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The detailed study of four deformed intervals from the Holocene fluvio-lacustrine deposits of the Santa Fe–
Sopetrán Basin in northern Colombia shows 17 types of soft-sediment deformation (SSD) structures. Evidence
indicates that seismic activity was responsible for the SSD structures, a conclusion reached after considering
the environmental conditions at the time of sediment deposition and shortly after, and the detailed analysis of
the driving force systems. Other triggers (i.e. overloading and rapid sedimentation), however, are not
discarded. Intervals showing SSD structures occurred at centennial frequencies and apparently resulted from
Mw 6–7 earthquakes. The Holocene age of these major shaking events should be seriously considered when
evaluating the seismic hazard and risk for the middle Cauca Valley and the nearby city of Medellín with
3 million inhabitants.
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1. Introduction

Soft-sediment deformation (SSD) occurs during or just after
deposition, when sediment is still unconsolidated (Maltman, 1994).
It results from the combination of a deformation mechanism, which
allows sediment to behave temporarily as a fluid (i.e. liquidization,
Allen, 1977), and a driving force, which is latent in the sediment under
normal conditions and manifests later on when liquidization occurs
(Owen, 1987, 1996, 2003). The most common liquidization processes
are liquefaction, fluidization, or thixotropy (Owen, 2003). Possible
driving forces include, among others, inverse density gradient, uneven
loading, horizontal shear stress, and vertical shear (Owen, 1987,
1996). In order for soft sediments to deform, the deformation
mechanism must be triggered. Triggering agents can be linked to
depositional processes or be external and independent. They include:
(1) cyclical pressure fluctuations associated with waves and storm
waves (e.g. Eyles and Clark, 1986; Molina et al., 1998; Alfaro et al.,
2002) or turbulent flow, (2) impulsive stress or impacts associated
with waves (e.g. Dalrymple, 1979, 1980) or flow fronts, (3) tides (e.g.
Greb and Archer, 2007), (4) artesian water rise due to base-level
fluctuations (e.g. Massari et al., 2001) or floods (e.g. Li et al., 1996),
(5) overriding ice dynamics (e.g. Lee and Phillips, 2008; Denis et al.,
2009), or (6) melt-out of ice blocks (e.g. Cheel and Rust, 1986),
(7) tsunamis (e.g. Matsumoto et al., 2009), (8) rapid sedimentation
(e.g. Lowe and LoPiccolo, 1974; Lowe, 1975; Postma, 1983) and
overloading (e.g. Moretti et al., 2001; Moretti and Sabato, 2007; Owen
and Moretti, 2008), (9) movement of near-surface, gravity slides (e.g.
Owen and Moretti, 2008), (10) asteroid impacts (e.g. Simms, 2007),
(11) channel erosion (Dasgupta, 1998) or, (12) earthquakes (e.g.
Ambraseys and Sarma, 1969; Audemard and De Santis, 1991;
Obermeier, 1996a,b; Pope et al., 1997; Alfaro et al., 1999; Moretti
et al., 1999; Rossetti, 1999; Jones and Omoto, 2000; Moretti, 2000;
Tuttle et al., 2002; Wheeler, 2002; Rossetti and Santos, 2003;
Audemard et al., 2005; Neuwerth et al., 2006; Moretti and Sabato,
2007; Pandey et al., 2009; among many others).

The deformation mechanisms and driving forces can be assessed
by direct observation, since they depend upon the characteristics of
the SSD structures, the sediments involved, and the depositional
setting. However, different triggering agents can lead to the same SSD
structures, so that no universal methodology exists for their
identification. Many triggers would be considered as catastrophic
events if they affect human society (e.g. floods, storms, earthquakes,
tsunamis, and meteoritic impact). Consequently, the evaluation of the
triggering mechanisms for SSD in sediments of Holocene age
represents a potential tool for the assessment of geologic hazards.

In the scope of the tectono-sedimentary study of the middle to late
Holocene sediments of the Santa Fe–Sopetrán (SFS) Basin (northern
Colombian Andes), many SSD structures have been found. In total,
eight localities within the middle Cauca Valley, middle to late
Holocene fluvio-lacustrine terraces, show deformation affecting
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various types of soft deposits (Fig. 1). Historical earthquakes in the
area, numerous recent debris-flow events and active landslides along
the Cauca River Valley have been reported (e.g. Page and Mattson,
1981; Espinosa, 2009). The SFS Basin is a rapidly developing area,
where the construction of a giant hydro-electric dam is in progress. It
is located 30 km north of the city of Medellín, which has a population
of 3 million.

In this study we focus on the recognition of mechanisms that
triggered four deformed intervals in one middle to late Holocene
sedimentary succession of the SFS Basin. This exercise is of unique
value as it extends the geological hazard database for the middle
Cauca Valley area down to the middle Holocene (about 7000 years
BP). Data were collected by measurements and direct observation in
the field. Paleocurrent measurements were taken on trough cross-
beds in the sand layers.
Fig. 1. (A) Neotectonic framework of the Colombian Andes, modified from Suter (2008). (B) S
middle to late Holocene fluvio-lacustrine deposits (in white) of the Santa Fe–Sopetrán (SFS)
System. (C) Geomorphological map of the northern part of the SFS Basin, showing the relativ
mapping are indicated. Faults located out of frames were mapped on flight M-1422 (Instituto
Dots indicate localities where soft-sediment deformation structures were found, among the
1.1. Geological setting and location of the Santa Fe–Sopetrán (SFS) Basin

The SFS Basin is a 20 km long depression of the middle Cauca
Valley. It is located between the Central and Western uplifting
Cordilleras (e.g. Restrepo-Moreno et al., 2009), on the transcurrent
Cauca–Romeral fault system (RFS, Fig. 1A and B), which outlines the
suture between Cretaceous accreted oceanic basement to the west
and Paleozoic to Cretaceous metamorphic and igneous basement to
the east (e.g. Paris et al., 2000; Taboada et al., 2000; Fig. 1A and B). The
RFS extends along the northern Andes from Guayaquil (Ecuador) to
the Caribbean coastal plains of Colombia (Fig. 1A) andwas responsible
for two destructive earthquakes in the past 30 years: the 6.2 Mw in
1999 in the city of Armenia (Ingeominas, 1999) and the 5.5 Mw one in
1983 in the city of Popayán (Lomnitz and Hashizume, 1985). In the
SFS Basin several neotectonic and paleoseismological studies have
implified geologic map of themiddle Cauca Valley. Note the location of Medellín and the
Basin (modified from Mejía et al., 1983; Gómez et al., 2007). RFS: Cauca–Romeral Fault
e heights of terraces and fans. Frames and numbers of aerial photograph flights used for
Geográfico Agustin Codazzi, Bogotá) and on 30 m resolution radar based DEM (USGS).
m the Aeropuerto section.
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been carried out on particular faults (Arias, 1981; Mesa and Lalinde,
2001; Morales, 2003; Lalinde et al., 2009), as well as one broad
neotectonic study of the area (Campo and Mejía, 1981). However, the
paucity of the often controversial data dealing with recent fault
activity prevents the development of a precise model to explain the
presence of the SFS inter-Andean Basin at 500 m elevation in an
uplifting mountain chain. The SFS Basin genesis is closely related to
the Late Cenozoic kinematics of the transcurrent RFS and possibly to
other, cross-cutting fault systems (Suter et al., 2008b). The depression
is classified as a pull-apart basin (Suter and Martínez, 2009).

1.2. Holocene fluvio-lacustrine deposits of the Santa Fe–Sopetrán Basin

Inter-Andean, folded, continental sedimentary rocks of the
Eocene–Oligocene Amagá, and the late Miocene volcano-sedimentary
Combia Formations (e.g. Grosse, 1926; Mejía et al., 1983; Parra, 1997;
Ramírez et al., 2006) lie on the SFS Basin floor. They are overlain by
coarse alluvial fan deposits of the Late Miocene–Pliocene El Tunal and
El Goyas, and the Pleistocene El Llano successions (Parra, 1997).
Middle to late Holocene fluvio-lacustrine terraces represent the last
depositional stage in the Basin (Page and Mattson, 1981; Ruíz et al.,
2005). According to Page andMattson (1981), at least three lacustrine
terrace levels were deposited successively, in response to the
damming of the Cauca River Valley as a consequence of mega-
landslides. They also provided preliminary 14C ages (cal. years BP) for
these terrace sets, i.e. 3100, 1500, and 800 years BP. However,
geomorphologic mapping and field surveys of the SFS Basin indicate
the presence of a higher number of terraces (Fig. 1C) and also show
that the terrace deposits are not only lacustrine in origin, but also
fluvial (Suter and Martínez, 2009; García et al., accepted for
publication). South of the Basin, sedimentary sections show high-
energy deposits that have been interpreted as braided river deposits
on low-inclined alluvial fans. These sedimentary facies progressively
evolve northwards to low-energy deposits interpreted as shallow
lacustrine (Mesa, 2003; Ruíz et al., 2005) and floodplain environ-
ments. A palynofacies analysis and 11 AMS 14C datings of the finely
laminated San Nicolas terrace shows that the sedimentary succession
was deposited from 6018±106 to 1863±297 cal. years BP (García
et al., accepted for publication). Downstream, out of the basin limits,
tectonics shows active uplift and the few remnants of sedimentary
terraces show coarse debris-flow deposits originating on the valley
slopes, which may have dammed the river course temporarily and
generated swamp deposits upstream. The Aeropuerto section pre-
sented here is located south of the basin, in the south eastern edge and
distal part of the low-inclined (slightly b1° dip), Tonusco alluvial fan,
where the Tonusco and Cauca rivers meet (Fig. 1C).

2. Results

2.1. Sedimentology and depositional environment

The Aeropuerto section (Fig. 1C) consists of a 25 m-thick
succession of gravel, sand, silt and clay (Fig. 2). The gravel units are
well sorted and clast-supported with rounded, imbricated pebbles.
Some of the sand intervals show trough cross-bedding. Beds of fine
sand, silts and clays are interbedded. Paleocurrent directions
measured between deformed intervals 2 and 3 (Fig. 2) rotate
clockwise from NW to SE, suggesting a rough NE direction. Lithofacies
of the Aeropuerto section analysed herein are interpreted under the
context of a modern alluvial fan (El Tonusco, Fig. 1C).

The bottom of this section is composed of 3 m of a thinning
upward sequence, from clast-supported gravel to coarse-medium
Fig. 2. Sedimentary log of the Aeropuerto section. Large numbers refer to soft-sediment def
trough cross-bedded sands. The large black arrow indicates the fining-upwards layer in wh
sand, with interbedded, thin, clayey lenses and isolated soft pebbles.
Although cross-bedding is not observed, this interval is interpreted as
a lateral migrating fluvial channel following Miall's (1990) classifica-
tion criteria.

Overlying this basal unit, there is a 5 m-thick unit composed of two
layers of fining upward sands to silt, intercalated with sand, silt and
clay layers. The lowest one shows channels cutting through the
underlying thin clay layer. In some silt layers, horizontal, flat pebbles
lie parallel to the stratification. The entire unit is topped by a clay
layer. This unit is interpreted to represent small-scale fluvial bars. In
this unit the three lowermost deformed intervals, 1 through 3, were
observed (Fig. 2).

This unit in turn is overlain conformably by a 2 m sand to gravel
coarsening-upward sequence, which is overlain by a 3 m-thick gravel
bed showing clayey and sandy lenses towards its top. According to
Miall (1990), coarsening-upward sequences can be produced by
prograding alluvial fans or deposited on steep slopes when there is
abundant sediment supply. They can also be the product of an
increase in the strength of a flow (Nichols, 1999). We interpret this
unit as the product of a flow whose energy intensified to the point of
being capable of transporting gravel clasts, followed by a channel
fluvial bar.

On top of the gravel bed, there is a sand layer followed by a
succession composed of a coarsening-upward silt to gravel sequence
where trough cross-bedding is conspicuous. Capping, there is a 3 m
silt unit with interbedded sand and clay layers. This part of the section
is interpreted as a fluvial bar followed by flooding events. The
uppermost deformed interval occurs at the base of this unit, i.e. 4
(Fig. 2).

The topmost unit is a 2 m clast-supported conglomerate which we
interpret, despite the difficulty of reaching it, as a high-energy fluvial
bar.
2.2. Soft-sediment deformation (SSD) structures and driving forces

The first and lowest deformed interval (1 in Fig. 2) is less than 1 m
thick and occurs within a laminated alternation of clays and silts
limited bymedium sand at its base and coarse sand at its top (Fig. 3A).
A 25–30 cmwide, pendulous load cast affects a channel of coarse sand
at the top of the deformed interval (Fig. 3A). In the laminated
alternation of clays and silts lying below, SSD structures include
simple to pendulous load casts associated or not with flame structures
(Fig. 3A, B, and C), and convolute to contorted laminations (Fig. 3C),
similar in shape to roll-up structures (sensu Potter and Pettijohn,
1977). Lamination in the sinking sediment of the load casts is
sometimes preserved but concave-upward following the shape of the
load cast base (Fig. 3A). In some places, flame structures exhibit sharp
fractures filled with the surrounding silt associated with angular
pieces of clay floating in the silty matrix (Fig. 3B).

In this deformed interval the primary driving force was a
gravitationally unstable density gradient which allowed denser
sediment to sink into less dense sediment when it liquidized, and
led to the load cast genesis (Fig. 3A and B). As the load cast developed,
the underlying, finer sediment compensated its loss of volume with
upward intrusions. Flame structures formed where this displacement
of lighter sediment occurred vertically. At the base of the source layer,
this motion occurred horizontally, which generated horizontal shear
stress in the over-pressured, white clay layer, and allowed the silty
laminae rolling up within the white clay to form contorted bedding
(Fig. 3C). Minutes to hours after the trigger acted, pore-fluid pressure
decreased, and grains settled and reorganized in a more compact
arrangement (e.g. Moretti et al., 1999). Excess water should flow
ormation (SSD) intervals. Rose diagram shows paleocurrent directions measured from
ich measurements were taken.
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Fig. 3. The lowest deformed interval of the Aeropuerto section (1 in Fig. 2). (A) Large, white arrows point to load casts. Load cast on the right shows preserved, but bent laminations in
the silt; small, white arrows point to the load-cast-associated flame structures. (B) Detail of A showing angular, broken pieces of white clay (small black arrows), and a fracture filled
with silt, cutting the clay (small black arrow at the right), and small load casts (large white arrows) with an associated flame structure (small white arrow). (C) Detail of the white
clay, located further right in the outcrop, showing contorted, silty beds (large, black arrows), and a small flame structure (small, white arrow). Vertical black bar represents the same
thickness in A and C, i.e. ~10 cm.
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upwards through the sedimentary pile. However, when porosity
barriers exist, water cannot escape upwards as a fluid drag seeping
through the porosity barrier. Rather, it bursts out through the top
layer (Nichols et al., 1994). We interpret the fractures and angular
broken pieces of white clay in the silt as driven by fluidization
(vertical shear, sensu Owen, 1996).

The second deformed interval of this section (2 in Fig. 2) is 1 m
thick. It occurs within an alternation of clayey silt with fine tomedium
sands, underlain by an 80 cm-thick layer of clayey silt, and overlain by
a thinning upward, coarse sand layer. At the top of this interval, small,
conjugate, normal faults cut the last clayey silt layer. The hanging wall
block falls southwards, i.e. to the left of the outcrop (Fig. 4A). Below
this faulted layer, the alternation of clayey silt with fine sands shows a
rolled-up sand layer (Fig. 4B). At the base of this deformed interval,
pendulous load casts of fine sand in clayey silt are associated with
flame structures pointing southwards (Fig. 4C).

Load casts associated with flame structures show denser sediment
which had sunk into less dense sediment. However, unidirectional
flame structures in association with the overlying, rolled-up sand
layers and the normal faults which testify to horizontal extension in
the uppermost deformed layer (Fig. 4A), indicate that during
liquefaction, a horizontal shear stress was acting in the sediment
together with a gravitationally unstable density gradient.

The third deformed interval (3 in Fig. 2) occurs within a 1.5 m-
thick alternation of fine sands, silts and clays (Figs. 2 and 5). The
uppermost SSD structure is a dyke of medium sand, which contains
pieces of the host silt to fine-sand layer. In the outcrop cross-section,
it appears as a 6 to 10 cm wide, irregularly shaped patch of sand

image of Fig.�3


Fig. 4. Second deformed interval of the Aeropuerto section (2 in Fig. 2): (A) Uppermost deformed layer showing conjugate normal faults. The hanging wall block falls southwards.
White arrows indicate the direction of extension. (B) A rolled-up fine-sand layer in the intermediate deformed layer. (C). The lowermost deformed layer shows pendulous load cast
with associated south-pointing flame structures.
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(Fig. 5A). The source layer is a normal graded sand layer located 1.5 m
below. The sand intrusion completely crosses the deformed interval.
The base of the fine silty sand host layer shows simple to pendulous
load casts sinking in a silty clay layer, with associated flame structures.
The latter sometimes point southwards (Fig. 5B). At the base,
deformations encompass small size, south-pointing intrusions of
clays into silt (Fig. 5C) or medium sand (Fig. 5D); millimetric,
detached pseudonodules (Owen, 2003) of fine sand into silts;
southward overturned pieces of a millimetre-thick, fine sand layer
(Fig. 5C); and thrusted pieces of the latter layer.

As in the second deformed interval, the combination of load casts
with southward oriented features such as flame structures, inclined,
upward intrusions and overturned fragments, indicates a combination
of driving forces acting together during liquefaction, i.e., a horizontal
shear stress together with a gravitationally unstable density gradient
(Fig. 7). In comparison with the second interval, here the horizontal
shear stress seems to have been weaker because layer fragments are
overturned and not rolled up. Not each flame structure is southward
oriented such as in part 2, and extensional faults were not observed.
The source layer of the clastic dyke (see Obermeier, 1996a,b) is sealed
by an overlying, much less permeable, clayey layer (Fig. 5D) which
acted as a porosity barrier during liquefaction. The pore-water
overpressure could have been released by the sudden intrusion
across the overlying layers by fluidization (vertical shear, sensu Owen,
1996).

The uppermost deformed level (4 in Figs. 2 and 6) is 1.3 m thick. It
occurs within a coarsening-upward sand layer overlying a laterally
continuous, 2–3 cm-thick silt layer. The contact between both layers
showsmillimetric to centimetric sized, irregularly shaped or bifurcate
upward intrusions of silt in the sand (Fig. 6C, E and F). Immediately
above the latter, the sand exhibits convolute laminations (e.g., Allen,
1977; Fig. 6C and D). The uppermost SSD structures are water-escape
cusps (Fig. 6A), and dish and pillar structures (Lowe and LoPiccolo,
1974; Lowe, 1975; Fig. 6B).

The shape of the silt injections, in combination with the lateral
continuity of the layer, which does not have considerable variations in
thickness, leads to the interpretation of these deformation structures
as driven by a gravitationally unstable density gradient. In the
overlying sands, convolute laminations, water-escape cusps, and
dish and pillar structures are associated. According to Lowe (1975):
“there is a general consensus that convolute lamination is a complex
form of load structure”. Owen (1996) attributes some convolute
laminations to a reversed bulk-density gradient on sand-on-sand
contacts. However, such as herein, convolute laminations are in many
cases associated with water-escape structures (e.g. Lowe and
LoPiccolo, 1974; Lowe, 1975; Mills, 1983; Cheel and Rust, 1986;

image of Fig.�4


Fig. 5. Third deformed interval of the Aeropuerto section (3 in Fig. 2). (A) Clastic dyke of medium sand intruding a silt to fine-sand layer (black arrow). The white arrow points to a
silty plug of the host sediment. (B) Load casts of silt into clays. Dotted line underlines the layer limit. The black arrow indicates an associated leftwards flame structure. (C) Detail of B.
Thin alternation of fine sand, silt and clay, overlying a thick clay layer. Flame structures at the top of the basal clay layer point southwards, whereas a thin, broken fine-sand layer
displays its broken overturned piece ends (black arrows). A piece of this sand layer overthrusts another broken piece of the same layer southwards (large white arrow). Small, white
arrows point to detached pseudonodules of the overlying fine-sand layer. (D) Lowermost deformed layer of this interval showing flame structures pointing southward (black
arrows). Sand at the base may be the source layer of the clastic dyke shown in A.
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Owen, 1996; Rossetti, 1999). Thus, in this deformed interval, a
combination of bulk-density heterogeneities (localised gravitationally
unstable density gradients) and fluidization (vertical shear, sensu
Owen, 1996) may have driven the deformation.

3. Discussion

3.1. Triggers of SSD in the Aeropuerto section

Owing to the fluvial depositional environment of the Aeropuerto
outcrop presented here, possible triggering mechanisms for these SSD
are: (1) channel erosion, (2) near-surface gravity slides, (3) cyclical
pressure fluctuations associated with turbulent flow, (4) impulsive
stress associated with flow fronts, (5) rapid artesian water rise,
(6) rapid sedimentation and overloading, (7) asteroid impacts, and
(8) earthquakes.

In the Aeropuerto section, concave-upward, inclined, channel
erosional morphologies similar to the one described by Dasgupta
(1998) do not occur. Additionally, evidence of gravitational slides is
absent. Furthermore, none of the deposits testify to some turbulent
flow. Consequently, channel erosion, gravity slides and cyclical
pressure fluctuations or impulsive stresses associated with turbulent
flows, respectively, can be discarded as potential triggers.

In the lowermost deformed interval (1 in Fig. 2), fractures which
cross-cut the white clays might have been triggered by rapid artesian
water rise. However, these fractures cut sharply across flame
structures, which were previously deformed. There, vertical water
movements occurred but they did not trigger liquefaction. In the
second and third deformed intervals (2 and 3 in Fig. 2), this triggering
agent is inconsistent with the horizontal shear stress needed to form
asymmetric deformed structures. In the uppermost deformed interval
(4 in Fig. 2), deformation structures generated by fluidization suggest
an upward water seepage, rather than a rapid ascent through the
sediment. Furthermore, structures typical of rapid pore-water move-
ments were not observed (Li et al., 1996; Massari et al., 2001).

Deformed intervals 1, 2, and 3 do not show any evidence of rapid
sedimentation, since sediments are dominated by clast-supported
gravels interbedded with low to medium energy deposits (Fig. 2). The
association of convolute lamination with water-escape cusps and dish
structures, observed in the topmost deformed interval (4 in Fig. 2 and

image of Fig.�5


Fig. 6. Uppermost deformed interval of the Aeropuerto section (4 in Fig. 2). Grain size of affected sediment ranges frommedium to coarse sand, including a thin silt layer at the base.
(A) Water-escape cusps (white arrows). (B) Concave-upward dish structures (white arrows) and pillars (black arrows). (C) and (D) Convolute lamination. (E) and (F) Irregularly
shaped injections of white silt into medium sand.
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6A, B, C and D), however, is characteristic of unstable and rapidly
deposited sediments (Lowe and LoPiccolo, 1974; Lowe, 1975; see also
Owen, 1996). Since overloading is a trigger which acts during
sedimentation and needs rapid deposition of denser sediment over
awater-saturated, less dense substrate (e.g. Moretti et al., 2001; Owen
and Moretti, 2008), the upwards, irregularly shaped injections of the
underlying white silt into the medium sand may have been triggered
by overloading (Fig. 6E and F). Deformation structures in the fourth

image of Fig.�6


Fig. 7. Summary of the 17 types of soft-sediment deformation structures found in each of the 4 deformed intervals of the Aeropuerto section, with their respective trigg ing mechanism identified in the scope of this study. Numbers
correspond to the deformed interval they belong to, labelled in Fig. 2. Soft-sediment deformation structures appear in stratigraphic order, except for deformed interval no. where the clastic dyke crosscuts the entire deformed interval.
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interval, thus, may have been triggered by rapid sedimentation and
overloading, although earthquakes or other disturbances cannot be
excluded (Lowe, 1975; Fig. 7).

The alternation of deformed and undeformed intervals in the
Aeropuerto section makes the hypothesis of asteroid impact highly
unlikely, considering that there are four deformed intervals together.
Such an impact, if it occurred, might have triggered one event among
these four. Nevertheless, an extraordinary areal extent of SSD (see
Simms, 2007) cannot be proved, because only two other older SSD sites
in Colombia have been reported, i.e. in the Plio-Pleistocene, Zarzal and
Mesa Formations (Neuwerth et al., 2006; Suter et al., 2008a; Carlos
Guzman, pers. comm.). Furthermore, no mention of a possible
meteoritic impact exists in the late Holocene finely laminated records
of northern South America (e.g. Rodbell et al., 1999; Peterson et al.,
2000;Moy et al., 2002; Riedinger et al., 2002; Peterson andHaug, 2006).

Conversely, episodic triggers whose recurrence time is long enough
to allow sufficient sediment accumulation in between the events, would
matchwith this alternation. For SSDstructures of theAeropuerto section
deposits, a seismic trigger appears to be the most likely, although
deformation structures in theuppermost interval are likely to have been
triggered by rapid sedimentation and overloading (Fig. 7).

The slope gradient of the low-inclined Tonusco alluvial fan
(slightlyb1° dip) is too low to create shear parallel to the sediment
surface observed in deformed intervals 2 and 3 (see Moretti et al.,
2001). Paleocurrent directions measured on top of the second
deformed interval are inconsistent with the direction indicated by
the unidirectional flame structures lying below. In this deformed
interval, the 1 m-thick vertical superposition of (from base to top)
southward pointing flame structures, rolled-up structures and
conjugate, normal, synsedimentary faults (Fig. 7), in combination
with a seismic trigger, suggests that slumping or lateral spreading of
the overlying sedimentary package may have occurred after fractur-
ing when the underlying layers liquefied during an earthquake (e.g.,
Hansen et al., 1965; Obermeier, 1996a,b; Audemard et al., 2005; Suter
et al., 2008b). Slumping or lateral spreading are probably the trigger of
the horizontal shear in the second deformed interval and possibly also
in the third deformed interval, although horizontal shear stress seems
to have been less intense and synsedimentary faults were not
observed (Fig. 7).

3.2. Evaluation of earthquake magnitude and recurrence time in the
Santa Fe–Sopetrán Basin

Considering the Aeropuerto section together with the eight Late-
Holocene, fluvio-lacustrine sediment localities presenting SSD struc-
tures in the SFS Basin (that extend over 20 km; Fig. 1C), a seismic
trigger would be supported by the areal extent of deformed intervals
following Wheeler's (2002) tests 2 and 3 and Obermeier's (1996a)
criterion 4. This hypothesis is in agreement with the neotectonic
activity of the Romeral Fault System (Campo and Mejía, 1981;
Morales, 2003) and the available paleoseismological data (Arias,
1981; Mesa and Lalinde, 2001; Lalinde et al., 2009).

To be registered in the sedimentary record, the magnitude of an
earthquake should be at least 4.5 Mw (e.g., Marco and Agnon, 1995).
Scott and Price (1988) suggest that a magnitude of 7 does not
significantly affect sediments beyond 20 km. Considering that 20 km
is the maximum distance between sites where SSD structures have
been observed in the SFS Basin, and assuming that they occurred
simultaneously, earthquakes of a magnitude between 6 and 7with the
epicentre located somewhere in the Basin would have been required
(refer also to Castilla and Audemard (2007) and references therein for
liquefaction distribution versus earthquake magnitudes).

Assuming that the ages of the Aeropuerto Section alluvial fan
deposits range between 7000 and 1500 years BP (Page and Mattson,
1981; García et al., accepted for publication) and considering that only
three deformed intervals were triggered by earthquakes, a maximum
mean recurrence time for 6 to 7 Mw earthquakes in the SFS Basin
should be in the order of less than 1850 years. More dates are on the
way and will provide a more precise chronology for the earthquake
frequency in the SFS Basin.

4. Concluding remarks

1. Results of this study show that an accurate evaluation of SSD
triggering mechanisms needs several conditions: (1) the under-
standing of the environmental conditions at the time of sediment
deposition and shortly after, and (2) a detailed analysis of the driving
force systems. In the particular case discussed here, most possible
triggers can be discarded by combining (1) and (2). Nevertheless, for
one interval, one or more triggers remained possible.

2. Deformation structures in both intermediate deformed intervals of
theAeropuerto sectionwereprobably triggeredby seismicwaves, and
are linked to slumping or lateral spreading processes. Deformation in
the lowermost interval was also possibly triggered by an earthquake,
butwithout evidence of slumping or lateral spreading. The uppermost
deformed interval was likely triggered by overloading and rapid
sedimentation, although a seismic trigger cannot be discarded.

3. Regarding the seismic trigger, both the 20 km lateral extent and the
vertical recurrence of the deformation intervals reinforce our inter-
pretation. However, precise time correlations will test our hypothesis.

4. Mw between 6 and 7 are necessary to affect soft sediments along
the 20 km long SFS Basin. As the sediments affected are middle to
late Holocene in age, and record at least 3 earthquakes, decision-
makers should seriously consider the seismic risk involved in the
development of infrastructure projects in the middle Cauca Valley
and in the city of Medellín.
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