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Abstract Olivine and ahrensite are the primary components of the interiors of Fe‐rich terrestrial planets and
meteorites, making their phase relations crucial for planetary science. Moreover, their phase relations can be
used for calibrating large‐volume high‐pressure devices such as multi‐anvil apparatus. Here we defined the
olivine–ahrensite phase relations in the MgO‐FeO‐SiO2 system at 7.5–12.0 GPa at 1,530 and 1,950 K using a
multi‐anvil apparatus. Combining the current results with our previously determined binary loop at 1,740 K, we
re‐estimated the shock parameters of several L5 and L6‐types meteorites. Also, we determined the olivine‐
ahrensite phase ratio and compositions along cold and warm Mars aerotherms for Mg/(Mg + Fe) ratios of 0.75
and 0.80. Using this mineralogical model, we estimated and compared seismic wave velocity profiles in Mars'
interior to data from the InSight geophysical mission.

Plain Language Summary Olivine (Mg,Fe)2SiO4 is among the most abundant minerals in the
interiors of terrestrial planets. In Earth's mantle it is predominantly magnesium‐rich, whereas on other planets,
such as Mars, it tends to be more Fe‐rich. At greater depths, Fe‐rich olivine transforms into a high‐pressure
spinel‐structured phase known as ahrensite. Understanding the phase relations of these major mantle minerals is
essential for constraining planetary structure and dynamics, making detailed studies of the olivine–ahrensite
transition particularly important for iron‐rich planets. Coexistence of olivine and ahrensite has also been
observed in numerous meteorites. Based on the olivine–ahrensite phase relations, shock conditions of these
meteorites can be estimated. In this study, we examined the high‐pressure, high‐temperature phase relations
between olivine and ahrensite across a range of temperatures. We then used these results to estimate shock
conditions in several meteorites and to construct a mineralogical model of Mars' interior. Based on this
mineralogical model, we estimated and compared seismic wave velocity profiles in Mars' mantle to data from
the InSight geophysical mission.

1. Introduction
Olivine polymorphs are believed to be the main constituents of the interiors of rocky planets. These polymorphs
are believed to have an Mg# = Mg/(Mg + Fe) = 0.9 in the Earth's mantle, and their phase relations are well
studied for the compositions close to this Mg# (e.g., Chanyshev et al., 2022). However, in the Martian mantle,
olivine may be more Fe‐enriched than in the Earth's mantle and has Mg# = 0.75–0.80 (Khan et al., 2018).
Moreover, beyond our solar system, astronomers have discovered numerous terrestrial exoplanets that may be
even more enriched in Fe than Mars, and in their mantles, olivine may have Mg# = 0.55 (McDonough &
Sun, 1995). Therefore, understanding the phase relations of the Fe‐rich olivine polymorphs over a broad range of
pressures, temperatures, and iron content is necessary for modeling the interior structure and dynamics of
Fe‐enriched exoplanets.

Olivine (α‐(Mg,Fe)2SiO4) transforms into a spinel‐structured phase (γ‐(Mg,Fe)2SiO4) at high pressures (Ring-
wood, 1958). γ‐Mg2SiO4 and γ‐(Mg0.46Fe0.54)2SiO4 have been named ringwoodite (Binns et al., 1969) and
ahrensite (Ma et al., 2016), respectively. In the mineralogical terminology, α‐ and γ‐(Mg,Fe)2SiO4 containing 50
or more mol% of Mg2SiO4 are named forsterite and ringwoodite, respectively. The α‐ and γ‐(Mg,Fe)2SiO4
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containing less then 50 mol% of Mg2SiO4 are named fayalite and ahrensite, respectively. However, since most of
γ‐(Mg,Fe)2SiO4 in this study contains less than 50 mol% Mg2SiO4, we consistently refer to it as ahrensite
throughout this paper. Previous experimental studies revealed that olivine and ahrensite form a binary loop at high
pressures and temperatures. A pioneering experimental study by Akimoto and Fujisawa (1968) determined this
binary loop at 1,073, 1,273, and 1,473 K. It should be noted that modern techniques for determining pressure,
identifying phases and measuring compositions were unavailable or impractical when Akimoto and Fujisawa
conducted their study. Akaogi et al. (1989) later derived a phase diagram of the transition from high‐temperature
solution calorimetry data. Frost (2003) determined these phase relations at 1,673 K. The most recent data were
provided by Chanyshev et al. (2021) at 1,740 K, where the binary loop was determined using advanced multi‐
anvil techniques. These techniques include determining pressure and identifying phases using in situ X‐ray
diffraction (XRD) and analyzing phase compositions of recovered run products using an electron probe
microanalyzer.

The olivine–ahrensite phase relations are also important for meteoritics, since both phases are present in mete-
orites, and ahrensite is formed via solid‐state transformation of olivine during an impact event. Based on the
olivine–ahrensite binary loop, one can estimate the shock parameters of meteorite impact. Chanyshev et al. (2021)
attempted to estimate these parameters for several meteorites, but some of these estimations may contain sig-
nificant uncertainties because the binary loop was determined only at 1,740 K. The authors provided a tool to
estimate pressure and temperature simultaneously based on the compositions of coexisting olivine and ahrensite,
but it works only in a limited temperature range. To extend this range, we investigated the temperature depen-
dence of the olivine‐ahrensite transition as a function of pressure by determining the binary loop at different
temperatures.

2. Experimental Procedure
2.1. Sample Preparation

The starting materials used in this study were similar to those in Chanyshev et al. (2021). We used (Mgx,
Fe1− x)2SiO4 starting compositions in the range of (Mg0.80Fe0.20)2SiO4 (Fo80)‐(Mg0.10Fe0.90)2SiO4 (Fo10). These
solid solutions were synthesized from SiO2, MgO, and Fe2O3 oxides. Prior to use, SiO2 and MgO were annealed
at 1,270 K and Fe2O3 at 770 K for 16 hr. The dried powders were then stored overnight in a vacuum furnace at
370 K, weighed, and mixed in appropriate proportions. Each mixture was ground with acetone for 1 hr, pressed
into pellets, and sintered for 20 hr in a CO–CO2 gas‐mixing furnace at 1,370–1,420 K at fO2 = IW + 2. We
repeated this procedure a few times for each starting material until powder XRD analyses confirmed the absence
of secondary phases.

An MgO powder mixed with a diamond powder (10:1 wt.%) was used as a pressure marker for in situ XRD
experiments. The MgO powder was heated at 1,270 K for 16 hr prior to weighing. The mixture was ground with
acetone for 1 hr.

The mixture of MgO and diamond was sintered by compressing to 5 GPa and heated to 1,000 K for 1 hr
using a multi‐anvil press at Bayerisches Geoinstitut, University of Bayreuth. WC anvils with a truncated
edge length of 15.0 mm were used for this sintering. Experimental cell contained Cr2O3‐doped MgO
pressure medium and stepped cylindrical graphite heater. Sample was encapsulated in a 50‐μm thick Mo
foil. A W97Re3− W75Re25 thermocouple was used to measure the sample temperature. The sintered olivine
solid solutions and mixture of MgO and diamond were then cut into disks with a diameter of 1 mm and a
height of 0.3 mm.

2.2. High‐Pressure High‐Temperature Experiment With In Situ X‐ray diffraction

We performed several in situ high‐pressure multi‐anvil experiments at the Deutsches Elektronen‐Synchrotron
(DESY) using the 3 × 5 MN six‐ram multi‐anvil press (Farla et al., 2022). We employed energy‐dispersive
XRD with a Ge SSD (4096‐channel MCA) and CCD imaging. The SSD‐MCA was calibrated using the γ‐ray
lines of different metals (57Co and 133Ba) before the measurements. 2θ diffraction angle was defined with a high
precision of 0.0001° before each experiment, using MgO and SRM‐660c LaB6 (Black et al., 2020) calibrants at
ambient conditions as standard references.
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We used a cell assembly similar to that used by Chanyshev et al. (2021). The cell assembly contained Cr2O3‐
doped MgO pressure medium, a strip‐type boron‐doped diamond heater (Xie et al., 2017, 2020), MgO sample
capsule, Mo electrodes, and ZrO2 thermo‐insulators. Temperature was measured with a W97Re3–W75Re25
thermocouple, with corrections also applied for pressure effects on the thermoelectromotive force (Nishihara
et al., 2020). Samples and pressure marker discs were placed in the assembly center. These discs were separated
from one another by 25‐μm thick Re foils. Typically, four samples with different compositions were loaded in
each assembly.

The experimental procedure is described as follows. First, the cell assembly was compressed and then heated to
the target pressure and temperature conditions. In the current project, the target temperatures before correction
were 1,500 and 1,900 K, and after correction were≈1,530 and≈1,950 K. The target pressure was kept constant by
changing the multi‐anvil press load. In 20 min at the target temperature, the sample was quenched. Before
decompression, the phase composition of the quenched run products was detected by XRD.

The incident X‐ray beam was collimated to 0.3 and 0.05 mm in the vertical and horizontal dimensions,
respectively. During XRDmeasurements, the press was oscillated around the vertical axis from 0° to 4° to reduce
intensity heterogeneities in the diffracted signals. In each experiment, at a given pressload and temperature, the
unit cell volume of the MgO calibrant was measured, and pressures were calculated using the third‐order Birch–
Murnaghan and Vinet equations of state (Tange et al., 2009). In the manuscript, we provide the average pressure
values from these two equations of state.

2.3. Sample Analysis

Cross‐sections of the recovered samples were prepared and further analyzed by scanning electron microscopy
(SEM). Backscattered electron (BSE) images were taken on the cross sections. The phases present on the cross
sections were examined by an energy‐dispersive detector.

The chemical compositions of olivine and ahrensite were obtained using a JEOL JXA‐8200 electron probe
microanalyzer (EPMA), which was operated at 15 kV and 5 nA. Calibration standards of enstatite were employed
for Mg and Si, and metallic iron for Fe. Oxygen content was derived from stoichiometry. Grains near the edges of
the samples were avoided.

3. Results and Discussion
3.1. Run Products

The XRDmeasurements revealed α‐(Mg,Fe)2SiO4 and γ‐(Mg,Fe)2SiO4 at 8.27(6)–11.68(3) GPa at ≈1,530 K and
at 9.54(13)–11.98(4) GPa at ≈1,950 K (Figure 1). Some XRD patterns also contain reflections of the surrounding
MgO from the pressure media. The SEM and EPMA analysis show the coexistence of two phases with olivine
stoichiometry and different Fe/Mg ratios (Figure 2a). We therefore consider that the Mg‐enriched phase is
olivine, and the Fe‐enriched phase is ahrensite.

At 12.88(5) GPa and 1,960 K, we observed the coexistence of wadsleyite and ahrensite by XRD. The SEM
analyses showed the coexistence of two phases with olivine stoichiometry and different Fe/Mg ratios. Based on
the topology of the (Mg,Fe)2SiO4 phase diagram at high pressure (Frost, 2003), the Mg‐enriched phase is
wadsleyite, and the Fe‐enriched phase is ahrensite.

Table 1 shows the composition of coexisting phases based on the EPMA analyses. At 1,530 K, the Mg2SiO4
component increases from 0.47 to 0.86 in olivine and from 0.19 to 0.64 in ahrensite with increasing pressure from
8.27(6) to 11.68(3) GPa. At 1,950 K, the Mg2SiO4 component rises from 0.54 to 0.73 in olivine and from 0.32 to
0.46 in ahrensite with increasing pressure from 9.54(13) to 11.98(4) GPa. The Mg2SiO4 contents in coexisting
wadsleyite and ahrensite at 1,960 K and 12.88(5) GPa were determined as 0.66 and 0.56, respectively.

In the current study, we assume that all Fe in both olivine and ahrensite is ferrous, although we did not conduct
Mössbauer measurements of recovered run products and did not control oxygen fugacity conditions, as it was
done in Frost (2003) by adding metallic Fe to the starting material. Potentially, ahrensite or ringwoodite may
incorporate some amount of ferric Fe, but in dry systems, Fe3+ content is typically low (≈3% of total Fe), since
there is limited charge compensation without hydrogen (McCammon et al., 2004). Another evidence of reduced
condition in the current study is that the sum of cations is 2.98–3.00 for four oxygen atoms (Table 1), assuming
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that all Fe is ferrous. If our samples contained significant amounts of ferric
iron, the total cation sum should have been greater than 3.

3.2. Thermodynamic Approach

The thermodynamic approach used in the current study is similar to that in
Chanyshev et al. (2021). Here we briefly describe this approach:

The partitioning of Fe and Mg between the coexisting olivine and ahrensite
are described by the exchange reactions:

MgSi0.5O2(α) = MgSi0.5O2(γ), (1)

FeSi0.5O2(α) = FeSi0.5O2(γ), (2)

At equilibrium and at a fixed pressure and temperature the standard state
Gibbs free energy change for reactions (1) and (2) are:

ΔGMgSi0.5O2(P,T) = ΔH0
MgSi0.5O2

− TΔS0MgSi0.5O2
+∫

P

0
ΔVMgSi0.5O2(P,T)

+ RT ln
XAhrMgSi0.5O2

XOlMgSi0.5O2

+WAhr(1 − XAhrMgSi0.5O2
)
2

− WOl(1 − XOlMgSi0.5O2
)
2

(3)

ΔGFeSi0.5O2(P,T) = ΔH0
FeSi0.5O2

− TΔS0FeSi0.5O2
+∫

P

0
ΔVFeSi0.5O2(P,T) + RT ln

XAhrFeSi0.5O2

XOlFeSi0.5O2

+WAhr(1 − XAhrFeSi0.5O2
)
2
− WOl(1 − XOlFeSi0.5O2

)
2

(4)

Where ΔH0
MgSi0.5O2

and ΔH0
FeSi0.5O2

are the enthalpy changes in reactions (1) and (2) at 1 atm, ΔS0MgSi0.5O2
and

ΔS0FeSi0.5O2
are the entropy change in reactions (1) and (2) at 1 atm, ΔVMgSi0.5O2

(P,T) and ΔVFeSi0.5O2
(P,T) are the

volume changes at a pressure of P and temperature of T, and WN is the Margules interaction parameter that
quantifies the non‐ideal behavior of solid solutions.

The molar volumes pressure and temperature dependence of the MgSi0.5O2 forsterite and ringwoodite as well as
FeSi0.5O2 fayalite and ringwoodite have been determined previously by Jacobs et al. (2001), Katsura et al. (2004,
2009). The ΔVMgSi0.5O2

and ΔVFeSi0.5O2
values at 1,530 and 1,950 K and various pressures are calculated from the

endmember's molar volumes.

ΔS0MgSi0.5O2
, ΔS0FeSi0.5O2

, ΔH0
MgSi0.5O2

, ΔH0
FeSi0.5O2

,WOl, andWAhr were calculated by simultaneous least square fitting
of the current experimental data and data from Chanyshev et al. (2021), assuming that, ΔGMgSi0.5O2

and ΔGFeSi0.5O2

equal 0 at equilibrium: ΔS0MgSi0.5O2
= − 7.753 J/mol, ΔS0FeSi0.5O2

= − 11.727 J/mol, ΔH0
MgSi0.5O2

= 14.356 kJ/mol;
ΔH0

FeSi0.5O2
= − 4.986 kJ/mol; WOl = 2.037 kJ/mol; and WAhr = 2.697 kJ/mol.

Using the obtained data, we updated the software (olivine–ahrensite loop calculation tool) created by our research
group and attached to Chanyshev et al. (2021). The updated software can be used to determine pressure in the
temperature range of 1,200–2,300 K from the compositions of coexisting olivine and ahrensite.

3.3. Phase Diagram

Figure 3 illustrates the phase relations in the Mg2SiO4‐Fe2SiO4 system at 5.0–12.0 GPa at 1,530, 1,740 and
1,950 K based on our thermodynamic calculations. With increasing temperature, the binary loop shifts to higher
pressure. Our data at 1,530 K are in good agreement with our calculated loop at 1,530 K, whereas our data at
1,950 K slightly differ at high pressures from the computed loop at 1,950 K (Figure 3). At 1,950 K, we also

Figure 1. Olivine‐ahrensite coexistence confirmed by X‐ray diffraction in
BT892, BT893, and BT894 experimental runs. From the left side, run
number, starting material, and experimental parameters are shown. The blue,
red, and black numbers show the Miller indices of olivine, ahrensite, and
periclase, respectively. The fluorescence lines of Pb Kα and Kβ are shown
by the Siegbahn notation.
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observed coexistence of wadsleyite and ahrensite at 12.88 GPa, which allows
us to determine the upper part of the olivine‐ahrensite binary loop and propose
the position of the wadsleyite‐ahrensite binary loop (Figure 3).

Comparison of the calculated olivine‐ahrensite binary loops at 1,530 and
1,950 K with previous experimental results at similar temperatures is shown
in Figure 4. Akimoto (1987) and Frost (2003) constructed binary loops at
1,473 and 1,673 K, respectively, based on high‐pressure experimental data.
Akaogi et al. (1989) calculated loops at 1,473 and 1873 K using calorimetric
measurements at ambient pressure. The left parts of our determined loops at
1,530 and 1,950 K, corresponding to the compositions of olivine, are in good
agreement with previous results from Akimoto (1987) and Akaogi
et al. (1989) at 1,473 and 1,873 K (Figure 4). In contrast, the right parts of the
loops at 1,530 and 1,950 K, representing the compositions of ahrensite, show
significant discrepancies compared to the previous data from Akimoto (1987)
and Akaogi et al. (1989) at 1,473 and 1,873 K (Figure 4). Therefore, our
determined loops are narrower than those by Akimoto (1987) and Akaogi
et al. (1989). Moreover, their determined upper part of loops, separating the
wadsleyite stability field, are located at higher pressures than our proposed
boundaries.

The binary loop determined by Frost (2003) was compared with the loop
calculated at 1673 K using our software (Figure S1). The experimental data
points reported by Frost (2003) are located about 0.5 GPa lower than the loop
calculated by him, and about 0.7 GPa higher than predicted by our thermo-
dynamic model. Possibly, this discrepancy is caused by the overestimation of
pressure conditions in Frost (2003) experiments. For the multi‐anvil press
calibration, he used the post‐spinel phase transition determined by Katsura
et al. (1998). Recently, this phase transition was re‐investigated by Akaogi
et al. (2023), and the newly re‐determined boundary is located about 1–2 GPa
lower than that proposed by Katsura et al. (1998). The widths of binary loops
calculated by Frost (2003) and by us are almost the same.

The observed discrepancies between our data and Akimoto (1987) can be
explained by the different analytical methods used to determine the binary
loop parameters. Akimoto (1987) used XRD to define the phases in recovered

samples without compositional analyses. In a phase diagram where one of the axes is the composition of the
coexisting phases, such a method is not able to determine the loop parameters accurately. The calculated olivine–
ahrensite loops from Akaogi et al. (1989) at 1,473 and 1,873 K seem to be wider than ours at 1,530 and 1,950 K,
and these discrepancies could be caused by using different Margules parameters. Frost (2003) calculated the loop
using the same procedure as Akaogi et al. (1989), but with different interaction parameters. While Akaogi
et al. (1989) derived their parameters by fitting calorimetric data obtained at ambient pressure and high tem-
perature, Frost (2003) determined his parameters by fitting experimental data collected at high pressures and
temperatures, similar to our study. As a result, Frost (2003) obtained a narrower loop than those from Akaogi
et al. (1989), and its width is comparable to those determined in the current study.

3.4. Large‐Volume High‐Pressure Devices Calibration

The defined olivine‐ahrensite phase relations can be applied for in‐house pressure calibration of large‐volume
high‐pressure devices such as multi‐anvil apparatus at high temperature, as we proposed in Chanyshev
et al. (2021). The method can be briefly described as follows: several pieces of (Mg,Fe)2SiO4 samples with
different Mg/Fe ratios should be placed in the cell assembly chamber near the sample. Under experimental
conditions, at least one sample should have the coexistence of olivine and ahrensite, while the others may show a
single phase of either olivine or ahrensite. Recovered samples should be analyzed by EPMA to obtain olivine and
ahrensite compositions. Using the updated software, sample pressure can be estimated by the compositions of the
coexisting olivine and ahrensite. Reliability of this calibration was confirmed by comparing of experimental

Figure 2. Backscattered scanning electron microscopy images of run
products from experiments (a) BT892 at 1,530 K and 8.87(5) GPa and
(b) BT621 at 1,956 K and 11.98(4) GPa.
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pressure values from the current study and Chanyshev et al. (2021) with those
calculated using our software at 1,530, 1,740 and 1,950 K (Table 2). At
1530 K, observed residuals are relatively small (0.04–0.08 GPa), except for
the data point at the lowest studied pressure, where the difference is 0.40 GPa.
At 1,740 K, the residuals are between 0.08 and 0.30 GPa, and at 1,950 K, the
residuals are 0.18–0.66 GPa. We consider that these residuals can be caused
by experimental uncertainties, which cannot be avoided. Additional experi-
ments at 1,950 K are required to establish a more precise thermodynamic
model at this temperature. We estimated residual variance s2 between our
experimental and model data using the following formula:

s2 =
1

N − p
∑
N

i=1
r2i (5)

Where n is the number of data points, p is the number of fitted parameters, and
ri is the residual between experimental and predicted values. Standard devi-
ation of the fit, which indicates the model's predictive uncertainty, is the
square root of the residual variance. The calculated residual variance and
standard deviation are 0.15 and 0.39, respectively. Thus, the uncertainty in
determining the pressure parameters using our model is 0.39 GPa. Moreover,
based on the comparison of the residuals at different temperatures, the pro-
posed multi‐anvil calibration method is primarily applicable to experiments
up to 1,740 K and should be used with caution at higher temperatures.

3.5. Determination of Shock Parameters

Some meteorites have characteristic mineral associations that help to deter-
mine the impact conditions, and the olivine‐ahrensite assemblage is one of

Table 1
Experimental Run Conditions and Electron Probe Microanalyzer Data

Sample
Temperature, K after
P‐correction of EMF

Pressure, GPa after P‐
correction of EMF

Starting
material

Ahrensite composition (light) Olivine composition (dark)

Mg2+ Fe2+ Si4+
Sum of
cations Mg# Mg2+ Fe2+ Si4+

sum of
cations Mg#

BT892 Average 1,530 8.87 Fo40 0.58 1.40 1.01 2.99 0.29 1.24 0.76 1.00 3.00 0.62

St. dev 0.05 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.00

BT893 Average 1,534 10.70 Fo60 1.00 0.99 1.00 3.00 0.50 1.58 0.43 0.99 3.01 0.79

St. dev 0.06 0.02 0.02 0.00 0.00 0.04 0.04 0.00 0.00

BT894 Average 1,537 11.68 Fo80 1.28 0.72 1.00 3.00 0.64 1.73 0.28 0.99 3.01 0.86

St. dev 0.03 0.03 0.02 0.01 0.01 0.02 0.02 0.00 0.00

BT895 Average 1,529 8.27 Fo40 0.38 1.59 1.01 2.99 0.19 0.94 1.06 1.00 3.00 0.47

St. dev 0.06 0.00 0.00 0.00 0.00 0.03 0.03 0.00 0.00

BT614a Average 1,958 12.88 Fo60 1.12 0.87 1.00 3.00 0.56 1.31 0.69 1.00 3.00 0.66

St. dev 0.05 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00

BT621 Average 1,956 11.98 Fo60 0.91 1.07 1.01 2.99 0.46 1.46 0.55 0.99 3.00 0.73

St. dev 0.04 0.01 0.01 0.00 0.00 0.02 0.02 0.00 0.00

BT641 Average 1,951 10.61 Fo40 0.70 1.26 1.02 2.98 0.36 1.26 0.73 1.00 3.00 0.64

St. dev 0.06 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.00

BT638 Average 1,948 9.54 Fo40 0.63 1.37 1.00 3.00 0.32 1.09 0.91 1.00 3.00 0.54

St. dev 0.13 0.01 0.01 0.00 0.00 0.01 0.02 0.00 0.00
aIn the BT614 run, the wadsleyte composition was shown in the column «Olivine composition (dark)».

Figure 3. Experimental data and calculated olivine‐ahrensite loops. Blue
diamonds, red circles, and green squares represent the compositions of
olivine (α), ahrensite (γ), and wadsleyite (γ), respectively. Purple stars
indicate compositions of starting materials. Optimized thermodynamic data
at 1,530, 1,740 and 1,950 K are shown as solid colored curves. Optimized
thermodynamic data at 1,740 K are shown as thinner curves than the data at
1,530 and 1,950 K. Pressure determination errors are smaller than the
symbols.
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them (e.g., Acosta‐Maeda et al., 2013; Baziotis et al., 2018; Ma et al., 2016;
Miyahara et al., 2010; Pittarello et al., 2015; Sharp et al., 2019; Walton &
McCarthy, 2017). These impact conditions are typically estimated from the
compositions of coexisting minerals such as olivine and ahrensite using their
phase relations. These estimates assume that theseminerals are in equilibrium,
as indicated by the compositional differences between them. If the trans-
formation occurs under non‐equilibrium conditions, the transformation would
proceed without any change in composition (Sharp & DeCarli, 2006). In
Chanyshev et al. (2021), we estimated shock parameters of several Martian
meteorites and chondrites. However, some of these estimations contain sig-
nificant uncertainties, as in Chanyshev et al. (2021), the olivine‐ahrensite
phase relations were determined only at 1,740 K and then extrapolated to
lower and higher temperatures. In the current study,we determined the olivine‐
ahrensite phase relations as a function of temperature, enabling application of
our results to a wide range of temperatures. Re‐estimated shock conditions of
Martianmeteorites Tissint (Ma et al., 2016) andNWA8159 (Sharp et al., 2019)
exceed 2,300 K and are 11.47(44) and 9.42(61) GPa (Table 3). Shock condi-
tions of L5‐type chondrites Taiban (Acosta‐Maeda et al., 2013) and Dhofar
1970 (Walton & McCarthy, 2017) were re‐estimated as 1,300 K and 11.51(1)
GPa and 1,200 K and 10.06(1) GPa, respectively (Table 3). Shock conditions
of L6‐type chondrites Asuka‐09584 (Pittarello et al., 2015) and Château‐
Renard (Baziotis et al., 2018) were re‐estimated as 1,575(5) K and 11.37(1)
GPa and 1,700 K and 11.44(0) GPa, respectively (Table 3). However, due to
the model's predictive uncertainty being estimated as 0.39 GPa, we can adjust

the pressure estimates to ±0.4 GPa (Table 3). Therefore, using our updated software, we can precisely determine
shock parameters of L5‐ and L6‐ types meteorites. We were unable to determine the shock parameters of some
Martian meteorites. In theMartian meteorite Tissint (Ma et al., 2016), ahrensite is located near the melt pocket and
the bridgmanite + wustite + stishovite association, and therefore, the ahrensite could be formed via the
bridgmanite + wustite + stishovite = ahrensite + wustite + stishovite phase transition occurring at 23–24 GPa
(Ishii et al., 2019). In the Martian meteorite NWA 8159 (Sharp et al., 2019), ahrensite was formed on a margin
between a shock vein and olivine with Mg#= 0.34. Based on our thermodynamic model, ahrensite coexisted with
the olivine withMg#= 0.34 should be more enriched in Fe than reported by Sharp et al. (2019).We assume that Fe
diffused from the ahrensite to the minerals/melt in a bordering shock vein.

Figure 4. Comparison of our results with previous data (Akaogi et al., 1989;
Akimoto, 1987; Frost, 2003). Optimized thermodynamic data at 1,530 and
1,950 K are shown as solid colored curves. Data from Frost (2003) at
1,673 K are shown by black dashed curves, data from Akimoto (1987) at
1,472 K are shown by black dotted curves, data from Akaogi et al. (1989) at
1,473 and 1,873 K are shown by black double‐dash‐dotted and dash‐dotted
curves, respectively.

Table 2
Comparison of Pressure Values Determined Experimentally From the MgO Unit Cell Volumes and From the Thermodynamic Calculations

Run. No. T (K) after correction P (GPa) after correction T (K) used for calculation P (GPa) calculated at 1,530 and 1,950 K │ΔP│(GPa)

BT892 1,530 8.87 (5) 1,530 8.93 (13) 0.06

BT893 1,534 10.70 (6) 1,530 10.62 (5) 0.08

BT894 1,537 11.68 (3) 1,530 11.64 (7) 0.04

BT895 1,529 8.27 (6) 1,530 7.87 (7) 0.40

HH310 1,745 11.19 (17) 1,740 11.27 (3) 0.08

HH300 1,743 10.34 (11) 1,740 10.47 (4) 0.13

HH311 1,738 9.18 (14) 1,740 9.41 (4) 0.23

HH312 1,735 8.25 (13) 1,740 8.55 (7) 0.30

HH314 1,733 7.48 (13) 1,740 7.62 (1) 0.14

BT621 1,956 11.98 (4) 1,950 11.32 (11) 0.66

BT641 1,951 10.61 (6) 1,950 10.43 (13) 0.18

BT638 1,948 9.54 (13) 1,950 9.84 (18) 0.30

Note.│ΔP│is the absolute difference between experimentally determined and thermodynamically calculated pressures at 1,530, 1,740, and 1,950 K. Experimental data at
1,733–1,745 K are given from Chanyshev et al. (2021).
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We would like to mention that the determined impact parameters for Martian and L5–L6 type meteorites may not
represent peak shock conditions, as these meteorites contain high‐pressure mineral phases, such as bridgmanite
(Baziotis et al., 2018; Ma et al., 2016), maskelynite (Pittarello et al., 2015), or majorite garnet (Acosta‐Maeda
et al., 2013). Nevertheless, the currently obtained shock parameters are useful for constructing the pressure–
temperature path after passing the peak pressure.

3.6. Mars' Mineralogy and Seismic Wave Velocities

Fe‐rich olivine and its polymorphs are the main constituent minerals in rocky planets, and one of the most studied
examples is Mars. Olivine in the Martian mantle is expected to have Mg# = 0.75 (Taylor, 2013) to 0.80 (Khan
et al., 2022). Therefore, we can evaluate the proportion and composition of coexisting olivine and ahrensite for
Mars' interiors and estimate how seismic velocities change with depth (Figure 5). We used adiabatic temperature
profiles (aerotherms) calculated for olivine with Mg# = 0.75 and 0.80 by Wang et al. (2025). The adiabatic
temperatures calculated for Fo75 olivine vary from 1,700 K at 5 GPa to 1,900 K at 18.5 GPa, and are about 150 K
higher than those calculated for Fo80 olivine (Wang et al., 2025). Along the Mars' aerotherm, olivine with the
composition of Fo75 gradually transforms to ahrensite from 11.2 GPa, reaching about 30% ahrensite by volume at
12.0 GPa. The Fe/(Fe + Mg) ratio in olivine and ahrensite gradually decreases from 0.25 and 0.51 to 0.18 and
0.41, respectively. Olivine with the composition of Fo80 gradually transforms to ahrensite from 11.4 GPa, and at
12.0 GPa, the volume of ahrensite becomes 25%. The Fe/(Fe + Mg) ratio in olivine and ahrensite gradually
decreases from 0.20 and 0.44 to 0.15 and 0.34, respectively.

Based on the olivine and ahrensite ratio and composition of these phases, one can estimate the seismic wave
velocity profiles in Mars' interior. Numerous studies considered that at a depth of 900–1,000 km, the (Mg,
Fe)2SiO4 phase is represented solely by olivine (e.g., Yoshizaki andMcDonough (2020)). Here, we calculated the
Vp and Vs velocities for the olivine‐ahrensite assemblage and pure olivines for Fo75 and Fo80 compositions along
Mars adiabats (Figure 5). Elastic parameters for olivine and ahrensite‐ringwoodite endmembers are given from
Duffy et al. (1995), Graham et al. (1988), Kumazawa and Anderson (1969), Liu et al. (2008) and Matsui
et al. (2006). Due to the gradual transition of olivine to ahrensite, both Vp and Vs increase in the region at
900–950 km depths more significantly than in the upper and lower regions of the Martian mantle. This variation is
more prominent in Vs than in Vp. For example, the olivine‐ahrensite assemblage has 1% and 4% higher Vp and Vs,
respectively, compared to pure olivine in the Martian mantle.

Due to the limited seismological data obtained by the InSight space mission, the seismic wave velocity profiles on
Mars are not as accurate as those on Earth. However, there are some calculated mineral physics models compared
with P and S triplications, resulting from the interaction with a seismic discontinuity (Huang et al., 2022). We
corrected these models assuming that olivine gradually transforms to ahrensite at around 900–950 km depth
(Figure 6). Our corrected models indicate that there is almost no change in Vp velocity profile, while the Vs
velocity profile becomes much steeper at these depths, although it is still within the low misfits of P and S
triplications (Figure 6). More precise seismological data from space missions are required to evaluate the validity
of our corrected model.

Table 3
Shock Conditions of Several Meteorites

Meteorite Type Reference Olivine Ahrensite T, K P, GPa aP, GPa

Tissint Martian (shergottite) Ma et al. (2016) Fo0.64Fa0.36 Rw0.46Ahr0.54 >2,300 11.47 ± 0.44

NWA 8159 Martian (baug. basalt) Sharp et al. (2019) Fo0.34Fa0.66 Rw0.26Ahr0.74 >2,300 9.42 ± 0.61

Taiban L5 Acosta‐Maeda et al. (2013) Fo0.92Fa0.08 Rw0.73Ahr0.27 1,300 11.51 ± 0.01 11.5 ± 0.4

Dhofar 1970 L5 Walton and McCarthy (2017) Fo0.86Fa0.14 Rw0.54Ahr0.46 1,200 10.06 ± 0.01 10.1 ± 0.4

Asuka‐09584 L6 Pittarello et al. (2015) Fo0.83Fa0.17 Rw0.58Ahr0.42 1,575 ± 5 11.37 ± 0.01 11.4 ± 0.4

Château‐Renard L6 Baziotis et al. (2018) Fo0.80Fa0.20 Rw0.55Ahr0.45 1,700 11.44 ± 0.01 11.4 ± 0.4

Note. Olivine and ahrensite compositions are given as forsterite (Mg2SiO4)—fayalite (Fe2SiO4) and ringwoodite (Mg2SiO4)—ahrensite (Fe2SiO4) solid solutions.
aP, GPa—pressure conditions, determined considering the model's predictive uncertainty. bAug. basalt—augite basalt.
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4. Conclusions
The olivine–ahrensite transition in the MgO‐FeO‐SiO2 system was investigated at different temperatures of 1,530
and 1,950 K at 7.5–12.0 GPa using a combination of multi‐anvil and in situ XRD techniques. At 1,530 K, the
Mg2SiO4 component increases from 0.47 to 0.86 in olivine and from 0.19 to 0.64 in ahrensite with increasing
pressure from 8.27(6) to 11.68(3) GPa. At 1,950 K, the Mg2SiO4 component rises from 0.54 to 0.73 in olivine and
from 0.32 to 0.46 in ahrensite with increasing pressure from 9.54(13) to 11.98(4) GPa. At 1,960 K and 12.88(5)
GPa, we observed the coexistence of wadsleyite and ahrensite. Combining our current results with those we
obtained previously at 1,740 K (Chanyshev et al., 2021), we modified our previously developed software
allowing pressure determination from the Mg/Fe ratio in coexisting olivine and ahrensite within an extended
temperature range of 1,200–2,300 K. The thermodynamic model's predictive uncertainty is estimated as
±0.39 GPa. Using the software and considering the model's uncertainty, shock conditions of L5‐type Taiban and
Dhofar 1970 were re‐determined as 1,300 K and 11.5(4) Gpa, and 1,200 K and 10.1(4) GPa, respectively, and
L6‐types chondrites Asuka‐09584 and Château‐Renard meteorites as 1,575(5) K and 11.4(4) Gpa, and 1,700 K

Figure 5. Olivine/ahrensite ratio (top), compositions of these olivine and ahrensite (middle), and seismic velocities (bottom)
in two different compositional models of Mars, with Fo75 (Taylor, 2013) at left (a), and Fo80 (Khan et al., 2022) at right (b).
Pressure and temperature conditions for these models are given fromWang et al. (2025). In the bottom graphs, Vp and Vs are
calculated for pure olivine with Fo75 (left) and Fo80 (right) compositions (dashed blue lines) and for the olivine‐ahrensite
assemblage (solid purple curves) based on our thermodynamic calculations.
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and 11.4(4) GPa, respectively. Moreover, we calculated that in Mars' interior along cold and warm aerotherms,
olivine with compositions Fo75 and Fo80 gradually transforms to ahrensite from 11.20 to 11.35 GPa to about
12 GPa, respectively, and the amount of ahrensite at 12 GPa is 25%–30% by volume. For Fo75, the Fe/(Fe +Mg)
ratio in olivine and ahrensite gradually decreases from 0.25 and 0.51 to 0.18 and 0.41, respectively. For Fo80, the
Fe/(Fe+Mg) ratio in olivine and ahrensite gradually decreases from 0.20 and 0.44 to 0.15 and 0.34, respectively.
Based on these phase compositions and proportions, seismic wave velocity profiles along Mars' aerotherms were
calculated and compared with the seismological data from the InSight mission.
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