearly as a
function of time, whereas in the Ca-in-opx thermometer
of Brey and Kohler (1990), the concentration of Ca at the
opx surface decreases exponentially as a function of time
(Eq. (4)). The latter is shown as the solubility curve in
Fig. 8b. The deceleration of Ca solubility at lower temper-
ature and later time (e.g., t/to > 15 in Fig. 8b) hinders more
efficient Ca diffusional loss compared to the case of a linear

solubility. Consequently, more Ca is retained in the case of
the exponential time-dependent boundary condition (Egs.
(4) and (5)) than the linear time-dependent one. The higher
average concentration in the former case leads to a higher
closure temperature for the Ca-in-opx thermometer. The
dependence of closure temperature on element solubility
or the “equilibrium concentration-temperature relation-
ship” at the mineral surface was pointed out by Dodson
(1986) and demonstrated numerically by Yao and Liang
(2015) for both linear and exponential temperature-
dependent solubility relationships. The systematic differ-
ences in closure temperature between the two choices of sol-
ubility functions can be accounted for by adjusting the
geometric constant A4 in Eq. (6). Based on results of numer-
ical simulations, we find that 4 depends weakly on the pro-
duct of cooling rate and grain size squared. To a good
approximation, a constant value of 4 = 35.91 + 0.10 can
reproduce the numerically derived closure temperatures
for the Ca-in-opx thermometer of Brey and Kohler (1990)
very well. This is shown in Fig. 9a where the dashed lines
are calculated from Eq. (6) with 4 = 35.91. The smaller
geometric constant A is especially significant when the cool-
ing rate is high and grain size is large. For example, for an
opx radius of 1 mm and cooling rates of 0.02 °C/yr,
0.2 °C/yr, and 2 °C/yr, the closure temperatures for the
Ca-in-opx thermometer (Eq. (6) with 4 = 35.91) are 54,
72, and 100 °C higher than the respective closure tempera-
tures derived from Dodson’s equation with 4 = 55.

In most petrologic studies of mantle samples, concentra-
tions of Ca in opx are measured by spot analysis using an
electron probe microanalyzer (EPMA). Very often, both
core and rim compositions, obtained by local averaging
of several spot analyses, are reported in the literature.
Application of the Ca-in-opx thermometer of Brey and
Kohler (1990) to the local averaged Ca concentrations then
can lead to two calculated temperatures, with the core
temperature being higher than the rim temperature.
Fig. 8b presents an example of calculated Ca concentra-
tions averaged over spherical regions of r/a = 0-0.2 (core)
and r/a = 0.9-1 (rim). The corresponding closure tempera-
tures are 998 and 820 °C, respectively (Fig. 8c). Depending
on grain size and cooling rate, the closure temperatures cal-
culated from the central region of opx are 100-300 °C
higher than closure temperatures derived from Ca concen-
trations in the near rim region (Fig. 10a). Fig. 9b shows that
the core, middle (r/a = 0.6-0.8), and rim closure tempera-
tures for the Ca-in-opx thermometer of Brey and Kohler
(1990) can be well reproduced by Eq. (5) with the
following geometric constants: 4 = 6.38 + 0.12 (core),
A = 1771 £ 0.13 (mid), and 4 = 408 + 10 (rim). The
smaller difference in closure temperature or parameter 4
between the core and the middle regions is due to the
r-cubed effect, as r/a = 0.8 only encloses 51% of the spher-
ical volume. Figures similar to Fig. 9b but with cooling
rates of 2, 20, and 2000 °C/Myr are presented in supple-
mentary (Fig. S3.

Fig. 10b compares closure temperatures for the Ca-in-
opx thermometer of Brey and Kohler (1990) calculated
using Ca concentrations in the core (7,,,.) and rim (7};,)
of opx. For the ranges of grain size and cooling rate shown
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in Fig. 10a, the core and rim closure temperatures fall on a core and rim closure temperatures, respectively. Subtracting
single curve, referred to as the closure curve hereafter. The the two resulting closure temperature equations, we have:
shape and location of the closure curve depend on the acti- T

. . . . . c,core
vation energy for Ca diffusion in opx, but are independent Terim = (7

T RTccore 1 Aeore’
1 — RTecore 1 Acore
E, Ayim

of the pre-exponential factor for diffusion, cooling rate, and
opx grain size. This can be shown by applying Eq. (5) to the
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where the term s in T i /sa® Eq. (6) is cancelled out for the
simple cooling history described by Eq. (6) in which the
cooling parameter 1 is a constant. If the cooling history
of a set of peridotite samples follows that of Eq. (5) and
our measured activation energy for Ca diffusion in enstatite
is applicable to natural opx, temperatures calculated using
Ca concentrations in the core and rim of opx and the Ca-
in-opx thermometer of Brey and Kohler (1990) should be
related to each other via the closure curve or Eq. (7). This
is the case for a number of plagioclase peridotites from
the Lanzo Massif, northern Italy (Fig. 10b).

5.3. Thermal history of peridotites based on closure
temperatures of Ca in orthopyroxene

Aoki et al. (2020) presented a detailed study of mineral
major element compositional variations in 16 plagioclase
peridotites from the four units of the Lanzo peridotite
(North, Shear zone, Central and South). They showed that
temperatures calculated using Ca concentrations in the
cores of opx grains are generally higher than those in the
rims of opx (yellow and green triangles in Fig. 10b). How-
ever, majority of their samples (11 out of the 16) have sig-
nificantly higher-than-expected 7, by >45 °C compared
to those predicted by Eq. (7). The higher-than-expected 7.,
is likely due to the presence of cpx exsolution lamellae,
which may hinder Ca diffusion through the host opx and
which may be accidentally included in spot analysis by
EPMA. Jollands and Miintener (2019) examined the latter
hypothesis by carefully avoiding cpx exsolution lamellae
using a focused beam in their EPMA measurements of
major element concentration profiles in selected opx grains
in six samples from the North, Shear Zone, and Central
units of the Lanzo Massif. Temperatures based on their
reported core and rim Ca concentrations are shown as
magenta circles in Fig. 10b. By excluding cpx lamellae,
the Ca-in-opx core temperatures are significantly reduced
compared to samples from similar units of Aoki et al.
(2020, yellow triangles in Fig. 10b). As there are less cpx
exsolution lamellae in the opx rim region (Jollands and
Miintener, 2019; Aoki et al., 2020), the EPMA-derived
rim temperatures of the six samples are comparable to or
slightly lower than those of Aoki et al. (2020). To calculate
a temperature before cpx exsolution, Jollands and
Miintener (2019) used laser-ablation inductively coupled
plasma mass spectrometry (LA-ICPMS) and a large beam
spot (100 um) to measure the average opx core composi-
tion, and EPMA with focused beam to characterize opx
rim composition. Fig. 10b shows that their LA-
ICPMS + EMPA derived core and rim Ca-in-opx temper-
atures are plotted on or very close to the closure curve
defined by Eq. (7). This provides an independent test of
our measured activation energy for Ca diffusion in ensta-
tite. Interestingly, the LA-ICPMS-derived core tempera-
tures are within the range of core temperatures reported
by Aoki et al. (2020). Given the concordant core and rim
temperatures, it is possible to obtain self-consistent cooling
rates and cooling parameters (1 in Eq. (5)). Based on the
average grain size for each of the five samples from
Jollands and Miintener (2019), we found cooling rates of

10-100 °C/Myr at the closure temperatures recorded by
Ca concentrations in the opx cores. The corresponding cool-
ing parameters are log(n) = —17.6 to —18.7 (in K~'s71).
These cooling rates and cooling parameters are in good
agreement with those reported by Jollands and Miintener
(2019) based on diffusion modeling of Cr concentration pro-
files in opx and Aoki et al. (2020) based on diffusion model-
ing of Ca profiles in olivine.

5.4. Thermal history of peridotites based on closure
temperatures of Ca and REE in orthopyroxene

For two elements in opx, their closure temperatures are
correlated via Eq. (6), defining a closure curve in the closure
temperature vs. closure temperature diagram. Here we con-
sider closure temperatures of Ca and REE in opx in peri-
dotites. The partitioning of REE between opx and cpx in
peridotites depends primarily on temperature and pyroxene
major element compositions, which can be used as a ther-
mometer (Witt-Eickschen and O’Neill, 2005; Lee et al.,
2007; Liang et al., 2013). Based on diffusion parameters
of Van Orman et al. (2001) and Cherniak and Liang
(2007) for REE diffusion in diopside and enstatite, Liang
(2015) and Yao and Liang (2015) showed that closure tem-
peratures of the REE-in-two-pyroxene thermometer of
Liang et al. (2013, designated as Trgg) are essentially the
same as closure temperatures of REE in opx in the same
two pyroxenes system, unless cpx abundance in the peri-
dotite is very low. Dygert et al. (2017) documented system-
atic variations in temperatures calculated using REE- and
major element-based thermometers as a function of strati-
graphic location from the crust-mantle boundary in the
mantle section of the Oman ophiolite. For a given ther-
mometer, the calculated temperatures decrease from the
crust-mantle boundary into the mantle (see their Fig. 2).
Fig. 11a compares their calculated temperatures, based on
Ca in opx and REE partitioning between opx and cpx (cir-
cles). As expected, slower diffusion of REE in opx (Fig. 5)
gives rise to higher closure temperatures of the REE than
those of Ca in opx. Except for two samples that have the
lowest Trrr and are located farthest from the crust-
mantle boundary, the calculated temperatures for the
remaining six samples are within the range bracketed by
the predicted core and rim closure temperatures for Ca in
opx (dash and dash-dotted lines). The two samples with
higher-than-expected Tc4.in-op in the lower end of Trep
in Fig. 11a may be affected by cpx exsolution. According
to Dygert et al. (2017), sample OM94-98 (red circle in
Fig. 11a) has a low bulk Ca content and has small cpx
grains in large opx host. These authors postulated that
cpx in this sample might have exsolved from the host opx
at lower temperatures. This is consistent with the predicted
opx rim temperature in Fig. 11a. Given the closure temper-
atures of Ca and REE in opx and opx grain sizes, we can
calculate cooling rates using Eq. (5). The results are shown
in Fig. 11b and c. The cooling rates are 5-50 °C/Kyr for the
three samples closer to the crust-mantle boundary (green
circles) and 0.05-2 °C/Kyr for the four samples far away.
These are in very good agreement the results of Dygert
et al. (2017) who used closure curves established by Tzgg
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Fig. 11. (a) Comparison of closure temperatures of Ca and REE in opx in eight harzburgite samples from the Oman ophiolite (circles, data
from Dygert et al., 2017). The closure temperatures are calculated using the Ca-in-opx thermometer of Brey and Kohler (1990) and the REE-
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harzburgite at high temperatures. See text for discussion. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

and temperatures derived from the two-pyroxene ther-
mometer of Brey and Kéhler (1990) to estimate the cooling
rate.

6. SUMMARY AND FURTHER DISCUSSION

Ca diffusivities measured in natural enstatite in this
study under buffered conditions (IW, NNO) and in air indi-
cate little dependence on oxygen fugacity. Experiments con-
ducted with a variety of sources of diffusant indicate little
dependence on silica activity or Ca concentrations in the
diffusant source over the range of conditions investigated.
In addition, there appears to be little anisotropy of Ca dif-
fusion in enstatite. Diffusion parameters for the Arrhenius
equation for Ca diffusion in enstatite were obtained (Egs.
(1) and (2)) and compared with extant data for cation dif-
fusion in opx. We found that Ca diffusion in enstatite is fas-
ter than that for larger divalent cations Pb and Eu and
faster than diffusion of trivalent REE and tetravalent Ti,
but slower than Mg, Cr and Fe. More work is needed to
fully characterize the dependence of Ca diffusion on opx
composition and fO,. When compared with diffusivities in
other minerals, Ca diffusion in enstatite is about two orders
of magnitude faster than Ca self-diffusion in diopside and
two orders of magnitude slower than Ca diffusion in oli-
vine. The latter also explains the lower closure temperatures
derived from the Ca-in-olivine thermometers than those
from the Ca-in-opx thermometer for peridotite samples
(e.g., Dygert et al., 2017; Aoki et al., 2020).

In addition to diffusion parameters, cooling rate, and
effective grain size, closure temperature of an element in a
mineral also depends on its solubility. A simple Dodson-
like model for the closure temperature of the Ca-in-opx
thermometer of Brey and Kohler (1990) has been developed

using Ca diffusion data obtained from this study (Eq. (5)).
The model has the same mathematical form as Dodson’s
equation but with different geometric constants (A) to
account for the exponential temperature dependent Ca sol-
ubility in opx buffered by cpx (Eq. (3)). The closure temper-
ature of the Ca-in-opx thermometer is significantly higher
than the closure temperature based on Dodson’s equation
when the cooling rate is high and opx grain size is large. Ini-
tial applications of the simple model to peridotites from the
Lanzo Massif and the Oman ophiolite have demonstrated
the advantages of using closure curves established by the
core and rim temperatures derived from Ca and REE solu-
bilities in opx to constrain thermal history experienced by
the peridotites. There are, however, potential complications
arising from cpx exsolution lamellae.

The simple closure temperature equation (Eq. (5)) and
its applications presented in this study are valid if diffusion
of Ca in cpx lamellae is not the rate-limiting factor for Ca
diffusion through the opx grain. This assumption is likely
reasonable when the width of cpx lamella is very thin com-
pared to the size of opx grain, which is the case for at least
some of the Lanzo opx reported by Jollands and Miintener
(2019, see their Fig. 2). However, when the cpx lamella is
thicker, the slow diffusion of Ca in cpx may act to hinder
Ca diffusional loss from opx, resulting in higher-than-
expected Ca-in-opx core temperatures. The simple closure
temperature equations such as the ones presented in this
study are not applicable to those more complicated cases.
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