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Abstract

The phase relations of iron-rich olivine and its high-pressure polymorphs are important for planetary science and meteoritics
because these minerals are the main constituents of terrestrial mantles and meteorites. The olivine—ahrensite binary loop was
previously determined by thermochemical calculations in combination with high-pressure experiments; however, the transi-
tion pressures contained significant uncertainties. Here we determined the binary loop of the olivine—ahrensite transition in
the (Mg,Fe),Si0, system at 1740 K in the pressure range of 7.5-11.2 GPa using a multi-anvil apparatus with the pressure
determined using in situ X-ray diffraction, compositional analysis of quenched run products, and thermochemical calcula-
tion. Based on the determined binary loop, a user-friendly software was developed to calculate pressure from the coexisting
olivine and ahrensite compositions. The software is used to estimate the shock conditions of several L6-type chondrites.
The obtained olivine—ahrensite phase relations can also be applied for precise in-house multi-anvil pressure calibration at
high temperatures.
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Introduction

Fe-rich olivine could be an important constituent of the man-
tles of oxidized terrestrial planets. Although olivine in the
Earth’s uppermost mantle is considered to have Mg# = Mg/
(Mg+Fe?™)=0.9, olivine in the Martian mantle likely has
Mg#=0.75 (Khan et al. 2018). The composition of more dis-
tant terrestrial planets can be estimated from the composition
of CI chondrites (McDonough and Sun 1995), and assuming
that all Fe is present in their mantles as Fe?*, their upper
mantles would be composed of olivine with Mg#=0.55.
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This theory is supported by a recent spectroscopy study that
revealed that the surfaces of some asteroids are dominated
by Fe-rich olivine ranging from Mg#=0.55-0.76 (Sanchez
et al. 2014). The phase relations of olivine and its high-pres-
sure polymorphs in intermediate to Fe-rich compositions
are, therefore, significant for understanding the structure and
dynamics of oxidized terrestrial planets.

Olivine (a-(Mg,Fe),Si0,) is well known to transform
to a polymorph with the spinel structure (y-(Mg,Fe),SiO,)
at high pressure (Ringwood 1958). This polymorph with
Mg,SiO, composition has been named ringwoodite (Binns
et al. 1969). Later, a Fe-rich polymorph with Mg#=46 has
been found in a shocked meteorite and named ahrensite (Ma
et al. 2016). Hereafter we will call the a- and y-(Mg,Fe),SiO,
with more or equal to 50 mol% Mg,SiO, as forsterite and
ringwoodite, respectively, whereas a- and y-(Mg,Fe),SiO,
with less than 50 mol% Mg,SiO, as fayalite and ahrensite,
respectively. Both ringwoodite and ahrensite in meteorites
formed from the host olivine via a solid-state transformation.
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The phase relations of the olivine—ahrensite transition' are,
therefore, vital to estimate shock conditions of meteorite
impacts.

The determination of olivine—ahrensite phase relations in
the (Mg,Fe),SiO, system is valuable not only for planetary
science but also for high-pressure technology. The pressure
in a multi-anvil press is estimated using an in-house pressure
calibration curve against the press load. Calibration curves at
ambient temperature below 10 GPa are usually constructed
by detecting the resistance changes of metals (e.g. Bi, Ba)
associated with their high-pressure phase transitions, for
which only one run is necessary. To construct a calibration
curve at high temperature, mineral phase transitions, such as
the quartz—coesite—stishovite transitions in SiO, (Mirwald
and Massonne 1980; Ono et al. 2017) and fayalite—ahrensite
transition in pure Fe,Si0, (Yagi et al. 1987), must be brack-
eted by repeatedly conducting runs with variable press loads.
Using olivine solid solutions, it is possible to precisely deter-
mine the pressure in a single run based on Mg# measure-
ments of coexisting olivine and ahrensite. For this approach,
an accurate phase diagram of olivine—ahrensite is required.

Despite its importance, the phase relations of the oli-
vine—ahrensite transition remain poorly constrained. This
question was experimentally investigated more than half
a century ago by Akimoto and Fujisawa (1968) using the
quench method with a tetrahedral multi-anvil press, where
pressure was calibrated only at ambient temperature. The
phase relations were later studied mainly by thermochem-
istry. Akaogi et al. (1989) constructed a phase diagram of
this transition based on high-temperature solution calorim-
etry results. Although the transition pressure values of the
Fe,Si0, end-member were fixed based on those determined
by high P-T in situ X-ray diffraction experiments (Yagi et al.
1987), the transition pressure of the Mg,Si0, end-member
cannot be experimentally determined due to the stability of
wadsleyite. Phase relations in the Mg-rich side of the loop
may, therefore, contain significant uncertainties. Indeed,
Frost (2003) built a phase diagram using the same calcula-
tion procedures as Akaogi et al. (1989), but applied differ-
ent interaction parameters obtained experimentally at high
pressure, and his thermochemically constructed binary loop
differed significantly from the experimental data. Because
the compositions of coexisting olivine and ahrensite were
determined reliably in Frost (2003), one can suggest that
the thermochemical calculation of the olivine—ahrensite loop
does not provide valid data, especially for the Mg-rich side
of the loop. The olivine—ahrensite transition should, there-
fore, be determined using modern high-pressure experimen-
tal techniques.

! For simplicity, we will call forsterite—fayalite—ringwoodite—
ahrensite transition as olivine-arensite phase transition.
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In this study, we determined the binary loop of the oli-
vine—ahrensite transition in the Mg,Si0,-Fe,SiO, system
at a temperature of 1740 K using the multi-anvil technique
with the pressure determined using in situ X-ray diffraction
(XRD), compositional analysis of quenched run products by
electron microprobe, and thermochemical calculation. Using
obtained data, we developed software to calculate pressure
from the compositions of olivine and ahrensite. The shock
conditions of several meteorites were estimated using the
ahrensite compositions.

Experimental procedure
Sample preparation

Olivine solid solutions (Mg, Fe,_,),S510, with x=0.1, 0.2,
0.3, 0.4, 0.6, and 0.8, which are named Fo10, Fo20, Fo30,
Fo40, Fo60, and Fo80, respectively, were used as the start-
ing materials. Fol0, Fo20, Fo30, and Fo40 were prepared
from reagent grade oxides of SiO,, MgO, and Fe,0;. SiO,
and MgO were heated at 1270 K, and Fe,O5 at 770 K for
16 h to remove adsorbed water. The powders were stored
in a vacuum furnace at 370 K overnight before weighing,
mixed in proportions corresponding to Fol0, Fo20, Fo30,
and Fo40, and ground with acetone in an agate mortar for
1 h. The resulting mixtures were compressed into pellets and
then sintered for 20 h in a CO-CO, gas-mixing furnace at
temperatures of 1370-1420 K and an oxygen partial pres-
sure (fO,) of approximately 1-2 log unit above the iron-
wustite (IW) buffer. The pellet color changed from rose to
grey indicating a change from Fe®* to Fe?*. This procedure
was repeated 2—4 times for each composition until no phases
other than olivine were confirmed based on their powder
XRD patterns, which were obtained using a micro-focused
X-ray diffractometer (Bruker AXS Discover 8) with a two-
dimensional solid-state detector (VANTECS500) and micro-
focus source (IpS) with Co-Ka radiation operated at 40 kV
and 500 pA. Fo60 and Fo80 were prepared by the sol-gel
method (Ishii et al. 2018, 2019). Mg and Fe solutions were
separately dissolved in a mixture of HNO;, pure water, and
tetraethylorthosilicate (CH;CH,0),Si), and then mixed in
the desired molar ratios of Mg:Fe:Si. Ammonia was added to
the solutions to make gels, which were then heated stepwise
to 1700 K. The recovered powders were heated at 1500 K
for 12 h in a CO-CO, gas-mixing furnace controlled at an
fO, of ~ 1 log unit above the IW buffer. The XRD patterns of
the recovered samples showed olivine with a trace amount
of enstatite. Disks with a diameter of 1 mm and height of
0.3 mm were then prepared from the sintered olivine solid
solutions.
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Fig.1 Schematic drawing of a cell assembly used in the 3x5 MN
six-axis multi-anvil apparatus (TEL 8 mm): side view (a), top view
(b), and enlarged sample part from the side view (c). S1-S4 sample
positions. PM pressure marker (sintered MgO)

In situ X-ray diffraction

High-pressure experiments were conducted using the 3 X5
MN six-ram multi-anvil press at the P61B beamline at the
Deutsches Elektronen-Synchrotron (DESY) in Hamburg.
This apparatus is equipped with an energy-dispersive XRD
system, a Ge solid-state detector (SSD) with a 4096 multi-
channel analyzer (MCA) and CCD camera for radiographic
imaging. An energy range of the SSD-MCA was calibrated
using the gamma-ray lines of different metals prior to the
measurements. The diffraction angle (260) was calibrated
before each experiment with a precision of 0.0001° using
the XRD pattern of MgO at ambient pressure as a standard.

We used a modified high-pressure cell assembly
described in Nishida et al. (2020). The experimental cell
consisted of an MgO + Cr,0; octahedral pressure medium,
strip-type boron-doped diamond (BDD) heater, tetragonal
MgO prism with round corners, ZrO, thermo-insulators,
and Mo electrodes (Fig. 1). Disk-shaped samples and MgO
pressure marker were located in the center of the MgO prism
and isolated from one another by Mo disks (0.025 mm). The
sample and pressure-marker disks were 0.3 and 0.5 mm in
thickness, respectively. Typically, we loaded four samples
(S1, S2, S3, and S4) with different compositions in one run

(Fig. 1c). In one experiment, a disk of S1 was replaced by an
additional MgO disk. The temperature was measured using
a Wy,Re;—WsRe, 5 thermocouple located at the center of
the furnace between the MgO and sample (S2) disks. Sam-
ple S2 was selected in each run, so that its composition fell
into the olivine—ahrensite coexistence loop under our target
conditions (Akaogi et al. 1989). The thermocouple was elec-
trically isolated from the BDD stripes with the MgO prism.

The cell assembly was compressed to the desired press
load and then heated to 1700 K. At this temperature, the
sample pressure was carefully monitored every 50-100 s and
held constant by increasing the press load to compensate for
pressure drop due to plastic material flow at high tempera-
ture (Ishii et al. 2018, 2019). Temperature fluctuations were
limited to +3.0 K. After 20 min at 1700 K, the sample was
quenched and analyzed by XRD prior to decompression.
The pressure effect of the thermoelectromotive force of the
thermocouple was corrected using the equations determined
by Nishihara et al. (2020) after the experiments, with recal-
culated temperatures of 1732.6-1748.0 K (Table 1). For the
phase diagram construction and thermochemical calculation,
we averaged these values as 1740 K.

An incident X-ray beam collimated to dimensions of
50 pm horizontally and 300 pm vertically was directed at
the sample through the gaps between the second stage anvils.
All experiments were carried out with the press oscillating
around the vertical press axis between 0° and 4° during the
XRD measurement to suppress intensity heterogeneities of
the diffracted peaks. The pressure was calculated from the
MgO unit cell volumes using the equations of state proposed
by Tange et al. (2009) and the pressure-corrected tempera-
tures based on the third-order Birch-Murnaghan and Vinet
equations of state. To calculate the MgO unit cell volumes,
we used seven diffraction peaks (111, 200, 220, 222, 400,
420, and 422), which allow precise pressure determination
(Ishii et al. 2018, 2019).

Sample analyses

The recovered run products were polished and investigated
using a scanning electron microscope (SEM) with a back-
scattering detector and acceleration voltage of 20 kV to
observe two phases with (Mg + Fe):Si=2:1 stoichiometry
but different Fe/(Mg + Fe) ratios and take high-resolution
images (Fig. 2).

The chemical compositions of olivine and ahrensite were
analyzed using a JEOL JXA-8200 electron probe microana-
lyzer (EPMA) equipped with five wavelength-dispersive
spectrometers (WDS). The samples were analyzed with a
point-beam using an acceleration voltage of 15 kV, probe
current of 15 nA, and counting time of 20 s on the peak and
10 s on the two background positions at both sides of the
peak. Measured peak counts were corrected using the PRZ
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(Phi-Rho-Z) method (Armstrong 1991). An enstatite single

crystal was used as the standard for Mg and Si, and metallic
Fe was used for Fe. Oxygen was calculated by stoichiometry.
To obtain good statistics, 11-41 measurements were col-

lected for each phase from every run.

iscussion

Resultsand d

The XRD analyses revealed the coexistence of
a-(Mg,Fe),SiO, and y-(Mg,Fe),Si0, in the sample S2 posi-
tion at pressures of 7.5-11.2 GPa (Fig. 3), and the SEM
analyses show the coexistence of Mg- and Fe-rich olivine

Run products analyses

solid solutions in the same sample position (Fig. 2b). Con-
sidering previous studies (Akimoto and Fujisawa 1968; Frost
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2003), these Mg-rich and Fe-rich phases should be olivine
and ahrensite, respectively (Table S1).

The compositions of the coexisting olivine and ahrensite
based on the EPMA analyses are listed in Tables 1 and S2.
With increasing pressure from 7.5 to 11.2 GPa, the Fe,SiO,
component decreases from 0.705 to 0.227 in olivine and
from 0.878 to 0.482 in ahrensite.

Coexisting olivine and wadsleyite were found at 12.5 GPa
and 1748.0 K in the S1 sample position. The Fe,Si0, con-
tents were determined as 0.126 and 0.200 in olivine and
wadsleyite, respectively.

Thermodynamic approach
The exchange of Fe and Mg between olivine and ahrensite
can be expressed by the following reactions:

MgSi, s0,(01) = MgSi, sO,(Ahr), (1

FeSiy 50,(01) = FeSi, 50,(Ahr), )

where Ol and Ahr represent olivine and ahrensite,
respectively.

Energy (keV)

The changes of Gibbs free energy for reactions (1) and
(2), AGygsi, .0,(P, T) and AGgg; o, (P, T), respectively, are
expressed as:

_ 0
AGMgSiO.soz (P’ T) - AGMgSio.soz
P atbr
MgSig sO, (3)
+ /OAVMgSinOz (P, T) + RTlnaOI—’
MgSi 50,
_ 0
AGFeSino2 (P,T)= AGFeSiO‘SO2
P athr
FeSig 5O (€]
+ / AVFeSiO_SOZ(P, T) +RTln%,
0 9Fesiy 50,
where T is the absolute temperature, AGg{gSiojo2 and
AGgeSinS o, are the Gibbs free energy changes in reactions (1)

and (2) at 1 atm and 1740 K, AV .6 o, (P, T) and AV o,
are the volume changes at a pressure of P and temperature
of T, and a]AY, is the activity of component M (MgSi, 5O, or
FeSi;, 50,) in phase N. The temperature is fixed at 1740 K in
the calculation.

The a% term is expressed as:

@ Springer
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: ; 0 0 ol hr ; : .
Table 2 Covariance matrix of the parameters (AGMgSio,,st’ AGFeSiMOz, WOl and WAM in kJ/mol) in least square fitting
(AGOMgSin o, WO! and WAM in Eq. (7)
0 ol Ahr
AGMgSiMOz %% 1%

0 _ _
AGMgSiMOZ 0.8 32 35
wo! -32 14.1 16.3
WA -35 16.3 19.7

0 ol Ahr
(AGFeSi,,;OZ’ W*', and WA in Eq. (8)
0 ol Ahr
GFeSinOz w w

0
AGFeSiOSO2 0.1 0.3 0.2
wo! 0.3 7.2 3.5
WADr 0.2 3.5 1.8

N _ yN N . 0 _ . 0 _ .
dy = Xy X ¥y 3) (8): AGMgSiO_502 = 28.4 kJ/mol; AGFeSiU.SO2 = 14.5 kJ/mol;

where X is the concentration and yj, is the activity coef-
ficient of component M in phase N.

Based on the symmetric regular solution model, the activ-
ity coefficient can be written as:
N _ wN N2
RTIny, = WY (1 -X})", (6)
where WV is the Margules interaction parameter that
describes the interaction energy between Fe and Mg in the

solid solutions.
Equations (3)—(6) lead to:

AGygsi, .0,(P.T) = AGY

AG?

»
AGresiy 0,2, T) = AGgg; o, + / OAVFeSiUVSOZ(P ,T) + RTIn

P
MgSij 50, + /OAngSio_st(P, T) + RTIn

WO! = 1.7 KJ/mol; and WAP = 1.5 kJ/mol. Note that the W°!
and WAM are strongly correlated in least square fitting, there-
fore, it is not appreciate to report an individual unceartinty
each parameter, instead, the co-variance matrix is shown in
Table 2 for Egs. (7) and (8), which shows the correlation of
the fitting parameters.

By inputting a pressure value, the compositions of olivine

. ol Ahr
and ahrensite (XFeSiMOZ, FeSin502) are calculated from Egs.

(7) and (8) and the curves of the olivine—ahrensite loop at
1740 K are obtained at various pressures (Fig. 4).
A user-friendly software named “olivine—ahrensite loop

Ahr
MgSij 50, Ahr (yAhr 2 Ol ( 40l 2
% (XFeSio_soz) _w (XFeSiU_502>’ %
MgSig 50,
Ahr
FeSiysO, WwAbr (1 _ yAbr : wol(1 = x©! : (8)
ol + ~ “FeSiy 50, - ~ “FeSigs0, )
FeSij 50,

The molar volumes of the MgSi, sO, and FeSi s0, end-
members of forsterite—fayalite and ringwoodite—ahrensite
have been previously reported as functions of pressure and
temperature (Jacobs et al. 2001; Katsura et al. 2004, 2009).
They were recalculated for 1740 K and various pressure
conditions using their reported parameters for thermal coef-
ficients and high-temperature Birch—-Murnaghan equations
of state (Table 1). The AV o, and AV o, values at
1740 K are thus obtained from the molar volumes of the
endmembers.

Under equilibrium conditions, both AGyg; o, and
AGgg;, .0, equal 0. With these constraints, AGMgSio_soz’

(}zeSinjoz’ WO!, and WA were obtained by simultaneous

least square fitting of the experimental data to Eqs. (7) and

@ Springer

calculation tool” was developed to quantitatively determine
pressure and temperature conditions from the compositions
of coexisting olivine and ahrensite. The software instructions
are provided in the supplementary material.

Comparison with previous results

A comparison of our results with previously published data
is shown in Fig. 4. The binary loop at 1470 K (Akimoto
1987) was constructed based only on high-pressure experi-
mental data, whereas the loops at 1670-1740 K were cal-
culated thermodynamically using data obtained either from
high-pressure experiments (Frost 2003) or calorimetric
measurements at ambient pressure (Akaogi et al. 1989). We
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Fig.4 Comparison between oli-
vine—ahrensite loop determined ¢\
in our study with previously
published ones (Akaogi et al.
1989; Akimoto 1987; Frost
2003). The blue, red, and green
symbols are the compositions
of olivine, ahrensite, and wads- b
leyite, respectively, from EPMA
analysis. Symbol sizes are larger
than pressure determination
errors. The solid curves show
the results of the thermody-
namic calculation using our
data at 1740 K. The 1473 and
1873 K data from Akaogi

et al. (1989) are recalculated to 8
1740 K, whereas the tem-

perature conditions of Akimoto

(1987) and Frost (2003) are

1470 and 1670 K, respectively.

a: a-(Mg,Fe),SiO, olivine. f:
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(Mg,Si0,)

recalculated an olivine—ahrensite loop from Akaogi et al.
(1989) at 1740 K based on their 1473 and 1873 K data. Our
determined olivine—ahrensite loop is shifted to the Mg,SiO,
side compared with the loop reported by Frost (2003) and
located within the loops defined by Akaogi et al. (1989) and
Akimoto (1987) (Fig. 4). The widths of the loops obtained in
our study and by Frost (2003) are similar and narrower than
those by Akaogi et al. (1989) and Akimoto (1987).

The phase boundary between the fields of coexisting
olivine/ahrensite and olivine/wadsleyite was determined
between 11.2 and 12.5 GPa. Due to the topology of the
phase diagram and the rules of metastable extensions (Frost
2003), the olivine edge of olivine-wadsleyite loop has a less
steep AP/A#Mg slope than that of the olivine—ahrensite
loop. The boundary between the olivine—ahrensite and
olivine-wadsleyite loops should, therefore, be located at a
pressure slightly below 12.5 GPa because the composition
of olivine coexisting with wadsleyite (Mg s74F€( 126)2510,)
at 12.5 GPa and 1748.0 K is similar to that coexisting with
ahrensite by the thermochemical calculation (Mg, 4¢;Fe
0.133)2910,). If the boundary between the olivine—ahrensite
and olivine-wadsleyite loops is located at a pressure signifi-
cantly below 12.5 GPa, the olivine in coexistence with wad-
sleyite should be much more magnesian. In previous studies,
this boundary was considered to be at 12.8 GPa (Akaogi
et al. 1989; Frost 2003) and 12.2 GPa (Akimoto 1987).

In general, our data are in good agreement with Frost
(2003). Figure 4 in Frost (2003) shows that his experimen-
tally determined data points of olivine and ahrensite coex-
istence are located at lower pressures than those predicted

0.4 0.6 0.8 1.0
Fe/(Fe+Mg) (Fe;Si0,)

by his thermochemical calculation, which suggests that the
olivine—ahrensite loop should be located at lower pressure.
Our results are thus consistent with the Frost (2003) experi-
mental data. As shown above, the discrepancy between the
experimental data and calculated binary loop in Frost (2003)
can be explained by uncertainties in the thermochemical cal-
culation. Frost (2003) confirmed the chemical equilibrium
of the partition data by conducting normal and reversal runs,
thus the agreement in composition between our study and
Frost (2003) suggests that our samples also reached chemi-
cal equilibrium.

The olivine—ahrensite loop at 1470 K shown in Akimoto
(1987) is considerably wider than that determined in our
study at 1740 K (Fig. 4). However, judging from the original
experimental data (Akimoto 1987), one can suggest that the
loop should be much narrower. The data points in Akimoto
(1987) were also obtained by XRD of the entire recovered
samples. This method does not provide sufficient data accu-
racy in comparison with compositional analysis, nor can it
confirm the chemical equilibrium of the system. The data in
Akimoto (1987) were also obtained at a lower temperature.
There are, therefore, several possible explanations for the
discrepancy between the loop widths.

The calculated olivine—ahrensite loop from Akaogi et al.
(1989) is also much wider than that determined in our study,
which can be explained by the different Margules interac-
tion parameters. Frost (2003) calculated the loop using the
procedure as in Akaogi et al. (1989), but applied different
interaction parameters and obtained a narrower loop, which
is similar to the loop determined in this study.
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Table 3 Comparison of

; Run. No. T (K) after correction P (GPa) after cor- P (GPa) calculated at | AP | (GPa)
experimental pressures and rection 1740 K
calculated pressures from the
fitted olivine—ahrensite loop HH310 1744.6 (1.1) 11.19 (17) 11.27 (8) 0.08
HH300 1743.4 (2.4) 10.34 (11) 10.40 (2) 0.06
HH311 1737.9 (1.0) 9.18 (14) 9.29 (8) 0.11
HH312 17353 (9) 8.25 (13) 8.39(9) 0.14
HH314 1732.6 (6) 7.48 (13) 741 (1) 0.07

| AP | was calculated by subtracting the pressure determined by the MgO unit cell volumes (P after correc-
tion) from that determined by the Mg# of olivine and ahrensite (P calculated at 1740 K). We provide the

absolute value of this difference

Multi-anvil press calibration

The obtained results can be applied for in-house pressure
calibration of multi-anvil apparatuses at high temperature. In
principle, one olivine sample that transforms to olivine and
ahrensite at 1740 K is sufficient to determine the pressure in
the range of 6.5-12.0 GPa. However, because it can be dif-
ficult to select a single sample that will fall within the loop
under experimental conditions, we propose to place several
olivine samples in one run. For example, if the expected
pressure is around 10 GPa, placing Fo40, Fo50 and Fo60
disks should ensure successful pressure determination. After
the experiment, the compositions of the coexisting olivine
and ahrensite in the run product should be accurately meas-
ured by EPMA. The compositions (Mg#) of both phases
should correspond to the same pressure, thus confirming
their chemical equilibrium and providing a precise pressure
determination. The current version of the software allows
calculation of the olivine—ahrensite loops at temperatures
from 1600 to 1900 K, but the most reliable results are pro-
vided at 1740 + 10 K because experimental data are pres-
ently lacking at other temperatures. We, therefore, strongly
recommend conducting such calibration experiments at
1740 K. To confirm the reliability of the proposed method,
we recalculated pressure values for each experimental point
using the olivine—ahrensite loop calculation tool software
at a fixed temperature of 1740 K and compared the results
with values obtained during the experiments (Table 3). The
observed discrepancies are within the pressure determina-
tion errors (<0.15 GPa).

The proposed method has essential advantages in com-
parison with conventional in-house multi-anvil press
calibration techniques at high temperature, such as the
quartz—coesite—stishovite transitions in SiO, (Mirwald
and Massonne 1980; Ono et al. 2017) or fayalite—ahrensite
transition in pure Fe,SiO, (Yagi et al. 1987). These con-
ventional techniques require several experimental runs
with different press loads to bracket the phase transitions,
whereas olivine—ahrensite coexistence from olivine solid
solution provides the pressure determination in a single
run. Olivine—ahrensite coexistence also allows pressure

@ Springer

determination between 6.5 and 12.0 GPa, whereas other
high-temperature calibrations are limited to the exact tran-
sition pressure at a given temperature. Olivine samples can
be loaded in the corner of the sample chamber to estimate
the sample pressure in any experimental run at 1740 K and
6.5-12.0 GPa. Precise pressure determinations at tempera-
tures other from 1740 K require further experimental studies
to determine the olivine—ahrensite loop at such temperatures.

Determination of shock parameters

Olivine and ahrensite (ringwoodite) are common miner-
als in shocked meteorites (e.g. Acosta-Maeda et al. 2013;
Baziotis et al. 2018; Feng et al. 2011; Ma et al. 2016; Miya-
hara et al. 2010; Pittarello et al. 2015; Sharp et al. 2019;
Walton and McCarthy 2017). It is expected that shock con-
ditions can be estimated using the compositions of coex-
isting olivine and ahrensite based on the phase diagram
of the olivine—ahrensite transition. More concretely, the
Fe—Mg partition coefficients between olivine and ahrensite
should indicate shock temperatures. Shock pressures can be
obtained using these temperatures and the Mg# values of
these minerals. Unfortunately, shock temperatures cannot
be estimated solely based on the present results because we
determined the phase relations only at a single temperature
of 1740 K. We, therefore, include literature data related
to the temperature dependence to temporarily attempt to
estimate shock pressures and temperatures using the oli-
vine—ahrensite loop calculation tool software developed
here. However, these estimates will be revised after deter-
mining the phase relations at different temperatures in our
future studies.

We attempted to estimate shock parameters of several
meteorites based on the published data regarding the com-
positions of coexisting olivine and ahrensite (ringwoodite)
in Martian meteorites and chondrites (Table 4). Our esti-
mations are based on the assumption that both olivine and
ahrensite are in equilibrium, which is confirmed by the dif-
ference in the compositions of these minerals. If the transfor-
mation occurs out of equilibrium, by overstepping the equi-
librium phase boundary in pressure, the same transformation
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Table 4 Compositions of coexisting olivine and ringwoodite (ahrensite) in meteorites

Meteorite Type Reference Olivine Ahrensite T,K P, GPa
Tissint Martian (shergottite) Ma et al. (2016) Fo, ¢4Fag 3¢ Rw 46Ahr) 5, 1900 10.5 (7)
NWA 8159 Martian (aug. basalt) Sharp et al. (2019) Fo, 34Fa ¢¢ Rw ,sAhr) 7, 1900 8.4(8)
Taiban L5 Acosta-Maeda et al. (2013) Foq g,Fag o5 Rw 73Ahr) 5, 1600 >12.4(8)
Dhofar 1970 L5 Walton and McCarthy (2017) FoqgeFag 14 Rw s4Ahr) 46 1600 11.7 (5)
Asuka-09584 L6 Pittarello et al. (2015) Foy g3Fa 14 Rwj sgAhrg 4, 1600 11.6
Chateau-Renard L6 Baziotis et al. (2018) Foq goFag Rw ssAhrg 45 1700 11.5

Olivine and ringwoodite compositions are given as forsterite (Mg,SiO,)—fayalite (Fe,SiO,) and ringwoodite (Mg,SiO,)—ahrensite (Fe,SiO,)

solid solutions

Aug. basalt augite basalt

should occur without a change in composition (Sharp and
DeCarli 2006). Nevertheless, equilibrium in shock processes
remains a controversial issue, because in the same meteorite
both low-pressure parageneses and high-pressure paragene-
ses can occur. Estimated shock temperature and pressures of
Martian meteorites Tissint (Ma et al. 2016) and NWA 8159
(Sharp et al. 2019) are 1900 K and 8.4 (8) and 10.5 (7) GPa,
respectively. Shock parameters of L5-type chondrites Taiban
(Acosta-Maeda et al. 2013) and Dhofar 1970 (Walton and
McCarthy 2017) were estimated as 1600 K and> 12.4 (8)
and 11.7 (5) GPa, respectively. Because these estimates yield
large errors, we suppose that these Martian meteorites and
L5-type chondrites should have been impacted at> 1900 K
and < 1200 K, respectively. Shock conditions of L6-type
chondrites Asuka-09584 (Pittarello et al. 2015) and Chateau-
Renard (Baziotis et al. 2018) were estimated as 1600 K and
11.6 GPa and 1700 K and 11.5 GPa, respectively. Because
these temperatures are relatively close to 1740 K, we sug-
gest that these parameters are rather accurate. It is also
important to note that these parameters do not indicate peak
shock conditions because both meteorites contain higher-
pressure phases, such as bridgmanite (Baziotis et al. 2018)
and maskelynite (Pittarello et al. 2015). However, obtained
temperature and pressure parameters can be useful for the
construction of the pressure—temperature paths after passing
the peak pressure.

Conclusions

The binary loop of the olivine—ahrensite transition in the
(Mg,Fe),Si0, system at a temperature of 1740 K in the
pressure range of 7.5-11.2 GPa was determined using a
multi-anvil apparatus combined with in situ X-ray diffrac-
tion. The Fe,SiO, components in olivine and ahrensite
decrease with increasing pressure from 0.705 and 0.878
at 7.5 GPa to 0.227 and 0.482 at 11.2 GPa, respectively. A
convenient software was developed to calculate pressure
from compositions of coexisting olivine and ahrensite.

This software was tested by comparing the obtained pres-
sures with those determined using MgO unit cell vol-
umes. The present phase relation can be used for precise
in-house multi-anvil press calibration at high temperature
in the pressure range from 6.5 to 12.0 GPa. This software
can also be used to estimate shock conditions of L6-type
chondrites Asuka-09584 and Chateau-Renard meteorites
as 1600 K, 11.6 GPa and 1700 K, 11.5 GPa, respectively.
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