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ARTICLE INFO ABSTRACT

In this study, we discuss the first cosmogenic '°Be dating of river terraces located in the lower reaches of
the Santo Domingo river (Southeastern flank of the Mérida Andes, Western Venezuela). The geomorphic
observations and dating allowed the restoration of the temporal evolution of incision rate, which was
analysed in terms of tectonic, climatic and geomorphic processes. The long-term incision rate in the area
has been constantly around 1.1 mmy/a over the last 70 ka. Taking into account the geologic and geo-
morphologic setting, this value can be converted into the Late Pleistocene uplift rate of the Southeastern
flank of the Mérida Andes. Our results show that the process of terraces formation in the lower reaches of
the Santo Domingo river occurred at a higher frequency (10>°—10* years) than a glacial/interglacial cycle
(10%=10° years). According to the global and local climate curve, these terraces were abandoned during
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1. Introduction

River terraces are paleotopographic markers, the genesis of
which results from tectonics, climatic changes, eustatic variations
and geomorphic processes at the catchment scale (Pazzaglia, 2013).
The geometrical and sedimentological analysis of river terraces
coupled with numerical ages have been widely used in order to
decipher and quantify the role of each process (e.g. Maddy et al.,
2001; Antoine et al., 2007; Wegmann and Pazzaglia, 2009; Lewin
and Gibbard, 2010). The Mérida Andes (MA) is an active tectonic
range, located in Western Venezuela (Fig. 1), where several rivers
(e.g. Chama, Santo Domingo, Motatan, Guanare, Mocoties, Tucani)
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provide a wide record of river terraces. The origin of these terraces
has been mainly associated with Pleistocene paleoclimatic fluctu-
ations (e.g. Zinck, 1980; Vivas, 1984; Schubert and Vivas, 1993), in
particular with glacial/interglacial cycles (Tricart and Millies-
Lacroix, 1962; Tricart and Michel, 1965; Tricart, 1966). For the ter-
races located along the axial part of the chain, a tectonic origin
associated with the uplift of the chain has also been proposed
(Shagam, 1972; Giegengack, 1984; Audemard, 2003). Nonetheless
the lack of numerical ages in the river terraces of the MA constitutes
a weakness in the argumentation for these two hypotheses.

This study focuses on the Southeastern flank of the MA. The
study area is located in the lower reach of Santo Domingo river
between the Barinitas city and El Charal village (Fig. 1). In this re-
gion, the river presents a series of well-preserved strath terraces,
thus the incision rate can be estimated at different time scales. In
this reach, the river is orthogonal to the structural trend of the
chain; therefore the effect of localized active deformation in the
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Fig. 1. Geodynamic and morphological settings of the study area. a) simplified main present-day active tectonics of Northern South America (from Audemard and Audemard, 2002).
(SMBF) Santa Marta Bucaramanga Fault; (OAF) Oca-Ancén Fault; SSF) San Sebastian Fault; (EPF) EL Pilar Fault; (BF) Boconé Fault. Location of the Cariaco basin is shown. b) Shaded
relief map of the MA based on SRTM. Location of the study area is shown by a red square. Main active trace of the Bocond Fault is located between the two red arrows. c¢) Geological
map of the study area from Hackley et al. (2005). 1. Pleistocene to Holocene alluvial sediments; 2. Oligocene, Miocene and Pliocene conglomerates and sandstones; 3. Paleocene to
Eocene shales and sandstones; 4. Jurassic to Cretaceous (Undifferentiated) limestones and sandstones; 5. Carboniferous to Permian phylites and limestones; 6. Ordovician to Silurian
shales and silstones; 7. Upper Paleozoic to Mesozoic intrusives rocks; 8. Upper to Lower Paleozoic intrusives rocks, phyllites, schist and gneiss; 9. Proterozoic gneiss, schist and
granites. Location of Tucani scarp (Wesnousky et al., 2012) and El Carmen block (Kohn et al., 1984) are also shown. (For interpretation of the references to colour in this figure legend,

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

process of terraces formation can be quantified. Additionally, the
river is far from the sea (more than 1500 km), then the effect of
eustatic variation can be neglected. Hence, in this study a mor-
photectonic analysis is coupled with in situ produced °Be dating
(1%Be dating, in the text), in order to reconstruct the temporal
evolution of the incision rate, which will be analysed in terms of
impact of the different processes.

2. Geological setting

The MA is situated in the Western part of Venezuela. This range
is around 400 km long with an SW-NE direction from the
Colombian-Venezuelan border in the Southwest to Barquisimeto
city in the Northeast. The mean elevation of the MA is about 2024 m
a.s.l. and culminates at 4978 m a.s.l. at Pico Bolivar, located in the
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central part of the chain. The range is bounded on both flanks by the
lowlands of the Maracaibo and Llanos basins at the Northwest and
Southeast, respectively. Two prominent forebergs are clearly
distinguishable along both flanks even if the Southeastern one is
better developed (Fig. 1).

The mountain building of MA is related to a complex geo-
dynamic interaction between the Caribbean, South America and
Nazca plates and other minor continental blocks (Taboada et al.,
2000; Audemard and Audemard, 2002; Bermudez, 2009; Monod
et al., 2010). This interaction of plates leads to the oblique conver-
gence between the Maracaibo Triangular Block and South America
Plate, and is responsible for the present MA build-up (Colletta et al.,
1997; Audemard and Audemard, 2002). This geodynamic setting
produces: 1) strain partitioning along the chain, with the NW — SE
shortening component accommodated mostly along the two fronts,
whereas the dextral component is accommodated along the axis of
the range by the Bocondé fault (Audemard and Audemard, 2002;
Pérez et al., 2011); and 2) tectonic escape process in the central
part of the MA (Dhont et al., 2005; Backé et al., 2006).

Current seismicity along the MA occurs within a broad zone,
involving the main lineation of the Bocond fault and the entire
width of the MA (Audemard and Audemard, 2002). Focal mecha-
nism solutions show mainly a right-lateral faulting along the
Boconé fault, left lateral faulting along the North—South trending
faults to the North of the MA, and compression along the foothills
thrust structures (Audemard, 2003; Colmenares and Zoback, 2003;
Corredor, 2003; Cortés and Angelier, 2005). The compression
component is distributed through time on different sub-parallel
foothills thrusts (e.g. Soulas, 1985; De Toni and Kellogg, 1993;
Colletta et al., 1997; Duerto et al., 1998; Audemard, 1999).

Audemard (2003) used the depths of formation of the igneous
and metamorphic rocks (8—10 km), located in the highest summits
of the chain (~5000 m a.s.l.), to propose a total uplift in the order of
12—15 km for the last 3—5 Ma, and to estimate a rough uplift rate of
2—5 mmy/a. Cooling ages derived from apatite fission track analysis
of samples from different part of the chain suggest that the long
term uplift is diachronic across the MA from Southeast to North-
west (Kohn et al, 1984; Shagam et al., 1984; Bermudez, 2009;
Bermudez et al., 2011). It is controlled by the reactivation of pre-
existing faults and structures, and the inversion of Jurassic gra-
bens (Kellogg and Bonini, 1982; Colletta et al., 1997; Audemard and
Audemard, 2002; Bermudez, 2009). Recently, °Be dating of boul-
ders on a faulted alluvial fan along the Northwestern foothills
(Tucani scarp — Fig. 1) yielded a Late Pleistocene uplift rate for the
Northwestern Andes of ~1.7 + 0.7 mm/a (Wesnousky et al., 2012).

The MA uplift corresponds to a positive vertical movement of
the MA with respect to the Maracaibo and Llanos basins, which are
the base levels of the NW and SE running drainage systems,
respectively (Fig. 1). This leads to vertical incision by rivers draining
the range and consequent formation of fluvial terraces along the
rivers located within the chain. These rivers are predominantly
oriented in two directions with respect to the axis of the chain: i)
Sub-parallel, mainly in the core of the range, and ii) Sub-
orthogonal, towards the NW and SE fronts. The Santo Domingo
river, located in the central part of MA is flowing along the
Southeastern flank from the axis of the chain to the Llanos basin
(Fig.1); in the lower reaches, the Santo Domingo river is orthogonal
to the geological structures, thus allowing the study of the late
Quaternary incision through them.

3. Paleoclimatic setting
In the MA paleoclimatic information for times prior to the Last

Glacial Maximum (~18 ka) comes from glacial and fluvial se-
quences that have been dated and interpreted in terms of climatic

variations (e.g. Schubert and Valastro, 1980; Salgado Labouriau,
1984; Mahaney et al., 2000; Dirszowsky et al., 2005; Rull, 2005).
Schubert (1974), based on the presence of two moraine complexes
located at different elevations, differentiates an Early and a Late
Stage of Mérida glaciation. The age for the Early Stage is poorly
constrained. Indeed, only few chronological data are available and
they set a lower limiting age at 60 ka (Mahaney et al., 2001;
Dirszowsky et al., 2005). The age of the Late Mérida Stage is bet-
ter constrained. This stage approximately coincides with the global
Last Glacial Maximum between 24 and 18 ka (Schubert, 1974;
Schubert and Valastro, 1980; Schubert and Clapperton, 1990;
Mahaney and Kalm, 1996; Rull, 2005). Lacustrine sediments with
buried peat layers between sediments of Early and Late Mérida
Stage at the El Pedregal section in central MA suggest interstadial
condition (called El Pedregal Interstade). This period is relatively
warm and humid, although affected by fluctuating climatic condi-
tions (Mahaney et al., 2001; Dirszowsky et al., 2005; Rull, 2005).

At the scale of Venezuela, the longest paleoclimate record has
been obtained in the sediments of Cariaco basin, located in Eastern
Venezuela at around 1000 km from the MA (Fig. 1a). Palynological
and geochemical analysis of the marine and terrestrial record of
this basin (Hughen et al., 1996, 2000; Peterson et al., 2000a, 2000b;
Gonzalez et al., 2008) clearly document the abrupt stadial-
interstadial shifts that characterize the Dansgaard/Oeschger cy-
cles (D/O) (Dansgaard et al., 1993) and the Heinrich Events (HE)
(Heinrich, 1988) described in North Atlantic marine cores and
Greenland ice records over the last ~90 ka. In Cariaco basin, the
interstadial warm events are characterized by enhanced marine
productivity, increased precipitation and increased river discharge.
Stadials cool events show the opposite trends (Peterson et al.,
2000a, 2000b; Haug et al, 2001; Peterson and Haug, 2006;
Gonzalez et al., 2008). Heinrich events are characterized by few
sediments and lower terrigenous input, with cold and dry condi-
tions almost indistinguishable from stadials (Haug et al., 2001;
Peterson and Haug, 2006). The Last Glacial Maximun (LGM —
Clark et al., 2009) and the Younger Dryas (YD — Muscheler et al.,
2008) have been also documented in the Cariaco basin as cooling
and dry periods, occurring between 23 and 21 ka and 13 and 11.8
ka, repectively (Haug et al., 2001; Lea et al., 2003; Hughen et al,,
2004). Based on these results, paleoclimatologists concluded that
the climate evolution of the Cariaco basin is closely synchronous
with the climatic events in the Northern hemisphere even with the
rapid climate changes as D/O cycles and Heinrich events.

4. Methods

Field observations, topographic maps at 1:25000 scale
(Direccion de Cartografia Nacional, 1976), satellite imagery (Google
Earth, 2005) and a 30—m digital elevation model based on the
Shuttle Radar Topographic Mission (SRTM) were used to identify
and characterize river terraces in the lower reaches of the Santo
Domingo river. Alluvial deposit thicknesses and heights of the
terraces above the current riverbed were measured using a
measuring tape and a laser distancemeter (vertical
accuracy #+ 0.5 m). Terrace logitudinal profiles were constructed
from the digital elevation model and GPS navigator (Etrex®).

The ages of the terraces have been determined by 1°Be dating in
siliceous rich sand, cobbles or boulders (Lal, 1991; Brown et al.,
1991). Six samples were collected from a depth-profile in terrace
T2. This sampling strategy allowed the estimation of the °Be
inherited from prior exposure (Anderson et al., 1996; Repka et al.,
1997). 1°Be inherited component was also estimated from the
concentration of 1°Be in sediment of active stream bed (Repka et al.,
1997; Hancock et al., 1999; Hetzel et al., 2002). This last approach
assumes that the inherited concentration is similar to the current
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riverbed concentration. For the terraces T3 and T2, we sampled the
first 5 cm of the upper part of the siliceous surface boulders (gneiss,
granite, pegmatite, sandstone) partly embedded in the alluvial
deposit of the terrace and therefore not remobilized since their
deposition (five and three sample were taken for dating T3 and T2,
respectively).

Beryllium oxide targets were extracted following the chemical
procedures of Brown et al. (1991) and Merchel and Herpers (1999).
The extractions were made in the Cosmogenic Laboratory of Insti-
tut de Sciences de la Terre (ISTerre, France). °Be concentrations
were measured at the accelerator mass spectrometry facility ASTER
(CNRS, France) (Arnold et al., 2010). They were calibrated against
NIST Standard Reference Material 4325 using its assumed '°Be/’Be
ratio 0f 2.79 + 0.03 x 10~ and a '°Be half-life of 1.387 + 0.012 Ma
(Chmeleff et al., 2010; Korschinek et al., 2010). Production rates
were calculated following Stone (2000) using the modified scaling
functions of Lal (1991) and a '°Be production rate in quartz of
4.5 + 0.3 at/g/a at sea level and high latitude. Geomorphic scaling
factors were calculated following Dunne et al. (1999). All '°Be age
calculations were performed using attenuation lengths of 150, 1500
and 5300 g/cm? with associated relative contributions to the total
production rate of 97.85%, 1.50% and 0.65% for neutrons, slow
muons and fast muons, respectively (Braucher et al., 2003).

Methods and factors of correction for paleomagnetic effects
remain a matter of debate and uncorrected ages do not significantly
differ from intensity-corrected ages (e.g. Dunai, 2001; Carcaillet
et al.,, 2004; Masarik et al., 2001; Pigati and Lifton, 2004), so in
this study paleomagnetic intensity correction was not applied.
Thus, numerical ages are given in '°Be ka in order to allow
straightforward correction for future refinements in production
rates histories and paleomagnetic intensity corrections.

The incision rates were estimated from the ratio between the
heights of the terrace surfaces above the current riverbed and the
19Be exposure ages. These estimations were made in river terraces
located sufficiently far from the deformation front not to suffer
tectonic deformation (Figs. 2—4). In the lower reaches of the Santo
Domingo river, the strath levels outcrop only in a few localized
sites; thus, in order to homogenize the estimation of incision rates,
the surfaces of the terraces were always taken as reference levels.
The possible repercussions that this approach may generate in the
estimation of the incision rate (e.g. overestimation) in the study
area can be neglected for the following reasons: 1) the surfaces of
the terraces have not been modified by post-depositional colluvia
or tributary alluvial fan; 2) in most cases, the alluvial deposit is only
few meters thick (Fig. 5a, b), which is negligible with respect to the

incision of the terraces (more than 29 m, height of the lowest one);
3) the surfaces of the terraces are in general flat, which suggests
that they have been little modified by denudation processes, or that
the modifications have been uniform over the terrace surface
(tread) (Fig. 5a); 4) in the few sites where strath levels can be
observed, they are parallel to the surface of the corresponding
terrace (Fig. 5a, b).

5. Geomorphic analysis and age calculations
5.1. General river description

The Santo Domingo river is located in the central part of the MA,
and drains the Southeastern flank of the chain. Its catchment has a
surface of 1250 km? upstream to Barinas city. Its source was
glaciated during the Las Glacial Maximum (LGM) (Clarck et al.,
2009), as suggested by well-preserved glacial features (e.g.
Schubert and Vivas, 1993; Mahaney and Kalm, 1996; Carrillo, 2006).
It flows over 200 km from the Mucubaji lake at 3570 m a.s.l. to the
Apure river in the Llanos basin, with an outlet around 200 m a.s.L.
The river in the upper reaches of the Santo Domingo flows from
WSW to ENE for around 24 km along the Boconé fault and the axial
part of the chain. In these reaches, the river flows over crystalline
and metamorphic Paleozoic rocks (granite, gneiss and pegmatite)
(Fig. 1c) (Hackley et al., 2005). Then it bends abruptly and flows
from NW to SE downstream toward the front of the Southeastern
flank. In this part, the river is orthogonal to the structural trend of
the chain. It flows over crystalline-metamorphic Palaeozoic,
calcareous Cretaceous, siliciclastic Neogene rocks and alluvial
Quaternary alluvial sediments (Fig. 1c) (Hackley et al., 2005). The
river crosses Quaternary faults, among which the POF and the SAFF,
which belong to the Southeastern Foothills thrust system
(Audemard et al., 2000; Audemard, 2009). In the lower reaches, the
Santo Domingo river continues into the Llanos basin toward the
Apure river, then into the Orinoco river, which reaches the Atlantic
Ocean at more than 1500 km from the study area.

This work is geographically focused on the lower reach of Santo
Domingo river, where river terraces have been studied since the
first half of the XXth century (e.g. Liddle, 1928; Mackenzie, 1937;
Pierce, 1960; Tricart and Millies-Lacroix, 1962; Zinck and Stagno,
1966). However, previous studies lack of detailed geomorphological
analyses and numerical ages for these terraces. We therefore
characterized terrace geometry (longitudinal and lateral extension,
slope, height on the river, deposits thickness), stratigraphy, sedi-
mentology, and dated their abandonment.
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5.2. Terrace geometry

On the basis of geomorphic and stratigraphical analysis, six well
preserved strath terraces were mapped in the lower reaches of the
Santo Domingo river between Barinitas city and El Charal villages
(Figs. 3 and 4). These terraces are called in the following T6 to T1,
from the oldest to the youngest. They have an average downstream
slope between 1.1° and 0.4°, decreasing with age of the terrace and
downstream. Average slope of the present riverbed is 0.4° (Fig. 4).
In general, the alluvial deposits of the terraces overlay detritic
poorly lithified Neogene rocks (conglomerate, sandstone or
mudstone), and their stratigraphy is relatively similar. Alluvial de-
posits present a lower unit of fine gravelled sand matrix supported
conglomerate, where the clasts are composed of stratified well-
rounded pebbles and cobbles (2—10 m thick), deposited in a

fluvial environment. The clasts are constituted mainly of gneiss,
granite and sandstones. This unit is overlain by a fine alluvial sand
and clay unit that represented floodplain facies (50—150 cm thick).

All the river terraces analysed in this study are located suffi-
ciently far from the deformation front not to suffer tectonic
deformation. Moreover, most of the terraces are in the same
structural block, except T6, which is traversed by the inferred
projection of the POF (Fig. 2) (Audemard et al., 2000). Nevertheless,
this fault has not produced surface deformation since the aban-
donment of T6, as proven by the absence of fault scarp at the sur-
face of this terrace (Fig. 4). Therefore, no local structural control
except at the front exists over the fluvial incision. The flat surface of
the terraces when they cross two different lithological bedrock
units and the absence of knickpoint in the current longitudinal river
profile (Fig. 4) suggest that the fluvial incision is not dependent on

750
Average slope  Height of surface
Surface of the surface  above the current
(°) riverbed at Po (m)
650 T6 T 130205 *
T5 0.6-0.8 92 +0.5
T4 0.9 82+0.5
T3 0.8 69 +0.5
550 T2 0.5 42+0.5 T6
- T1 0.4 29+05%*
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Fig. 4. Longitudinal profiles of the lower Santo Domingo river and terraces. The table in the upper left corner summarizes the geometry of the terraces. The localization of Po is
shown in the figure. The height of the terraces T6 and T1 above the current riverbed at Po, were extrapolated from the minimal elevation of these terraces. Location of the POF and

SAFF are based on Audemard et al. (2000).
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an upper unit of red sand and silt. This deposit cut the sandstone Neogene bedrock. The surface of the terrace is parallel to the strath surface (site 2). ¢) Plurimetric rounded boulder
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the lithology of Neogene bedrock. The effect of the growth of the
drainage network over the fluvial incision is evidenced by the
longitudinal upstream incision increase, which produces vertically
divergent terraces upstream (Fig. 4). This effect is therefore lowest
toward the outlet of the catchment. In order to minimize and ho-
mogenize this effect, we evaluate the fluvial incision at a single
point (Po in the text) of the current riverbed in the lower part of the
catchment, where most of the terraces are present (Fig. 4). Conse-
quently, the long term fluvial incision rate in the lower reach of the
Santo Domingo river is mainly controlled by mountain uplift. Hence
the quantification of the incision rate allows the estimation of the
uplift rate for the Southeastern flank of the MA.

In the following, we discuss the individual geometry and
stratigraphy-sedimentology of the terraces. T6 is a river terrace
located on the right bank of the Santo Domingo river, on which the
city of Barinitas has settled (Fig. 6). The surface of this terrace has an
average downstream slope of 1.1°. This terrace, as well as the other
terraces, has a higher slope than the current riverbed (Fig. 4). The
development of Barinitas city on the terrace inhibits the charac-
terization of the original surface and the alluvial deposit. However,
in a natural section located toward the Southern border of the
terrace (site 1 — Figs. 3 and 6), T6 has an irregular surface with a
mean rugosity around 50 cm. In this site the alluvial deposit of T6 is
made of a gravel-sand matrix supported conglomerate. The clasts
are composed by stratified rounded pebbles and cobbles ( ~400 cm
thick).

Terrace T5 was studied at two sites along the study area. Despite
this terrace is largely used for agriculture, there are places where
the original surface of the terrace is well preserved. The surface of
T5 is mainly flat with a variable downstream slope between 0.8°

and 0.6° (Fig. 5a). At site 2 (Figs. 3 and 6), the alluvial deposit of T5 is
around 4 m thick. It contains a basal unit of stratified rounded
pebbles and cobbles. Thickness of the basal unit varies laterally (in a
context of fluvial channels and bars sedimentation) from 0 to
350 cm, and is overlain by a red sand unit, which is 50—400 cm
thick. At this site, the alluvial deposit of T5 is above a strath surface,
located at the top of the sandstone Neogene bedrock (Fig. 5b).

T5 was also studied, in a pit-soil of 2 x 3 x 2 m located to the
Southeast of the studied area (site 3 — Fig. 3). At this site, the surface
of the terrace is relatively flat, with a maximal rugosity around
10 cm. The lower unit of the alluvial deposit of T5 is a 150 cm thick
roughly stratified bed. This unit contains well-rounded pebbles and
cobbles. An intermediate unit of 10 cm is made of coarse sand. The
upper unit shows 40 cm of unsorted fine sand, silt and clay (Fig. 7).

Terrace T4 was observed on both banks of the river (Figs. 3 and
6). On the left bank, T4 is better preserved. T4 has a flat surface with
an average downstream slope of 0.9° (Fig. 4). The alluvial deposit of
T4 comprises a lower unit of stratified rounded pebbles and cob-
bles, which is at least 10 m thick. An upper thin ~60 cm thick sandy
unit is observed.

T3 is preserved on the right bank of the river (Figs. 3 and 6). The
surface of terrace T3 is mainly flat with an average downstream
slope of 0.8° (Fig. 3). The alluvial deposit of T3 exhibits a lower unit
of stratified well-rounded pebbles and cobbles at least 100 cm
thick, and an upper thin fine sand and clay unit, not thicker than
~70 cm. Additionally, plurimetric rounded boulders composed of
crystalline rocks, with an average diameter of ~200 cm and a
maximal size of 400 cm, are embedded into the alluvial material.
The top of these boulders are exposed >100 cm above ground
surface (Fig. 5¢).
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Terraces T2 and T1 are located on the right bank of the river.
These terraces are the lowest and smallest preserved terraces in the
study area (Figs. 3 and 6). The surfaces of these terraces are roughly
irregular, with a rugosity that can reach 30 cm. They have a
downstream slope of 0.5° (T2) and 0.4° (T1) (Fig. 5). The alluvial
deposit of both terraces contains a lower unit of ~100 cm thick of
stratified well-rounded pebbles and cobbles, and a ~ 150 cm thick
upper unit of fine sand and clay. Into this unit, few pluri-decimetric
exposed boulders, with an average diameter of 40 cm can be found.

Sedimentary
unit 0

5.3. Age calculations

In order to determine the exposure ages of the terraces identi-
fied in the lower reaches of the Santo Domingo river, the concen-
trations of 1°Be in samples taken in terraces T5, T3 and T2 were
analysed. The results are discussed from oldest to youngest.

Terrace T5 was sampled at site 3 (Fig. 3). A cosmogenic depth
profile was made along a 200 cm deep pit-soil (Fig. 7). At the
sampling site, the small roughness of the surface of T5 suggests that
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a denudation process could have only slightly modified the original
surface of the terrace. The local loss of alluvial material probably
does not exceed the maximum rugosity of the surface irregularities
(~10 cm). This upper-bound value was taken into account for the
data inversion to determine a maximum age (Arboleya et al., 2008;
Schmidt et al., 2011). The four lower samples are individual cobbles,
coming from the coarse unit (see Section 5.2). The two other
samples are constituted of fine sand from the upper unit (Fig. 7).
The distribution of '°Be concentration shows an exponential
decrease with depth, except for the sample Sdo-11-03 (Fig. 7). This
sample shows a high grade of weathering with respect to the other
samples with similar lithology, and suggests a longer pre-exposure
history. Thus, this sample was not considered for the age estima-
tion. A mathematical model was used, in order to estimate the '°Be
in surface and consequently the exposure age of the terrace T5.
Using a chi-square inversion to minimize the difference between
observed and modeled °Be data (e.g. Braucher et al., 2003; Ritz
et al,, 2006) and assuming a density of 2.4 g/cm?, the maximum
inherited concentration was estimated at 0.30 + 0.03 x 10° at/g
(Fig. 7). This value is consistent with the inherited component
estimated from the sediments of the active stream (Sdo-11-15 —
Table 1). This result yields a maximum exposure age of
72.06 + 3.00 °Be ka (Table 1).

To date terrace T3, five samples were taken from the pluri-
metric boulders partially embedded into the alluvial deposit of the
terrace (Sdo-11-16 to 20 — Table 1) (see Section 5.2). °Be con-
centrations are similar and range between 2.14 + 0.12 and
2.51 £ 0.20 x 10° at/g (Table 1). The height of the boulder tops
above ground surface of the terrace (some of them >80 cm) sug-
gests that the samples have not been shielded by any matrix even

Table 1

if a slight denudation of the surface of the terrace occurred. Despite
the difficulty to know the amount of inheritance in each boulder,
the fact that these boulders are only present in terrace T3 and their
homogeneous '°Be concentrations suggest that these boulders
have a similar simple and short pre-exposure history. This
assumption gives a maximum exposure age estimate for this
terrace that cluster around 59 and 70 ka. Therefore, the apparent
age given by the boulder with the smallest concentration should
be the closest to the true age (Vassallo et al., 2011). Sample Sdo-11-
16 is the one with the lowest concentration with
214 + 012 x 10° at/g, and yields a maximum exposure age of
59.21 + 6.29 '°Be ka (Table 1).

For terrace T2, we applied the same strategy used for terrace
T3. Three surface samples were taken from pluri-decimetric well-
rounded boulders, which outcrop at different heights above the
ground. Two of them have similar 1°Be concentration (Sdo-11-23
and Sdo-11-25 — Table 1). At the sampling site, the surface of T2
has an irregular slope toward the axis of the valley, which sug-
gests a bad preservation of the original surface. Therefore the
samples could have suffered shielding since deposition. In this
case, it is also difficult to know the amount of inheritance in each
boulder. However, the impact in the estimation of the age that
could be caused by the loss of thickness of this terrace of at least
30 cm (maximum rugosity of the surface —see subsection 5.2), is
likely higher than the impact caused by the amount of inheri-
tance. Therefore, we use the highest concentration for the age
estimation, which corresponds to a minimum value. Sample Sdo-
11-23 is the one with the highest concentration with
153 + 0.15 x 10° at/g, which yields a minimum age of
43.14 + 5.78 '°Be ka (Table 1).

Results of the '°Be analysis. Calibration against NIST Standard Reference Material 4325. '°Be concentrations uncertainties include analytical errors from the counting statistics
and blank correction, whereas the ages uncertainties also include the errors of the production rate introduced by the scaling model of Lal (1991) — Stone (2000) and the errors
of the °Be decay constant (Chmeleff et al., 2010; Korschinek et al., 2010). (*) Age estimated from '°Be depth profile assuming a maximum erosion of 10 cm and a density of

2.4 gfem®.
Sample Type of sample  Lithology  Latitude Longitude Altitude depth Height above Surface P, Shielding '°Be concentration '°Be age Terrace
(N) (E) (masl) (cm) the ground (at/gly) factor (10° at/g) (ka)
(cm)
Site 3 — El Charal —70.2903 8.7302 321 3.50+0.23 1 T5
Sdo-11-01 Sand Heterogene 15 1.95 + 0.10 72.06 + 3.00*
ous
Sdo-11-02 Sand Heterogene 30 1.66 + 0.10
ous

Sdo-11-03 Cobble Gneiss 53 744 + 039

Sdo-11-04 Cobble Granite 80 149 + 0.21

Sdo-11-05 Cobble Gneiss 125 0.97 + 0.17

Sdo-11-07 Cobble Granite 200 0.39 + 0.06

Site 4 — Santo Domingo —70.3696 8.738 380 3.66 +0.24 1 T3

Sdo-11-16 Metric Pegmatite 70 2.14 4+ 0.12 59.61 + 6.29
boulder

Sdo-11-17 Metric Granite 50 2.52 +0.08 70.18 + 6.71
boulder

Sdo-11-18 Metric Granite 40 2.51 + 0.20 70.08 + 8.37
boulder

Sdo-11-19 Metric Granite 86 245 +0.13 68.33 £ 7.19
boulder

Sdo-11-20 Metric boulder  Granite 180 234 +0.15 65.18 + 7.28

Site 5 — Los Platanos —70.3711 8.7486 361 3.60+0.24 1 T2

Sdo-11-23 Pluri-centimetric Sandstone 15 1.53 £ 0.15 43.14 +5.78
boulder

Sdo-11-24 Pluri-centimetric Granite 8 0.82 £ 0.05 23.14 + 2.60
boulder

Sdo-11-25 Pluri-centimetric Sandstone 15 1.43 + 0.07 40.17 + 4.13
boulder

Site 6 — Barinesa bridge —70.389 8.7701 348

Sdo-11-15 Sand Heterogene 0 0.32 £ 0.02 river

ous




0. Guzmdn et al. / Journal of South American Earth Sciences 48 (2013) 85—96 93

6. Discussion
6.1. Incision rates and tectonic uplift

The incision rates were estimated for terraces T5, T3 and T2 at a
single point (Po in Fig. 4), where most of the terraces are present.
The results are summarized in the Table 2.

These estimations allow concluding that the long-term incision
rate close to the mountain front in the lower Santo Domingo river
averages around 1.1 mm/a over the last 70 ka. Taking into account
the geologic and geomorphologic setting of the study area (see
subsection 5.2.), this incision rate represents the uplift rate of the
Southeastern flank of the MA. This estimation of the uplift rate is in
the same range of the recent estimation (~ 1.7 + 0.7 mm/a) done by
Wesnousky et al. (2012) for the Northwestern flank over the Late
Pleistocene. Additionally, this value is similar to the exhumation
rate of 0.8 mm/a for the last 800 ka, proposed by Kohn et al. (1984)
from cooling ages derived from apatite fission track of samples
located in El Carmen Block, in the central part of the MA (Fig. 1).
These results give a more detailed and broader picture of the uplift
rate of the MA. In fact, they seem to indicate that the two flanks of
the MA (NE and SW) uplift at a similar rate and that this rate is
probably unchanged over several 100 ka. Nonetheless a more
extensive analysis and dating of river terraces located in the valleys
along the axis of the chain (e.g. Chama, Upper Santo Domingo,
Upper Mocoties and Pueblo Llano valleys), as well as in the Nort-
western and Southeastern flanks (e.g. Lower Motatan, Guanare,
Escalante and Uribante valleys) are required to constrain the spatial
distribution of the uplift rate of the chain.

6.2. Terrace formation vs climate

From the extrapolation of the average incision rate performed in
this study (~1.1 mm/a) and the height of the terraces at Po above
the current riverbed, the ages of terraces T6, T4 and T1 were esti-
mated at around 110, 68 and 26 ka, respectively (Fig. 8, Table 2).
These results coupled with the exposure ages directly estimated for
T5, T3 and T2 (see subsection 5.3) show that the process of terraces
formation in the lower reach of Santo Domingo river occurred at a
much higher frequency than an interglacial/glacial cycle (10%—
10° years) (Fig. 9).

Our dating also shows that all of the terraces younger than Early
Mérida Glaciation in the lower Santo Domingo river were formed
during the El Pedregal Interstade (between ~ 65 and 22 ka). During
this period the climatic conditions were relatively warm and humid
(Dirszowsky et al., 2005; Rull, 2005; Kalm and Mahaney, 2011). The
comparison of our dating with the high resolution paleoclimatic
record of the Cariaco basin (Peterson et al., 2000; Gonzalez et al.,
2008), show a correlation between the ages of abandoment of
terraces T5, T3 and T2 and short periods of cold and dry conditions
around 74, 60 and 43 ka (i.e. stadial (S) and Heinrich event (H6)

Table 2

Summary of Santo Domingo river terraces ages and incision rates. The extrapolated
ages for the terraces T6, T4 and T1 are also shown. Details of the extrapolated age
calculations are in subsection 5.2.

Terrace  Height of surface Exposure Extrapolated Incision rate
above the current age (ka) age (ka) at Po (mmy/a)
riverbed at Po (m)

T6 130 + 0.5% - 110 -

T5 92 £ 0.5 72.06 £3.00 -— 1.27 + 0.06

T4 82 +0.5 - 68 -

T3 69 + 0.5 59.61 £+ 6.29 — 1.16 + 0.12

T2 42 + 0.5 43.14 £ 5.78 — 0.98 + 0.13

T1 29 4+ 0.5* - 26 -

¢ Extrapolated from the minimal elevation above the current riverbed.

conditions — Fig. 10). Therefore this correlation shows that the
abandonment of the terraces occurred during a long-term warm
and humid stage, but was triggered by short and rapid climatic
variations from warm to cold conditions (Fig. 10). Hence, we argue
that the process of river terraces formation in the lower reaches of
Santo Domingo river was probably controlled by climatic varia-
tions. During the warm and humid periods of the El Pedregal
Interstade (Dirszowsky et al., 2005; Rull, 2005; Kalm and Mahaney,
2011) the river attained an equilibrium between incision and
aggradation. Consequently strath surfaces were developed. Then,
during short period of cold and dry conditions equilibrium was
interrupted by vertical fluvial incision triggered by the decrease in
the transport capacity. Additionally, the signature of an instanta-
neous high energy aggradations event is put in evidence by the
presence of the pluri-metric boulders at the surface of terrace T3.
These boulders are embedded into the alluvial deposits and were
probably transported and deposited by debris flow climatically or
tectonically triggered in a context of high water discharge and
sediment supply. In the case of climate controlled events, these
events could have been similar to those occurring today in the
Mérida Andes (Olivero et al., 2005a,b).

This climatic-driven formation model is opposed to the glacial/
interglacial model previously proposed for the terraces of MA by
Tricart and Millies-Lacroix (1962) (published well before that the
recent advance in Quaternary geochronology and paleoclima-
tology) that associated the abandonment of the terraces to inter-
glacial conditions. Our results show that this model is not
applicable in the lower reaches of the Santo Domingo river. In fact,
no river terraces have been formed in the study area during the end
of the maximum extension of ice sheets through the Last Glacial
period (LGM; Clark et al., 2009), which is well documented in
glacial sediments in the core of the MA and dated at 21.5 ka (Kalm
and Mahaney, 2011). This comparison also suggests that the process
of terraces formation could be different in the upper catchment of
the river. Thus, an analysis of river terraces in the upper part of the
Santo Domingo catchment, close to the interaction with glacial
fluctuations, could allow a better understanding of this issue.

7. Conclusion

This study established a river terrace chronology based on
cosmogenic ages for the lower reaches of the Santo Domingo river.
The six well-preserved Late Pleistocene strath terraces identified
allowed reconstructing the history and the dynamics of the incision
as a response to climatic and tectonic inputs.

We estimated maximum exposure ages for terraces T5 and T3 at
72.06 + 3.00 and 59.61 + 6.29 '°Be ka, respectively, and a minimum

140
120
100

80

60
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40 4

20

Time (ka)

Fig. 8. Incision rate of lower Santo Domingo reaches calculated from the ratio between
the height of terraces T5, T3 and T2 and the exposure ages estimated in this work.
Extrapolated ages for T6, T4 and T1 were estimated assuming a constant incision rate
over the last 120 ka. Maximum and minimum ages performed are plotted with their
uncertainty associated and a dashed line toward younger and older times (maximum
and minimum ages, respectively).
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exposure age for terrace T2 at 43.14 + 5.78 1°Be ka. These results and
the elevations of terraces above the present riverbed yield a long-
term constant incision rate around 1.1 mm/a over the last 70 ka.

The analysis of the geologic and geomorphologic setting
allowed proposing that the long-term fluvial incision in the lower
Santo Domingo river is mainly controlled by mountain uplift.
Therefore we consider that the value estimated for the incision rate
(~1.1 mm/a) can be converted into the Late Pleistocene uplift rate
of the Southeastern flank of the MA. This value is in the same range
of the uplift rate on the same period of the Northwestern flank
(Wesnousky et al.,, 2012), showing that the MA may be being
symmetrically uplifting on both flanks.

From the extrapolation of the long-term average incision rate
estimated in this study, the ages of the terraces T6, T4 and T1 were

estimated at around 110, 68 and 26 ka, respectively. This result
shows that the process of terraces formation on the Southeastern
flank of the MA occurred with a higher frequency than a glacial/
interglacial cycle. In particular terraces seem to have been aban-
doned during warm to cold transitions and are therefore climati-
cally controlled. However, the impact of the climatic input in
terraces formation remains to be quantified, while other param-
eters such as seismic activity within the MA could play a signifi-
cant role.
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