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Epithermal gold (Au) deposits result from the combination of a sustainedflux ofmetal-rich fluids and an efficient
precipitation mechanism. Earthquakes may trigger gold precipitation by rapid loss of fluid pressure but their ef-
ficiency and time-integrated contribution to gold endowment are poorly constrained. In order to quantify the
feedbacks between earthquake-driven fracturing and gold precipitation in the shallow crust, we studied the
gold-rich fluids in the active Tolhuaca geothermal system, located in the highly seismic Southern Andes of
Chile. We combined temperature measurements in the deep wells with fluid inclusion data, geochemical analy-
ses of borehole fluids and numerical simulations of coupled heat and fluid flow to reconstruct the physical and
chemical evolution of the hydrothermal reservoir. The effect of seismic perturbations on fluid parameters was
constrained using a thermo-mechanical piston model that simulates the suction pump mechanism occurring
in dilational jogs. Furthermore, we evaluated the impact of fluid parameters on gold precipitation by calculating
the solubility of gold in pressure (P)–enthalpy (H) space. The reconstructed fluid conditions at Tolhuaca indicate
that single-phase convective fluids feeding the hydrothermal reservoir reach the two-phase boundary with a
high gold budget (~1–5 ppb) at saturated liquid pressures between 20 and 100 bar (210 °C b Tsat b 310 °C).
We show that if hydrothermal fluids reach this optimal threshold for gold precipitation at a temperature near
250 °C, small adiabatic pressure drops (~10 bar) triggered by transient fault-rupture can produce precipitation
of 95% of the dissolved gold. Our results at the active Tolhuaca geothermal system indicate that subtle, external-
ly-forced perturbations – equivalent to lowmagnitude earthquakes (Mw b 2) of a hydrothermal reservoir under
optimal conditions – may significantly enhance gold precipitation rates in the shallow crust and lead to overall
increases in metal endowment over time.

© 2016 Elsevier B.V. All rights reserved.
Keywords:
Epithermal
Gold
Seismicity
Suction pump
Liquiñe-Ofqui Fault System
Chile
1. Introduction

The interplay between seismic activity, fluid flow and mineral pre-
cipitation exerts a first-order control on the strength and permeability
of the crust, and plays a critical role in promoting the development
of hydrothermal systems and the formation of giant ore deposits
niversidad de Chile, 8370450

faro).
ity of Auckland, Auckland, New
(Richards, 2013; Sibson, 1987). External forcing such as earthquakes
can have a profound impact on metal solubility, triggering physical
and chemical changes in ore fluids that can enhance the precipitation
process by phase separation (Rowland and Simmons, 2012; Sibson et
al., 1988). This is particularly relevant in shallow crustal settings
where porphyry copper and epithermal gold deposits form as a result
of phase separation or boiling of a single-phase fluid. In the epithermal
environment, in particular, precipitation of gold and/or silvermay occur
in association with gentle boiling, where fluid enthalpy is sufficiently
high to produce a small vapor fraction upon ascent, or with flash vapor-
ization forced by a transient pressure drop that converts most of the
original liquid into a low density vapor phase (Moncada et al., 2012;
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Simmons et al., 2005;Weatherley and Henley, 2013). There is abundant
evidence in the literature documenting that both permeability and
gold precipitation are strongly affected by pressure changes triggered
by earthquakes (Rowland and Simmons, 2012; Sibson et al., 1988;
Weatherley and Henley, 2013). Furthermore, studies have inferred
that flash vaporization of gold-rich fluids in dilational jogs during
an earthquake can result in the rapid co-deposition of silica to form
gold-enriched quartz veins (Moncada et al., 2012; Sibson, 1987;
Weatherley and Henley, 2013). However, these concepts have never
been tested for the effect of externally-triggered pressure variations
on gold solubility in the epithermal environment. Therefore, the relative
contribution of seismic activity on gold precipitation rates – and thus, on
the overall metal endowment of epithermal gold deposits – remains
largely unknown.

In this study, we integrate geochemical data of gold-bearing bore-
hole fluids with temperature profiles in an active, high-enthalpy geo-
thermal system at Tolhuaca, in the seismically active Chilean Southern
Andes. By combining these data with thermodynamic calculations of
gold solubility and simulations on pressure drops driven by earth-
quakes, we constrain the optimal depth window for seismically
enhanced gold precipitation. Our analysis points to favorable conditions
for highly efficient gold extraction from hydrothermal fluids by
flash vaporization in the epithermal environment. We further quantify
the magnitude of these externally triggered perturbations, and
explore the role of frequent, low-magnitude seismic activity as a rele-
vant factor in building epithermal gold deposits in tectonically active
regions.

2. Geological setting

The Andean Cordillera of Central-Southern Chile, where hydrother-
mal systems occur in close spatial relationship with active volcanism
as well as major seismically-active fault systems, provides an excellent
natural laboratory to study the interplay between earthquakes, fluid
flow and metal precipitation (Fig. 1). In this region it has been shown
that the nature and evolution of volcanic and hydrothermal systems is
controlled by the NNE-striking, 1200 km long Liquiñe–Ofqui Fault
System (LOFS) and the NW-striking Arc-Oblique Fault System (ALFS)
(Cembrano and Lara, 2009; Sánchez et al., 2013; Tardani et al., 2016;
Perez-Flores et al., 2016). Within this setting, the active Tolhuaca
geothermal field in the northern termination of the LOFS hosts a high
enthalpy system that has been drilled to ~3 km depth, but is not yet af-
fected by geothermal production or re-injection (Melosh et al., 2012;
Sánchez et al., 2016).

Geological mapping, drillcore logging studies and kinematic analysis
of fault-slip data have revealed that the Tolhuaca geothermal system is
characterized by a structural and mineralogical compartmentalization
in a transtensional stress regime (Sanchez-Alfaro et al., 2016). Based
on core logging, mineralogical observations and fluid inclusion data,
four stages (S1–S4) of progressive hydrothermal alteration have been
recognized (Sanchez-Alfaro et al., 2016). An early heating event (S1)
was followed by the formation of a clay-rich cap in the upper zone
(b670 m) and the development of a propylitic alteration assemblage
at greater depth (S2). Boiling, flashing and brecciation occurred later
(S3), followed by a final phase of fluid mixing and boiling (S4). The
ubiquitous co-precipitation of silica phases (amorphous silica, chalcedo-
ny and quartz) and the formation of hydrothermal breccias at the end of
S1 are indicative of widespread boiling and flashing conditions
(Sanchez-Alfaro et al., 2016). Calcite with lattice-bladed texture, quartz
with plumose texture and the coexistence of silica phases with variable
degrees of crystallinity formed in stage S3, are indicative of boiling and
flashing episodes which are likely triggered by transient pressure drops
during the hydrothermal evolution at Tolhuaca (Sanchez-Alfaro et al.,
2016). Transient pressure changes triggered by seismicity are likely pro-
duced at the tip of faults and in linkage zones, such as dilational jogs
(Curewitz and Karson, 1997; Sibson, 1987; Weatherley and Henley,
2013). At Tolhuaca, structural logging of the Tol-1 core indicates the
presence of dilational jogs infilled with calcite and quartz (Fig. 1 D&E;
Sanchez-Alfaro et al., 2016). In the vicinities of Tolhuaca volcano, de-
tailed structural studies of fault systems revealed that dilatational jogs
are formed at linking zones between NNE- and NE-striking faults.
Syntaxial bladed-like calcite crystals of about 1 cm in size fill these dila-
tational jogs which indicate transient pressure drop likely related to
fault activity in the LOFS (Perez-Flores et al., 2016). Therefore, the
Tolhuaca geothermal system is a good analogue to evaluate the impacts
of internal and external triggers on fluid evolution andmineralization in
a hydrothermal reservoir.
3. Methods

Considering the role of phase separation in the precipitation of pre-
ciousminerals in the epithermal environment, we use pressure–enthal-
py (P–H) space to represent the thermodynamic conditions of the
system. The P–H space allows the visualization of vapor fractions in
the two-phase region, reduced to a line in pressure–enthalpy space,
and an intuitive representation of adiabatic (isoenthalpic) processes.
This is justified because transient co-seismic thermodynamic changes
are likely to be adiabatic in nature (Henley and Hughes, 2000).

In order to represent temperature logs of deep wells and homogeni-
zation temperatures of fluid inclusion data in P–H space, enthalpy was
calculated as a function of temperature assuming liquid phase condi-
tions and depth was converted to pressure assuming a hydrostatic gra-
dient, as indicated by the temperature and pressure data from deep
wells (Sánchez et al., 2016).
3.1. Gold solubility calculations in pressure–enthalpy space

The GEMS geochemical modeling software (Kulik et al., 2012) was
used to compute dissolved gold concentration in hydrothermal fluids
under epithermal conditions. As the gold solubility calculation is highly
dependent on fluid chemistry (especially on sulfur content, salinity and
pH), an accurate reconstruction of the chemical conditions of the deep
reservoir is fundamental. Reservoir fluid samples are commonly collect-
ed at thewellhead after fluid ascent in thewell has triggered depressur-
ization boiling and separation between vapor and liquid. To reconstruct
fluid chemistry at pre-sampling conditions themethodology developed
by Scott et al. (2014) was used. Suchmethodology corrects the effect of
the separation and segregation of liquid and vapor phases driven by ad-
hesion of the liquid phase onto mineral surfaces in the porous aquifer
rock upon rapid depressurization and boiling. The reconstruction was
performed using the WATCH geochemical modeling software
(Arnórsson et al., 1982), assuming a unique segregation step and
using temperature measurements to constrain reservoir temperature.
The reconstructed chemistry was obtained for major elements included
in the thermodynamic database ofWATCH, which are: SiO2, B, Na, K, Ca,
Mg, Al, Fe, CO2, H2S, SO4, Cl and F. Volatiles such as CO2 and H2S are
significantly affected by phase segregation whereas the non-volatile
components such as Na, Cl and Si are only mildly affected.

For gold solubility calculations, feldspar-buffered acid-base conditions
were assumed, i.e., excess Kfeldspar + albite + muscovite + quartz
(Heinrich, 2005). The GEMS code uses the PSI/Nagra database (Hummel
et al., 2002) as the core thermodynamic data source, which is
complementedwith SUPCRT92 (Johnson et al., 1992) for aqueous species
and minerals. We updated the gold thermodynamic data for Au(Cl)n,
Au(OH)n and Au(HS)n species (n=1, 2) with self-consistent experimen-
tal results (Stefánsson and Seward, 2004, 2003a, 2003b). Direct calcula-
tion of gold solubility with GEMS is restricted to the stability field of
aqueous liquid, hereby computed within an equidistant temperature-
pressure grid (ΔT = 5 °C; ΔP = 10 bar), ranging from 10 to 300 bar
and 50–375 °C.
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Fig. 1. Geodynamic and structural setting of the Tolhuaca geothermal system. (A) Digital elevation model showing the location and extent of the Liquiñe–Ofqui Fault System (LOFS; in
black) and the Arc-Oblique Fault System (ALFS; in red) (Perez-Flores et al., 2016). (B) Simplified geological map showing the major structural systems in the studied area. Also, the
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In aqueous sulfide solutions gold dissolves according to the follow-
ing reactions (1 & 2) (Stefánsson and Seward, 2004):

Au sð Þ þH2S aqð Þ ¼ AuHS aqð Þ þ 0:5H2 aqð Þ ð1Þ

Au sð Þ þH2S aqð Þ þHS− ¼ Au HSð Þ2− þ 0:5H2 aqð Þ ð2Þ

In epithermal environments, gold solubility is dominated by the
Au(HS)2− complex and therefore is strongly affected by the loss of sulfur
in the two-phase region. To account for the effect of H2S-loss, sulfur de-
pletion was calculated using Henry's law. Then, the solubility of gold in
the aqueous liquid was computed using GEMS for the S-depleted liquid
fraction (mAu_liquid) at saturated pressure (P= Psat). Due to the low sol-
vation capacity of low-density steam (Hurtig and Williams-Jones,
2014), it is reasonable to assume that the gold dissolved in the vapor
is negligible. Therefore, the gold content at any point within the two-
phase region was calculated as the gold dissolved in the liquid phase
(mAu_liquid) times the liquid mass fraction.
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3.2. Gold precipitation efficiency and gold grades

The efficiency of gold precipitation from a hydrothermal fluid can be
represented by the ratio of gold precipitated with respect to the initial
gold content in the fluid, according to Eq. (3):

Efficiency %½ � ¼ mAu initial−mAu finalð Þ=mAu initial ð3Þ

wherem is themolality of Au in the initial fluid (at liquid saturated con-
ditions of the reservoir) and final fluid (at any condition bellow critical
pressure and temperature), as subscripted.We assume that the amount
of gold precipitated is equivalent to the difference between initial and
final gold solubility of the ore fluid.

The gold grade in idealized quartz veins was represented by the
gold-quartz mass ratio resulting from the precipitation of a certain
mass of fluid and calculated in mg of gold per kg of quartz. Quartz solu-
bility in the liquid region was computed using the equation of Manning
(1994) and calculated within the two-phase region by assuming that
silica is only contained in the liquid fraction. The efficiency and the
resulting gold grade of an idealized veinwere computed for an adiabatic
pressure drop and isobaric cooling mechanisms.

The thermodynamic properties of water and steam – such as P, T, H,
ρ (density) and vapor fraction –were calculated in P–H space using the
freeware Matlab code XSteam (Holmgren, 2007), which implements
the IAPWS IF-97 databases for the properties of water.

3.3. Suction-pump modeling

Ore bodies in epithermal gold deposits are commonly related to spe-
cific structural elements such as dilational jogs, fault step-overs and re-
leasing bends (Rowland and Simmons, 2012; Sibson, 1987; Simmons et
al., 2005). Co-seismic slip in these structural contexts causes transient
changes in the physical and chemical conditions of hydrothermal fluids
and triggers the precipitation of precious metals (Moncada et al., 2012;
Sibson, 1987).

Therefore, in order to analyze the effect of earthquakes on gold sol-
ubility in the epithermal environment we constrained the co-seismic
changes on fluid parameterswithin a dilational jog.We used the suction
pump piston model from Weatherley and Henley (2013) to estimate
the co-seismic pressure drop in a fault step-over. In the suction pump
mechanism, pressure drop is driven by transient volume increase in
the dilational jog or fault step-over as described in Fig. 2 (Sibson,
1987). The pressure drop produces the vaporization of most of the
fluid within the dilational jog promoting the inflow of new hydrother-
mal fluid transported through the active fault and fracture networks
(Weatherley and Henley, 2013).

The change in volumewithin a fault jog due to the action of an earth-
quake of certain magnitude can be calculated using well-established
earthquake fault scaling relationships between fault width and length,
co-seismic slip and earthquake magnitude (Leonard, 2014).

In the updated empirical scaling relations for strike-slip earthquakes
from Leonard (2014), the rupture length (L) is given by:

log10L ¼
Mw þ 10:7�1:5−14:862

2:5
ð4Þ

the average slip (s) is:

log10s ¼ 0:833 log10L−3:84 ð5Þ

and width (W) of the rupture is: W = L for small magnitude earth-
quakes (Mw b 5); W = 15 ∗ L2/3 for moderate earthquakes
(5 b Mw b 6.5); W = 17 km, the mean crustal seismogenic width for
large earthquakes (Mw N 6.5). Since we used an updated and corrected
version of the earthquake scaling relations by Leonard (2014, 2012) the
calculations are slightly different to those of Weatherley and Henley
(2013) who used the scaling relations from Leonard (2010).
The least constrained geometrical parameter in the model is the jog
length (or step-over distance; D in Fig. 2) arbitrarily considered as 1 m.
However, co-seismic pressure drop estimations are only dependent on
the relative volume increase which is unaffected by variations on the
jog length (D), as arises from the relative volume increase definition
in Eq. (6):

Vi þ ΔV
Vi

¼ 1þ s� D�W
d� D�W

¼ 1þ s
d

ð6Þ

The initial effective aperture thickness of the dilational jog ‘d’ as-
sumed for the model is 0.1 mm. This ‘d’ value is reasonable for
representing a dilational jog with a restricted aperture just prior the
co-seismic slip and/or the reactivation of a larger dilational jog that
has been sealed by mineralization. However, our calculations would
overestimate the pressure drop in the case of a dilational jog that is ini-
tially widely open (much higher ‘d’ values).

This model assumes that the fault jog is initially filled with fluid and
that the transient boiling is adiabatic and sustained by heat transfer
from wallrock to fluid, as a result of the decrease in temperature due
to phase change (Henley and Hughes, 2000). By combining the relative
volume changes with the thermodynamic properties of water, the tran-
sientfluid pressure and vapor fractionwas computed for earthquakes of
variable magnitude.

The fault-valvemechanismalsomay occur in hydrothermal systems,
but unlike the suction pump, it is driven by pore fluid overpressure
(Sibson et al., 1988). Thismechanism is generally considered in the con-
text of orogenic gold deposits, in which unfavorably oriented reverse
faults are activated by substantial increases in fluid pressure, optimizing
conditions for gold deposition across fault-valves (Sibson and Scott,
1998). However, hydraulic activation of brittle failure also exerts a pro-
found influence on fluid migration in epithermal environments, which
typically are associated with extensional (transtensional) tectonics
(Sillitoe and Hedenquist, 2003). In these settings, very small increases
in pressure may result in fluid flow through mixed-mode meshes of
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faults and fractures (Sibson, 2003), perhaps explaining the prevalence
of seismic swarm activity in active environments (Rowland and
Simmons, 2012; Sibson, 2003; Sibson et al., 1988). However, although
we consider fault-valve behavior important at all scales in all tectonical-
ly active fluid regimes, we focus on the analysis of the suction pump
mechanism because of its geometrical simplicity for demonstrating
the effect of seismically-triggered pressure drops on gold precipitation.

4. Results

4.1. Thermodynamic conditions at Tolhuaca in pressure–enthalpy space

Major-element fluid chemistry of geothermal fluid was reconstruct-
ed at reservoir conditions following the phase segregationmethods and
used as the main input for gold solubility calculations (see Section 2.3).
The concentration of major components estimated at reservoir condi-
tions (Psat = 85 bar) is Cl = 193, H2S = 19.7, SO4 = 6.3, Na = 131,
K = 24, Al = 0.76, and SiO2 = 364, in mg/kg of water. Metal content
is indicated in Fig. 3 by the measured concentrations of trace elements
including Au (1.6 μg/kg), Ag (0.018 μg/kg), Cu (0.07 μg/kg) and Zn
(7.5 μg/kg).

Present-day pressure and enthalpy conditions, calculated from tem-
perature measurements in deep wells of the Tolhuaca geothermal sys-
tem (Melosh et al., 2012; Sanchez-Alfaro et al., 2016) are shown in
pressure–enthalpy (P–H) space in Fig. 4A. Additionally, measured ho-
mogenization temperatures of fluid inclusion assemblages hosted in
quartz and calcite from Sanchez (2015) are used to estimate pressure
and enthalpy and represent past conditions of the system in P–H
space (Fig. 4B). Temperature, pressure and enthalpy data indicates
that the geothermal reservoir reaches vapor saturated liquid at
~85 bar of pressure and ~300 °C of temperature.

4.2. Gold solubility in pressure–enthalpy space

To quantify the effect of the different fluid trajectories on the dis-
solved gold we calculated the solubility of gold in pressure–enthalpy
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space, allowing a clear representation of adiabatic pressure changes.
We used the reconstructed chemistry from the Tolhuaca fluid at the es-
timated reservoir conditions as a reasonable starting point for
calculations.

In Fig. 5, the calculated isopleths (red lines) show high solubility
conditions for gold in the liquid-phase region between ~210 and 370 °
C (Psat = 20 to 220 bar). For these conditions, the calculated isopleths
indicate that a subtle adiabatic pressure drop of ~10 bar from liquid-sat-
urated conditions (shaded in yellow), where saturated liquid pressure
(Psat) ranges between 20 and 100 bar (210 °C b Tsat b 310 °C), causes a
sharp decrease in gold solubility (Fig. 5, blue vertical arrow). If the adi-
abatic pressure drop occurs at higher pressures (P N Psat ~ 100 bar), the
solubility decrease is moderate.

Calculations of the efficiency of gold precipitation indicate that
starting from the estimated Tolhuaca geothermal reservoir condition
(Tsat ~ 300 °C, Psat ~ 85 bar, orange circle in Fig. 6A) an adiabatic pressure
drop of 10 bar produces the precipitation of N50% of the gold initially
dissolved while a pressure drop of 20 bar precipitates near 70%. Starting
from a lower enthalpy condition (Tsat ~ 250 °C, Psat ~ 40 bar) an adiabatic
pressure drop of 5 bar has a gold precipitation efficiency of 70% while a
10 bar pressure drop leads to a 95% efficiency. Conversely, if thefluid fol-
lows a cooling path and starts at reservoir conditions, it requires a tem-
perature decrease of 100 °C for 50% efficiency and 160 °C for 95%
efficiency.

Fig. 6B shows the gold solubility versus pressure for gentle boiling
and adiabatic decompression paths. For the gentle boiling path – follow-
ing the boiling curve – the gold solubility decrease is driven by the de-
crease of saturated-liquid temperature and is very sharp only at
pressures bellow 15 bar (Tsat = ~200 °C). Contrastingly, the solubility
drop in the adiabatic decompression path is produced mainly by H2S
loss and is significantly steeper than the gentle boiling path.

The quartz solubility data (Fig. 6C) allow calculating the gold–quartz
mass ratio for idealized quartz veins (Fig. 6D), as a proxy for the gold
grade resulting from cooling and adiabatic decompression paths. The
estimated gold grade resulting from cooling is ~1 [mg Au/kg quartz]
near reservoir conditions, whereas it reaches N10 [mg Au/kg quartz]
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for small adiabatic pressure drops (≤10 bar) at pressures bellow
100 bar. The increase of gold–quartz mass ratio at pressures higher
than 150 bar for the adiabatic pressure drop paths is caused by the ret-
rograde quartz solubility and does not represent an increase in the gold
precipitation efficiency.

4.3. Transient pressure drop driven by the suction pump mechanism

The suction pump piston model was used to evaluate the effects of
co-seismic changes on the thermodynamic conditions of hydrothermal
fluids in the epithermal environment. The transient pressure drop that
occurs within a dilational jog produced by fault rupture during earth-
quakes is shown in Fig. 5. Under the estimated reservoir conditions at
Tolhuaca (Tsat ~ 300 °C, Psat ~ 85 bar), our calculations indicate that a
pressure drop of 54 bar, equivalent to a seismic event of Mw = 2,
would generate a mass vapor fraction of 0.18 and at least a 2 log-units
decrease in gold solubility (Figs. 5 and 6A). Calculations for variable
pre-seismic initial conditions (pressure and enthalpy) within the
liquid-saturated curve are shown in Fig. 6A.

5. Discussions

5.1. Optimal window for gold precipitation

The combination offluid chemistry data and thermodynamicmodel-
ing at Tolhuaca indicates that gold solubility is critically affected by P–T–
H trajectories followed by the preciousmetal-rich carrier fluid. The trace
metal content of fluids in the Tolhuaca geothermal reservoir are broadly
similar to those measured in geothermal systems in the Taupo Volcanic
Zone (New Zealand) and in the active Lihir hydrothermal gold deposit
(Papua New Guinea), supporting the use of Tolhuaca as an analogue of
the epithermal environment (Fig. 3). Measured gold content of fluid at
Tolhuaca (1.6 ppb) is within the range of gold solubility calculated at
reservoir conditions (1–2 ppb; Fig. 5).

Although gold solubility calculation is dependent on fluid chem-
istry, the topology of the diagrams in Figs. 5 and 6 is not affected by
slightly different initial fluid chemistry – including pH and sulfur
content – within the range of the low sulfidation epithermal envi-
ronment conditions and therefore are likely to describe precipitation
and transport processes in such environment. Calculated gold solu-
bility is consistent with updated databases and experimental results
(Stefánsson and Seward, 2004) as well as withmore recent studies of
gold behavior in epithermal environments (Williams-Jones et al.,
2009). Significantly higher gold concentrations than considered
here are possible, if H2S concentrations are higher, increasing ap-
proximately with the square of the H2S activity, as shown by reac-
tions (1) and (2) (Williams-Jones et al., 2009; Stefánsson and
Seward, 2004). Such conditions can be met if low-salinity magmatic
fluids are injected into the base of the convective geothermal system.
In this scenario, the same triggers for gold precipitation will apply
but efficiency will increase. Magmatic fluid input may thus explain
the temporarily much higher gold contents reported in fluid inclu-
sions from epithermal gold deposits (up to 3000 ppb; Márquez-
Zavalía and Heinrich, 2016) compared to active geothermal systems.
Higher Au and S concentrations also imply that higher-grade
deposits may form in a correspondingly shorter time (Heinrich,
2005; Heinrich, 2006; Simmons & Brown, 2006; Márquez-Zavalía
and Heinrich, 2016).

Our calculations show high solubility conditions for gold in the liquid-
phase region between ~210 and 370 °C (Psat = 20 to 220 bar; Fig. 5), as
widely recognized for epithermal environments (e.g., Simmons et al.,
2005; Williams-Jones et al., 2009). More interestingly, gold solubility cal-
culations in P–H space indicate that the effect of small pressure changes
on gold solubility is enhanced at specific thermodynamic conditions
(Fig. 5). Therefore,we recognize anoptimalwindow for efficient gold pre-
cipitation that can be triggered by relatively subtle adiabatic pressure
drops. Such window is at liquid-saturated conditions (boiling), relatively
high temperatures (210 °C b Tsat b 310 °C) and corresponding saturated
liquid pressures (20 bar b Psatb 100bar), coincidentwith the documented
ore precipitation conditions in epithermal gold deposits (Simmons et al.,
2005) (Fig. 5). Such optimal conditions at the two-phase boundary are
developed through a combination of sustained heat and high perme-
ability conditions, as previous studies have shown (e.g. Hayba and
Ingebritsen, 1997; Weis et al., 2012), and can be sustained at the geo-
thermal reservoir until the waning and cooling of the hydrothermal
system.

Our gold solubility results in Fig. 6A show that precipitation efficien-
cy of relatively small adiabatic pressure drops (20 bar) at reservoir
conditions of Tolhuaca is high (70%) and for an equivalent efficiency
would alternatively require a significant cooling (N120 °C). Further-
more, the gold-quartz mass ratio of up to 30 g Au/t resulting from an
adiabatic pressure drop within the optimal window – represented
by a red vertical arrow in Fig. 6A and D – is consistent with observed
gold grades in small tonnage, high-grade orebodies (10–100 g Au/t,
Simmons et al., 2005). In turn, isobaric cooling pathways – represented
by a green horizontal arrow in Fig. 6A and D – result in gold grades of
b5 g Au/t, similar to those described in large tonnage, low-grade
orebodies (1–2 g Au/t, Simmons et al., 2005). These results support
the idea invoked in petrographic and mineralogical studies of ore
textures and fluid inclusion assemblages that flash vaporization is
more efficient than gentle boiling for ore precipitation (Moncada et al.,
2012).

The estimated pressure drops driven by earthquakes through the
suction pump mechanism indicate that even small magnitude earth-
quakes (Mw b 2) can trigger efficient gold precipitation if the system
is initially at the optimal conditions for gold precipitation (Figs. 5 & 6).
This result is relevant since previous studies have proposed that
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changes in physical parameters such as permeability and/or pressure
triggered by fault rupture lead to efficient precipitation of gold in hydro-
thermal systems at any initial condition (e.g., Micklethwaite et al.,
2015). Therefore, our results strongly suggest that ore fluids feeding
the hydrothermal reservoir must evolve towards optimal conditions
(20 bar b Psat b 100 bar; 210 °C b Tsat b 310 °C) before – or concomitantly
with – the occurrence of a seismic event, so that gold solubility is effi-
ciently reduced through flash vaporization.
6. Further implications

Since our results reveal that gold solubility is significantly affected by
subtle adiabatic pressure releases (e.g., ~10 bar) triggered by earth-
quakes, the key question is how seismic activity transiently promotes
gold precipitation and enhances the ore forming process. In this section
we explore the long-term contribution of earthquake-triggered precip-
itation to epithermal gold deposit formation by considering the suction
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pumpmechanism. In this particular case, the time-integrated contribu-
tion can be estimated after calculating the mass of vaporized fluid, the
initial gold content of the fluid and the earthquake frequency. The
mass of vaporized fluid is directly related to the volume change within
the dilational jog. This volume change is independent of the initial effec-
tive aperture thickness of the dilational jog ‘d’. We assume that even
small earthquakes (Mw N 0) trigger the vaporization of most of the
fluidwithin dilational jogs and theprecipitation of the gold (and quartz)
dissolved in hydrothermal fluid, based on previous works (Sibson,
1987; Weatherley and Henley, 2013) and the results presented in
Section 4.1. Considering that the system flashes (boils adiabatically)
until the pre-seismic pressure is reached via new fluid inflow, it is rea-
sonable to assume that the volume of vaporized fluid by the suction
pump mechanism can be estimated as the co-seismic volume increase
(ΔV). Therefore, in each seismic event, the amount of precipitated
gold is equal to the mass of metal contained in the volume of vaporized
fluid – equivalent to the co-seismic volume increase (ΔV) –which is de-
pendent on the magnitude of the earthquake:

AuEQ ¼ mAu liquidρΔVEQ ð7Þ

The gold precipitated in a given earthquakemagnitude range results
from the multiplication of the gold precipitated (AuEQ in moles) by the
number of earthquakes occurring in a specific time-span (e.g., 1 ka).
Then, the long-term effect is the integrated contribution of earthquakes
of variable magnitude, as described in Eq. (8):

Autotal ¼ mAu liquidρ∫
Mw¼8
Mw¼−2ΔVEQNEQdMw ð8Þ

where N is the number of earthquakes within a magnitude range dMw
per time-unit.

As earthquake frequency (incremental magnitude–frequency distri-
bution) is scale-dependent we assume that the spatial extension of
active geothermal systems is the reasonable scale to represent the
epithermal environment. Due to the lack of adequate seismic records
at the local scale for the greenfields of Tolhuaca, we used the earthquake
density distribution data from the Liquiñe–Ofqui Fault System in its
southern termination (Lange et al., 2008) as an estimation of the fre-
quency of tectonic-induced earthquakes in the area.

Since seismicity and the amount of dissolved gold in the ore fluids
are key variables that may affect the time-integrated contribution to
gold precipitation in epithermal systems, we analyze their effect on
gold precipitation rates. As a first order approximation, we integrate
the amount of gold precipitated over time for different earthquake den-
sity distributions and variable gold concentrations in the fluid. Different
earthquake density distributions were synthetically constructed by in-
creasing and decreasing the earthquake frequency for a constant b-
value of 1, which is typical for tectonically-induced events and
depends inversely on differential stress (Schorlemmer et al., 2005).
Fluid-induced earthquake swarms, on the other hand, have higher
b-values that can be as large as 2.5 (Legrand et al., 2011).

Considering that the magnitude of an earthquake is directly related
to the length of the co-seismic slip and the volume within dilational
jogs, it is clear that the vaporized mass of the ore-forming fluid
grow exponentially with increasing earthquake magnitude (Fig. 7A)
(Weatherley and Henley, 2013). On the other hand, large-magnitude
earthquakes are significantly less frequent than small-magnitude earth-
quakes, as shown by the Gutenberg–Richter relationship in Fig. 7B.
Therefore, the amount offluid affected by seismically-triggeredflash va-
porization over a certain period of time (Fig. 7C) will depend on these
two counteracting effects, i.e., minor earthquakes trigger precipitation
of smaller amounts of gold relatively frequently, whereas infrequent
major earthquakes affect large volumes of hydrothermal fluids and
thus have the potential to precipitate very large quantities of gold.

The time-integrated contribution of earthquake-triggered precipita-
tion shown in Fig. 7C was calculated taking into account the gold
content of the fluid in Tolhuaca (~1 ppb), and an earthquakemagnitude
relationship for the LOFS (Lange et al., 2008) defined by a b-value ~1 for
a 1000 year period. The area below the curve in Fig. 7C represents the
total mass of gold precipitated per ka, and reveals that earthquakes
with magnitude between 4 Mw and 7 Mw contribute ~70% of the
total gold precipitated in a hydrothermal reservoir undergoing seismic
activity. The association of gold precipitation to low and intermediate-
magnitude earthquakes, i.e., small and intermediate slips (4 Mw:
3 cm–7 Mw: 1.1 m), is consistent with the observation that, second-
order fractures are predominant in high-grade Au veins in geothermal
systems and epithermal gold deposits (Simmons et al., 2005).

According to our calculations, the earthquake-enhanced gold precip-
itation rate at Tolhuaca is small (0.5 kg/ka), requiring ~58Ma to build up
a 1 Moz (~31.1 t) Au ore body (Fig. 7C). When this rate is calculated for
different earthquake density distributions and variable gold concentra-
tions for the sake of comparison, results show that the gold precipitation
rate at Tolhuaca (orange box in Fig. 8) would increase by two orders of
magnitude if fluids had a gold budget as large as those from, e.g., Lihir
Island gold-rich fluids (vertical segmented line, Fig. 8). These calcula-
tions also indicate that a 10-fold increase in seismicity produces a 10-
fold increase in gold precipitation rate for a given gold content in the
fluid.

The calculated rates of gold precipitation enhanced by seismic activ-
ity in Fig. 8, allow a first order comparisonwith gross estimations on the
gold precipitation rates in epithermal deposits. We selected the Hauraki
Goldfield (New Zealand) and the Hishikari (Japan) low-sulfidation
epithermal deposits because they represent similar conditions than
those at Tolhuaca. In these deposits mineralization is concentrated in
veins, associated to low salinity hydrothermal fluids (b1.8dd wt.%
NaCl equiv.) and related to extensional or mildly extensional tectonic
settings (Izawa et al., 1990; Mauk et al., 2011). The Waihi gold deposit
hosts 167 t of gold (Brathwaite and Faure, 2002) and available data in-
dicate that most of the known gold endowment was deposited in a
390 to 460 kawindow (Mauk et al., 2011). The Hishikari epithermal de-
posit contains c.a. 260 t of gold (Izawa et al., 1990) and 40Ar/39Ar dating
of adularia indicate that the deposit was formed in b260 ka (Sanematsu
et al., 2006). Therefore, a gross rate of tonnes of gold precipitated per
1000 years (t/ka) are estimated in 0.43 t/ka for Waihi and 1 t/ka for
Hishikari gold deposits. In comparison with Tolhuaca (0.0005 t of gold
precipitated per ka), these broad estimations are two to four orders of
magnitude higher. These higher gold precipitation rates, which are
still minimum rates considering the precision of geochronological esti-
mate, place Waihi and Hishikari deposits in the upper right region of
Fig. 8, showing that higher gold content in the fluid and/or increased
seismicity would be required to build a large epithermal gold deposit
in the Tolhuaca system.

Although the actual rates in natural systems are very likely affected
by other variables (e.g., changes in hydrology, stress regime, magmatic
activity and compositional variations of the fluids, amongmany others),
these results are a first step towards quantifying the effects of long-term
seismicity on ore precipitation, and should motivate further and more
detailed studies.

7. Concluding remarks

This study integrates geochemical and structural data from the
active Tolhuaca geothermal system in southern Chile to understand
the interplay between seismic activity, fluid flow and gold precipitation
in the epithermal environment. By combining borehole and fluid
chemistry data with thermodynamicmodelingwe conclude that the ef-
ficiency of gold precipitation is highly dependent on the P–T–H initial
conditions of the high-enthalpy hydrothermal reservoir, and become
optimal at liquid-saturated conditions and pressures below 100 bar
(210 °C b Tsat b 310 °C). Our key result indicates that under such P–T
conditions, very efficient gold extraction from hydrothermal solutions
can be achieved by pressure drop and associated phase separation.
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These calculated conditions are coincident with the documented ore
precipitation conditions described in epithermal gold deposits.

This optimal environment develops through a combination of
sustained heat and high permeability conditions, and can be perturbed
by subtle adiabatic pressure decreases (~5–20 bar). When the suction
pump pistonmodel is used to evaluate the effects of co-seismic changes
on the thermodynamic conditions of hydrothermal fluids, the transient
pressure drop that occurs within dilational jog produced by fault rup-
ture during earthquakes (e.g., Mw = 2) would generate a pressure
drop of ~55 bar, a vapor fraction of ~0.20 and at least a 2 log-unit de-
crease in gold solubility. These results indicate that even small magni-
tude earthquakes (Mw b 2) can efficiently trigger gold precipitation if
the system is initially at the optimal conditions. Furthermore, we
show that, although gentle boiling drives some gold deposition, flash
vaporization occurring under these optimal window conditions maxi-
mizes the extraction of gold from the ore fluid.

The results presented in this study are in close agreement with
the notion that gold precipitation in the shallower portions of hydro-
thermal systems is modulated by a sustained supply of metals from a
magmatic–hydrothermal source, an efficient ore transport mecha-
nism that ensures high gold-solubility conditions, followed by chem-
ical changes or physical perturbations of a hydrothermal reservoir.
Such conditions result from an ideal interplay between seismic
activity, fluid flow, transient solubility changes and P–T–H fluctua-
tions that may significantly enhance gold precipitation rates in the
shallow crust and lead to overall increases in metal endowment
over time.
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