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Short-Lived and Voluminous Fluid-Flow in a Single Fracture
Related to Seismic Events in the Middle Crust
D. Mindaleva!

, M. Uno! ), and N. Tsuchiya!

!Graduate School of Environmental Studies, Tohoku University, Sendai, Japan

Abstract This study focuses on samples that underwent rapid hydration (~10 hr) and evolved in
permeability (~10~° to 10~® m?) as a result of crustal fracturing. A coupled reactive transport model and
thermodynamic analyses, focusing on Si alteration processes within reaction zones, are used to estimate the
fluid volume required to induce fluid-driven seismic activity. Estimated fluid volumes (10'-10* m?) are used

to approximate the moment magnitudes of potential seismic events. The resulting moment magnitudes (—0.6 to
3.8) and short timescales of fluid infiltration (~10 hr) are comparable to some slow-slip events, such as tremors
and low-frequency earthquakes. This indicates that the voluminous fluid flow in a single fracture could be a key
control on the generation of crustal fracturing and the induction of seismic activity above the tremor and slow
slip events source regions in the lower—middle crust.

Plain Language Summary Short-lived fluid flow in the crust modifies the hydrological properties
of rocks and controls the earthquakes triggering. However, there are limited numerical constraints on the

fluid volumes that can be rapidly transported. This study focuses on fluid flow through a single fracture in
metamorphic rocks. We discuss the relationship between estimated fluid volumes and a series of low-magnitude
fracturing events, such as tremors and other types of slow slip events in the lower-middle crust. Specifically,
we analyze unique geological and geochemical evidence preserved in fluid-rock reaction zones to approximate
the duration of fluid infiltration and the volume of fluids transported. We use two independent methods for
constraining generated seismic moment and magnitude based on fluid volumes and single fracture geometry.
The transportation of fluid volumes through a fracture (10'-10* m?®) may be related to short seismic events, as
suggested by duration (~10 hr) and cumulative magnitude, representing the maximum values as 2.0-3.8. We
observed a dramatic change in hydrological properties: from low permeable rocks to high-permeable fractures,
which are not dead-end and can effectively transport a large volume of fluids in a short time. Such fluid
infiltration can possibly trigger seismic activity above the earthquake source regions.

1. Introduction

Fluid flow in the crust induces hydration reactions and contributes to earthquake triggering (F. Cox, 1995; Kao
et al., 2006; Oelkers & Helgeson, 1988; Sibson, 1994). Recent geophysical observations suggest that cyclic
fluid infiltration is associated with slow-slip events (Obara, 2002; Ohmi & Obara, 2002; Shelly et al., 2006).
These include episodic tremor and slip (ETS) events and low-frequency earthquakes (LFE), both of which occur
within and outside of subduction zone (Ohmi & Obara, 2002; Rogers & Dragert, 2003) and are associated with
surface displacement on the scale of millimeters, and can last for several hours (Bostock et al., 2015; Chestler &
Creager, 2017; Nakamoto et al., 2021).

It is essential to analyze rock samples containing evidence of fluid activity to understand better the mechanisms
of fluid infiltration and rock fracturing. Periodic seismic cycles are thought to comprise the accumulation of
fluids derived from metamorphic dehydration reactions, a subsequent increase in fluid pressure, and fracturing
(Audet et al., 2009; S. F. Cox, 2010; Peacock, 2009; Song et al., 2009). This fracturing enhances the permeability,
providing additional fluid transport that may promote future seismic events (Audet & Biirgmann, 2014; Mukuhira
et al., 2022; Nakajima & Uchida, 2018; Obara & Hirose, 2006; Ujiie et al., 2018; Warren-Smith et al., 2019).
Determining the dynamic changes in fluid flux in the lower—middle crust is, therefore, key to advancing our
understanding of the relationship between fluid infiltration and the triggering of seismic events.

It is difficult to quantify the amount of fluid transport within the crust, as this requires estimates of time-integrated
fluid fluxes. This study constrains these fluxes using thermodynamic modeling of fluid chemistry, mass transfer,
and hydraulic analysis to investigate the potential relationship between fluid behavior and local seismic events.
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Figure 1. Photographs of representative examples and geological relationships in the study area. (a) Partly hydrated mafic granulite and orthopyroxene—hornblende
(opx—hbl) schist; white dashed line indicates the boundary between mafic granulite and opx—hbl schist. (b) Partly hydrated opx—hbl schist and (c) opx—hbl gneiss.
Reaction zones within (d) mafic granulite, (e) opx—hbl schist, and (f) opx—hbl gneiss. (g) Sinistral shear displacement along the fracture in the opx—hbl schist, yellow
and green colors show the pm-scale offsets in the cummingtonite and hornblende grain boundaries. Note that orientation of hornblende and cummingtonite overgrowth
within the fracture is controlled by the epitaxial growth from grains on the fracture wall, and not by the displacement. The section is perpendicular to the foliation and

Tt

fracture. The “s” and “g” arrows indicate schistosity or gneissosity.

We used samples that provide information on the evolution of the permeability over short timescales of fluid infil-
tration, ranging from low-permeability wall rock to high-permeability reaction zones and fractures. The samples
were mafic granulite and orthopyroxene—hornblende (opx—hbl) schist (Mindaleva et al., 2020) from the Mefjell
area and opx—hbl gneiss samples from the Brattnipene area, both in the high-temperature metamorphic terrain of
the Sgr Rondane Mountains (SRM), East Antarctica (Figures la—1c).

Previous research in these areas has identified the activity of chlorine (Cl)-bearing fluid (Higashino et al., 2019;
Kawakami et al., 2017; Uno et al., 2017).

The samples have been partly hydrated under upper-amphibolite—granulite facies conditions and contain fluid—
rock reaction zones (Figures 1d—1f and Figure 2) that were analyzed to constrain the timescales of fluid infiltration.

We used a reactive transport model based on the diffusion—advection equation with local equilibrium
(Baumgartner & Rumble, 1988; Bickle & McKenzie, 1987; John et al., 2012; Philpotts & Ague, 2009) with Cl
profiles measured in individual apatite or amphibole crystals (Figure 2d). Flow timescales as short as a few—tens
of hours (~1-71 hr) (Mindaleva et al., 2020) were estimated for all of the samples (Table S1 in Supporting Infor-
mation S1). Single fracture permeability for the samples was determined using the Poiseuille law, yielding results
of 10~ to 1078 m? (Table S1 in Supporting Information S1).

The implications of this modeling are discussed in terms of adequately estimating time-integrated fluid fluxes.
The results show that the estimated duration of fluid infiltration in our samples is similar to the duration of some
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Figure 2. Distribution of chlorine concentrations in amphibole and modal mineralogy from the orthopyroxene—hornblende
gneiss. The black line indicates the results of reactive transport modeling, and the arrow labeled “g” indicates the gneissosity.
(a) Elemental map of chlorine; white dashed line indicates the boundary between pegmatitic vein, reaction zone, and host
rock. (b) Mineral phase map made with XmapTools (Lanari et al., 2014). (c) Modal profile. (d) Chlorine profile measured in
individual amphibole grains. The black lines are modeled fits by reactive transport modeling. Abbreviations: Qtz, quartz; PI,

plagioclase; Pgs, Pargasite; Bt, biotite; Opx, orthopyroxene; Mag, magnetite; Ap, apatite.

slow-slip events, such as tremors and LFEs. A methodology is proposed for estimating voluminous fluid fluxes
through a single fracture, and the scaling of these results to a series of low-magnitude seismic events. This enables
the coupling of petrology with the seismological implications of fracturing and fluid—rock interactions in the
lower—middle crust.
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2. Fracture-Related Hydrous Reaction Zones in Mafic Granulite, Orthopyroxene—
Hornblende Schist, and Orthopyroxene—Hornblende Gneiss

The samples analyzed in this study located close to the Sgr Rondane suture (Osanai et al., 1992, 2013; Shiraishi
et al., 2008), a boundary between amphibolite- and granulite-facies rocks within the SW terrane of East Antarc-
tica (Figure Sla in Supporting Information S1). Dark-colored hydrous reaction zones are present along fractures
within the partially hydrated mafic granulite and opx—hbl schist samples (Figures 1d and le; Figure S1b and Slc
in Supporting Information S1). The mafic granulite (Figure 1a) is weakly foliated and is cross-cut by reaction
zones 5-30 m long and 0.2-2.0 cm wide (Figure 1d; Figure S1b in Supporting Information S1). The opx—hbl
schist contains a well-developed schistosity. Reaction zones cross-cut the host rock oblique to the schistosity
and are 5-30 m long and 0.3-3.0 cm wide (Figure le; Figure Slc in Supporting Information S1). An example
of ~0.1 mm sinistral offset of the grains on the wall of the shear fracture is shown in Figure 1g. The Brattnipene
opx—hbl gneiss samples are either partly hydrated or contain pegmatitic veins (Figure 1f; Figure S1d in Support-
ing Information S1). These opx—hbl gneiss samples are cross-cut by reaction zones several millimeters to centim-
eters wide (Figure 1f; Figure S1d in Supporting Information S1) associated with 5-30 m long fractures. The
3 mm wide reaction zones occur between the veins and the host rock (Figure S1d in Supporting Information S1).

3. Mechanisms of Mineral-Fluid Reaction and Reactive Transport Modeling of Cl in
Minerals

We observed Cl concentrations increasing in the apatites and amphiboles. We considered two possible mech-
anisms for mineral-fluids reaction: (a) a closed system with a desiccation process or (b) an open system with
constant fluid flow and stable fluid composition.

Kusebauch, John, Whitehouse, and Engvik (2015), Kusebauch, John, Barnes, et al. (2015) provides Cl profiles in
apatite with Rayleigh-distillation type fractionation. However, there are opposite trends compared to our samples;
in their cases, Cl concentration gradually increases from the shear zone to the gabbro. The gradual consump-
tion of OH from the dilute fluids leaded to CIl accumulation in the gabbro instead of shear zone. Contrary, Cl
concentrations are higher in the fracture than in the host rock in our samples (Figure 2d). Therefore, we consider
an open system with constant Cl-bearing fluid flow along the fractures. This is also supported by the fact that
P-T conditions for the reaction zone formation are lower than for the host rock, and mass transport from reaction
zones toward host rock is present.

For each sample, we estimated rock/fluid partition coefficients (K|) using the apatite/fluid partition coefficient
for C1 (K, = 2.3) from Kusebauch, John, Whitehouse, Klemme and Putnis (2015), which was determined at crus-
tal conditions (400°C—700°C and 0.2 GPa) in an experimental study. Details are provided in the Supporting infor-
mation. Interface-coupled dissolution-reprecipitation is considered as a plausible mechanism that can explain the
incorporation of Cl with the timescale estimated from the Cl profile across the reaction zones (~tens of hours).

4. Time-Integrated Fluid Fluxes Through Fractures and Reaction Zones and Their
Corresponding Potential Seismic Moment and Magnitude

We calculated the time-integrated fluid fluxes through both fractures and reaction zones (Figure S2a and S2b in
Supporting Information S1, respectively) to understand the amount of fluid that could be transported through a
single fracture within the lower—middle crust. Reaction zone time-integrated fluid fluxes were estimated from
the flux required to account for the observed water content within the reaction zones (QF2°; m* m=2) and the flux

required for chlorine transport toward the reaction zones ( E'Z; m?3 m~2). Porosity data used to estimate QE'Z are
available through Ganzhorn et al. (2019), Saito et al. (2016), Vitovtova et al. (2014) and Katayama et al. (2012)
and viscosity data are from Hack and Thompson (2011) and Huber et al. (2009),Fracture time-integrated fluid
fluxes were estimated from the fluid flux required for silicon (Si) alteration in the reaction zones ( ;iR; m?® m~2)
and the fluid flux estimated from the hydraulic permeability of the fracture, which is geometrically constrained
using the fracture aperture (Q;lgd; m?3 m~2). Silicon solubilities are dependent on the pressure-temperature (P-T)
gradients during metamorphism as a result of dissolution—precipitation processes. The modal mineralogy of the
reaction zones undergoing decompression cooling is dependent on fluid Si solubilities. The Si solubilities for

each sample were calculated using the bulk composition of each reaction zone for a range of P-T conditions and
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were used to estimate fluid fluxes, given the relatively low sensitivity of these solubilities to variations in the CI
content of the fluid (Figure S3 in Supporting Information S1). Details of this analysis are provided in the Figure
S3 in Supporting Information S1. The resulting estimates of reaction zone fluid fluxes (log,, Qg%o) are —4.2,
—4.1, and —4.4 m® m~2 for the mafic granulite, hbl-opx schist, and hbl-opx gneiss samples, respectively (Table
S1 in Supporting Information S1; Figure 3a).

The estimated fluxes required for Cl transport (log Q%)) are —=4.0 to =3.0 m* m=2, —4.1 to =3.1 m* m=2, and 4.4
to —3.4 m*® m~2 for the mafic granulite, hbl-opx schist, and hbl-opx gneiss samples, respectively, and are of the

same order of magnitude as the Q}2° values (Figure 3a).

Fracture fluid fluxes derived from the total Si contents (log,, Q) are 4.3—4.4, 5.8-6.1, and 4.5-4.8 m* m~ for
the mafic granulite, opx—hbl schist, and hbl-opx gneiss samples, respectively. Fluid volumes estimated from
these Q51 values are 27-346 m?, 1.2 x 103 m? to 1.5 x 10* m?, and 35-438 m? for the mafic granulite, opx—hbl
schist, and hbl-opx gneiss samples, respectively. Fluid fluxes estimated from fracture permeability, pressure
gradient, assumed as lithostatic-hydrostatic difference (Table S1 in Supporting Information S1), and fluid infil-
tration timescales (log,, ?]{2) are 3.8-5.6, 4.3-5.9, and 3.4-5.6 m? m~2 for the mafic granulite, hbl-opx schist,
and hbl-opx gneiss, respectively (Table S1 in Supporting Information S1). For the opx—hbl schist sample, the
fracture aperture estimated from X-ray elemental maps was 2.5 times wider than that for the other samples (Table
S1 in Supporting Information S1; Figure 3a). The crack aperture during fluid infiltration is likely to have been
wider as a result of fracture opening (Liu, 2005), as inferred from a comparison with log,, O3 . The calculated
parameters are summarized in Table S1 in Supporting Information S1 and Figure 3a, which show that the two
approaches yielded similar ranges. The fluid flux through the fracture was much higher than the fluid flux
through the reaction zone, suggesting that more fluid was transported through the fracture with less fluid stored
in reaction zones. This indicates that a much larger volume of fluid flows through the middle to lower crust, and
therefore the analyzed fractures are transporting fractures and not dead-ended ones.

We used fluid fluxes to estimate the potential seismic response due to the fluid infiltration. The relationship
between the fluid flux volume (AV) and cumulative seismic moment (XM,) was proposed by McGarr (1976,
2014) as follows:

My =GAV (@))]
where G is the shear modulus, which is assumed to be 4 X 10'° Pa for amphibolite facies rocks (Ji et al., 2013).

The important assumption is that the McGarr model predicts the maximum seismic moment for the saturated
rocks in the region weakened by the pore pressure (McGarr, 2014). The actual seismic moment could be lower.
For example, in permeable rocks, no stress accumulation occurs with fluid injection, and fracturing will not
correspond to a seismic response. However, we observed the permeability evolution between the low permea-
ble host rock (~10722 m?) and fractures (~10~% m?), so it is more likely that the accumulation of fluids leads to
strain and stress efficiently. The following solid solution models were used to estimate host rock permeability: T.
Holland and Powell (1996); Fuhrman and Lindsley (1988); Powell and Holland (1999); Wei and Powell (2003).

The seismic moment for a single fracture derived from the fracture geometry was also estimated based on the
definition of the seismic moment:

My = GAD )

where A is the cross-section of the fracture (m?) and D is the average slip on A (m). Based on the occurrence of
the fractures, we used 5-30 X 5-30 m cross sections for all of the samples and D = 0.1 mm.

The moment magnitude (M) is derived from the seismic moment as follows (Kanamori, 1977; Kanamori &
Brodsky, 2004):

M, =2 /3log,,(Mo)-6.07 3)

The estimated results of the cumulative seismic moment and seismic moment for a single fracture derived from
the fracture geometry and fluid volume are shown in Figure 3b.

Estimates of the cumulative seismic moment based on fluid volume are 1.1 X 10" to 6.1 x 10 Nm for all
samples. Estimates of the seismic moment for a single fracture based on fracture geometry are 1.7 x 10% to
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2.1 x 10° Nm. Different moment magnitudes are therefore estimated from these seismic moments, yielding
moment magnitudes of 2.0-3.8 for the cumulative seismic moment and —0.6 to 0.2 for the seismic moment for a
single fracture, as derived from fracture geometry (Table S1 in Supporting Information S1; Figure 3b). It is noted
that geophysical observations may not detect the signal generated by sub mm-scale displacement in the lower—
middle crust. The observation of pm-scale displacement (90 pm) along the fracture in the shear wall (Figure 1g)
provides evidence of shear fractures in the lower-middle crust and their potential relation to seismic events as
below.

5. Discussion

Timescale is an important parameter for time-integrated fluid flux estimations. Short timescales of fluid infil-
tration (1-71 hr) estimated in this study are not common compared to previous studies (i.e., months to thou-
sands of years; John et al., 2012; Kleine et al., 2016; Taetz et al., 2018). Flux through the vein from Beinlich
et al. (2010) provides 105! m*m~2. The flux through the vein in our samples with ~30 pm in aperture width
provides similar values. A comparison of the estimated fluid fluxes through the fracture (103~° m3/m?) to the
Zack and John (2007) and Ague (2003) (Figure S4 in Supporting Information S1) shows that lower ranges are
similar to the fluxes through the upper crustal fracture zones (103~* m3/m~2), while upper ranges are comparable
to the flux through the quartz veins (~103~> m3/m~2). Compared to previous works, time-integrated fluid fluxes
through the fracture estimated in this study show that large fluxes could be achieved in shorter timescales.

The transport of high volumes of fluid (10'=10* m?) through the fractured crust is essential to explain the role of
fluids in triggering seismic events (Figure 3b).

Fluid injection experiments are depth-limited, and geophysical observations cannot provide information on the
fluid volumes. The results obtained from the high-grade schists and gneisses were combined with fluid injection
data (Baisch et al., 2006, 2010; Bickle & McKenzie, 1987; Dorbath et al., 2009; Evans et al., 2005; Horalek
et al., 2010; Mukuhira et al., 2008) to determine the behavior of fluids during fracturing events that are likely
related to ETS and LFE (Figure 4). The rocks expected along subduction boundaries where most of the short-term
slow slip events (SSEs) detected are relatively low temperature compared to this study. However there are some
examples detected in a continental plate boundary faults, including the continental collision zone in Taiwan at
depths of 15-45 km (Chen et al., 2018), the strike-slip San Andreas Fault in California (Shelly, 2017), and the
oblique right-lateral Alpine Fault in New Zealand (Wech et al., 2012).

High fluid fluxes (10'-10* m?) induce rock fracturing, enhancing the permeability (~10~° to 10~® m?) of poten-
tially seismogenic regions. These fractures close during the periods between slip episodes, forming hydrous
mineral reaction zones that decrease permeability ~10722 to 1072° m? (Mindaleva et al., 2020). Therefore, episodic
fluid flux is likely to control the permeability evolution and the voluminous fluid transport within the crust.

Fluid injection experiments in upper crustal rocks have determined the relationship between the volume of fluid
and swarm seismicity. The injection of large fluid volumes into low-permeability rock induces seismicity that
lasts from days to months. We compared fluid injection data with cumulative seismic moments derived from fluid
volumes and the seismic moments obtained from the geometry of the single fractures (Figures 3b), (Supporting
Information S1).

The fluid volumes estimated for opx—hbl schist samples are similar to the shallow fluid injection results
(Figure 3b), in contrast to the deeper mafic granulite and opx—hbl gneiss samples.

The cumulative moment and magnitude values outlined above are higher than single fracture-based seismic
moment estimates (Table S1 in Supporting Information S1; Figure 3b). This suggests that a large amount of fluid
can be transported through a single fracture in the lower—-middle crust, although the magnitude of the resulting
earthquake will be lower than the cumulative magnitude.

Figure 3. (a) Variations in fluxes through reaction zones (QH2° and Q€' ; gray diamonds and solid lines, respectively) and a fracture (0" and QSi ; solid blue lines

RZ RZ> FR FR’

and red stars, respectively) within opx—hbl schist, mafic granulite, and opx—hbl gneiss samples. (b) Relationships between injected fluid volume (AV), cumulative
seismic moment release (XM,)), and moment magnitude (M,). The theoretical relationship between XM and AV is from McGarr (1976). Cumulative seismic moment
release ZM|) = GAV is compared to the seismic moment for a single fracture, based on fracture geometry M, = GAD. EGS indicates an enhanced geothermal system,
and “wastewater” indicates wastewater injected to enhance permeability. Modified after McGarr (2014) and S. F. Cox (2016). Our Qg;{-derived results are compared
to fluid injection data predominantly for the upper crust. The KTB experiment (Brudy et al., 1997) was performed at ~9 km depth, the deepest of the fluid-injection

experimental data shown in this figure.
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Figure 4. Event durations for swarms and individual earthquakes compared to the seismic moment and magnitude data.

The gray shaded area between the black lines represents the moment—duration scaling law for slow slip phenomena from Ide
et al. (2007) and Michel et al. (2019). The characteristics of fracturing events in the samples analyzed during this study are
shown as red rectangle; the durations correspond to the duration of fluid activity. Data in this figure are from the following
sources: (1) total seismic moment for Circum-Pacific megathrust swarms (light blue): Holtkamp and Brudzinski (2011);

(2) total seismic moment release for short-term slow slip events in the Oaxaca region, Mexico (pink): Fasola et al. (2019);

(3) cumulative swarm seismic moment for low-frequency earthquakes (LFEs), Washington State, USA (purple): Sweet

et al. (2014); and (4) individual moment magnitude data for LFEs along the San Andreas Fault (orange): Tan and

Marsan, (2020). Individual geodetic (open symbols) and seismic (filled symbols) measurements are from Ide et al. (2007) and
Peng and Gomberg (2010).

Figure 4 compares the total duration and seismic moment and magnitude values of earthquake swarms, single
events, SSEs, ETS events, LFEs, and very low-frequency earthquakes (VLFEs), (Supporting Information S1).
These data allow the duration and individual/cumulative characteristics of fluid activity to be compared with the
seismic/aseismic events (Figure 4).
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Fluid activity may induce seismicity along fractures, with the cumulative magnitudes representing the maximum
values (2.0-3.8) determined for the study area. In addition, the magnitude of a single fluid-driven fracturing event
(—0.6 to 0.2) may represent the lower limit for a single seismic event. Fluid activity within reaction zones may
be related to short seismic/aseismic events such as tremors and LFEs, as suggested by duration and magnitude
estimates presented in this study (Figure 4). This study also provided the first estimates of the volume of fluid that
could pass through a single fracture within the middle to lower crust, but in fact, the crust contains networks of
such fractures. The relationship between seismic moment and duration in Figure 4 is based on a single fracture,
meaning that the presence of fracture networks may cause the seismic moment and duration to increase.

6. Conclusions

This study presents the results of two approaches used to calculate fluid fluxes through a fracture: one that uses
permeability, pressure gradient, and fluid infiltration timescales; and another that applies advective reaction—
transport equations to the results of fluid speciation phase equilibrium modeling. Single fracture fluid fluxes are
estimated to be several orders higher than fluid fluxes associated with reaction zones. The single fracture fluid
fluxes (log,, Q) are 3.8-5.6, 4.3-5.9, and 3.4-5.6 m* m~2 for mafic granulite, opx—hbl schist, and opx—hbl gneiss
samples, respectively, whereas reaction zone fluid fluxes (log,0Q) are —4.4 and -3.0 m® m~2 for all samples.
These results demonstrate that fractures are effective pathways for transporting large amounts of fluid in the crust.

The short timescales and dynamic evolution of fluid flow through samples suggest that fluid infiltration may be
related to seismicity. This type of process, whereby large volumes of fluid are transported over short timescales
(i.e., 10'-10* m? per a few hours), may be common above earthquake source regions. Fracture geometry-based
seismic moment estimates vary from 1.7 X 108 to 2.1 x 10° Nm for all samples, yielding magnitudes from —0.6
to 0.2. Fluid volume estimates yield cumulative seismic moment values of 1.1 x 10'2 to 6.1 x 10'* Nm with
moment magnitudes of 2.0-3.8 for all samples. These data indicate the relationship between the volume of fluid
transported within a single fracture and the seismic response to fracturing. This shows that the infiltration of large
volumes of fluid through single fractures may be common during some slow-slip phenomena, including tremors
and LFEs, as suggested by similarities in event duration and magnitude estimates. The earthquake magnitude of a
single fluid-driven fracturing event in the lower—middle crust is potentially lower than that of a series of fractur-
ing events. The present results also indicate that geological samples can provide unique information about single
fluid-driven fracturing events recorded by metamorphic reaction zones. This study represents the first attempt
to combine thermodynamic modeling estimations from reaction zone samples with clear numerically estimated
timescales and permeabilities, thereby advancing our understanding of fluid infiltration in the lower—middle
crust.

Data Availability Statement

The authors confirm that the data supporting the findings of this study are available within the article [and/
or] its supporting information. Thermodynamic data used in the study is available through T. J. B. Holland
and Powell (1998), (https://doi.org/10.1111/.1525-1314.1998.00140.x). DEW aqueous database in Perple_X
6.8.7 (J. A. D. Connolly, 2009, https://doi.org/10.1029/2009GC002540) is available through Galvez et al. (2015)
and Connolly and Galvez (2018), (http://dx.doi.org/10.1016/j.epsl.2015.06.019; https://doi.org/10.1016/j.
epsl.2018.08.024).
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