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Active faults in the forearc of southern Peru pose a poorly understood hazard to the region. The Purgatorio Fault
is a 60 km-long fault that extends between Moquegua and Tacna that has hosted several scarp-forming earth-
quakes over the last 6 ka. We present new measurements of the fault scarp geomorphology along the Purgatorio
Fault, and use dating of the stratigraphy within a new paleoseismic trench excavated across the fault to establish
the chronology of scarp formation. We find that the most recent surface-rupturing earthquake on the Purgatorio
Fault occurred sometime between 1630C.E and 1790C.E and had a moment magnitude (M) of ~7. We propose
that this most recent surface-rupturing earthquake on the Purgatorio Fault was the 1715C.E earthquake recorded
in the historical catalogue of the region, which was previously attributed to the megathrust offshore. Our results
highlight the importance of establishing a paleoseismic record of onshore faults to differentiate between major
megathrust and forearc earthquakes. Given the proximity of these shallow, onshore faults to coastal communities

in Peru, the shallow earthquakes they generate may pose a severe, yet often overlooked, seismic hazard.

1. Introduction

The historical record of earthquake shaking in coastal regions adja-
cent to subduction zones provides important information for estimating
the timing, extent and magnitude of past megathrust earthquakes
(Dorbath et al., 1990). One approach to quantifying the hazard associ-
ated with future megathrust earthquakes is to combine the historical
record of large earthquake ruptures with modern geodetic measure-
ments of the slip-rate deficit to estimate the total slip deficit at different
points along the subduction interface (e.g. Villegas-Lanza et al., 2016).
Where the slip deficit is largest, the possibility of a future megathrust
earthquake is generally inferred to be high. Another approach is to
compile the along-strike extent of historical megathrust ruptures to infer
the presence of persistent ‘barriers’ on the megathrust that may limit the
rupture area of future earthquakes (Dorbath et al., 1990). Ultimately,
both methods rely on the accuracy of the historical record of earthquake
shaking, and its interpretation, for identifying the along-strike extent

and magnitude of past megathrust earthquakes. However, identifying
megathrust earthquakes from the historical shaking record is compli-
cated by the fact that shallow faults in the forearc can also host large
earthquakes of M,y > 7 (Hall et al., 2008; Audin et al., 2006; Benavente
and Audin, 2009; Benavente et al., 2021). Forearc earthquakes will
rupture faults that dip steeply through the wedge of rock overlying the
megathrust, and may reach the surface either on land or offshore.
Misidentification of large forearc earthquakes as megathrust events can,
therefore, lead to inaccurate hazard estimates for both megathrust and
forearc faults. For example, while a megathrust earthquake may pose a
larger coastal tsunami hazard, a shallow earthquake on an onshore
forearc fault may pose a larger shaking hazard to communities living
further inland from the coast.

Subduction of the Nazca Plate beneath the western margin of South
America has generated a series of large megathrust earthquakes within
southern Peru, most recently in the Mw 8.42001 Arequipa earthquake
(Pritchard et al., 2007). The rupture areas and magnitudes of these past
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megathrust earthquakes extending back to 1500C.E have been recon-
structed from historical reports of shaking intensity compiled by Silgado
(1978) in the work of Dorbath et al. (1990). Notably, the onshore forearc
area in southern Peru between Moquegua and Tacna also preserves
geomorphological evidence for recent surface-rupturing earthquakes
(Benavente et al., 2017; Benavente et al., 2021). It is possible that
rupture of these forearc faults may have been misidentified as mega-
thrust earthquakes from the sparse shaking reports in the historical re-
cord. Combining the onshore paleoseismic record of forearc earthquakes
with the historical record of earthquake shaking provides one way of
critically assessing whether historically-reported earthquakes ruptured
forearc faults or the megathrust.

In this study, we present new paleoseismological and geomorpho-
logical constraints on the size and timing of the last major earthquake
along the Purgatorio Fault in the forearc of southern Peru (Fig. 1). We
use high-resolution digital elevation models (DEMs) to map the
morphology and along-strike distribution of recently-formed fault scarps
on the Purgatorio Fault, extending the previous work of Benavente et al.
(2017). The scarp mapping enables us to estimate the amount of slip
needed to generate the scarps, the total length of the scarps, and
therefore magnitude of the most recent surface-rupturing earthquake.
We also describe the stratigraphy within a paleoseismic trench exca-
vated across the Purgatorio Fault, and use radiocarbon dating of samples
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within the trench stratigraphy to place bounds on the timing of the most
recent surface-rupturing earthquake. Finally, we compare the timing of
this earthquake with the historical record of earthquake shaking along
the south Peruvian coastline, and discuss the implications of our findings
for seismic hazard assessment in subduction zone settings.

2. Geological setting of the Purgatorio Fault

The Purgatorio Fault is delineated by ~60 km of east-west trending
fault scarps in the region between Moquegua and Tacna that were first
described by Audin et al. (2006) and Hall et al. (2008) (Fig. 1). The
scarps cut across the onshore forearc area of southern Peru, which ex-
tends from the magmatic arc of the Western Cordillera to the coastline
and is characterised by a gently south-west dipping slope draped in
Eocene-Pliocene alluvial gravels and fan surfaces (Roperch et al., 2006).
Rivers have incised into the alluvial gravels and the underlying base-
ment of Cenozoic and Mesozoic intrusive, volcaniclastic and sedimen-
tary rock (Roperch et al., 2006), creating a distinctive dendritic drainage
pattern in the region (Hall et al., 2008). Fault slip offsets the Plio-
Pleistocene alluvial surfaces causing them to become abandoned, up-
lifts the younger Quaternary alluvium within the active river channels,
and deflects the regional drainage pattern (e.g. Benavente et al., 2017).

The scarps along the Purgatorio Fault mostly offset Quaternary
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Fig. 1. Overview Map of the Purgatorio Fault and the south Peruvian forearc. (a) Map of the Purgatorio Fault and study area. The black-dashed rectangle indicates
the area where we built the high-resolution DEMs using Pleaides satellite imagery. The blue rectangles indicate areas where we constructed high-resolution DEMs
using a drone. Blue lines represent rivers. (b) Inset shows the location of the study area in a black rectangle with the approximate boundary of the ash fall recorded in
February-March 1600 (Thouret et al., 2002). The black lines indicate the rupture zones of the 1784 and 1715 earthquakes (Dorbath et al., 1990). Black, thin, dashed
lines show slab contours from Slab 2.0 (Hayes et al., 2018). Earthquake focal mechanisms are taken from the gCMT catalogue of Ekstrom et al. (2012). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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alluvial gravels and Eocene-Pliocene Moquegua Group conglomerates
along the western section of the fault trace, and cut through the base-
ment of Mesozoic intrusive, volcanoclastic and sedimentary rocks along
the eastern section of the fault trace (Fig. 2a-b). Benavente et al. (2017)
identified slickenlines on fault scarps within the Moquegua Group de-
posits between the Cinto river and Ilabaya river (see Fig. 2a), which
indicate the Purgatorio Fault accommodated right-lateral transpres-
sional slip in the most recent surface-rupturing earthquake. In addition,
by using cosmogenic radionuclide (*°Be) exposure dating of quartzite
pebbles exposed on a fault plane of a 5 m-high scarp, Benavente et al.
(2017) showed that the scarp surface had been exposed sometime during
the last 6 kyrs. However, a more detailed chronology of scarp exposure
was dependent on estimates of how much '°Be was inherited prior to
scarp formation, which remains poorly constrained. As a result, the
exact timing and amount of slip in the most recent surface-rupturing
earthquake on the Purgatorio Fault remains unknown.

3. Methods
3.1. Fault scarp mapping and morphology

To conduct remote mapping of the Purgatorio Fault scarps we used a
combination of optical satellite imagery and high-resolution digital
elevation models (DEMs). Preliminary scarp mapping was undertaken
using 1 m-resolution optical imagery from Digital Globe (Google Earth)
and a 12-m resolution Tandem-X DEM (Rizzoli et al., 2017). For more
detailed scarp mapping, and to measure the morphology of the scarps,
we subsequently built a 1.3 m-resolution DEM from a stereo pair of
Pléiades optical satellite images using NASA’s open-source software
Ames Stereo Pipeline and the workflow and methodology presented in
Lacroix (2016). At two sites along the Purgatorio Fault, we also formed
local 10 cm-resolution DEMs derived from low-altitude UAV photo-
grammetry using the structure-from-motion technique implemented in
Agisoft Photoscan (Westoby et al., 2012). When combined, the imagery
and DEMs cover an area of ~700 km? with high-resolution optical and
topographic observations. The DEMs are available through Open-
Topography (www.opentopography.org; see Acknowledgments). The
fault scarps can be traced within the optical satellite imagery and the
DEMs based on a sharp topographic step, shading from topographic
slopes and changes in drainage patterns caused by differential uplift
either side of the fault.

Laterally-offset river channels across the Purgatorio Fault (Audin
etal., 2006; Hall et al., 2008; Benavente et al., 2017) suggest that the slip
vector is oblique with a right-lateral component. Therefore, the height of
the scarp determined from a topographic profile perpendicular to the
fault strike will not always be a good indicator of fault throw and total
faut slip needed to form the scarp (see Mackenzie and Elliott, 2017). To
accurately calculate the fault throw, a correction to the scarp height
measurement must be made. In this correction, the geometric effects of
the slope and aspect of the displaced surfaces must be considered, in
addition to the dip of the fault and the strike-slip to dip-slip ratio of the
fault slip vector (S1/Sd) (Mackenzie and Elliott, 2017).

An example of the workflow we used to determine the fault throw
from the observed scarp heights is shown in Fig. 3. We first calculated
the scarp height and its uncertainty using the standard technique of
extracting swath profiles through the DEM point clouds perpendicular to
the fault strike that follow offset planar and linear features that can be
correlated either side of the scarp (Fig. 3a), such as ridge crests, channel
thalwegs and fan surfaces (Thompson et al., 2002). The width of the
swath profile was ~10 m and was chosen to provide an estimate of the
natural variation in the geometry of the planar surfaces above (hang-
ingwall) and below (footwall) the scarp. From the swath profile, we then
calculated the slope and aspect of the hangingwall and footwall surfaces,
and the vertical offset between the hangingwall and footwall surfaces
measured at the center of the fault scarp, using a least-squares routine
(Fig. 3b-d). The fault strike, dip and slip vector were determined by
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using direct measurements of the fault surface, and slickenlines pre-
served on sections of the fault surface, from nearby exposures (Fig. 3a).
From the slickenline data we calculated the strike-slip to dip-slip ratio
(S1/8d), and apply an uncertainty of 10% on the basis of repeat mea-
surements of the slickenlines. By combining these different measure-
ments, the fault throw can be determined uniquely from the scarp height
under the assumption that the surface in the hangingwall and footwall is
roughly planar. We then used the Monte-Carlo sampling algorithm of
Mackenzie and Elliott (2017) to propagate the uncertainties in each
measurement into the uncertainty in fault throw (Fig. 3d). More details
on geometrical theory behind the conversion of scarp heights measured
by fault-perpendicular profiles into fault throw can be found in Mack-
enzie and Elliott (2017).

3.2. Paleoseismic trenching

To determine the timing of scarp formation, we excavated a trench
perpendicular to the Purgatorio Fault where it offset young alluvial
deposits using a back hoe. The trench (17°28'13.10”S/70°34/32.26”"W)
was ~10 m long, ~3 m deep and ~2 m wide and the northern wall of the
trench was excavated, cleaned and logged the northern wall of the
trench using the standard method proposed by (McCalpin, 2009). The
southern wall of the trench was unstable, as the unconsolidated alluvial
gravels repeatedly collapsed covering the outcrop. A number of unique
stratigraphic horizons could be recognized within the trench walls on
the basis of grain size, colour, clast content and sedimentary structures.
We provide a detailed description of each horizon, and their contacts, in
Section 4.2.

To place an absolute time-scale on the stratigraphy, we collected a
range of different samples for radiocarbon dating. The samples included
bulk sediments, large root fragments and small mollusk shells contained
within the stratigraphy. Each sample was carefully extracted from the
trench wall whilst avoiding contamination, placed inside a foil packet
and was dated using Accelerated Mass Spectrometry at the accredited
laboratory of Beta Analytic in Miami. All radiocarbon dates were con-
verted into calibrated calendar ages with the program OxCal v4.3.2,
which uses a Bayesian statistical method (Bronk Ramsey, 2017) to
propagate the analytical uncertainty in the measurement of the 1*C:'3C
ratio, and the uncertainty in the SHCal20 calibration curve (Hogg et al.,
2020), through the age calibration.

The different types of samples used for radiocarbon dating will have
different relationships with the depositional age of the horizon in which
they are contained. Carbonate mollusk shell samples have the simplest
relationship with the radiocarbon source and sediment deposition, in
that they will date the time at which the animal that made the shell from
ingested radiocarbon died and was subsequently buried during deposi-
tion of the overlying sediments.

The source(s) of radiocarbon within bulk organic sediment samples
can be less clear. The bulk samples were collected from sections of the
trench stratigraphy that contained organic plant matter. The plant
matter was extracted from the bulk sample and treated using an acid-
alkali-acid wash to remove carbonates and secondary organic acids
before measuring the radiocarbon content. As a result, the radiocarbon
age should reflect the time of death of the plant matter contained within
the sediment layer. Comparisons between bulk dating and macro-fossil
dating from the same sediment within lake cores indicates that the
bulk samples can contain older inherited radiocarbon that biases the
radiocarbon ages to be older than the depositional age (e.g. Strunk et al.,
2020). We therefore consider the bulk radiocarbon dates to place a
lower bound on the layer age.

Roots penetrate below the surface at which the plant was living, and
therefore their radiocarbon ages will be younger than the depositional
age of the horizon in which they are contained (e.g. Scharer et al., 2011).
We carefully selected dead root samples from deep within the trench
(0.3-0.8 m below the surface) to avoid the possibility of contamination
by any younger rootlets. In addition, given that there is no living
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Fig. 2. Overview of the fault scarps on the Purgatorio Fault. (a) Geological map of the study area (modified after INGEMMET, 2017). The thin red line represents the
active Incapuquio Fault (Benavente et al., 2021), while the thicker red line represents the fault scarp associated with the last rupture of the Purgatorio Fault. EP1,
EP2, EP3, EP4 and EP5 are areas where we were able to measure the kinematics of the Purgatorio Fault. The black squares indicate the location of surfaces dated
using '°Be and the ages are the mean ages of all the samples with 16 error (Hall et al., 2008). The thin black lines represent contour lines every 500 m. (b) Topography
from a 12 m Tandem-X DEM colored as a Red Relief Image Map (Chiba et al., 2007) highlighting the surface scarps. (c) Scarp height measurements from the 108
fault-perpendicular profiles extracted from the high-resolution DEMs. Topographic profiles measured on Tandem-X are represented by stars, measurements on
Pléaides images are represented by circles and measurements on drone images are represented by squares. T1 indicates the location of the palaeoseismological
trench. (d-f) Topographic profiles extracted from valley bottoms in the western, central and eastern sector of the Purgatorio Fault, respectively (see location of
profiles in Fig. 2c). The profiles show vertical offsets that were then converted into throw following the methodology of Mackenzie and Elliott (2017). USS = Upper
Surface Slope and LSS = Lower Surface Slope. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

vegetation visible at the surface at the trench site due to the hyper-
aridity of the Atacama Desert, we are confident that the roots we
collected from within the trench are not contemporary. We assume the
roots post-date the sediment in which they are contained and therefore
place an upper bound on the age of the layer from which they were
extracted.

4. Results
4.1. Fault scarp observations

In this section, we describe the morphology of the fault scarps along
the Purgatorio Fault. At the western end of the fault trace the scarps cut
through the Pampa Purgatorio, a ~ 240 ka (Hall et al., 2008) dissected
pediment surface that stretches between the Seco river to the Cinto river
(Fig. 2a). The fault displaces Pliocene conglomerates and sandstones on
the Pampa Purgatorio surface and valley walls, and younger alluvial
gravels within the river valleys (Fig. 2a). We mapped three strands of
fault scarps on the Pampa Purgatorio and extracted seventeen topo-
graphic profiles across these scarps from the high-resolution DEMs (see
Supporting Information S1). The topographic profiles were measured on
the floor of the valleys where the fault cuts recent alluvial deposits and
vary between 0.4 + 0.1 m and 1.5 + 0.1 m (Fig. 2c and d).

Within the banks of the Pampa river, the Purgatorio Fault plane is
well exposed offsetting a ~10 m-thick succession of Pliocene-
Pleistocene conglomerates and sandstones (Fig. 4a-b). Slickenline
measurements from this fault plane at site EP1 show a strike of
N270-315°, dip angle 65-85° and a slip vector pitching 20-45° towards
the southeast (see Supporting Information S2). At the top of the stra-
tigraphy, we identified a ~0.3 m-thick ash horizon that is folded in a
reverse sense (Fig. 4a-b). The ash layer is covered by ~1 m of alluvial
gravel, forming an angular unconformity. A similar stratigraphic
sequence was described by Magilligan et al. (2008) in the lower terrace
along the banks of the Moquegua river ~25 km west of the Pampa
Purgatorio. Magilligan et al. (2008) correlated the ash layer with the
widespread ashfall associated with the eruption of Huaynaputina in
1600C.E, which covered most of southern Peru and northern Chile
(Thouret et al., 1999), on the basis of optically-stimulated luminescence
exposure dating and radiocarbon dating of units above and below the
layer. The deposit described in Magilligan et al. (2008) and the ash
deposit at the Rio Pampa are located within the same isopach from the
eruption (Prival et al., 2019). The ash layer thickness and isopach
overlap suggest that these ash deposits are correlated, which is further
supported by the comparable stratigraphy observed in the banks of the
Rio Pampa and the Rio Moquegua. If the ash layer we identified in the
banks of the Pampa Purgatorio does date from the eruption of Huay-
naputina, then it suggests the unit was offset by slip on the Purgatorio
Fault at some point in the last 400 years.

The center of the fault trace between the Cinto river and Curibaya
river consists of near-continuous fault scarps that cut through
southward-draining river valleys and their intervening ridges. The
ridges are typically formed of Eocene-Miocene conglomerates of the
Moquegua Group, while in the river valleys the conglomerates are
covered by young alluvial deposits (Fig. 4c). We extracted forty-one

topographic profiles perpendicular to the fault scarps from the high-
resolution DEMs in this area (Fig. 2c). Eighteen of the topographic
profiles were measured in the valley floors where the fault cuts through
young alluvial deposits (Fig. 5), which had scarp heights ranging from
0.5 £ 0.1 m and 3.8 £ 0.1 m. The other twenty-three profiles were
measured on the crests and slopes of ridges outside of the river valleys
(Fig. 4c). These scarp heights range between 0.2 £ 0.1 mand 13.3 £ 1.4
m (Fig. 2c and e). Exposures of the Purgatorio Fault surface are abundant
between the Cinto river and Curibaya river, and often contain fractured
clasts with slickenlines (Fig. 4d). At site EP2 the fault plane had strike of
N257°-270°, dip angle 75°-85° and contained slickenlines pitching 32°-
50° towards the east (Fig. 4c). At site EP3 the fault plane had a strike of
N280°-285° and dip angle 70°-75° and contained slickenlines pitching
55°-80° towards the south (Fig. 4d).

Along the eastern-most section of the Purgatorio Fault the fault
scarps cut older Mesozoic volcaniclastic and sedimentary rocks, Ceno-
zoic intrusive rocks, and young alluvial deposits within river valleys
(Fig. 4e). This section of the fault displays evidence of right-lateral off-
sets along the crests of ridges, streams and terrace risers of 2-4 m (Fig. 4f
and 2f). We extracted twenty-eight topographic profiles perpendicular
to the fault scarps from the DEMs in this region. Four of the profiles were
measured on fault scarps that offset young alluvial deposits (Fig. 5),
which yield scarp heights between 1.8 m + 0.5 m and 5.4 + 0.5 m. The
other twenty-nine topographic profiles were measured across bedrock
scarps and offset ridge lines and recorded scarp heights between 0.5 m
+0.1mand 16.1 + 4.9 m.

We were able to collect slickenline measurements at two positions
along the eastern section of the fault. At EP4 the fault plane had strike of
N260°-288°, dip angle of 65°-75° with the slickenlines pitching N55°-
69° towards the southeast (Fig. 3e). At EP5 the fault had strike of N297°-
356°, dip angle 50°-84° and contained slickenlines pitching 26°-57°
towards the south (Fig. 4f).

The measured scarp heights vary significantly along the length of the
Purgatorio Fault. Some component of the scarp height variability may be
related to the effects landform geometry. To account for this, we con-
verted the scarp heights into fault throw using the measurements of fault
dip, fault slip vector and landscape geometry using the method
described in Section 3.1 (Fig. 5). We find that the effect of landscape
geometry means that the scarp heights approximate the throw to within
~10-20% of the scarp height, as most of the offset surfaces have shallow
dips and the Purgatorio Fault has a steep dip. The mean fault throw in
the full set of measurements is 1.4 + 0.1 m (20 uncertainty) with most
fault throw estimates clustering between 1 m and 3 m (Fig. 5).

Some component of variability in the scarp heights is also related to
the offset of different age horizons (Fig. 5), with the smallest scarp
heights being preserved within alluvial sediments recently deposited in
river channels and the largest scarps being preserved along the inter-
vening ridge crests and fan surfaces (see Fig. 5). Almost all of the scarps
preserved within or along the margins of river channels are between 1 m
and 3 m high. In the following section, we use paleoseismic trenching
across one of these scarps preserved in young alluvial deposits to
determine its timing of formation.
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Fig. 3. (a) Sketch showing the measurements and
workflow used for calculating the fault throw from a
fault scarp. The pink rectangle represents a swath
profile acquired perpendicular to the fault scarp.
Rectangles with black borders represent surfaces that
were continuous prior to fault activity. (b) Two-
dimensional analysis for calculating the vertical sep-
aration between the hangingwall and footwall sur-
faces at the point approximately in the center of the
scarp. (c) 3D analysis of the aspect of the hangingwall
and footwall surfaces. (d) Analysis of the dip of both
surfaces. (e) Calculation of the fault throw from the
vertical offset in (b) and the slope geometry in (c,d)
using the method of Mackenzie and Elliott (2017).
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)
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4.2. Paleoseismology on the Purgatorio Fault

We identified a site for paleoseismic trenching where the Purgatorio
Fault offsets the bedload of the Ahorcado river forming an scarp varying
from 2.0 to 1.5 m in height. Rock outcrop adjacent to the Ahorcado river
valley consists of the Eocene-Miocene conglomerates of the Moquegua

Group, whilst the floor of the river valley is formed by young alluvial
gravels that have been deposited in the channel of the ephemeral
Ahorcado river INGEMMET, 2017).

The trench (T1) is located at 17°28'13.107S/70°34'32.26”W and is
10 m-long, 3 m-deep and 2-m wide. Within the trench walls we identi-
fied a steeply dipping fault (F1) with orientation N258°/70° that cuts
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Fig. 4. Field photographs of scarps on the Purgatorio Fault. (a) Natural exposure of the Purgatorio Fault in the banks of the Pampa river, where folded alluvial and
ash deposits are exposed. A lower hemisphere projection of the fault plane and slickenlines is shown inset (produced using FaultKinWin® by Allmendinger (2001)).
The yellow polygon with black border represents colluvial deposits that fell from the hillside, covering part of the outcrop. Note at the bottom a person as a scale. (b)
Detailed view of the Purgatorio Fault showing the deposits deformed by the reverse movement. The black dashed line shows the fault trace. The red circle indicates a
geologist’s hammer for scale. (c) Purgatorio Fault cutting conglomerates of the Miocene Moquegua Formation, as well as recent alluvial deposits along the fluvial
valleys. Vertical displacements vary from 1.5 m to 22 m in the field of view, demonstrating the along-strike variability in the scarp heights; dashed lines are linear fits
to the slopes above (blue) and below (red) the scarp. (d) Bedrock scarp on the Purgatorio Fault where rocks of the Moquegua formation are exposed. Clasts in the
Moquegua conglomerates were fractured and contain slickenlines. The bedrock scarp is ~1.5 m high. (e) Well-preserved fault scarp (~2.1 m high) that dips steeply
towards the north and displaces Cretaceous rocks against recent alluvial deposits. (f) Trace of the Purgatorio fault cutting alluvial deposits and where lateral
displacement of up to ~2 m can be observed. Location of photographs in Fig. 2B. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

through consolidated rocks of the Moquegua Group and younger alluvial
deposits (Fig. 5b). The trench wall also contains nine distinct strati-

Moquegua Group, which have a sharp erosional contact with the over-
lying and less-consolidated alluvial gravels of units U1-U7 (Fig. 5c).

graphic units above the Moquegua Group conglomerates that can be
recognized on the basis of their grain size, clast content, coloration and
sedimentary structures, which we term units U1 (older) to U8 (younger)
(Fig. 5¢). Four of these units (U1-U4) can be correlated between the
hangingwall and footwall of the trench. Below we give a brief descrip-
tion of these units, their relative ages, and the radiocarbon dating con-
straints on their depositional ages.

The base of the trench is formed of consolidated conglomerates of the

Where the fault scarp cuts through the trench, the Moquegua Group
rocks are displaced vertically in a reverse sense by 1.5 m with north-up
kinematics. The vertical offset of the top of the Moquegua Group is
similar to the 1.6 m height of the fault scarp measured at the surface
(Fig. 2a). Unit Ul directly overlies the Moquegua Group in both the
footwall and hangingwall and consists of a 0.2-0.3 m-thick layer of
rounded to subrounded, poorly-sorted cobble and pebble-sized clasts in
asand-silt matrix. U1 is then overlain by a series of gently south-dipping,
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sub-parallel units of alluvial gravels (U2-U4) that can be distinguished
based on their clast and matrix content. Unit U2 consists of a massive,
clast-supported gravel with mud-to-sand sized matrix and with flat or
random clast orientations. Unit U3 consists of a pebble-sand matrix
supported gravel with random clast orientation. Unit U4 consists of
massive, clast-supported gravel with a muddy, sandy matrix and parallel
clast alignment. U5-U7 outcrop only on the fault footwall and are
composed of pebble-sized boulders and clasts in a sandy matrix. U6
differs from U5 and U7 in that it is poorly sorted and has clasts with
diameters varying between 0.01 and 0.2 m (See Supporting Information
S3).

Two mollusk shell samples collected from unit U1 in the footwall and
unit U3 in the hangingwall yielded radiocarbon dates of 15,191-14,690
B.C.E (GA50B-P8) and 13,866-13,450 B.C.E (GA50B-P6), respectively
(Supporting Information S4). A dead root sample collected from the top
of unit U6 yielded two main radiocarbon date ranges of 1622-1676C.E
(58.4% probability) and 1736-1799C.E (24.8% probability). The two
date populations for this root sample are a result of the plateau within
the SHCal13 calibration curve between 1650C.E and 1800C.E. We as-
sume that the time of death of the organisms that created these samples
can be used to approximately date the timing of deposition of the units in
which they are contained.

Units U1-U7 abut sharply against a triangular wedge (W1) of
deformed alluvial material and the uplifted Moquegua Group con-
glomerates, but show no sign of thickening towards or away from fault
F1 (Fig. 6). Adjacent to contemporary bedrock scarps exposed at the
surface along the Purgatorio Fault, the footwall is always draped in a
talus slope of loose, gravelly material that dips away from the scarp (e.g.
Fig. 3d). Therefore, the sub-horizontal dip of units U1-U7 supports the
view that they were deposited prior to faulting, and therefore the
radiocarbon dating of these layers indicates that the most recent surface-
rupturing earthquake occurred after 1622-1676C.E. (See Fig. 6¢)

The ages of U1 and U3 correlate with one of the major expansions of
the Altiplano lakes, specifically the Tauca phase (16,500-13,500 B.C.E)
during the Heinrich Stadial 1a (Placzek et al., 2013). Units U1-U3 could
have formed as a result of sediment accumulation within the Ahorcado
river valley during this particularly ‘wet’ period (Fig. 5d), which has
been reported by Steffen et al. (2009) in valleys located ~250 km to the
northwest of the trench location, as well as in valleys located in northern
Chile (Riquelme et al., 2011). The time gap between the deposition of
U1-U3 and U6 suggests that parts of the river bed can go through long

55 the top indicate the profile number and are
according to the intervals in Fig. 2c. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)

periods with little, or no, deposition, which most likely occur during
particularly dry periods where there is no bedload transport in the
Ahorcado river.

In the center of the trench, units U1-U7 and fault F1 are capped by an
angular unconformity, above which is a chaotic deposit with no recog-
nizable internal grading or layering, which we term unit W1. Unit W1 is
not offset by fault F1, suggesting it post-dates the faulting that offset
units U1-U7. W1 is also thickest in the footwall immediately adjacent the
fault, which is a typical feature of colluvial wedge deposits (e.g. Deng
and Zhang, 2000; McCalpin, 2009). Further into the footwall, W1 is it-
self overlain by another unit (U8). Unit U8 has an angular unconform-
able contact with U1-U7 and W1, suggesting it post-dates these units.

We collected two dead root fragments from the base of U8 (Fig. 5c¢) at
sites located 0.3 m and 0.8 m below the dry soil at the surface. Despite
the lack of vegetation on the contemporary surface, root fragments
within the sub-surface are relatively common in the Atacama Desert and
are thought to reflect periods of vegetation growth during wetter cli-
matic conditions in the past (Ewing et al., 2008). We are therefore
confident that the roots we collected from U8 are not contemporaneous
with the surface, but the roots may well be younger than the strati-
graphic horizon in which they sit. AMS dating yielded radiocarbon ages
of 1668-1787C.E (46.6% probability) and 1826-1894C.E (25.2%
probability) for the root samples. The bi-modality of the probability
density functions of the sample ages results from plateau in the SHCal13
calibration curve over this particular time period, as well as different
possible sources of radiocarbon within the sample. Nonetheless, these
sample ages still place a lower bound on the age of unit U8, which we
interpret to have post-dated the most recent surface-rupturing earth-
quake given that it overlies layers that are not offset across the fault.
Notably, these root ages correlate with the great Chuza flood event
(Fig. 5d), consisting of widespread debris flows overlying the Huayna-
putina ashes (1600 C.E) dated between 1636 and 1804 C.E by Zaro et al.
(2013) and Magilligan et al. (2008).

Given that the trench preserves sediments that pre- and post-date
scarp formation, and these layers have a clear stratigraphic order, we
have used the methodology proposed by Lienkaemper and Ramsey
(2009) to build an OxCal stratigraphic model (Bronk Ramsey, 2009) to
estimate the most probable timing of the scarp-forming event. The
OxCal method uses Bayesian statistics to combine the probability den-
sity functions of each sample’s radiocarbon date, as well as stratigraphic
constraints on the relative ages of these samples, to estimate the
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Fig. 6. Morphology and stratigraphy of trench T1 at Ahorcado. (a) Oblique aerial view of the trench location relative to the topography (derived from a high-
resolution drone DEM) and surface deposits within the Ahorcado river bed. The trench is located along the margins of an active river channel. The red line and
triangles represent the Purgatorio Fault. The black line with white border represents the topographic profile A-A’ adjacent to the palaeoseismological trench showing
a vertical offset of 1.6 m. (b) Photomosaic of the west wall of the trench. (c) Interpretation of the stratigraphy in the trench. Radiocarbon ages are shown by blue
squares. Variations in clast content is shown by white polygons, and the location of the deformed zone (shear zone) near the fault surface is shown with black
hachuring. A schematic interpretation of how the trench stratigraphy formed between 16 ka to the present day. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

probability density function of the timing of the scarp-forming earth-
quake. The results of the analysis are shown in Fig. 7. Given that the
timing of the faulting is between the ages of units U6 and U8, we find
that fault slip most likely occurred sometime between 1630C.E and
1790C.E (Fig. 7).

5. Discussion
5.1. Paleoearthquake magnitude and timing

The cumulative length of the mapped fault scarps along the Purga-
torio Fault is 60 + 5 km, stretching from the Pampa Purgatorio in the
west to the Incapuquio Fault in the east. The fault throw needed to form
the scarps varies significantly along-strike (Fig. 2¢). Nonetheless, where
the scarps cut young alluvial deposits, they range only between 1 m and
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Fig. 7. OxCal chronostratigraphic model for the most recent surface-rupturing earthquake recorded in the palaeoseismological trench at Ahorcado. Light gray
probability density functions (PDFs) show the likelihood distributions of the radiocarbon measurements for the samples that bracket the timing of faulting. Dark gray
PDFs are the modelled (i.e. posterior) PDFs. Bars beneath the PDFs are the 68th (i.e. 1-sigma) and 95th (i.e. 2-sigma) percentile range. The red PDF shows the possible
timing of the surface-rupture formation, which has a 1-sigma range between 1630 and 1790 CE. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

3 m high (see gray-outlined points on Fig. 5). We interpret these smallest
and youngest scarps to have been formed in the most recent surface-
rupturing earthquake on the Purgatorio Fault given the evidence for
only 1 large earthquake in the trench T1, with the taller scarps repre-
senting cumulative offsets from multiple events.

In order to estimate the net surface slip in the most recent surface-
rupturing earthquake on the Purgatorio Fault, we focus on three local-
ities where both the scarp is well preserved and we have good estimates
of the fault slip vector. The first locality is in banks of the Pampa river
(Fig. 3a) where a folded ash layer thought to date from the 1600C.E
eruption of Huaynaputina (Thouret et al., 2002) is vertically displaced
by 0.5 m along a plane dipping at 75° that contains slickenlines pitching
33°, giving a total fault slip of 2.1 m. The second locality is the
palaeoseismic trench T1, where the Moquegua Formation is vertically
displaced by 1.6 m with a mean fault dip of 80° and slickenlines pitching
of 41°, yielding a fault slip of 2.2 m. The third locality is located 1 km
east of trench T1, where we calculated the height of the bedrock fault
scarp (Fig. 3d) to be 1.7 m, and the fault is well exposed having a mean
dip of 80° and slickenlines pitching of 41°, yielding a fault slip of 2.4 m.

The estimated slip is similar to the average scarp heights found from
the topographic profiles, which is expected given the steep fault dip is
steep (Fig. 4). Using a fault slip of 2.1-2.4 m suggests the ratio of fault
slip to length is 2-3 x 107>, which is typical for intraplate earthquakes
(Scholz, 1994). The estimated moment magnitude of the last scarp-
forming earthquake using 2.2 m of net slip on a 60 km long fault is
M,, 7.0 and My, 7.2 according to the empirical scaling laws of Wells and
Coppersmith (1994) and Stirling et al. (2013), respectively. Statistical
spread in these scaling laws will lead to at least a further uncertainty of
~0.1 magnitude units on these estimates (i.e. My, 6.9-7.3).

5.2. Comparison between the paleoseismic and historical record

The results of the paleoseismic trenching and the geomorphological
analysis indicate that most recent scarp-forming earthquake occurred
sometime during 1630-1790C.E, generating a ~ 2 m-high surface
rupture from a Mw 6.9-7.3 earthquake. A shallow earthquake of this
size will have caused notable surface shaking in the region, and there-
fore is likely reported in the written historical record of seismicity in
Peru, which begins with the records of Spanish colonialists in the 16th
century.

Compilations of historical seismicity in Peru have been produced by
Silgado (1978), and updated more recently by Dorbath et al. (1990). The
records are mainly based on the reports of colonial settlers and European
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travelers in South America. Two major earthquakes have been reported
in southern Peru during the period 1630-1790C.E. The largest earth-
quake was reported in 1784C.E. Barriga (1951) and Polo (1899)
describe the tsunami that resulted from this event, and large cracks that
formed along the coast of Arequipa and Moquegua, as well as fallen
houses and churches in Arequipa. Large cracks along the coastline were
also widely observed following the 2001 Mw 8.4 Arequipa earthquake
(Keefer and Moseley, 2004), and are thought to reflect permanent
deformation of the forearc following coseismic extension (e.g. Baker
et al., 2013). Given the similarities between the 1784C.E and 2001C.E
earthquakes, as well as the reports of a tsunami along the coastline, it is
most likely that the 1784C.E earthquake ruptured the megathrust
offshore and not the Purgatorio Fault (Dorbath et al., 1990).

The second event in the historical record occurred in 1715C.E and
was reported by Le Barbinais Le Gentil (1728), a French traveler who
had arrived at the port of Arica at the beginning of July 1715. Le Gentil’s
account describes a large earthquake that mainly affected the regions of
Arica, Tacna, Moquegua, and, to a lesser extent, the city of Arequipa. He
also reports that the 1715C.E earthquake led to significant damage to
settlements in the high Andes, with landslides burying villages (Le
Barbinais Le Gentil, 1728). The geographic distribution of the damage
led Lomnitz (1970) to catalogue this earthquake as a magnitude M 7.5
event that ruptured the megathrust somewhere between Moquegua and
Arica. Dorbath et al. (1990) inferred a rupture length on the order of 50
to 100 km, but noted that this earthquake is not particularly well
documented and is based on a single account.

Based on the historical report, and our new radiocarbon-dating
constraints on scarp formation, it is possible that the 1715C.E earth-
quake was in fact generated by rupture of the Purgatorio Fault. The
1715C.E event was previously inferred to have ruptured the megathrust
offshore (e.g. Villegas-Lanza et al., 2016). However, the damage distri-
bution, estimated magnitude, timing and location of the 1715C.E
earthquake are all consistent with a rupture on the Purgatorio Fault. A
more quantitative comparison is limited by the lack of detailed damage
reports or shaking intensities from the historical record. Nonetheless,
our paleoseismological results highlight the possibility that faulting
within the forearc can generate large earthquakes, therefore must be
considered as possible sources of shaking when analyzing the historical
record within subduction zones, particularly for events estimated to be
M ~ 7. The Purgatorio Fault is one of many faults related to the Inca-
puquio Fault System that show geomorphic evidence of Holocene ac-
tivity (Audin et al., 2006; Benavente and Audin, 2009; Benavente et al.,
2017, 2021; Hall et al., 2008, 2012; Macharé et al., 2009). These faults
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should be considered as potential hosts for historical and future seis-
micity, particularly given that the ground motions associated with
earthquakes on shallow, onshore faults can pose an acute hazard to
infrastructure and population centers within the Andean forearc and the
coastline of South America.

6. Conclusions

We mapped 60 km of fault scarps along the Purgatorio Fault in the
forearc of southern Peru. The heights of the fault scarps vary between 1
m and 17 m along-strike, but where they cut young alluvial deposits
within river valleys the scarp heights are clustered between 1 m and 3 m.
Converting the scarp heights into net fault slip using measurements of
the fault geometry and slip vector indicates that the slip required to form
the fault scarps is 2.1-2.4 m. Our trench chronology brackets the age of
the scarp formation to be 1630-1790C.E. We suggest that the scarps may
have been formed by a M,, 7 earthquake reported in the historical
catalogue in 1715C.E, which was previously attributed to an earthquake
that ruptured the megathrust. We argue that forearc faults in southern
Peru are potential sources of historical and future earthquakes, and
therefore should be considered in seismic hazard estimates and me-
chanical models of deformation of the forearc.
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