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S U M M A R Y
Orogenic plateaus can exist in a delicate balance in which the buoyancy forces due to gravity
acting on the high topography and thick crust of the plateau interior are balanced by the com-
pressional forces acting across their forelands. Any shortening or extension within a plateau
can indicate a perturbation to this force balance. In this study, we present new observations
of the kinematics, morphology and slip rates of active normal faults in the South Peruvian
Altiplano obtained from field studies, high-resolution DEMs, Quaternary dating and remote
sensing. We then investigate the implications of this faulting for the forces acting on the
Andes. We find that the mountains are extending ∼NNE–SSW to ∼NE–SW along a normal
fault system that cuts obliquely across the Altiplano plateau, which in many places reactivates
Miocene-age reverse faults. Radiocarbon dating of offset late Quaternary moraines and al-
luvial fan surfaces indicates horizontal extension rates across the fault system of between 1
and 4 mm yr–1—equivalent to an extensional strain rate in the range of 0.5–2 × 10−8 1 yr–1

averaged across the plateau. We suggest the rate and pattern of extension implies there has been
a change in the forces exerted between the foreland and the Andes mountains. A reduction in
the average shear stresses on the sub-Andean foreland detachment of �4 MPa (20–25 per cent
of the total force) can account for the rate of extension. These results show that, within a
mountain belt, the pattern of faulting is sensitive to small spatial and temporal variations in
the strength of faults along their margins.

Key words: Geomorphology; Seismicity and tectonics; Dynamics and mechanics of faulting;
Neotectonics.

1 I N T RO D U C T I O N

Mountain belts with low-relief, high-elevation interiors, such as the
Bolivian Altiplano and central Tibet, are typically dominated by
strike-slip faulting in their highest parts with little dip-slip faulting,
suggesting that the crust within these ranges is neither thickening
nor thinning. In contrast, the lowlands bounding their edges undergo
significant shortening and crustal thickening, expressed by thrust
and reverse-mechanism earthquakes (Suarez et al. 1983; Molnar &
Lyon-Caen 1988). This pattern of deformation implies that the hori-
zontal forces due to gravity acting on the crustal thickness contrasts
between these plateaus and their bounding lowlands are balanced by
the compressional forces acting across their lowlands (Dalmayrac &
Molnar 1981; Molnar & Lyon-Caen 1988). A powerful corollary of
this argument is that, in order to start deforming a plateau interior by
dip-slip faulting, or to change the style of faulting, the forces acting
on the mountain belt, the material properties of the lithosphere, or

the geometry of the deforming region must also change (England
et al. 1988; England & Houseman 1989).

In the Altiplano of south Peru there is geological and geomor-
phological evidence that the style of faulting has recently changed.
Within the high plateau the active faulting is predominantly ex-
tensional along NW–SE striking normal faults that cut obliquely
across the mountain belt (Sébrier et al. 1985; Mercier et al. 1992;
Benavente et al. 2013, Fig. 1). The onset of this extension is thought
to be at ∼5–9 Ma (Cabrera et al. 1991; Kar et al. 2016), by which
time the mountain belt had reached a similar elevation to the present
day (Garzione et al. 2017). Until ∼6–15 Ma, 1–4-km-thick accu-
mulations of growth strata were forming in the footwalls of major
reverse faults within the Altiplano that trend subparallel to the active
normal faults (Carlotto 2013; Perez & Horton 2014; Horton et al.
2015). Therefore, the balance of forces in south Peru may have re-
cently changed to account for the switch from reverse faulting to
normal faulting in the high plateau (Sébrier et al. 1985; England &
Houseman 1989).
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Figure 1. Mapped active faults in south Peru. Faults traces were mapped using the field and satellite remote-sensing observations from this study, as well as
the mapping of Benavente et al. (2013) and Mercier et al. (1992). Boxes refer to the regions discussed in Section 2. Waveform-modelled earthquakes with
centroid depths <50 km (i.e. those in the overriding lithosphere and not in the slab) are taken from Suarez et al. (1983), Devlin et al. (2012), Wimpenny
et al. (2018) and references therein. Catalogue earthquakes have Mw > 5 and were retrieved from the global CMT in March 2019 (Dziewonski et al. 1981;
Ekström et al. 2012). GPS velocities were collected between 1993 and 2000 by Kendrick et al. (2001) and are shown relative to stable South America with 1σ

(68 per cent) uncertainty ellipses. Strain rates between the GPS stations are shown in the grey boxes with 1σ uncertainties, using the convention that positive
values represent shortening.

Some insights into why the force balance may have changed
can be gained from studying the active faulting across the whole
Andes. First, recent normal faulting occurs mainly in areas with av-
erage elevations higher than ∼3500–4000 m (Dalmayrac & Molnar
1981; Sébrier et al. 1985; Schoenbohm & Strecker 2009). Normal
faults have also been observed in the Western Cordillera and forearc
(Sébrier et al. 1985; Mercier et al. 1992; Audin et al. 2006). How-
ever, these faults are thought to reflect permanent deformation in
response to the megathrust earthquake cycle (Saillard et al. 2017),

not orogen-wide changes in the force balance persistent over mil-
lions of years. Secondly, the extending regions in the high mountains
correlate along-strike with areas of low-angle detachment faulting
in the fold-thrust belt that bounds the eastern edge of the Andes,
known as the sub-Andes (Wimpenny et al. 2018). Finally, the sug-
gested timing for the onset of extension in the Andes correlates with
a change in the location and rate of shortening in the sub-Andes at
∼5–9 Ma (e.g. Gubbels et al. 1993; Perez et al. 2016a). These
observations suggest that slip on weak detachment faults in the
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sub-Andes may have perturbed the force balance in the mountains,
leading to extension in the highest part of the Altiplano (Wimpenny
et al. 2018).

In this study, we present new observations of the kinematics,
morphology and, for the first time, slip rates of active normal faults
in the Altiplano of south Peru, between Cusco and Lake Titicaca
(Fig. 1). We discuss the topography and drainage associated with
the faulting, in addition to evidence of recent surface-rupturing
earthquakes, geological indicators of the timing and rates of faulting
and the kinematics of the most active faults. Following this, we
use our observations to constrain a simple physical model relating
changes in the strength of the sub-Andean foreland detachment to
the faulting style and deformation rate within the plateau interior.

Although the faulting between Cusco and Lake Titicaca through-
out the late Quaternary has been extensional, GPS measurements
made prior to the 2001 Mw 8.4 Arequipa earthquake captured short-
ening across the same region (Fig. 1). We therefore also discuss
evidence that this transient, elastic compression of the Andes due to
strain accumulation on the low-angle thrusts along its margins may
modulate the slip history of the normal faults within the plateau.

2 O B S E RVAT I O N S O F AC T I V E N O R M A L
FAU LT I N G

The high Andes in southern Peru form the northern-most extent
of the Altiplano—a 200-km-wide, low-relief plateau with average
elevations of around 4000 m (Fig. 1). The earliest investigations of
active faulting in the region by Suarez et al. (1983) and Sébrier et al.
(1985) mapped a system of normal faults cutting NW–SE across
the plateau between Cusco and Langui-Layo (Fig. 1). Extension
across these normal faults was estimated to be ∼N–S (Sébrier et al.
1985; Cabrera et al. 1991; Mercier et al. 1992), but there remain
no estimates of the slip rates on any of these faults. More recently,
Benavente et al. (2013) expanded on the fault map of Mercier
et al. (1992), identifying new structures associated with metre-high
scarps cutting glacial deposits that continue further southeast of
Langui-Layo, towards Lagunillas (Fig. 1). The aim of this section
is to use Quaternary dating of these recent scarps, in conjunction
with high-resolution Digital Elevation Models (DEMs), updated
mapping from optical satellite imagery and new field observations,
to estimate the slip rates and recent slip vectors on the normal
faults to characterize the kinematics and rate of deformation in the
Altiplano plateau.

An important recent development that aides estimating the fault
slip rates is the proliferation of moraine age estimates from cosmo-
genic radionuclide dating in the study region (Smith et al. 2005;
Rodbell et al. 2009; Jomelli et al. 2014; Ward et al. 2015; D’Arcy
et al. 2019). Ice covered a large fraction of the Altiplano in the
last major glacial, depositing moraines and drift sheets. Boulders
on the surfaces of these moraines are typically dated to have been
deposited between ∼10 and 45 ka (Fig. S1), which roughly cor-
relates with the end of the global Last Glacial Maximum (LGM,
Clark et al. 2009). Therefore, where scarps cut the youngest sets
of fresh-looking moraines at elevations >3500 m, it is likely the
scarp formed sometime since the LGM. However, we treat these
estimates with caution, and use radiocarbon dating where possible
to place more precise bounds on the scarp ages.

A number of studies have used offset Holocene and late Quater-
nary geomorphic features such as moraines, fan surfaces and river
channels to estimate time-averaged fault slip rates and regional pat-
terns of long-term strain. Often implicit in this methodology is that

the amount of slip on a fault in the last ∼10–100 ka reflects the
average slip rate on the fault over many earthquake cycles. Support
for this approach comes from the observation that in well-mapped
areas of the continents, late Quaternary fault slip rates can account
for the contemporary deformation measured by GPS (e.g. England
& Molnar 1997b; Thompson et al. 2002; Walker & Jackson 2004).
However, there is evidence that slip rates inferred from offset land-
forms younger than ∼20 ka can differ by orders of magnitude from
the slip rates measured over ∼100–500 kyr (Mouslopoulou et al.
2009). Given that the offset landforms we study formed between
∼10 and 45 ka, we assume that the inferred fault slip rates are
representative of the longer-term rate of fault motion. We then use
the fault slip rates to study the forces controlling the long-term de-
formation of the continental lithosphere (e.g. England & Molnar
1997a). If the long-term slip rates are faster or slower than our late
Quaternary slip rates, then our estimates of how the forces acting
on the Andes have changed since the late Miocene will be under-
or overestimates, respectively.

Throughout this study we determine the possible range in fault
slip rates, and the corresponding horizontal extension rates, by tak-
ing the appropriate combinations of the upper and lower bounds
on landform age, landform offset and fault geometry. By far the
largest source of uncertainty in our slip rate estimates derives from
the landform age, which is equivalent to a factor of ∼4, whilst the
landform offset and fault geometry are typically known to within
±1 m and ±5◦, respectively. Where possible we collect slip vec-
tor measurements and landform offsets from the centre of the fault
trace to limit the effects of slip vector rotation and tapering slip rates
near the fault tips (Roberts 1996). Another source of uncertainty
on the fault slip rate includes the effect of gravity-driven slumping
or soil compaction in the hangingwall, which may accentuate the
measured fault throw (e.g. Di Naccio et al. 2019). In this study, only
the Tambomachay Fault reaches the surface on a steep (i.e. >10◦)
slope, whilst all other scarps occur on shallowly dipping surfaces
(<10◦) at the base of the fault footwall, where the effects of slope
instability are negligible (Di Naccio et al. 2019). In this setting the
scarp heights are probably reflective of cumulative fault slip and not
slope instability.

In the following sections we discuss observations from the active
faults between Cusco and Lagunillas, traversing from the north-
western end of the fault system near Cusco to the southeastern end
at Lagunillas (Fig. 1).

2.1 Faults around the Cusco Basin

The Cusco Basin is an E–W trending intramontane basin filled with
Pliocene and Quaternary clastic sediments situated near the north-
ern margin of the Peruvian Altiplano (Cabrera et al. 1991) (Figs 1
and 2). Subsidence within the basin is controlled by normal faults
along its northern edge, including the Qoricocha, Pachatusan, Tam-
bomachay and Cusco Faults (Fig. 2) (Sébrier et al. 1985; Cabrera
et al. 1991). One or more of these faults is likely to have gener-
ated the earthquakes that heavily damaged Cusco in 1650 and 1950,
in addition to a series of minor shocks recorded in the historical
catalogue (Ericksen et al. 1954; Silgado 1978).

2.1.1 Qoricocha Fault

The Qoricocha Fault reaches the surface within the mountains north
of the Cusco Basin as a series of WNW–ESE trending, south-facing
scarps, up to 6 m high, that cut glacial drift on a low-relief plateau at
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Figure 2. Morphology and active faults of the Cusco Basin. (a) SRTM 30 m DEM of the Cusco region with active faults and slip vectors marked. The fault
map is updated from those of Cabrera et al. (1991) and Mercier et al. (1992). Solid lines are observed faults, dashed lines are inferred faults and blue lines
mark rivers. Estimates of the fault extension rates are shown in light yellow boxes (see text for discussion). The mechanism for the 5th April 1986 earthquake
is taken from the gCMT catalogue. (b) Cross section perpendicular to the active normal faults in the west of the Cusco Basin. The subsurface geology is taken
from the INGEMMET 1:50 000 Cusco sheet 28-s-IV (Carlotto et al. 2010). The exact throw across the Tambomachay Fault is not well known.

4000–4350 m elevation (Cabrera & Sebrier 1998, Figs 2a and 3a).
The scarps can be traced for 3 km along-strike in a right-stepping
en-echelon pattern, and probably link to the Chinchero Fault 2 km
west of Lake Qoricocha (Cabrera et al. 1991; Benavente et al.
2013, Fig. 2a). Although the recent scarps are prominent, they are
not associated with any large-amplitude topography (e.g. footwall
escarpments), suggesting the Qoricocha Fault has accommodated
little total slip as a normal fault.

A road cut northeast of Lake Qoricocha exposes an oblique slice
through the fault near its highest-offset point (Fig. 4). Within the

road cut the fault scarp footwall is formed of subangular cobbles and
gravels in a red, sandy matrix that are characteristic of the glacial
deposits surrounding Cusco. The same cobble-rich layer is also
exposed within the hangingwall beneath a tapered wedge of poorly
sorted dark clays, fine sands and subangular cobbles that thickens
towards the fault scarp. We interpret the hangingwall deposits as
a colluvial wedge of sediment formed by erosion of the uplifted
and exposed scarp. A bulk radiocarbon sample from the base of the
wedge yielded an age of 8.5–8.7 cal. kyr BP (see Table 1 and Fig. 4),
which provides a minimum age for the fault offset. The typical
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Figure 3. Field photographs of fault scarps around Cusco. White triangles indicate the fault scarps and red dashed lines mark the fault offsets. (a) South-facing
scarp of the Qoricocha Fault, with Lake Qoricocha visible in the background. The vehicle highlighted in the background for scale (white dashed circle) is
located next to the road cut shown in Fig. 4. (b) Subparallel normal fault scarps cutting lateral moraine crests on the Pachatusan Fault. Scarp offsets are measured
from the DEM shown in Fig. 5. (c) South-facing normal-fault scarp of the Tambomachay Fault cutting a lateral moraine crest. People in the foreground for
scale (white circle). (d) Uplifted and incised hangingwall of the Tambomachay Fault, with the ridge line of the Tambomachay Fault footwall visible in the
background. The Cusco Fault runs along the sharp step in topography visible in the foreground, and is responsible for the incised drainage.

uncertainty associated with bulk radiocarbon dating sediment is on
the order of ∼1 kyr due to inheritance of older or younger material
within the bioturbated samples (e.g. Grützner et al. 2016), therefore
the base of the colluvial wedge is roughly dated to 8–9 ka. An upper
bound on the age of scarp can be estimated from assuming the
glacial sediments cut by the fault were deposited during the LGM
∼10–45 ka.

Given that the surface trace of the Qoricocha Fault is <10 km
long, it most likely ruptures in earthquakes of Mw 6 with less than a
few metres of slip (e.g. Wells & Coppersmith 1994). Therefore the
6 m scarp is likely to have been formed in multiple surface-rupturing
earthquakes, and the organic sediments at the base of the colluvial
wedge will date from the first surface ruptures on the fault following
the deposition of the glacial sediments. Taking the scarp age to be
8–45 ka, the throw rate on the Qoricocha Fault is ∼0.1–0.7 mm yr–1.

The azimuth of the slip vector on the Qoricocha Fault is con-
strained to be 201◦ (NNE–SSW) from slickenline measurements
(Mercier et al. 1992) and the focal mechanism of a Mw 5.2 earth-
quake that generated surface ruptures on the fault in 1986 (Cabr-
era & Sebrier 1998). Using the south-dipping nodal plane of the
gCMT mechanism for the 1986 earthquake with strike/dip of 121/32
(Dziewonski et al. 1981; Ekström et al. 2012), which would be
consistent with the sense of slip across the scarps, the horizontal
extension rate and total slip rate on the Qoricocha Fault are 0.2–1.1
and 0.2–1.4 mm yr–1, respectively.

2.1.2 Pachatusan Fault

The Pachatusan Fault strikes NW–SE in the mountains north-east
of Cusco as 13 km of south-facing scarps that bound the contact
between Triassic Mitu Group sandstones in its footwall, and a 4 km
wide, low-relief bench perched at 4000 m elevation in its hanging-
wall formed of Cretaceous sandstones and mudstones draped with
lateral moraines (Figs 2 and 3b).

We generated a high-resolution DEM of the Pachatusan scarps
where they cut the crests of lateral moraines using low-altitude drone
photography and the structure-from-motion technique implemented
in Agisoft Photoscan (e.g. Westoby et al. 2012). Ground control
points measured with differential GPS were used to guide the image
matching and point cloud scaling, and we thinned and gridded the
point cloud at 1 × 1 m resolution using splines in tension (Smith
& Wessel 1990). The resulting DEM highlights two subparallel
scarps (Fig. 5a)—one running along the bedrock-moraine contact
(‘northern scarp’) and one offset ∼500 m to the south (‘southern
scarp’). The scarps vertically offset the crests of the lateral moraines
by up to 15 m (Fig. 5). Summing the vertical offsets across both
the northern and southern scarp yields a cumulative vertical offset
of ∼20 m. For shallowly dipping surfaces (<10◦) that are offset by
a dip-slip fault with ∼30–60◦ dip, the vertical offset of the surface
determined from profiles across the fault is roughly equivalent to
the fault throw to within 15 per cent (Mackenzie & Elliott 2017).
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Figure 4. Road cut crossing the Qoricocha Fault scarp. (a) Panoramic photograph of the scarp. The road cut has a strike of 140◦, whilst the scarp itself has
a strike of 120◦, resulting in an oblique section. (b) Transect through the scarp stratigraphy. At the base, Layer L3 is the cemented glacial drift in the scarp
footwall. Overlying this is Layer L2, which is interpreted as talus deposits eroded and reworked from the scarp surface. The layer thickens to the right as the
exposure cuts into the thickest portion of the colluvial wedge. Where L2 overlies the scarp it contains a larger fraction of white, subangular cobbles, which
we interpret as a thin veneer of reworked material overlying the face of the scarp that may have been subject to subaerial weathering. Layer L1 is the topsoil
capping the glacial deposits and colluvial wedge material. Sample QR-1 was collected from the base of the thickest part of the colluvial wedge (L2) shown in
(c). The scale card is 20 cm long and 5 cm high.

Table 1. Results of bulk radiocarbon dating of samples collected in south
Peru performed by Beta Analytic (FL, USA). Calibration is performed using
the Southern Hemisphere-specific calibration SHCAL13 (Hogg et al. 2013).
The influence of Northern Hemisphere-derived carbon on the calibration
(see Marsh et al. 2018) is probably negligible relative to the uncertainties
associated with younger/older carbon inheritance common to bulk sampling.
Calibrated ages are given in years before 1950 with formal uncertainties 2σ

about the mean, though typical uncertainties are ∼1 kyr.

Sample Material
δ13C

(% per mill.)
Age

(yr BC)
Calibrated age

(cal. yr BP)

QR-1 Organic sediment −25.1 6756–6566 8705–8515
SR-1 Organic sediment −24.5 5511–5364 7460–7313
SR-2 Organic sediment −25.4 5470–5304 7419–7253

Therefore the vertical throw across the Pachatusan Fault is probably
the range ∼17–20 m. Throughout this study we carefully select
profiles to satisfy these constraints.

Horizontal offsets parallel to the fault strike are also evident
across some of the moraine crests on the Pachatusan Fault (Fig. 5b).
The NW-most moraine crest in Fig. 5(b) is not offset laterally within
measurement precision, whilst the SE-most crest is laterally offset
by ∼20 m. To account for this discrepancy in the moraine crest
offsets, the horizontal projection of the fault slip vector must be
roughly parallel to the northwestern moraine crest, which has an az-
imuth of ∼210◦, and different to the orientation of the southeastern
moraine crest (Fig. 5c). Therefore the most recent sense of motion
across the Pachatusan Fault is ∼NNE–SSW extension.

The moraines at Pachatusan have not been directly dated.
However, their fresh morphology implies the moraines were
probably formed at the end of the LGM ∼10–45 ka (Mercier et al.
1992). Combining the cumulative fault throw and the estimated
LGM age yields a throw rate of ∼0.4–2.0 mm yr–1. Given the fault

slip vector azimuth, and assuming a dip of ∼45◦ (e.g. Jackson &
White 1989), the horizontal extension rate across the fault would be
0.4–2.0 mm yr–1 and the fault slip rate would be 0.5–3.1 mm yr–1.
Notably, if the glacial deposits at Qoricocha are contemporaneous
with the lateral moraines at Pachatusan, then the Pachatusan Fault
may have a recent slip rate at least three-to-four times faster than
the Qoricocha Fault.

2.1.3 Tambomachay Fault

The footwall of the Tambomachay Fault is marked by a 14-km-
long, 200–350-m-high ridge line formed of Paleocene–Eocene
sandstones curving around the northern end of the Cusco Basin
(Sébrier et al. 1985; Cabrera et al. 1991) (Fig. 2a). Recent slip
on the Tambomachay Fault has formed south-facing normal-fault
scarps along the contact between the ridge line and a low-relief
hangingwall surface. Despite the normal-sense motion across the
recent scarps, the Tambomachay Fault preserves a reverse-sense
geological offset (Fig. 2b).

Near the fault’s western tip, a scarp vertically offsets the crest
of a lateral moraine by 3 m (Mercier et al. 1992, Fig. 3c). Bulk
radiocarbon dating of organic sediment collected from the colluvial
wedge exposed in the scarp hangingwall returned dates between 0.9
and 8.5 cal. kyr BP, with the sample ages increasing towards the base
of the wedge (Rossell 2018). The age of the sediment at the base of
the hangingwall wedge (8.5 cal. kyr BP) is similar to the sediment
dated from the hangingwall of the Qoricocha Fault described above,
indicating that moraine deposition ended earlier than ∼8–9 ka (to
account for the time taken to form the organic soils) and may have
been relatively contiguous throughout the Cusco area. Taking a
scarp age of 8–45 ka, as with the Qoricocha scarp, would yield a
throw rate of ∼0.1–0.3 mm yr–1.
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