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The Bolivian Amazon foreland basin is controlled by i) the sediment input from the Andes and the topographic
load; ii) the basinal uplift in the forebulge; and iii) the uplifting Fitzcarrald Arch in the north. These boundary
conditions should lead to bending and active faulting of the crust. However, although the presence of active
faults has been inferred from geomorphological studies, neither seismicity studies nor geodetic methods and
geomorphological constraints have been successful in identifying active faults so far. Reasons for this are mainly
the dense vegetation and the extremely dynamic fluvial landscape of the Bolivian Amazon. In this study we use

the TanDEM-X and SRTM digital elevation models to show that there are at least five faults, several tens of
kilometres long, that are active. We present offset measurements from fault scarps and combine these data with
river system analyses. Our results suggest that tilting of tectonic blocks occurred in the Late Pleistocene or
Holocene. The reversal of fluvial longitudinal profiles and incipient creek erosion inside paleochannels, markers
of young tectonic activity, allow us to reconstruct the tilting directions. We find two orthogonal main faulting
directions: WNW-ESE trending faults parallel to the Andean uplift and NNE-SSW trending faults tangent to the
bulge of the uplifting Fitzcarrald Arch. Thus, our study area records the interplay between these two main drivers
of crustal deformation. We show that some fault scarps were caused by large single earthquakes with magnitudes
of around M7, while others have recorded multiple strong seismic events. These magnitudes exceed by far the
magnitudes known from instrumental seismicity in the last 40 years. Our results shed light on the seismic hazard
of the region and highlight that catastrophic river course changes due to sudden uplift in this low-relief region

are an underestimated hazard.

1. Introduction

The Llanos de Moxos (LM) in the Bolivian Amazon is a seasonally
flooded savannah that covers most of the southern Amazonian foreland
basins (Fig. 1). With a total area of about 100,000 km? it is among the
largest wetlands of South America (Junk, 2013). Recent studies have
shown that this region, inhabited since the early Holocene, is one of the
early Holocene world centres of plant domestication (Lombardo et al.,
2020). The landscape of the LM is characterized by a dense network of
rivers and paleorivers that criss-crosses the alluvial plains of the Beni
and Mamoré Rivers. These, together with the Iténez (Guaporé in Brazil)
and the Madre de Dios, form the Madeira, the largest tributary to the
Amazon River. The LM is extremely flat, with a general slope of 10 cm
per kilometre. The low slope makes the fluvial network of the LM very
active, with high depositional rates associated to frequent river avul-
sions and the formation of crevasse splays (Lombardo, 2016). River
behaviour and flooding patterns are mostly controlled by precipitation
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and the general slope. Changes in slope, as those that could occur
following seismic events, can induce river avulsion (Schumm et al.,
2002; Smith et al.,, 1997; Timar et al., 2005) and can be potentially
catastrophic, as rivers that suddenly change their course could lead to
wide-spread flooding. For example, the Mississippi River shortly
reversed during the New Madrid Earthquakes (Fuller, 1988). It is very
difficult to assess the likelihood of a similar scenario in the LM, because
both historical and instrumental seismicity is low. In our study area,
strong subduction earthquakes occurred in depths of 550-650 km
(Dziewonski et al., 1981; Ekstrom et al., 2012), but only six crustal
events with magnitudes <M5.0 have been recorded since the 1980s
(USGS, 2020; Table 1; Fig. 2). Neither can these crustal events be tied to
causative faults, nor were they strong enough to produce a surface
rupture. Also, they were not strong enough to be studied in detail by
teleseismic body-waveform analyses. Publicly available data from the
regional seismic network shows no seismicity in the study area in the
past twelve months, although the station coverage is sparse. The map of
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the seismic risk in Bolivia identifies the LM as a no-risk area (Observ-
atorio_San_Calixto, 2019). No dense GPS network is available that would
allow for detailed insight into active tectonics. Similarly, no geodetic
studies on long-term or short-term crustal deformation are available for
the Llanos de Moxos. Drainage networks, catchments, and stream pro-
files have been used to analyse active tectonics. Mostly, these studies
focus on mountainous areas or highly active regions (El Hamdouni et al.,
2008; Snyder et al., 2000). Landscapes with very low relief, such as the
LM, are difficult to assess because the low relief requires high-resolution
topography data covering large areas. However, the effects of even small
vertical crustal motion on the drainage network can be significant.
Tectonic activity during the Holocene in the LM has been inferred by the
analysis of several elements of its landscape. The large lake Rogoaguado,
part of a group of lakes created by neotectonic activity along the “Linea
Bala-Rogagua” in the northern part of the LM (Dumont and Fournier,
1994; Hanagarth, 1993; Fig. 1), formed inside a former Beni River
floodplain because of the reversal of its longitudinal floodplain profile
about ca. 5850 cal yrs. BP (Lombardo, 2014). The Mamoré River, which
drains most of the LM and which is the largest tributary to the Madeira,
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shows asymmetric and compressed meanders together with changes in
slope and sinuosity index. This indicates that its course has been influ-
enced by neotectonic events (Hanagarth, 1993; Lombardo, 2014).
Identifying active faults could help understand the processes underlying
the evolution of the basin and assess the seismic hazard in the region.
It is very difficult to assess earthquake recurrence intervals, fault
activity, paleo-earthquake magnitudes, and uplift rates based on these
geomorphological traces. On the contrary, the identification and
paleoseismic study of fault scarps, which are the direct surficial
expression of faults, can provide those estimates with good confidence
(Griitzner et al., 2017; Lin et al., 2006; Swan III et al., 1980). Fluvial
deposits associated to fault scarps have provided very high-resolution
records of past seismic events, allowing a precise estimation of recur-
rence time (Berryman et al., 2012). These studies are needed in the LM,
where the record of past earthquakes is extremely limited. In the Boli-
vian Amazon, fault scarps in the alluvial plains have never been iden-
tified before. Here, we present new data derived from the analysis of the
digital elevation models TanDEM-X and SRTM that show the presence of
at least five faults crossing the Bolivian Amazon. The implication of
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Fig. 1. General setting of the Llanos de Moxos. Depth of the Precambrian basement and location of the Linea Bala-Rogagua based on Hanagarth (1993). Approximate
location of the foredeep and forebulge is based on Aalto et al. (2003) (red dashed lines) and Roddaz et al. (2006) (violet dashed line). The red dots are shallow (<45
km deep) earthquakes in the past 40 years with magnitudes between M4 and M5 (USGS, 2020). Vertical line “F” is a fault identified in Dumont (1996). Inset b shows
the study area (Fig. 2). (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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these faults in terms of basin geodynamics, landscape evolution, fluvial
dynamics, and seismic hazard are discussed.

1.1. Geological setting

The LM is a large floodplain made of unconsolidated sediments
overlaying the Precambrian basement, lithological changes within the
LM are restricted to small and localized outcrops of pre-Cambrian
basement mostly located in the eastern part of the LM (Fig. 2). The
floodplains that constitute the LM are enclosed by a triangle formed by
the Andes along the SW border, the Brazilian shield to the east, and the
southern margin of the Fitzcarrald Arch to the north (Fig. 1). They
constitute the southern Amazonian foreland basin, with the foredeep of
the basin subsiding because of the sedimentary load and basinal uplift in
correspondence with the forebulge (DeCelles and Giles, 1996). The
location of the forebulge, shown in Fig. 1, has been estimated by GPS
surveys of longitudinal river gradients (Aalto et al., 2003; Roddaz et al.,
2006). This geological setting is complicated by the uplift of the Fitz-
carrald Arch. This is a broad foreland uplift caused by the flat slab
subduction of the oceanic Nazca Ridge. It separates the southern
Amazonian foreland basin, which largely overlaps with the LM, from the
northern Amazonian foreland basin (Espurt et al., 2007; Regard et al.,
2009; Roddaz et al., 2005). Instead of sinking into the mantel, the Nazca
oceanic crust forms a flat-slab: a segment of oceanic crust that moves
almost horizontally below the continental crust. Geophysical studies
have shown that the depth of the earthquakes along the flat slab sub-
duction zone goes from 80 km over the axis of the flat-slab to 150 km
towards the borders, where the slab tears down and re-initiates normal
subduction (Antonijevic et al., 2015; Bishop et al., 2017). The exact
mechanism for how the flat slab induces the formation of the Fitzcarrald
arch is however still debated (Bishop et al., 2018). In fact, the flat slab
re-initiates normal subduction in correspondence of the eastern margin
of the Andes plunging at a high angle (~70°) into the mantle before
reaching the Fitzcarrald Arch (Antonijevic et al., 2015; Bishop et al.,
2018). However, it is possible that the flat-slab scraped the bottom of the
continental lithosphere and pushed that material forward, inducing the
bulge that constitutes the Fitzcarrald Arch (Axen et al., 2018). The flat-
slab also induces pronounced subsidence in the surrounding basins
(Espurt et al., 2007). Therefore, the LM is under two contrasting forces:
uplift in the north resulting from the push of the Nazca flat-slab which
likely overlaps with a large part of the forebulge; and subsidence in the
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south resulting from compaction of the deposited sediments, the loading
of the edge of the continental lithosphere by the overriding orogenic belt
(Dumont, 1996), and the subsidence induced by the flat slab (Espurt
et al., 2007). This setting is consistent with several field observations.
Rivers deposit most of their sedimentary load in the central and southern
LM, in which the accommodation space is provided by compaction and
subsidence (Lombardo, 2016). Pre-Cambrian rocks crop out in the north
of the LM (Hanagarth, 1993; Fig. 2), while the basement is found under
800 m of unconsolidated sediments in the central LM and at a depth of
3000 m along the edge of the sub-Andean zone (Plafker, 1964; Fig. 1).
The stress field in the LM is poorly understood. The World Stress Map
(Heidbach et al., 2018; Heidbach et al., 2016) shows a general trend of
SW-NE directed maximum horizontal stresses (Symax) based on earth-
quake data and borehole breakouts, associated with reverse faulting.
Assumpcao et al. (2016) analysed earthquake focal mechanisms to map
the intraplate stress field in South America. They report (W)SW-(E)NE
directed Symax in the entire Amazon Basin that lead to reverse faulting.
However, the data gap in our study area due to the lack of earthquakes
may obscure regional details. Norabuena et al. (1998) show that ~E-W
directed GPS velocities, with respect to stable South America, prevail in
our study area, but the number of stations in the LM is insufficient to
provide detailed information on whether or not the LM is in a regime of
shortening or extension. Thus, it remains unclear if the LM is under the
~(W)SW-(E)NE compressive stress field or if it undergoes regional
extension due to a bending lithosphere in a forebulge setting.

2. Methods

Neotectonic features of the LM have been identified using a mosaic of
15 TanDEM-X tiles covering the central and northern LM. The TanDEM-
X data have a spatial resolution of 0.4 arcseconds, which roughly cor-
responds to 12 m (raster size) in our study area (Esch et al., 2012), and 2
m relative vertical accuracy (4 m absolute vertical accuracy). Land cover
has been assessed based on Landsat 8 imagery accessed via GLOVIS
(https://glovis.usgs.gov/) using the (6,5,2) band combination. To
enhance the expression of small vertical changes within the general
landscape, the TanDEM-X mosaic has been represented using a rainbow-
like colour scale and image stretching. A de-trended image has been
visually analysed to detect slope inversions along paleochannels, which
have been interpreted as evidence of tilting blocks. First, 1170 points
have been randomly placed over the savannah in order to extract the

Table 1
List of Earthquakes provided by Observatorio San Calixto (personal communication).

Date Latitude Longitude Depth (km) Magnitude type Magnitude
02/01/1988 —16.14999962 —64.91000366 12 M 4.1
03/07/1996 —13.45230007 —64.44619751 35 mL 4.1
05/02/1997 —14.24300003 —65.84999847 33 3.9
06/11/1996 —9.590000153 —67.12000275 0 mb 4.2
07/04/1997 —12.80799961 —66.56900024 0 mL 4.5
07/12/2006 —15.9076004 —66.22100067 35 ML 4
08/08/1994 —13.87769985 —68.28479767 603 mb 5.4
09/06/1994 —13.80249977 —67.58809662 638 mb 7.1
09/06/1994 —13.9321003 —68.04029846 640 mb 5.9
09/06/1994 —14.00829983 —67.28469849 638 mb 5.2
10/06/1994 —13.99269962 —67.5196991 639 mb 4.2
11/07/1988 —16.2493 —65.93139648 35 M 4.6
12/05/2012 —17.96899986 —63.1609993 5 3.1
12/09/2019 —15.39420033 —64.85119629 585 5.7
13/01/1988 —13.64999962 —68 15 M 4.1
14/03/1995 —15.19110012 —64.86260223 585 mb 5.6
18/05/1978 —14.07299995 —66.1780014 33 4.9
21/03/1996 —14.33600044 —67.9285965 35 mb 4.7
22/06/1996 —12.39000034 —67.16000366 0 mL 4.6
22/11/2011 —15.36400032 —65.08999634 550 6.6
23/06/1994 —13.95429993 —67.09580231 650 mb 4.5
25/08/2018 —14.40079975 —66.4756012 16 4.1
28/03/2004 —16.74799919 —65.47100067 30 mb 4
31/12/1987 —15.98999977 —63.00999832 44 M 4
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elevation values while minimizing the elevation error due to the pres-
ence of forest (Lombardo et al., 2012; Fig. 3). Then, a trend surface has
been interpolated with the Trend tool in ArcGIS with a 12th order
polynomial using the elevation values of the savannah. The de-trended
image has been obtained by subtracting the trend surface from the
original DEM. The de-trended DEM shows the elevation anomalies with
respect to the average elevation, therefore making the tilting of the
paleochannels more evident (Zhang et al., 2020) All analyses have been
performed with ArcGis 10.7. The rotation angle of the tilting blocks has
been calculated by analysing the present-day slope of the paleochannel.
Given 2 points, A and B, along the paleochannel, the rotation angle has
been calculated as arctan (DH/DX), where DH is the difference in
elevation between point A and B along the paleochannel measured in the
de-trended DEM and DX is the along channel distance between A and B
(Fig. 4). Profiles across the fault scarps have been produced using the
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Cosi-Corr package (Leprince et al., 2007). The number of pixels used as
parameters for the topographic profiles are: stack length 501, stack
width 31, and stack spacing 32 for faults 1, 2, and 3 using the TanDEM-X
data. For additional measurements using SRTM data we chose stack
length 101, stack width 21, and stack spacing 22 for fault 5. Stack length
is about 3 km long on each side of the fault in order to have profiles long
enough to discard those parts of the profile that are covered with forest.
By doing so, the calculation of the vertical offset across the scarps is
based on those parts of the landscape that are covered with savannah
only. Fig. 5 shows an example of a topographic profile across fault 5
where the offset has been measured only from the part of the profile
without forest cover.

Fig. 2. A) Study area. Hill shade of the SRTM DEM with location of the studied faults (solid black lines; note that ticks mark the downthrown block and do not
necessarily imply normal faulting). Black dashed lines indicate river paleo courses, blue lines are the major active rivers. The red dots are earthquakes, size is
proportional to the magnitude, the label of the red dots is the depth of the earthquake in km. Earthquakes have been assembled by combining the database of the
Bolivian Observatorio San Calixto (Table 1) and the USGS dataset (USGS, 2020). Red and violet dashed lines represent the location of the forebulge as in Fig. 1. B)
Geologic map of the study area (Gomez et al., 2019). Only the main chronostratigraphic units are labelled: Qsl: Quaternary sedimentary siliciclastics; NQs1:
Neogene-Quaternary sedimentary siliciclastics; Ns1: Neogene sedimentary siliciclastics; MP2y: Mesoproterozoic plutonic granitics; Os1: Ordovician sedimentary
siliciclastics. All the faults are located within the same Qs1 unit, which is made of unconsolidated sediments of fluvial origin. (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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Fig. 3. DEM processing. In a the original DEM; In b points randomly placed over the savannah; in ¢ trend surface interpolated from the DEM value associated to each
of the points in b; d de-trended DEM derived from the original DEM (a) minus the trend surface (c).

Fig. 4. Calculation of the rotation of the tilted blocks. The thick line is a rep-
resentation of the topographic profile of a paleochannel as seen in the de-
trended image. The rotation is the arctan of DH/DX.

3. Results and interpretation
3.1. Location and geometry of the faults

Four active faults, visible as kilometre-scaled lineaments, have been
identified by visual analysis of the TanDEM-X digital elevation model
and by the analysis of topographic profiles. All of them are located in the
western part of the LM (Fig. 2). The fault scarps become visible in the
DEM once rainbow-like colour scale is applied and the image is
stretched. An additional fault (fault 4) running through an active flood
plain was previously inferred from the elevation difference of the left
and right river banks of the Mamoré river and from changes of its
planform (Lombardo, 2014).

The westernmost fault (fault 1 in Figs. 2 and 6) is located on the
western side of the Beni River. This lineament is 50 km long and runs
NW-SE. The northern block is elevated and the scarp faces towards the
SW (Fig. 6a). Vertical offset measurements along strike show an asym-
metric triangular pattern with a maximum vertical offset of around 4 m
7 km from the eastern end of the fault (Fig. 6d). The vertical offsets do
not increase continuously until they reach the maximum value but show
deviations of up to two metres from the general trend. This offset dis-
tribution is within the observed ranges documented in the literature (e.
g., Barka et al., 2002; Biirgmann et al., 1994; Haeussler et al., 2004;

Scholz, 1982). Fault 1 is followed by the forest-savannah ecotone for
most of its length. A series of s-shaped elongated lakes border the fault
(Fig. 6¢), resembling en-echelon fractures that form in shear zones (Choi
etal., 2018; Quigley et al., 2010; Shen and Rogozhin, 2018). Their angle
is about 45° with respect to the main fault trend. Thus, we interpret them
as tension fractures rather than Riedel shears (Fig. 6; Bartlett et al.,
1981; Riedel, 1929; Tchalenko, 1970; Tchalenko and Ambraseys, 1970).
This indicates that the fault has a significant left-lateral component
where it is striking ~E-W. No such features were found along the NW-
striking sections of the fault. We found no markers that would allow
for precisely measuring single-event lateral offsets or cumulative hori-
zontal displacements. At its NW tip the fault appears to left-laterally
offset an NE-SW elongated ridge, but due to the dynamic river system
no suitable markers are preserved and we refrain from quantitatively
interpreting a potential lateral component of motion. The rather sinuous
fault trace is not typical of pure strike-slip faults, which tend to be
straight in map view due to their usually steep or vertical dip (e.g., the
San Andreas Fault in California, the Altyn Tagh Fault in China, the North
Anatolian Fault in in Turkey, the Dzhungarian and Chilik Faults in
Kazakhstan, the Dinaric strike-slip faults in Slovenia, etc.). However,
such curvature is known from dip-slip faults. Thus, we interpret fault 1
as a dip-slip fault based on its sinuous surface trace and on the typical
distribution of the vertical offset. Along its E-W trending section, a left-
lateral component of motion is likely. The plateau in vertical throw
between 10 and 30 km along strike could also indicate that a significant
portion of the total slip is taken up by left-lateral motion (Fig. 6).
Further to the east, we find a second fault scarp within the fan of the
Beni River (Fault 2 in Fig. 7), which runs perpendicular to the river
channels. Fault 2 is 25 km long and strikes NW-SE. It is almost a
continuation of fault 1, but runs slightly further to the SW. The fault
scarp faces towards the NE and the southern block moved up relative to
the northern one. We measured a maximum vertical displacement of
about 8 m at about a third of the fault's length from its eastern tip.
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Fig. 5. Example of vertical offset calculation. The solid black line marks the fault with ticks on the downthrown block. The blue lines in the plot are interpolated only
on the portion of the profile that correspond to savannah land cover, discarding the forested portion of the profile. In this case (stack number 2 along fault 5 in
Fig. 12) the vertical offset is 16 m. (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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Fig. 6. Fault 1. Panel a shows the fault (solid black line with ticks on the downthrown block) and the land cover, as seen on Landsat imagery, green for forest, pink
for savannah. Panel b shows the fault over the digital elevation model. Panel c shows elongated S-shaped lakes formed in what seem to be en-echelon tension
fractures, striking 45° with respect to the main fault trend. Panel d shows the digital elevation model with enhanced stretching and the location of the stack used for
the topographic profile shown in panel f. The inset shows the direction of Riedel shears (R, R'; Riedel, 1929), X- and Y-shears (X, Y), and tension fractures (T) relative
to the main shear zone in a left-lateral setting. ® is the angle of internal friction. Modified from Bartlett et al. (1981). Panel e shows the along-strike vertical offset
measured every 500 m. Panel f shows a topographic profile across the fault. See location in Fig. 2. (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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Fig. 7. Fault 2. Panel a shows the NW-SE oriented
fault scarp with the Beni paleo-meander belt east of
the uplifted block. Panel b shows the fault scarp over
the land cover. Panel c, topographic reversal of a
paleochannel as seen on the de-trended DEM. In
absence of any tectonic movement, the paleochannel
in the de-trended image should be horizontal. How-
ever, the tilting of the surface caused that its northern
part is now 2 m more elevated than it was when the
river channel was active. Panel d shows the vertical
offset distribution along the fault. Panel e shows the
topographic profile across the fault calculated over
the blue swath in panel a. See location in Fig. 2. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

8] \
/'v e ¢ \ d & e
E 6. : | 1 _ 194 \
= 6 ¢\ \ Vi ")
& NN \ © 192
o) 4 / \‘ Al NI rA\’\\ £
| [ A 190
T T T T } 188 T T |
30 24 18 12 6 0 0 4 8 12
Position km Distance km

Overall, the offset distribution is triangular, but more symmetrical than
that of fault 1. The fault crosses a pre-existing paleochannel (Fig. 7).
While the general drainage direction of the LM is from south to north,
the slope of the paleochannel (Fig. 7c) on the SW block is reversed
(towards the SW) due to block tilting. We measure a tilt angle of 0.028°
on the SW block. Where the fault crosses the paleochannel, headward
erosion within the paleochannel indicates a retreating knickpoint. At
this location, both sides of the fault are covered by savannah (Fig. 7b).
The southern margin of the uplifted areas has been later eroded by the
Beni River. We interpret this fault as a dip-slip fault based on the same
criteria as used for fault 1 and the clear backtilt of the footwall.

The third fault (fault 3 in Fig. 2) is located in the centre of the western
LM and visible as a 67 km long lineament running NW-SE (Fig. 8). The
fault crosses a paleochannel of the Beni River and its scarp faces towards
the NE, indicating a tilting of the SW block with uplift of its NE part. The
vertical offset is rather constant along the entire length of the fault, with
a maximum of 3 m about 15 km from the fault's NW tip. Here, tilting of
the SW block caused a slope inversion of the formerly East-draining
paleochannel. Consequently, a 15 km long lake formed southwest of
the fault (Fig. 8c). A field survey at the site 65.9468140°W;
13.6961780°S revealed that the 3 m vertical displacement is actually
distributed across three different fault scarps of about 1 m in height,
spaced about 30 m (Fig. 9). This complexity cannot be resolved from the
TanDEM-X data. We interpret this fault as a dip-slip fault. Pre-
Columbian agricultural fields, raised fields built in order to improve
soil drainage (Lombardo et al., 2011), were built along the edge of the
upthrown block (Fig. 8e), providing a minimum age of ca. 500 yrs. BP
for the fault scarp formation. Upriver from the lake, a small underfit and
probably seasonal river flows into the lake. The levees of this small river
are still visible inside the lake (Fig. 8d), suggesting that the lake formed

after the establishment of this small river and, therefore, also after the
abandonment of the channel by the Beni River. Between the lake and the
fault, the 12 km long portion of paleochannel is currently being eroded
eastward by a creek. Several paleochannels of the Beni River cross faults
2 and 3 (Fig. 10). The faults influenced river planform in two ways: i)
changes in river direction when paleochannels cross the fault 2 and ii)
changes in the sinuosity index, with an important decrease in sinuosity
between fault 2 and 3, probably caused by the slope reduction caused by
block tilting. These changes in paths and meandering patterns provide
further elements to build a relative chronology of these faults.

The fourth fault is not visible as a distinct scarp because the down-
thrown eastern side of the fault is occupied by the Mamore River
meander belt. Here, the Mamore River goes through a series of com-
pressed meanders followed by asymmetric ones. These meanders,
together with a 5 m difference in elevation between the eastern and the
western floodplains of the Mamore River, and the presence of rapids
already suggested a SSW-NNE oriented fault (Dumont, 1996; Lombardo,
2014). We interpret the structure as a dip-slip fault. Here, the pattern of
paleochannel slope reversal and creek incision is repeated. The tilt
caused a reversal of the slope of the paleochannel, with a vertical dif-
ference of 3 m along 40 km (Fig. 11). The rotation of the block is 0.004°.
A creek is eroding along 27 km of the eastern part of the uplifted pale-
ochannel and then drains into the Mamoré River. The tilting of the block
is also visible in the paleolevees of the former Beni River. These are
buried in correspondence with the downthrown side of the fault 3. The
levees gradually rise eastwards and become 5 m higher than their distal
back swamps at the upthrown side of fault 4 (Fig. 11). As for the previous
fault, the reversal of paleochannel longitudinal profiles formed a 40 km
long shallow lake/swamp (Fig. 11b). The two rivers flowing north of the
Beni paleochannel, the rivers Omi and the Irunyanez, have a horizontal
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Fig. 8. Fault 3. Panel a shows the NW-SE striking fault scarp. Panel b illustrates the vertical offset along the fault. Panel ¢ shows the topographic profile across the
fault, see blue stack in panel a for location. Panel d, lake formed inside the Beni River paleochannel. Panel e shows pre-Columbian raised fields built along the edge of
the upthrown block, taking advantage of the improved drainage. See location in Fig. 2. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 9. Fault 3 as seen from the field. In a, view towards NE of two scarps. In b view towards SW of the third scarp.
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Fig. 10. Changes in rivers planform induced by the faults. Pink lines represent paleochannels of the Beni River. All the paleochannels change direction when crossing
fault 2. The southernmost paleochannel has a sharp reduction in sinuosity (SI) when crossing the block between fault 2 and 3, indicating that block tilting reduced the
slope. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Fault 4. Panel a shows the de-trended image of the second reversal of the Beni paleochannel. Black line indicates the estimated position of fault 4 with ticks
on the downthrown block. In panel b, wetlands formed inside the Beni River paleochannel as seen on a landsat image. See location in Fig. 2.

profile in the de-trended image, indicating that the interpolated trend above the seasonal floods (Fig. 12). This 50 km long fault strikes ~NNW-
image correctly represents the general slope of the landscape. SSE in its northern part and curves to a N-S trend at its southern tip. We

The fifth fault is located north of the Llanos de Moxos, cutting measure a maximum vertical offset of 20 m in its southern part, 5 km
through upland Miocene sediments (Roddaz et al., 2006) that stay well away from its tip. The offset distribution is rather smooth and triangular,
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Fig. 12. Fault 5. The inset shows the along fault vertical offset, which reaches a
maximum of 20 m. The fault crosses the Beni River, inducing a change in its
sinuosity index (SI) from 2.3 to 1.3. See location in Fig. 2.

but skewed to the S. The northern tip of the fault crosses the Beni River.
In coincidence with the fault, the river sinuosity drops to 1.3 along a 40
km long upriver segment, which is consistent with a decreasing slope.
We interpret fault 5 as a dip-slip fault.

3.2. Changes induced in the hydrological setting by the faults

Neotectonics has shaped the river system in the Bolivian Amazon by
triggering changes in river planforms and paths (Figs. 10, 12-15).

Dumont (1996) already observed that the Beni and Grande River
avulsions were the result of neotectonic movements, with the Beni River
being forced to the north by a N-striking fault located between the Pando
Block and the Beni River (Figs. 1 and 2). The mechanism for the avulsion
of the Mamoré River is less clear. Plotzki et al. (2013) suggested that the
Mamoré River avulsion was triggered by an increase in water discharge
that happened as a result of climate change towards wetter conditions at
around 4 kyrs BP. However, our data suggests that the avulsion of the
Mamoré was caused by neotectonics. The de-trended image of the
paleochannel and the Mamoré River shows asymmetric backswamps, a
variable width of the gallery forest, and changes in the paleo river di-
rection (Fig. 13). These observations suggest a neotectonic influence on
the paleo-Mamoré planform. Fig. 14 shows the trend image (the general
slope of the LM) with the courses of the modern and paleo Mamoré and
Beni Rivers. For both rivers, the paleo-courses follow the steepest slope.
In contrast, the modern courses, right after the avulsion points, are
orthogonal to the line of maximum slope. This further suggests that the
avulsions of both the Beni and Mamoré Rivers were caused by faulting
and related tilting of the footwall and hanging wall blocks. Currently,
the upper course of the Machupo River, which partly flows inside the
Mamoré paleochannel, is getting closer to the Mamoré River. It is only
700 m away from reaching the Mamoré River and potentially triggering
a catastrophic avulsion of the Mamoré River into its own paleochannel
(Fig. 14). The analysis of the modern Beni and Mamoré Rivers supports
the location of the forebulge shown in Aalto et al. (2003) and Roddaz
et al. (2006). Both rivers have a drop in sinuosity after entering the
forebulge (Fig. 15). The Beni River shows a sharp reduction in
meandering after entering the forebulge. In case of the Mamoré River,
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Fig. 13. Detrended image of the Mamoré River avulsion and paleochannel. The
paleochannel shows three changes in direction along its first 30 km from the
avulsion point along with a thin gallery forest. The backswamps are asym-
metric, with the western backswamp being far wider than the eastern one. See
location in Fig. 2.

Fig. 14. General topography of the LM derived from the trend image. Major
rivers in dark blue, river Machupo in light blue. Dashed lines show the paleo-
channels of the Beni and Mamoré Rivers. The red square is where the Machupo
is about to capture the Mamoré River. Boxes a, b and c indicate the location of
panels a, b and c in Fig. 15. (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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Fig. 15. Effects of the forebulge on the hydrology. The dashed red line indicates the southern boundary of the forebulge based on Aalto et al. (2003); the dashed
violet line indicates the axes of the forebulge based on Roddaz et al. (2006). (a) The Beni River shows a drop in meandering and sinuosity after entering the forebulge.
(b) The Mamoré River shows compressed and then asymmetric meanders interpreted as resulting from fault 4, followed by a reduction in sinuosity after entering the
forebulge. (c), The de-trended image shows positive topographic anomalies north of a group of lakes of tectonic origin, with an inverted profile of 3 paleo courses of
the Beni River. Paleo water flow was from south to north. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

the reduction in meandering follows the turns to the right in corre-
spondence with fault 4. Uplift related to the forebulge is also evident in
the formation of a group of tectonic lakes in northern Llanos de Moxos
(Fig. 15). The difference of the topographic anomalies between the south
and the north of lake Rogaguado is about 4.5 m, which roughly coincides
with the depth of the water plus the length of the column of lacustrine
sediments in lake Rogoaguado (Lombardo, 2014).

4. Discussion

Several studies have used geomorphic evidence to infer neotectonic
activity in the Bolivian lowlands (Dumont and Fournier, 1994; Hana-
garth, 1993; Lombardo, 2014), however, direct evidence of faulting has
been lacking. Here we use digital elevation models to identify the ex-
istence of four previously unknown fault scarps in the Bolivian Amazon
and provide further data to support the already proposed existence of a
fault along the Mamoré River (fault 4). In very active alluvial plains like
the LM, fault scarps can be considered very recent features, Pleistocene
to Holocene, as fluvial activity tends to erase any surficial evidence of
past earthquakes. Hence, they testify to active tectonics.

4.1. Normal or reverse faulting?

The fault scarps that we describe in this study are due to dip-slip
faulting, perhaps with a strike-slip component that could explain the
en-echelon geometry of s-shaped elongated lakes along the trace of fault
1 (Fig. 6). Both reverse and normal faults could lead to the observed
vertical offsets and block tilting.

If faults 1, 2, 3, and 5 were reverse faults in a SW-NE compressional
stress field, the most likely mechanism would be a far-field push of the
Andes (cf., Bonnemaison et al., 1985; Suarez et al., 1983). The regional
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stress field indicates (W)SW-(E)NE shortening, although no data are
available for our study area (Assumpcao et al., 2016; Heidbach et al.,
2018; Heidbach et al., 2016). GPS observations (Norabuena et al., 1998)
also point to such a stress regime. Rasanen et al. (1992) have argued that
the area NW of the LM is characterized by contractional foreland
deformation based on the analysis of the fluvial depositional system. An
argument in favour of this interpretation is the occurrence of folding and
reverse faulting elsewhere east of the Andes (Bellahsen et al., 2016;
Bonnemaison et al., 1985; Costa et al., 2000; Costa et al., 1999; Costa
et al.,, 2018; Rimando et al., 2019). For example around 32°S, in the
Eastern Sierras Pampeanas in Argentina, shortening is accommodated
by reverse faults far from the Andean front (Costa et al., 2021). Similar
observations stem from other active orogens worldwide such as the
Zagros (e.g., Zebari et al., 2020), the Tien Shan (e.g., Scharer et al.,
2004), or the Hindukush/Pamirs (e.g., Gagata et al., 2020; McNab et al.,
2019). However, in these settings shortening on reverse faults is mostly
accompanied by anticlinal growth and activity on roughly parallel
structures. We do not observe this pattern in our study area. Long
topographic profiles (Figs. 6-8) across the faults in the LM show pure
block tilting, which has been observed as a result of normal faulting in
extensional settings in the long term (e.g., Goldsworthy and Jackson,
2000) and in individual earthquakes (e.g., Vittori et al., 2011). Earth-
quakes on reverse fault often result in folding of the hanging walls (e.g.,
Lin et al., 2001; Philip and Meghraoui, 1983), which we do not observe
here. If the entire study area is under a (W)SW-(E)NE regime of Symax,
the observed S-shaped lakes along the E-W trending segments of fault 1
could indeed be due to tensile fracturing with a 45° orientation with
respect to the main shear zone. In this case the NW-SE striking fault
segments should show pure dip-slip, which fits our observations. Sinis-
tral shear on E-W faults is expected in such a stress field, and fault 4
should have a dextral component of motion due to its ~N-S orientation.
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Most of the faults may as well include a horizontal component of motion,
at least in those segments that are not oriented perpendicular to Symax,
but we need more data to confirm this. If the NW-SE oriented faults that
we describe here were normal faults in an extensional setting, the most
plausible mechanism would be extension on top of the flexural fore-
bulge, which underlies the LM (Aalto et al., 2003; Baby et al., 2009;
Mora et al., 2009; Roddaz et al., 2006). This interpretation is supported
by the shape of the tilted fault blocks as seen in our topographic profiles.
No folding is associated with the faults in the LM, but normal faulting
would lead to the observed features. An additional argument in favour of
normal faulting is the observation that faults 1 and 2 show opposing dip
directions, which indicates a graben-like setting. Arguments against
normal faulting are the lack of similar structures elsewhere along the
forebulge, the location of the faults close to the main deformation front
(fault 5 is ~80 km from the anticlines at the NE side of the Andes).
Furthermore the faults' location does not fit the inferred trace of the
forebulge. The faults described here are located both to the SW and to
the NE of the forebulge locations reported in the literature (Aalto et al.,
2003; Roddaz et al., 2006). We note, however, that the location of the
forebulge is probably not well known because sub-surface data are
sparse.

Fault 4 runs perpendicular to the trend of the Andes, but parallel to
the SE border of the Fitzcarrald Arch. The load of this topographic high
may induce an additional bending moment on the crust that would lead
to E-W extension. This could explain normal faulting along fault 4 and
fault 5, which is also oriented N-S.

4.2. Earthquake potential

Fault 1 has a length of 50 km and a maximum vertical throw of 4 m
(Fig. 6). Both the length and the offset could be explained with a single
normal faulting earthquake of around magnitude My?7.1, using the
empirical relationships between magnitude and rupture length/
maximum offset for normal/all types of faults (Wells and Coppersmith,
1994). A reverse earthquake would give a similar magnitude when
looking at the rupture length, but a magnitude of only My6.8 when
using the maximum offset. We note, however, that this latter relation-
ship is prone to very large uncertainties (Wells and Coppersmith, 1994)
and we refrain from using it. The offset-to-length ratio of fault 1 is 8 x
10> and lies within the typical range of single-earthquakes reported in
the literature (10’5—10’4), see review in Kim and Sanderson (2005). The
asymmetrical slip distribution might indicate that the fault actually
continues further towards the SW and that its surface expression there
has been eroded by the Beni River. We carefully analysed the DEMs but
did not find any landscape features that would help to solve this. Also,
the amount of possible left-lateral motion (Fig. 6¢) must remain obscure
due to the lack of markers.

Fault 2 is only 25 km long and has a maximum vertical uplift of 8 m.
This is an offset-to-length ratio of 3 x 10~#, which exceeds typical values
for single events (Kim and Sanderson, 2005). In case of a single earth-
quake, the rupture length and the (maximum) offset would correspond
to magnitudes of My6.7 and My7.3, respectively, using the equations of
Wells and Coppersmith (1994) for normal/all types of faults. This
discrepancy also indicates that the scarp is a multi-event feature.
Additional support comes from the observation that the slip distribution
along strike is more symmetrical and that the fault tips are not marked
by active rivers. Thus, we probably see the cumulative effect of a number
My ~ 6.7 earthquakes, each of which with typical maximum offsets of
~1.5m.

The scarp of fault 3 is 67 km long, but only 3 m high. This is an offset-
to-length ratio of 4.5 x 10>, which would fit a single event (Kim and
Sanderson, 2005). Using the empirical relationships of Wells and
Coppersmith (1994) for normal faulting quakes and those for all types of
events, the length would correspond to earthquakes of My7.2. The
maximum offset would give My7.0 (normal faulting and all types of
earthquakes). Although field evidence shows that the 3 m-high scarp
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consist of three single steps, the relationship between fault length and
offset indicates that this might be a single-event scarp. The slip distri-
bution is rather symmetrical (Fig. 8d). The length of this continuous
scarp is unusual. Jackson and Blenkinsop (1997) and subsequent studies
point out that the length of normal faults appears to be controlled by the
seismogenic thickness of the crust. Our study area is situated where the
elastic thickness changes from only 30 km in the west (Tassara et al.,
2007) to more than 60 km in the east (Pérez-Gussinyé et al., 2008; Pérez-
Gussinyé et al., 2007), but the sparse crustal seismicity does not exceed
35 km depth. We therefore assume that the seismogenic thickness is in
the order of 35 km. Thus, the extraordinary long continuous scarp hints
to a reverse fault.

Fault 4 is 40 km long and shows a vertical offset of 5 m. We suggest
that, similar to fault 1, these values favour a single-event rupture with a
magnitude of around My7-7.1. Given the regional stress field, the fault
could have an unknown component of dextral motion, which we cannot
quantify.

The fault located furthest to the NW, fault 5, has a length of 50 km
and 20 m maximum vertical offset. This is an offset-to-length ratio of 4
x 10™* which exceeds typical values for single events (Kim and Sand-
erson, 2005). Using the rupture length, the empirical relationships of
Wells and Coppersmith (1994) for reverse, normal, and all types of
earthquakes result in a potential magnitude of Myw7.1. The offset,
however, would point to very high magnitudes of My7.5-7.6. Therefore,
we interpret this scarp as the result of multiple earthquakes. The fact
that the maximum slip was measured close to its southern tip might
again hint on a longer fault whose surface expression has been partly
removed, but we do not have any subsurface data to further investigate
this issue.

Several of the faults discussed here show slip distributions that
deviate from the classical bell shape (e.g., Opheim and Gudmundsson,
1989). However, it has become increasingly clear that the slip distri-
bution per earthquake might actually be highly variable (Fletcher et al.,
2014; Ghose et al., 1997; McGill and Rubin, 1999) and skewed trian-
gular slip distributions are not uncommon (Barka et al., 2002; Biirgmann
et al., 1994; Haeussler et al., 2004; Scholz, 1982). Thus, it is not clear if
the asymmetric distribution of vertical offsets really hints to longer
faults. Our remote mapping already revealed very long continuous
faults, which could be associated with large earthquakes. Furthermore,
due to the lack of earthquakes and subsurface data, it must remain un-
certain for now if the faults cut the entire seismogenic thickness or if
they are, for example, restricted to the upper part of the bending crust as
is the case in the oceanic lithosphere (Craig et al., 2014).

The presence of several reversals of paleochannels further suggests
that the alluvial plains of the northern LM are affected by several tilting
blocks. The tilting is very small, between 1072 and 10~ degrees, but,
given the flatness of the landscape in the LM, its effect is notable. No
absolute chronology for neotectonics activity is available as yet.
Nevertheless, some relative chronologies can be established based on
the sequence of events. For example, fault scarp 2 formed after the
abandonment of the tilted paleochannel, but before the formation of the
Beni paleoriver that eroded the southern margin of the uplifted block
(Fig. 7a). Likewise, the age of fault 3 is bracketed by the formation of the
lake (Fig. 8d) and the construction of the raised fields (Fig. 8e).

Faults 1-3, located south of the forebulge and roughly with the same
NW-SE orientation, can be interpreted as having formed as reverse faults
due to SW-NE shortening as a far field effect induced by the Andes, or as
normal faults due to the extensional regime between the sub-Andean
thrust and the forebulge (Bradley and Kidd, 1991). The latter interpre-
tation is supported by the occurrence of faults with opposing dips that
form a graben (faults 1 and 2) and the uplift and tilt of the footwall
blocks. The uplift of the forebulge is also consistent with the planform of
the rivers Beni and Mamoré and with the uplift responsible for the for-
mation of lakes inside paleo Beni River valleys in the north of the LM
(Fig. 12). The Moxos plains are a good example of the type of effects the
forebulge induces in alluvial plains. However, the location of the
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backbulge is here occupied by the Fitzcarrald Arch. This means that the
forebulge is not located in between two subsiding basins forming a horst-
graben like structure. Instead, the area north of the forebulge is still
uplifting.

The uplift of the Fitzcarrald Arch could explain the roughly north-
south direction of faults 4 and 5. Subsidence in the LM and uplift in
the arch leads to a downbending of the crust towards the east and, thus,
to ~E-W extension in the (upper) crust. The Llanos de Moxos is therefore
situated in a rather special tectonic setting where the effects of the
forebulge and the uplift of the Fitzcarrald Arch due to flat-slab sub-
duction cause multi-directional extension. Although driven by different
forces, almost radially divergent extension is for example also docu-
mented in SW Turkey (Howell et al., 2017) and leads to a variety of
different graben orientations there.

While there is convincing evidence for the uplift of the forebulge and
Fitzcarrald Arch to the north, there is no geomorphic expression of the
foredeep subsidence along the pre-Andes. Foreland basins are normally
deformed by extensional faults that trend parallel to the orogen (Del-
gado et al., 2012), but in the LM the effect of these faults on the river
system seems to be very short lived, being immediately erased by river
re-configuration.

Neotectonics had a fundamental role in shaping the modern land-
scape in the LM. The avulsion of the Mamoré River has been interpreted
as resulting from an increase in water discharge (Plotzki et al., 2013).
Our data suggest that the Mamoré River could have been pushed west-
wards by a tilting block. This would explain the “unnatural” counter-
clockwise movement of the river that led the Mamoré to leave its path
along the line of maximum slope (Fig. 13). The dating of the fluvial
sediments and of the beginning of the clay deposition in the paleo
Mamoré oxbows could provide a minimum age for the avulsion. It is
impossible to estimate the risk of new earthquakes and fault movements
at this stage. However, the identification of these five faults allows
future paleoseismic studies that can help establish earthquake recur-
rence intervals. Nevertheless, an important risk can be already identi-
fied. The current courses of the Beni and Mamoré Rivers partly flow
orthogonal to the line of maximum slope, potentially inducing a clock-
wise avulsion. This risk seems to be higher for the Mamoré because its
course could soon be captured by the Machupo River (a tributary of the
Iténez River), which is just 700 m away from reaching the Mamoré
meander belt (Fig. 13). The backwards erosion of the Machupo should
be closely monitored in order to forecast the moment when the capture
could take place. Such a capture would have catastrophic effects for the
villages of San Ramén and San Juaquin, which are both established
along the Machupo River, and the many private ranches that would be
flooded.

Paleoecological reconstructions based on paleobotany have shown
important changes in the vegetation in the LM during the Holocene
(Lombardo et al., 2019; Mayle et al., 2000), with the most important
being an expansion of the rain forest between 4 k - 2 k BP associated to
an increase in precipitation. It has been proposed that this climatic shift
was responsible for a sharp increase in river avulsions and crevasse
splays in the central LM starting around 4 kyrs BP (Lombardo et al.,
2018), which shaped the modern landscape of the central and southern
LM and the patterns of pre-Columbian human occupation and land use
(Lombardo et al., 2015; Lombardo et al., 2012). However, we think that
only after a reliable chronology of neotectonics processes has been
established, will we be able to identify the relative importance of climate
vs. neotectonics in shaping the landscape and landcover of the LM.

The area of the northwestern LM where the fault scarps have been
identified is where the highest concentration of anthropogenic forest
islands is found (Lombardo et al.,, 2020). These forest islands are
archaeological sites with almost continuous occupation since ca. 10.800
yrs. BP until ca. 2.500 yrs. BP. It is likely that changes in the fluvial
network and local drainage caused by block tilting could have changed
the local environment of these pre-Columbian populations, with sig-
nificant effects on the type of resources available. Combining
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paleoseismic reconstructions with archaeological work could provide
new data on societal resilience and human environment interactions in
SW Amazonia during the Holocene.

5. Conclusions

Active faults in the Bolivian Amazon, a region currently considered
free of seismic risk, have been identified and described. We report on 5
long (between 25 km and 67 km) fault scarps with maximum offsets
between 3 and 20 m. These faults have largely controlled the evolution
of the landscape of the Bolivian Amazon since the late Pleistocene by i)
inducing river avulsions (Figs. 13 and 14) and changes in meandering
(Figs. 10 and 15); ii) by changing the local drainage (Fig. 8); and iii) by
reversing the slope of river paleochannels and transforming them into
lakes (Figs. 11 and 15). The geodynamics of the Bolivian Amazon seems
to be characterized by an extensional setting with normal faults driven
by the interplay of the subsiding foreland basin and the uplifting of the
forebulge and Fitzcarrald arch. An alternative explanation that would fit
our data is an overall (W)SW-(E)NE shortening regime, in which case the
faults had a reverse mechanism. This is supported by the occurrence of S-
shaped lakes on E-W trending fault segments that probably result from
tensile fracturing. However, due to the lack of suitable markers, we
cannot quantify potential horizontal offsets that would allow deeper
insights into these questions. Our study shows that the seismic risk for
the local population is not zero. The geometry of the faults suggests
earthquakes of very high magnitudes of My ranging from 6.7 to 7.6
could have taken place. Even if these earthquakes cause small changes in
the regional topography, these can lead to important river avulsions
with potentially catastrophic consequences, as it happened during the
mid-Holocene when the Mamoré river changed its course. The analysis
of the digital elevation model of the Llanos de Moxos shows that the
current course of the Mamoré is not the one that goes along the line of
maximum slope, suggesting that the Mamoré could soon switch back to
its previous course. Absolute chronologies for these faults are currently
lacking, but they are very much needed in order to assess the risk of
future earthquakes for the local population and to assess to which extent
neotectonic processes influenced pre-Columbian settlement patterns
and cultural trajectories.
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