ELSEVIER

Journal of Structural Geology 29 (2007) 664—680

JOURNAL OF
STRUGCTURAL
GEOLOGY

www.elsevier.com/locate/jsg

Late Quaternary kinematics, slip-rate and segmentation
of a major Cordillera-parallel transcurrent fault:
The Cayambe-Afiladores-Sibundoy system, NW South America

A. Tibaldi ®*, A. Rovida °, C. Corazzato ?

 Dipartimento di Scienze Geologiche e Geotecnologie, Universita di Milano-Bicocca, Milano, lialy
® Istituto Nazionale di Geofisica e Vulcanologia, sezione di Milano, Milano, Italy

Received 21 April 2006; received in revised form 28 November 2006; accepted 28 November 2006
Available online 2 February 2007

Abstract

We describe the recent activity of the Cayambe-Afiladores-Sibundoy Fault (CASF) and recognise it as one of the major potential active struc-
tures of northwestern South America, based on field observations, stereoscopic aerial photos of offset late Pleistocene-Holocene deposits and
landforms, and crustal seismic activity. The CASF runs for at least 270 km along the sub-Andean zone of northern Ecuador and southern
Colombia. We measured systematic latest Pleistocene-Holocene right-lateral strike-slip motion and right-lateral reverse motion consistent
with earthquake focal mechanism solutions, and estimated a 7.7 + 0.4 to 11.9 &£ 0.7 mm/yr slip-rate. Magnitudes of the earthquakes that could
be generated by possible fault-segment reactivation range up to M 7.0 £ 0.1. The CASF should be considered as a major source of possible
future large magnitude earthquakes, presenting a seismic hazard for the densely populated regions to the west. The CASF is part of the tectonic
boundary of the North Andean block escaping NNE-wards with respect to the stable South American plate.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The Andes of Venezuela, Colombia and north-central Ecua-
dor behave as a microplate, the North Andean Block, which has
been moving NNE-wards with respect to the more stable South
American plate since at least the late Pleistocene-Holocene
(Tibaldi and Ferrari, 1992) to the Present (Kellogg and Vega,
1995; Trenkamp et al., 2002). Based on seismic data, Pennington
(1981) placed the eastern boundary of this microplate with
the South American plate along a right-lateral strike-slip fault
zone from the Guayaquil Gulf in Ecuador to the northern
Venezuela coast (Fig. 1). More recent neotectonic field data
and analyses of local seismicity depict a more complex
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fragmentation of the North Andean Block, represented by Ho-
locene and active motion along nearly parallel transcurrent and
reverse faults that partition the deformation (Ferrari and Ti-
baldi, 1992; Balseca et al., 1993; Paris and Romero, 1993; Cho-
rowicz et al., 1996; Ego et al., 1996; Taboada et al., 2000;
Tibaldi and Romero, 2000). These recent discoveries suggest
new potential seismogenic faults. Recognising the major seis-
mogenic faults and their features is fundamental for seismic
hazard, and risk assessment and management. In the Andes of
northern Ecuador and southern Colombia, it is unclear which
are the major active faults despite the occurrence of large seis-
mic events.

Using new geological-structural field data on offset late
Pleistocene-Holocene geomorphic features and deposits, seis-
mic data on distribution of crustal earthquakes and related fo-
cal mechanisms, and interpretation of stereoscopic aerial
photos, we describe the latest Pleistocene-Holocene activity
of the Cayambe-Afiladores-Sibundoy Fault (CASF), which al-
lows us to recognise it as a potential major active structure of
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Fig. 1. Plio-Quaternary tectonic framework of the North Andean Block. Fault traces are from Pennington (1981), Tibaldi and Ferrari (1992), Ego et al. (1996) and
Taboada et al. (2000). PF = Pallatanga Fault, IV = Interandean Valley, CCF = Cayambe-Chingual Fault, AF = Afiladores Fault, RFS = Romeral Fault System,
GF = Garzon Fault, AIF = Algeciras Fault, GFS = Guaicaramo Fault System, BF = Bocono Fault, SMB = Santa Marta-Bucaramanga Fault; G = Guayaquil,

Q = Quito, P = Pasto, B = Bogota. Boxes show locations of Figs. 2 and 13.

northern Ecuador and southern Colombia. Some evidence of
late Quaternary activity of the Colombian part of this structure
was given by Tibaldi and Romero (2000), whereas Velandia
et al. (2005) used satellite image interpretations. In this paper
we recognize the recent/active fault traces that suggest a seg-
mentation of the CASF. This result is of international interest

because the CASF represents part of the eastern main tectonic
boundary of the northern Andes. Our conclusions can be com-
pared with studies in neighbouring regions. This work also
provides two methodological contributions: first, it describes
how fault slip-rates can be reconstructed in a region where
geological and environment characteristics do not allow
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classical radiometric dating of offset deposits. We instead used
systematic age estimation of the landforms cut by the fault
segments based on regional/global changes with local calibra-
tion points, as a first-order control on the morphological evo-
lution. As a second methodological contribution, we used
systematic morphometric analyses along the entire length of
the structures. In this way, we calculated the slip-rates related
to different time spans (different ages of offset landforms and
deposits) and the slip-rates for the same time span but in dif-
ferent fault segments of the structure and at different points of
the same segment. This approach allows better constraints on
the kinematics and behaviour of a fault.

2. Geological background and tectonic setting

Two geographically and geologically different regions
characterise the NW part of South America: the flat and stable
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Amazonian shield to the east and the active and deformed
mountainous Andean area to the west, associated with the
eastward subduction of the Nazca oceanic plate beneath the
South American continental plate. In Ecuador (at about 2°S)
the Andes divide into two parallel chains, the Western Cordil-
lera and the Cordillera Real, separated by the Interandean Val-
ley. In Colombia the Andes divide into three ranges, the
Western, Central and Eastern Cordilleras (Fig. 1).

In Ecuador and Colombia (Fig. 2), the Western Cordillera is
mainly composed of a Cretaceous-Eocene sequence of igneous
and marine sedimentary rocks (Henderson, 1979; Lebrat et al.,
1987; Gonzalez et al., 1988) accreted to the South American
continental margin during the Early Tertiary (Feininger and
Bristow, 1980; Roperch et al., 1987; Litherland and Aspden,
1992). The fault systems of the Interandean Valley in Ecuador
and of the Cauca-Patia Valley in Colombia (Romeral Fault
System, Fig. 1) follow a Late Cretaceous-Early Tertiary suture
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Fig. 2. Geological sketch-map of Northern Ecuador and Southern Colombia,

from this study, Barberi et al. (1988), INGEOMINAS (1988), Wallrabe-Adams (1990)

and Tibaldi and Ferrari (1992). Map location is shown in Fig. 1. Box shows location of Fig. 3.
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between an island arc and the continental paleomargin (Lither-
land and Aspden, 1992).

The Cordillera Real in Ecuador and the Central Cordillera
in Colombia (Fig. 1) are part of a metamorphic belt that runs
continuously from the Caribbean coast of Colombia and
Venezuela to the Peruvian border (DGGM, 1986; Gonzalez
et al., 1988) (Fig. 2). The Eastern Cordillera of Colombia is a
NNE trending intracontinental belt made up of Precambrian-
Palacozoic metamorphic rocks and Mesozoic-Cenozoic
deformed sedimentary rocks (review in Taboada et al., 2000).

The Sub-Andean Zone represents the connection between
the high Andean ranges and the Amazonian lowland. It mainly
comprises volcanic and sedimentary rocks (Fig. 2) thickening
eastward and covering the metamorphic basement of the
Precambrian Guayana Shield (Feininger and Bristow, 1980;
Gonzalez et al., 1988).
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3. The Cayambe-Afiladores-Sibundoy fault
3.1. Structural framework

The Ecuadorian segment of the CASF, and its Quaternary
activity, was first described by Ferrari and Tibaldi (1989)
and Tibaldi and Ferrari (1992) as the Cayambe-Chingual fault
and then by Ego et al. (1996) as the Cayambe-La Sofia fault.
Our data show that the CASF continues for at least 270 km
along the sub-Andean zone of northern Ecuador and southern
Colombia (Fig. 3). Its surface expression is represented by one
or more parallel fault traces striking NNE to NE. Several faults
with these strikes have been mapped in the north-eastern
Andes and with local names such as Algeciras, Suaza, Garzon,
Pitalito and Altamira, but only a few have been identified with
neotectonic activity. Among the latter we have the Afiladores
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Fig. 3. Main tectonic features along the Cayambe-Afiladores-Sibundoy fault. Slip-rates are from measurements of dated offset geologic deposits and landforms for
two different time spans: late Pleistocene-Holocene and Holocene. Buesaco, Aranda and Pasto faults are from Tibaldi and Romero (2000) and Rovida and Tibaldi

(2005). Map location is shown in Fig. 2.



668 A. Tibaldi et al. | Journal of Structural Geology 29 (2007) 664—680

Fault (Paris and Romero, 1993) north of the Ecuadorian
border, the Garzon Fault in Southern Colombia (Chorowicz
et al., 1996), the Algeciras Fault in Central Colombia (Paris
and Romero, 1993), the Guaicaramo Fault System in Northern
Colombia (INGEOMINAS, 1998) and the Bocono Fault in
Venezuela (Schubert, 1980).

The segments of the CASF that we classified as bearing
evidence of recent/active tectonics, usually offset valleys and
crests trending NW-SE orthogonal to the fault trace. Locally,
the CASF trace coincides with valley floors trending NE-SW
or runs along the valley slopes. In this case fresh uphill-or
downhill-facing scarps were used as neotectonic indicators.
We stress that only field investigations and interpretation of
aerial stereoscopic photos allowed us to appreciate this
three-dimensional evidence of neotectonic activity. Following
offset Quaternary landforms and deposits, we found disconti-
nuities and step-overs along the main fault trace. We ignored
fault lineaments from satellite images or geological maps
with no evidence of recent motion. We classified segments
of the CASF based on degree of erosion, continuity, consis-
tency of orientation and kinematics. These segments will be
described in detail in the following sections, starting from
the southern part of the CASF in Ecuador.

3.2. Structure and segmentation of the
southern part (Ecuador)

Here we recognized four main segments (Figs. 3 and 4). The
southern termination of the CASF (segment I, Fig. 3) is charac-
terised by a splay opening southward. Here, mountain crests,
river channels, glacial circles and valleys are offset by NNE-
and N-S-striking faults. Due to the high altitude of the area
and to the characteristics of the moraines in the area (unlitified,
no alteration of pebbles, uppermost stratigraphic position, poor
soil development, freshness of the glacial abrasion surfaces,
etc.), the glacial landforms have been dated to the Last Glacial
Maximum (LGM) of late Pleistocene age (Thouret et al., 1997).
The NNE-striking faults dominate between Cayambe and Anti-
sana volcanoes and limit blocks whose major movements are
right-lateral strike-slip. The vertical planes of the faults in the
field, as well as their rectilinear trace in plan view across rugged
topography, indicate a vertical dip. The N-S striking faults limit
blocks with dominant vertical movements. The two main N-S
faults, to the southeast of the Cayambe volcano, are about
15 km long and face each other with dips in the order of 70—
80°, creating a ‘‘triangle zone structure” (McClay, 1992)
(Fig. 5C). As a whole, this southern termination of the CASF
can be defined as a leading contractional fan according to the
terminology of Woodcock and Fischer (1986), followed to the
northeast by a restraining bend (Figs. 3 and 5).

Further northeast, at the latitude of Cayambe Volcano, the
fault traces are highly segmented, strike NNE and NE and
show right-lateral strike-slip to locally reverse right-lateral
motion (Fig. 4A). Northeast of Cayambe Volcano, a NE-striking
rectilinear fault trace runs continuously for 14 km (segment II,
Figs. 4 and 6). West of its NE termination, another fault runs
with the same direction for about 13 km to Rio Cofanes, where

it bends from NE to ENE and connects to another fault. This
is a rectilinear right-lateral strike-slip fault extending for
37 km (segment III, Figs. 4 and 6). At the northeastern termi-
nation of segment III, another NE-striking fault starts with
a right-lateral step-over (segment IV). This fault runs for
15 km across the Colombia border, together with two other
minor parallel surface ruptures (Fig. 7). Outcropping fault
planes (Fig. 4B) and the rectilinear fault trace in plan view
across rugged topography indicates nearly vertical dips for
all these structures.

Rivers, crests and deposits show systematic right-lateral
displacements and a minor component of vertical motion re-
sulting in an uplift of the NW tectonic block. A lava flow of
the Soche Volcano dated 9.7ka BP by Hall and Beate
(1991) was displaced (Fig. 8). Aligned landslides and triangu-
lar facets are also present along the structure.

3.3. Structure and segmentation of the
central-northern part (Colombia)

In Colombia, along the Afiladores river, a recent fault
presents a single clear surface trace (segment V) that runs
almost rectilinearly up to 17 km NE of the Ecuador-Colombia
border (Fig. 7). Further NE another single and clear surface
trace (segment VI, Fig. 7) starts with a left-lateral step-over
and continues for 12 km up to Alizales village. In the step-
over area another 5-km-long fault trace is present on the oppo-
site side of the valley. Along these fault traces, hillcrests, rivers
and gullies show clear right-lateral offsets and locally a slight
vertical component with uplift of the NW tectonic block. Field
data shows that these faults have a vertical dip (Fig. 9).

We observed in the field systematic evidence of asymmetric
development of approximately NW-SE-trending valleys dislo-
cated by the CASF (Figs. 10 and 11). The segments of these val-
leys located southeast of the fault (i.e. lower channels) show
a gently inclined slope on the southwestern valley side and
a steep slope on the opposite valley side (i.e. to the northeast).
The southwestern slopes gradually connect to the valley floor
where several levels of fluvial terraces and deposits occurred.
Between these deposits and the upper part of the slopes we
found debris talus (Fig. 11). The northeastern slopes abruptly
connected to the valley floors where the active streams is usu-
ally located. These slopes are frequently affected by small land-
slides. In the valley segments located northwest of the CASF
(i.e. upper channels) we observed the same characteristics but
with an inverted geometry, i.e. gentle slopes on the northeast
side of the valley and steep slopes on the southwest side
(Fig. 10). We explain this topography as the effect of river ero-
sion and deposition during migration of the stream to restore the
original geometry diverted by right-lateral faulting. Near the
fault, the river migrated southwestward on the NW tectonic
blocks, and northeastward on the SE blocks. The asymmetric
valleys developed near the fault trace, whereas the valleys are
symmetric in cross-section farther away from the fault trace.

Immediately northeast of Alizales, the fault bends to a NNE
strike for about 17 km and then re-attains its NE strike (Fig. 3).
The main fault trace is visible for another 42 km to the
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Fig. 4. General geometry and features of the southern part of the CASF (Ecuador). At bottom left the segmentation of the CASF NE of the Cayambe Volcano is
clear. Further NE the fault becomes a single trace (segment II) and then steps 2.5 km NW-ward, to connect to segment III on the opposite side of the Rio Cofanes
valley. Segment III is one long single trace, paralleled by four minor traces. At top right the Soche lava flow offset by segment IV is shown. A. Holocene, NNE-
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location is shown in Fig. 3.

Sibundoy Valley (segment VII), where a more complex struc-
ture occurs. Here the fault splits into two parallel NE-striking
segments with a right-stepping arrangement, consistent with
a right-lateral pull-apart model. Further evidence of Holocene

and very recent motion include: main fault scarps have trian-
gular facets and displace rivers, gullies and alluvial fans, while
tilting of recent deposits is present near the valley floor and at
the base of the fault scarps.
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4. Fault slip-rate calculation
4.1. Methodology

Slip-rates can be used to evaluate the activity of a fault seg-
ment. To better constrain the kinematics of the CASF, we cal-
culated the slip-rates related to different time spans (different
ages of offset landforms and deposits). Moreover, slip-rate was
computed for the same time span also in different segments of
the fault system and with multiple measurements along each
segment. We also measured dated offset landforms with cali-
bration points based on dated offset deposits. These methods
can be useful in areas where collecting samples for classical
absolute dating such as radiocarbon is difficult or impossible.
The time span involved in the studied fault motions is larger
that the last 40 ka range of '*C. Moreover, outcrops showing
faulted buried palesoils that can be dated are extremely rare
and artificial trenching along this fault is almost impossible
due to its remote location. Tropical highly-humid weather of
these regions can also affect '*C dating.

Regarding the number of measurements, several previous
papers defined the slip-rate of a fault by a single measurement,
although slip-rates can change along the same fault trace within
a given time span. Actually, apart from the age of the involved
deposits and the repetitive reactivation of a fault segment, sur-
face offset can also vary due to a change from concentrated to
distributed deformation, from faulting to folding (McCalpin,
1996) and due to the influence of topography (Tibaldi, 1998;
Strom, 1999), or from changes in rock rheology (Groppelli
and Tibaldi, 1999). Thus, in view of the great length of the
studied structure, we collected several measurements of coeval
offset landforms in different segments of the fault.

Measurement of offset deposits gives a fault finite cumula-
tive displacement. The same type of displacement value can be
obtained from offset fossil landforms, such as glacial valleys,

cirques, moraines and alluvial fans. Offsets of active river val-
leys should be used more carefully, mainly due to the typical
morphological evolution of river channels: they can abandon
their offset lower channel to spill spontaneously over the fault
zone and cut a new channel below the fault zone (Wallace,
1968). This river reorganisation can develop into an alignment
of upstream and downstream segments of former parallel
channels, leading to a connection between channels across
the fault trace with no apparent offset. Alternatively, down-
stream channels of adjacent rivers can capture the upstream
channel (Gaudemer et al., 1989), leading to a connection be-
tween an upstream segment and the downstream segment of
its neighbour and suggesting an apparent offset opposite to
the sense of motion of the fault. All this is strongly influenced
by the characteristic spacing of rivers, which in turn is a func-
tion of the hydrology and lithology of the area (Gaudemer
et al., 1989). Once we established a right-lateral sense of mo-
tion for the CASF with unequivocal indicators, such as an off-
set lava flow and other fossil landforms, we retrodeformed the
observed features to evaluate their true displacement. In areas
with the same lithology and hydrology, river lengths and val-
ley widths grow with time. Gaudemer et al. (1989) observed
that along several active strike-slip faults river offsets vary
suggesting that rivers may respond differently to the perturba-
tion of their geometry by faulting, depending on the age of the
valley. Thus, in this paper measurements of river offsets have
been statistically divided into homogeneous sets based on the
ratio between river length-valley width and offset amount.

4.2. From ages of offset landforms and
deposits to fault slip-rates

Absolute dating of faulted deposits is available for lavas of
Soche and Reventador volcanoes (see Table 1). Most of the
slip-rate computations are based on the estimated age of the
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Fig. 6. Right lateral displacement of geomorphic features along Segments II (A and B) and III (C). Location is shown in Fig. 4.

glacial or fluvial morphologies cut by the fault segments. At
altitudes lower than the past glacial environment, Montgomery
et al. (2001) show that the morphology of the Northern Andes
is dominated by fluvial erosion. They suggest climate varia-
tions as a first-order control on the morphological evolution
of the entire range. Taking into account the morphological fea-
tures and the latitude and altitude of the studied area, we inter-
preted the periods of inferred humid tropical climate and of
major fluvial erosion as the intervals during which the
development of the present drainage pattern occurred. These
are compared with the ages of the glacial fluctuations in the
Andes.

Iriondo (1999) identifies three different climatic patterns
that occurred at a continental scale in South America during
the Late Quaternary. In the Andes of Ecuador and Southern
Colombia a climatic pattern similar to the one recognised in
the Pampean Sand Sea (PSS) of Argentina (‘““Pampean pat-
tern’’) has been described. The PSS climatic record starts at
Isotopic Stage 4 (ca. 73—59 ka BP; Martinson et al., 1987)
and shows a very cold climate over the whole of South America
with glacial advances in the Andes during this interval. The
beginning of this cold interval is also represented by the pollen
record of the plain of Bogota (Colombia) that indicates a de-
crease in temperature at the boundary between Bacatanian
and Fuquenian chronostratigraphic units (Van der Hammen

and Hooghiemstra, 1997), with an age of 73 ka BP. In the PSS
record, the Isotopic Stage 3 (ca. 59—24 ka BP; Martinson
et al.,, 1987) is marked by a climatic warming with three
events: I) a rapid climatic change to humid tropical conditions
and high precipitation that lasted about 4—5 ka; II) a semiarid
climate; and III) a second humid phase with precipitation
higher than at present (Iriondo, 1999). During these periods
important fluvial belts developed and fluvial sediments related
to this interval gave a TL date of 45.6 £+ 2 ka BP (Iriondo,
1999). A humid and warm climate between 42 and 36 ka BP
was also deduced from a pollen record (Heusser, 1974). More-
over a glacial interstadial was recognized in the Cordillera
Central of Colombia between ca. 34 and 27 ka BP (Thouret
et al., 1997). Isotopic Stage 2 (ca. 24—12 ka BP; Martinson
et al., 1987) is characterized by an arid climate in the lowlands
and by a generalized advance of glaciers in the Andes
(Iriondo, 1999). This period corresponds to the Last Glacial
Maximum (LGM), during which glaciers reached their maxi-
mum extent in the Central Andes of Colombia with two glacial
stades dated 28—21 ka BP and 21—14 ka BP (Thouret et al.,
1997). Three glacial advances were also recognized in the
Bogota area and referred to the intervals 23.5—19.5, 18.0—
15.5 and 13.5—12.5 ka BP respectively (Helmens et al.,
1997). During Isotope Stage 2 a climatic warming occurred
about 15—16 ka BP, when the climate became humid enough
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river channels.

to favour pedogenic processes (Iriondo, 1999). This climatic
warming was also observed in Chile between 17 and
14 ka BP (Heusser, 1974). The PSS record indicates a pre-
vailing cold and dry climate in the interval 14—8.5 ka while
a climatic cooling with widespread active fluvial erosion
characterizes the early Holocene from 8.5 to 3.5 kaBP
(Iriondo, 1999).

The fluvial morphological features offset by the CASF de-
veloped in the intervals characterized by humid, warm climates.
Based on these climatic reconstructions and considering the age
of the Soche lava flow as an ‘“‘anchor-point™ for slip-rates, we
concluded that the larger offsets measured along the fault
may have been produced during the second humid phase of
IS 3, before 40ka BP, when a period of reduced fluvial
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Soche lava flow
9.67 Kyr (Hall & Beate, 1991)

Right-lateral -

Fig. 8. Aerial view of the right-lateral strike-slip offset of the Soche Volcano lava flow. Note that the total cumulated slip here was produced by motions on a series
of parallel fault planes.

discharge observed for the Peruvian Amazon rivers started
(Dumont et al., 1992). As the beginning of this interval is not
determined we assumed the climatic warming indicated by
fluvial sediments dated 46 ka as a maximum age. The next
main morphogenetic phase occurred after the period of reduced
fluvial discharge, i.e. after 32 ka (Dumont et al., 1992) and
before the end of the glacial interstadial recognized in the
Colombian Andes between 34 and 27 ka BP (Thouret et al.,
1997). The last phase considered is between the climatic warm-
ing at 16 ka BP and the beginning of the following dry phase at
14 ka BP (Iriondo, 1999).

Starting from the SW termination of the CASF in Ecuador
(segment I), we measured the dislocation of glacial landforms,
which, due to the altitude of the area and to the freshness of the
morphologies, can be related to the LGM aged 28—14 ka
(Thouret at al., 1997). Here N-S-striking reverse faults show
30 £ 5m, 20 &+ 5 m, and 25 + 5 m of vertical motion, which
corresponds to slip-rates of 1.7 £ 0.8, 1.2+ 0.6 and 1.4 &+
0.7 mm/yr respectively, totalling 4.3 £ 2.2 mm/yr along the
three parallel faults. Several measurements of river and hillerest Fig. 9. Photo of fault planes belonging to the CASF system. The vertical rock
offsets were also collected along the CASF segments II and wall cuts the faults so that they appear in section view, highlighted by the white
I, located NE of the Cayambe Volcano (Fig. 4). The average arows. The vertical dip of the faults can be observed. This outcrop is located
right-lateral offset of the larger gullies is 285 £ 70 m which near the Colombia-Ecuador border.
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Fig. 10. Plan view and block diagram of the asymmetry observed for several
NW-SE trending valleys at a short distance from the CASF trace. Downstream
of the fault trace the southwestern valley side has a gently dipping slope with
several levels of fluvial terraces, while the opposite side is steeper and affected
by some landslides. Upstream of the fault trace the geometry is inverted. This
is probably due to river migration to re-establish its original geometry diverted
by the right-lateral faulting. The photograph in Fig. 11B shows an example of

this situation observed near Alizales in Colombia.

was correlated with the interval 32—27 ka BP (Fig. 12), giving
a slip-rate of 8.9 &+ 3.1 mm/yr. The average offset of smaller
gullies, 180 + 64 m, correlated with the interval 16—14 ka BP
implies a slip rate of 12.3 + 7.2 mm/yr.

The lava flow of Soche Volcano has a right-lateral offset of
110 £ 60 m. From its 9.67 ka BP age (Hall and Beate, 1991)
we obtain a slip-rate of 11.4 £ 6.2 mm/yr for segment IV
(Fig. 12). It is noteworthy that for the same lava flow Ego
et al. (1996) obtained an age of 37.22 + 0.63 ka BP and an
age of 8.6 +0.06 ka BP for a lahar deposit, with offsets of
307 £37m and 50 &+ 14 m respectively (Fig. 12), although
no indication of the measurement methodology is given. With
these value these authors obtain slip-rates of 8 %+ 2 mm/yr
and 6 + 2 mm/yr respectively.

In Colombia we measured on aerial photos several offsets of
rivers and hillcrests about 8 km SE of Alizales village (segment
VI, Fig. 7). Average right-lateral dislocations cluster into three
groups, 132 +27, 233 +24 and 331 £29m (Fig. 12).

Correlating these offsets with the above mentioned warm and
humid periods, i.e. 14—16 ka BP, 27—32ka BP and 40—
46 ka BP, we obtained right-lateral components of slip of
8.9 + 3.4 mm/yr, 8.0 £ 2.1 mm/yr and 7.4 + 1.6 mm/yr re-
spectively. Near Alizales village we measured in the field
aright-lateral strike-slip component of 131 + 1.3 m, and an up-
lift of the NW block of 120 £ 20 m (Fig. 11). Using the same
age estimation for landforms as in the previous measurement
site for small gullies, we obtained a horizontal slip-rate of
8.8 + 0.9 mm/yr.

Other measurements collected along the Ecuadorian seg-
ment of the CASF gave a mean of 630 & 70 m. On the basis
of the above mentioned climatic records, it appears that
a warm period may have occurred before the cold Isotopic
Stage 4, i.e. before 74 ka BP (Martinson et al., 1987). This is
also supported by the decrease in temperature that marks the
end of the Bacatanian chronostratigraphic unit (Van der Ham-
men and Hooghiemstra, 1997). Lacking older absolute ages
for South America, a lower limit for this period may be the tran-
sition between Isotopic Substages 5a and 5b, placed on a global
scale at 86 ka BP (Martinson et al., 1987). If we assume the 74—
86 ka BP interval to be the age of the 630 &+ 70 m offsets, we
obtain a slip-rate of 8.0 £ 2.0 mm/yr, consistent with the rates
obtained for smaller offsets along the structure.

5. Seismicity of the region

In NW South America Pennington (1981) identified five
seismic regions, on the basis of earthquake focal mechanisms.
This author identifies an alignment of shallow events along the
eastern front of the Andes. The related focal mechanisms are
predominantly right-lateral strike-slip or thrusting. One nodal
plane is nearly parallel to the NE alignment of the epicentres
and to the trend of the Andean range (Fig. 13).

In northern Ecuador a number of large historical earthquakes
are reported by CERESIS (1985). Major events with epicentral
MCS intensity I > IX occurredin 1541, 1557, 1587, 1755, 1757,
and 1868 AD. They are concentrated along the NNE-trending
Interandean Valley and Cordillera Real. The western Andes
(i.e. Western Cordillera) have lower levels of crustal tectonic ac-
tivity (Barberi et al., 1988; Pasquaré et al., 1990). Correlation of
past large earthquakes with active structures in the Interandean
Valley is difficult because the prime candidate, the Quito fault
system, is either a blind structure or is hidden by numerous land-
slides and colluvial deposits (Hibsch et al., 1997).

To the east, along the Andean margin, an alignment of crus-
tal instrumental events with M between 4 and 6 is present. The
epicentres of two large earthquakes were located along the
CASF in Ecuador, near the southwestern end of the fault
(Fig. 13). They occurred on March 5, 1987 with Mg = 6.1
and Mg = 6.9 respectively. The focal mechanisms show a
dominant thrust motion with a right-lateral strike-slip compo-
nent and E-W-trending P axis (USGS, 1987). Centroid Moment
Tensor solutions for the same events (Dziewonski et al., 1988)
show nearly pure thrust motion but similar P and T axes.

In southern Colombia several historical seismic events with
intensity I > VIII-IX have occurred over the last centuries



A. Tibaldi et al. | Journal of Structural Geology 29 (2007) 664—680 675

Fig. 11. (A) Photo of the CASF near Alizales village (Colombia), with offset crest and river. Triangles locate the fault trace. Measured displacement of the crest is
131 £ 1.3 m. (B) Photo of an asymmetric valley located NW of the CASF trace at Alizales. Triangles locate the fault trace. Note the development of river terraces
and debris talus on the NE slope and the presence of a landslide on the steeper SW slope, as sketched in Fig. 10.

and were located in the Cauca and Magdalena interandean val-
leys (Ramirez, 1975; Escallon et al., 1993). Particularly large
earthquakes affected the town of Pasto in 1696 AD (I > VII
[Espinosa, 1994]), on January 20, 1834, between July 1935
and August 1936, and on July 14, 1974 (INGEOMINAS,

Table 1

Local absolute radiometric dating used as calibration points

Type of deposit Related Age BP Reference
volcano

Lava flow Soche 9.7 ka Hall and Beate, 1991

Lava flow Soche 37.22+0.63ka  Ego et al., 1996

Lahar 8.6 +0.06 ka Ego et al., 1996

Lava dome Reventador  0.34 Ma INECEL, 1988

Debris avalanche  Reventador >30 ka INECEL, 1988

Debris avalanche  Reventador  18.8 £ 0.5 ka INECEL, 1988

Pyroclastic Reventador 19.5 £ 0.2 ka INECEL, 1988

Fluvio-lacustrine 4 +0.1ka INECEL, 1988

Fluvio-lacustrine 0.5+ 0.1ka INECEL, 1988

1995), causing casualties and severe destruction of buildings.
The last large earthquake occurred on March 4, 1995, with lo-
cal magnitude Ml = 5.1. Its hypocentre was placed along the
Buesaco Fault plane (Fig. 13) at a depth of 11 £ 5 km and
its focal mechanism shows a right-lateral strike-slip motion
with a reverse component and one nodal plane parallel to
the NE strike of the fault (INGEOMINAS, 1995). The Bue-
saco fault is a Holocene, 29-km-long, structure showing mor-
phological evidence of recent strike-slip motion with uplift of
the NW tectonic block (Tibaldi and Romero, 2000). In this
area, in addition to the Buesaco Fault, the 13-km-long Aranda
Fault (Tibaldi and Romero, 2000) and the 14-km-long Pasto
Fault (Rovida and Tibaldi, 2005) are recognised, but it is ques-
tionable that all the large seismic events were generated by
these relatively short faults, even if the expected earthquake
magnitude for the Buesaco Fault is 6.7 (Rovida, 2001).

To the east scattered crustal events with M < 6 could be re-
lated to segments II and III of the CASF (Fig. 13). A number
of earthquakes with lower magnitudes may be referred to
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glacials after Thouret et al. (1997).

segments V and VI of the CASF. In this area some historical
seismicity was also recorded. The strong event (Mg = 7.0)
of January 1834 near the Sibundoy Valley (Fig. 13) may be re-
lated to the CASF (Rovida et al., 2004). At the SW termination
of the CASF, a cluster of seismicity of low magnitude (M < 4)
is present, together with historical events.

6. Discussion
6.1. Fault age and kinematics

Many elements demonstrate active tectonics along the
CASF: the offset of Holocene deposits such as the Soche Vol-
cano lava flow; the offset of recent fossil landforms such as gla-
cial valleys and cirques related to the LGM; the displacement of
active river valleys; the presence of faceted spurs and landslides
along the fault; and, finally, the pattern of seismicity. Based on
the amount of dislocation, hundreds of metres, and on the age of
the offset deposits and morphologies, we would argue that the
CASF has been active since at least the late Pleistocene.

Our findings of reverse motion along the CASF southern
segment in Ecuador are consistent with focal mechanism solu-
tions (Tibaldi, 2005). Both field data and focal mechanisms in-
dicate slip planes dipping at high angle (70—80°) with
compressional motion explained as the reactivation of N-S-
striking faults within a contractional fan and, farther NE, a re-
straining bend (Figs. 3 and 5).

The remaining portion of the CASF is, by comparison,
characterised by right-lateral strike-slip motion sometimes
with a component of relative uplift of the NW tectonic block.
Field data and focal mechanism solutions show that the fault
plane is nearly vertical or sub-vertical dipping to the WNW.
The regional geodynamics are produced by the convergence
of the Nazca and South American tectonic plates with nearly
E-W subduction of the Nazca Plate. This trench oblique con-
vergence produces NNE-ward escape of the North Andean
Block relative to the stable South America plate (Pennington,
1981; Tibaldi and Ferrari, 1992; Kellogg and Vega, 1995) as
indicated by intracontinental deformation (Fig. 1) (Schubert,
1980; Tibaldi and Ferrari, 1992; Paris and Romero, 1993;
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Chorowicz et al., 1996; INGEOMINAS, 1998) and GPS mea-
surements (Trenkamp et al., 2002). The observed right-lateral
strike-slip motion combined with a reverse component along
NE- to NNE-striking faults is consistent with this regional tec-
tonic framework and with the E-W-trending compressional
stress evidenced by crustal seismicity (Ego et al., 1996) and
by field data on recent faults (Romero, 2001).

6.2. Fault slip-rates and deformation in space and time

Measurements along segment I (Fig. 3), show a cumulative
short term slip-rate of 4.3 + 2.2 mm/yr on the three parallel
faults. NE of the Cayambe volcano, along segments II, III
and IV we calculate a slip-rate of 11.9 £ 0.7 mm/yr for the
post-LGM time (short term) and 8.4 + 0.7 mm/yr for long
term time (i.e. post 90 ka BP). To the NE for segments V
and VI, we obtained a short term slip-rate of 9.0 £ 3.4 mm/
yr and a long term rate of 7.7 & 0.4 mm/yr.

The computed slip rates are nearly constant for both time
spans considered (i.e. post-LGM and post 90 ka BP), except

for the short term slip-rate computed for segments II, IIT and
IV that give higher results. Moreover, in any given time-
window, the southern segments (mostly in Ecuador) of the
CASF have faster motion than the northern segments (in
Colombia). This can be explained by the observation that in
southern Colombia there is a higher number of parallel to
sub-parallel main faults with recent motion, e.g. the Aranda,
Pasto and Buesaco faults (INGEOMINAS, 1998; Taboada
et al., 2000; Tibaldi and Romero, 2000; Rovida and Tibaldi,
2005) while in northern Ecuador there is just one main late
Pleistocene-Holocene deformation system along the Interan-
dean Valley (Tibaldi and Ferrari, 1992; Ego et al., 1996) and
in central-southern Ecuador there is only the Pallatanga Fault
(Winter et al., 1993). The short-time slip-rates are significantly
higher along segments II to IV than along segments V and VI,
suggesting that a change from distributed to concentrated
deformation happened in recent times in segments II—IV.
Our findings of dominant transcurrent motion of the CASF
and the nearly constant slip-rates, also suggest the potential
Quaternary activity of the frontal thrust system to the east,
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accommodating the E-W component of the convergence be-
tween the Nazca and South American plates. In fact, west of
the CASF no significant recent/active thrust planes have been
recognized, apart from some Quaternary folds and probably as-
sociated hidden reverse faults in the Quito and Latacunga areas
in the Ecuadorian Interandean Valley (Lavenu et al., 1995;
Fiorini et al., 2004). Thus, the E-W contraction should occur
on planes with dip-slip reverse motion located to the east, where
the frontal faults are the prime candidates (Bes de Berc et al.,
2005; Tibaldi, 2005). This situation also implies a very interest-
ing example of Quaternary strain partitioning between strike-
slip motion along the cordilleran faults and reverse motion along
the parallel faults located at the Andes foreland, similar to that
hypothesized by Ferrari and Tibaldi (1992). For these reasons
the recent activity of the frontal thrust system should be analysed
more in detail, despite the difficult accessibility of the area.

6.3. Implications for seismic hazard

Tens to hundreds of meters of latest Pleistocene-Holocene
offset measured along the CASF and the length of the surface
fault traces suggest that several seismic events with M > 5.5
may have occurred along this structure, according to the clas-
sical surface rupture vs. magnitude model (McCalpin, 1996).
Also slip-rate calculations suggest rapid motion along the
various fault segments. Some of this motion may occur by
creeping, but coseismic displacement should be expected since
seismic activity, both instrumental and historical, has been re-
corded along or close to this fault system. Creep activity has
not been demonstrated up to now for the CASF so it is a prime
candidate for future shocks of relevant magnitude. We com-
puted the magnitudes of the earthquakes that could be gener-
ated by the various fault segments by means of Wells and
Coppersmith’s (1994) empirical relationship among surface
rupture length (SRL) and moment magnitude M:
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We applied the appropriate coefficients depending on the ob-
served kinematics, i.e. a = — 3.55 = 0.37 and b = 0.74 = 0.05
in the case of strike-slip segments and a = — 2.86 £ 0.55;
b = 0.63 £ 0.08 for reverse faults.

To assess the magnitude of a potential earthquake generated
by the CASF, we consider the single observed segments (I to
VII) as possible rupture lengths. Based on the close continuity
of past surface ruptures, we consider also the possible simul-
taneous reactivation of segments I, II and III as a unique seg-
ment and the simultaneous activation of segments I, II, III, IV,
V, VI and VII. The entire structure length (270 km) was con-
sidered as the maximum theoretical surface rupture length, ap-
plying the generic regression coefficients (¢ = — 3.22 + 0.27
and b = 0.69 + 0.04) as the kinematics of the whole structure
changes from pure reverse in the south, to pure right-lateral in
the central part, to oblique in the north.

Starting from the south, Segment I of the CASF shows three
surface rupture traces with pure reverse kinematics and a total
rupture length of 15 km. Considering SRL = 15 in Eq. (1)
anda = — 2.86 + 0.55, b = 0.63 4 0.08 (reverse faults) we ob-
tain M = 6.4 £ 0.1. This result is consistent with the magni-
tudes of 6.1 and 6.9 (Mg) of the two earthquakes that
occurred in this area on March 5, 1987 (USGS, 1987).

Segments II to VII present, respectively, the following sur-
face rupture lengths: 14, 30, 14, 17, 14 and 42 km. Introducing
these rupture length values (SRL) in Eq. (1), together with the
coefficient a and b valid for strike-slip motion, we obtain
M = 6.3 £ 0.1 for segments II, IV and VI, M = 6.8 £ 0.1 for
segment II, M = 6.4 £+ 0.1 for segment Vand M = 7.0 £+ 0.1
for segment VII. The latter is in agreement with the estimated
Mg = 7.0 of the January 1834 Sibundoy Valley event that
has been referred to the CASF (Rovida et al., 2004). For the
entire structure length of 270 km as rupture length with
a=—3.2240.27and b = 0.69 £ 0.04 (general case) we obtain
M = 8.2 £ 0.1. Other cases of potential simultaneous reactiva-
tion of different segments of the fault are shown in Table 2.

These results should be carefully considered, as several

Log(SRL) =a+b+M (1) villages such as La Bonita in Ecuador or Alizales and the
Table 2
Computed moment magnitude (M) of potential earthquakes of CASF
Fault segment Slip type SRL a b M
I R 15 —2.86 £ 0.55 0.63 £ 0.08 6.4+0.1
I SS 14 —3.55+0.37 0.74 £+ 0.05 6.3 +0.1
I SS 30 —3.55+0.37 0.74 £+ 0.05 6.8 +0.1
v SS 14 —3.55+0.37 0.74 £+ 0.05 6.3 +0.1
\Y SS 17 —3.55+0.37 0.74 £ 0.05 6.4 £0.1
VI SS 14 —3.55+0.37 0.74 £ 0.05 6.3 +0.1
viI SS 42 —3.55+0.37 0.74 £+ 0.05 7.0+0.1
I+1I All 29 —-3.224+0.27 0.69 £+ 0.04 6.8+ 0.0
I+ +1II All 59 —3.22+£027 0.69 £ 0.04 7.2 +£0.0
I+ +1I+1V All 73 —-3.22+0.27 0.69 £+ 0.04 7.4+0.1
I+II+II+1IV+V All 90 —-3.22+0.27 0.69 £+ 0.04 7.5+0.1
I+ +1T+1IV+V+ VI All 104 —-3.22+0.27 0.69 £+ 0.04 7.6 +0.1
I+ +I0+1V+V -+ VI4 VII All 131 —3.22+£027 0.69 £ 0.04 7.7+0.0
TOTAL All 270 -3.224+£0.27 0.69 + 0.04 82+0.1

Wells and Coppersmith (1994) method. Fault kinematics observed in the field: R = reverse, SS = strike-slip, All = oblique; SRL = surface rupture length; a and b:

regression coefficients.
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inhabited Sibundoy Valley in Colombia are located along the
fault trace. Moreover, the capital of Ecuador, Quito
(1,100,000 inhabitants), is located 75 km west of fault Seg-
ment I. Otavalo, Ibarra, and Tulcan are located 35—40 km
WNW of fault segments II and III. In Colombia, the city of
Pasto (400,000 inhabitants), capital of Narifio Department, is
28 km NW of the CASF (segments V and VI). The seismic
hazard related to the CASF was estimated as I = VI for Quito
(Hibsch et al., 1997) using a slip-rate of 7 mm/yr and a rupture
length of 76 km (Chingual Fault, correspondent to segments I,
II and III of the CASF).

7. Conclusions

Displacement analysis of the CASF with an estimation of the
age for the recent offset of landforms and deposits suggest a lat-
est Pleistocene-Holocene age for its last fault motions. The
computed slip-rates for the latest Pleistocene-Holocene fault-
segments and the lengths of their surface traces suggest that
the CASF was possibly responsible for a number of large earth-
quakes (M > 5.5) in the past. Unfortunately, the shortness of
the historical seismic catalogue of the area (less than 500 years)
and the scattered distribution of populated places do not provide
an independent record of these earthquakes, underlining the
need for further paleoseismological investigations. A recent
study (Rovida et al., 2004) related the 1834 Sibundoy
(Mg = 7.0) and the 1987 Reventador (Mg = 6.9) earthquakes
to the northern and southern segments of the CASF respec-
tively. The potential moment magnitudes calculated for the
different fault segments are medium to high and consistent
with the present regional seismicity. These observations and
evidence of tectonic activity during the last 90 ka indicate the
influence of the CASF on the seismic hazard of the area.
Our data also suggest the potential for seismic activity along
the frontal thrust system to the east between the Andes and the
foreland, accommodating part of the E-W component of con-
vergence between the Nazca and South American plates.
Quaternary strain partitioning between strike-slip motion along
the cordilleran faults and dip-slip reverse motion along the
parallel frontal faults should be studied in more detail.
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