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ABSTRACT

Seismicity migration in geothermal systems provides valuable insight into subsurface fault dynamics, fluid
transport, and stress evolution. It could guide reservoir management decisions for seismic hazard assessment
and control. The Salton Sea Geothermal Field (SSGF), located in tectonically active southern California, exhibits
recurrent earthquake swarms associated with both natural hydrothermal circulation and anthropogenic
operations. Here, we analyze high-resolution earthquake catalogs in the region (Hauksson, Yang, and Shearer,
2012 (HYS)) from 1981-2024 to identify and characterize migrating seismic sequences within the SSGF. Using
three-dimensional spatiotemporal migration analysis, we estimate apparent hydraulic diffusivities,
characteristic propagation velocities, and characteristic timescales for two earthquake sequences occurring on
June 5-9, 2021. The inferred apparent diffusivity values range between 6-150 m?/s, and migration velocities
between 0.3-3.3 km/h, indicating processes significantly faster than those expected from pure pore-pressure
diffusion. Applying the analytical framework off Saez et al. (2022), we study how these sequences could be driven
by aseismic slip. We derive slip front to fluid front position ratios A for all sequences. A is consistently larger than
1 for reasonable values of hydraulic diffusivity at depth demonstrating that the aseismic slip fronts consistently
outpace the hydraulic diffusion fronts in the sequences. The main driving mechanism is consistent with fluid-
induced aseismic slip (FIAS) rather than direct fluid diffusion (FD). The inferred 1 values suggest that the studied
faults are critically stressed, where modest fluid injections can drive swarm like migration over kilometer scales
in a few hours. Seismicity migration can serve as a diagnostic of fault transmissivity and stress criticality, even
in the absence of geodetic data, offering a practical framework for assessing reservoir dynamics and seismic
hazard potential in active hydrogeothermal systems.

INTRODUCTION

Geothermal energy is a good alternative to fossil fuels, but developing productive reservoirs is difficult due to
their complex fluid dynamics and seismicity potential during stimulation in enhanced geothermal systems or
production from conventional hydrothermal systems. In conventional hydrothermal systems, natural fluid
circulation through complex fault networks also gives rise to characteristic 'swarm' like migrations (Smith et al.,
2009, Roland et al., 2009). These migrations can help determine the hydraulic properties of the subsurface and
its state of stress (Debarros et al., 2021). Seismicity migration is commonly explained by fluid pressure diffusion
in a medium (FD mechanism; Shapiro et al., 1997, 2002, Rothert and Shapiro 2003). Rising pore pressure lowers
the effective normal stress on faults, triggering earthquakes once a failure threshold is reached. The seismic
front thus traces the pressure front, both following a diffusive law in time (t): r = V4Dt whereris distance and
D is the hydraulic diffusivity. This predicts a square-root-of-time growth of seismicity, consistent with many fluid
injection driven geothermal observations. More recently, several studies have demonstrated that seismic
swarms may be driven by slow, aseismic slip, rather than solely by fluid pressure diffusion (FD mechanism; De
Barros et al., 2021, Lohman & McGuire 2007, Sirorattanakul et al. 2022). In such cases, seismicity migrates along
with the aseismic slip front (Bhattacharya & Viesca, 2019), which may advance at a rate faster than the fluid
pressure front. To describe this behavior, Bhattacharya and Viesca (2019) proposed a model in which the
seismic front follows hydraulic diffusion, modified by a scaling factor (A) such that the inferred apparent
diffusivity writes: Dy, = A2D. A accounts for the fault’s criticality: how close the initial stress state is to failure.
Saez et. al., (2022) developed an analytical solution of dependence of A on the fault's initial state, the potency of
injection, and the hydraulic transmissivity of the fault, potentially allowing to estimate the actual fault's hydraulic
diffusivity, and its stress state from seismicity migrations.

The Salton Sea Geothermal Field (SSGF, Figure 1) in the Brawley Seismic Zone, southern California, is a high-
heat-flow hydrothermal system that has produced geothermal energy since the 1970s. Persistent seismicity in
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the areais linked to fault-guided hydrothermal fluid circulation, with events potentially triggered by either natural
or anthropogenic processes. Here, we analyze the seismicity migrations in the SSGF to (1) identify mechanisms
behind observed seismic sequences without relying on geodetic data, and (2) constrain fault hydraulic
properties at depth, and potentially the stress state.

METHODS

We use the HYS (Hauksson et. al., 2012) which is a manually picked and 3D relocated catalog exhibiting tighter
spatial clustering of seismicity than conventional ones. 3D distance of each event was calculated from a
reference point at the surface to get the spatial migration of seismicity by projecting the events on a user defined
along strike line and then calculating the absolute distance of the projected point from the start of the line as
shown in Figure 2B. These reveal multiple migration sequences occurring concurrently. The faults in the region
study are highly dipping (>80°) strike slip presenting significant depth migrations. Thus, we calculated 3-D
distances to study the full dynamics. Itis noteworthy that due to the 3D relocation of the HYS catalog, the relative
depth uncertainty in this catalog should be significantly smaller than in regular catalogs with absolute locations.
We fit r = v4mDt curves with an error margin to migrations in shallow and deeper zones to estimate the
diffusivity ranges of seismicity migration and linear best fits were used to estimate the migration velocities.

RESULTS
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Figure 1: (A) Temporal distribution of seismic events in the Salton Sea Geothermal Field from June 5to June
8, 2021, superimposed on geothermal well infrastructure. Event locations are color-coded by occurrence
date, while triangle symbols denote different well types. Ellipses show the two distinct sequences in
space identified in this study. (B) Hourly seismicity rate evolution and magnitude (blue dots) against time.
Events above magnitude 3 are color coded by depth. Shaded areas show the temporal evolution of the two
studied swarms.

We analyzed the rapid spike in seismic activity in 2021 ranging between dates June 5 to June 8 (Figure 1). We can
identify two distinct sequences (Figure 1A): sequences S1 (Figure 2A,B) and S2 (Figure 2C-F). S1 occursin a fault
with strike along NNW-SSE direction and is divided into two temporally distinct sub-sequences S1.1 occurring
first, and S1.2 occurring later (Figure 2A). Sequence S2 occurs in a complex U-shaped fault with the main strand
in the EW direction and two sub-strands along the NNE-SSW direction (Figure 2B). For S2, we define spatially
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distinct sub-sequences S2.1, S2.2, S2.3 (Figure 2C-F). While a slight temporal overlap (S2 dies off between 06-
06-00 and 06-06-05 when S1 starts, Figure 1B) in the seismicity rate between the two sequences exists (Figure

1B), a clear spatial separation distinguishes the two sequences (Figure 2C).

SPATIO-TEMPORAL DYNAMICS OF MIGRATION
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Figure 2: 3-D Space-time evolution of earthquake distances projected from a main fault surface (as defined
in panels B and D). Panels A, C, E, F: 3D distance vs time evolution of seismicity for sub sequences S1, S2.1,
S$2.2, S2.3 respectively. Red and green dashed curves denote square root migration fits to the outer
envelopes of seismicity using different ranges of apparent diffusivity values (D), while blue curves are
linear fits indicating estimated migration velocities (V). Diamonds show the sub-sequence's initial
event(s). Panels B and D: Spatial distribution of the sequences S1 and S2 and defined sub-sequences for
S2 (panel D), events are color-coded by depth. Stars represent the first event in time. Colored lines are the
defined surface lines for 3D migration calculation with diamonds marking the line start and end.

For sequence S1 (Figure 2A,B) , we identified two sub sequences in time. The first one (S1.1) starts at a depth of
5.7 km from time ‘06-06 00’ and lasts until ‘06-07 00’ and the second one (S1.2) starts at 5 km at time ‘06-07 12’
and lasts till ‘06-08 00’. Depth limitation is 7 km potentially due to the Brittle-Ductile transition in the region
(Violay et al., 2017; Sirorattanakul et al., 2022) and ~2.5 km at shallow depths, where stress accumulation is not
sufficient to nucleate earthquakes (Das and Scholz, 1983). For S1.1, the apparent diffusivity for deep to shallow
migration ranges between 10-20 m?/s while the migration toward depth shows Dypp ~ 6.5 m?/s. Linear fits
indicate velocities of 5 km/day to 7 km/day for deeper and shallower migrations respectively. $S1.2 shows D,
~3.7 to 10 m? /s towards shallow depths and 10 to 17 m? /s towards higher depths. Velocity is estimated to be 6
km/day towards depth. Shallower migration velocity remains too poorly constrained for this subsequence.

For sequence S2, and its subsequences, Figure 2E shows S2.1 a short lived, fast sequence showing Dapp 30-120
m? /s towards shallow depth to 33-150 m?/s for the migration toward depth. Velocities are 3.36 to 3.24 km/hr
respectively. Migration starts at 5 km depth and is constrained within 4-7 km. Subsequence S2.2 (Figure 2C)
represented by the pink line in Figure 2D exhibits a characteristic shallow-depth D, in range 23-17 m?/s and
velocities 0.38t0 0.35 km/h. The origin eventis at 6 km depth with depth limitations being 2.5 t0 8.2 km in shallow
and deeper regions respectively. Finally, subsequence S2.3 shows D,,,, ~ 16 to 22 mz/s for shallower to deeper
migrations, and velocities in range 0.4 to 0.5 km/h. Depth limitation is noticeable at 3-8 km with the origin event
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at 5.2 km depth. After the subsequence onset, there is no spatial migration until the burst at '06-05 17:30:00'
consistent with a jump in seismicity rate (Figure 1B).
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Figure 3: Potential driving mechanisms for SSGF earthquake sequences. A) Fluid diffusion (FD) as the main
driving mechanism. Grey contours represent the advancement of a fluid diffusion front which triggers
seismic events at potential sources (blue and red critically stressed and nucleated asperities
respectively). (B) Fluid induced aseismic slip (FIAS) is the main driving mechanism. Aseismic slip front is
the blue line ahead of the diffusion front. Stars represent the seismicity occurring at current time and red
dots are nucleated asperities (C) Framework of Danré et al. (2024) distinguishing fluid-induced (FI
containing FD and FIAS type mechanisms) and slow-slip—-driven (SSD, from natural slow slip events)
seismicity globally. Our studied sequences fall well in the upper velocity range of Fl sequences. (D)
Analytical relation between amplification factor A and stress-injection parameter for circular ruptures
under constant volume-rate injection (modified from Saez et al., 2022). The calculated A for our swarms is
shown as colored lines in the bottom-right section of the plot.

We now try to discriminate between the main driving mechanisms (FD or FIAS, Figure 3A,B) of these sequences
from the catalog alone, without need for geodetic data. Seismicity can result from the rupture of critically
stressed asperities brought to failure by transient increases in pore pressure from fluid diffusion (Mechanism 1:
FD, Figure 3A; Rothert & Shapiro, 2003). Injection lowers the effective normal stress and reactivates these
asperities depending on local stress and frictional heterogeneity. As shown in Figure 3A, a central injection
source (black point) drives aradially expanding pressure frontthat sequentially activates nearby asperities (blue)
and nucleates slip (red) over time (t,—t,) in Figure 3A. On the other hand, seismicity can result from aseismic slip
which can transfer stress and drive the critically stressed asperities to failure. This aseismic slip can result from
natural tectonic loading (Perfettini et. al., 2010) or from fluid induced aseismic slip (FIAS, Figure 3B).

Danré et al. (2024) proposed an empirical relation of the migration velocity and main driving mechanisms (Figure
3C), where Fluid Induced sequences (Fl containing the FIAS and FD mechanisms) distinctively separate in
scaling from natural SSE driven seismicity. Placing our inferred characteristic velocities in the Danré relationship
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(Figure 3C) shows that our studied (S1.1, S$1.2, S2.1, S2.2, S2.3) fall within the FI domain, consistent with one of
the fluid-induced mechanisms.

We now analyze whether FD or FIAS are the main driving mechanisms of the SSGF sequences in 2021. Given the
observation that most of our sequences show an approximate /t evolution in space, the FIAS front (R(t))
migration evolves in a diffusive manner but can be ahead of the fluid pressure front (L(t) = V4. D.t). The ratio A
= R(t)/L(t) defines two different regimes: 4 < 1~ FD frontis ahead of the FIAS frontand A1 > 1 >the FIAS is ahead
of the FD. Both fronts begin diffusively, but highly stressed faults later show aseismic slip beyond the pressurized
zone (De Barros et al., 2021, Saez et al., 2022). Constraining A from apparent diffusivities can discriminate
between FD and FIAS as the main mechanism driving the sequences. We used estimated of crustal diffusivities

D
to be in the range of 1072 to 1073 m?2/s (Amezawa et. al., (2019)). Using the relation A = / app/D our calculated

A values to are more than 1, confirming that these sequences are mainly driven by Fluid Induced Aseismic Slip
(FIAS).

Saez et al. (2022)'s analysis allows using seismicity migration to potentially constrain fault stress state, fluid
transport capacity, and injection parameters. A is related to a stress-injection parameter T = (1 —t,/fa,)/
(Ap. /o)) which combines fault stress state and injection strength. Here 7, is the fault's shear strength, f is
friction coefficient and o, is effective normal stress. Using Darcy flow, the injection overpressure is Ap, =
Qn/4mkw, where Q,, is the volumetric flow rate, 7 is the dynamic viscosity and kwy, the hydraulic transmissivity
where k and wy,are permeability and hydraulic aperture respectively. Rearranging the expression for T, we obtain
T = (4mkwy/Q,n) (0o, — T,/f).As disinversely proportionalto Tin the critically stressed regime (Figure 3D, Saez
et al., 2022), 1 is proportional to the fault's transmissivity (kwy) and to the stress criticality ((g, — 7, /f)) but
inversely proportional to the injection flow rate. Then we can potentially calculate fault's transmissivity from the
inferred A and thus T.

CONCLUSION

By performing high-resolution spatiotemporal analysis of earthquake sequences in the Salton Sea Geothermal
Field, we derived apparent diffusivities, migration velocities, and quantified amplification factors of the aseismic
slip front to the fluid diffusion front (A) for individual sequences. All analyzed sequences had characteristic
velocities consistent with fluid induced events and apparent diffusivities indicated A >> 1, so that that aseismic
slip systematically outpaces hydraulic diffusion, thus identifying FIAS mechanisms even in the absence of
geodetic constraints. This study demonstrates that it is possible to robustly distinguish fluid-induced aseismic
slip (FIAS) from direct fluid diffusion (FD) mechanisms in geothermal seismicity using only earthquake catalogs
and analytical frameworks, without relying on geodetic or deformation data. Moreover, the diffusivity of seismic
sequences could constrain fault transmissivity, an essential parameter for evaluating reservoir connectivity and
guiding geothermal development decisions. We thus show how seismicity migration can be used as a robust
signal in characterizing reservoir stress states, fault networks and fluid flow.
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