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1.  Introduction
In our study (Bauville & Yamato, 2021), we derived simple formulas for pressure-to-depth conversion that 
allow (or not) to take into account deviatoric stresses. We applied these models to a data set of peak pressure 
(Pp) and retrograde pressure (Pr) of high-pressure metamorphic rocks. Because the equations have many 
free parameters, we presented end-member models to illustrate the influence of individual parameters on 
the estimation of depth. For clarity, we summarize the main results of our study (see Table 1 and Figure 1).

First, we presented models where we estimated the peak and retrograde depth independently, assuming 
varying magnitude of deviatoric stress, from zero (i.e., lithostatic) to maximum shear stress (see Introduc-
tory model and L-model in Table 1). We noticed that the range of depth estimated for Pp and Pr overlapped. 
Therefore, we tested the hypothesis that Pp and Pr were recorded at the same depth. At constant depth, a 
change in stress state may lead to the transition from Pp and Pr. We calculated the combinations of stress 
states consistent with this hypothesis assuming either stress rotation or a change in horizontal stress mag-
nitude (see S-model1, S-model2, and YB-model in Table 1). Figure 1a summarizes the depth estimate at 
which Pp was recorded for the various models. We also presented the results of the models that assume 
constant-depth with scatter plots of pressure data on top of theoretical model results (Figures 1b–1e). The 
stress states are limited by the Mohr-Coulomb equation, where we assumed a coefficient of friction of 0.65 
and a cohesion of 0. After this initial choice of parameter we did not fit the model to the data (data and 
models are independent in our study).

We concluded that all data points could be equally well explained by models where (a) Pp and Pr are in-
dependent (L-model), or (b) Pp and Pr are recorded at constant depth (S-model, that is, all points fit in the 
model domain in Figure 1d). The model proposed by Yamato and Brun is a more constrained version of the 
S-model and can explain all data points except the ones we termed “outliers” (Figure 1e). The maximum 
depth for the Pp event is ∼160 km according to the L-model and ∼80 km for the S-model. Thus, the depth 
predictions of the two models imply very different geodynamic scenarios. These models are only end-mem-
bers, and exhumation and stress change are likely to co-occur.

Abstract  In our study (Bauville & Yamato, 2021, https://doi.org/10.1029/2020gc009280), we derived 
simple formulas for pressure-to-depth conversion that allow (or not) to take into account deviatoric 
stresses. We then tested them against a data set of pressure from high-pressure (HP) metamorphic rocks. 
In his comment, Jiang argues that the classical pressure-to-depth conversion, which assumes negligible 
deviatoric stresses (i.e., lithostatic pressure assumption) (a) provides a better explanation of the data and 
(b) is the only acceptable pressure-to-depth conversion method from the point of view of rock mechanics. 
We disagree with both arguments because (a) although Jiang's explanation is plausible, it does not falsify 
alternative models. As we concluded in Bauville and Yamato, several models explain equally well the data, 
and pressure data alone is not enough to validate or falsify any of these models. (b) There is a growing 
corpus of evidence that even HP metamorphic rocks undergo large deviatoric stress and can record even 
transient events in their mineralogical assemblage. Finally, Jiang criticizes that we used terms related to 
deformation loosely to illustrate stress concepts, and that our proposed method of falsification based on 
markers of deformation may be infeasible for HP metamorphic rocks. We take here the opportunity to 
clarify all these aspects.
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2.  About a “Best” Model
The premise of Jiang's comment is that “Yamato and Brun (2017) and Bauville and Yamato (2021) claim 
that metamorphic pressures from global (ultra)high-pressure ((U)HP) rocks challenge the lithostatic pressure 
assumption but support their model that invokes excessive overpressures”. This description is in stark con-
trast with our actual conclusion which stated that “the validity of either of these models cannot be assessed 
based only on pressure and temperature data”. As we clearly stated in our conclusion, we also agree that the 
pressure data are consistent with a model based on the lithostatic assumption (see L-model in Table 1 and 
Figure 1), but alternative models where larger deviatoric stresses are considered explain the data equally 
well (Figure 1).

Jiang assumes that the pressure data distribution is limited by two factors: (a) the accessibility and preser-
vation of rocks and (b) the amount of exhumation. There are several issues with Jiang's proposition and 
criticism. First, Jiang states that “the maximum amount of stage 1 exhumation is always limited by the dura-
tion of the exhumation multiplied by the rate of exhumation” but does not explain what limits both duration 
and exhumation rate. Thus, it remains unclear where the limit is between a “reasonable” and “unreasonable 
amount of exhumation.” His proposed purple domains are only an arbitrary outline of the data distribution 
and are inconsistent between Figures 1a (linear boundary) and 1c (non-linear boundary).

Second, Jiang does not show a confidence interval for his regression line. In addition, a fundamental as-
sumption behind linear regression is that the data are homoscedastic (i.e., the standard deviation is con-
stant), which is not the case here. Therefore, the values of slope and intercept presented by Jiang must 
be interpreted with caution. Third, Jiang's representation of the model by Yamato and Brun (2017) in his 
Figure 1 is misleading since it shows only the line that corresponds to [σ2 = σ1 at Pp, σ2 = σ3 at Pr], which 
passes through the center of the data but not the line corresponding to [σ2 = σ3 at Pp], and [σ2 = σ1 at Pr] 
which would outline the limits of the data distribution. By not plotting these three lines that cover the extent 
of Yamato and Brun's model in his Figure 1a, Jiang makes the model appear worse than it is. These three 
lines are represented in this reply's Figure 1d.

Finally, Jiang states that “once the stress tensor is rotated, the stress state is non-Andersonian. The assumption 
by Bauville and Yamato (2021) that  z gz is not justified.” Actually, the term ρgz simply represents the 
weight of the overlying column of rocks. That remains true even if additional shear stresses are applied, 
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Model

Assumptions

Driving mechanism of the Pp 
to Pr transition

Depth at Pp 
and Pr

Deviatoric stress 
magnitude

Orientation of the first 
principal stress

Data points 
consistent 

with the model

Related 
figure in 

Bauville and 
Yamato (2021)

Introductory model Change in depth or stress 
magnitude/orientation

Independent From zero to yield 
stress

Horizontal or vertical 
(i.e., Andersonian)

All 2, 3, 4, 5

L-model Exhumation Independent Zero NA All 4, 5, 9

S-model1 Change in magnitude of 
horizontal stress

Constant From zero to yield 
stress

Horizontal at Pp, 
horizontal or vertical 

at Pr

All 6, 9

S-model2 Stress rotation Constant From zero to yield 
stress

Horizontal at Pp, from 
0° (horizontal) to 90° 

(vertical)

All 7, 9

YB-model (after Yamato 
and Brun [2017])

The first principal stress 
switches from horizontal 

to vertical

Constant Yield stress Horizontal at Pp, 
horizontal or vertical 

at Pr

All but outliers 8, 9

Notes. All models were presented assuming a friction angle of 0.65, and zero cohesion. Results can easily be recomputed with arbitrary friction angle and 
cohesion using the python notebooks in the original article's supplement. In all models we assumed that the total vertical normal stress is constant and equal 
to the weight of the column of rock (i.e., lithostatic pressure).

Table 1 
Summary of Model Parameters and Assumptions
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which would lead to the rotation of the stress state. The assumption that only ρgz applies in the vertical 
direction is commonly used in the literature, for example in the critical taper theory whose theoretical 
predictions have been validated by physical experiments (e.g., Dahlen, 1984; Lehner, 1986). However, it is 
true that  z may deviate significantly from ρgz where topography is none zero or in heterogeneous material 
because of additional dynamic stresses (Moulas, Burg, & Podladchikov, 2014; Schmalholz et al., 2019). We 
clearly stated and discussed the assumptions of homogeneity and zero topography, and their limitations in 
Bauville and Yamato (2021).
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Figure 1.  Summary of Bauville and Yamato's main results. (a) Depth estimated from pressure data using various models; (b and c) predictions of the S-model 
with different parameters (originally Figures 7d and 7g); (d) prediction of the YB-model. See Table 1 for model details.
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3.  Clarification on Stress and Strain
We accept the criticism of Jiang that, indeed the strain ellipsoid and its relation to stress is difficult to meas-
ure, and in this sense, it does not constitute the best tool to estimate the ratio of principal stresses. More 
elaborate paleostress inversion methods such as fault slip analysis (Kaven et al., 2011) or grain boundary 
piezometer (Shimizu, 2008; Stipp & Tullis, 2003) are independent on strain and would be probably more 
appropriate. Since it is not a point of debate, we provide the requested derivation of Equations 18–20 as 
Supporting Information.

4.  Evidence for High Differential Stresses and Fast Kinectics of HP 
Metamorphic Reactions
Jiang claims that there is no evidence that GPa level differential stresses can be sustained for the Ma time 
scale in the P-T condition of (U)HP metamorphism. However, many studies challenge this claim and 
demonstrate that high differential stress occurs at several scales (Jackson et al., 2004; Jamtveit, Austrheim, 
& Putnis, 2016; Putnis et al., 2017; Tajčmanova et al., 2015). At the lithospheric scale, non-negligible dif-
ferential stresses are required to maintain and support mountain belts and their roots (Jackson et al., 2004; 
Moulas, Podladchikov, et al., 2013; Schmalholz et al., 2019). At the crustal-scale, in-situ stress measurements 
reveal that the continental crust can be in a state of stress near the failure threshold, with differential stress 
>100 MPa at depth >5 km (Townend & Zoback, 2000). At the outcrop scale, rheological heterogeneities can 
lead to local overpressure that results in parageneses of different grades (Corvò et al., 2021; Jamtveit, Mou-
las, et al., 2018; Luisier et al., 2019). Finally, at the grain scale, characteristic microstructures and chemical 
zonation of minerals in (U)HP rocks indicate that HP paragenesis can be associated with significant over-
pressure (Tajčmanova et al., 2015) and brittle behavior (Lund et al., 2004; Scambelluri et al., 2017). Hence, 
although there is no consensus yet, there are growing theoretical arguments and observational evidence 
that rocks can indeed sustain high differential stresses, and this, over long enough time to be recorded by 
metamorphic rocks (Fossen 2016; Moulas, Schmalholz, et al., 2019).

Depending on the pressure, temperature, fluids, grain size, and strain rate conditions, rocks may deform 
elastically, viscously or in a brittle manner (e.g., Yamato et al., 2019). The dominant deformation depends 
on the intrinsic rheological properties of the rock and the properties of the newly formed material when it 
reacts (e.g., Burov, 2011; Bürgmann & Dresen, 2008; Fossen, 2016). Viscous deformation can be associated 
with large overpressure due to large deviatoric stresses either in the rock considered or in the surrounding 
rock. Thus, even viscous rocks that record low differential stress, such as mylonite (e.g., Behr & Platt, 2014), 
may record a significant overpressure if they are embedded within a stronger lithosphere (e.g., Moulas, 
Burg, & Podladchikov, 2014). In his comment, Jiang concedes that frictional behaviors can occur at (U)HP 
conditions but argues that they are too transient to be recorded by rocks in their mineralogy/paragenesis. 
However, it was demonstrated (Chu et al., 2017; Malvoisin et al., 2020) that eclogite can form in less than 
500 years, which is in the same order of magnitude as the recurrence of large earthquakes. Moreover, there 
is growing evidence showing that (U)HP metamorphism can be closely associated, in both space and time, 
with brief frictional events such as earthquakes (Angiboust et al., 2012; Austrheim & Boundy, 1994 Hert-
gen et al., 2017; Jamtveit, Petley-Ragan, et al., 2019; John & Schenk 2006; Lund et al., 2004; Scambelluri 
et al., 2017; Yang et al., 2014). This evidence suggests that metamorphic rocks can keep the imprints of short 
tectonic events. Thus, the stress states associated with these events must be considered when interpreting 
the pressure of metamorphic rocks.

5.  Conclusion and Perspective on the Need of Alternative Models
Jiang proposed the hypothesis that the pressure data corresponds to the lithostatic pressure (L-model) and 
that data distribution is limited by rock availability and the amount of exhumation. He argues that this 
hypothesis ”better explains” data distribution than the constant depth hypothesis (S-model, YB-model). 
This hypothesis is plausible even though Jiang does not test it quantitatively. However, pressure data are 
consistent with both the L-model and S-model, and neither Jiang nor Bauville and Yamato (2021) falsified 
any of these models. Therefore, both end-member models and their combinations remain valid options.
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Having a range of options to interpret pressure data is essential because the “classical interpretation,” based 
on lithostatic pressure (L-model), is not always satisfactory (e.g., Ford et al., 2006; Jamtveit, Petley-Ragan, 
et al., 2019; Luisier et al., 2019; Palin et al., 2017; Pleuger & Podladchikov, 2014; Schenker et al., 2015; Zuza 
et al., 2020). For example, the L-model suggests extremely fast subduction/exhumation velocities (Little 
et al., 2011; Parrish et al., 2006; Rubatto & Hermann, 2001), but the exhumation mechanism remains de-
bated. Also, rocks of the same age within a coherent tectonic unit may record significantly different peak 
pressure, Pp (Jamtveit, Petley-Ragan, et al., 2019; Luisier et al., 2019). Finally, the depth of the metamorphic 
sole formation obtained by converting pressure estimates (∼1.0 GPa, e.g., Agard et al., 2016) using the litho-
static assumption is also puzzling as there is no evidence of ophiolite presenting such a thickness (e.g., Gar-
ber et al., 2020; Moulas, Podladchikov, et al., 2013). These examples show that a unique pressure-to-depth 
conversion model cannot reconcile all observations. Thus, physically sound and falsifiable alternatives to 
the lithostatic model deserve to be considered because they may bring a new light on the geological history 
of orogens.

Data Availability Statement
The database is available at https://doi.org/10.5281/zenodo.4126862.

References
Agard, P., Yamato, P., Soret, M., Prigent, C., Guillot, S., Plunder, A., et al. (2016). Plate interface rheological switches during subduction 

infancy: Control on slab penetration and metamorphic sole formation. Earth and Planetary Science Letters, 451, 208–220. https://doi.
org/10.1016/j.epsl.2016.06.054

Angiboust, S., Agard, P., Yamato, P., & Raimbourg, H. (2012). Eclogite breccias in a subducted ophiolite: A record of intermediate-depth 
earthquakes? Geology, 40, 707–710. https://doi.org/10.1130/g32925.1

Austrheim, H., & Boundy, T. M. (1994). Pseudotachylytes generated during seismic faulting and eclogitization of the deep crust. Science, 
265, 82–83. https://doi.org/10.1126/science.265.5168.82

Bauville, A., & Yamato, P. (2021). Pressure-to-depth conversion models for metamorphic rocks: Derivation and applications. Geochemistry, 
Geophysics, Geosystems, 121, e2020GC009280. https://doi.org/10.1029/2020GC009280

Behr, W. M., & Platt, J. P. (2014). Brittle faults are weak, yet the ductile middle crust is strong: Implications for lithospheric mechanics. 
Geophysical Research Letters, 41(41), 8067–8075. https://doi.org/10.1002/2014GL061349

Bürgmann, R., & Dresen, G. (2008). Rheology of the lower crust and upper mantle: Evidence from rock mechanics, geodesy, and field 
observations. Annual Review of Earth and Planetary Sciences, 36, 531–567. https://doi.org/10.1146/earth.2008.36.issue-1

Burov, E. B. (2011). Rheology and strength of the lithosphere. Marine and Petroleum Geology, 28(8), 1402–1443. https://doi.org/10.1016/j.
marpetgeo.2011.05.008

Chu, X., Ague, J. J., Podladchikov, Y. Y., & Tian, M. (2017). Ultrafast eclogite formation via melting-induced overpressure. Earth and Plan-
etary Science Letters, 479, 1–17. https://doi.org/10.1016/j.epsl.2017.09.007

Corvò, S., MainoLangone, M. A., Schenker, F. L., Piazolo, S., Casini, L., Seno, S., & Seno, S. (2021). Local variations of metamorphic record 
from compositionally heterogeneous rocks (Cima di Gagnone, Central Alps): Inferences on exhumation processes of (U)HP–HT rocks. 
Lithos, 390–391, 106126. https://doi.org/10.1016/j.lithos.2021.106126

Dahlen, F. A. (1984). Noncohesive critical Coulomb wedges: An exact solution. Journal of Geophysical Research, 89(B12), 10125–10133. 
https://doi.org/10.1029/JB089iB12p10125

Ford, M., Duche^ne, S., Gasquet, D., & Vanderhaeghe, O. (2006). Two-phase orogenic convergence in the external and internal SW Alps. 
Journal of the Geological Society, 163, 815–826. https://doi.org/10.1144/0016-76492005-034

Fossen, H. (2016). Structural geology (2nd ed.). Cambridge University Press.
Garber, J. M., Rioux, M., Kylander-Clark, A. R. C., Hacker, B. R., Vervoort, J. D., & Searle, M. P. (2020). Petrochronology of Wadi Tayin met-

amorphic sole metasediment, with implications for the thermal and tectonic evolution of the Samail Ophiolite (Oman/UAE). Tectonics, 
39, e2020TC006135. https://doi.org/10.1029/2020tc006135

Hertgen, S., Yamato, P., Morales, L. F. G., & Angiboust, S. (2017). Evidence for brittle deformation events at eclogite-facies P-T conditions 
(example of the Mt. Emilius klippe, Western Alps). Tectonophysics, 706–707, 1–13. https://doi.org/10.1016/j.tecto.2017.03.028

Jackson, J. A., Austrheim, H., McKenzie, D., & Priestley, K. (2004). Metastability, mechanical strength, and the support of mountain belts. 
Geology, 32, 625–628. https://doi.org/10.1130/g20397.1

Jamtveit, B., Austrheim, H., & Putnis, A. (2016). Disequilibrium metamorphism of stressed lithosphere. Earth-Science Reviews, 154, 1–13. 
https://doi.org/10.1016/j.earscirev.2015.12.002

Jamtveit, B., Moulas, E., Andersen, T. B., Austrheim, H., Corfu, F., Petley-Ragan, A., & Schmalholz, S. M. (2018). High pressure met-
amorphism caused by fluid induced weakening of deep continental crust. Scientific Reports, 8, 17011. https://doi.org/10.1038/
s41598-018-35200-1

Jamtveit, B., Petley-Ragan, A., Incel, S., Dunkel, K. G., Aupart, C., Austrheim, H., et  al. (2019). The effects of earthquakes and fluids 
on the metamorphism of the lower continental crust. Journal of Geophysical Research: Solid Earth, 124, 7725–7755. https://doi.
org/10.1029/2018jb016461

John, T., & Schenk, V. (2006). Interrelations between intermediate-depth earthquakes and fluid flow within subducting oceanic plates: 
Constraints from eclogite facies pseudotachylytes. Geology, 34, 557–560. https://doi.org/10.1130/g22411.1

Kaven, J. O., Maerten, F., & Pollard, D. D. (2011). Mechanical analysis of fault slip data: Implications for paleostress analysis. Journal of 
Structural Geology, 33(2), 78–91. https://doi.org/10.1016/j.jsg.2010.12.004

BAUVILLE AND YAMATO

10.1029/2021GC009907

5 of 6

Acknowledgments
The authors warmly thank M. Baïsset, 
C. Luisier, and T. Duretz for the fruitful 
exchanges which allowed us to clarify 
this reply, and W. Behr and C. Miccucci 
for handling the manuscript.

https://doi.org/10.5281/zenodo.4126862
https://doi.org/10.1016/j.epsl.2016.06.054
https://doi.org/10.1016/j.epsl.2016.06.054
https://doi.org/10.1130/g32925.1
https://doi.org/10.1126/science.265.5168.82
https://doi.org/10.1029/2020GC009280
https://doi.org/10.1002/2014GL061349
https://doi.org/10.1146/earth.2008.36.issue%2D1
https://doi.org/10.1016/j.marpetgeo.2011.05.008
https://doi.org/10.1016/j.marpetgeo.2011.05.008
https://doi.org/10.1016/j.epsl.2017.09.007
https://doi.org/10.1016/j.lithos.2021.106126
https://doi.org/10.1029/JB089iB12p10125
https://doi.org/10.1144/0016-76492005-034
https://doi.org/10.1029/2020tc006135
https://doi.org/10.1016/j.tecto.2017.03.028
https://doi.org/10.1130/g20397.1
https://doi.org/10.1016/j.earscirev.2015.12.002
https://doi.org/10.1038/s41598-018-35200-1
https://doi.org/10.1038/s41598-018-35200-1
https://doi.org/10.1029/2018jb016461
https://doi.org/10.1029/2018jb016461
https://doi.org/10.1130/g22411.1
https://doi.org/10.1016/j.jsg.2010.12.004


Geochemistry, Geophysics, Geosystems

Lehner, F. K. (1986). Comments on “Noncohesive critical Coulomb wedges: An exact solution” by F. A. Dahlen. Journal of Geophysical 
Research, 91(B1), 793–796. https://doi.org/10.1029/jb091ib01p00793

Little, T. A., Hacker, B. R., Gordon, S. M., Baldwin, S. L., Fitzgerald, P. G., Ellis, S., & Korchinski, M. (2011). Diapiric exhumation of Earth's 
youngest (UHP) eclogites in the gneiss domes of the D'Entrecasteaux Islands, Papua New Guinea. Tectonophysics, 510, 39–68. https://
doi.org/10.1016/j.tecto.2011.06.006

Luisier, C., Baumgartner, L., Schmalholz, S. M., Siron, G., & Vennemann, T. (2019). Metamorphic pressure variation in a coherent Alpine 
nappe challenges lithostatic pressure paradigm. Nature Communications, 10, 4734. https://doi.org/10.1038/s41467-019-12727-z

Lund, M. G., Austrheim, H., & Erambert, M. (2004). Earthquakes in the deep continental crust - Insights from studies on exhumed 
high-pressure rocks. Geophysical Journal of Intelligence, 158, 569–576. https://doi.org/10.1111/j.1365-246x.2004.02368.x

Malvoisin, B., Austrheim, H., Hetényi, G., Reynes, J., Hermann, J., Baumgartner, L. P., & Podladchikov, Y. Y. (2020). Sustainable densifica-
tion of the deep crust. Geology, 48(7), 673–677. https://doi.org/10.1130/g47201.1

Moulas, E., Burg, J.-P., & Podladchikov, Y. (2014). Stress field associated with elliptical inclusions in a deforming matrix: Mathematical mod-
el and implications for tectonic overpressure in the lithosphere. Tectonophysics, 631, 37–49. https://doi.org/10.1016/j.tecto.2014.05.004

Moulas, E., Podladchikov, Y. Y., Aranovich, L. Y., & Kostopoulos, D. (2013). The problem of depth in geology: When pressure does not 
translate into depth. Petrology, 21, 527–538. https://doi.org/10.1134/s0869591113060052
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