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Abstract The interplay between seismic activity and fluid flow is essential during the evolution of
hydrothermal systems. Although earthquakes can trigger transient fluid flow and phase changes in dilational
jogs, the temporal scale and the geologic conditions that enhance such process are poorly quantified. Here, we
use numerical simulations of deformation and fluid flow to constrain the conditions that maximize adiabatic
boiling—referred to as flashing—and estimate the extent and duration of such process. We show that there is an
optimal geometry for a dilational jog that maximizes co-seismic flashing within the jog. Fluid flow simulations
indicate that the duration, intensity, and propagation of the flashing front are limited and highly dependent on the
magnitude of the co-seismic slip and the initial pressure-enthalpy conditions. Our results are valuable to better
understand the implications of pressure fluctuations during the seismogenic cycle, as well the mineralization
processes in the Earth's crust.

Plain Language Summary Earthquakes can strongly affect circulating fluids within the Earth's
crust, mainly where faults bend or split into different fault segments and produce dilatant areas. In these areas,
earthquakes play an important role in forming ore deposits, because the co-seismic volume change can produce
a pressure drop that drives boiling with gas exsolution and subsequent mineralization. This process, in which
boiling is triggered by a pressure drop rather than a temperature rise, is called flash vapourization or flashing.
Here, we used a computer code to unravel scenarios where optimal geometry and pressure-temperature
conditions maximize flash vapourization. Furthermore, we found that the duration and extension of the flashing
event are limited and highly dependent on the magnitude of the triggering earthquake and the physico-chemical
conditions of the system. Such results are valuable for assessing the implications of pressure fluctuations during
the seismogenic cycle and for better understanding mineralization processes in the Earth's crust.

1. Introduction

The interplay between seismic activity, fluid flow, and mineral precipitation plays a critical role in promoting the
development of hydrothermal systems and the formation of ore deposits (Ingebritsen & Appold, 2012;
Richards, 2013; R. H. Sibson, 1987). External forcing such as earthquakes can have a profound impact on metal
solubility of hydrothermal fluids, triggering physical and chemical changes in ore fluids that then accelerate
precipitation through fluid phase changes (Cox et al., 2010; Rowland & Simmons, 2012; Sibson et al., 1988).

The suction pump mechanism was proposed to explain the effect that seismic activity has on mineral precipitation
in the epithermal (<300°C; <1.5 km depth) environment (Rhys et al., 2020; R. H. Sibson, 1987, 2000). This
mechanism evokes the heterogeneous nature of fault and fracture networks in extensional bends that create
specific geometries such as linkage zones, dilational jogs, and wing cracks likely to dilate during fault slip. The
suction pump mechanism was proposed for dilational jogs, which are structures composed of two sub-parallel
faults linked by an oblique fracture (jog) (Figures la and 1b). During fault rupture, jog opening rapidly in-
creases pore volume, producing a local and transient pressure drop that converts most of the original liquid into a
low-density vapor phase in a process named flash vapourization or flashing (Brantut, 2020; Moncada et al., 2012;
Sanchez-Alfaro et al., 2016; Weatherley & Henley, 2013). Due to the strong dependence of mineral solubility on
phase changes and non-condensable gasses loss, flash vapourization triggers precipitation of both ore and gangue
minerals (Monecke et al., 2023; Sanchez-Alfaro et al., 2016; Williams, 2019; Zeeck et al., 2021). Disequilibrium
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Figure 1. Geometry of dilational jogs related to suction pump mechanism (a) Simplified dilational jog composed of two sub-parallel faults linked by an oblique fracture
(jog). (b) Schematic representation of co-seismic slip in the faults that produces dilation, a transient pressure drop and can force mineral precipitation within the jog.
Modeling results on co-seismic slip (c) and opening (d) distribution computed for an earthquake M, 1.0.

textures in calcite and silica, occurrence of metal nanoparticles, and significant excursions in sulfur isotope data
have been interpreted as geological records of such transient mineralization events (Moncada et al., 2012;
Peterson & Mavrogenes, 2014). More recently, studies documenting high-magnification microscopy data have
revealed the important role of gold colloids in the formation of epithermal bonanza deposits, relating them to flash
vapourization processes and non-condensable gasses loss (Cano et al., 2023; McLeish et al., 2021; Monecke
et al., 2023; Petrella et al., 2022; Tharalson et al., 2019; Zeeck et al., 2021).

In a first attempt to quantitatively estimate pressure drops driven by an earthquake of a given magnitude,
Weatherley and Henley (2013) used a simple thermo-mechanical piston model of a dilational jog. They showed
that extreme reductions in pressure—of more than three orders of magnitude—during isothermal expansion
triggered by low-magnitude earthquakes could cause an almost complete flash vapourization of the fluid within
the jog, forcing rapid co-deposition of silica. Sanchez-Alfaro et al. (2016) used the same thermo-mechanical
piston model to explore the role of pressure drop in epithermal deposits. They showed there are ideal
pressure-temperature conditions where flashing can trigger precipitation of small amounts of high-grade gold ore

SANCHEZ-ALFARO ET AL.

2 of 10

85U80|7 SUOWILLIOD 3A 18D 8|qed!jdde aus Aq pausenob aJe sl O ‘@SN Jo SajnJ o} Akeiq1T8uljuO A1 UO (SUO PUOD-pUe-SWBH W00 A8 1M Aeiq Ul Uo//Sdny) SUORIPUOD pue sWwie 1 8y} &8s *[202/80/0€] Uo AriqiTauluo /8 |IM ‘UiEeH JO AnsIuliN Aq 60T80T TDEZ02/620T 0T/I0P/w0d A8 |im" Azeiqijeuluo'sgndnbey/sdny wolj papeojumod ‘9T ‘#7202 ‘2L0087Y6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2023GL108109

(Sanchez-Alfaro et al., 2016). Later studies by Williams (2019) and Williams and Fagereng (2022) rule out the
role of suction pump on the seismic cycle by showing that such a mechanism cannot produce enough quartz
precipitation to heal fractures. However, there is still a lack of knowledge of the spatial and temporal scale of the
co-seismic flashing processes (Sanchez-Alfaro et al., 2016). Moreover, there is limited understanding on the
longevity of low-pressure regions as well as on the heat and mass transfer processes within fault zones during the
post-seismic period as the system returns to its original conditions (Williams & Fagereng, 2022). Addressing
these gaps in knowledge would improve our understanding of how fluid pressure fluctuates during the seismic
cycle and how these changes may trigger and/or enhance ore deposition in the shallow crust.

Here we address this research gap by conceiving and conducting numerical simulations of co-seismic opening
within a dilational jog. The results of these simulations are used as an input for a heat and mass fluid transport
model. Our numerical experiments reveal the optimal conditions that maximize opening and pressure drop, and
the time scale and magnitude of the suction pump process.

2. Methods
2.1. Co-Seismic Slip Model

The piston model proposed by Weatherley and Henley (2013) assumes that co-seismic volume increase at the jog
is directly proportional to the average slip displacement of the main faults (Sanchez-Alfaro et al., 2016;
Weatherley & Henley, 2013; Williams, 2019). For jogs that overlap between two fault segments, such a
simplification disregards slip gradients on faults overestimating pressure drop. To overcome this problem, we first
developed an alternative model to quantify slip and dilation within faults that comprise a dilational jog on a
physically feasible spatial and earthquake magnitude scale. We used TriBEM (Aron et al., 2022; Loveless, 2019),
a boundary element model (BEM) that solves the elastostatic equations for stress and displacement, to compute
slip and dilation within faults in the dilational jog (Figure 1; see also Text S1 in Supporting Information S1).

2.2. Co-Seismic Pressure Drop Calculations

Pressure, temperature, enthalpy, and other thermodynamic parameters for the fluid within the jog just after the co-
seismic opening were computed by assuming mass and enthalpy (H) conservation during the process. Due to the
fast co-seismic opening occurring at the milliseconds-to seconds-scale (Wu & McLaskey, 2019), an isenthalpic
process (enthalpy conservation, ~ adiabatic) is considered as a good representation of the thermodynamic
changes due to a fast volume increase (Moncada et al., 2012; Sanchez-Alfaro et al., 2016). The inputs for the
calculations are pre-seismic (initial) pressure (initial) enthalpy and co-seismic volume change within the jog. The
volume change was computed from initial aperture and co-seismic average opening of the jog obtained from
TriBEM simulations (see also Text S2 in Supporting Information S1).

2.3. Fluid Flow Simulations

The evolution of fluid conditions (pressure, temperature, enthalpy and mass flux) within and adjacent to the
dilational jog were modeled using TOUGH2 (Pruess, 1991). TOUGH?2 calculates mass and energy balances
between discrete model grid blocks, as constrained by Darcy's law, and given the initial thermodynamic con-
ditions and rock parameters (Pruess, 1991). Model details are described in Text S3 in Supporting Information S1.

3. Results and Discussions
3.1. Slip, Opening and Co-Seismic Volume Increase in a Dilatational Jog

Modeling results on slip gradient and opening distribution occurring during co-seismic opening of a dilational jog
are shown in Figures 1c and 1d. Maximum slip on the two sub-parallel faults is at the center and decreases toward
the edges (Figure 1c). The jog accommodates less slip. The maximum co-seismic opening is at the center of the
jog and decreases toward the edges. Model setup precludes co-seismic opening on the faults, therefore repre-
senting an endmember of dilation restricted to the jog plane (Figure 2b; see also Text S1 in Supporting Infor-
mation S1). These general slip and opening distribution patterns are similar for all jog geometries and earthquake
magnitudes simulated.
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Figure 2. Effect of geometry on co-seismic opening and volume increase (a) Example showing contour lines of iso-opening plotted in the overlap versus separation space
(representing a plan view of the jog). Each line indicates geometries where opening is equivalent. Four examples of jog geometries and their location in the overlap
versus separation space are indicated with red dots. Jog orientation (alpha) is also represented. Jog opening (b)-(c) and co-seismic total volume (d)-(e) in the overlap
versus separation space for earthquake magnitudes (b), (d) M,, 1.0; and (c), (e) M,, 3.0. Orange dots indicate the “sweet spot” that maximizes co-seismic average

opening.

Slip gradients in the faults and opening morphology are consistent with theoretical, analog models and field data
in extensional bends, although opening can also occur on faults (e.g., Aydin & Schultz, 1990; Connolly, 1999;
Kim & Sanderson, 2005). Field examples in epithermal deposits also show a similar geometry of ore shoot veins
with a thick center at the middle of the jog where a large portion of dilation is accommodated (Camus et al., 1991;
Paez et al., 2011).

3.2. Optimal Geometry of a Dilational Jog for Co-Seismic Flashing

Our versatile BEM model enabled analysis of the effect that jog geometry has on two key parameters that promote
co-seismic pressure drop: the average co-seismic opening and the total volume within the jog. We synthesized
thousands (>25,500) of numerical experiments performed for different geometrical configurations by varying
separation and underlap (Figure 1a). Results are presented in Figure 2, where x and y axes represent separation and
underlap, respectively. The gradient on which parameters change is similar for all the earthquake magnitudes
modeled (from M, 0.5 to M, 7) although Figure 2 only shows M, 1.0 and M,, 3.0. The average co-seismic
opening of the jog is the most relevant parameter to the current study because it directly relates to the pressure
drop caused by the co-seismic slip. The results indicate that the co-seismic average opening and total volume are
highly dependent on geometry of the jog and that the shape of iso-opening and iso-volume contours is inde-
pendent of earthquake magnitude (Figure 2). Remarkably, results also show an optimal geometry or a “sweet
spot” that maximizes co-seismic average opening (see maximum values and orange dots in Figures 2b-c and
Figure S1 in Supporting Information S1). The optimal geometry corresponds to a separation of ~10% of fault
length and an overlap of ~2.5% of fault length, giving an aspect ratio of ~1:2.5 and a jog orientation (alpha) of
~76°. Variation on the orientation of the maximum horizontal stress (c,) exerts a minor effect when o, rotates
from the base case scenario of N45°E to N30°E and N60O°E degrees from the sub-parallel faults (Figure S2 in
Supporting Information S1). Co-seismic total volume at the jog does not show an optimum in the parameters
modeled and increases with separation and overlap (Figures 2d and 2e). In other words, co-seismic total volume
increases with jog length because the area of jog increases.
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Figure 3. Co-seismic thermodynamic conditions (P-T-H) and their dependence on the initial Pi-Ti-H. (a) Results are shown in
the Pressure-Enthalpy space. Earthquake magnitudes of M, 0.0, M, 1.0 and M, 3.0 are shown in blue circles. Co-seismic
fluid pressure (b) and co-seismic vapor fraction (c) within the jog in function of the co-seismic opening. Vertical blue lines
are the corresponding earthquake magnitudes associated with co-seismic jog opening.

Previous works have assessed how geometry (overlap and separation) plays a role on accommodating defor-
mation within dilational jogs in strike-slip faults (Aydin & Schultz, 1990; Nemcok et al., 2002; Zhang
etal., 2008). In general agreement with our results, displacement discontinuity methods and finite element models
have shown that propagation energy, regional stress fields, and dilation are maximized in cases with no overlap
and therefore jog orientation (alpha) is 90° (Aydin & Schultz, 1990; Nemcok et al., 2002; Zhang et al., 2008; see
Text S4 in Supporting Information S1). Geological records in field examples of echelon strike-slip faults suggest
there is a log-scale empirical relation between overlap and separation with an aspect ratio of ~3:1 (alpha ~18.4°),
that differs from our calculated optimal geometry (Aydin & Schultz, 1990; Micklethwaite et al., 2012). This
observation does not conflict with our simulations because the geological record may preserve the geometry more
compatible with the prevailing stress field and not necessarily record the conditions that maximize opening.

3.3. Co-Seismic Pressure Drop and Vapor Fraction

The co-seismic pressure drop is dependent on the ratio between the initial volume at the jog and co-seismic
volume increase. As the area of the jog does not change co-seismically, the volume increase is proportional to
the average opening. Assuming volume increase is an isenthalpic process (enthalpy conservation), and using the
calculated co-seismic pressure drop, all other thermodynamic variables of the system are defined, including vapor
fraction, temperature, and entropy.

We calculate thermodynamic conditions at the jog just after co-seismic opening for three scenarios. These have
different initial pressure (P;), enthalpy (H;) and temperature (7;) conditions, all of which are characteristic of a
hydrothermal system that can occur in an epithermal environment with high thermal gradient. The three scenarios
are (a) low enthalpy (H; = 852 kl/kg), shallow (~200 m depth; P; = 1.66 MPa = P,) and saturated liquid
temperature (7; = 200°C) condition (b) mid-enthalpy (H; = 1,037 klJ/kg), middepth (~400 m depth;
P; =3.39 MPa = P,,) and saturated liquid temperature (T; = 240°C) condition; (c) high enthalpy (H; = 1,344 kJ/
kg), deep (~1,000 m depth; P; = 8.69 MPa = P,,) and saturated liquid temperature (7; = 300°C) condition (Table
S1 in Supporting Information S1). The saturated liquid temperature is the temperature at which fluid will boil

sat

given the pressure conditions. Such boiling conditions are standard features of the active epithermal environment
(Hedenquist & Arribas, 2022; Hedenquist et al., 1992; Simmons et al., 2005). Using higher initial pressures with
the same enthalpy conditions in the three scenarios generated almost identical results. This is explained by the
relative incompressibility of liquid water at the liquid region of the phase diagram and therefore enthalpy is the
controlling variable of initial conditions modeled.

The pressure and vapor fraction resulting from the co-seismic opening are shown in Figure 3. The pressure-
enthalpy diagram in Figure 3a better represents these phase changes from the initial fluid with liquid
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characteristics (orange dots) to a fluid composed of liquid and vapor. Our results indicate that the co-seismic
pressure drop is negligible (Figure 3b) for small jog apertures (10 pm), related to earthquakes smaller than M,
0.0. At that earthquake magnitude, vapor fraction is larger than 10% only for the high enthalpy scenario
(T; = 300°C). For earthquakes greater than M, 3.0, co-seismic pressure is smaller than 1 MPa regardless of the
initial pressure (Figure 3b).

These results set constraints on the magnitude of the flashing process and the subsequent loss of non-condensable
gasses. Therefore, calculations indicate that flashing affects more than ~10% of the hydrothermal liquid if
earthquakes are greater than 3 M, for the relatively low enthalpy scenario (7; = 200°C), whereas for a high
enthalpy scenario (7; = 300°C), an earthquake of M,, 1.0 is large enough to produce ~ 17% flashing (Figure 3c).

When compared with previous attempts to quantify opening on a dilational jog using the piston model, our
calculated values of opening are approximately half of those estimated by Sanchez-Alfaro et al. (2016) and one
order of magnitude smaller than Weatherley and Henley (2013) (Figure S2 in Supporting Information S1). Our
results differ from previous calculations due to their overestimation of the pressure drop produced by setting the
opening within the jog as equal to the average slip on the main faults.

Our flashing results set an upper limit for the mass balance calculations on quartz and gold precipitation by
previous works. In this way, our results reaffirm the conclusions by Williams (2019) and Williams and Fager-
eng (2022) that coseismic quartz precipitation can only heal a small part of the coseismic dilation (<0.005%-
0.02%), and, therefore, cannot play a relevant role in the seismic cycle. Also, the time-integrated gold precipi-
tation rates calculated by Sanchez-Alfaro et al. (2016) would be reduced to nearly half due to the new opening
calculation. However, gasses loss due to flashing would still be very efficient for precipitating thin coatings (pm
to mm scale) of high-grade gold ore (Sanchez-Alfaro et al., 2016). Such interpretation is consistent with textural,
mineralogical and chemical studies indicating bonanza-grade banded quartz veins are formed by micron-scale
ore-rich bands alternating with thicker (mm scale) quartz barren bands, and suggesting transient flash vapouri-
zation events can be responsible for highly efficient gold precipitation (Monecke et al., 2023; Taksavasu
et al., 2018; Tharalson et al., 2019; Zeeck et al., 2021).

3.4. Thermodynamic Evolution After Co-Seismic Flashing

We simulate the temporal evolution of thermodynamic conditions of fluid after the co-seismic opening using
TOUGH2 heat and fluid transport model. We modeled six scenarios: the three initial enthalpy conditions reported
in Table S1 in Supporting Information S1, within two scenarios for co-seismic dilation: (a) a mid-size earthquake
M, 3.0 with a co-seismic opening of 6.5 mm; and (b) a small-size earthquake M, 1.0 with a co-seismic opening of
0.69 mm. These scenarios for co-seismic dilation are likely to represent displacement in the faults producing ore
shoots in epithermal deposits (McLeish et al., 2021; R. H. Sibson, 1987; Simmons et al., 2005) (Figure 4). The key
parameters shown here are vapor saturation (Figure 4b), pressure (Figure 4c) and temperature (Figure 4d) for the
jog and its surrounding rock (as a transect from the jog).

Initial pressure-enthalpy (P;-H;) sets the thermodynamic conditions for the entire modeled volume except for
those elements within the jog. Elements within the jog are defined by the co-seismic, adiabatic expansion
calculation. Results in all scenarios show that transient co-seismic pressure within the jog lasts <0.01 s. After this
short transient, jog pressure approaches the initial pressure of the model and a front of pressure drop propagates
into the surrounding host rock and connecting faults (Figure 4c).

As mentioned above, the key parameter to analyze flashing is vapor fraction (V}). Our simulations indicate that the
evolution of vapor fraction is highly dependent on the magnitude of co-seismic slip and on initial P;-H;-T;
conditions (Figure 4). While the initial non-zero values of vapor fraction within the jog last up to 0.01 s for the
cases modeled, the spatial distribution of flashing varies. For the small earthquake and low enthalpy endmember
scenario (M,, 1.0, T;,,; = 200°C) only the jog contains vapor, but in minor amounts (V; < 5%) and vapor lasts less
than a millisecond (Figure 4b). Therefore, flashing is restricted and does not affect the damage zone or host rock.
In contrast, for the large earthquake and high-temperature endmember scenario (M,, 3.0, T; = 300°C), flashing
propagates across the jog, reaching the damage zone and host rock volume. Furthermore, fluid with >5% of vapor
reaches up to 1 m from the jog and last up to 10* s (~2.8 hr). This broader scale flashing appears to interact with
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Figure 4. Post-seismic evolution of thermodynamic conditions (P-T-H) in a dilational jog resulting from heat and fluid

transport simulations. (a) Schematic representation of the blocks analyzed. The number in parentheses indicates the distance
from the jog (b)-(d) Evolution for three scenarios of initial P;-T;-H, in columns (increasing Ti toward right) and two scenarios
of earthquake magnitude (M,, 1.0 upper row and M, 3.0 lower row) of vapor fraction (b); pressure (c); and temperature (d).
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permeability to generate a non-linear distribution of vapor saturation away from the jog. In the model, the flashing
front propagates from the jog where the vapor fraction reaches up to ~0.3, decreases in the damage zone at
0.125 m to V; = 0.15, and then increases again in the first block of host rock at 0.35 m, reaching V; > 0.2
(Figure 4b). This pattern of vapor saturation may occur because the host rock has lower permeability than the jog
and damage zone, and that lower permeability can inhibit fluid recharge to the pressure drop front. Temperature
evolution within the jog shows an initial temperature fixed by the pressure drop and a sharp temperature increase
starting at 1 s. For the M, 1.0 scenarios, the temperature within the jog immediately reaches host rock tem-
peratures, and the temperature drop does not affect the surrounding host rock (Figure 4d). On the M,, 3.0 sce-
narios, temperature drop also affects the damage zone.

Previous studies have simulated fluid flow triggered by co-seismic slip in dilational jogs by modeling a transient
increase in porosity and permeability in the jog, and obtained a similar shape of pressure recovery within the
dilational jog (Matthii & Fischer, 1996; Sheldon & Ord, 2005; Zhang et al., 2008) (see Text S4 in Supporting
Information S1). However, their results indicated that it could take up to hundreds or thousands of years before
fracture volume is filled with fluid and fluid pressure in fault recovers in crystalline host rocks (Matthii &
Fischer, 1996; Sheldon & Ord, 2005). More recently, Brantut (2020) provided direct experimental support to the
suction pump mechanism with his experiments of dynamic rock dilation and in situ measurements of pressure
fluctuation. His measurements show that during faulting and dilation, on-fault fluid pressure dropped rapidly to
near zero and that the pressure recovery takes on the order of hundreds of seconds (Brantut, 2020). The vastly
different time-scale of our results on pressure recovery is likely to be produced by the low-permeability of host
rock considered in previous studies, which significantly decreases fluid flow velocities and, therefore, pressure
recovery after the co-seismic dilation.

To the best of our knowledge, Zhang et al. (2008) is the only study that considered different geometries of the
dilational jog when simulating co-seismic faulting. Interestingly, their results indicated that from the three ge-
ometries modeled, with jog orientations, alpha, of ~18°, ~ —18° and ~90°, fluid flow rates were 35% higher in the
latter case (alpha ~90°), the most similar to our optimal geometry case. Moreover, their results also indicated high
fluid flow rates feeding the dilational area, which is channeled along the pre-existing faults and surrounding host
rocks.

4. Conclusions

Here we present numerical simulations to estimate the magnitude, time scale and spatial extent of post-seismic
flash vapourization within a dilational jog. Our results indicate that a jog orientation (alpha) of ~76° is the
optimal geometry of the dilatational jog that maximizes opening and, therefore, pressure drop. For the scenarios
modeled, co-seismic vapor fraction ranges from 10%—17% during flashing; in contrast to previous work, our
results indicate that 100% flash vapourization is highly unlikely under reasonable assumptions (i.e., an adiabatic
co-seismic processes and non-ideal gas fluid). Pressure within the jog recovers extremely fast (<1 s) after the co-
seismic pressure drop due to fast fluid transport from the connecting faults and damage zone, and then from the
host rock.

The duration, intensity and propagation of the flashing front are limited and highly dependent on the magnitude of
the co-seismic slip and on the initial P;-H;-T; conditions. Larger earthquake magnitude and higher initial enthalpy
conditions produce longer flashing, and the effect is more widely distributed, affecting the near environment of
the damage zone and host rock within the centimeter-scale.

The additional constraints on magnitude and duration of flashing presented here, support previous works showing
that quartz precipitation triggered by coseismic dilation cannot heal fractures at the earthquake's recurrence time
scale (Williams, 2019; Williams & Fagereng, 2022). Although our model simulates flashing triggered by a single
slip event, it is valuable to understand epithermal deposits because the deposition of a thin layer of high-grade
gold repeats thousands to millions of times during the earthquake cycle over thousands of years at complex
fault fracture networks involving many dilational jogs at various scales.

This study also supports the hypothesis that co-seismic precipitation in dilational jog may occur under conditions
far-from equilibrium, so new efforts should be made to obtain fast kinetic models for mineral precipitation.
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