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G E O P H Y S I C S

Propagation of fluid-driven aseismic slip fronts under 
upper crustal conditions
François Passelègue1*†, Nicolas Brantut2,3†, Hervé Chauris4, Pierre Dublanchet5

Fracture mechanics models suggest that aseismic slip may either lag behind or outpace the fluid pressure front, 
depending on injection conditions and the fault’s initial stress state. However, direct experimental validation of 
these predictions has been lacking. Here, we report laboratory experiments on granite samples under upper 
crustal stress conditions, where we simultaneously tracked the propagation of fluid pressure and aseismic slip 
during fluid injection. We show that aseismic slip lags the pressure front at low injection rates and low initial stress 
but rapidly outpaces it under high-rate injection or near-failure initial stress conditions. The transition is governed 
by a dimensionless loading parameter that integrates injection rate, fault strength, and initial shear stress. Our 
results provide direct support for fracture mechanics models of fluid-induced aseismic slip and suggest that in 
critically stressed crustal faults, rupture propagation may commonly outpace fluid diffusion.

INTRODUCTION
Understanding the propagation of fluid-driven frictional ruptures is 
crucial for assessing the hazard of fluid-induced seismicity, whether 
arising from natural processes (1, 2) or human activities (3–6). These 
ruptures are often inferred from seismicity along natural faults (7–11) 
or near anthropogenic fluid injection sites (3, 12–14). In cases of in-
duced seismicity, it is well established that the injected fluid volume 
primarily controls the cumulative aseismic moment (15) and can in-
fluence the maximum magnitude of induced earthquakes (16, 17).

Seismological observations indicate that seismicity migration often 
follows a square-root dependence on time, consistent with fluid diffu-
sion along a fault plane. However, this pattern is not universal; in some 
cases, seismicity propagates linearly with time, suggesting alternative 
mechanisms such as stress transfer or aseismic slip (14, 18). Moreover, 
hydraulic diffusivity estimates derived from seismicity migration are 
typically one to two orders of magnitude larger than those observed in 
laboratory experiments and natural rock formations (19, 20). This dis-
crepancy may be explained by the fact that, under certain conditions, 
seismicity is linked to a fluid-driven aseismic slip front, R, that also 
grows as 

√
t (21, 22). The existence of propagating aseismic slip results 

in a complex and nonsystematic relationship between seismicity pat-
terns and the propagation of the fluid pressure front, L. The interplay 
between the slip and fluid fronts introduces substantial variability in 
seismic responses, complicating efforts to generalize the spatiotempo-
ral evolution of induced seismicity.

A key question remains: Under what conditions is induced seis-
micity primarily governed by the propagation of the fluid pressure 
front, L, versus an aseismic slip front, R, which may be driven by L but 
can either lag behind or outpace it? Recent theoretical studies suggest 
that the transition between these two end-member cases is governed 
by a loading parameter, T, which depends on the initial stress state of 
the fault and the magnitude of the pore pressure change (21–23). 
However, experimental validation or field observations to test this 

hypothesis remain lacking. On the one hand, the absence of continu-
ous, in situ measurements of active fault deformation and hydrologi-
cal processes limits our understanding of fluid-activated aseismic slip, 
which currently relies on indirect observations such as seismicity mi-
gration (2, 10, 11) or surface geodetic data (1). On the other hand, 
measuring both R and L along a limited-sized experimental fault re-
mains challenging (24–26), as it does during in situ fluid injection 
experiments along shallow aseismic faults (27, 28), where estimates of 
the initial state of stress are also lacking. Determining the key param-
eters controlling the growth of injection-induced ruptures is critical 
for improving predictive models of induced seismicity, particularly in 
applications such as geothermal energy production, wastewater dis-
posal, and carbon sequestration.

Here, we address this question by conducting laboratory experi-
ments where the fluid pressure front, L, and the aseismic slip front, R, 
can be tracked directly under controlled stress conditions. Our ex-
periments suggest that the question of whether fluid-induced aseis-
mic slip lags behind or outpaces fluid migration is governed primarily 
by the loading parameter identified in earlier theoretical work (21, 22), 
suitably modified to account for the injection scenario.

RESULTS
The experimental fault consists of a saw-cut granite specimen, ori-
ented at an angle θ of 30° with respect to the principal stress σ1 . Flu-
id injection was carried out under varying stress conditions through 
a borehole that directly connects a high-pressure fluid reservoir to 
the fault plane at its top edge. A second borehole, located on the op-
posite side of the fault, was used to monitor pore pressure changes 
(Fig. 1A). In addition, three individual pore pressure sensors were 
positioned at different locations along the fault to track the spatio-
temporal evolution of fluid pressure during injection (29, 30).

To complement fluid pressure measurements, an array of eight 
strain gauges was placed around the fault to monitor changes in ax-
ial strain (Fig. 1A). This array was used to detect the location of the 
aseismic slip front during fluid injection (31).

The experiments were carried out under stress relaxation condi-
tions (20, 24) (see Materials and Methods) at an initial (Terzaghi) 
effective confining pressure of σ�

3
= 70 MPa. The background con-

fining pressure and the initial fluid pressure were set to σ3 = 80 MPa 
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and Pf = 10 MPa, respectively. Before injection, we probed the friction-
al strength τp of the fault by loading the sample at constant rate until 
slip was detected. In a first stage, the differential stress ( σ�

1
− σ�

3
 ) was in-

creased to reach a value of initial shear stress τ0 =
(
σ�
1
−σ�

3

)
sin(2θ)∕2 

equal to 60% of the fault strength (fig. S1). Injections were then car-
ried out at constant pressure rates c of 0.15, 1.5, and 15 MPa/s, until 
the complete release of differential stress. In a second stage, the 
differential stress was raised to 90% of the fault strength. Under 
these conditions, four different constant pressure rates c were tested: 
0.015, 0.15, 1.5, and 15 MPa/s (see table S1). Note that the fluid pres-
sure rates were imposed constant up to a maximum value of 70 MPa 
( σ�

3
= 10 MPa). If fault reactivation did not occur at this target value, 

then the fluid pressure was kept constant until the complete release 
of differential stress. This case only occured for the maximum injec-
tion rate tested (c = 15 MPa/s).

We present typical mechanical data recorded at τ0∕τp = 0.6 for 
injection rates of c = 0.15 and 15 MPa/s in Fig. 1. At low injection 
rates, the fluid pressure increase at the injection site leads to a grad-
ual rise in fluid pressure detected across all pore pressure sensors 
before the onset of macroscopic slip (Fig. 1B). At any given time, the 
pressure measured at each sensor decreases with increasing distance 
from the injection site, indicating the propagation of a fluid pressure 
“front” along the fault. The evolution of axial strain recorded by the 
strain gauges reveals that strain release initiates earlier near the in-
jection site and later at locations farther along the fault (Fig. 1C), 
indicating the occurrence of slip propagation. Once strain release 
initiates on all strain gauges, macroscopic fault slip is recorded by 
the external displacement transducer, and a drop in shear stress is 

measured with the external load cell. This reduction in shear stress 
mirrors the evolution of slip along the fault up to the end of the in-
jection phase (Fig. 1B), in agreement with the stress relaxation con-
dition imposed by the fixed piston position.

At higher injection rates, only the sensor that is closest to the 
injection site records an increase in fluid pressure before slip onset 
(Fig. 1D). In addition, deviations from linearity on the strain gauges 
propagate faster than at c = 0.15 MPa/s (Fig. 1E). Once the macro-
scopic slip begins, the release of stress also mirrors of the slip occur-
ring along the fault, as observed at low injection rates.

Inversion of the slip front velocity and of the fluid 
pressure front
To further analyze the interaction between the slip front and the fluid 
pressure front, we performed two inversion procedures using the 
strain gauge and the fluid pressure sensor arrays distributed around 
the fault (Fig. 1A). First, for each injection, we manually identified 
the first abrupt release of strain on each strain gauge located around the 
fault (Fig. 1, C and E). This strain release is expected to indicate the 
passage of the slip front across the strain gauges, as suggested by syn-
thetic crack propagation using the Green’s functions (32) of our fault 
system (see Materials and Methods and fig. S2). Here, the slip front 
corresponds to the location along the fault where the strain gauges 
record the onset of slip. This definition allows us to track the spatial 
propagation of slip along the fault during injection. Next, we per-
formed an inversion to determine the best solution for the slip front 
velocity ( Ṙ ), the nucleation location, and the propagation initiation time, 
assuming a simplified circular front propagation. The minimization 

Fig. 1. Experimental methods. (A) Schematic representation of the sample assembly used in this study. The host rock is Westerly Granite. Rectangles indicate the location 
of strain gauges around the fault. The injection borehole and the measurement borehole correspond to pressures P1 and P5 , respectively. (B) Evolution of macroscopic 
shear stress, macroscopic fault slip, and fluid pressure measured at five different locations [colors correspond to those shown in (A)] during an injection performed at 
τ0∕τp = 0.6 , with a constant pressure rate of c = 0.15 MPa/s. (C) Evolution of axial strain recorded by the strain gauge array before the onset of macroscopic slip, indicated 
by the dashed line. The strain data are organized by distance from the injection site. Colors match those of the markers shown in (A). (D) Same as (B), but for the injection 
conducted at τ0∕τp = 0.6 with a constant pressure rate of c = 15 MPa/s. (E) Same as (C), but for the injection conducted at τ0∕τp = 0.6 with a constant pressure rate of 
c = 15 MPa/s.
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of the difference between the experimental and theoretical arrival times 
provided the optimal solution for these three parameters. In each in-
jection, the slip front nucleates in the area surrounding the injection 
site (fig. S3). Increasing injection rate leads to an increase in rupture 
front velocity (fig. S3). In addition, a high background stress level also 
seems to enhance Ṙ . For a similar pressurization rate, the slip front propa-
gates faster at τ0∕τp = 0.9 than at τ0∕τp = 0.6 . In all experiments pre-
sented here, slip propagation remains aseismic, as the observed slip 
front never attains seismic rupture velocities.

Second, we performed an inversion to reconstruct the fluid pres-
sure distribution along the fault during each injection. To account 
for dead-volume effects in the pore pressure system, we constrained 
the inversion by imposing the fluid pressure at the injection site ( P1 ) 
and the pore pressure measured in the second borehole ( P5 ). We then 
inverted for hydraulic diffusivity in both time and space, assuming 
three independent regions, each monitored by an individual fluid pres-
sure transducer ( P2 , P3 , and P4 ). The minimization process yielded 
the optimal solution for the spatiotemporal evolution of fluid pres-
sure during each injection (fig. S4). To track the propagation of the 
fluid pressure perturbation along the fault, we defined the fluid pres-
sure front as the location where the pressure exceeds a threshold of 
1 MPa above the initial uniform fluid pressure along the fault (10 MPa). 
Although the pressure field evolves diffusively and therefore does 
not exhibit a sharp front, this threshold provides a consistent opera-
tional marker of the spatial extent of the pressure perturbation and 
allows comparison with the propagation of the slip front. The inter-
action between the advancing slip front and the fluid pressure front 
is presented in Fig. 2 for two distinct injection scenarios conducted 

at 60% of the fault’s peak strength, with injection rates of 0.15 and 
15 MPa/s.

At the lower injection rate (Fig. 2, A and B), the fluid pressure 
front propagates across the entire fault before the initiation of slip 
front propagation. Once initiated, the slip front advances at a relatively 
slow velocity of about 0.6 mm/s and eventually catches up with the 
fluid pressure front, doing so ~244 s after the onset of injection. This 
occurs because the spatial extent of the pressure front is limited by the 
finite size of the experimental fault. At the higher injection rate (Fig. 2, 
C and D), the fluid pressure front also propagates first. However, at the 
onset of slip front propagation, L remains localized near the injection 
site. At this stage, R propagates at a faster velocity than L ( Ṙ = 5 mm/s), 
and overtakes it at t = 8.56 s (Fig. 2B). These results confirm that an 
increase in the injection rate facilitates the transition between the 
two end-member cases: (i) a slip front R(t) propagating behind the 
fluid pressure front L(t) and (ii) a slip front R(t) initially lagging 
behind the fluid pressure front L(t) but eventually outpacing it, prop-
agating ahead of it in the later stages (Fig. 2B).

DISCUSSION
We now compare the temporal evolution of both the slip front, R(t), 
and the fluid pressure front, L(t), along the long axis of the experi-
mental elliptical fault (Fig. 2) for (i) the two initial stress states tested 
( τ0∕τp = 0.6 and τ0∕τp = 0.9 , respectively) and (ii) each applied pres-
sure rate c ranging from 0.015 to 15 MPa/s. Our experimental re-
sults indicate that, regardless of the initial stress state, increasing c 
accelerates the propagation of both the fluid pressure front and the 

Fig. 2. Inversion of R and L during fluid injection. (A) Snapshots at three different times illustrating the propagation of the fluid pressure front L (blue) and the slip front 
R (reddish line) during an injection performed at τ0∕τp = 0.6 with a constant pressure rate c = 0.15 MPa/s. The color scale represents fluid pressure (same as in Fig. 3). Thin 
black contours indicate the position of the fluid pressure front L for thresholds of 10.7 and 11.3 MPa, while the thick blue contour corresponds to 11 MPa. Colored markers 
show the positions of the slip front R (reddish colors) and the pressure front L (bluish colors) along the fault trace (dashed line). (B) Temporal evolution of the front posi-
tions R(t) and L(t) along the fault for the same injection conditions ( τ0∕τp = 0.6 , c = 0.15 MPa/s). (C) Same as (A), but for an injection with a higher constant pressure rate 
c = 15 MPa/s. (D) Same as (B), but for c = 15 MPa/s.
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slip front (Fig. 3). However, the initial stress state influences the 
transition between the two end-member cases previously discussed. 
At τ0∕τp = 0.6 , only the injection conducted at c = 15 MPa/s allows 
R(t) to outpace L(t), at t ≈ 6 (Fig. 3A). In contrast, at τ0∕τp = 0.9 , 
R(t) outgrowths L(t) for injections conducted at both c = 1.5 MPa/s 
and c = 15 MPa/s, at t ≈ 26 s and at t ≈ 5 s, respectively (Fig. 3B).

These observations are broadly consistent with theoretical expec-
tations, as both τ0 and c are expected to contribute to variations in 
the loading parameter (21, 22), defined as

where f is the static friction of the fault, σ�
0
 is the initial effective nor-

mal stress along the fault, and Δp∗ represents a characteristic pressure 
perturbation at the injection site. In our experiments, the appropriate 
characteristic pressure is Δp∗ = ca2∕α , where a is the injection bore-
hole radius and α is the fault hydraulic diffusivity (see Materials and 
Methods). Equation 1 highlights that an increase in both τ0 or c, in-
dividually or together, leads to a decrease in T, which is expected to 
control the transition from the case R ≪ L , termed “marginally pres-
surized fault,” to the case R ≫ L , termed “critically stressed fault” 
(21, 22, 33, 34).

In our experiments, there is some uncertainty in the quantification 
of T, since we only have an imperfect knowledge of the friction coef-
ficient, which is assumed constant in the theory of (22). In practice, f 
is not constant but depends on slip rate and past history of the fault 
“state” (35, 36). Here, we estimate T using either a constant friction 
coefficient equal to 0.67, obtained independently on the basis of mea-
surements of τp , or equal to the normalized time t × α∕a2 at the ini-
tiation of rupture (see Materials and Methods, Eq. 22). We also use 
our measurements of R and L to determine the time history of the 
amplification factor defined by λ = R∕L . In contrast with injection 
scenarios at constant injected volume rate, where λ is fully determined 
by T and both R and L grow as 

√
t (21, 22, 34), we anticipate that λ 

depends on both T and time in the case of injection at constant pres-
surization rate (see Materials and Methods and fig. S5).

We observe that experiments conducted at large T (low stress or 
low injection rate) tend to produce ruptures that start late and remain 
initially behind the fluid migration, whereas at low T, the rupture 

rapidly outpaces the fluid (Fig. 4A), in qualitative agreement with 
model results. The slip front typically nucleates within the pressur-
ized area (fig. S3), so that the initial values of λ are smaller than 1. 
With ongoing time, λ increases, which indicates that the slip front 
propagates faster than the pressure front. For the lowest values of T, 
λ eventually surpasses 1. Our results highlight that λ becomes larger 
than 1 at shorter timescale with decreasing the value of T, in agree-
ment with numerical results (fig. S5). These results suggest that the 
larger the injection rate and the initial shear stress along the fault, 
the faster R will outgrow L.

There are discrepancies between model and data that are due to 
the finite experimental system: In particular, at low pressure rates 
(i.e., large values of T), the slip front initiates in most of the cases 
after L already reached the opposite edge of the fault. For these cases, 
the corresponding λ values are not representative and are therefore 
biased because of the finite length of our experimental faults, which 
limit the propagation of both fronts in space (Fig. 4A).

In addition, we observe a strong correlation between the slip front 
propagation velocity Ṙ and the loading parameter T (Fig. 4B). Using 
our simplified model, we estimated Ṙ as a function of T throughout 
the entire injection duration. Our numerical simulations indicate that 
the rupture velocity is expected to slightly decrease over time (after an 
initial phase that depends on T) but tends to stabilize to nearly con-
stant velocity at large time, consistent with our experimental ob-
servations (Fig. 3 and fig. S3). Furthermore, both our numerical and 
experimental results suggest that Ṙ scales with T−m , with m ranging 
from −3/4 to −1/2 (Fig. 4B and fig. S6B). This scaling indicates that in 
critically stressed faults, slip fronts will nucleate earlier and propagate 
more rapidly as T decreases. This result is consistent with previous 
laboratory experiments, which showed that high fluid injection rates 
promote early nucleation of dynamic slip along faults in polymer (37) 
and rocks (38).

Aseismic slip propagating further than fluid pressure during in-
jection was previously inferred indirectly from field data (21). Our 
results provide direct confirmation of this phenomenon in a crustal 
rock tested under upper crustal conditions (initial effective pressure 
equivalent to that at a depth of 2 to 3 km). Our experiments also 
show that rupture growth is primarily controlled by a loading param-
eter that combines information about the initial stress, fault strength, 
and injection rate, in agreement with simple models based on fracture 

T =
1 − τ

0
∕
(
f σ�

0

)
Δp∗∕σ�

0

(1)

Fig. 3. One-dimensional propagation of rupture R(t) and fluid pressure L(t). (A) Evolution of the rupture dimension (reddish colors) and fluid front position (bluish 
colors) along the fault length (Fig. 2) as a function of time for injections conducted at τ0∕τp = 0.6 . L(t) represents the location of the fluid front for a threshold of 1 MPa 
above the initial, uniform pressure field (solid lines), ±0.3 MPa (thin lines). The reddish and bluish color scales correspond to the values of pressurization rate c used in each 
injection. (B) Same as (A), but for injections conducted at τ0∕τp = 0.9.
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mechanics (21, 22). Under our tested conditions, the slip front does 
not propagate as 

√
t , but rather at a nearly constant velocity, in agree-

ment with our model predictions. More generally, fracture mechanics 
models (22, 39) (see Materials and Methods) imply that the propaga-
tion rate of the slip front is indicative of the injection scenario (constant 
volume rate, pressure, or pressure rate), which may explain field 
studies reporting seismicity migration (natural or induced) that dif-
fer from the conventionally assumed square-root time dependence 
(14, 18).

In nature, the occurrence of seismicity in response to fluid injec-
tion, even for small pressure change compared to hydrostatic values, 
indicates that faults are critically stressed, i.e., at a background stress 
close to the frictional strength (40, 41), at least in intraplate regions. 
Therefore, we anticipate that the loading parameter T is small and 
faults should be prone to rapid propagation of aseismic slip beyond 
the pressurized region. However, in these cases, the predictive pow-
er of simple models based on constant friction and constant hydrau-
lic properties might reach its limit, since strength perturbations due 
to rate-and-state effects (35, 36) and variations in hydraulic proper-
ties due to stress changes and slip accumulation (20) can become 
substantial. Our experiment illustrate these limits: We only have ap-
proximate constraints on the value of T, and we detected time- and 
space-dependent variations in hydraulic diffusivity (fig. S4). More 
elaborate models that include some of these effects, such as rate-
and-state friction, have been developed (23, 42), but remain to be 
tested under realistic crustal conditions.

MATERIALS AND METHODS
The material used was Lanhélin granite, a coarse-grained granite from 
Brittany, France. Intact Lanhélin granite has a very low permeability 
(lower than 10−21 m2, which is the resolution of our equipment) and 
is considered impermeable over the timescale of our experiments. A 
cylindrical sample of 40 mm in diameter was cored and precisely 
ground to a length of 100 mm. The cylinder was then saw cut at a 30° 
angle relative to its axis of revolution, creating an elliptical fault surface 

measuring 40 mm in width and 80 mm in length along strike. This 
surface was subsequently prepared using a surface grinder. Two 
2-mm-diameter boreholes were drilled from both sides of the sam-
ple, passing through the material and intersecting the fault surface. 
The center of the boreholes were offset 4 to 5 mm from the sample’s 
edge to maximize the fluid diffusion path along the fault. The pre-
pared, faulted sample was then enclosed in a Viton jacket and instru-
mented with eight strain gauges and three additional pore pressure 
transducers (29, 30), as schematically shown in Fig. 1A. The pore 
pressure sensors have a contact diameter of 7 mm with the sample 
surface and were placed across the fault to ensure good hydraulic 
connection between the fault zone and the sensors dead volume. 
The instrumented sample was placed in the triaxial oil-medium ap-
paratus at the Rock and Ice Physics Laboratory, University College 
London (43). The borehole at the upstream end of the sample was 
connected to a high-capacity servo-hydraulic pore fluid intensifier 
equipped with a pressure transducer and a linear variable differen-
tial transformer (LVDT) to monitor fluid volume changes. The bore-
hole bottom end was sealed and connected to a closed reservoir with its 
own pressure transducer. Distilled water was used as the pore fluid.

Confining pressure and axial differential stress were independent-
ly controlled by an electromechanical pump and a servo-hydraulic 
actuator, respectively. Axial shortening was measured by external 
LVDTs, corrected for the stiffness of the loading column. Load was 
measured with an external load cell and corrected for seal friction. 
Differential stress was calculated as the corrected load divided by the 
sample’s cross-sectional area. Fault slip was estimated by projecting 
the corrected axial shortening onto the fault plane, and average nor-
mal and shear stresses on the fault were computed by resolving the 
triaxial stress state onto the inclined fault surface (44).

The pore pressure sensors were calibrated using the method de-
tailed in (30), by imposing a set of constant, uniform confining and 
pore pressures and determining linear regression coefficients be-
tween output voltages and confining and pore pressure. From these 
coefficients, the local pore pressure at each sensor location was de-
termined from the measured voltage and known confining pressure.

Fig. 4. Influence of the loading parameter T on slip and fluid propagation. (A) Ratio λ = R(t) ∕ L(t) as a function of scaled time for all injections. The colored solid lines 
show the evolution of λ during the period when both the slip front R(t) and the fluid pressure front L(t) are propagating along the fault. The colored dashed lines represent 
that the evolution of λ after either the fluid pressure front L(t) or the slip front R(t) has reached the bottom edge of the fault. The black dashed line corresponds to λ = 1 
and marks the transition between the regime in which the slip front lags behind the fluid pressure front (λ < 1, gray area) and the regime in which the slip front outpaces 
the fluid pressure front (λ > 1). (B) Scaled rupture speed as a function of the loading parameter T.
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All mechanical data including load cell, pore pressure measure-
ments, LVDT, and strain gauges were recorded during the entire ex-
periments at a sampling rate of 1 Hz. In addition, the strain gauges, 
the pore pressure at the five locations and one external LVDT were 
recorded during each injection at a sampling rate of 20 kHz.

Experiments were conducted at a confining pressure of 80 MPa, 
with an initial pore pressure of 10 MPa. To determine the shear stress 
at fault slip onset ( τp ) under constant pore pressure, an axial loading 
test was performed (fig. S1). The load was then reduced to a prede-
termined initial stress ( τ0 ), after which the actuator position was held 
constant using the servo-controlled feedback loop based on external 
displacement sensors. This setup constituted a “stress relaxation” test 
(20, 24, 45), where elastic strain energy was stored in the loading col-
umn. Fault reactivation initiated the release of this stored energy 
through sample shortening via fault slip. Slip events were accompa-
nied by a proportional reduction in applied stress, governed by the 
machine stiffness. This method ensured controlled fault slip, limit-
ing runaway failure while still allowing for stick-slip behavior.

Synthetic crack propagation using finite element modeling
To test the robustness of what we identified as the passage of the slip 
front on the strain gauges, we modeled the axial strain at the gauge 
locations that would arise from the propagation of a synthetic crack 
on the fault, following the finite element method (FEM) Green’s func-
tion approach presented in (32). Green’s functions relating slip on the 
fault and strain at gauge locations are first computed from the static 
equilibrium of one half of the sample, assuming the experimental 
boundary conditions (no displacement at the bottom, constant con-
fining pressure of 70 MPa on lateral boundaries) and unit slip on the 
fault surface. Then, we consider a slip distribution δ corresponding 
to a circular crack growing from the injection site center with con-
stant rupture speed Ṙ and stress drop Δτ. δ is convolved with Green’s 
functions to compute axial strains at gauges locations during the 
propagation of the simulated rupture. Our numerical results high-
light that the first abrupt strain release recorded at the strain gauge 
location is consistent with the passage of the slip front (fig. S2).

Inversion of the slip front velocity
For each injection, the first abrupt strain release recorded on each 
strain gauge was manually picked. The rupture initiation point and 
rupture velocity were then estimated using a least squares inversion 
method by comparing the experimental arrival times with theoreti-
cal arrival times calculated as follows.

The forward problem is modeled using a simplified assumption 
that the rupture front is circular. The theoretical arrival time at strain 
gauge i, denoted ti , is given by

where t0 is the rupture origin time, 
(
x, y

)
 are the coordinates of the 

rupture initiation point on the fault plane, Ṙ is the rupture velocity, 
and 

(
xi , yi

)
 are the coordinates of the strain gauge.

The inverse problem involves determining the model parameters 
x, y, t0 , and Ṙ . To solve this, we used a grid-search approach, system-
atically exploring a range of possible values for each parameter and 
evaluating a likelihood function based on the least squares criterion

where texp
i

 are the experimentally measured arrival times and N is 
the total number of observations.

Inversion of the fluid pressure along the fault
On the basis of the previous study (46), we developed an inversion 
procedure to estimate the time- and space-dependent hydraulic dif-
fusivity D(x, t) along the experimental fault from sparse pressure 
observations. The two main elements are the parametrization of D 
and the way to update D to fit the observed data at the transducer 
locations. We first recall the forward problem (diffusion equation) 
and the objective function. We then discuss the parametrization and 
lastly provide an expression for the gradient, indicating how to itera-
tively update D.

Forward modeling
The spatiotemporal evolution of fluid pressure p is modeled by the 
diffusion equation

We applied Neumann condition at the domain boundary ( �np = 0 ) 
and Dirichlet condition at source locations [ p

(
x
s
, t
)
= ps(t) ], where 

x
s
 denotes the source positions, corresponding to the two boreholes 

along the fault (Fig. 1A), and ps denotes the imposed pressure. To ac-
count for dead-volume effects in the downstream pore pressure sys-
tem, we constrained the inversion by imposing the fluid pressure at 
the injection site ( P1 ) as well as the pore pressure measured in the 
second borehole ( P5 ). The diffusion equation is solved with an explic-
it time-stepping scheme and a finite element method suited with a 
mesh description of the pressure.

Objective function
We aim to find the optimal diffusivity field D(x, t) , such that the simu-
lated pressure p

(
xr, t

)
 (depending on D) matches the observed data 

pobs
(
xr, t

)
 at pore pressure transducer locations xr , by minimizing the 

least-squares misfit functional

Before explaining how to optimize the objective function, we first 
discuss the D parametrization.

D parametrization
As only sparse pore pressure transducers are available, it is essen-
tial to constrain the inversion with a suitable parameterization for 
D(x, t) . Instead of looking for values at each spatial positions x 
and time coordinates t that would not be well constrained by the 
data, the diffusivity field is parameterized using a spatial basis 
functions Bi(x)

ti = t0 +

√(
x−xi

)2
+
(
y−yi

)2
Ṙ

(2)

min
x,y,t0

N�
i=1

⎛
⎜⎜⎜⎝
t
exp

i
− t0−

��
x−xi

�2
+
�
y−yi

�2
Ṙ

⎞
⎟⎟⎟⎠

2

(3)

�p

�t
(x, t) = ∇ ⋅

(
D(x, t)∇p

)
(4)

J[D(x, t)]=
1

2 ∬ dt dxr
|||p
(
xr, t

)
−pobs

(
xr, t

)|||
2

(5)

D(x, t) =

N∑
i=1

Di(t)Bi(x) (6)

D
ow

nloaded from
 https://w

w
w

.science.org at W
issenschaftspark A

lbert E
instein on July 10, 2026



Passelègue et al., Sci. Adv. 12, eaeb0234 (2026)     8 July 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

7 of 9

where Di(t) are the time-dependent weights to be inverted. On the 
basis of the acquisition geometry, we assume three independent re-
gions (N = 3), each monitored by an individual fluid pressure trans-
ducer ( P2 , P3 , and P4 ), within which D(x, t) is assumed homogeneous 
in space. Thus Bi(x) is simply 1 in region i and 0 in other regions.

The reconstruction from Di to D(x, t) is simply given by Eq. 6. 
The decomposition from D(x, t) to Di is obtained by minimizing the 
differences 

∑N

i=1
Di(t)Bi(x) − D(x, t) in a least-squares sense. For 

each time t, it consists in solving a linear system

where ⟨,⟩
x
 denotes the scalar product and k ranges from 1 to N.

Last, to allow for variations in diffusivity across several orders of 
magnitude, we define the logarithmic variable DL

i
(t) = log

(
Di(t)∕Dr

)
 , 

so that Di(t) = Dr expD
L
i
(t) . Dr is a fixed diffusivity value. We thus 

aim at determining DL
i
(t) for the three regions i and for all times t.

Gradient derivation
The derivative of J with respect to DL

i
(t) is given as

By definition of DL
i
(t) , the first term reads �Di(t)∕ �D

L

i
(t) = 

Dr expD
L
i
(t) = Di(t) , while the second is simply �D(x, t)∕ �Di(t) = 

Bi(x) . The last term is more complex and can be obtained with the 
adjoint-state method (47), as

where the adjoint pressure λp(x, t) satisfies a similar diffusion equa-
tion as for the forward pressure p(x, t)

The source term is zero, except for a spatial position at an observa-
tion transducer location. As for the forward pressure, zero-Neumann 
conditions are imposed to the adjoint pressure λp , but, here, λp is set to 
0 at the injection location. The adjoint diffusion equation is as stable 
as the forward diffusion equation, as it is solved backward, from the 
final time to the initial time. Combining the different expressions, the 
gradient reads

The inversion is performed using a standard non-linear quasi-
Newton (L-BFGS) algorithm. Results for diffusivity values and pore 
pressure fits are shown in fig. S4.

Fracture mechanics model
Our experimental setup closely resembles the theoretical model ex-
plored in (22), whereby a planar frictional fault embedded in an infi-
nite elastic medium is loaded by an initially uniform background 
stress τ0 , and fluid injection is simulated by an on-fault pore pressure 

source at a point or in a small circular borehole of radius a. In our 
experiments, the sample is finite, but an infinite model should capture 
the early stages of slip nucleation and propagation. The loading pa-
rameter that controls the propagation of slip is given by

where f is the friction coefficient on the fault (assumed constant), σ�
0
 

is the effective normal stress applied on the fault, and Δp∗ is a char-
acteristic fluid pressure related to the injection. Sáez et al. (22) treat 
two different injection scenarios: one where fluid is injected at con-
stant volume rate, in which case Δp∗ is given by a combination of the 
injection rate, fault diffusivity and fault compressibility; and one where 
fluid is injected at constant pressure, in which case Δp∗ is simply the 
applied pore pressure at the borehole.

Here, we follow the steps of (22) and determine the solution for 
rupture size and fluid pressure in the case of injection at constant 
pressure rate, relevant to our experimental injection scenario.

The first step is to solve for the fluid pressure distribution along 
the the fault plane. Denoting p(r, t) the fluid pressure as a function 
of radial position r (measured from the borehole center) and time t, 
the radial diffusion problem is written as

where α is the hydraulic diffusivity of the fault, assumed constant. 
The boundary condition at the well radius a is

where p0 is the initial (uniform) pore pressure and c is the constant 
pressurization rate. The solution is of the form

where Δp∗ = ctdiff is a characteristic pressure combining the injec-
tion rate c and the diffusion time around the well tdiff = a2∕α and 
Π(r, t) is a nondimensional function that characterizes the spatiotem-
poral pore pressure distribution. That function can be expressed as 
the product

where F
(
r∕a, t∕tdiff

)
 ranges from 1 at r = a to 0 at r → ∞ . In prac-

tice, we compute Π(r, t) by numerical inversion of the solution of 
(13) in the Laplace domain (48). The solution for p(r, t) provides us
with the position L(t) of the fluid pressure front: Although there is
no well-defined front in a diffusion problem, we define L(t) as the
position r where pore pressure is 10−3Δp∗ above p0 . The factor 10−3

is arbitrary, but other definitions would offset L(t) by some value while 
retaining the same qualitative features.

We determine how a circular rupture expands in response to 
the pore pressure field p(r, t) using the fracture mechanics criteri-
on K = 0, where K is the stress intensity factor at the rupture tip. 
This growth criterion assumes that the rupture is nonsingular, i.e., 
we neglect potential toughness terms arising from nonlinearities 
in the rupture cohesive zone. In terms of on-fault stresses, this cri-
terion is expressed as (22)

N�
i=1

⟨Bk ,Bi⟩xDi(t) = ⟨Bk,D(x, t)⟩x (7)

�J

�DL

i
(t)

=

�Di(t)

�DL

i
(t)

⟨
�D(x, t)

�Di(t)
,

�J

�D(x, t)

⟩

x

(8)

�J

�D(x, t)
= ∇p(x, t) ⋅ ∇λp(x, t) (9)

�λp

�t
(x, t)=−∇ ⋅

(
D(x, t)∇λp

)
−∫ dx

r
δ
(
x−x

r

)
[p−pobs

(
x
r
, t
)
] (10)

�J

�DL
i
(t)

=Di(t) ∫ dx Bi(x)∇p(x, t) ⋅∇λp(x, t) (11)

T =
(
1−τ0∕f σ

�
0

)
∕
(
Δp∗∕σ�

0

)
(12)

�
2p

�r2
+

1

r

�p

�r
=

1

α

�
2p

�t2
(13)

p(a, t) = p0 + ct (14)

p(r, t) = p0 + Δp∗Π(r, t) (15)

Π(r, t) =
(
t∕tdiff

)
× F

(
r∕a, t∕tdiff

)
(16)

∫
R(t)

0

Δτ(r, t)√
R(t)2 − r2

rdr = 0 (17)
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where R(t) is the rupture radius and the stress drop is given by

Note that Δp(r, t) = p(r, t) − p0 is equal to ct inside the well ( r ≤ a ). 
It is therefore obvious that there will be no rupture at all unless

Using Eq. 16, Eq. 17 is rewritten as

where we have defined normalized quantities R = R∕a and t = tα∕a2 , 
and the loading parameter

where again we recall that Δp∗ = ca2∕α . With this notation, the rup-
ture initiation condition is expressed as

We solve numerically for R in Eq. 20 as a function of T and time t. 
The results are shown in fig. S5A, where we also show the fluid front 
position. For small T (large injection rate, dark red lines), the rupture 
front significantly outpaces the fluid pressure front. For large T (small 
injection rate, light red lines), the rupture front initiates only when 
sufficient pressure has been reached at the well (Eq. 22) and is initially 
behind the fluid pressure front.

By contrast with injection at constant volume rate, here, the am-
plification factor λ = R∕L depends on both T and time (fig. S5B). In 
all cases, λ increases with increasing time. For large values of T (mar-
ginally pressurized faults, small injection rate), rupture initiates when 
L is already large, so λ is initially small (rupture front lagging behind 
fluid front). With increasing time, λ gradually increased and R even-
tually outpaces L. For small values of T (critically stress fault, large 
injection rate), R rapidly outgrows L.

The rupture growth velocity can be extracted from the model 
(fig. S6). Beyond the rupture initiation phase, for t much larger than 
T, the rupture velocity tends to decrease slightly with increasing time, 
whereas the fluid front velocity decreases more rapidly. There is a clear 
trend of larger rupture velocities at lower T, i.e., faster injection rates 
and/or higher background stress promote faster rupture growth 
(fig. S6B). Rupture velocity is found to scale with the loading param-
eter as T−1/2 to T−3/4, depending on injection time.

Supplementary Materials
This PDF file includes:
Table S1
Figs. S1 to S6
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