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Abstract

This paper analyzes the physical factors controlling the recent morphology of major deltas along the Pacific and Caribbean coasts of
Colombia. The study considers the fluvial, coastal, and oceanographic contributions to changes in delta morphology and uses different
approaches, including (1) remote sensing techniques; (2) time series analysis of river discharge, sea level, wave climate and tidal variability;
(3) analysis of the relationship between monthly mean sea level anomalies near the deltas related to the El Nino Southern Oscillation
(ENSO); (4) development of a database of key physical variables; (5) series of correlation calculations to examine which environmental
factors control delta morphology; (6) analysis of shoreline changes for the 19862000 yr-period; and (7) classification of each delta system
based on the relationship between water and sediment discharges and wave and tidal energies. Overall, Colombian deltas are built under
destructive physical conditions. The Pacific deltas, San Juan, Mira, and Patia, are tide-influenced deltas although they exhibit definite
characteristics of wave-dominated systems such as the presence of barriers and beach ridges. Also, these deltas exhibit the highest marine
energy conditions of all Colombian deltas (marine power values between 9.1 and 11.6) due to the interplay of (1) moderate wave conditions
as a result of the effect of swells from the SW with a significant height varying from 1.7 in the San Juan delta to 3.0 m and 3.1 m in the Mira
and Patia deltas, respectively; (2) meso-tidal ranges; (3) steep subaqueous profiles; (4) low attenuation indexes of deep-water waves; and (5)
strong oceanographic manifestations associated with the ENSO, causing regional sea level rises of 20-44 cm during El Nino events. The
Caribbean deltas, Magdalena, Sint and to a lesser extent, the Atrato, are wave-influenced deltas. The Magdalena, with deep and nearshore
wave power values of 45 x 10® erg s' and 35 x 10° erg s™!, respectively, and the lowest attenuation index of deep-water waves, is the most
wave-influenced delta of Colombia. Statistical relationships show that the area of Colombian deltas is best predicted from average dis-
charge and bank-full width of river entering the delta. The number of distributary channels is explained by the marine power index
and the gradient of the delta plain. The average and total width of distributary channels are largely controlled by the tidal range. Further
analysis of shoreline changes indicate that the retreating behavior of the western part of the Magdalena delta has been due to anthropo-
genic causes, including the construction of jetties in 1936. By contrast, processes of rapid erosion in the San Juan delta have been the result
of 2.6 mm yr~' long-term relative sea level rise due to tectonic induced subsidence coupled with a eustatic rise of sea level. Overall, the
other deltas are experiencing prograding phases with rates of accretion of 100 m yr™" in the artificial delta of the Canal del Dique.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction Wright, 1977; Galloway, 1975; Syvitski et al., 2005a,b):
(1) water and sediment discharge rates reflecting drainage

The morphology of deltaic systems is controlled by the  characteristics such as climate, morphology, and tectonism;
interaction of local factors (Wright and Coleman, 1973;  (2) receiving basin characteristics, including bathymetry,
slope of continental margin, isostasy, subsidence, sea-level
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and tidal energy, and longshore and cross-shelf currents;
and (4) density differences between river and coastal waters
relevant in controlling the dynamics of fluvial plumes.
Many models have been used to classify the morphology
of deltas by analyzing the dynamics of fluvial discharges
and their transport mechanisms. The ternary diagram pro-
posed by Galloway (1975), illustrates the division of deltas
into fluvial-dominated, wave-dominated, and tide-domi-
nated. Orton and Reading (1993) modified Galloway’s
approach and used a new classification system based on
sediment grain size of delta deposits. Other classification
schemes have included new variables such as changes in
sea level (Postma, 1995), or quantitative indexes of mean
tidal range and mean wave height (Hori and Saito, 2008).
According to Syvitski (2005), a problem associated with
many schemes of delta classification has been the difficulty
to obtain a global view of deltas. The morphology of sev-
eral deltaic systems has been described in a qualitative
manner based on environmental factors and geomorpho-
logical patterns. Many deltas are not well known and lack
quantitative databases of key morphodynamic factors
associated with their recent evolution. These deltas are
mainly located in developing countries, and basic research
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on these systems has been slow to start (Hori and Saito,
2008). Colombia is not the exception. There are no scien-
tific descriptions of physical processes in river deltas along
the Pacific and Caribbean coasts of Colombia. The San
Juan is the only delta that has been partially documented
in terms of morphodynamics (Restrepo and Kjerfve,
2000a, 2002; Restrepo et al., 2002).

The morphology and recent evolution of the Colombian
deltas (Fig. 1) are unique when compared to other deltas of
South America because of the singular combination of
extreme climatic, geological, and oceanographic conditions
in which the deltas are built, including (1) high tectonic
activity with the occurrence of shallow earthquakes and
tsunamis (Kellogg and Mohriak, 2001); (2) narrow conti-
nental shelves with limited accommodation space (Correa,
1996); (3) drainage basins with high rates of precipitation,
water discharge and sediment load (Restrepo and Kjerfve,
2000a); (4) the complexity of littoral dynamics resulting
from micro and mesotidal ranges (Kjerfve, 1981; Restrepo
and Kjerfve, 2002; Restrepo et al., 2002), and the effect of
significant swells and associated coastal currents (Restrepo
et al., 2002); (5) strong oceanographic manifestations asso-
ciated with the ENSO cycle, causing sea level rises during
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Fig. 1. (A) Map of the Pacific and Caribbean coasts of Colombia, showing the locations of the principal river deltas (solid circles), the tectonic setting of
the coasts, and the tidal gauges at Tumaco, Buenaventura, and Cartagena (white circles). (B-G) Satellite images of the six river deltas analyzed in this
study, including Mira (B), Patia (C), San Juan (D), Magdalena (E), Sint (F), and Atrato (G). All imagery is from Landsat satellite supported by the

University of Maryland.
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El Nifio years (Morton et al., 2000); and (6) increasing
rates of relative sea level (Restrepo et al., 2002). It is worth
noting that although the occurrence of high energetic and
destructive conditions along the Colombian coasts, small
to medium-sized rivers (e.g., Magdalena River) form exten-
sive deltas (Fig. 1).

This study focuses on the morphodynamics of major
deltas in Colombia, the Mira, Patia, and San Juan deltas
on the Pacific coast, and the Atrato, Sinu, and Magdalena
on the Caribbean coast (Fig. 1). Our primary goal is to
identify the principal factors determining the recent mor-
phology of these deltas. We also present a database of
key physical factors, classify each delta based on quantita-
tive indices, discuss the morphology and recent delta evolu-
tion, and compare Colombian deltas with major global
systems.

2. Major deltas and their physical setting

The major Pacific deltas from north to south are the San
Juan, Patia, and Mira (Fig. 1). Their drainage basins are
located within the humid tropics, characterized by high
but relatively constant temperature, high rainfall rates,
and high humidity. Average rainfall in the entire Pacific
basin ranges from 2000 to 12,700 mm yr~' (Snow, 1976;
Restrepo and Kjerfve, 2000a). The entire Colombian Paci-
fic coast is characterized by high tectonic activity and pro-
grade on a narrow shelf bordering a deep trench. Along the
northern margin, the Nazca oceanic plate is converging
with the South American continental plate at a rate of
54 mm yr~' (Kellogg and Mohriak, 2001) (Fig. 1A). The
convergence has produced an unstable coast characterized
by the occurrence of large magnitude, shallow focus earth-
quakes. Severe earthquakes, accompanied by destructive
tsunamis, impacted the Colombian coast in 1836, 1868,
1906, 1979, and 1991 (Pennington, 1981; Lockridge and
Smith, 1984; Kellogg and Vega, 1995; Meyer et al., 1992;
INGEOMINAS, 2005).

The Pacific rivers have lobate littoral barred deltas
(Fig. 1). The San Juan delta with an emergent area of
~800 km? and a shoreline of 51 km (Fig. 1D), is classified

Table 1

as an intermediate system (Galloway, 1975) and also as a
type III (Coleman, 1981). The delta is influenced differen-
tially by fluvial discharge, wave energy and tides at its sev-
eral distributary mouths (Restrepo et al., 2002). The Patia
(Fig. 1C), a deltaic system influenced by tectonic activity
and with a sub-aerial area of ~820 km?, has been classified
as a tide-dominated delta. The Mira (~443 km?) is an inter-
mediate system but with a higher contribution of wave
forces (Vernette et al., 2002) (Fig. 1B). These deltas consist
of distributary channels flanked by tropical humid forests,
mangrove swamps, tidal flats, and barrier islands.

Caribbean Colombia is principally drained by the Mag-
dalena, Sinu, and Atrato rivers (Fig. 1). The Magdalena
River measures 1612 km and drains a 257,438 km? basin,
which occupies a major portion of the Colombian Andes.
It is the largest fluvial system in Colombia and originates
from headwaters in the Andean Cordillera at an elevation
of 3,300 m. The Atrato, draining a basin of 35,700 km?,
occupies a considerable portion of the Pacific basin, but
the river empties into the Caribbean via the Uraba Gulf.
The Sind River empties into the Morrosquillo Gulf and
drains an area of 10,180 km?.

The Caribbean drainage basins are characterized by
high and moderate rainfall patterns averaging 4944, 1750,
and 2050 mm in the Atrato, Sind, and Magdalena water-
sheds, respectively (Table 1). The climate of the region is
modulated by the geographical position of the Intertropical
Convergence Zone (ITCZ). The seasonality of the position
of the ITCZ corresponds to the windy and dry (December—
April) and rainy (August—October) seasons. The rest of the
year is transitional between these two seasons. In the dry
season the ITCZ resides at its southernmost position (0—
5°S). At that time the northern trade winds dominate the
area with average speeds of ~8 ms~! and diurnal peaks
up to ~15ms~! (Andrade, 1993). During the rainy season
the ITCZ moves over the southwestern Caribbean, decreas-
ing the wind speed of the southerlies there and promoting
the highest rate of precipitation anywhere in the western
hemisphere (Andrade and Barton, 2000).

The Caribbean region is also characterized by the
convergence of the South American and the Caribbean

River length (L), drainage basin area (A), basin maximum elevation (R), average annual precipitation (r), water discharge (Q), monthly maximum water
discharge (Qmax), runoff (Af), runoff coefficient (Af/r), suspended sediment load (Q,, and basin wide sediment yield (Y) for the major deltas along the

Pacific and Caribbean coasts of Colombia

Fluvial L(km) A(km? R@m) r(mmyr™") Afmmyr™) Afr(-) Qm*s™!) Omux (m3s™) O (x10°tyr™) Y (tkm2yr )
system/Delta

Pacific coast

Mira 272 9530 3346 4703 2872 0.61 868 3270 9.7 1025

Patia 415 23,700 4580 3296 1718 0.52 1291 3082 21.1 972

San Juan 352 16,470 3900 7277 4884 0.67 2550 5000 16.4 1150

Caribbean coast

Atrato 700 35,700 3150 4944 2420 0.49 2740 3060 11.3 315

Sint 300 14,700 3350 1750 800 0.46 373 586 42 589
Magdalena 1540 257,440 3300 2050 886 0.43 7232 10287 144 560

The location of each delta is shown in Fig. 1
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tectonic plates (Fig. 1). The Caribbean margins of Panama,
Colombia, and Venezuela consist of extensive fold belts
(Case et al., 1971). The North Panama and North Colom-
bia fold belts are characterized by numerous volcanoes that
are formed by overpressured Miocene muds and occasion-
ally capped with reefs. Also, seismic sections across the
Panama deformed belt reveal that Panama is continuing
to collide eastward with the northern Andes. The Pan-
ama—Colombia border area near the Atrato delta is one
of the most seismically active areas in northwestern South
America (Kellogg and Mohriak, 2001).

The Magdalena, an arcuate delta with an emergent area
of 1690 km?, is the largest delta in Colombia (Fig. 1E). This
delta is classified as wave-dominated system (Coleman,
1981) and consists of alluvial plains, marginal lagoon sys-
tems and beach ridges (Vernette, 1985). The receiving basin
is characterized by sedimentation, slumping and compres-
sional tectonics that cause the presence of mud diapirism
in the delta front (Shepard et al., 1968; Kolla and Buffler,
1984; Vernette et al., 1992). The delta mouth empties into
an offshore canyon with a steep slope (40°) (Shepard,
1973). The Sind delta with a sub-aerial area of ~26 km?
is classified as a river and wave-dominated system (Cole-
man, 1981; Vernette et al., 2002) (Fig. 1F). In contrast with
the Magdalena River, which delivers all its sediments over
the continental slope, the Sinu delivers its sediments into
the largest portion of the continental shelf (Tabares et al.,
1996; Serrano, 2004). The Atrato River delta (Fig. 1G),
with an area ~672km? and located west of the Sini
(Fig. 1), is a river-dominated delta with a bird-foot mor-
phology (Vernette et al., 2002).

3. Methods

Our approach considers the fluvial, coastal, and ocean-
ographic contributions to changes in delta morphology.
To assess morphometric characteristics, shoreline changes
and how delta geomorphology has changed during the last
two decades, satellite images of each of the 6 deltas were
processed from Landsat 7 imagery (30 m pixel resolution
or mpr) obtained from the Global Land Cover Facility
of the University of Maryland. Also, aerial photographs
(1-3 m pixel resolution), maps at scale 1:25,000, and SPOT
imagery (10 mpr) were examined. More than three tempo-
ral images from the space of each deltaic system were ana-
lyzed to identify geomorphic characteristics of the
distributary channels connected to the main fluvial river.
The images were rectified to 1:50,000 topographic maps
(Geographic Institute of Colombia, IGAC) after establish-
ing ground control points. The geo-registered images were
corrected for atmospheric path radiance by subtracting
band minimum values from within the darkest topographic
shadows. The ERDAS Image 8.1 software was used for
image analysis and to estimate rates of coastal retreat
and progadation. In addition, shoreline changes along
the San Juan delta were documented using radar images

from 1968 and 1992, air photographs from 1968, 1993,
and 1997, and interviews with inhabitants.

The climatic pattern of each delta system was examined
by obtaining daily temperature and rainfall data (1970—
2001) from the Hydrological Institute of Colombia
(IDEAM) for many stations throughout the drainage
basins. In addition, monthly water discharge and sediment
load data were obtained from the IDEAM for the most
downstream station at each river (IDEAM, 1995), or from
various studies (Restrepo and Kjerfve, 2000a,b; Restrepo
et al., 2002; Restrepo, 2005).

To compare and contrast the physical processes occur-
ring in the delta distributaries, we made observations along
the main distributary channels and their inlets of the Pacific
deltas, including San Juan and Mira. Because of logistic
constraints, we did not take measurements along the Patia
river delta. The measurements consisted of time series mea-
surements of currents, temperature, salinity, and water
level elevation at two stations in the San Juan delta and
four stations in the Mira delta using an InterOcean S4 elec-
tromagnetic current meter with CTD (including high-preci-
sion depth capability) and a Nortek acoustic wave and
current meter AWAC (including a pressure sensor with res-
olution of 0.25%). The instruments were deployed at the
center of each navigational channel and maintained 1 m
above the bottom. Also, hourly sea level data were
obtained from tidal gauges at Buenaventura (1955-2000),
Tumaco (1954-2000), and Cartagena (1955-2000) (Fig. 1)
(University of Hawaii Sea Level Center/NOAA). The data
were approximately 92% complete, and missing data were
interpolated with harmonic analysis (Franco, 1988, 1992).

To assess tidal variability in other deltaic systems such
as the Atrato, Sinu, and Magdalena, we obtained tidal pre-
dictions done by IDEAM in stations located at each delta
front. We subjected the water level data to harmonic anal-
ysis to calculate amplitude and phase of tidal constituents,
and the main tidal statistics (Franco, 1988, 1992; Pugh,
2004). In addition, meteorological and far-field low fre-
quency responses were obtained by using an eighth-order
recursive Butterworth low-pass filter with 38-h half-power
gain to suppress semidiurnal and diurnal tidal variability
(Schwing et al., 1983). To assess the relative astronomical
water level variability, we summed the variance of the semi-
diurnal, diurnal, shallow water harmonic constituents,
ZAI.2 /2, to obtain the astronomical tidal variance, and then
divided by the total variance in the time series.

With respect to wave data along the Caribbean and
Pacific coasts of Colombia, we are not aware of any pub-
lished measurements of waves. To remedy this, we
obtained wave data around each delta for the 1963-2000
period from the NOAA-Comprehensive Ocean-Atmo-
sphere Data Set (COADS, releases 1 and la) (Woodruff
et al., 1987, 1993, 1998). The data were obtained from
the World Meteorological Observation, Voluntary Observ-
ing Ships Program. The data include 56,980 sets of obser-
vations of wind speed and direction, swell and wave
direction, period, and height.
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To address the morphodynamic characteristics of the
Colombian deltas, we developed a database of key physical
variables according to the environmental factors estab-
lished by Syvitski (2005) and Syvitski et al. (2005a,b): (1)
drainage area of each delta system (A); (2) maximum relief
of the watershed (R); (3) basin climate temperature (7); (4)
basinwide precipitation (r); (5) runoff (Af); (6) runoff coef-
ficient (Af/r); (7) average water discharge (Q); (8) monthly
maximum water discharge (Qn.x); (9) average suspended
sediment load (Q;); (10) basinwide sediment yield (Y);
(11) length of the main course of the river (L); (12) gradient
of the delta plain (Dgq); (13) number of distributary chan-
nels (Cy); (14) width of the distributary channels (Cw); (15)
bank-full width of river entering the delta (Rw); (16) spring
(K; + M;) tidal range (7;); and (17) maximum monthly
wave height (1,). Other physical variables, including trend
in relative sea level (S;) and sea level anomalies (Sta)
related to El Nino-Southern Oscillation (ENSO), were cal-
culated to evaluate the impact of changing sea level on
delta morphology.

To obtain predictive relationships and examine which
environmental factors control delta morphodynamics, ser-
ies of correlation calculations were done using the database
from the six deltas (Tables 1 and 4). Both single and multi-
ple correlations were performed. Pearson correlation coef-
ficients were calculated for some variable pairings for delta
properties and for the neperian logarithm of delta vari-
ables. To analyze if a significant component of some delta
variables can be explained by a combination of several con-
trols, a step-wise regression was implemented on the data-
base. Here we examine a set of estimator variables, select
those that are most efficient at explaining the variance in
a response variable, and build them into a model.

The morphodynamic classification of Colombian deltas
was done by using two approaches, including (1) the shore-
line classification system (e.g., Davies and Hayes, 1984;
Hori et al., 2002) and (2) the quantitative relationships
between log mean tidal range/mean wave height versus
log suspended sediment load, and log water discharge
(Hori and Saito, 2008). The latter approach assumes that
all deltas should be strongly influenced by fluvial discharge
and sediment load. Thus, the well-known delta type “flu-
vial dominated” used in the Galloway’s ternary diagram
(Galloway, 1975) is not adopted in this scheme. Instead,
it classifies deltas into three types: wave influenced; mixed
wave and tide influenced; and tide influenced.

The trend in relative sea level along the Pacific and
Caribbean coasts was estimated by least-squares linear
regression for the Buenaventura, Tumaco, and Cartagena
time series. To evaluate the monthly mean sea level anom-
alies near the deltas related to ENSO, we removed mean
monthly values to eliminate seasonal effects. A filtered
sea level was calculated by subtracting the interannual
mean sea level for each month (S™) from the respective
monthly mean sea level in each year (S) for the ith month
of the jth year to form the deviation from the long-term
monthly mean sea level Sj; = S;; — S (Quinn et al., 1978;

Enfield and Allen, 1980). The Southern Oscillation Index
(SOI) data were obtained from the National Oceanic and
Atmospheric  Administration-NOAA  (2005) (http://
ffp.ncep.noaaa.gov/pub/cpc/wd52dg/data/indices).

In order to compare Colombian deltas with South
American and major global deltaic systems, we used the
database of physical factors that control delta morphology
for the major global deltas (Syvitski, 2005). Thus, we calcu-
lated the river (OmaxDgra) and marine (W: + T7) power
indexes, and the ratio of sediment supply to marine dis-
persal (Qs:P,,) (Syvitski, 2005).

4. Results and discussion
4.1. Water discharge and sediment supply

The extreme climatic conditions along the Pacific basins
of Colombia are responsible for the high water discharge
into the Pacific. The largest is the San Juan with a mean
discharge of 2550 m® s!. The Patia has a mean river basin
discharge of 1291 m*s™!, and Mira River contributes an
average 839 m> s~'. Table 1 shows the drainage areas, main
climatic characteristics, and water discharge and sediment
load for the largest Pacific and Caribbean rivers.

Sediment flux to the coastal zone is conditioned by geo-
morphic and tectonic influences (basin area and relief),
geography (temperature, runoff), geology (lithology, ice
cover), and human activities (reservoir trapping, soil ero-
sion) (e.g., Milliman and Syvitski, 1992; Syvitski et al.,
2005a,b; Syvitski and Milliman, 2007). On a global basis,
the warm temperate region has the highest sediment yield
of all the climate zones and accounts for nearly 2/3 of
the global sediment delivery. Also, river basins draining
high mountains (>3000 m) contribute ~60% of the global
sediment flux to the coastal zone (Syvitski et al., 2005a,b).

The Pacific deltas are built by small rivers with high sed-
iment yield (Table 1). The San Juan occupies a 16,465 km?
basin with the highest mean sediment load (16 x 10° t yr ™)
and basin-wide sediment yield (1150 t km 2 yr~') on the
entire west coast of South America (Restrepo and Kjerfve,
2000a). The Patia River, with a drainage area of
23,700 km?, has a sediment load and basin-wide sediment
yield of 14x10°tyr~' and 972 tkm 2 yr~ ', respectively.
Based on daily measurements from 1982 to 2000 by
IDEAM at Pipiguay, which only covers 4% of the
upstream basin, the upper portion of Mira River has an
annual sediment load of 213,160 tyr ' and a sediment
yield of 507 t km 2 yr~'. This sediment yield is much lower
than the yield of 856 tkm 2 yr~' estimated by Restrepo
and Kjerfve (2000a,b), which only included 10 years of
data 1982-1992. According to John Milliman (pers. com-
mun.) both estimates do not reflect the denudation rates
present in these humid drainage basins of western Colom-
bia. In addition, these yields do not express the conditions
of deposition and storage that occur in the entire basin. To
remedy this, we estimated sediment load for the Mira River
catchment from the regression of sediment load on basin
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area for tropical rivers with precipitation rates higher than
700 mm yr ' (Latrubesse et al., 2005). The best estimate
for the total sediment load into the Pacific Ocean from
the Mira is 9.7 MT yr~'. This results in a sediment yield
estimate of 1025 t km 2 yr ™!, very similar to the yields of
1150 t km 2 yr' and 980 t km 2 yr~! estimated by Restre-
po and Kjerfve (2000a,b) for the San Juan and Patia rivers,
respectively.

Along the Caribbean, the sediment load of the Atrato
River is 11.3 x 10° t yr !, and the corresponding sediment
yield 315 t km 2 yr ! (Table 1). The sediment yield is com-
paratively low, because of the large size of the drainage
basin and the extensive low-lying Uraba alluvial flood
plains, with an area of 5500 km?, where significant sedi-
ment deposition and storage occur. The annual discharge
and sediment load of the Sinii River are 373 m®s™' and
6x10°tyr!, respectively, with a basin-wide sediment
yield of 589t km 2 yr~! (Table 1). Daily water discharge
measurements in the Magdalena River, 1942-2000, indi-
cate an annual discharge of 7232-m’s~'. Load measure-
ments during the 1972-1998 year-period yielded an
annual sediment load of 144 x 10°t yr~!. The calculated
sediment yield for the entire drainage basin area is
560 t km > yr~—' (Table 1).

In general, climate determines where tropical weathering
occurs, while tectonics increase erosion rates and dictate
the composition of erosion products (Stallard, 1988).
Drainage basins with intense tectonic activity usually have
high sediment yields (Meade, 1988; Milliman and Syvitski,
1992), as in the case of Colombian rivers. Furthermore, the
presence of unstable and cation-rich minerals in the sus-
pended load and bedload of rivers draining the Andean
basins suggests that rapid erosion is indeed occurring.
Thus, along the slopes of the Pacific and Caribbean basins,
high temperatures, humid conditions, and abundant vege-
tation in these high rainfall basins promote rapid chemical
weathering and high denudation rates.

Besides climate and weathering factors, other processes
such as landslides lead to slumps that increase sediment
loads. In humid uplands, landslides are the dominant mass
wasting process (Hovius et al., 1997; Hovius et al., 1998).
The Colombian Pacific basins are characterized by the
presence of active fault systems, high precipitation rates
(reaching as much as 12 m in the Atrato watershed), slopes
frequently steeper than 35°, and dense tropical rain forests
(West, 1957; Correa, 1996). According to Hovius et al.
(1997), these conditions are favorable to the occurrence
of rapid mass wasting caused mainly by hillslope erosion
processes such as landslides, slumps and slides.

The trend between delta area and drainage basin area
for the Colombian river deltas were determined by log—
log regression of delta area on basin area. Fig. 2a indicates
that Colombian deltas fit the global trend well. The small
Pacific rivers, including the Atrato, show a clear cluster.
Although the Atrato discharges into the Caribbean Sea,
its drainage basin is located west of the Cordilleras and
has the same drainage basin characteristics as the San Juan
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Fig. 2. (a) Relationship of drainage basin area (km?) and delta area (km?)
for the major Colombian and global river deltas. Data for the world’s
major deltas were obtained from Syvitski (2005). (b) Bathymetric profiles
of subaqueous deltas based on bathymetric maps from the hydrographic
service of the Colombian Navy (unpublished data).

and Patia rivers (e.g., headwaters at high elevations, high
rainfall rates, and high tectonic activity). Even though
these rivers drain small basins they have high sediment
yield and construct extensive deltas. Over a distance less
than 75 km, the San Juan River falls abruptly from an ele-
vation of 3900 m to 100 m. Likewise, the Patia descends
from its headwaters at 4580 m elevation to 400 m over a
distance of 150 km. Thus, the control exerted by narrow
alluvial plains results in less sediment deposition/storage
within the drainage basins.

With respect to sediment budgets in deltas and sediment
supply to the oceans, 10-30% of sediment load of large riv-
ers passing the farthest downstream gauging stations are
trapped in delta plains of subaerial deltas and river chan-
nels. Subaqueous deltas may trap 70-80% of sediment load
passing the farthest downstream gauging stations (Hori
and Saito, 2008). Based on the late Holocene depositional
history of the San Juan delta, which was inferred from
the analysis of 11 hammer cores (Gonzalez and Correa,
2001), and assuming an average thickness of 7 m for the
entire 800 km? of the sub aerial delta and a constant sedi-
ment supply for ~5000 year period, Restrepo et al
(2002) showed that the sediment load delivered to the
San Juan delta would have been ~5.7 x 10'® m*. According
to their assumptions, this implies that only 10% of the river
sediment was captured in the subaerial delta and that 90%
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was trapped in the subaqueous delta. In the Sind delta,
however, Serrano (2004) obtained an estimated net sedi-
ment accumulation of 161 x 10° m* and an estimated sedi-
mentation rate of 2.83x 10°m?®yr~' for the 1957-1997
year-period. According to this study, most accumulation
occurred in the subaerial delta (~70%). For the other
Colombian deltas there are no rough estimates of sediment
budgets and accumulation patterns in the subaerial and
subaqueous margins.

4.2. Marine forcing factors

4.2.1. Tidal characteristics

The results of the water level harmonic analyses are pre-
sented in Table 2. The analysis of tidal characteristics from
two gauging stations in the Pacific deltas indicates that
these deltas have meso-tidal range, ranging from 3.0 to
1.3 m. The tidal phase for the major diurnal and semidiur-
nal constituents progresses from north to south along the
coast, with high water first occurring in San Juan and later
in the Mira delta, consistent with a southward propagating
Kelvin wave along western South America (Pugh, 2004).
Water level inequality (Schurman, 1941) occurs promi-
nently in high waters only in San Juan. The tides in these
two deltas are pure semidiurnal with a form number (ratio
of the main diurnal and semidiurnal component ampli-

Table 2

tudes, K; + O;/M, + S,; Defant, 1960) varying from 0.18
to 0.09.

The hourly time series at the San Juan delta indicate a
pronounced 15-16 day periodicity. However, low-fre-
quency water level fluctuations are less significant at the
Mira delta. In the mouth of the San Juan, processes at tidal
frequencies explain 75% of total water level variability,
with semidiurnal, diurnal and shallow water constituents
explaining 60%, 2%, and 13%, respectively. Seasonal, mete-
orological and river discharge variability account for 25%
of the water level variance. In the mouth of the Mira River,
the semidiurnal and diurnal constituents represent 88% of
the water level variance, and 12% is due to meteorological
factors. Further analysis indicates that in the San Juan
inlet, tidal asymmetry is caused by distortion of the tide
by runoff and bathymetry, resulting in an appreciable My
shallow water tidal component with amplitude of 55 cm.
At the Mira delta, however, the My tidal component is only
0.3 cm and water level asymmetry is negligible, reflecting
differences in the morphology of the two delta mouths
(Table 2).

The analysis of tidal characteristics from 4 locations in
the Caribbean deltas indicates that these systems have
micro-tidal range, ranging from 62 to 15 cm. The tide is
primarily diurnal in the Atrato and Sinu deltas with a form
number of 5.5 and 4.9, respectively. In the Magdalena delta

Main water level tidal harmonic constants in the major deltas of Colombia, where H,, (cm) is amplitude and g, is the phase lag (°G) of the equilibrium tide
at Greenwich (Pugh, 1987)

Constituent Origin Period Pacific coast Caribbean coast

(solar hours) Mira H, San Juan H, Atrato H, Sinu H,, Magdalena H,

(cm)/g, (°)  (cm)/g, (°) (cm)/ga (°)  (cm)/g, (°)  (cm)/g, ()

Diurnal
Q Larger elliptical lunar 26.87 0.7/293 6/161 1/72 6/254 13/269
O, Principal lunar 25.82 0.5/256 6/240 33/299 33/300 23/258
K4 Principal solar-lunar 23.93 0.6/101 25/039 33/301 36/289 35/270
Semidiurnal
N, Larger elliptical lunar 12.66 4/185 25/169 10/251 5/222 9/126
M, Principal lunar 12.42 6/98 137/323 7/259 8/302 28/21
S, Principal solar 12.00 116/198 31/208 5/230 6/86 4/211
L, Smaller elliptical lunar 12.19 20/53 6/266 15/55 1/61 9/76
K, Declinational lunar—solar 11.97 32/177 8/199 1/228 2/97 1/198
Shallow water
MK; 0.7/22 7/196 133/198 115/14 140/172
MN, 0.6/44 16/338 104/89 59/94 70/63
My Principal lunar over-tide 6.21 0.3/359 55/117 157/110 163/92 178/100
MS, 6.10 1.5/13 26/360 23/342 43/340 17/255
Y 0.2/98 13/073 28/236 35/254 57/245
2MSg¢ 0.2/56 9/313 21/333 17/346 32/78
Mg 0.2/96 8/068 43/339 48/300 65/41
3MSy 0.1/61 11/325 43/11 33/292 27/14
Tidal statistics Formula
Form number (-) (K +0))/(M5+S5) 0.09 0.18 5.5 493 1.81
Inequality phase (°) M, — (K| +0)) —259 43 —341 —287 —507
Phase age (°) 0.98 % (S, — M)) 98 —112 28.4 —211.68 186.2
Mean tidal range (m) 2.2%(M,) 1.3 3.0 0.15 0.18 0.62
Spring tidal range (m) 2.0%(M; + Sy) 2.4 3.4 0.24 0.28 0.64
Neap tidal range (m) 2.0%(M; — S5) 1.1 2.1 0.04 0.04 0.48
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the tide is a mixed primarily diurnal tide with a form num-
ber of 1.9 (Table 2). In general, the diurnal component
tides are largely uniform in both phase and amplitude for
most of the Caribbean deltas.

4.2.2. Wave climate

Wave data indicate that the observed waves in the Paci-
fic deltas are predominantly swells from the southwest (63—
68%) with a significant height varying from 1.7 in the San
Juan delta to 3.0 m and 3.1 m in the Mira and Patia deltas,
respectively. Average swell height is 1.4 + 0.7 m, and the
mean period ranges from 6.1 + 2.6 s in the San Juan delta
to 6.3 + 2.6 s in the Mira delta. The maximum heights are
considerably higher for swells with values ranging up to
7.5m. In the Caribbean, the deltas are mostly impacted
by swells from the northeast (36-78%). Average swell
height varies from 2.3 + 1.2 m in the Magdalena delta to
1.6 + 0.8 in the Atrato. Significant and maximum heights
are considerably higher in the Magdalena delta with values
of 5.1 m and 9.0 m, respectively (Table 3).

The general configuration of a delta shoreline cannot be
explained by the characteristic of a single set of waves
(height, period, and direction). In order to relate morphol-
ogy to wave energy, it is necessary to express the wave
regime in terms of long-term statistical averages of wave
power (Wright and Coleman, 1971). The wave power cli-
mate can be expressed by combining the effects of all data-
sets of wave characteristics for each month. This is done by
taking the monthly weighted means of the total and long-
shore power values. The methods to estimate wave-power
are shown in Wright and Coleman (1971, 1974).

The analysis of total wave power per unit crest width
along each delta front indicates that the Magdalena delta
has the higher nearshore wave power with
35x 10% erg s ! m. Also, wave power at the 9 m depth con-
tour is higher in the Magdalena (45 x 10° erg s~! m) than
any value observed along the other deltas considered in this
study. In addition, the Pacific deltas exhibit moderate wave
energy conditions with an average wave power of
~16x 10%erg s~ m at the 9 m depth contour (Table 3).

The depositional form of deltas depends on the magni-
tude and distribution of wave forces, as well as the rate
of sediment supply. If sediment load is small and wave
energy high, the waves will mold the river-borne sediment
into a marine-dominated coastline. If, on the other hand,
river sediment discharge is high compared to wave forces,
the river will build a protruding delta (Wright and Cole-
man, 1973; Coleman, 1981). In general, the greater the river
discharge, the greater the wave power required to rework
the sediment into a wave-dominated configuration (Wright
and Coleman, 1972). Although the Pacific deltas have a
high rate of sediment discharge, swells with a significant
height between 1.7 m and 3.0 m create a marine-dominated
coast with beach ridges, spits, and barrier islands.

In addition, if sediment load peaks coincide with times
of greatest wave power, the increased supply of sediment
may be balanced more closely by the capacity of the waves

to redistribute sediments. If river discharge and maximum
wave power are out of phase, then the river outflow may
dominate for part of the year, and this condition will be
followed by a period of intense reworking by waves. The
former situation should favor a more regular and smooth
progradation of the delta shoreline, whereas the latter situ-
ation would be more likely to lead to the formation of suc-
cessive spits, barrier islands, or beach ridges along the coast
flanking the river mouths (Wright and Coleman, 1974).

Fig. 3 shows the river discharge/wave-power climate
analysis for the Colombian deltas. In the Pacific systems,
the disparity between wave power and discharge power
probably has a fundamental effect on the development of
periodic coastline features such as beach ridge systems
adjacent to the distributary mouths. In contrast, the Atrato
and Sind deltas are characterized by periods of maximum
discharge approximately in phase with times of maximum
wave power. The dominance of river discharge is therefore
moderate most of the year. However, some distinct peaks
of fluvial discharge are out of phase with nearshore wave
power between June and August. The events of this short
period are probably responsible for the pronounced sea-
ward protrusion of these two deltas. In the Magdalena
delta, the shoreline is extensively reworked by wave pro-
cesses. The dimensionless discharge and wave power curves
are only slightly out of phase. The maximum river dis-
charge peaks in November while wave power has its max-
imum value in December (Fig. 3f). Furthermore, wave
dominance is evident in the landscapes of the Magdalena
with a deltaic plain consisting of beach ridges and dunes
composed of clean and well-sorted sands. The delta has
succeeded in building a slight protrusion in the vicinity of
the river mouth and its coastline has been straightened
and made regular by wave activity (Fig. 1E).

Observations along the subaqueous deltas of major riv-
ers, including the Amazon (Nittrouer et al., 1996), the
Mahakam (Storms et al., 2005), the Ganges—Brahmaputra
(Kuehl et al., 1997), the Po (Cattaneo et al., 2003), and the
Fly (Harris et al., 2004), suggest that the depositional
mechanisms of subaqueous deltas are controlled by ener-
getic marine environments, which are related to energetic
waves and meso-macro tidal ranges. Each subaqueous
delta is different in size and morphology due to differences
in fluvial discharge, shelf bathymetry, and the local ocean-
ographic regime (Storms et al., 2005). Fig. 2b shows that
the shape of the Colombian deltas may be entirely flat
(Atrato and Sinu river deltas), smoothly curved (Mira
and Patia river deltas) or angular-shaped (San Juan and
Magdalena river deltas). Probably, the deeper depths of
the delta-front platform of the Magdalena, San Juan and
Mira deltas may be attributed to the high and moderate
wave energy on the delta coast (Table 3).

Wave power may be attenuated substantially over the
broad, gently sloping sub-aqueous profiles which are facing
most large river deltas (Coleman, 1981). By flattening the
offshore slope through the addition of sediment, the river
can oppose the marine forces more effectively. Where rivers



Table 3

Values and rms variability of wave height and period at seas and swells near the major deltas of Colombia

Wave characteristics

Pacific coast

Caribbean coast

Mira Patia San Juan Atrato Sinu Magdalena
Seas Sea/swell wave Direction
Predominant Sea direction (1963-2000) SW (195°-254°) SW (195-254°) SW (220.5-265.5°) NW (285°-344°) NE (015-074°) NE (015-074°)
Mean height (m) 4+ rms 09+0.5 0.9+0.5 09+04 0.8+0.4 14+£08 1.6 £09
Maximum height(m) 3.0 2.5 2.7 1.5 6.5 6.5
Significant height (m) 2.0 2.1 1.4 1.8 3.3 3.6
Mean period (s) £+ rms 52+14 55+1.5 56+1.2 5.0 6.0+ 1.8 6.1+1.8

Swells

Predominant Swell direction (1963-2000)
Mean height (m) £ rms

Maximum height (m)

Significant height (m)

Mean period (s) £ rms

Wavelength (m)

% Swell direction (1963-2000)

Other wave parameters (shallow water)

Ax, Incremental linear distance (m, from d = L/2 to d =9 m)
Wave height after frictional attenuation (m, Ax to d =9 m)
Wp, Wave power (10°ergs™!, d=9 m)

Ax, Incremental linear distance (m, from d = L/2 to d = 0.3 m)
Wave height after frictional attenuation (m, Ax to d =0.3 m)
Wp, Wave power (10°ergs™!, d=0.3m)

Ap, Attenuation index (-)

SW (195°-254°)
1.4£0.6

45

3.0

63426

61.9

64.2

529
1.3
16.2
1765
0.25
0.13
2056

SW (195-254°)
14+0.7

6.5

3.1

6.3+24

61.9

67.8

1167
1.3

16.0
2833
0.26
0.14
1894

SW (220.5-265.5°)
14£0.7

75

1.7

6.1426

58.0

63.2

1250
1.3
15.8
3250
0.21
0.10
2454

NE (015-074°)
1.6 +0.8

6.5

3.6

63+£25

61.9

36.0

4375
1.4
18.5
5417
0.14
0.04
7676

NE (015-074°)
21+13

9.0

4.9

6.5+23

48.9

74.5

1818
1.8
34.4
5727
0.11
0.02
25 376

NE (015°-074°)
23412

9.0

5.1

67423

70.0

779

2.1*
45.4*

4.0
34.9%
24*

Note: Data for the 1963-2000 yr-period were obtained from the NOAA-COADS/ICOADS, based on 56,980 sets of data points (Woodruff et al., 1987, 1993, 1998). d = depth in shallow water (m);
L = wave length (m). Wave height after frictional attenuation over an incremental distance (Ax), wave power (Wp) and attenuation index (4p) were calculated from predominant swells, based on Wiegel

(1948), Wright and Coleman (1971, 1973) and USACE (2002).
Predominant compass direction, wavelength in deep water, wave power and attenuation index are also shown.

% For the Magdalena delta, wave power and attenuation index were calculated using the linear theory of waves, which takes into account the swell height after refraction and shoaling (USACE, 2002).
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Fig. 3. Sediment load (gray line)/nearshore wave power (bold line) analysis of the river deltas of Colombia, including Mira (a), Patia (b), San Juan (c),

Atrato (d), Sint (e), and Magdalena (f).

discharge large volumes of sediment into broad and shal-
low continental shelves, friction reduces incident waves to
a lesser extent before they reach the shore (Wright and
Coleman, 1973). The subaqueous profiles of Colombian
deltas show close relationship with subaerial delta mor-
phology. Slopes are gentle and convex seaward of the
river-dominated delta systems, such as those of the Atrato
and Sinu (Fig. 2b). As offshore profiles become steeper and
more concave, wave-dominated coastline features, includ-
ing beach ridges and spits, become more prominent. In
the Pacific and Magdalena River deltas, coastal irregulari-
ties and protrusions decrease as a result of increasing off-
shore slope and consequently increasing nearshore wave
power (Fig. 2b, Table 3).

The degree to which wave power is reduced by the off-
shore slope is indexed by an attenuation ratio (Ap). This
index, developed by Bretschneider (1954) and Bretschneid-
er and Reid (1954), estimates the reduction of wave height
due to bottom friction (Wright and Coleman, 1973). In the
Pacific deltas the attenuation ratios indicate that friction
reduces nearshore power to 19% and 25% of the deep-water
power, while in the Atrato and Sinu deltas, the Ap values
are higher and wave power is reduced by 77% and 90%,
respectively (Table 3). In contrast, the steeper profile in
the Magdalena River delta causes low reduction of wave
power due to friction. This morphologic condition may
be responsible for the lowest attenuation ratio of any
Colombian delta (Fig. 2b, Table 3).
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4.2.3. Sea level anomalies related to ENSO

The impact of ENSO on the eastern Pacific sea level has
been documented for 1950-1974 (Enfield and Allen, 1980),
1955-1973 (Wyrtki, 1975), 1970-1975 (Wyrtki, 1977), and
1982-1983 (Cane, 1983). Observations have shown that
El Nino 1997-1998 raised sea level by 20-30 cm along
the Pacific coast of Colombia (Martinez et al., 2000; Mor-
ton et al., 2000). The intensities of ENSO events are classi-
fied on the basis of high sea-surface temperatures (SST)
and atmospheric pressure differences between Tahiti and
Darwin (SOI). Anomalously low values of the SOI corre-
spond to periods of weakened trade winds and positive
anomalies of temperature and sea level in the eastern Paci-
fic (Quinn et al., 1978; Enfield and Allen, 1980; Glantz,
1997). At Tumaco and Buenaventura (Fig. 1), high sea
level anomalies and the SOI index show good coherence
for the 46-year period 1954-2000 (Fig. 4). Regression anal-
ysis between the smoothed sea level and the smoothed SOI
yielded a coefficient of variation of R* = 0.61 in Tumaco
and R>=0.54 in Buenaventura, both coefficients signifi-
cant at the 95% confidence level, which indicates that vari-
ations in the SOI explain 61% and 54% of the seasonal
variability in water level, with low values of SOI corre-
sponding to high Tumaco and Buenaventura sea level
anomalies (Fig. 4a and b). Thus, the sea levels in the Mira
and San Juan deltas are strongly affected by the Southern
Oscillation.

The 1982 El Nino in the eastern equatorial Pacific was
remarkable. By October SST was almost 5 °C above nor-
mal and the sea level at the Galapagos Islands had risen
by 22 cm (Cane, 1983). Also, during the 1998 El Nino,
equatorial waters in the eastern Pacific were 3—4 °C warmer
and 20-30 cm higher than normal (Morton et al., 2000). In
Tumaco (Fig. 4a), strong El Nifios in 1982 and 1998 raised
sea levels by 28 cm and 32 cm, respectively, while in Buen-
aventura (Fig. 4b), these El Nino events raised sea levels by
33 cm and 27 cm. Moderate El Nino events in 1958, 1965,
1969, 1972, 1987, and 1992 raised the water level by 10-
44 cm along the Mira and San Juan river deltas (Fig. 4).
According to Restrepo et al. (2002), positive sea level
anomalies in the San Juan delta during 1998 increased
the frequency of washover and flooding to at least twice
per month. Channel migration and beach retreat intensified
dramatically and the agricultural land and the majority of
houses were lost to beach erosion. Although sea level
anomalies in Cartagena show a weak correlation with the
SOI index (R*=0.28), the El Nino events in 1982 and
1995 raised sea levels by 15 cm and 25 cm, respectively.

<

Fig. 4. Time series plots of water-level anomalies at Tumaco (a),
Buenaventura (b), and Cartagena (c) in 1954-2000. (d) The Southern
Oscillation Index (SOI), the atmospheric pressure difference (milibar) at
sea level between Darwin, Australia, and Tahiti. The SOI data were
obtained from the National Oceanic and Atmospheric Administration-
NOAA (2005) (http://ffp.ncep.noaaa.gov/pub/cpc/wd52dg/data/indices).
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4.3. Delta classification

Fig. 5 shows the morphologic classification of Colom-
bian deltas done by using the quantitative relationships
between log mean tidal range/mean wave height versus
log suspended sediment load, and log water discharge
(Hori and Saito, 2008). Wave-influenced Colombian deltas
are the Magdalena and Sind. Although the Atrato exhibits
bird’s-foot topography, it shows the contribution of wave
forces due to the low tidal energy present along its shore-
line (Table 2). Marshes, swamps, and lakes are the most
abundant features in this delta and wave-deposited sand
features such as beaches and beach ridges are scarce.
Toward the wave-dominated end of the spectrum there is
a progressive decrease in river-dominated features such as
digital distributaries, bays, and marshes and an increase
of wave-built features such as beach ridges, spits, dunes,
and barrier islands. The Sinu delta, like the Atrato, is char-
acterized by marshes and lakes, but the coastline is
smoother and sand features such spits and beach ridges
are much more developed than in the Atrato. However, flu-
vial dominance is still evident and reflected by the pro-
nounced cuspate form of the Sinu delta and by the
mangroves which dominate around the flanks of bays
and behind the sand beaches of the delta shoreline. The
Magdalena River has built an elongated and arcuate delta
at its mouth and wave dominance is evident in the land-
scapes of the delta plain. The Magdalena has succeeded
in building only a slight protrusion in the vicinity of the
river mouth where sand barriers, beaches, and dunes are
the most common features of the deltaic plain. Thus, the
Magdalena delta exhibits definite characteristics of wave
dominance (Fig. 5).

Tide-influenced deltas are common along the Pacific
coast and exhibit funnel-shaped river mouth morphology.
Although the San Juan, Patia, and Mira deltas have signif-
icant river-produced bulges, their shorelines have been
smoothed into regular and rounded forms by wave activity.
Continuous beach and beach-ridge formations fringe the
coastline of these deltas. An interesting feature arising from
this classification scheme is the contribution of wave energy
to the morphology of Pacific deltas. Even though these sys-
tems are not classified as mixed wave-and- tide influenced
deltas, their coasts have been intensely eroded and
reworked by wave action. Also, most of the Colombian
deltas, except Mira and Sinu, show large contributions of
fluvial discharge due to its location up in the classification
diagram (Fig. 5).

<

Fig. 5. Classification diagrams for major Colombian deltas plotting mean
tidal range/mean wave height versus log water discharge (a) and log
suspended sediment load (b). The dashed lines divide the three types of
deltas, including wave-influenced (left side), mixed tide and wave-
influenced (center), and tide-influenced deltas (right side) (after Hori and
Saito, 2008). (¢) Mean wave height versus mean tidal range for major
Colombian deltas. The regions are grouped into five morphological
categories (after Davies and Hayes, 1984; Hori et al., 2002).
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4.4. Environmental variables controlling delta morphology

Based on our physical database (Tables 1 and 4), the
best predictors of delta area (Ap) across the Colombian
deltas are water discharge Q (m® s~') and bank-full width
of river entering the delta Rw (m) and explain 97% of the
data variance (Eq (1): Table 5). The first-order control of
water discharge on delta areas was also shown by Syvitski
(2005). In this study of 55 global deltas, variables explain-
ing most variation in observed delta arcas were average
water discharge (78%) and the total sediment load (3%).
Since we did not calculate the total sediment load (sus-
pended sediment load and bedload), these two estimators,
Q and Ry reflect the transport capacity of the fluvial
system.

It has been argued that a relevant factor controlling the
three-dimensionality of deltas is the number and pattern of
distributary channels (e.g., Gould, 1979; Kanes, 1970, cited
by Syvitski et al., 2005a,b). In addition, the number of dis-
tributary channels found on a delta plain is limited by wave
energy and the dispersal mechanisms of the river bedload
(e.g., longshore transport). Therefore, an inverse relation-
ship is to be expected between wave action and channel
number (Bhattacharya and Giosan, 2003; Syvitski et al.,
2005a,b). For the Colombian deltas, the number of distrib-
utary channels is inversely predicted by the marine power
(Pw) accounting for 45% of the data variance (Eq. (3):
Table 5). It is positively affected by the gradient of the delta
plain Dgq (39%). Thus, if the marine power is small, then
over time more distributary channels will be built. In addi-
tion, the width of distributary channels, Cy, is largely
explained by tidal range, T;, and to a lesser extent by water
discharge and Cy (R* = 0.99; Eq. (4): Table 5). Tidal range
was also the most important estimator predicting the total
width of distributary channels, TCyw (R> = 0.88; Eq. (5):
Table 5). On a global basis, 7; was also the main variable
explaining channel width. Tidal currents and water dis-
charge are relevant controls keeping the channel mouths
enlarged (Syvitski, 2005). Finally, the gradient of the delta
plain, D4, was positively correlated with bank-full width
of river entering the delta (Rw, 29%) and nearshore wave
power (Wp, 28%), and inversely affected by water discharge
(34%) (R*=0.91; Eq. (2): Table 5).

4.5. Shore dynamics and human impacts

During the 3-4 last decades, the barrier islands of the
San Juan delta have experienced important morphological
changes similar to changes in all the barrier islands along
the Pacific coast of Colombia (Martinez et al., 1995,
2000). Shoreline changes along the delta front reflect both
erosional and accretionary events, documented in air pho-
tographs from 1968, 1993 and 1997, and interviews with
inhabitants. Major changes have occurred to the south in
the Chavica and San Juan distributaries (Fig. 6a). From
1968 to 1997, the position and morphology of the delta
front changed significantly as reflected by (1) the formation

Database of morphodynamic factors associated with major deltas in Colombia, including delta area (Ap), gradient of the delta plain (D), delta width (Dw), number (Cy) and width (Cw) of

distributary channels, bank-full width of river entering the delta (Rw), shelf width (Sw), length of the coastline (Lc), spring tidal range (7;), maximum monthly wave height (W)

Table 4

Sta (cm)
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Rw (m)  Sw(km) Lc(km) T;(m) W, (m)

., OO Du(am) Cy(m)
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Ap (km?)

Delta

Pacific coast

Mira

28-32

—1.14

26.09
36.24

16.81

0.0008
0.074
0.045

9.13
9.06
11.60

0.35
0.25
0.69

0.36
0.24
0.23

3.0
3.0
34

50
62
51

11.4

400
600
400

617
1500
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34
57
40

4.85
15.48
13.79

443
820
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Patia

27-33

2.26
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San Juan

Caribbean coast
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Sinu

0.60
0.75
9.95

5.10

0.09
0.09
7.86

0.15
0.12
0.79

0.17
0.12
2.70

0.24
0.28
0.64

112

500

117

267

42

4.87
20.40
7.66

672

1.48
8.02

17
77

120

600

11

67

26
1690

15-25

5.98

2.0

510

Magdalena

The indexes of marine power (Pp,) and river power (P,), the ratio of sediment supply to marine dispersal (Qs:Py,) (Syvitski, 2005), and the trends in relative sea-level (S) and the highest sea-level
anomalies related to the El Nino-Southern Oscillation (Sy ) are also shown. We only show values of Sy and Sy 4 for those deltas near the tidal gauges at Buenaventura, Tumaco, and Cartagena (Fig. 1).
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Table 5

Models and estimator variables predicting delta area (Ap), gradient of the
delta plain (Dgrp), number (Cy), width (Cyw), and total width (7Cy) of
distributary channels in the Pacific and Caribbean river deltas of
Colombia

Model R’ F-Value  p-Value
87% 10%
Ap = —4.973E7"1 +0.696 O 0.397 Ry 097  46.27 0.0056
34% 29%
Derg = 3.722E71% — 2.551 O +0.682 Rw 091  6.36 0.1388
28%
+1.700 W,
45% 39%
Cn = 4.101E7!° — 0.859 Py 4-0.639 Dy 0.84 7.65 0.0664
64% 24%
Cw=—1642E7"1 + 1210 T; —0.470Dga 099  54.08 0.0182
11%
—0.372Cx
88%
TCw = —1.144E7'® 4+ 0.938 T; 0.88  29.37 0.0056

Note: Q, water discharge; Ry, bank-full width of river entering the delta;
Py, marine-power index; W,, maximum monthly wave height; 7, spring
tidal range.

of an extensive sandy cuspate tidal flat extending seaward
1.2 km at the Chavica mouth; (2) a 1.5 km spit actively
growing toward the southeast from the San Juan mouth;
(3) a 150-220 m retreat of the beach along the 2 km central
segment of El Choncho barrier island; and (4) opening of a
new inlet during a spring washover event.

In the past few decades, the central segment of the El
Choncho part of the delta has retreated at 4 myr~' for
as much as 100 m (Neal and Gonzalez, 1990). Erosion from
April 1993 to November 1997 has been documented by
topographic profiles. Beach retreat has narrowed the bar-
rier island by 60 m (an average rate of 11 myr~' for the
period), destroying citrus and coconut plantations, and
houses that were built more than 0.5 m above the highest
spring tides (Restrepo et al., 2002). On the other hand,
the opening of a new inlet occurred in June 1996, during
an exceptionally high tide. The island was incised by a
small channel, 5 m wide and 0.5 m deep. The channel grew
rapidly with each high tide, and by December 1996, it had
become a true inlet, 30 m wide and several meters in depth.
By May 1997, the inlet had migrated to the south and had
reached a width of 50 m and a depth of 10 m (Correa and
Gonzdlez, 2000; Restrepo et al., 2002). A strong bi-direc-
tional tidal circulation deposited an ebb tidal delta in front
of the inlet, and the sand drift to the south became even
more disrupted. By December 1997, flooding along the cen-
tral part of El Choncho destroyed several houses, and by
February 1998, the central part of the island was perma-
nently inundated with the inlet continuing to migrate to
the south. In addition, high sea levels and strong currents
have destroyed fringing mangroves (Restrepo et al.,
2002). Opverall, major morphological changes have
occurred in the San Juan delta during this 29-year period,
including shoreline retreat, narrowing of barrier islands,
and the occurrence of breaching events.

Changes in the Mira delta coastline between 1958 and
2000 are shown in Fig. 6b. Maximum shoreline prograda-
tion of approximately 2000 m has occurred at the north

section of the river mouth, and maximum erosion of
approximately 600 m occurred at the apex of the southern
spit. In general, the Mira delta shore has protruded sea-
ward at a rate of 48 m yr~' during the 42-year period. Fur-
ther analysis of present deltaic evolution shows that the
main distributaries are migrating to the south and exhibit
widening of the inlets and spit growth on the northern
end. Also, the Atrato and Sind deltas on the Caribbean
coast show coastline progradation during the 1986-2002
yr-period. Maximum accretion rates of 1300 m are present
in the western part of the Sinu delta (Fig. 6¢).

The Caribbean region is characterized by countries
ranging from small, low islands to continental, mountain-
ous lands with strong differences in rainfall patterns, cli-
mate, landform and land use. The coastal zone supports
more than 100 million people in more than 25 countries.
In the region, sedimentation and erosion are the most sig-
nificant coastal issues. The response to coastal problems is
usually hard engineering (coastal sea defenses) rather than
more environmentally sustainable soft engineering solu-
tions (Kjerfve et al., 2002).

Few deltas remain in their pristine form — most are highly
engineered to control flooding both from rivers and from the
sea (Syvitski et al., 2005a,b). Other anthropogenic effects
include changes in the natural rate of delta accretion
through increased sediment supply due to deforestation
and agriculture (Restrepo and Syvitski, 2006). Also, rates
of delta progradation can increase when the locations of dis-
tributary channels are artificially controlled (Syvitski et al.,
2005a,b; Restrepo, 2007). In the Magdalena delta, the con-
struction of the Barranquilla port has seriously affected the
erosion/accretion equilibrium along the delta front. Levees
constructed during the early 1900s to facilitate navigation
and create an open channel into the Caribbean have con-
fined the fluvial sediment to the river channel, resulting in
the delivery of the available sediment load offshore rather
than deposition in the delta shoreline (Alvarado, 2005)
(Fig. 7b). Furthermore, the present delta mouth empties
into an offshore canyon with a steep slope (40°) (Shepard,
1973). This decrease in sediment delivery is a significant fac-
tor contributing to land loss on the western part of the Mag-
dalena delta. Further analysis also indicates that strong
littoral currents flowing predominantly toward the west,
which are the result of open ocean swells generated by NE
trade winds (Table 3) create beach accretion and erosion
on the eastern and western sides of the navigation channel,
respectively (Fig. 7a). The net estimate of beach erosion on
the western part of the delta for the 1936-2002 year period is
~1500 m (Alvarado, 2005; Restrepo, 2007) (Fig. 7b and c).
Further analysis of satellite images indicates an average
coastal retreat of 55 m yr~! in the western part of the delta
for the 1989-2000 yr-period (Fig. 7a).

In general, the San Juan and Mira deltas on the Pacific
coast are the only Colombian deltas showing few effects of
human presence. Due to the construction of a 5 km-long-
channel (Canal Naranjo), which was dredged between the
Patia River and the much smaller Sanguianga River to
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Fig. 6. Major shoreline changes in the San Juan (a), Mira (b), and Sinu deltas (c). Changes in the Canal del Dique delta coastline between 1986 and 2002
are also shown (d). Satellite images of each delta were processed from Landsat 7 imagery (30 m pixel resolution or mpr) obtained from the Global Land
Cover Facility of the University of Maryland.
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Fig. 7. (a) Satellite image of the Magdalena delta, showing the locations of alluvial plains (Ap), lagoon systems (La) and beach ridges (Bchr), the direction
of the NE trade winds (white arrow), and shoreline changes (1-3) between 1989 (dash line) and 2000 (bold line). Satellite images were processed from
LANDSAT 5 and 7 data (15-30 m pixel resolution or mpr) and obtained from the Global Land Cover Facility of the University of Maryland; (b) aerial
photograph of the Magdalena River mouth from 1936, showing the location of coastal engineering structures and common points (4, 5) also shown in (c);
and (c) satellite image of the Magdalena River delta from 2002, showing the location of common points 4 and 5 shown in (b). Note the coastal retreat

between 1936 and 2002.

the north in 1976, 117 km upstream of the Patia and 67 km
upstream on the Sanguianga, most of the Patia’s discharge
was captured by the Sanguianga River. This diversion
event started during the 1979 earthquake, when the vertical
elevations of the basins changed, and the Sanguianga River
captured approximately 70% of the Patia’s discharge. Since
1979, this diversion has created socioeconomic hardships
along the lower courses of both rivers. Impacts included
channel erosion, sediment deposition, mangrove die-off,
delta-front erosion in the Patia delta, changes in fishing
resources, transportation and communication difficulties,
and changes in lifestyles (Soeters and Gémez, 1985; Velas-
quez et al., 1994).

Major anthropogenic impacts on deltas are present on the
Caribbean coast. The lower course of the Atrato River and
its delta plain has experienced deforestation and soil conver-
sion in the last three decades due to agricultural processes.
The largest banana plantations in Colombia are located on
the lower Atrato River. Another of the major anthropogenic
influences is the artificial delta formed by the Canal del
Dique (Fig. 6d). This canal, a 114 km-long man-made chan-
nel from the lower course of the Magdalena River to Carta-
gena Bay (Fig. 1), was constructed in 1650 by indigenous
slaves supervised by Spanish conquerors. During the 15
years that it has been monitored (1984-1998), the Canal
del Dique has discharged approximately 89 x 10° t of sedi-
ment to the Caribbean Sea (Restrepo et al., 2006).

Since the 1930s, the government of Colombia has
dredged and reopened the Canal del Dique. Because of
increased sedimentation in Cartagena Bay between the
1940s and 1960s, new channels were constructed from El
Dique to Barbacoas Bay. These man-made distributary
channels formed a river- dominated delta with bird’s-foot
morphology. In fact, the largest accretion rates of any
Colombian delta are observed in the Canal del Dique delta
with values up to 1400 m for the 19862000 yr-period.

4.6. Trends in relative sea level and its implications

The trend in relative sea level was estimated by least-
squares linear regression for the Buenaventura 1955-
1999, Tumaco 1953-2000, and Cartagena 1952-2000 time
series (Figs. 1 and 8). In Buenaventura the relative sea level
rise measured 2.6 mm yr~' and was significant at the 95%
level (Fig. 8b), also noted by Aubrey et al. (1988) and
Emery and Aubrey (1991). With data extending over
shorter time intervals, 1941-1969, Aubrey et al. (1988)
determined that the Pacific coast of Colombia near Buen-
aventura is subsiding by a relative sea level rise of
1 mm yr—'. By contrast, the relative sea level at Tumaco
was —1.14 mm yr ', indicating a decreased trend in sea
level for the 47 yr-period (Fig. &c).

Along the Pacific and Caribbean coasts of Colombia,
more than 40 earthquakes with magnitude 4-6 occurred
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slope = 2.26 mm/yr. (b) Trend line for the 1953-2000 period with slope = —1.14 mm/yr. We also show the location and magnitude of earthquakes that

occurred in Colombia between 1993 and 2003 (d) (Modified from INGEOMINAS, 2005).

within 200 km of the shoreline from 1993 to 2003 (INGE-
OMINAS, 2005) (Fig. 8d). In the Pacific, the most inten-
sive earthquakes during the 20th century occurred in
1906 and 1979, and caused both regional and local subsi-
dence. Coastal areas of southwestern Colombia, including
the shorelines of Tumaco and the Mira delta, subsided as
much as 1.6 m, causing an apparent sea level rise along
at least a 200 km stretch of the Colombian coast north of
the Ecuadorian border (Herd et al., 1992; Correa and Gon-
zalez, 2000). The most recent seismic event that impacted
this coast occurred in November 1991. It was a magnitude
7.0 earthquake with the epicenter located 40 km north of
the San Juan delta at 21 km depth (Meyer et al., 1992).
In addition, at least 20 earthquakes with magnitude 4-6
occurred within 100 km of the San Juan delta from 1993
to 2003 (INGEOMINAS, 2005).

It is well documented that when relative sea level
increases, deltaic lowlands become more vulnerable to
inundation, flood events and erosion (e.g., Day et al.,

1995; Ericson et al., 2006). In the Pacific deltas, there are
no quantitative measurements of recent coastal subsidence
to verify tectonic subsidence (Morton et al., 2000). The
principal evidence of subsidence in the San Juan delta
(Restrepo et al., 2002), include (1) increased frequency of
non-storm overwash on the barrier islands from twice a
year (March and October during the highest tides) before
the 1991 earthquake to 16 times per year after the 1991
quake; (2) increased erosion of barrier islands with average
loss of 11 myr~' 1993-1997 period; (3) 0.8 m sinking of
wooden houses on stilts; (4) post-quake evidence of soil lig-
uefaction, land cracking, and water soil expulsion; (5) an
increased trend in relative sea level of 3.4 mm/yr for the
1991-1999 period; and (6) increased mortality of the first
line of freshwater trees and mangroves.

Compared to deltas worldwide, the Pacific deltas of
Colombia do not experience subsidence due to compaction
of underlying sediments, because the deltas are sand-rich
systems that lack organics and thick pro-delta mud depos-
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its, requisite conditions for substantial subsidence related
to compactation (Morton et al., 2000). The correspondence
of relative sea level changes with tectonic setting (Figs. 1
and 8), and the increased occurrence of non-storm washov-
er events and earthquake activity suggest that subsidence
continues in the San Juan delta. The patterns and differ-
ences in relative sea level change indicate that changes
are due primarily to recent tectonic activity rather than
delta loading and compactation (Restrepo et al., 2002).
The above discussion suggests that the San Juan delta
has moved from a condition of active growth prior to
1992 to a destructive phase. The hazard is compounded
by the incidence of non-storm raised sea levels due to the
ENSO events (Fig. 4b). Although the coastline of Mira
delta experienced subsidence due to the earthquake in
1979 (Herd et al., 1992; Meyer et al., 1992), the overall
decrease in relative sea level may be one of the factors con-
tributing to the protruding behavior during the last five
decades.

Along the Caribbean coast, time series of sea level at
Cartagena indicate a relative sea level rise of 5.98 mm yr
(Fig. 8a). Even though the Caribbean deltas have not
exhibited erosional trends during the last two decades
due to physical processes, many coastal areas between the
Atrato and Sinu deltas are experiencing dramatic rates of
erosion, up to 50 m yr ! (Correa and Morton, 2006). One
of the reasons for this generalized coastal retreat may be
due to the geological characteristics of the coast, including
sedimentation and compressional tectonics that cause the
presence of mud diapirism (Vernette, 1985; Vernette
et al., 1992). Also, this shoreline is characterized by series
of faulted marine terraces that disappear at the Sinud delta
and the Morrosquillo Gulf (Fig. 1f) but reappear to the
east of the zone. Based on radiocarbon dates there is a tec-
tonic tilting of 4 mm yr~' where the terraces exist (Page,
1983; Serrano, 2004).

5. Further comparisons and conclusions

Our data indicate that the Mira, Patia, and Magdalena
deltas have river power indices (QmaxDgra) of the same
magnitude as the fluvial power of the Parana, 1.09, and
Orinoco, 1.18, and exhibit almost half of the river power
of the Amazon, 2.65 (Syvitski, 2005). In addition, Pacific
deltas show the highest marine power (W:+T;) of all
Colombian deltas, including the larger Magdalena, with
values of 9.13, 9.06, and 11.6 in the Mira, Patia, and San
Juan deltas, respectively. This was unexpected, as we had
anticipated the Magdalena River delta to have the highest
marine power of any Colombian delta (Table 4).

Wave climate analysis indicates that the Magdalena
delta appear to have the highest nearshore wave-power
index of the large deltas along the Atlantic coast of South
America (Table 3). It is almost three times greater than the
wave-power of the Sao Francisco, 9.97 x 10°ergs™!, and
much greater than the wave-power of the Amazon,
1.95%x 10°erg s~'. Compared to deltas worldwide it is of

the same magnitude as the nearshore power of the Senegal
delta, 37.7x 10 erg s !, and greater than those power val-
ues observed in major deltas such as the Mississippi,
1.34 x 10* erg s7', Danube, 1.40x 10* erg s!,  Ebro,
5.09 x 10* erg s, Niger, 6.59 x 10° erg s!, and Nile,
3.21 x 10 erg s ! (Coleman, 1981).

Although the Pacific and Caribbean coasts of Colombia
exhibit extreme geological and oceanographic conditions,
including (1) high tectonic activity in the receiving basins,
(2) drainage basin divides close to the ocean, (3) narrow
continental shelves, (4) moderate to high marine energy
conditions, (5) increasing trends in relative sea level, and
(6) strong oceanographic manifestations associated with
the ENSO cycle, causing sea level rises during El Nifio
years, the major Colombian rivers have succeeded in build-
ing extensive deltas. The Pacific and Caribbean drainage
basins are characterized by strong tectonic activity, high
rates of precipitation and steep slopes that promote the
highest sediment yields of any catchment draining into
the Atlantic and Pacific margins, with values ranging
from 560tkm 2yr ! in the Magdalena River to
1150 t km 2 yr~! in the San Juan River.

The Magdalena is by far the Colombian delta most
influenced by wave energy with deep and nearshore wave
power values of 45x10°ergs™' and 35x10%ergs™’,
respectively. It also has the lowest wave attenuation ratio
of any Colombian delta (Table 3). The steep offshore pro-
file does not attenuate the incoming deep-water waves and
results in extremely high wave energy along the shoreline.
In contrast, higher attenuation ratios in the Sind and Atra-
to deltas correspond with the low offshore profiles. Conse-
quently, the shorelines of these deltas are characterized by
marshy indented coastlines.

The river discharge/wave-power climate analysis for the
Colombian deltas shows that in the Pacific deltas, wave
power and discharge power are out of phase. Probably, this
is one of the factors controlling the presence of periodic
coastline features such as beach ridge systems. Overall
and contrary to what has been documented before (e.g.,
Martinez et al., 1995, 2000; Vernette et al., 2002), the Paci-
fic deltas exhibit the highest marine energy conditions of all
Colombian deltas due to the interplay of moderate wave
conditions, meso-tidal ranges, steep subaqueous profiles,
and low attenuation indices of deep-water waves.

According to the classification schemes followed in this
study (Hori and Saito, 2008; Davies and Hayes, 1984),
wave-influenced Colombian deltas are the Magdalena
and Sind, and tide-influenced deltas are the San Juan,
Mira, and Patia. Even though there is no Colombian delta
being classified as mixed wave and tide-influenced deltas
(Fig. 5), the Pacific deltas exhibit definite characteristics
of mixed wave and tide-influenced systems due to the pres-
ence of barriers and beach ridges (wave energy is high or
moderate) and funnel channels with widened mouths kept
open by tidal currents (high tidal energy).

Five relationships are proposed between environmental
factors and several morphodynamic variables, including
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delta area, gradient of the delta plain, and number and
width of distributary channels (Tables 1, 4, and 5). Delta
area for major Colombian deltas is best predicted by water
discharge, while the number of distributary channels is
explained by the marine power index and the gradient of
the delta plain. The average and total width of distributary
channels are largely controlled by the tidal range, indicat-
ing the effect of tidal currents in maintaining the channel
mouths enlarged. No statistical relationship was found
between the number and width of distributary channels
and maximum monthly wave height (1), water discharge
(Q), sediment load (Q), river length (L), and the gradient
of a delta (Dg;q).

Currently, the erosional conditions of the San Juan and
Magdalena deltas are due to different causes. In San Juan,
erosion rates during the last decade have increased due to
recent coastal subsidence evidenced by increasing trends
in relative sea level and increased erosion of the delta
shoreline (with erosion rates as high as 55myr '). In
the Magdalena delta, coastal retreat during the last seven
decades has been accentuated by the construction of engi-
neering structures such as jetties that have confined the
sediment load in an offshore submarine canyon. In gen-
eral, the Mira, Atrato, Sint, and Canal del Dique river
deltas exhibit shoreline accretion. The highest prograda-
tion rates are observed in the artificial delta of the Canal
del Dique, with rates of 100 m yr~' during the 1986-2000
yr-period.
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