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Abstract Earthquake instability occurs as a result of strength loss during sliding on a fault. It has been
known for over 50 years that fault compaction or dilatancy may cause significant weakening or
strengthening by dramatically changing the fluid pressure trapped in faults. Despite this fundamental
importance, we have no real understanding of the exact conditions that lead to compaction or dilation
during nucleation or rupture. To date, no direct measurements of pore pressure changes during slip in
hydraulically isolated faults have been reported.We show direct examples of fluid pressure variations during
nucleation and rupture using a miniature pressure transducer embedded in an experimental fault. We
demonstrate that fluids not only are significant in controlling fault behavior but can provide the dominant
mechanism controlling fault stability. The effect of fluid pressure changes can exceed frictional variations
predicted by rate‐ and state‐dependent friction laws, exerting fundamental controls on earthquake
rupture initiation.

1. Introduction

Changes in pore fluid pressure directly affect fault stability for natural and induced earthquakes. In the brit-
tle crust the standard expectation from the effective pressure law is that the fault shear strength, τ, depends
on pore pressure, p, as

τ ¼ μeff σn − pð Þ ¼ μeff σneff ; (1)

where σn is fault‐normal stress and μ eff is the coefficient of friction (Hubbert & Rubey, 1959;
Terzaghi, 1936). Effective normal stress is defined as σn

eff = σn − p. Slip instability arises when the fault
loses strength with slip, δ, more rapidly than shear stress is elastically unloaded: −dτ/dδ > k. In the labora-
tory, elastic stiffness, k, is a characteristic of the test apparatus, the sample, or a combination of the two
(Shimamoto et al., 1980). Accordingly, at constant applied normal stress, instability can arise when dp/
dδ > k/μ. At undrained conditions (constant fluid mass), pore pressure changes occur when the pore
volume or pore temperature changes; there are a number of mechanisms that do this. For instance, shear
deformation of overcompacted fault zones produces dilatancy, reducing the pore pressure in an incomple-
tely drained fault (Rice & Rudnicki, 1979; Segall et al., 2010; Segall & Rice, 1995) (dilatancy hardening). In
low‐permeability intact rock, dilatancy hardening can lead to delayed failure as p drops and then recovers
with influx of fluid from surrounding rock (Brantut, 2020; Stanchits et al., 2003). Conversely, shear of
undercompacted material produces pore compaction (Mandl et al., 1977) that implies an increase in pore
pressure (compaction weakening). At the elevated normal stresses and sliding velocities during earthquake
initiation at depth, shear heating produces expansion of pore fluid and an increase in pore pressure
(Lachenbruch, 1980; Mase & Smith, 1984) (thermal pressurization). In fact, many of the recent studies
on dynamic pore pressure changes have focused on the coseismic stage where slip has already initiated
and significant frictional heat is generated (e.g., Brantut & Mitchell, 2018; Noda & Lapusta, 2013).

Surprisingly little is known on changes in pore pressure due to hydromechanical interactions during nuclea-
tion and rupture initiation. There is a practical reason for this in that pore pressure (and temperature)
changes within natural rupture nucleation zones are usually inaccessible and extremely difficult to measure.
Even in laboratory experiments with a precise external pore pressure control, restricted hydraulic commu-
nication with the fault may lead to discrepancies between fault zone pore pressure and the control system
pressure during accelerating creep or dynamic slip. Because of their additional fluid volume, pore fluid
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pressure control systems with either direct or rapid hydraulic connectivity to the fault zone generally have
larger storativity than test faults, attenuating any actual pressure changes from dilatancy or compaction of
the fault zone. Thus, there are virtually no direct measurements of dilatancy hardening, compaction weak-
ening, thermal pressurization, or other phenomenon that affect pore pressure during earthquake nucleation
or dynamic stress drop. For example, Segall and Rice (1995) relied on observations of pore fluid flow in fully
drained velocity stepping experiments (Marone et al., 1990) to represent fault gouge dilatancy and compac-
tion. More recent drained tests were reported for a true triaxial geometry by Samuelson et al. (2009).
Alternatively, Lockner and Byerlee (1994) inferred pore pressure changes in an undrained fault from
velocity‐dependent changes in shear strength.

In this study we demonstrate a new experimental procedure designed to measure for the first‐time pore pres-
sure and hydromechanical interactions during rupture nucleation and slip. For pore pressure changes
within the fault to be resolved and interpretable, the pore volume associated with the sensor needs to be
small relative to the fluid volume of the fault, and volume changes of the sensor in response to pressure fluc-
tuations need to be small relative to volume changes of the fault. In addition, response to rapid changes in
pore volume will be limited by the frequency response of the sensor and the diffusivity of fluid in and out
of the fault. The experiments reported here satisfy these requirements and document pore pressure effects
attributable to dilation and compaction during nucleation, transient (slow) slip, and rapid slip events. We
show that in some cases, premonitory dilatancy reduced pore pressure and stabilized the fault, leading to
delayed instability or slow slip. In other cases, gouge compaction raised pore pressure, contributing to the
onset of dynamic failure.

2. Experimental Methodology

The experiments were conducted at room temperature in a triaxial geometry (Brace, 1964), on 76.2 mm‐dia-
meter cylinders of Westerly granite with saw‐cut fault surfaces inclined 30° to the sample axis (Figure 1). We
utilize two model fault configurations, which are (1) bare surface Westerly granite and (2) a 2 mm‐thick
quartz gouge layer sheared between the granite forcing blocks. The sample is sufficiently large to allow
the addition of a high‐resolution wide‐bandwidth pressure transducer to be embedded adjacent and in direct
hydraulic communication with the fault zone (Figure 1), in addition to the standard external transducer.
Further details of the experimental methodology can be found in the supporting information.

3. Experimental Results

Machine resonance time theoretically controls the duration of rapid slip events in this kind of testing appa-
ratus (Johnson & Scholz, 1976; Shimamoto et al., 1980), a duration that is empirically found to be of order 0.1
to 10 ms (Kilgore et al., 2017; Lockner et al., 2017). While the pore pressure sensor has a much shorter reso-
nance period, recording of fault pore pressure transients has a practical limit due to the diffusion time of
fluid in the fault zone. As a consequence, pressure transients accompanying seismic slip (stick‐slip) are
not reliably recorded. The 100 Hz recordings of stress‐stepping tests (see supporting information) indicate
that the internal pore pressure transducer response is reliable at a 10 ms sampling interval. However, equi-
libration of fault zone pressure with the transducer may be limited to as much as a few seconds time lag,
depending on diffusivity.

3.1. Bare Rock Surfaces

Initial experiments were conducted on flat fault surfaces roughened with #120‐grit grinding compound
(~106 μm grit size). Surface wear during the initial 1 to 2 mm of slip produced a fine rock powder that formed
a gouge layer estimated to be approximately 30 μm thick (Lockner et al., 2017), with estimated volume of
~270 mm3. Figure 2a shows shear stress and fault slip for a 0.2 μm/s loading sequence at 50 MPa confining
pressure. An initial seismic stick‐slip (~16 MPa stress drop) occurred at 530,371 s (Figures 2a and 2b) fol-
lowed by a sequence of four smaller slow slip events. Figures 2b and 2c show the precursory accelerating slip
and associated pore pressure rise before the stick‐slip. A coseismic drop in pore pressure, p, is followed by a
rapid reversal that peaks after ~10 s. The precursory rise in p (0.15 MPa) reduced effective normal stress and
therefore reduced fault strength by 0.11 MPa. Over the same interval, intrinsic friction rose by Δμ eff = 0.005
that corresponds to an increase in shear strength of 0.22 MPa. Thus, Δp reduced the intrinsic strengthening
in this interval by 40%. In the final second before stick‐slip, p began to decrease, suggesting late‐stage fault
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dilation (supporting information Figure S4). Figures 3a–3d show the sequence of slow slip events that
occurred with continued loading.

Unlike the earlier stick‐slip case, accelerating slip before each slow slip event was accompanied by a drop in
pore pressure (fault dilation) that caused a corresponding rise in σn

eff and helped stabilize the fault. Then,
each time the fault locked up, p recovered. Precursory changes in p were about −0.1 MPa and based on
Equation 1 represent about 0.07 MPa increase in shear strength compared to a frictional weakening of about
0.2 MPa indicated by the drop in coefficient of friction (μeff) (Figures 3c and 3d). During the slip events, p
dropped an additional ~0.1 MPa, further increasing the fault strength by 0.07 MPa, while the frictional
weakening was about −0.3 MPa.

3.2. Quartz Gouge

Natural faults commonly contain a core of crushed gouge that contains the slip surface (e.g., Caine
et al., 1996). To model this, we conducted tests on a 2 mm‐thick layer of simulated quartz gouge. After
shearing and compaction, gouge thickness was roughly 50 times greater than the gouge layer generated
within the bare surface experiments. The median grain size of the starting material was 116 μm but
undergoes rapid size reduction with shearing. The final grain size was not measured, but in a similar
experiment was found to reduce to approximately 69 μm with significant production of fines. We next
show a sequence of four decaying slow slip events that occurred at Pc = 45 MPa and a loading rate of
10 μm/s in Figures 3e–3h. In this case, shear strength dropped during each slip event and increases
between events. p increased during slip (gouge compaction) and decreased between events (gouge dila-
tion). The combination of rising p and decreasing τ implies that slip is being driven by episodic gouge
compaction causing reduction of σn

eff. In this example, pore pressure changes were 2 to 6 MPa, roughly
10 times larger than in the bare surface tests.

Figure 1. Embedded miniature pore pressure transducer and fault geometry. (a) Complete triaxial sample assembly. (b) Finished sample. The sensor has a
maximum diameter larger than the active transducer face, requiring emplacement in a relatively large fault‐normal borehole. A steel sleeve is epoxied into the
borehole behind the transducer for support. A donut‐shaped granite insert is epoxied into the front of the transducer hole and surface ground flat with
the fault surface, leaving the transducer ~2 mm below the sliding surface. (c) Schematic of sample setup with embedded transducer within the triaxial sample
geometry. The pressure transducer is embedded in the upper sample half, while the external pore pressure system is in communication with the base of the lower
sample. The steel spacer below the sample is instrumented as an internal axial load cell.
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4. Discussion

In this study, we explore the range of hydromechanical interactions that can occur during fault deformation
in hydraulically isolated faults. Fault gouge porosity and pore pressure will change with τ, σn, mean stress,
fault displacement, and sliding rate. Some variations are reversible (elastic), and others are not reversible
(i.e., grain crushing or healing). Dilation will lower p and, through the effective pressure law, delay or com-
pletely suppress instability. Compaction can enhance or drive slip. From poroelastic theory (Biot, 1941;
Skempton, 1954), increasing mean stress will increase pore pressure in undrained conditions. In addition,
increasing differential stress at constant mean stress can result in a reversible decrease in p (Lockner &
Beeler, 2003; Lockner & Stanchits, 2002; Skempton, 1954; Wang, 1997). Inelastic processes, such as strain‐
and strain rate‐dependent dilatancy and shear‐enhanced compaction, will also result in pore pressure tran-
sients (Scuderi et al., 2015; Segall et al., 2010; Segall & Rice, 1995). Determining the relative importance of
these different effects will require systematic testing in future experiments.

Earthquake instability is often analyzed in the framework of rate‐ and state‐dependent (RS) friction
(Dieterich, 1981; Marone et al., 1990; Okubo & Dieterich, 1984; Ruina, 1983) in which second‐order

Figure 2. Bare surface experiment. Large seismic failure driven by shear‐induced compaction. (a) Time series of shear
stress and slip for large event that is followed by a sequence of creep events. (b and c) Expanded plots of shear stress,
slip, pore pressure, and friction of the seismic event.
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strength variations can control instability. Since pore pressure has a direct effect on fault strength
(Equation 1), small changes in pore volume can have a significant impact on timing and slip rate of
failure (Segall et al., 2010; Segall & Rice, 1995). For the stress levels in our experiments, RS strength
variations are on the order of 0.1 to 0.5 MPa. Pore pressure variations for bare surface faults (Figures 2
and 3) are of the same order, and in the case of a 2 mm gouge layer (Figure 4) are 10 times larger,
suggesting that hydromechanical effects can be significant in low‐permeability rocks. In addition, since
gouge is ubiquitous in natural fault zones, hydromechanical effects may dominate.

4.1. Bare Surface Experiment

The relatively smooth, bare surface experiments were designed to reduce the characteristic friction weaken-
ing distance (Okubo & Dieterich, 1984) and enhance the likelihood of stick‐slip sliding (Ruina, 1983). In our
bare surface experiment the shear zone is extremely narrow and well localized, while the surrounding rock
has low permeability (of order 10−20 m2) such that the fault is isolated for precursory and immediate postslip
timescales. For the seismic stick‐slip event shown in Figure 2, failure is preceded by accelerating slip, as com-
monly observed under dry conditions (e.g., McLaskey & Lockner, 2014). In Figure 2, p increases before
instability, requiring that shear is accompanied by fault compaction. This is inconsistent with standard brit-
tle and frictional models of failure (Brace, 1964; Segall & Rice, 1995) that involve precursory dilation, but is

Figure 3. (a–d) Bare surface experiment. Sequence of creep events, stabilized by dilatancy hardening. Accelerating slip causes dilation, and decelerating slip
causes compaction. The slow slip event in (c) and (d) has a duration of ~40 s. (e–h) Quartz gouge layer experiment. Sequence of four compaction‐driven slip
events in a fault gouge. Fault is initially locked. The onset of slip is accompanied by compaction and a large increase in pore pressure. Shear stress decreases during
each slip event; however, friction continues to increase because the effective normal stress is decreasing more rapidly than shear stress. Eventually, the fault locks
up, and the pattern repeats. The slow slip event in (g) and (h) has a duration of ~37 s.
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not without precedent in soil mechanics (Mandl et al., 1977), and some saturated faulting tests (Faulkner
et al., 2018). Relative to dry or drained tests, and in the context of the effective pressure law (Equation 1),
the presence of pore fluid in this shear zone contributes to advancing the fault to failure by decreasing effec-
tive stress and therefore destabilizing fault slip. However, the (static) change in p from before to immediately
after seismic slip is negative, consistent with shear dilatancy. The expanded time plot (supporting informa-
tion Figure S2) shows that the steady premonitory compaction reverses within 1 s of rupture and continues
to dilate coseismically. While coseismic dilatancy is consistent with standard brittle and frictional failure
models, the switch from compaction to dilation is an unexpected feature. The static pore pressure decrease
is immediately followed by a larger postseismic, time‐dependent transient increase in pore pressure (e.g.,
Figure 3d). This may be due to compaction associated with afterslip or from local fluid flow within the shear
zone. The pore pressure increase is followed by a much slower decay that reflects a return to long‐term equi-
librium with the controlled external pore pressure system (1 MPa).

The subsequent slow events (Figures 3a–3d) are loaded at the same rate but undergo measurably larger pre-
monitory creep. Apparently, the preceding seismic event modified the fault surface, making it more condu-
cive to creep. With increasing shear stress, fault slip accelerates and p decreases (implying fault dilatancy).
The prior seismic event underwent a catastrophic loss of strength (16 MPa) overwhelming the stabilizing
effect of a 1 MPa coseismic drop in p. For the slow slip events, however, a ~0.2 MPa drop in pwas apparently
enough tomaintain quasi‐stable sliding (peak slip rate of ~1 μm/s) with a smaller shear strength loss of about
0.1 MPa. Shortly after the peak slip rate, p begins to increase, presumably as reduced slip rate leads to fault
compaction. These collective observations of pore pressure change accompanying precursory and peak slip
velocities are consistent with standard dilatancy hardening and increasing effective stress during failure
(Rice & Rudnicki, 1979; Segall et al., 2010; Segall & Rice, 1995) producing prolonged precursors and stabiliz-
ing slip, relative to dry or drained tests.

4.2. Gouge Experiment

The 2 mm gouge example shown in Figures 3e–3h demonstrates slip oscillations that are apparently dri-
ven by a coupling of slip rate‐dependent pore volume and pore pressure‐dependent strength. In the first
cycle of accelerated slip (9,670 to 9,710 s), p rose by 4.8 MPa, causing a strength loss (Equation 1) of
~3.4 MPa. Over this same interval, the 0.06 increase in μeff implies strengthening due to intrinsic friction
of 2.8 MPa. Thus, the overall weakening of the fault during the slip event is the result of gouge compac-
tion and increasing p dominating the frictional strengthening. Following the end of the slip event, the
fault locked up and a corresponding dilation and drop in p followed as the fault continued to load.
The 6 MPa decrease in p during lockup corresponds to a 4.2 MPa increase in shear strength and accounts
for most of the observed 5 MPa strength rise before the onset of the next slip event. This sequence of
lockup (dilatancy) and slip (compaction) happened three more times with diminishing amplitude before
deformation returned to stable sliding. We note that this sequence in which increase in slip rate corre-
sponds to gouge compaction is the opposite of the response assumed in the Segall and Rice (1995) model.
The cycling of lockup and release is also reminiscent of force chain models that support boundary trac-
tions in deformation of granular materials (Daniels & Hayman, 2008; Mair & Hazzard, 2007; Peters
et al., 2005) and produce cyclic variations in dilatancy/compaction.

4.3. Pore Pressure Transients and Intrinsic Friction

Segall and Rice (1995) developed constitutive equations combining RS friction, log (velocity)‐dependent
gouge dilatancy, gouge/fluid compressibility, and diffusion in fault‐bounding rock. They assumed a posi-
tive dilatancy coefficient based on drained deformation tests (Marone et al., 1990) such that increased slip
rate would reduce pore pressure. They noted that this model assumed a fully developed gouge layer and
that rapidly evolving gouge structure, especially during initial shearing, would likely involve volume
change not accounted for in their model. The three examples that we present here show transient
response associated with initial loading or reloading of the fault and may not be directly applicable to
the Segall and Rice model. We note, however, that Segall and Rice (1995) obtained the dilatancy coeffi-
cient that they used in their model from triaxial laboratory tests (Marone et al., 1990) performed under
similar conditions to the ones reported here. In our examples, stick‐slip (Figure 2b) occurs after
2.6 mm slip on the bare fault surface with fully developed strength (μeff = 7.1). Even so, accelerating pre-
monitory creep is accompanied by increasing p. Coseismic and postseismic slip are accompanied by,
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respectively, a drop and then increase in p, both qualitatively consistent with the Segall and Rice model.
In the bare surface slow slip sequence (Figures 3a–3d) the transient accelerating/decelerating sequences
are associated with decreasing/increasing variations in p. This response is also qualitatively in agreement
with Segall and Rice. Transients in the gouge slow slip sequence (Figures 3e–3h), however, are slip rate
related but are opposite in sign to Segall and Rice model predictions: Increased slip rate is associated with
increased p. In this initial study, we cannot identify the fault properties controlling this wide range of
pore pressure response. We do not have direct measurements of gouge compaction or grain size evolution
for these experiments. Additional tests will be needed to address the issue of fault evolution and when it
is appropriate to apply the Segall and Rice model to natural and laboratory faults.

We briefly consider the relative importance of pore pressure transients and RS frictional variations in con-
trolling fault stability. Prior to stick‐slip (Figure 2), transient rise in p is about 0.16 MPa (implying
0.1 MPa shear strength loss), while the friction coefficient is nearly constant (Figure 2c). This implies that
p increase is at least a contributing factor in determining timing and onset of instability. Then, in
Figure 3d, the drop in p during slow slip increases fault strength by about 0.1 MPa, while the intrinsic RS
weakening (based on μeff) is 0.4 MPa. Thus, the p transient reduces the magnitude of the intrinsic frictional
weakening by about 25%. In these two examples, increasing pore pressure enhanced instability before stick
slip and then partially suppressed the intrinsic weakening when slow slip occurred. The modification of
strengthening or weakening by pmay be important in determining dynamic failure versus quasi‐stable slip
by modifying the rate of strength loss compared to the unloading stiffness. In the gouge example (Figures 3g
and 3h), frictional strength increases during slow slip (μeff increases) by about 2.8 MPa, while the rise in p
decreases shear strength by ~3.4 MPa. In this case, gouge compaction and rise in p dominates the frictional
strength increase and drives the instability.

4.4. Frictional Heating

Recent experimental work has focused on coseismic heating of faults (Di Toro et al., 2011), with focus on
seeing pressure changes due to frictional heating (Brantut & Mitchell, 2018). We show similar pressure
changes, without including heat, and it is possible that dilation and pressure drop might buffer thermal
pressurization. Still, the stick‐slip event shown in Figure 2 involved a 50% stress drop and presents the
possibility that frictional heating may have contributed to dynamic strength loss. While we do not have
precise measurement of important variables such as coseismic pore pressure, volume change, frictional
work, or temperature, we can provide some constraints. We show with a simple 1‐D heat flow calcula-
tion that peak fault zone temperature rise could exceed 100°C (see supporting information). This presents
the possibility that thermal pressurization during the short but energetic slip event might have
contributed to dynamic weakening and the relatively large stress drop. This effect will be explored in
future experiments.

5. Conclusions

We have measured pore pressure transients in hydraulically isolated laboratory faults during seismic and
slow slip events. A novel feature of these experiments is the use of a miniature pressure transducer
embedded in the sample adjacent to the fault surface. We observed a variety of pore pressure transients cor-
responding to precursory, coseismic, and postseismic deformation. Hydraulic isolation causes time‐ and
slip‐dependent changes in pore volume to generate pore pressure transients from 0.1 to >10 MPa. Under
some circumstances these transients dominate and control both failure time and stability. Both increasing
pore pressure (compaction) and decreasing pressure (dilation) can occur as precursors and coseismically.
Our observations are not definitive, but they present the possibility that during the immediate precursory
period, dilation delays stick‐slip and may lead to slow slip in faults that are rate or slip weakening, that is,
faults that would fail seismically under drained or dry conditions. Conversely, compaction destabilizes
rate‐ or slip‐weakening faults and can also lead to an accelerated preparation phase. For rate‐ or
slip‐strengthening faults, compaction may produce slow events that have no dry or drained analog. These
experiments demonstrate the importance of pore fluid‐rock interactions in controlling slip instability in
hydraulically isolated faults. The granular shear zones simulated and evolved in these experiments are simi-
lar to the expected state of natural fault cores. It is important to note that our experiments represent an
end‐member case where the fault is hydraulically isolated. In nature, fault gouge zones can be tens of
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centimeters wide and slip can localize in narrower principal slip zones within the low‐permeability gouge
zone, meaning the active slip zone is hydraulically isolated. However, slip can also localize on the bound-
aries of the fault core adjacent to a more permeable fracture damage zone (Mitchell & Faulkner, 2009),
which can change both permeability and storativity and therefore shorten the diffusivity time constant.
Our experiments demonstrate, for the first time, not only that fluids play a significant role in controlling
fluid‐saturated fault behavior but that in some instances hydromechanical effects may be the dominant
mechanisms in controlling fault stability. These processes are just as important, if not more so, than com-
monly invoked mechanisms such as RS friction. The currently accepted hydromechanical model for fault
zone stability (Segall & Rice, 1995) assumes only rate‐dependent dilatancy leading to instability. Here, we
demonstrate the importance of both dilatancy and compaction/pore collapse during nucleation and rapid
slip leading to instability. Hydraulically isolated saturated gouge experiments have been reported for decades
by many authors focusing on rate and state parameters. We note that many such experiments may actually
be measuring dominant poromechanical effects rather than the empirical constitutive parameters such as
RS (a and b) (Brace & Martin, 1968; Morrow et al., 2017; Raleigh & Paterson, 1965; Schmitt &
Zoback, 1992). Our experiments also suggest alternative and more physically meaningful definitions of fault
“state.” In RS friction formulations, state is usually either a dimensionless quantity or, equivalently, has tem-
poral units (age) (Ruina, 1983). The age dependence is thought to represent the time‐dependent growth of
contact area (the age of the asperity population) or equivalently an inverse dependence of the asperity popu-
lation on slip speed (i.e., inversely proportional to age). Implicitly, a change in contact area implies dilatancy
or compaction. Thus, it is relatively straightforward to modify the existing RS framework to cast “state” as
porosity or degree of dilatancy relative to a reference state as developed in Segall and Rice (1995). This is a
familiar concept in soil mechanics where overconsolidated or underconsolidated materials have different
rheological behavior compared to porosity attained in fully developed shear flow. Our saturated tests indi-
cate that stress‐dilatancy relations are incompletely represented in existing fault constitutive relations. In
other words, in order for us to truly make comprehensive models of fault behavior leading to earthquake
instability, we need to understand the fundamental conditions that lead to both dilatant and compactive
behavior. This will require further experiments to identify the conditions leading to these radically different
behaviors, including confined measurements of fault dilation and stress state that cover the range of crustal
temperatures and effective stresses of in situ fault slip.

Data Availability Statement

Data for Figures 2 and 3 can be found at https://doi.org/10.5066/P98U3DZX (Figure 1 has no data). This doi
number has been set aside for this data release by the USGS online repository. It will not go active until it has
passed internal USGS review. In the meantime, we have uploaded the dataset in the supporting information
and will confirm the DOI once the paper is accepted/revised.
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