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This paper presents the main physical and human-induced stresses that have shaped the recent evolution of the
Patía River delta, the largest and best-developed delta on the western margin of South America. During the
Holocene, the Patía Delta moved southward and the northern part became an estuarine system characterized
by large extensions of mangrove ecosystems. However, a major human-induced water diversion, starting
in 1972, diverted the Patía flow to the Sanguianga River, and shifted the active delta plain back to its former
Holocene location. This discharge diversion has led to sediment starvation of the southern delta lobe and
changed the northern estuarine system into an active delta plain. In addition, coastal areas of the Patía
delta subsided as a result of a devastating tsunami in 1979. Morphological changes along the delta coast
are evidenced by: (1) coastal retreat along the whole delta front during the period 1986–2001; (2) coastal
retreat along the abandoned delta lobe for the period 2001–2008; 56% of the southern delta shoreline is
retreating and only 4% of the coast shows signs of accretion; (3) progradation of the northern delta region
during the period 2001–2008; the discharge diversion of the Patía River to the Sanquianga has apparently
balanced the observed trends in coastal erosion and sea-level rise (5.1 mm yr−1 for the period 1984–2006,
after the 1979 tsunami); (4) formation of transgressive barrier islands with exposed peat soils in the surf
zone; and (5) abandonment of former active distributaries in the southern delta plain with associated inlet
closure. In the northern delta lobe, major geomorphic changes include: (1) distributary channel accretion by
morphological processes such as sedimentation (also in crevasses), overbank flow, increasing width of levees,
inter-distributary channel fill, and colonization of pioneer mangrove; (2) freshening conditions in the
Sanguianga distributary channel, a hydrologic change that has shifted the upper estuarine region (salinityb1 psu)
downstream; and (3) changes in vegetation succession; approximately 30% of mangrove forests in the current
delta apex have been replaced by freshwater vegetation. Overall, the recent evolution of the Patía has been con-
trolled by the interplay of (1) high basin-wide sediment load; (2) lowdischarge variability (Qmax/Qmin); (3) spatial
switch of delta distributaries related to tectonic movements and subsidence; (4) a relative sea-level rise of
5.1 mm yr−1 after the occurrence of the 1979 tsunami; (5) episodes of sea-level rise associated with the ENSO
cycle; and (6) human-induced discharge diversion. The information presented here is valuable evidence
for understanding the role of extreme events versus ‘normal’ conditions in creating and shaping deltas.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The coastline of a delta changes as a function of global eustasy (global
ocean volume), regional earth-surface load changes (isostasic and
tectonic factors), sediment supply, and compaction of the deposited
sediment (Ericson et al., 2006). However, some deltas have seen the
influence of eustatic sea-level change overwhelmed by the regional
land-level signal (e.g., local and regional tectonic processes), which
may be a more important control of delta development. Whereas
subsidence increases the vulnerability of any given delta, the impact
l rights reserved.
is made worse by anthropogenic control on the supply and routing of
sediment to and across a delta (Ericson et al., 2006; Syvitski and
Saito, 2007; Syvitski et al., 2009).

The consequence of delta subsidence, both natural of human-
induced, in combination with discharge control, sediment-load re-
duction, and channel stabilization, is to accelerate shoreline erosion,
threaten the health and extent of mangrove swamps and wetlands,
increase salinization of cultivated land, and put human populations and
coastal environments at risk (Syvitski et al., 2009). Under a subsidence
scenario in any given delta, the system becomes less resilient to extreme
events.

Themorphology and recent evolution of the Pacific deltas of Colombia
(Fig. 1) are unique compared to other South American deltas because
of their singular combination of extreme climatic, geological, and
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Fig. 2. Intera Radar image (A) and hillshade generated images from DEM data (SRTM, Shuttle Radar Topography Mission, 2002) (B–C) of the Pacific deltas of Colombia: (A) San Juan,
(B) Patía and (C) Mira. We show the main tectonic features and geologic formations, including transverse paleofractures, submarine canyons, recent alluvial deposits (Qa), and Tertiary
formations of marine Miocene rocks (Tm). Also, the spatial switch of delta distributaries related to tectonic movements, is shown.
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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 continental
shelves with limited accommodation space (Correa, 1996); (3)
drainage basins that receive high rates of precipitation resulting in
large quantities of water discharge and sediment load (Restrepo
and Kjerfve, 2000); (4) the complexity of littoral dynamics resulting
from mesotidal ranges (Restrepo and Kjerfve, 2002; Restrepo et al.,
2002), and the effect of significant swells and associated coastal cur-
rents (Restrepo et al., 2002); (5) strong oceanographic manifestations
associated with the ENSO cycle, causing episodic sea-level rises during
El Niño years (Morton et al., 2000); and (6) increasing rates of relative
sea-level rise (Restrepo et al., 2002; Restrepo and López, 2008). It
is worth noting that small rivers form extensive deltas along the
Colombian Pacific coast, despite the occurrence of highly energetic and
destructive conditions.

The Patía River delta, the most extensive and well developed delta
on the Pacific coast, measuring 1700 km2 (Fig. 1), experienced a large
tsunami in 1979. Coastal areas of the Patía delta, including San Juande la
Costa and the northern distributaries at Sanquianga (Fig. 1), subsided
and experienced 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 González, 2000).

In addition to the tectonically-induced subsidence along the Patía
River delta, a major water diversion, starting in 1972, diverted the
Patía flow to the Sanguianga River; the latter being a small stream
draining internal lakes from the Pacific lowlands (Fig. 1). This human-
induced discharge diversion shifted the active delta plain back to the
north, and changed the northern estuarine system into an active delta
plain.

Although the scientific community of Colombia is aware of the
physical changes occurring in the Patía River delta, there no studies
have analyzed the impact of natural and anthropogenic drivers on the
modern Patía delta development. This paper presents a preliminary
view on how the main physical and human-induced stresses, including
Fig. 1. (A) Map of the Pacific coast of Colombia, showing the locations of Colombian deltas
showing the locations of: (1) the channel diversion site at Fátima, (2) southern and n
measurements.
sea-level change and a major human-induced water diversion, have
shaped the recent evolution of the Patía River delta. It analyzes the
environmental consequences of sea-level change and the discharge
diversion in terms of (1) delta lobemigration, (2) geomorphic changes
along the delta front and distributary channels, and (3) ecological
impacts on mangrove ecosystems.

2. The Patía River delta

The Patía River catchment with an area of 23,700 km2 has the
largest drainage basin of the Colombian rivers draining into the Pacific.
The delta is characterized by high tectonic activity and progrades on
a narrow shelf bordering a deep trench. Along the Colombian Pacific
margin, the Nazca oceanic plate is converging with the South Amer-
ican continental plate at a rate of 54 mm yr−1 (Kellogg and Mohriak,
2001) (Fig. 1A). The convergence has produced an unstable coast
characterized by the occurrence of large magnitude and shallow
focus earthquakes.

Along the Patía delta front,more than 20 earthquakeswithmagnitude
4–6 occurred within 200 km of the shoreline from 1993 to 2007 (López
et al., 2009). In addition,most intense earthquakes during the 20th centu-
ry occurred in 1906 and 1979 (Pennington, 1981; Lockridge and Smith,
1984; Meyer et al., 1992; INGEOMINAS, 2007), and caused both regional
and local subsidence. During the tsunami in 1979, coastal areas of the
Patía delta subsided as much as 1.6 m (Herd et al., 1992).

In the Pacific deltas of Colombia there are no quantitative mea-
surements of recent coastal subsidence to verify tectonic subsidence.
However, limited qualitative evidence in the Pacific deltas suggests that
subsidence is occurring in this part of the coast (Restrepo et al., 2002),
including (1) the correspondence of increasing trend in relative sea
level with tectonic setting, (2) the increased occurrence of non-storm
washover events and earthquake activity, and (3) transgressive barrier
islands with exposed peat soils on the beach front.

Deltaic river distributary channels often shifted episodically their
location and pattern during the recent Holocene due to changes in
and the tectonic setting of the Pacific active margin. (B) Map of the Patía River delta,
orthern delta lobes, and (3) sampling locations of oceanographic and hydrologic
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Fig. 3. 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). (C) Mean wave
height versus mean tidal range for major Colombian deltas. The regions are grouped into
five morphological categories (after Hori and Saito, 2007).
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natural forces such as tectonic activity, relative sea-level, river fluxes,
and tidal and wave energies; causing further aggradation of delta lobes
(Syvitski et al., 2009). Along the Pacific coast of Colombia (Fig. 1A), the
overall southward displacement of themain delta distributary channels
has been associated with the presence of active transcurrent faulting
associated with several transverse paleofracture zones (Gómez,
1986a, 1986b; Correa, 1996; González et al., 2002; Restrepo et al.,
2002). Paleochannels indicate that delta distributaries have under-
gone rearrangements due to seismic events (Gómez, 1986a). Tectonic
activity in the Pacific deltas of Colombia caused that most of the active
distributaries switched their locations from northerly to southerly
over the course of 50 decennia (Restrepo et al., 2002) (Fig. 2). However,
distributary channel accretion in the northern Patía delta lobe during
the last four decades indicates that the recent delta evolution has
been controlled by human activities. Changes in water discharge and
sediment load due to the water diversion in 1972 have reversed the
overall southward shift of active distributaries. Thus the tectonic control
is not the main driving mechanism of the current pattern of delta
migration.

For the northern Patía River delta (Figs. 1B and 2B), remainders of
a paleocanyon provide evidence that the active delta lobe shifted to
the south 500 years ago (Correa, 1996) where it stayed until recently.
The northern part became an estuarine system characterized by large
extensions of mangrove ecosystems, little fresh water inflow and no
significant fluvial sediment inflow from the western Andes. The
Sanquianga Mangrove National Park (hereafter named SMNP) is the
largest ecological reserve along the Pacific coast South America and is
situated on this new Patía-Sanquianga delta plain (Fig. 1B).

The Patía delta experiences a semi-diurnal tide with an average
tidal range of 1.9 m inside the distributary channels. The harmonic
constants indicate that the mean tidal range in the Sanquianga dis-
tributary mouth (Fig. 1B) is 2.4 m, the fortnightly spring tidal
range measures 2.9 m and the neap tidal range is 1.7 m. In the
southern part of the delta at Pasacaballos inlet (Fig. 1B), the mean
tidal range, fortnightly spring tidal range and neap tidal range are
2.4, 3.2 and 1.2 m, respectively. In addition, observed waves in the
Patía delta are predominantly swells from the southwest, with a
maximum significant height of 1.4 m and an average peak period
of 14 s.

According to Restrepo and López (2008), the Patía delta is a tide-
influenced system and exhibits definite characteristics of mixed wave
and tide-influenced delta due to the interplay of (1) moderate wave
conditions as a result of the effect of significant swells from the SW,
(2) meso-tidal range, (3) a steep sub-aqueous profile, and (4) a low
attenuation index of deep-water waves. As a result, marine hydrody-
namic conditions of the Patía delta are one of the highest energy
setting of all Colombian deltas, more comparable to the large deltas
bordering the Atlantic ocean of South America such as the Orinoco
and the Paraná deltas.

Fig. 3 shows the morphologic classification of Colombian deltas,
including the Patía, done by using the quantitative relationships be-
tween log mean tidal range/mean wave height versus log suspended
sediment load (Hori and Saito, 2007; Restrepo and López, 2008).
When comparing the Patía Delta with worldwide similar deltas, the
Patía belongs to tide-influenced delta type, similar to major deltas
such as Fly, Mekong, Irrawaddy, Ganges–Brahmaputra, Changjiang
and Amazon. These tide-influenced deltas, which are common along
mesotidal and macrotidal shorelines, exhibit funnel-shaped river mouth
morphology. Although the Patía Delta has a significant river-produced
bulge, its shoreline has been smoothed into regular and rounded forms
by wave activity (Fig. 1A). Continuous beach and beach-ridge formations
fringe the coastline of this delta. An interesting feature arising from
this classification scheme is the contribution of wave energy to the
morphology of the Patía Delta. Even though the Patía is not classified
as mixed wave- and tide-influenced delta, its coast has been intensely
eroded and reworked by wave action.

image of Fig.�3
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3. Material and methods

This study develops the geo-physical baseline information of the
Patía delta, including (1) a summary of the hydrologic and geologic
settings in which the delta was formed; (2) data and analyses of dis-
tributary mouth and coastal processes; (3) a hydrodynamic model
upscaled to the entire delta system; (4) analysis of geologic processes
in terms of shore dynamics and trends in relative sea level in the past
century; and (5) further quantitative comparisons with Colombian
and other major world deltas.

Daily water discharge and suspended sediment load data
(1969–2003) were obtained at 4 sites along the Patía River from the
Hydrological Institute of Colombia, IDEAM (IDEAM, 2009) (Fig. 6A). In
addition, we took measurements of water discharge at two river
cross-sections in the apex of the delta at Fátima during December
2009 (Fig. 1B).

The modern development of the Patía River delta was examined
by analyzing different geological studies (Van Es, 1975; Gómez,
1986a, 1986b; Correa, 1996; Correa and González, 2000; Moreno,
2003), and by using a French Navy chart from 1875 and a local map
from 1924.

To assess morphological changes along the delta front and distribu-
tary channels during the last four decades, after the channel diversion
occurred in 1972, 30 m-pixel resolution Landsat 7 satellite images
from 1986, 1987, 1996, 2001, obtained from the Global Land Cover Fa-
cility of the University of Maryland, and one 15 m-pixel Aster image
from 2008, were processed. Detailed temporal analyses of distributary
channel morphology at the diversion site and shoreline changes
along the delta front were documented using aerial photographs
from 1962 and 1986 at a scale of 1:40,000, topographic maps at a
scale of 1:25,000, and through interviews with inhabitants.

To estimate rates of coastal retreat and progradation, the coastline
was extracted from satellite images in 1986, 2001, and 2008 by using
ISODATA and band ratio methods. Rates of coastline change were
determined by using DSAS software, which estimates rate of change
statistics from multiple historic shoreline positions residing in GIS
(Thieler et al., 2009). DSAS transects were spaced 100 m apart and
rates of shoreline change were calculated at each transect using linear
regression applied to successive shoreline positions in 1986, 2001, and
2008.

To compare and contrast the physical changes occurring in the
delta distributaries and associated environments, field observations
were carried out along five main distributaries and their inlets, the
Fig. 4. Analysis of major morphological changes in the Patía delta from 1875 to 2008 based o
2008 (C).
Sanquianga, Guascama, Pasacaballos, Majagual and Salahonda (Fig. 1B).
Also, longitudinal measurements of vertical profiles of conductivity
and temperature were taken along the Sanquianga, Guascama and
Amarales distributaries from the entrance to the apex at Bocas de
Satinga, to obtain a quasi-synoptic characterization of the longitudinal
salinity distribution and the corresponding vegetation association
(Fig. 1B).

In addition, hourly sea-level data were obtained from the tidal
gauge at Tumaco (1953–2006) (IDEAM, 2007) (Fig. 1B). The trend
in relative sea level in the Patía Delta is estimated by least-squares
linear regression for the Tumaco time series. To evaluate the monthly
mean sea-level anomalies 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 Sij=Sij−Si* (Quinn et al., 1978;
Enfield and Allen, 1980). The Sea Surface Temperature anomaly
(SST) data were obtained from the National Oceanic and Atmospheric
Administration—NOAA.

To assess wave climate in the Patía River delta and provide a statis-
tical description of the sea state, this study obtained wave data around
the delta for the period 1979–2000 from the NOAA implementation of
the third-generation wind-wave model WAVEWATCH III (NWW3)
(Tolman, 2002). The data include 64,552 sets of predominant direction,
significantwave height, and peak period. Also, this study obtainedwave
data along the delta front from the AWAC measurements (Fig. 1B),
including significant and maximum wave heights, peak and mean
periods, and wave direction.

To estimate changes in vegetation cover in the Sanquianga Man-
grove Reserve (Fig. 1B), after the discharge diversion of the Patía
River occurred in 1972, three Landsat satellite images for the period
1986–2001 were processed and classified. Classification categories
were based on the scheme proposed by the Mangrove Assessment
of the Southern Pacific Coast (Tavera, 2009), with some modifica-
tions. The resulting 13 spectral clusters were labeled and grouped
into six major forest and non-forest cover categories, supported by
secondary data analysis, including vegetation maps (1:250,000), black
and white aerial photographs (scale 1:40,000), and by consulting
previous vegetation classifications (e.g., Tavera, 2009). To validate
and correct the resulting six major spectral categories, a supervised
classification was carried out by visiting the Sanquianga Mangrove
Reserve in 2009 and 2010.
n a French Navy chart (1875) (A), a local map from 1924 (B), and an Aster image from

image of Fig.�4
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4. Results

4.1. Modern Patía delta development

Analysis of delta morphology between 1875 and 2008 indicates
major morphological changes during this 126-year period (Fig. 4A–
C), including: (1) flow diversion from the Patía River to the San-
quianga River; (2) widening of the Sanquianga River; (3) narrowing
of the Old Patía branch due to confined fluvial flows; (3) distributary
channel abandonment at the former delta apex; (4) narrowing of
inlets at the southern delta lobe, formation of ebb tidal deltas, and
overall retreat conditions in the delta front; (5) coastline erosion
at the former northern tributary, the Pasacaballos inlet; (6) active
sedimentation at the new delta apex, Bocas de Satinga; and (7–8)
Fig. 5. Aerial photographs 1962–1983 (A–B), Landsat satellite image 1997 (C), and Aster ima
Observe the widening process of the Sanquianga River and the confined flow of the Patía. (
Patía River and the channel width of the Sanquianga.
migration of active fluvial discharge points from the southern
delta lobe to the new active delta lobe. The barrier islands present
in 1875 at Sanquianga and Amarales were accreted to the main
delta lobe. Also, there is an evident widening of active distributary
channels and overall frontal accretion of the Sanquianga River
mouth (Fig. 4A).

As mentioned before, geologic evidence indicates that the active
Patía delta lobe shifted to the south in the Quaternary, as a result of
tectonic activity (Fig. 2B). Since then, the accreting delta front has
been located in the southern portion of the delta plain. The northern
part became an estuarine system characterized by large extensions of
mangrove ecosystems (Fig. 1B), little fresh water inflow and no sig-
nificant fluvial sediment load from the western Andes. However,
most of the Patía's fluvial flux was diverted to the Sanquianga River
ge from 2008 (D), showing major morphological changes at the channel diversion site.
E–F) Diversion site at Fátima (Fig. 1B), showing the current confined flow through the

image of Fig.�5
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in 1972 and shifted the active delta plain back to its former location. A
wood merchant constructed a 3 km-long channel (Canal Naranjo),
which was dredged to connect the Patía Viejo tributary with the
much smaller Sanquianga River to the north (Figs. 1B and 5B). Prior
to the construction of the Canal Naranjo in 1972, the Patía Viejo dis-
tributary channel joined the Patía River at Fátima and the whole
Patía River discharge flowed to Salahonda (Fig. 1B). Nowadays, more
than 90% of the Patía River discharge has been redirected through the
Canal Naranjo – Patía Viejo tributary – to the Sanquianga River system.
This discharge diversion left the southern delta plain under a regime of
sediment starvation and reduced fluvial flows.

Fig. 5 shows the morphological variations of the Patía and San-
quianga rivers at the diversion site. In 1962 (Fig. 5A), there was no
connection between the two rivers and the Patía Viejo was an active
and meandering distributary channel. In 1983 (Fig. 5B), after the Canal
Naranjo was excavated, the Patía migrated towards the Sanquianga
River. At this time, the Patía Viejo was an active branch with flow con-
nection to the Sanquianga River. In 1997 (Fig. 5C), the Patía River
showed less hydraulic capacity and sediment accumulation created
elongated bars at the entrance to the Patía River (Fig. 5E–F). The new
branch, now formed by the Patía and Sanquianga, named Patianga
in the region, became a large river (Fig. 5D–F). Currently, the
Patianga transports nearly all water discharge and its width is of
the same magnitude as the former Patía River width.

4.2. Water discharge and sediment load into the active delta plain

Based on daily stage measurements from 1969 to 2003, the Patía
River as gauged at Puente Pusmeo (Fig. 6A) discharges on average
10 km3 yr−1, with a seasonal root mean square (rms) of 3 km3 yr−1.
Peak flows exceeding 14 km3 yr−1 were observed during La Niña
years 1973, 1984, and 2000, while low discharges below 9 km3 yr−1

were observed during El Niño years 1972 and 2001 (Fig. 6B). The
mean river discharge flowing into the delta plain is 42 km3 yr−1 be-
cause of the large contribution of the Telembí River, the last tributary
before the delta (Fig. 6A).

Rainforest rivers show high but variable peak discharges during the
rainy season. Similar to other world rainforest rivers, Andean rivers of
Colombia display two annual flood peaks, in agreement with bimodal
distribution of rainy periods in summer (main) and fall (secondary).
However, when analyzing discharge variability for world tropical rivers
in different hydrologic andmorphoclimatic zones, Colombian rivers, in-
cluding the Patía, show the lowest values of Qmax/Qmean and Qmax/Qmin

ratios compared to other rainforest rivers (Fig. 6C). Thus, the Patía River
is a high runoff system with low discharge variability and more water
available for hillslope erosion and sediment transport.

Our measurements of water discharge at the Patía River cross-
section during December 2009 (Fig. 1B) show that the average water
discharge before the diversion site in Fátima was 1100 m3 s−1. Further
measurements indicate that a small fraction of water discharge, only
84 m3 s−1

flows to the old Patía branch. Thus, the Sanquianga River
carries almost the whole Patía River flow. It is worth noting that mea-
surements were taken at the beginning of rising levels in December, a
period that coincides with the rainy season in the Patía River drainage
basin.

Based on daily sediment load data from 1972 to 2001 by IDEAM
(Fig. 6B), sediment loads from the upper river measure 0.92, 16.2,
and 13.9×106 t yr−1, as gauged at La Fonda, Puente Guascas, and
Puente Pusmeo, respectively (Fig. 6A). The corresponding sediment
yield ranges from 477 t km−2 yr−1 at La Fonda to 1715 t km−2 yr−1

at Puente Pusmeo for the most downstream portion of the river
(Fig. 6A). The latter yield, which represents 60% of thewhole catchment
area, does not exhibit the conditions of deposition and storage that
occur in the entire basin. To remedy this,we further estimated sediment
load for the non-gauged area of the Patía River from the regression
of sediment yield on basin area from gauged stations. The mean
sediment yield for the watersheds of Telembí and Magui rivers are
620 t km−2 yr−1 and 355 t km−2 yr−1, respectively. Our best esti-
mate of sediment load into the active delta plain at Bocas de Satinga
(Fig. 1B) from both gauged and non-gauged Patía distributaries is
27 Mt yr−1. This results in a sediment yield of 1500 t km−2 yr−1

(Fig. 6A).

4.3. Relative sea-level change

The trend in relative sea level was estimated by least-squares lin-
ear regression for the Tumaco 1953–2006 time series (Figs. 1B and
7B). In Tumaco the relative sea-level rise measured −0.6 mm yr−1

in the period 1953–2006, indicating a decreasing trend in sea level
for this 53 yr-period. However, an increasing trend in relative sea
level of 5.1 mm yr−1 is observed for the period 1984–2006, after
the occurrence of the 1979 tsunami (Lockridge and Smith, 1984;
Meyer et al., 1992) (Fig. 7B). Sea-level data for the 1982–1983 El
Niño event was removed from the 1984–2006 short-term trend
analysis since this eustatic signal adds some noise to the observed
isostatic trend after the occurrence of the tsunami.

At Tumaco (Fig. 1B), high sea-level anomalies and the Southern
Oscillation Index (SOI) show good correspondence with the 53-year
period 1953–2006 (Fig. 7C–D). Regression analysis between the
smoothed sea level and the smoothed SOI yielded a coefficient of
determination of R2=0.61, a coefficient significant at the 95% con-
fidence level. This indicates that variations in the SOI explain 61% of
the seasonal variability in water level, with low values of SOI corre-
sponding to high Tumaco sea-level anomalies. Hence, the sea level
in the Patía delta is strongly affected by the Southern Oscillation.

As a result of relative sea-level rise (Fig. 7B), transgressive barrier
islands are present along the Patía delta front (Figs. 7E–H). These
islands appear to migrate because the exposed side of the island is
constantly eroded by wave action. These islands lack healthy dune
systems and backshore vegetation that act as sand anchors on the
beach. This deficiency makes the islands susceptible to erosion, allow-
ing wind-generated waves to carry sediment from the beaches to the
backside of the island by over-washing processes. Due to the flooding
of storm waves over the island, dead mangroves of Rhizophora and
Avicennia as well as peat soils of former backside mangrove swamps
are exposed on the shoreline (Fig. 7E–H).

Erosion of mangroves is a common geomorphic feature in the
Patía southern delta lobe (Fig. 8J–K). This former delta plain, exposed
to predominant wind waves from the southwest, lacks sufficient
sediment for the offshore zone to build shoals, which could mitigate
the effects of wave action and sea-level rise. Some barrier islands,
including those at Pasacaballos and San Juan de la Costa (Fig. 8I),
have retreated as much as 500 m after the occurrence of both events,
the 1979 tsunami and the more pronounced flow diversion during
the 1980s.

4.4. Coastal erosion and accretion rates 1986–2008

Rates of shoreline change were calculated at each transect using
the statistical technique of End Point Rate (EPR) applied to all four
shoreline positions from the earliest in 1986 to the most recent in
2008 (Fig. 8). For the southern Patía Delta front, between locations
E and H (Fig. 8), the percentages of coastline experiencing erosion,
averaged over 602 transects, were 60% and 56% for the 1986–2001
and 2001–2008 periods, respectively. Higher coastal land losses of 104
and 39 m for the period 1986–2001 were observed at Pasacaballos
(Fig. 8E) and Patía (Fig. 8H) inlets, respectively. Overall, the southern
delta lobe experienced an average erosion rate of −2.31 m/yr
(−16.2 m average retreat) during the period 2001–2008. It is worth
noting that for the same time period, accretion processes only occurred
along 4% of the coast in this region.
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Fig. 6. (A)Map of the Patía River drainage basin, showing the principal tributaries, the four hydrological stations (triangles)wherewater discharge and sediment load are gauged, and the
mean annual sediment load values at the upper,middle and lower reaches of the Patía River (arrows). (B) Plots of river discharge data for the 1967–2002 year-period and annual sediment
load for the 1972–2001 year-period (dotted line) of the Patía River as gauged at Puente Pusmeo. (C) Discharge variability forworld tropical rivers in different hydrologic andmorphoclimatic
zones. Colombian rivers show the lowest values of Qmax/Qmean and Qmax/Qmin ratios compared to other rainforest rivers (modified from Latrubesse et al., 2005).

Fig. 7. (A) Location and magnitude of earthquakes that occurred in the southern Colombian Pacific between 1993 and 2007. More than 120 seismic events with magnitudes (MI)
greater than 4, were recorded by the Geological Survey of Colombia between 1993 and 2007 (INGEOMINAS, 2007). Also shown are the locations of two recent seismic events
(August 2007) and the tsunami (December 1979) (white star) that impacted the Patía delta coast. (B) Mean relative sea-level (mm) from Tumaco, Pacific coast of Colombia
(IDEAM, 2007), showing the trend for the 1953–2006 period with slope=−0.6 mm yr−1 (bold line) and the short-term trends (grey line) for the 1953–1979 period
(slope=−4.7 mm yr−1) and 1984–2006 period (slope=5.1 mm yr−1). Solid triangles indicate the occurrence of two major El Niño sea-level anomalies in 1982–1983 and
1997, which were removed from the analysis (after López et al., 2009). (C) Monthly average (thin line) and low-frequency pass filter with zero-phase (bold line) plots of
water-level anomalies at Tumaco in 1953–2006. (D) The atmospheric pressure difference (millibar) at sea level between Darwin, Australia, and Tahiti. The SOI is negative during El
Niño years and positive during La Niña years. The SOI data were obtained from the NOAA database. We also show the exposed peat soils on the beach along barrier islands in
the Guascama (E), Pasacaballos (F), Amarales (G) and Tapaje (H) inlets. Note strong conditions of mangrove erosion on the shoreline.
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Fig. 8. (A–H) Shoreline positions of the analyzed areas that are generated from the satellite data and DSAS software for the 1986–2001 and 2001–2008 periods. The estimated rates of shoreline changes (erosion or accretion) calculated at
each transect are plotted alongshore in each coastal site. The location of each shoreline segment and the corresponding coastal land loss are shown in the maps (top).(I) Temporal analysis of morphological changes along the San Juan barrier
island, southern delta coast, based on aerial photographs from 1962 and Landsat images from 1986 to 2001.(J–K) Marked mangrove erosion on the southern delta shoreline.
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Along the northern delta front, between locations A and D (Fig. 8),
erosion conditions for the 1986–2001 and 2001–2008 periods were ob-
served in 69% and 22% of the analyzed shoreline transects, respectively.
Major retreating zones during the period 1986–2001 include Sanquianga
(B), Guascama (C) and Chitaco (D) barrier islands, with average coastal
land losses of 61, 138, and 37 m, respectively. An erosional coastline
with weak beach development, dead mangrove, and exposed peat soils
in the surf zone characterized the entire area.

In general, the whole delta front experienced retreat conditions
during the period 1986–2001. However, the northern delta region
(Fig. 8A–D) showed signs of accretion during the period 2001–2008.
The discharge diversion of the Patía River to the Sanquianga has
apparently balanced the observed trends in coastal erosion and sea-
level rise along the active delta lobe in the Sanquianga area. However,
overall coastal retreat was still evident along the southern delta
lobe and the system has still not reached an equilibrium phase
(Fig. 8D–H).

Further analysis of coastal geomorphology in the southern delta
lobe between 1962 and 2001 indicates major morphological changes
during the 39-year period, including: (1) strong retreating conditions
at the San Juan barrier island (Fig. 8I); landward erosion resulted in a
breaching event after the occurrence of the 1979 tsunami; (2) abandon-
ment of active distributary channels as a result of the flow diversion
from the Patía to the Sanquianga River; (3) closing of active distributary
inlets at Majagual, Patía, and Salahonda (Fig. 1B); and (4) formation of
ebb tidal deltas at the distributary mouths (Fig. 8I).
4.5. Geomorphic changes in the Sanquianga mangrove reserve, northern
Patía delta

The migration of the active distributary channel from the southern
lobe to the northern delta plain has led to active sedimentation, over-
bank flow, increasing width of levees, sedimentation in crevasses,
interdistributary channel fill (Fig. 9), and further lengthening of the
Sanquianga River, the current main distributary channel.

There have been inferred from the present mangrove distribution
in the Sanquianga River several stages in the process of channel
lengthening and the corresponding sequence of vegetation change
(Fig. 9). (A) During the seaward advance of the Sanquianga distribu-
tary channel, submerged levees gradually emerged above sea level
due to active sedimentation of fine sediment deposited by overbank
flow. (B) Pioneer mangroves started to colonize the fine sediments
of levees and mudflats, particularly those areas which were exposed
during low tide conditions. Once the levee height above low water
level reached its maximum, the process of channel fill in the interdis-
tributary channel began. (C) Once the interdistributary channel fill
was completed, pioneer mangroves colonized the lateral channel.
(D) Stages A, B, and C continued progressively downstream and the
banks of the Sanquianga River show the sequence of longitudinal
advance, as seen by the periodic lows and highs of mangrove heights
along the channel (Fig. 9D).

Temporal analysis of morphological changes at the current delta
apex, Bocas de Satinga, based on aerial photographs from 1962 and an
Aster image from 2008 (Fig. 9E–F), showsmajor areas of sedimentation
and channel fills in the Sanquianga distributary channel and associated
tidal creeks during the 46 yr-period. This process of distributary
channel advance was actively initiated after the diversion event
started 37 years ago. According to local inhabitants, the colonization
and further growth of these mangrove communities took place in
approximately 30 years and sedimentation from the delta apex at
Bocas de Satinga to the Sanquianga River have become more pro-
nounced since the 1990s (Fig. 5). Although the conditions of chan-
nel diversion shifted the sedimentation from the Patía River to the
Sanquianga, giving the constructive conditions for mangrove colo-
nization, the increased water discharge has freshened the former
estuarine system and created different hydrologic conditions with
further ecological implications.

Longitudinal measurements of vertical profiles of salinity (psu)
along the main axis of distributary channels, including Sanquianga,
Guascama and Amarales (Fig. 1B), show clear dependence on the
discharge pattern of the deltaic plain. Prior to the channel diversion,
the 1 psu salinity interface at the bottom intruded 25 km further
upstream up to Bocas de Satinga, the current delta apex. Nowadays
the 0 psu salinity interface near the bottom is found 13, 15 and 32 km
upstream on the Sanquianga, Guascama, andAmarales distributaries, re-
spectively (Fig. 10A). The longitudinal salinity distribution qualitatively
reflects the amount of freshwater discharged by the Sanguinga River.
Also, the effect of increased freshwater after the channel diversion is
to flush out the wedges of saline waters from the main distributary
channels. In contrast, abandoned distributaries of the former Patía
delta (e.g., Pasacaballos inlet) (Fig. 1B), which currently lack fluvial
flows for at least 8 months each year, possess more saline waters
and exhibit increased salinity distributions further upstream.

In particular, the Sanquianga and Guascama distributaries are
influenced by increased fluvial discharge and their former limits of
saline intrusion have been shifted downstream. On the contrary, the
Amarales channel has seen its saline wedge moved further upstream,
possibly indicating increased salinity intrusion (Fig. 10A). Major envi-
ronmental consequences of the Patía River discharge diversion, in
terms of geomorphic impacts on mangrove ecosystems, are evidenced
by freshening conditions in the Sanquianga and Guascama distributary
channels, a hydrologic change that has allowed the downstream
advance of freshwater vegetation, which is invading channel banks
in the lower and mixing estuarine zones.

The analysis of vegetation cover of selected locations in the San-
quianga mangrove reserve from 1986 to 2001, prepared from the
classification of MSS and TM Landsat images (Fig. 10B–D), shows
that at the current delta apex, mixed and freshwater vegetation in-
creased its area during the 15-year period (Fig. 10D); an increase
mainly attributed to the freshening conditions and clearing of forest.
In fact, mixed vegetation cover increased its area by 970 ha during
the analyzed time period. Dense mangrove forests were estimated
to have declined from 1012 ha in 1986 to 660 ha in 2001. Also, low
dense mangrove cover decreased by approximately 500 ha during
the same time period. Thus, it seems reasonable to propose that the
remarkable increase in water discharge is expected to show shifting
conditions in the patterns of vegetation succession. Downstream
along the Sanquianga distributary channel, the images also indicate
that densemangrove cover increased by 1000 ha (Fig. 10B); an increase
accounted for by the above-mentioned process of channel lengthening
and the corresponding sequence of vegetation change. In contrast to the
observed vegetation changes along the active distributaries, mangrove
cover along the Amarales branch, an estuarine channel with no fluvial
discharge, remain approximately constant for the analyzed time period
(Fig. 10C).
4.6. Wave conditions and their implications for shoreline dynamics

The NWW3 wave data indicate that the observed waves in the
Patía delta are predominantly swells from the southwest (77%) with
a maximum monthly significant height of 2.2 m, and an average
peak period of 14 s (Fig. 11C). Also, the AWAC time series measure-
ments of wave parameters at five stations in the Patía delta front
show that waves at the 10 m isobath have significant wave heights
ranging from 0.54 to 1.4 m and a mean peak period of 14±0.7 s.
The wave power climate can be expressed by combining the effects
of all datasets of wave characteristics for each month. This is done
by taking the monthly weighed means of the total and longshore
power values. The analysis of total wave power per unit crest width
along the delta front indicates that the Patía delta exhibits moderate



Fig. 9. (A–D) Stages of channel lengthening and corresponding sequences of mangrove colonization along the Sanquianga distributary channel. (E–F) Temporal analysis ofmorphological
changes at the current delta apex, Bocas de Satinga, based on (E) aerial photographs from 1962 and (F) Aster image from 2008. Numbers indicate major areas of sedimentation and
channel fills in the Sanquianga distributary channel and associated tidal creeks.
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wave energy conditions with an average wave power of ~18×
106 erg s−1 m at the 9 m depth contour.

Observations along the sub-aqueous deltas ofmajor rivers, including
the Amazon (Nittrouer et al., 1996), theMahakam (Storms et al., 2005),
Fig. 10. (A) Vegetation cover image of the northern Patía–Sanquianga delta lobe, based on the c
downstream limits of freshwater vegetation are also shown. (B–D) Vegetation cover analysis o
the classification of MSS and TM Landsat images, showing major cover changes in the Sanquia
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 sub-aqueous deltas are controlled by energetic marine
environments, which are related to energetic waves and meso- to
lassification of a TM Landsat image 2001.Major longitudinal limits of salinity intrusion and
f selected locations in the Sanquiangamangrove reserve from 1986 to 2001 prepared from
nga (B), Amarales (C), and Bocas de Satinga areas (D).
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Fig. 11. (A) Map of the Patía delta showing major isobaths and locations of bathymetric profiles along the delta front. (B) Bathymetric profiles of subaqueous sections based on
bathymetric maps from the hydrographic service of the Colombian Navy (unpublished data). (C) Predominant wave direction diagrams for the Patía River delta, showing magnitudes
of significant wave height and wave period. (D) Plot of annual means of significant wave height (Hs) at the Patía delta front derived from the NWW3 wave data 1979–2000.
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macro-tidal ranges. Each sub-aqueous delta is different in size and
morphology due to differences in fluvial discharge, shelf bathyme-
try, and the local oceanographic regime (Storms et al., 2005). For
the Patía Delta, the shape of sub-aqueous profiles may be entirely
flat (Guascama and Sanquianga inlets) and angular-shaped (Pasaca-
ballos inlet in the southern delta plain) (Fig. 11). The 10-m isobath
extends 16, 14, and 6 km offshore in the Sanquianga, Guascama,
and Pasacaballos inlets, respectively (Fig. 11B). Probably, the deeper
depths of the delta-front platform of the Pasacaballos inlet may be
attributed to the high and moderate wave energy on the southern
delta coast.
The degree to which wave power is reduced by the offshore slope is
indexed by an attenuation ratio (Ap). This index, developed by
Bretschneider (1954) and Bretschneider and Reid (1954), estimates
the reduction of wave height due to bottom friction (Wright and
Coleman, 1973). In the Patía Delta, the attenuation ratios indicate that
friction reduces nearshore power to 16% of the deep-water power in
the Pasacaballos inlet, while in the Guascama and Sanquianga inlets,
the Ap values are higher andwave power is reduced by 67% and 82%, re-
spectively. The steeper profile in the southern delta plain at Pasacaballos
causes less reduction of wave power due to friction. This morphologic
condition may be responsible for the lowest attenuation ratio along
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the Patía delta front, and hence ongoing erosional conditions at Pas-
caballos. Based on the NWW3 wave data 1979–2000, annual means
of significant wave height (Hs) at the Patía Delta front, are shown
in Fig. 11D.

Overall, there is a good agreement between sea-level anomalies
during El Niño events and significant wave heights. During El Niño
periods in 1982–1983, 1987–1988, 1992–1993, and 1997–1998, Hs

were considerably higher than the interannual mean of 0.93 m. In
general, wave heights during raised sea-level conditions are higher
than the inter-annual mean by 30%, indicating increasing wave energy
conditions at the Patía Delta coast.

5. Discussion

5.1. Effects of tectonic activity on delta migration and channel diversion

As mentioned before, the overall southward displacement of the
main distributary channels in the San Juan and Patía deltas has been as-
sociated with the presence of active transcurrent and transverse fault
systems (Fig. 2A–B) (Gómez, 1986a, 1986b; Correa, 1996; González
et al., 2002 and Restrepo et al., 2002). In the Mira River delta (Fig. 2C),
evidence of paleochannels also suggests that delta distributaries
have undergone rearrangements due to seismic movements registered
since 1906 (Gómez, 1986a). Transcurrrent faulting associated with
several transverse paleofracture zones, including the Tumaco fault
and the Mira River alignment, may have influenced the discharge
displacement from the northern distributary emptying into Bocagrande,
a distributary inlet present in 1783, to theMira River distributary and its
current location atMilagros Frontera. Thus, theHolocene evolution of the
Colombian Pacific deltas, including the Patía, has been characterized by a
spatial switch of delta distributaries related to tectonic movements and
subsidence.

Tectonic activity in the Patía River's drainage basin along an active
fault increased the discharge diversion of the Patía River even more as
a result of the 1979 earthquake. Due to the 1979 seismic event, there
was an uplift movement that resulted in the Sanquianga River captur-
ing approximately 70% of the Patía River's discharge (Soeters and
Gómez, 1985; Velásquez et al., 1994). An analysis of cross-profiles at
the confluence of the Patia and the Sanquianga rivers based on space
shuttle radar topography mission (SRTM) elevation data obtained
at 2002, which has a ~90 m horizontal and a 1 m vertical resolution
(Restrepo and Kettner, 2012), indicates that the land and freshwater
surface of the partly abandoned Patia River are located slightly higher
(7 m) than the Sanguianga cross-profiles, indicating that the hydraulic
capacity of the Sanquianga is even more pronounced. Based on water
discharge measurements in 1987 (Velásquez et al., 1994), more than
80% of the Patía River discharge was redirected through the Canal Nar-
anjo – Patía Viejo distributary – to the Sanquianga River system (Fig. 5).
Presently, the Sanquianga River, discharging into Bocas de Satinga to
the north (Fig. 1B), now carries more than 90% of the Patía riverine
flux (Bateman et al., 2009).

5.2. Eustatic and relative sea-level change

The 1982 El Niño in the eastern equatorial Pacific was remarkable.
By October, SST was almost 5 °C above normal and the sea level at the
Galapagos Islands had risen by 22 cm (Cane, 1983). Also, during the
1998 El Niño, equatorial waters in the eastern Pacific were 3–4 °C
warmer and 20–30 cm higher than normal (Morton et al., 2000). In
Tumaco, strong El Niños in 1982 and 1998 raised sea levels by 28 cm
and 32 cm, respectively. Moderate El Niño events in 1958, 1965, 1969,
1972, 1987, and 1992 raised the water level by 10–44 cm along the
Patía delta (Fig. 7C).

Ongoing tectonically-driven subsidence of the entire delta plain is an
important factor in the fluvial sediment supply to the islands. Channel
switching deprives the delta of sediment as the abandoned areas
subside, the older distributary mouths become flooded or drowned.
This may be the former case of the northern Patía–Sanquianga River
delta before the channel diversion occurred. In contrast, current con-
ditions are characterized by active sedimentation at the delta apex,
downstream channel accretion and sediment deposition in estuarine
lagoons. Although the northern delta lobe shows signs of coastal sub-
sidence along transgressive barrier islands, our analysis of satellite
images during low tide conditions for the period 1986–2001 in the
Sanquianga inlet, indicates an increase in tidal flat area from 5.4 Mm2

in 1986 to 14 M m2 in 2001. In addition, the analysis of shoreline
change for the period 2001–2008 shows signs of accretion (Fig. 8).
Hence, the Sanquianga River, a distributary channel experiencing an
accretional phase, is switching from previous estuarine conditions to
an active delta system.

According to interviews with the local inhabitants in Mulatos vil-
lage (Sanquianga inlet), the occurrence of non-storm washover of
barrier islands was not linked with raised sea levels due to ENSO
events prior to the tsunami in 1979. However, the El Niño events in
1982–1983 and 1997 created non-storm overwash on the barrier
islands at Pasacaballos, San Juan de la Costa and Salahonda (Fig. 1B)
and eroding conditions started to prevail 25 years ago, just after
the El Niño 1982–1983 event (Fig. 8). The agreement of relative sea-
level changes for the 1979–2006 year period with tectonic setting
(Figs. 1 and 7), and the occurrence of non-storm washover events and
earthquake activity may suggest that subsidence is continuing in the
southern delta lobe. Thus, the recent evolution of the Patía delta has
been characterized by short-term constructive and destructive phases
due to the interaction between tectonically- and eustatically-induced
sea-level rises and fluvial fluxes.

5.3. Salinity distribution and associated vegetation changes

Inundation frequency and longitudinal salinity distribution have
major effects on mangrove distribution. Saline intrusion varies primar-
ily with freshwater discharge, which controls inundation, substrate
composition, and distribution of fringing vegetation within the dis-
tributary channel network in tropical deltas (Vann, 1959; Thom, 1967;
Restrepo and Kjerfve, 2002). Freshening conditions in the Sanquianga
distributary channel have shifted the upper estuarine region down-
stream (salinityb1 psu) (Fig. 10A). According to local inhabitants
in the area (from personal communication with Wilfrido Ibarbo),
the effect of increased freshwater discharge on plant ecology has be-
come more pronounced during the last decade. Near the current delta
apex at Bocas de Satinga, characteristic grasses of fluvial environments
such as Panicum and Paspalum, are colonizing point bars and mudflats
in front of the channel banks which are vegetated by Rhizophora. In
addition, the locally called Nato (Mora oleifera), a mangrove tolerant
of brackish water and also characteristic of the freshwater swamp
zone, are invading channel banks in the lower and estuarine mixing
zones.

The above-mentioned changes observed in the mangroves of the
SMNP are primarily the response to an ever-changing series of habitats,
the result of geomorphic changes associated with the development of
an active delta plain. Similar processes have been observed in other
deltas, including Tabasco, Mexico (Thom, 1967), Mira and San Juan,
on the Pacific coast (West, 1957; Restrepo et al., 2002), Atrato, on the
Caribbean coast of Colombia (Vann, 1959), and are similar to the Purari,
Papua New Guinea (Conn, 1983). The observed geomorphic changes in
the northern lobe of the Patía delta are the first environmental signs of
shifting conditions from an estuary to a delta system as these processes
act on long-term timescales.

6. Conclusions

The recent evolution of the Patía delta has been controlled by
the interplay of extreme hydrologic, geologic, oceanographic and



222 J.D. Restrepo A / Geomorphology 151-152 (2012) 207–223
anthropogenic conditions, including: (1) highest basin-wide sediment
load of any river on the west coast of South America; (2) low discharge
variability (Qmax/Qmin); (3) tectonic depression associated with faults
and the occurrence of large magnitude, shallow focus earthquakes;
(4) spatial switch of delta distributaries related to tectonic movements
and subsidence; (5) a relative sea-level rise of 5.1 mm yr−1 after the
occurrence of the 1979 tsunami; (6) strong oceanographic manifes-
tations associated with the ENSO cycle, causing sea-level rises of
10–44 cm during El Niño years; and (7) human-induced discharge
diversion that shifted the active delta plain back to the its former
location and changed the northern estuarine system into an active
delta plain.

The Patía delta provides a unique example of one of the few deltas
worldwide formed under the occurrence of highly energetic and
destructive environmental conditions. The data and analysis presented
here provide key information towards addressing important issues
in terms of global delta dynamics and vulnerability, including those
posed by Overeem and Syvitski (2009): (1) delta progradation and
the receding conditions; (2) catchment and basinal processes influenc-
ing delta form; (3) environmental stresses on deltas (physical and
social); and (4) the role of extreme events versus ‘normal’ conditions
in creating and shaping deltas.
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