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Abstract: The seismic hazard in Chile is primarily controlled by interface and inslab earthquakes
that occur due to the subduction of the Nazca Plate beneath the South American Plate. However,
recent discoveries of seismic activity on the San Ramén Fault (SRF), an active shallow crust
thrust fault system located at the eastern border of the city of Santiago, present a new seismic
hazard scenario for the city. The SRF has a slip rate of approximately 0.4 [mm/year] and is
capable of generating earthquakes with magnitudes up to M,,7.5. Although the seismic hazard
posed by the SRF has been studied previously, a probabilistic analysis has not been performed
yet. In this context, this research compares the seismic hazard generated by the subduction zone
(i.e., interface and inslab events) with the hazard generated by the SRF in Santiago, using models
that represent the geometry and potential seismicity of each source. We compute seismic hazard
maps of Santiago using deterministic and probabilistic approaches to assess the influence of the
SRF. Resulting maps from a deterministic approach present regions where the intensities
produced by an earthquake on the SRF can duplicate the ones generated by interface and inslab
events. However, due to the low recurrence period of the fault, a probabilistic approach indicates
that the effect of the SRF on the seismic hazard in Santiago is less than 5% of the hazard
generated by the subduction zone. These results provide evidence for future modifications of
seismic codes in Chile.

Introduction

Chile is well-known due to its very high seismicity, which includes megathrust events such as the
1960 Valdivia Earthquake, M,,9.6 (Cifuentes and Silver, 1989) and the 2010 Maule Earthquake,
M, 8.8 (Vigny et al., 2011). The country’s seismic activity is primarily due the subduction zone of
the Nazca Plate beneath the South American Plate. Santiago, the capital city of Chile, is home to
approximately seven million people and represents the economic center of the country. Despite
its economic significance, Santiago has been struck by several earthquakes throughout its
history. These events include the 1906 Valparaiso Earthquake, M,, 8.2 (Astroza, 2007), the 1939
Chillan Earthquake, M,,7.8 (Campos and Kausel, 1990), the 1965 La Ligua Earthquake, M,,7.4
(Norambuena, 2006), the 1985 Algarrobo Earthquake, M,,8.0 (Comte et al., 1986), and the 2010
Maule Earthquake, M,,8.8 (Vigny et al., 2011), all of them causing structural damage and
significant losses to the city.

The San Ramon Fault is an active shallow crust thrust fault system located at the piedmont of
Los Andes Mountain range, on the eastern border of Santiago. The fault trace is 30 [km] long,
55% of which has been urbanized (Easton et al. 2018), yet it is possible that the trace extends
20 [km] further to the south (Ammirati et al., 2019). Using paleoseismology techniques, Vargas
et al. (2014) identified that two events of magnitude ~M,,,7.5 occurred in the past 17,000 — 19,000
years. Shallow earthquakes, similar to those that could be nucleated in the San Ramén Fault,
have caused major losses worldwide. For example, the 1995 Kobe, Japan Earthquake, M,,7.2
(Kanaori and Kawakami, 1996), the 1999 Chi-Chi, Taiwan Earthquake, M,,7.6 (Shin and Teng,
2001), and the recent event of Kahramanmaras, Turkey, M,, 7.8, (Dilsiz et al., 2023) caused the
collapse of several structures in the nearby regions. Given the San Ramon Fault’s location and
its potential seismic activity, accurately characterizing its seismic hazard is crucial for the safety
of Santiago.

Although the seismic hazard of the San Ramén Fault has been studied previously within a
deterministic approach (Estay et al., 2016; Ammirati et al., 2019), it has not been analyzed using
a probabilistic approach. Moreover, the seismic hazard of the fault has not been compared to the
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hazard generated by subduction events (i.e., both interface and inslab). Given that seismic design
codes of Chile use hazard maps that only consider interface events, this comparison is relevant
to understand the potential underestimation of the seismic hazard in Santiago.

In this article, we aim to compare the seismic hazard generated by subduction events (i.e.,
interface and inslab) with the hazard posed by the San Ramén Fault. We estimate response
spectra and seismic hazard maps using state-of-the-art geometries and seismic potential. This
analysis enables us to identify the regions of Santiago where the influence of the San Ramén
Fault is greater than that of subduction events. These zones will be referred as influence zones
hereafter.

The San Ramén Fault

The San Ramoén Fault was first studied by Briiggen (1950). However, it was not until 2002 that it
was identified as an active fault (Rauld, 2002). This was later confirmed by various authors (Estay
et al. 2016; Pérez et al. 2014; Vargas et al. 2014). In this context, several studies have been
conducted using various techniques, such as paleoseismology (Vargas et al., 2014), analysis of
geomorphological and geophysical evidence (Armijo et al., 2010) and detection of hypocenters
of minor events (Pérez et al., 2014; Estay et al., 2016; Ammirati et al., 2019) to describe its seismic
and geometrical characteristics.

The geometry of the San Ramén Fault still has a great uncertainty. Its trace is believed to be
30 [km] long (Pérez et al., 2014), yet it could be composed of four independent 10 [km] long
segments (Estay et al., 2016) or even have 50 [km] of total extension (Ammirati et al., 2019). Its
width could range between 10 [km] (Estay et al., 2016) and 40 [km] (Armijo et al., 2010) and its
dip between 30° (Pérez et al., 2014) and 65° (Estay et al., 2016). A similar issue occurs with its
potential seismicity; the recurrence of the fault was proposed to be approximately between 2,500
and 10,000 years by Armijo et al. (2010), based on the slip rate of the fault. However, two events
detected approximately 8,000 and 17,000 — 19,000 years ago by Vargas et al. (2014) suggest a
recurrence period of 9,000 + 500 years. Finally, the maximum magnitude of an event within the
San Ramoén Fault has been computed in accordance with the fault’s length and width proposed
by each author, ranging between M,,6.2 and M,,7.5.

Despite of the seismic hazard that the San Ramén Fault can pose to Santiago, over 55% of its
trace has been urbanized (Easton et al., 2018), and there are three hospitals and a nuclear study
center within a distance of 2 [km] from the fault. The study of the San Ramén Fault is even more
important when considering that is one of the largest active shallow crust faults of Chile and one
of the farthest from the subduction trench. This means that its influence zone is expected to be
an upper bound for other similar faults in Chile.

Methodology

To compute seismic hazard maps, the study zone considered is the one investigated by Acevedo
(2021). The author estimated the time-averaged shear wave velocity in the top 30 [m] of soil, Vs,
and the fundamental period of 44 sites between coordinates 70.50° — 70.96°W and 33.33° —
33.72°S (Figure 1). The seismic hazard is determined on every site to obtain hazard maps using
both a deterministic seismic hazard analysis (DSHA) and a probabilistic seismic hazard analysis
(PSHA). Also, a map presenting the ratio of the hazard of the San Ramén Fault and subduction
events is determined. In this map, ratio values greater than 1 represent the influence zone of the
fault (i.e., the hazard posed by the fault is greater than the hazard generated by subduction
events). Two test sites are selected to estimate pseudo-acceleration response spectra from a
DSHA and uniform hazard spectra from a PSHA. Site 1 is in the municipality of Nufioa, 33.47°S
70.61°W, 8.5 [km] to the west of the fault trace, whereas Site 2 is located over the San Ramén
Fault trace, 33.47°S 70.52°W (Figure 2). Site 1 has a period of 0.77 [s] and a V3, of 579 [m/s],
while Site 2 has a period of 0.39 [s] and a V3, of 415 [m/s].

Ground motion models are selected using the criteria proposed by Bommer et al. (2010). For
active shallow crust events, both ASB14 (Akkar, Sandikkaya and Bommer, 2014) and BSSA14
(Boore et al., 2014) are combined in a logic tree with equal weights. For interface events, the
models AG20 (Abrahamson and Gulerce, 2022), IRRP17 (ldini et al., 2017) and MBR17
(Montalva, Bastias and Rodriguez-Marek, 2017) are combined in a logic tree with equal weights.
Finally, for inslab events we only consider AG20 (Abrahamson and Gulerce, 2022) and MBR17
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(Montalva, Bastias and Rodriguez-Marek, 2017) with equal weights. The IRRP17 model was not
considered for inslab events due to its poor constraint for large-magnitude inslab earthquakes.
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Figure 1. Site parameters of the study zone (Acevedo, 2021).

Specifics for a Deterministic Seismic Hazard Analysis

Based on a worst-case scenario criteria, a M,, 7.5 event is considered on the San Ramén Fault,
in relation to a rupture of 50 [km], according to the fault trace length proposed by Ammirati et al.
(2019), and a width of 20 [km]. For the interface event, a M,,9.3 event is considered, as it is the
maximum magnitude of the zone according to Poulos et al. (2019). The rupture of this event is
located in front of Santiago, using the Slab2 model (Hayes et al., 2018). Finally, a M,,7.8 event is
considered for the inslab scenario, with its hypocenter located at a depth of 71 [km] under
Santiago, based on the Slab2 model (Hayes et al., 2018) at coordinates 33.51°S 70.67°W . Figure
2 presents the trace of the San Ramon Fault, the considered rupture of the interface event, the
epicenter of the inslab event, and the two specific sites of study.
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Figure 2. Map of the study zone to compute seismic hazard maps and the two test sites to
compute response spectra. Red lines indicate the trace of the San Ramén Fault, the star
represents the epicenter of the inslab event and the yellow dashed zone represents the
interface rupture.

Specifics for a Probabilistic Seismic Hazard Analysis

The geometric model of the San Ramén Fault considered for a PSHA is the same as the one
considered in the DSHA. However, its extension is divided into two possible values, 30 and
50 [km] combined with weights of 0.6 and 0.4 in a logic tree analysis. Due to differences on the
average slip of the fault, the maximum magnitude of the 30 [km] fault trace branch is also split
into two values, M,,7.1 and M,,7.3 both with a weight of 0.5. The 50 [km] fault trace branch is
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associated only to a maximum magnitude of M,,7.5. The fault is considered to have a
Characteristic Event recurrence model (Schwartz and Coppersmith, 1984), where all previous
branches are separated into three new sub-models according to the recurrence period assigned:
8,500, 9,000 and 9,500 years, with corresponding weights of 0.25, 0.50 and 0.25, respectively.
The lowest maximum magnitude considered in all nine resulting branches is M,,6.7, which is the
value proposed by Estay et al. (2016).

The subduction zone is modeled using the results of two previous studies. The geometry is
obtained from the Slab2 model (Hayes et al., 2018). Moreover, the potential seismicity of the
subduction zone is considered using the recurrence models proposed by Poulos et al. (2019),
who divided the subduction zone into three interface zones and four inslab zones and computed
bounded Guthemberg-Richter recurrence models for each one.

Results

Results from a Deterministic Seismic Hazard Analysis

The DSHA is computed considering magnitudes M,, 7.5 for the San Ramoén Fault, M,,9.3 for the
interface event and M,, 7.8 for the inslab event. Figure 3 presents the response spectra obtained
at both test sites, where a greater intensity is generated by the inslab event for short periods at
both sites. As can be seen in Figure 3, at Site 1 the San Ramoén Fault produces higher intensities
than both subduction events for vibration periods over 0.8 [s]. Hence, the influence zone of the
San Ramoén Fault must reach this site for vibration periods over 0.8 [s]. For Site 2, the San Ramoén
Fault generates much higher intensities than both subduction events for vibration periods over
0.25 [s].
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Figure 3. Pseudo-acceleration response spectra obtained from a Deterministic Seismic Hazard
Analysis, considering magnitudes of M,,7.5 for the San Ramoén Fault, M,,9.3 from the interface
event and M,,7.8 from the inslab event (see Figure 2 for locations of ruptures and test sites).

Figure 4 shows seismic hazard maps generated from the DSHA. In particular, it shows the median
intensity for spectral pseudo-acceleration ordinates at a vibration period of 1 [s], Sa(1 [s]), for: (a)
the San Ramon Fault; and (b) the envelope of both subduction events. The bottom panel of Figure
4 shows the ratio between the intensity produced by the San Ramén Fault and subduction events.

As can be seen in Figure 4 (top panel), the San Ramon Fault hazard map indicates thata M,,7.5
event could cause spectral pseudo-accelerations greater than 0.5 [g] on the nearby sites, yet it
decreases rapidly with increasing source-to-site distance (i.e., to the west of the fault). On the
other hand, the subduction envelope hazard map (middle panel of Figure 4) shows more stable
values of intensities, which range between 0.3 — 0.4 [g], controlled mainly by site characteristics
(i.e., Vg30 and fundamental period of the site).

The hazard ratio map (bottom panel of Figure 4) displays an influence zone of the San Ramon
Fault reaching up to 9 [km] to the west of its trace, hardly covering Site 1. Note that at sites
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located closer than 1 [km] from the San Ramoén Fault, intensities due to an earthquake on the
fault can duplicate the ones generated by the subduction events.
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Figure 4. Seismic hazard maps for Sa(1 [s]) computed from a DSHA. Top: M,,7.5 event on the
San Ramon Fault. Middle: Envelope of M,,9.3 interface and M,,7.8 inslab events. Bottom: Ratio
between San Ramén Fault and subduction intensities. See Figure 2 for locations of ruptures.
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Results from a Probabilistic Seismic Hazard Analysis

Uniform hazard spectra were computed considering probabilities of exceedance of 10%, 2%,
0.5% and 0.25% in 50 years. These values are associated with return periods of 475, 2,475,
9,975 and 19,975 years, respectively. Figure 5 shows the uniform hazard spectra at both test sites
considering (a) the hazard posed by the San Ramén Fault and subduction events; and (b) only
the interface and inslab hazard.

7 Site 1 _ 7 . Site 2
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Period T [g] Period T [s]

Figure 5. Uniform hazard spectra obtained from a Probabilistic Seismic Hazard Analysis at both
test sites (see Figure 2 for their locations) for subduction + San Ramén Fault (SRF) hazard and
for only subduction hazard.

Compared to the results from a DSHA, the uniform hazard spectra presented in Figure 5 suggest
a completely different scenario regarding the influence of the San Ramdn Fault. Both curves,
considering and neglecting the fault, are almost identical, even at Site 2, which is located just on
top of the fault. Thus, from a probabilistic approach, the seismic hazard generated by the San
Ramon Fault is almost negligible in comparison with the one posed by subduction events. The
influence of the fault slightly increases (yet it remains negligible) as the return period increases,
specially at Site 2 and for very long return periods (>10,000 years), due to its long recurrence
period of 9,000 + 500 years.

Figure 6 shows seismic hazard maps from a PSHA. These maps show the probability of
exceeding a spectral value Sa(1 [s]) of 1 [g] in 50 years, considering: (a) only the San Ramén
Fault; and (b) only interface and inslab events. The bottom panel of Figure 6 presents the ratio
between the probabilities obtained in the previous maps. These maps confirm the negligible levels
of hazard generated by the San Ramén Fault when compared to the subduction events. The
maximum probability of exceedance in 50 years reached by the San Ramoén Fault within the study
zone (top panel of Figure 6) is less than 0.07%, meaning a return period over 71,000 years. In
particular, at Site 1 the probability of exceedance in 50 years is less than 0.04%, equivalent to a
return period greater than 166,000 years. On the other hand, the subduction events map (middle
panel of Figure 6) show a maximum of 2% on the northwestern region of the study zone. At the
proximities of the San Ramon Fault trace, the probability of exceedance in 50 years decreases to
a 1.4%, equivalent to a return period of 3,500 years, 20 times smaller than the one computed
considering only the seismic hazard posed by the San Ramoén Fault.

Contrary to the DSHA, the hazard ratio map from a PSHA (bottom panel of Figure 6) shows an
absence of influence zone of the San Ramoén Fault. In particular, the probability of exceedance
in 50 years generated by the fault reaches a maximum of a 5% of the one due to subduction
events. This ratio is consistent with the ratio of return periods previously mentioned.
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Figure 6. Seismic hazard maps obtained from a PSHA, displaying the probability that Sa(1 [s])
exceeds 1 [g] in 50 years for the San Ramén Fault (Top) and subduction events (Middle).
Bottom: Ratio between the probabilities obtained for the San Ramdén Fault and subduction

events.
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Conclusions

The assessment of the seismic hazard posed by the San Ramoén Fault is crucial to Santiago, the
capital city of Chile, due to its high urbanization and the importance of some structures near to its
trace. The San Ramodn Fault is capable of reaching magnitudes of M,,7.5 and is one of the furthest
shallow faults from the subduction trench in Chile, making its influence zone an upper bound for
other similar faults in the country. In this context, this article presents a comparison of the seismic
hazard in Santiago posed by the San Ramoén Fault against that generated by interface and inslab
events, using both a deterministic and probabilistic approaches.

Results from a Deterministic Seismic Hazard Analysis (DSHA) show that the influence zones of
the San Ramon Fault (i.e., region within the city where the San Ramén Fault produces a higher
hazard than that of interface/inslab events) depend on the considered ground-shaking intensity
measure (i.e., vibration period of spectral acceleration). In this case, influence zones exist only
for spectral accelerations with vibration periods greater than 0.3 [s]. In particular, for a vibration
period of 1.0 [s], the influence zone reaches 9 [km] to the west of the fault trace. In this analysis,
the intensity ratio between events on the San Ramoén Fault and interface/inslab earthquakes is
over 2.0 at sites near the fault.

In a DSHA, the probability of occurrence of different earthquakes is not explicitly considered.
When these uncertainties are explicitly accounted for within a Probabilistic Seismic Hazard
Analysis (PSHA), no influence zones of the San Ramén Fault are observed. In particular, the
probability of the spectral acceleration for a vibration period of 1 [s] exceeding a value of 1 [g], is
about 20 times larger when considering only the hazard posed by the subduction events,
compared to the one posed by the San Ramén Fault. In other words, within a probabilistic
approach, the seismic hazard posed by the San Ramon Fault is significantly lower than that of
interface/inslab events.

The same methodology used in this work for a vibration period of 1 [s] was used to evaluate the
seismic hazard considering different vibration periods and intensity levels. Results from both
DSHA and PSHA are similar to the results obtained in this article. Although these results are not
shown herein due to space limitations, similar conclusions can be drawn from them.

Geometrical and seismic characteristics of the San Ramén Fault have great epistemic
uncertainties and are still under study. Therefore, results of this investigation should be
interpreted with caution. The DSHA results assume an extension of 50 [km] of the fault trace,
although it has been proposed to have 30 [km] or even be divided into four segments of 10 [km].
Also, the dip angle and the rupture width are chosen as the median values of the range proposed
by different authors. Similarly, the PSHA uses a Characteristic Event recurrence model for the
San Ramoén Fault, which greatly affects the seismic hazard. Therefore, the seismic activity of the
San Ramon Fault should be carefully studied to improve our estimation of a recurrence law and
thus, a more accurate hazard assessment. Considering that the recurrence period of the San
Ramodn Fault is approximately 9,000 years and the last event occurred 8,000 years ago, a non-
Poissonian recurrence model would be probably better suited for the analysis. The authors of this
article are currently working on these analyses.
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