




volume data on ferropericlase with xFe = 0.04–0.6 and use Mixture Density Networks (Rijal et al., 2021) to infer
the relationship between pressure, unit‐cell volume and iron content (P‐V‐XFe) of ferropericlase from the
compiled data set. By applying machine learning techniques we can comprehensively integrate existing exper-
imental data and quantify uncertainties. Furthermore, this approach allows us to derive the isothermal bulk
modulus as a function of pressure and iron content, without imposing any a priori assumptions on the thermo-
dynamic model or functional form of the EOS.

2. Materials and Methods

2.1. Experimental Details

Powdered samples of (Mg0.604(4)Fe0.396(4))O and (Mg0.409(4)Fe0.591(4))O (hereafter referred to as Fp40 and Fp59)
were synthesized from stoichiometric mixtures of MgO and Fe2O3. The samples have a face‐centered cubic
structure at ambient conditions with zero‐pressure volumes of 77.08 ± 0.03 Å3 for Fp40 and 77.88 ± 0.06 Å3 for
Fp59 and Fe3+/ΣFe of 0.071 ± 0.021 in Fp40 and 0.088 ± 0.015 in Fp40 (see Section S1 in Supporting Infor-
mation S1 for details on sample synthesis and characterization). High‐pressure experiments were conducted at
room temperature in symmetric DACs prepared with rhenium gaskets. The cells were loaded with the sample
powders, platinum foil as pressure marker and neon or helium gas as pressure‐transmitting medium. Continuous
compression experiments using a gas‐membrane system were conducted at beamline P02.2 at PETRAIII, DESY,
Germany in combination with time‐resolved XRD measurements (Liermann et al., 2015). Details of all loadings
and experiments are listed in Table S1 of Supporting Information S1 and described in Section S2 of Supporting
Information S1. We collected quasi‐continuous compression data on both sample compositions covering pres-
sures from ∼8 GPa to 135 GPa in five experimental runs with maximum compression rates of less than 0.15 GPa/
s. The unit‐cell volumes of ferropericlase and platinumwere determined by fitting of diffraction peaks (Section S2
in Supporting Information S1) and experimental pressures were derived by employing a third‐order Birch‐
Murnaghan EOS (Fei, Ricolleau, et al., 2007).

2.2. Mixture Density Networks

Since uncertainties are inherent to experimental measurements, inferring the P‐V‐XFe relationship from exper-
imental data is a probabilistic inverse problem and the solution is the posterior probability density function (pdf)
for volume. We seek to solve this inverse problem using a neural network‐based approach called Mixture Density
Network (MDN) (Bishop, 1995), where a conventional feed‐forward neural network is combined with a Gaussian
mixture model to find the posterior pdf at a given pressure and iron content (Rijal et al., 2021). MDNs are flexible
and can approximate arbitrary pdfs, making them well‐suited to investigate the compression behavior of ferro-
periclase across the spin crossover.

Collated experimental P‐V‐XFe data for ferropericlase (Figure S4, Table S2, and Section S5 in Supporting In-
formation S1) is used to train the MDNs. Training (≈70%), monitoring (≈20%) and test (≈10%) sets are randomly
generated from the total data set. The loss function used to compute the difference between output and target is
described in detail in Rijal et al. (2021). Once training of an MDN begins, this function is summed over all data in
the training set to provide the average training error and minimized iteratively. The same error function is used to
calculate monitoring and test set errors. The monitoring set is used to monitor overfitting of the training data by
the MDN. The test set is not seen by the network during training and is used to evaluate the prediction perfor-
mance of the trained MDN and assign a weight to it. We train a large number of MDNs (103) and combine their
predicted pdfs by a weighted sum (Rijal et al., 2021). See Section S5 in Supporting Information S1 for details on
the setup and training of the MDNs.

The isothermal bulk modulus KT can be directly derived from the pressure‐volume curve using the identity:
KT = −V ⋅ (∂P∂V)T . To constrain KT of ferropericlase from the P‐V‐XFe relationships predicted by the MDNs, we
calculate the conditional mean volume for any given pressure and iron content from each trained MDN, which
corresponds to the standard output of a feed‐forward neural network. Then we obtain the derivative of the V(P)
curve by perturbing pressure, allowing us to compute KT (Rijal et al., 2021). Since we have trained 10

3 networks,
we can estimate uncertainty from the spread in the derived KT values and calculate the weighted average using the
weights obtained from the test set error.
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3. Results and Discussion

3.1. P‐V‐XFe Relationship of (Mg1‐xFex)O

The collected quasi‐continuous compression curves of (Mg0.60Fe0.40)O and (Mg0.41Fe0.59)O are shown in
Figure 1b. Peak‐broadening indicates the onset of a cubic‐rhombohedral transition for both Fp40 and Fp59 at
about 30 GPa (Figures S1e and S1f in Supporting Information S1), but no peak‐splitting was observed in the XRD
images.We did not find significant effects of the rhombohedral distortion on the unit‐cell volumes (Figure S2, and
Section S4 in Supporting Information S1), although it appears to reduce deviatoric stresses (Figure S1, and
Section S3 in Supporting Information S1). The presence of∼8% Fe3+ in both Fp40 and Fp59 is expected to reduce
the measured volumes slightly with respect to stoichiometric (Mg1‐xFex)O (Jacobsen et al., 2002). Such Fe3+‐
contents are common for Fe‐rich ferropericlase samples and may well exist at lower mantle conditions (Sinmyo
et al., 2008). We observe an enhanced volume contraction during the compression of both Fp40 and Fp59
(Figure 1b), which is attributed to the spin crossover of Fe2+. For Fp40 the spin crossover occurs over a pressure
range of about 50–85 GPa, whereas for Fp59 it shifts to higher pressure and broadens to about 60–110 GPa
(Figures S1c and S1d, Section S3 in Supporting Information S1). We note that the two compression runs on Fp40
are in excellent agreement above approximately 30 GPa, but they deviate at lower pressures, which is highlighted
by the high data density obtained in our time‐resolved XRD measurements. Given that experimental conditions
were the same for both runs, the observed differences are likely the result of deviatoric stresses (see Section S3,
Figure S1a and S1b in Supporting Information S1).

To investigate P‐V‐XFe relationships of ferropericlase we combine our experimental results with previously
published high‐pressure XRD data on (Mg1‐xFex)O with xFe = 0.04–0.60 (Chen et al., 2012;; Fei et al., 1992; Fei
& Zhang et al., 2007; Glazyrin et al., 2017; Hamada et al., 2021; Jacobsen et al., 2002, 2005; Kantor et al., 2006;
Komabayashi et al., 2010; Lin et al., 2005; Mao et al., 2011; Marquardt et al., 2009; Matsui et al., 2012; Méndez
et al., 2022; Richet et al., 1989; Rosenhauer et al., 1976; Solomatova et al., 2016; Speziale et al., 2007; Westrenen
et al., 2005; Yang et al., 2015, 2016; Zhang & Kostak, 2002; Zhuravlev et al., 2010) (Figure 1). Experimental
approaches vary widely between studies (Table S2 in Supporting Information S1) and although the compiled data
show a clear trend overall, quantitative differences and inconsistencies are apparent, limiting the robustness in
obtained P‐V‐XFe relationships.

To map out how iron content affects the elastic behavior of ferropericlase across the spin crossover we have
employed machine learning techniques, that allow comprehensive integration of all existing experimental results
and unbiased uncertainty quantification of the inferred relationship. TheMDN‐predicted unit‐cell volume pdfs for
different iron contents are presented in Figure 2. The effect of the spin crossover is clearly visible for all com-
positions as an enhanced volume contraction, with the onset shifting to higher pressures with iron content. The
width of the posterior volume pdfs predicted by the MDNs is an indication for uncertainty and is expected to be
greater in regions where experimental data coverage is sparse, measurement errors are high or where discrep-
ancies between published data are large. For all compositions, the pdfs are wider in the spin crossover pressure
range (Figure 2). Glazyrin et al. (2016) suggested that the spin crossover is sensitive to nonhydrostatic stresses,
which may lead to a larger data spread in this region and explain the greater uncertainties. The pdfs for xFe = 0.4
and xFe = 0.6 are comparatively wide and bimodal between approximately 5–35 GPa, which is caused by large
discrepancies between data sets from different studies (Figure S4 in Supporting Information S1). The larger ionic
radius of HS Fe2+ compared to Mg2+ (Shannon, 1976) may make the volume of iron‐rich ferropericlase more
sensitive to non‐hydrostatic stresses at pressures below the spin crossover, with the rhombohedral distortion
helping to accommodate these stresses.

3.2. Spin Crossover‐Induced Bulk Modulus Softening

Most previous attempts to constrain the bulk modulus across the spin crossover from experimental V(P) data are
based on fitting the data to fixed functional forms for HS and LS ferropericlase, with inherent biases resulting
from the choice of functional, use of priors or prior windows and/or specifying the spin crossover pressure range
(e.g., Chen et al., 2012; Lin et al., 2005; Mao et al., 2011; Marquardt et al., 2009; Solomatova et al., 2016). With
our approach, P‐V‐XFe relationships are implicitly learned from data during the training of the MDNs and bulk
moduli are computed directly from the P(V) derivative of the mapping without any a priori constraints.
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The bulk modulus values obtained from all 103 MDNs are plotted as a function of pressure in Figure 3 as 2D
histograms for different iron contents. We find that the values predicted by the networks are largely consistent,
producing well‐defined KT(P) curves. However, the spread in values, and thus uncertainty, dramatically increases
at high pressures, particularly for compositions where experimental data coverage is sparse. The means and
standard deviations of the bulk modulus distributions are shown in Figure 4b. The deviations between data sets
from different studies on xFe ≈ 0.6 at pressures <30 GPa (Figure S4 in Supporting Information S1) are captured by
the larger uncertainties. While the bulk moduli inferred by the MDNs are very close to those predicted for MgO
(Tange et al., 2009) at low pressures, a spin crossover‐induced softening of the bulk modulus is clearly visible
with increasing pressure for all compositions. The only experimental constraints on the bulk modulus of ferro-
periclase not derived from XRD measurements are obtained through spectroscopic methods. With the exception
of data from Antonangeli et al. (2011), spectroscopic measurements also show a softening of the bulk modulus
across the spin crossover for xFe = 0.06 (Crowhurst et al., 2008) and xFe = 0.08 (Yang et al., 2015). These results
are in reasonable agreement with our MDN results for a similar composition (xFe = 0.1, Figures 3 and 4b).

The onset of the spin crossover shifts to higher pressures with increasing iron content by about 15 GPa between
xFe = 0.05 and xFe = 0.6. We also observe a broadening of the bulk modulus softening with iron content,
indicating an increase in the spin crossover pressure range, qualitatively consistent with previous studies
(Solomatova et al., 2016 and references therein). The pressure where the bulk modulus shows the largest softening

Figure 2. Pdfs for the unit‐cell volume of (Mg1‐xFex)O as a function of pressure predicted by MDNs for different iron contents. The MDNs were trained using
experimental high‐pressure data with xFe = 0.04–0.6. The color scale corresponds to the value of the pdfs and the compression curve of MgO (Tange et al., 2009) is
shown as a gray line for reference.
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increases with iron content from 46.0 GPa for xFe= 0.05 to 68.3 GPa for xFe= 0.6. While the correlation between
iron content and magnitude of maximal softening is positive for low iron contents, it becomes negative at high
iron contents (inset Figure 4b). The shape and magnitude of the bulk modulus softening is directly related to the
magnitude of the volume reduction between HS and LS states and the pressure range over which it occurs. We
find that the degree of maximal softening is largest for xFe= 0.4, which may be the result of a trade‐off between an
increase in volume reduction for higher iron contents due to the larger number of iron atoms undergoing a spin
transition and a broadening of the spin crossover region, leading to a more gradual decrease in volume with
pressure. The broadness of the spin crossover at room temperature is attributed to a favorable enthalpy of mixing
ΔHmix of HS and LS iron (Holmström & Stixrude, 2015). The arrangement of iron atoms affects the magnitude of
ΔHmix, with LS atoms stabilizing neighboring on‐axis HS atoms to higher pressures (seeMéndez et al., 2022). For
higher iron contents, the number of neighboring on‐axis iron atoms should increase, which may be the cause of the
broadening of the spin crossover region with iron content.

4. Geophysical Implications

The P‐KT‐XFe relationship of ferropericlase inferred by the MDNs indicates that the effect of the spin crossover
on the bulk modulus is largest for xFe ≈ 0.4 (inset Figure 4b). To assess potential implications for the interpre-
tation of seismological observations of the lower mantle, it must be taken into account that the spin crossover

Figure 3. Frequency distribution of the isothermal bulk modulus values for (Mg1‐xFex)O as a function of pressure predicted by 103 trained MDNs for different iron
contents. The frequency counts for the predicted values are at intervals of 0.1 GPa for pressure and 2 GPa for bulk modulus and the color scale corresponds to the number
of MDNs predicting that value. The bulk modulus of MgO (Tange et al., 2009) is shown for reference (gray line). Adiabatic bulk modulus values obtained from optical
spectroscopy measurements (Crowhurst et al., 2008; Yang et al., 2015) are compared to the MDN‐predicted values for xFe = 0.1.
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has been hypothesized to explain the seismic anomalies observed in ULVZs (e.g., Liu et al., 2016; Otsuka &
Karato, 2012; Wicks et al., 2017; Yu & Garnero, 2018).

The compressional (VP) and bulk (VC) seismic wave velocities of ferropericlase are strongly affected by the spin
crossover (e.g., Crowhurst et al., 2008; Marquardt et al., 2009; Wu et al., 2013; Yang et al., 2015), since they

directly depend on the bulk modulus: V2
P =

K+
4
3G

ρ
and V2

C =
K
ρ
, where G is the shear modulus and ρ is density.

Calculating compressional wave velocities requires constraints on the shear modulus, but density and bulk ve-
locities can be directly computed from the MDN‐predicted mean unit‐cell volumes and bulk moduli (Figure 4).
Uncertainties are propagated from the standard deviations of the volume pdfs (Figure 2) and distributions of KT

values (Figure 3). We find that density increases with iron content and that the density contrast between iron‐poor
and iron‐rich ferropericlase is larger at high pressures, that is, in LS state (Figure 4c). Bulk velocities decrease
with iron content in HS and LS state and show a similar softening as the bulk modulus in the spin crossover
pressure range (Figure 4d).

Shear wave velocities (VS) depend only on shear modulus and density (V2
S =

G
ρ
) . Previous investigations have

shown that the shear modulus of ferropericlase is not sensitive to the spin crossover, systematically increasing
with pressure and decreasing with temperature and iron content (Marquardt et al., 2009; Muir & Brodholt, 2015;
Wicks et al., 2017; Yang et al., 2015, 2016). The contrasting effects of the spin crossover on shear velocities
versus compressional and bulk velocities result in a characteristically high ratio of VS over VP and a strong
negative correlation between VS and VC (Marquardt et al., 2009; Trautner et al., 2023). These are features
commonly observed in seismic tomography models of the lowermost mantle for which the post‐perovskite phase
has been suggested as an explanation (Koelemeijer et al., 2018). Our findings of the spin crossover shifting to
higher pressures with iron content and amplification of the softening for moderately iron‐enriched compositions
indicate that the spin crossover may contribute significantly to anomalous seismic features observed at the base of
the lower mantle and should be considered in seismic inversions.

5. Conclusions

By using machine learning techniques to infer the P‐V‐XFe relationship of ferropericlase from a combination of
new experimental results and literature data, we show how the effects of the spin crossover on bulk modulus,
density and bulk velocity change with iron content. This approach avoids prescribing an explicit functional form
and provides us with uncertainties that reflect the consistency between data from different sources, without any
potential biases introduced by subjective selection of data or the choice of a particular EOS (Rijal et al., 2021).
Our results can improve uncertainty quantification in the interpretation of seismic observations and provide
constraints for thermodynamic databases and geodynamic models. The shift of the spin crossover to higher
pressures with iron content and the amplified bulk modulus softening for moderate iron contents around xFe= 0.4
suggest that seismic properties of the lowermost mantle may be strongly affected by the spin crossover. Once
sufficient data is available, the MDN‐based approach applied here can be extended to temperature (T) and used to
predict the properties of ferropericlase in P‐T‐XFe space. Integrating MDNs with theoretical calculations (e.g.,
Muir & Brodholt, 2015) and/or physical laws as regularization agents, for example, by combining them with
Physics‐Informed Neural Networks (Raissi et al., 2019) may provide additional constraints.

Data Availability Statement

Separate tables with the experimental pressure‐volume data, MDN‐predicted volume pdfs and mean volumes and
bulk moduli are available at the Figshare repository via https://doi.org/10.6084/m9.figshare.27194055.v1
(Trautner, 2024).
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