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This paper focuses on simulations of the morphological evolution of an estuary during
sedimentary infilling that accompanied Holocene sea-level rise. The simulations were
conducted using the Estuarine Sedimentation Model, which uses a behaviour-oriented
approach, supported by the chronostratigraphy of the estuary’s sedimentary sequence.
Behaviour curves were computed to represent the relationship between the estuarine channel
depth below maximum high tide and the net accretion at a given location relative to the
average sedimentation rate of the estuary during the Holocene. The model was validated by
comparing the observed present-day bathymetry of the Guadiana River Estuary, southeastern
Portugal, with the corresponding simulated bathymetries for nine control sections across the
estuary. The best fit between simulated and actual sediment surface elevations was obtained
along the cross-sections in the sheltered, low-energy environments of the estuary. The
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accuracy of the sedimentary stratigraphy of the best-fit model was further established using
16 radiocarbon ages obtained from five boreholes in the estuary. The present approach is

T

particularly suitable for simulating long-term morphological evolution in sheltered estuarine
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environments where tidally driven vertical aggradation dominates at centennial to millennium

CR

timescales. However, the accuracy of simulated sediment surface elevations and consequently
the robustness of behaviour-type models based on Geographical Information System

US

platforms can be enhanced by incorporating (i) the impacts of nearshore hydrodynamic
processes and episodic flood events in highly energetic channels, and (ii) the impacts of
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cross-currents in meandering channel sections.

Keywords: Guadiana estuary; Hindcasting; Morphological evolution; Sea-level rise;
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An estuary is a semi-enclosed water body that is associated with a complex mosaic of
ecosystems linking terrestrial and aquatic environments, including the subtidal, intertidal, and
surrounding terrestrial habitats. These highly complex and diverse systems are sensitive to
natural forcing, as generated by sea-level rise, and to human activities such as the
development of harbours, shipping channels and recreational facilities (Lanzoni and
Seminara, 2002). Estuaries are ephemeral features that during the eustatic sea-level rise of the
last 15,000 years progressed along drowned fluvial valleys (Schubel, 1971; Perillo, 1995).
Under natural sediment supply conditions, these estuaries have gradually adapted to the
prevailing hydrodynamic conditions during the period of sea-level stabilization (Lanzoni and
Seminara, 2002). According to Cooper et al. (2012), some evidence suggests that incised
valley estuarine systems exhibit an adaptive capacity in response to sea-level rise (e.g. “keepup” and “catch up” estuaries) while tending towards equilibrium conditions in which the local
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sea-level rise is balanced by the sediment accumulation (Stevenson et al., 1986; Nichols,
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1989).
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The morphological evolution of an estuary is the result of non-linear interactions between

CR

water, sedimentary processes, and bathymetry during both fluvial and marine flooding, which
occur over a wide range of temporal and spatial scales (Hibma et al., 2004). According to

US

Friedrichs et al. (1990), an increase in sea level in an estuarine system where the banks have
curved profiles initially results in channel deepening and the expansion of accommodation
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space, thereby enhancing ebb and flood asymmetry (i.e., the difference between peak ebb and
flood tidal currents). Consequently, more sediment from marine and/or fluvial sources enters
the estuary, resulting in an increase in sediment deposition rates and a decrease in depth,
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thereby reducing the marine influence (Pethick, 1994; Anthony et al., 2002). If the sediment

PT

supply is unhindered, this feedback process will lead the estuary to achieve a new equilibrium
state. Throughout the Holocene, estuarine systems migrated landwards in response to sea-
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level rise in a two-stage feedback process (Townend and Pethick, 2002): (1) horizontal retreat
of the seaward margins of salt marshes and upper mudflats, and (2) vertical accretion on the
newly submerged surfaces because of increased accommodation space. If there is a decrease
in sediment supply and/or rapid increase in sea-level rise above the adaptive capacity of the
system, the feedback mechanisms may not be sufficient to maintain stable water depths in an
estuary. Thus, according to the classification of Cooper et al. (2012), an estuary can turn into
a ‘give-up’ estuary from its original behaviour of either a ‘keep-up’ or ‘catch-up’ estuary.

The coastal zone occupies 18% of the world’s land surface and stretches over 842,000 km
(Smith, 2005). Coastal plains and lowland river valleys have always been the most populated
areas (Wolanski et al., 2004) in which human activities and associated infrastructure have
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increased steadily over the last several centuries (McGranahan et al., 2007). Dams that
control the world’s major rivers have reduced sediment supply to the shoreline by up to 90%

T

(Syvitski et al., 2005), and shorelines have been further impacted by the construction of
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coastal defences and by land reclamation (Townend and Pethick, 2002).

Global vulnerability analyses by Nicholls et al. (2007) and IPCC (2007) have predicted an

US

increased vulnerability of the coastal zone to sea-level rise, increased storminess, and climate
change. Indeed, the assembled records of altimetric data from the TOPEX/Poseidon, Jason-1,
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and Jason-2 satellite missions indicate that the average rate of sea-level rise during the period
1993–2009 was 3.4 ± 0.4 mm/yr (Nerem et al., 2010), which is double the 1.7 mm/yr rate of

ED

the twentieth century.
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The cumulative result of human activities and natural pressures is enhanced erosion, habitat
loss, and increased flood risk to the coastal environment (Valiela, 2006). A substantial
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reduction in the amount of sediment supplied to estuaries reduces vertical accretion and
decreases their capacity to keep pace with sea-level rise (Ganju and Schoellhamer, 2010).
Such constraints on the adaptive capacity of estuaries to sea-level rise will likely provoke a
decrease in the area of wetlands and will affect their habitats in the near future. Many
estuarine ecosystems have already lost part of their ability to adapt horizontally (Townend
and Pethick, 2002) and vertically (Ganju and Schoellhamer, 2010) in response to sea-level
rise. To accommodate these trends in coastal planning and territorial management, a better
understanding of the long-term behaviour of an estuarine system is required. Adaptation
strategies depend on the ability to integrate information about the geomorphology of the
system, knowledge of Holocene estuarine evolution, and information about the forcing
conditions such as sea-level rise and tidal conditions across a range of spatial and temporal
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scales (Townend, 2010).

In particular, the early to mid-Holocene may be useful to

understanding future sea-level change (PALSEA, 2010) because rates of eustatic sea-level
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rise during this period were in the order of 6 mm/yr or more (Stanford et al., 2011; Delgado et
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al., 2012). Such an acceleration in sea-level rise falls well within the range of recent

CR

predictions for the latter part of the twenty-first century (Pfeffer et al., 2008). However in
contrast to the Holocene, impacts of rapid sea-level rise in the coming decades require

US

consideration of substantial and widespread human intervention in coastal systems.
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To complement field investigations that have described geomorphological history and sealevel change over the last 13,000 years in the Guadiana Estuary of southwestern Iberia (Boski
et. al., 2008, 2002; Delgado et al., 2012), in the present study we take a formalised yet simple
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and idealized model approach based on the behaviour (i.e., the morphological evolutionary

PT

trends) of that system. The specific objectives of this study are: (i) to simulate the
sedimentary infilling of the Guadiana Estuary palaeovalley due to eustatic sea-level rise
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during the Holocene, and (ii) to evaluate model outputs against previous geomorphological
and post-glacial palaeoenvironmental reconstructions based on facies interpretation and

14

C

dating. The simulations were performed using the Estuarine Sedimentation Model (ESM),
which follows a behaviour-oriented numerical modelling approach (Bruce et al., 2003) that
complements process-based modelling (Townend, 2010).

2. Study area
The Guadiana River is 810 km long and traverses extensive rural areas in Spain and Portugal,
including the mining areas of the Iberian Pyrite Belt (Delgado et al., 2012). The Guadiana
Estuary (Fig. 1) is located along the southern border between Spain and Portugal. It is a
narrow, deeply incised (ca. 80 m below present MSL), bedrock-controlled estuary
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experiencing the final stages of sediment infilling, which has led to an incipient coastal
progradation (Boski et al., 2008). The estuary, which is ca. 50 km long, has a maximum
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channel width of 550 m and depths ranging between 5 and 17 m (Wolanski et al., 2006). In
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2001, the total dammed area in the watershed increased to 89% with the construction of the
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Alqueva dam (Gonzalez et al., 2007). Because of the consequent shortage of silt supplied by
the river, there has been a rapid decrease in the area of estuarine salt marshes (Sampath et al.,

US

2011). In addition, the construction of jetties at the mouth of the Guadiana River in the 1970s
has interrupted the dominant eastward-directed longshore drift. This has resulted in a

MA
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reduction in the amount of marine sediment supplied to the estuary over the last 35 years. The
disruptive effects of the jetties are clearly manifested on the Spanish margin of the estuary,
where rapid shoreline retreat at an average rate of 3 m/yr occurred between 1996 and 2005,

PT

ED

with a recorded maximum retreat of 4.8 m/yr (Sampath, 2008).

Before the construction of the Alqueva dam, the hydrographic regime of the Guadiana River
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was characterized by low flows in summer and episodic flooding events in winter. The
estuary exhibits a semi-diurnal, meso-tidal regime with a mean range of approximately 2.5 m.
The mean neap tidal range is 1.22 m and the mean spring tidal range is 2.82 m (Garel et al.,
2009), with a maximum spring tidal range of 3.88 m (Sampath et al., 2011). Tidal wave
propagation in the estuary generates currents with velocities exceeding 0.5 m/s (Morales,
1997). The waves in this coastal region can be classified as medium- to low-energy waves,
and in terms of frequency of occurrence, 49% of the waves represent Atlantic swells and 51%
local sea waves. The mean annual offshore significant wave height is about 1 m with an
average period of 4.7 s (Costa et al., 2001).

ACCEPTED MANUSCRIPT
3.0 Methodology
3.1 Estuarine Sedimentation Model (ESM)
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Hindcasting the morphological evolution of the Guadiana Estuary during the Holocene was
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performed using ESM. This GIS raster-based model was initially developed by Stolper

CR

(1996) and takes into account three factors: (1) changes in the rate of sea-level rise, (2)
elevation-dependent accommodation space available for the deposition of sediment, and (3)

US

the inundation-dependent vertical accretion rate of sediment (Bruce et al., 2003). In the
context of large-scale coastal behaviour modelling (decades to millennia), estuarine evolution
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was simulated using the dominant driving factors, which are relative sea-level change, the
rate of sediment supply, and tidal inundation. Although wave and river dynamics may
influence sediment dynamics in the outer and inner portions of the estuary, respectively, tidal

ED

currents play a dominant role in controlling sediment transport in tidal regimes where the

PT

tidal range is greater than 2 m (Lanzoni and Seminara, 2002). Tidal inundation is strongly
dependent on palaeovalley morphology, which determines the accommodation space for
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fluvial and marine sediments.

ESM does not explicitly take into account estuarine physical processes, such as tidal
hydrodynamics, channel-shoal sediment exchange, and gravitational circulation. This implies
that it is not possible to represent dynamic interactions and feedbacks that promote
morphological change, because of the limited understanding/record of such processes over a
centennial timescale. To partially overcome such limitations, we opted to represent estuarine
sediment deposition processes using the net long-term representative sedimentation rates
derived from borehole data analysis. In addition, we incorporated semi-empirical
formulations given by Prandle (2009) to derive the relationships between the long-term net
accretion rate coefficients and water depth below maximum high tide for defined time
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intervals of several centuries (see section 3.2). The long-term net accretion rate coefficients
represent the spatial and temporal distributions of sediment accretion below the maximum

T

high-tide level of the estuary. With respect to the energy levels of the studied estuary, the
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lower Guadiana estuary lies within an environment sheltered by the extensive barrier and salt

CR

marsh system and mobile sandbank located close to the river mouth, which significantly
attenuate ocean waves entering the estuary. Therefore, the sediment grain size across the

US

lower estuary bed is practically uniform, except for some variation in the intertidal zone
(Morales et al., 2006). Thus, according to the established relationship between hydraulic
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energy and corresponding grain size (Hamilton, 1979), the distribution of energy across the
lower Guadiana Estuary may be assumed to be relatively uniform. The near-uniform
distribution of sediment accretion rates observed in the sedimentary profiles of several

ED

boreholes drilled in the Guadiana Estuary (Boski et al., 2008, 2002) further supports this

PT

hypothesis.
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3.2 Application of ESM to the Guadiana estuarine system
Following similar approaches in a number of previous estuarine aggradation models (e.g.,
Allen, 1995; Morris et al., 2002; Kirwan and Murray, 2008) applied to estuarine systems
composed of intertidal mudflats and salt marshes, the rate of relative elevation change (dZ/dt)
at a given point and over a known period of time can be represented in terms of (Eq. 1): (1)
the rate of sea-level rise (dMMSL/dt), (2) mineral sedimentation rate (dSMin/dt) and organic
sedimentation rate (dSOrg/dt), (3) erosion due to currents (dE/dt), (4) auto-compaction
(dPCom/dt), and (5) deep subsidence (dPSub/dt):

(1)
In the Guadiana Estuary, deep subsidence has been found to be negligible (Lobo et al., 2003),
and because auto-compaction of the accumulated sediments is insignificant as a result of the
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low organic content (Boski et al., 2008), it was assumed that shallow compaction is
negligible over a centennial timescale. Hence, the determining factors of the model are

(2)

CR
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mineral sedimentation, erosion, and the rate of sea-level rise (Eq. 2):

The net annual averaged accretion rate ( S/ t) at a given initial depth (h) can be derived by

sed

is the dry density of sediment (Eq. 3). Based on the analysis of annual river
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cycles, where

US

integrating mineral deposition and erosion over each tidal cycle over M years with m tidal

discharge from 1947 to 2000, we imposed the estimated six-year (i.e., M = 6) cyclic
fluctuations of average annual river discharge, namely 380, 300, 25, 75, 150, and 175 m3/s, to

ED

determine the long-term net accretion rates. The calculations were computed for each depth
with 0.5-m intervals from low-tide level to the maximum depth. This provides variations in
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PT

net annual average accretion rates from low tide to the maximum depth.

(3)

Implementation of ESM also requires the long-term net accretion rate coefficients, that is, the
long-term net accretion rates relative to the maximum sedimentation rate found within a
hypothetical transect from low-tide level to the maximum depth of the estuary (Eq. 4):

(4)
If a representative value for the maximum annual sedimentation rate (Srep) for a given period
in an estuary can be found, the long-term net accretion rate coefficients enable the spatial
distribution of net annual sedimentation rates for the given depth range to be calculated (Eq.
5). For simplicity and convenience, we used as Srep the sedimentation rates calculated in

ACCEPTED MANUSCRIPT
radiocarbon-dated time intervals in six boreholes drilled into the Holocene sedimentary
column of the Guadiana estuary. Thus, the net accretion rate at a given depth below the low-

CR
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tide level can be expressed directly by Eq. 5:

As given in Equation 6, the net accretion rates above the low tide were derived by

US

incorporating the tidal inundation frequency (Sampath et al., 2011) and the long-term net
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accretion rate coefficient at the low-tide level (taken from the Portuguese Hydrographic Chart
Datum as 2 m below MSL). Consequently, the curves for the long-term net sediment
accretion rate coefficients were computed for the entire depth range (i.e., from high-tide level

ED

to the maximum depth at 0.5-m intervals) of the estuary for different periods from 11,500 cal.
yr BP. The average granulometric sizes of accumulated sediments were assumed to be

PT

indicative of the environmental conditions prevailing over specific periods during the
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Holocene (see section 3.4).

Finally, the long-term rate of sediment surface elevation change ( Z/ T) at a given point of
an estuarine system can be expressed in terms of net sedimentation rate ( SNet/ T) and sealevel rise rate ( H/ T) (Eq. 7):

(7)

Summarizing the above rationale, our exact input parameters for the ESM model were the
long-term net accretion rate coefficients for the depth range, representative sedimentation
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rates, and cumulative sea-level rise for the total time period of 11,500 years (and using a five-

3.3 Sediment deposition and erosion over a tidal cycle

T

year time step for the modelling).
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The rate of sediment deposition in sub-tidal channels can be approximated by calculating

CR

accretion and erosion rates (Equation 3). As the present study is focused on simulating the
long-term morphological evolution of estuaries, the re-suspension of sediment due to

US

turbulence can be neglected and therefore the estuary bed can be considered as fully

MA
N

absorptive (Sanford and Halka, 1993). Consequently, the sediment deposition rate (m/s) can
be represented in terms of settling velocity (Ws), sediment concentration near the bed (Cb),
sed)

(Prandle, 2009):

ED

and the bulk density of sediment (

(8)

PT

The settling velocity of fine to medium sand particles (D50 ≈ 0.125–0.35 mm) was estimated
in terms of the kinematic viscosity of water, average grain size diameter (D50), and non-

AC
CE

dimensional grain diameter (Hallermeier, 1981). The settling velocity of silt to very fine sand
fractions (D50 ≈ 0.25–0.125 mm) was derived using the formula of Lane and Prandle (2006)
to account for the increase in settling velocity due to the flocculation of particles. Morales
(1995) proposed an empirical model for estimating the depth-averaged sediment
concentration in the Guadiana estuary in terms of river discharge (m3/s). The suspended
sediment concentration near the bed was related to depth-averaged sediment concentration
where sediment deposition occurs via advection and dispersion (Prandle, 2009). The lack of
knowledge of river flow rates during the Holocene is also a major constraint. To address this
we used the oldest archived data measured in the Guadiana river, available from the Pulo do
Lobo gauge station since the 1940s. Although limited in time this record allows us to
represent the characteristic torrential river flow regime of the Guadiana river, which we
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assume to have been similar over the past millennia. Although we used data and relationships
that relate to the recent behaviour of the estuary for hindcasting suspended sediment

T

concentrations in the Guadiana River during the Holocene, these formulae were used because

IP

our focus is to conceptualize the problem of the modelling of long-term estuarine

depth-averaged sediment concentration in an estuary.

CR

morphological evolution. Prandle (2009) showed that time-series of Cb can be related to the

US

The short-term erosion rate in an estuary can be approximated using the simple formula of
and f are the sediment erosion coefficient and the bed friction
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Prandle (2004), where

(9)
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coefficient, respectively:
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The grain density was set to a default value of 2650 kg/m3, representative of quartz. The
expression derived by Jones (1983) was used to estimate the bed friction in terms of bed
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roughness, which can be related to drag resulting from ripple/dune formations, and the skin
friction, which is related to the grain size, D50, of coarse sand for a hydraulically rough flow
(Reeve et al., 2004). Values of D50 have been given by Morales et al. (2006). As presented by
Lane (2004), the main constituents of current speed (Ut) were assumed to be semi-diurnal
(M2) and quarter-diurnal (M4) tidal currents and residual currents due to river discharge:
(10)
where a= */h and

is the phase angle between tidal elevation and tidal current.

Prandle (2009) simplified the equations for motion at any depth by neglecting convective
terms and linearising the frictional terms. Thus, the tidal current amplitude U* was presented
for synchronous estuarine condition, where the spatial gradient in tidal elevation amplitude

ACCEPTED MANUSCRIPT
( *) is zero and k is a unique wave number for the axial propagation of current and surface
elevation:

T

(11)

and can be estimated using Equation 12, where h/ x is the axial bed

CR

and tidal frequency (

IP

The linearised dimensionless bed friction coefficient (F) was related to the phase angle ( )

US

slope and assumed to be a constant, h is water depth, and g is gravitational acceleration

MA
N

(Prandle 2009).

(13)
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where

(12)

In the Guadiana Estuary, the tidal wave propagates in synchronic mode up to 50 km from the

PT

mouth (Morales 1997). This characteristic may be preserved even during spring tides, as the
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tidal-range attenuation is less than 20 cm per 10 km along the longitudinal axis of the river
(Garel et al., 2009). The use of the above assumption can be justified because we consider
only the lower Guadiana estuary (11.6 km). The tidal amplitude ( *) was estimated using the
amplitudes ( i), angular frequency ( i), and phase ( i) of the five principal constituents (O1,
K1, M2, S2, and M4) given by Pinto (2003) for the Guadiana Estuary.
3.4 Hindcasting of sediment infilling
There are two distinct linear relationships for radiocarbon ages versus depths of dated
materials from six boreholes in the Guadiana estuary. The first comprehends the period from
13000 cal. yr BP to 7500 cal. yr BP and the second the period since 7500 cal. yr BP to
present-day (Boski et al., 2002; 2008; Delgado et al., 2012). This suggests that the sediment
accretion is almost linear in those two periods, particularly in the sheltered sections of the
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estuary. To determine the grain size of sediments deposited since 11.500 cal. yr BP, an
analysis of sediment characteristics from borehole samples was performed. This allowed the

T

definition of 12 granulometrically homogenous time intervals with millennial to centennial

is a function of sediment diameter (Lane and Prandle, 2006) and is

CR

erosion coefficient,
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time scales, each characterized by virtually constant depositional conditions. The sediment

related to the erodibility of sediment. Two different distributions for

with depth were
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assumed while maintaining its average value around 0.0001 m−1s, as suggested by Prandle

MA
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(2004). In this way, variability in grain size across the estuary could be indirectly
incorporated into the model. For each distribution of

we derived 12 long-term net accretion

rate coefficient curves (Fig. 2) corresponding to time periods during which hydrodynamic

ED

and environmental conditions were assumed to be uniform throughout the Holocene period.

PT

Four trials were carried out to find the best function for and the corresponding set of long-
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term net accretion rate coefficient curves. The representative sedimentation rates for the first
trial were equal to the rate of sea-level rise derived from the analysis of borehole data (Table
1). However, two boreholes are located in a highly sheltered environment and are not,
therefore, representative of the lower estuary as a whole. Consequently, trials two to four
were performed using stratigraphic data from the remaining four boreholes to find
representative sedimentation rates during the Holocene.
Considering specifically the sea-level change since the last glacial maximum (LGM) along
the southern Iberia coast, sea-level curves have been presented for coastal areas in the Gulf of
Cadiz and in western Portugal (e.g. Dias et al., 2000; Delgado et al., 2012). According to the
depth–age diagrams for the Guadiana estuary presented by Boski et al. (2002) and Fletcher et
al. (2007), Holocene sedimentation began, respectively, at depths of 42 m and 38 m below
present MSL. Recently, Boski et al. (2008), considering the Guadiana and Gilão-Almargem
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estuarine systems, placed the beginning of Holocene sedimentation in the southeastern
Algarve coast at a depth of 39 m below present MSL. These values are significantly greater

T

than the 30 to 32 m below present MSL extrapolated from the age–depth diagram proposed
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by Lario et al. (2002) as a synthesis for the Spanish estuaries in the Gulf of Cadiz.

Therefore, considering various estimations of sea level at 11,500 cal. yr BP for the Guadiana

US

estuary, a mean value of 40 m below present MSL was used for simulating the morphological
evolution of the Guadiana estuary during the Holocene. In relation to sea-level change since
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the last glacial maximum (LGM) along the coast of southern Iberia, a sea-level curve has
recently been presented for coastal areas in the Gulf of Cadiz and in western Portugal by
Delgado et al. (2012). The average rate of sea-level rise proposed for the period 13,000 to

ED

7000 cal. yr BP was estimated at 7.5 mm/yr and the rate for the period since 7500 cal. yr BP

PT

until the present was estimated at 1.3 mm/yr. Such a pattern of sea-level rise is consistent
throughout the northern Gulf of Cadiz, as evidenced by Zazo et al. (2008), and even along

AC
CE

western Iberia Holocene sea-level rise is characterized by such contrasting linear trends of
fast increase before and after 7000 cal. yr BP (Vis et al., 2008). For 11,500 cal. yr BP, the
error on the position of sea level is approximately ±5 m. This value was estimated from the
results of Delgado et al. (2012). The error contains the uncertainties of

14

C dating and the

uncertainties of past sea-level determination with respect to MSL.

The input and output time-steps were 5 and 10 years, respectively. The simulation of
palaeovalley sedimentation from 11,500 cal. yr BP to the present was performed in several
blocks with intervals of 100 or 200 years. The final digital elevation model (DEM) of the
estuary’s bathymetry in each preceding time-step was fed as input into the next step until
reaching the present bathymetry. If the simulated elevation values of the DEM corresponding
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to the present of a particular trial were comparable to the actual elevation values of the
present-day topography, then the corresponding series of bathymetries were considered to be

and the set of long-term net accretion rate
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since 11,500 cal. yr BP. The corresponding
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the best possible approximation of the morphological evolution of the estuary for the period
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coefficient curves were accordingly considered the best functions for the simulations of longterm sediment infilling, providing a basis for decadal forecasting of the morphological
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evolution of the estuary during the twenty-first century.

3.5 Digital terrain model of the pre-inundation Guadiana palaeovalley
Exploratory DEMs were created with a suite of the most widely used interpolation methods
(Yue et al., 2007; Erdogan, 2009), which are incorporated into the ESRI ArcGIS software
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used in the present study. Since there is no explicit rule indicating which method is most

PT

adequate for a particular surface (Erdogan, 2009), the selection of the interpolation method is
more complex, requiring both visual and statistical exploration (Andrews et al., 2002).
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Methods included TIN (triangulated irregular network with linear interpolation), IDW
(inverse distance weighted), Spline and Kriging. ANUDEM, a dedicated interpolation
method for creating hydrologically correct DEMs (Hutchinson, 1988, 1989), and
implemented in ArcGIS, was also used. As most interpolation methods require input data in
the form of individual points, the manually digitized palaeovalley contours were transformed
into point features. Each vertex along the contour lines was converted into a point, retaining
the corresponding planimetric coordinates and elevation value.

From simple visual observation, the TIN method was excluded for use due to its unrealistic
representation of the terrain surface and overall shape unreliability, confirming the general
inability of linear interpolation to produce a smooth and natural terrain surface (DeMers,
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2002). The remaining interpolation methods were evaluated using cross-validation on a
random sample of 10% of the data points (corresponding to 16,112 points). The differences
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between the interpolated and observed elevation values at each cross-validation point were
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analysed using standard descriptive statistics for the assessment of DEM accuracy (Fischer
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and Tate, 2006). The most common statistical descriptor is the root mean square error
(RMSE) (Li, 1988; Fisher and Tate, 2006). Two other descriptors suggested by Li (1988), the
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mean error (ME) and error standard deviation (S), which are often used for a more complete
statistical description of DEM interpolation error (Desmet, 1997; Fisher and Tate, 2006),
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were also calculated. The two extreme values for the difference between the interpolated and
observed elevations (positive maximum and negative maximum) were also calculated,
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indicating the general location of all the other values (Li, 1988).
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The results for the descriptive statistics indicated that no method clearly out-performed the
others, although the IDW method presented the best results for the extreme values and

AC
CE

ANUDEM the best (lowest) values for RMSE and error standard deviation (S). Nevertheless,
the results are very similar for the suite of interpolation methods evaluated, with mean errors
in the order of a few centimetres and values of RMSE and error standard deviation between 2
and 2.5 m. Thus, ANUDEM was used as the most reasonable interpolation technique for
developing the DEM of the Guadiana estuary palaeovalley of 11,500 cal. yr BP (Fig. 3).

4.0 Results
4.1 Morphological evolution of the estuarine palaeovalley during the Holocene
The model-generated DEMs of the present topography in the lower Guadiana Estuary
corresponding to each of the four simulation trials are shown in Fig. 4. The reconstructed
palaeovalley DEM at 11,500 cal. yr BP (Fig. 4a) and actual present DEM (Fig. 4b) were used
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for assessing the simulated results. The first simulation of present-day topography (Fig. 4c)
extensively under-predicted the actual topography of the estuary. The only similarity between
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these two surfaces was in the elevation range from 4 to 5 m. Various important features of the
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Guadiana estuarine system, including the morphological evolution of the intertidal zone area,
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the closure of the second mouth of the Guadiana river due to sand infilling, the morphological
evolution of the Vila Real St Antonio delta, and the sand-spit developments of Isla Canela
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and Isla Cristina resulting in the progradation of the Spanish coastline, were not predicted
satisfactorily in the first simulation. Even though high sedimentation rates (see Table 1) were
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used in the second simulation, the simulated topography (Fig. 4d) was still under-predicted
and very similar to the results of the first simulation. However, there were some
improvements in the upper limits of the intertidal zone compared to the actual elevations,
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despite a continuing submergence of a large part of the delta located near present-day Vila
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Real city. The complete closure of the second mouth of the Guadiana River, located near
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present-day Monte Gordo city, was also not satisfactorily simulated.

The simulated present topography of the estuary obtained in the third simulation (Fig. 4e)
shows increased sediment infilling in both the intertidal zone area and the ebb delta close to
present-day Vila Real de Santo Antonio city (VRSA). However, this simulation still did not
satisfactorily predict the actual morphology of the Guadiana Estuary. This third stimulation
presented an equilibrium between the reconstructed Holocene sediment surface topography
and simulated topography at a depth of approximately −0.75 m (i.e., the estuary bed at around
−0.75 m kept pace with sea-level rise). Spatial analysis shows an equilibrium between actual
topography and the Holocene topography in the high-tide region (around +1.6 to + 2 m
MSL).
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As explained in section 3.4, the results of the fourth simulation correspond to corrected (i.e.,
forcing equilibrium near the high-tide region) sedimentation rate coefficients compared with
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the third simulation. This enabled a realistic sediment infilling in both the intertidal zone and
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part of the main estuarine channel to be achieved (Fig. 4f), and reflected the new relationship
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between the long-term net accretion rate coefficients and the depth below maximum high
tide, leading to a realistic improvement in the simulated shoreface. However, the closure of
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the second mouth of the Guadiana River and the development of the Isla Canela and Isla
Cristina sand-spits were again not adequately predicted. Despite an improvement in the area
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of the VRSA delta, the evolution of the interface between the estuary and shoreface could not
be simulated simply by using this idealized aggradation model. It appears that this highly
dynamic boundary follows a complex interplay between tidally driven estuarine vertical
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aggradation and shoreface processes controlled by both along- and cross-shore sediment drift,
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formations.
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resulting in the development and migration of sand spits and subsequent aeolian dune

4.2 Detailed analysis of sediment infilling in the fourth simulation
The fourth simulation was particularly successful in predicting the present-day
elevation/morphology of the sheltered environments of the Guadiana estuary. Fig. 5 shows a
chronological sequence of sediment infilling along a selected line connecting five boreholes
(marked as CM-4, CM-3, CM-1, CM-6 and CM-5 according to their spatial location upstream
of the estuary mouth) drilled in the Portuguese margin of the estuary. Locations of five
boreholes are also shown in Fig. 4b. The validity of this modelling approach was further
tested using nine cross-sections along the main channel, located at distances of 650 m (CM4), 2100 m, 3300 m (CM-3), 4500 m, 5800 m (CM-1), 7000 m, 8500 m, 9600 m (CM-6), and
10,400 m (CM-5) m from the mouth of the estuary (Fig. 6). Ages obtained from radiocarbon
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(14C) analysis corresponding to the five boreholes (Boski et al. 2008, 2002; Delgado et al.,
2012), are also plotted on Fig. 6. Each cross-section consists of 14 profiles, corresponding to
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profiles at 11,500, 11,000, 10,000, 9000, 8000, 7000, 6000, 5000, 4000, 3000, 2000, and
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1000 cal. yr BP, and to the simulated and actual profiles for the present-day.
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Detailed analysis of sedimentological, mineralogical, paleontological and geochemical data
were used to interpret the various sub-environments in the sedimentary columns of the five

US

boreholes, details for which are provided in Boski et al. (2002; 2008) and Delgado et al.
(2012). In cross-section 1, borehole CM4 is located approximately 2500 m from the central
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axis of the estuary channel and on the Monte Gordo dune field (Figs. 1, 6i). Seven
sedimentological units can be distinguished in the sedimentary column overlying the
Palaeozoic substratum (Boski et al., 2002): (1) fluvial from 31 to 27 m below MSL, (2) salt

ED

marsh from 27 to 23 m below MSL, (3) swamp/fluvial wetland from 23 to 20 m below MSL,
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(4) delta fan from 20 to 14 m below MSL, (5) fluvial river channel from 14 to 11 m below
MSL, (6) barrier complex from 11 m below MSL to 3 m above MSL, and (7) dune field from
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3 to 5 m above MSL (Fig. 7a). The depths corresponding to ages obtained from borehole
CM-4 are discordant with the simulated depths. As this borehole is close to the shoreline,
along-shore and cross-shore sediment transportation would be the dominant processes that
determined the formation of the barrier complex at least until c. 6437 cal. yr BP. Ages
obtained from radiocarbon analysis corresponding to the five boreholes (Boski et al. 2008,
2002; Delgado et al., 2012), are also on Fig. 6, 7, 8 and 9 and fully presented in Table
2. Throughout the text cal. yr BP refer to the median or mid-point date for the two sigma
range determined from calibration analysis. For full description of the uncertainty in the
radiocarbon ages the reader is referred to Table 2. However, being close to the shoreline, the
location of the borehole would have been subjected to episodic extreme events such as storm
surges. In such situations, soil layers may not necessarily be in proper chronological sequence
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in borehole CM-4, and this may explain why the radiocarbon date of c. 7159 cal. yr BP is
found above the radiocarbon date of c. 6437 cal. yr BP. Finally, aeolian processes would be
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the dominant controlling factors of sediment infilling. The discrepancy in the chronology
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between the measured and modelled infilling is because the above-mentioned processes were
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not included in the ESM model.

In cross-section 3, borehole CM-3 was located close to the river mouth at 11,500 cal. yr BP in
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the Portuguese margin and approximately 1300 m from the central axis along the estuary
channel. The borehole is within the salt marsh affected sporadically by spring tides, and four
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units of sedimentological facies lying over the Palaeozoic substratum reached at a depth of 35
m can be identified (Boski et al., 2002): (1) fluvial river channel from 35 to 29.8 m below
MSL, (2) upper salt marsh from 29.8 to 15.5 m below MSL, (3) lower salt marsh from 15.5 to
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1.8 m below MSL, and (4) present anthropic soil from 1.8 m below MSL to 1.0 m above
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MSL (Fig. 7b). The simulated and actual present topographies are compatible with each other
in the location of borehole CM-3 in cross-section 3. Infilling depths for radiocarbon ages of c.

AC
CE

3598, 7594, and 7936 cal. yr BP are comparable with corresponding simulated depths
whereas the depth value for c. 10738 cal. yr BP shows a shift to a depth corresponding to that
for c. 9815 cal. yr BP (Fig. 6iii).

Borehole CM-1 is located in cross-section 5 and is situated in the tidally active salt marsh
near Castro Marim. According to Boski et al. (2002), five lithological units can be
distinguished above the bedrock at a depth of 41 m below MSL, namely: (1) fluvial river
channel from 41 to38 m below MSL, (2) upper salt marsh from 38 to 19 m below MSL, (3)
tidal flats from 19 to 18 m below MSL, (4) upper salt marsh from 18 to 15 m below MSL,
and (5) lower salt marsh from 15 to 1 m below MSL. In addition, there is a 1-m-deep
anthropic soil layer up to the surface (Fig. 7c). The simulated and observed present
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topographies are compatible with each other in the location of borehole CM-1 (Fig. 6vi). The
depth values for c. 10,765, 9420, 8848, and 3210 cal. yr BP are comparable with those of the
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simulated depths, whereas the depth values at c. 7175, 7155, and 5837 cal. yr BP cannot be
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matched to corresponding simulated depth values. The continuity of the upper salt marshes
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has been disturbed by the deposition of a ~1-m-thick layer of medium sand, forming a tidal
flat for a short period.
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In cross-section 8 (Fig. 6viii), borehole CM-6 is located on mudflats in the Spanish margin
and is 500 m from the central axis (near the Beliche bend of the Guadiana River).
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Sedimentary sequences of borehole CM-6 have accreted on top of a coarse to very coarse
basal gravel layer (Fig. 8a) that was deposited by the Guadiana River during a past marine
lowstand (Delgado et al., 2012). Although the simulated and actual present topographies are
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compatible with each other, only two depth values (at c. 897 and 1155 cal. yr BP)
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approximate the corresponding simulated values, whereas depth values at c. 742, 6917, and
7612 cal. yr BP are not comparable to their respective simulated depths. The sedimentary
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facies in borehole CM-6 from 11,500 cal. yr BP to the present represent a transition from
fluvial river channel to salt marsh and then to a mudflat (Delgado et al., 2012). According to
the observed sediment granulometry from c. 6917 cal. yr BP to the present, at least three
episodic extreme events may have occurred during this period, and may explain the
discordance of the depths at c. 7612 and 6917 cal. yr BP with the corresponding simulated
values. However, there is an additional process around bends in rivers and channels that
should be considered. Cross-currents in channels produce higher elevations near the outside
curve of the channel and low flow near the inside curve of the channel. In such a situation,
eddy currents would occur, resulting in a loss of energy. As a result, there would be an
increase in sediment deposition near the inside curve of the channel. However, increase of
inundation hydroperiod due to elevated water depths near the outside curve of the channel
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results in increasing current velocity and erosion. This process may explain why the path of
the Guadiana estuary profile migrated towards the Portuguese margin while enhancing fluvial
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sediment deposition in the inner region. Because such processes were not included in the
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ESM, we cannot expect complete agreement between the simulated and observed
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depositional facies.
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In section 9, the most landward borehole, CM-5, is located near the Beliche Rivulet in the
Portuguese margin. As in borehole CM-6, sedimentary sequences have accumulated on top of
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a coarse to very coarse basal gravel layer, which was deposited by the Guadiana River during
a past marine lowstand (Delgado et al., 2012). According to Boski et al. (2008), depositional
facies can be identified, related to (1) a transition from fluvial river channel to estuarine

ED

channel from 47.1 to 39.3 m below MSL, (2) salt marsh from 39.3 to 23 m below MSL, (3)
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mudflat from 23 to 2.7 m below MSL, (4) salt marsh from 2.7 m below MSL to 0.5 above
MSL, and (5) a 1-m-thick layer of anthropic soil from 0.5 m above MSL to the present
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surface (Fig. 8b). Depth values for the

14

C ages can be compared to the corresponding

simulated depths. The successful comparability in the present case may be attributed to the
sheltered nature of the location of borehole CM-5. In summary, infilling depths related to 16
age determinations are approximately compatible with the corresponding depths simulated
using the ESM model, whereas 10 are not. A comparison between the depths and radiocarbon
ages of 26 samples and the modelled depths for the same temporal waypoints (Fig. 9)
demonstrates a very good agreement, with statistical significant correlation at the 0.01
confidence level and a R2 value of 0.722. This indicates a high accuracy, particularly
considering the uncertainties in modelling sedimentation on millennial time scales.
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On the whole, the Portuguese and Spanish margins in cross-section 1 of the simulated profile
have to be infilled with sediment by approximately 2.4 and 7 m, respectively, to be
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compatible with the actual present profile. However, the simulated sub-tidal region of the
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estuary was overfilled by about 3.7 m of sediment. There are similar inaccuracies in cross-
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sections 2, 3 and 4. The errors may have occurred as a result of the formation of sand dunes
near to the coastline. However, the average errors in cross-sections 5, 6 and 7 are less than 1
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m. Furthermore, the meandering of the main channel of the estuary may have contributed to
inaccuracies in the sub-tidal regions of cross-sections 4 to 7. On average, the modelled
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present-day profiles of cross-sections 8 and 9 have to be infilled with approximately 2.5 m of
sediment to make them compatible with the corresponding actual present-day profiles.
However, the incompatibilities are seen mainly for the higher elevations, where there is no

ED

influence of tides or waves. Therefore, it would appear that the errors are associated mainly

PT

with the initial inaccuracies involved in reconstructing the palaeovalley of 11,500 cal. yr BP.
The other possible source of error in the sub-tidal region of the estuary is channel dredging
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for navigation purposes or channel scour/avulsion processes that cannot be captured in the
modelling.

5.0 Discussion

5.1 Accuracy of the model results
Stratigraphic sequences provide empirical records of global environmental conditions and
changes (Burke et al., 1990). Studies of the magnitude and frequency of past global changes
can be used to understand historical trends and to predict near-future conditions (Blum and
Törnqvist, 2000). In this context, an understanding of past and present trends in sea-level rise
is particularly important for simulating the morphological evolution of coastal areas using a
behaviour-oriented modelling approach. For the present study, the definition of the mean sea-
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level for the start of the Holocene, considering that this occurred at 11,500 cal. yr BP (Bjorck
et al., 1998), was based on published regional relative sea-level curves along with published
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information on discrete relative sea levels and sediment accumulation rates along the Cadiz
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Gulf during the Late Pleistocene to Holocene transition.

The simplest assessment of the model results presented here may be achieved by comparing

US

the simulated and actual present-day topographies of the Guadiana Estuary (Fig. 10). If the
actual and simulated elevations are the same, then the gradient of the corresponding linear

MA
N

regression plots is equal to 1 and the simulation is 100% accurate. However, the direct
comparison of two DEMs is compromised by human activities of the past centuries, which
has significantly altered local physiography. Since bathymetric data do not cover a period of
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more than a century, and given that such data may contain signatures of past human activity,
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we may not be able to achieve perfect validation of the model results. In coastal settings,
determining the chronology with good temporal resolution for palaeoenvironmental changes
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is highly dependent on availability of organic material for

14

C dating (Kortekaas, 2007). In

the present study, the determination of ages at different depths of the estuarine system was
based on several samples suitable for radiocarbon dating. However, the poor temporal
resolution of

14

C-dated sediment samples constrains the validation of the morphological

evolution model.
Still, according to the best-fit solution obtained from the four iterations, the linear regression
gradients of actual elevation versus simulated elevation along the cross-sections in sheltered
environments of the estuary (cross-sections 4 to 9) are greater than 0.67, whereas the
gradients of the cross-sections located near the shoreface (cross-sections 1 to 3) are less than
0.50. In addition, the R2 values for plots corresponding to cross-sections 4 to 9 are greater
than 0.82. That is, the model results corresponding to sheltered environments of the estuary
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are very much within the acceptable limits of accuracy given that the simulations are based
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on a millennial time scale.
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The simplicity of the regression-based assessment means that it does not provide a complete
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picture of the accuracy of the adopted modelling technique. The RMSE of simulated water
depths (Table 3) was therefore used as a more robust estimator of accuracy. For that purpose,
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we converted the final raster DEMs of the four simulations into point data sets (bathymetry),
using ArcGIS tools. Each data set was divided into four topographic sections (Fig. 11) and
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compared with observed present-day (year 2000) morphology. On the whole, there was a
significant reduction in the RMSE for all four topographic sections through the successive
simulations numbered 1 to 4, except in topographic section 4 of the fourth simulation. For

ED

simulations 3 and 4, there was a slight increase in the RMSE in topographic section 4

PT

compared to that in topographic section 3. Nevertheless, it is fair to conclude that the RMSE
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generally decreases with distance from the mouth of the estuary.

Although the total RMSE of ±4.8 m in the fourth simulation seems high, it is important to
consider that the possible errors in determining the MSL at 11,500 cal. yr BP were in the
order of ±5 m (Delgado et al., 2012). The effect on the accuracy of the DEM of the input
palaeovalley at 11,500 cal. yr BP caused by interpolation errors can also contribute to the
overall accuracy of the model. As proposed by Fisher and Tate (2006) and Li (1988), both the
RMSE and error standard deviation were used for determining the accuracy of the DEM of
the 11,500 cal. yr BP palaeovalley. Values of both these descriptors lay in the range of 2–2.5
m. The total RMSE in the simulated elevations is, therefore, within this initial error margin.
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Further improvement in the assessment of the quality of modelled palaeotopography was
achieved by computing the average error in accretion height (AEAH) of each simulated DEM

(14)
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relative to the average actual accretion height for the whole estuarine system (Table 3):

where i is the particular cell identification and n is the number cells in each DEM.
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The AEAH of the fourth simulated DEM relative to the actual values was 27.5%, an
acceptable figure considering the millennial timescale of simulations. Consequently, we can
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conclude that the behaviour-oriented approach presented here is satisfactory for simulating

ED

the morphological evolution of estuarine systems over centennial to millennial timescales.

5.2 Limitations of the modelling approach
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The uncertainties in hindcasting the morphological evolution of the Guadiana Estuary arise
from the following causes: (1) a high degree of generalization/simplification of the infilling
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processes; (2) a lack of comprehensive data to characterise the physical environment of the
estuary over the considered period, such as tidal pattern or river discharge (the deduced
probable cyclic fluctuations of the average annual river were considered); (3) the bias caused
by the antecedent topography. Analysis of global long-term tide gauge datasets obtained
under the present rise sea-level conditions (Woodworth, 2010) suggests that there may be
feedback effects on regional tidal dynamics (Ward et al., 2012; Pelling et al., 2013). These
are likely to modify tidal regimes and tidal ranges along most coastal environments. Absence
of reliable data to estimate tidal range variability in the Guadiana estuary during the Holocene
transgression, along with the impossibility to explicitly model hydrodynamics and sediment
transport in a behaviour-oriented modelling approach, implies that modelling was performed
considering always conditions equal to the contemporary tidal regime. Furthermore, the
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evolution of bathymetry in an estuary is sensitive to bed friction (f) and to sediment erosion
coefficient ( ) (Lane, 2004; Lane and Prandle 2006). The approach that we used to develop
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relationships between non-dimensional net accretion and depth in the sub-tidal channel are
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dependent on f and , whose values along the Holocene are also unknown. To a certain
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extent, the trial and error approach followed in the four simulations allowed the uncertainties
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in these parameters to be overcome.
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The presented model-based reconstruction relied on the assumption of continuous
sedimentation, that is, without periods of non-deposition or erosion that would otherwise
reduce the time and space preserved in a sediment column (Sommerfield, 2006). In shallow-
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marine settings such as estuarine systems, accumulation rates correlate inversely with the
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time span over which they are averaged, that is, averaging over longer periods typically
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results in lower accumulation rates (Sadler, 1999, 1981). Sediment accretion rate depends on
the inundation hydroperiod (Cahoon and Reed, 1995). When sediment accretes with time,
the inundation hydroperiod decreases, so that less sediment deposits leading to a reduction of
accretion rate (Fagherazzi, et al., 2007). This suggests that there is a complex non-linear
feedback between sediment infilling and inundation hydroperiod in estuarine systems. In
addition, the intense physical and biological reworking of the topmost sediment layer in
shallow-estuarine settings filters out low-magnitude events and further increases the
incompleteness of the sedimentary record (Crowley, 1984). Therefore, the stratigraphic
record should be seen as only a partial record of depositional events (Sommerfield, 2006),
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and the present model will depend ultimately on the accuracy of long-term representative
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sedimentation rates derived from borehole data.
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The under-prediction of the morphological evolution of the shoreface, in particular the
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progradation of the coastline of the eastern margin of the estuary, is a salient feature of all
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four simulations. The shoreface is a highly dynamic zone where waves, currents, tides, crossshore and longshore sediment transport, local topography and composition of the seabed are
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interdependent and occur through complex feedback loops (Dronkers, 2005). Likewise, tidal
inlets and their associated features, as ebb and flood deltas, add further layers of complexity
for modelling entire coastal systems. They act as sources of sediment supply to the coast but
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with a significant temporal variability, dictated by river discharge (Garel et al., 2014). A
complex nearshore sand rotation mechanism proposed by Garel et al. (2014) for the Guadiana
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estuary, involving feedbacks between sand banks and river flow, which were profoundly
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altered during cyclic flash-flood events, resulting in migration of sand banks to the eastern
margin and subsequent welding to the coastline. This process, conceptualized by Garel et al.
(2014) and based on the ebb-tidal delta breaching model by FitzGerald et al. (2000), may
have taken place over several millennia on the lower Guadiana estuary, resulting in the
progradation of the eastern margin. Such a combination of wave, tide and fluvial dynamics
promotes highly nonlinear processes that, given the lack of knowledge of small-scale residual
effects on defining the long-term behaviour, significantly hinders their inclusion in millennia
scale predictions (Stive et al., 1995). Therefore, given the averaged nature of behaviouroriented modelling, similar rates of sedimentation (Srep) were considered for the inner estuary
and the eastern margin, recognizing that this is a clear limitation of this approach.
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In comparison to the projections of coastal evolution in the lower estuary presented by
Morales (1997), the under-prediction of simulations seems to embrace the period from 3000
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years BP to the present. Even though the projections of Morales (1997) were based on very
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limited archaeological data from Ojeda (1988), it seems that the transverse growth of the
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Monte Gordo beach spit took place on the Portuguese margin synchronously with
progradation of the Spanish margin due to new barrier islands forming from active sand bars.
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As sea-level stabilized during the mid-Holocene, sand bodies located west of the present
Monte Gordo beach would have migrated eastwards, causing the closure of the secondary
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river mouth. There is also evidence for rapid hillslope erosion in particular from 3000 to 300
yrs BP, which is considered to relate to pre-Roman, Roman, Moorish and early Portuguese
phases of settlement and clearance for agriculture and forestry resulting valley floor
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deposition and estuary siltation (Plater and Kirby 2006). Therefore, the abundance of

PT

sediment in the late Holocene would have enhanced progradation of both western and eastern
margins of the Guadiana estuary. Subsequent aeolian sand deposition would have enhanced
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the morphological evolution of the coastline. As the ESM model cannot simulate these
dynamic and stochastic processes on the shoreface, increased sediment infilling and
subsequent closure of the second mouth of the Guadiana River (near present-day Monte
Gordo), along with progradation of the eastern margin, could not be simulated satisfactorily
using the present approach. Therefore, it appears that the ESM is more suited for simulating
vertical aggradation processes in sheltered environments of an estuarine system rather than
for simulating the lateral movements of sand bodies. A better understanding of the changes in
sea-level rise and sediment supply throughout the Holocene is a pre-requisite for long-term
modelling of sediment infilling in estuarine systems.

5.3 Suggestions to improve the model approach
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There is still room for further improvement of the approach presented. For instance, if a
behaviour modelling approach used for simulating the evolution of the shoreface (e.g. Storms
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et al., 2002) could be incorporated with the present approach of simulating the sheltered
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environments of an estuary, it would be possible to develop a more generalized application.
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Incorporating non-linear sediment accumulation rates at least in the shoreface environment
would also enhance the accuracy of the simulations. Furthermore, the temporal resolution
14

C could be overcome by optically stimulated
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limitation of dating samples based on

luminescence (OSL) as a mean of determining burial ages for sediments (Jacobs, 2010).
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Considering that suitable material such as sand or silt-sized grains of quartz and feldspar is
usually available throughout the site, OSL dating technique could be used to improve the
chronological sequence of the sedimentary infilling of the Guadiana estuary with higher
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ED

temporal resolution since 11500 cal. yr BP.

Particle size data can be used to overcome the lack of comprehensive information to
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characterise the physical environment of the estuary over the study period. For instance,
particle size data can be used as a proxy to represent the changing hydrodynamics, different
modes of sediment transport and deposition of back-barrier systems including tidal marshes,
and open estuaries (Clarke et al., 2014). According to these authors, such data may be used to
explain mesoscale system behaviour at sub-annual resolution over multiple years, and then
sub-annual and multi-annual fluctuations in these environmental settings may be
superimposed on a longer-term quasi-stable regime. A better understanding of the long-term
estuarine evolution can thus be achieved and incompleteness of stratigraphic data due to
partial recording of depositional events, as described by Sommerfield (2006), can be avoided
to a certain extent.
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The formation of sand bars, the closure of inlets or a river mouth due to excess sand infilling,
and the formation of aeolian dunes by wind are examples of complex behaviours of estuarine
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systems. However, further studies may include and help to understand the long-term

IP

behaviour of such coastal features and processes in numerical models envisaged in the
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present study.
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Conclusions

To improve the current understanding of the response of estuarine systems to natural forcing,
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we simulated the morphological evolution of the Guadiana Estuary due to eustatic sea-level
rise during the Holocene. The long-term modelling of the morphological evolution in the
estuary complemented previous reconstructions, based on interpretations of the experimental
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data. Simulations were performed using a behaviour-oriented modelling approach for a time
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frame established based on 26 radiocarbon age determinations. Six out of nine obtained
topographic surface profiles closely matched the actual topographic profiles. The simulations
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proved to be realistic when applied to the sheltered environments of the estuary, for which the
vertical aggradation of sediment is the dominant component of the infilling process.

The best model-based reconstruction of present-day morphology obtained in four different
simulations had a total root mean square error of ±4.8 m. This error is comparable with that
associated with the estimated mean sea level at 11,500 cal. yr BP and with uncertainties in
recreating the palaeovalley surface at 11,500 cal. yr BP. The average error in simulating the
elevation of the accreted sediment surface relative to the actual average accretion height was
27.5%, and is considered as acceptable for the millennial timescale adopted. The behaviouroriented approach that was followed in this study appears to be a useful tool for simulating
the morphological evolution of an estuarine system during the period of postglacial sea-level

ACCEPTED MANUSCRIPT
rise. It seems particularly suited to the more sheltered environments of an estuarine system

T

where vertical aggradation dominates the sedimentary infilling of the palaeovalley.
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Captions of Figures and Tables

Figure 1: Location of the lower Guadiana Estuary.

Figure 2: Long-term net accretion rate coefficients as a function of depth of the Guadiana
Estuary, where (a) and (b) represent two different distributions of sediment erosion
coefficients ( ) with depth, and (c) represents the distribution of with depth as in the case of
(b) but with an additional proportion of net accretion observed at −0.75 m, which results in an
equilibrium depth, compared with the observed equilibrium depth, of +2.0 m.

Figure 3: Three-dimensional view of the reconstructed palaeovalley of the lower Guadiana
Estuary at 11,500 cal. yr BP.

ACCEPTED MANUSCRIPT
Figure 4: Comparison of palaeovalley simulation results corresponding to 0 cal. yr BP with
the present-day bathymetry derived from topo-bathymetric surveying in 2000 AD: (a) the
palaeovalley of 11,500 cal. yr BP; (b) present-day bathymetry; (c), (d), (e), and (f) simulated

T

present-day bathymetry under simulation runs 1, 2, 3, and 4, respectively.

IP

Figure 5: Three-dimensional sketch of sediment infilling over the Guadiana estuary

CR

palaeovalley from 11,500 cal. yr BP to the present (fourth simulation).

Figure 6: Simulated curves of sediment infilling in the Guadiana estuary from 11,500 cal. yr

US

BP to the present and comparison with actual present-day cross-sections.

MA
N

Figure 7. Lithostratigraphic sequences of boreholes a) CM-4 (Section 1); b) CM-3 (Section
3); and c) CM-1 (Section 5), showing sedimentary units and comparison of depths for ages
obtained from radiocarbon (14C) analysis and model simulations (Adapted from Boski et al.,

ED

2002).

Figure 8. Lithostratigraphic sequences of boreholes (a) CM-6 (Section 8); and (b) CM-5
(Section 9), showing sedimentary units and comparison of depths for ages obtained from
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CE

PT

radiocarbon (14C) analysis and model simulations (Adapted from Delgado et al., 2012).
Figure 9: Radiocarbon ages of sampled material from the five boreholes in the Guadiana
estuary and the equivalent modelled age for the same depths obtained from the simulation of
the sediment infilling of the Guadiana estuary.
Figure 10: Comparison of simulated and actual (observed) elevations for nine cross-sections
along the Guadiana estuary for the present-day. The line y = x represents the ideal line for
100% accuracy between simulated and observed elevations.
Figure 11: Sections of the Guadiana estuarine system used for analysing errors on simulated
bathymetries.
Table 1: Input data used to model Holocene sediment infilling in the Guadiana Estuary.
Table 2: Summary information for
13C‰, 2

14

C age determinations showing conventional age,

range and indicative ages used in the text and Fig. 6, 7, 8 and 9.

ACCEPTED MANUSCRIPT

Table 3: Comparison of root mean square errors on simulated water depths and
corresponding actual depths and average errors on simulated accretion heights relative to
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those of actual accretion heights of the Guadiana estuarine system from 11,500 cal. yr BP to
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the present.
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Tables
Table 1: Input data used to model Holocene sediment infilling in the Guadiana Estuary.

(cal yr BP)

curves

Sediment erosion

4

7500–0
11500–7500
7500–0
11500–7500
7500–0

† See Figure 2.

1=

1

−7 2
−6
−6
1= −2*10 z +9*10 −6*10

2

3

−6

−6

US

−2*10 z +9*10 −6*10

MA
N

3

11500–7500

1

−7 2

2=6*10

−8 2

−6

z +7.8*10 + 2.7*10

ED

2

7500–0

PT

1

11500–7500

(mm/yr)

coefficient

(NAR )†

rise rate

IP

accretion

CR

Simulation

Time

Sea-level

T

Set of net

−5

−8 2
−6
−5
2=6*10 z +7.8*10 + 2.7*10

Sediment
deposition rate

#

(SRep) mm/yr

7.5

7.5§

1.3

1.3§

7.5

8.5‡

1.3

1.8‡

7.5

8.5‡

1.3

1.8‡

7.5

8.5‡

1.3

1.8‡

AC
CE

# Average value derived from data given by Boski et al. (2002) and Boski et al. (2008).
§ Derived from data given by Boski et al. (2008).
‡ Derived from data given by Boski

et al. (2002).
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Table 2: Summary information for

C age determinations showing conventional age,

range and indicative ages used in the text and Fig. 6, 7, 8 and 9.

Borehole/
Sample

Depth
MSL
(m)

Material

Method

CM1.1

7.87

C. glaucum

AMS

3360 ± 31

0.64

CM1.2

8.24

C. glaucum

β radiometric

5020 ± 310

1.1

CM1.3

17.12

Peat

β radiometric

6210 ± 220

CM1.4

18.60

C. edule

AMS

6210 ± 40

CM1.5

21.27

C. angulata

β radiometric

7590 ± 100

CM1.6

28.50

C. glaucum

β radiometric

CM1.7

36.06

C. glaucum

CM3.1

4.59

14

13C‰
(PDB)

T

Cal. yr BP 2σ

Indicative
Age cal.
yr BP

3332

3210

4523

6028

5837

-25.9

6567

7560

7155

2.08

6539

6765

7175

20

7855

8282

8848

8430 ± 380

n/a

8153

10001

9420

AMS

9500 ± 70

n/a

10209

10510

10765

C. angulata

β radiometric

3300 ± 160

n/a

2749

3496

3598

9.60

C. angulata

β radiometric

6710 ± 120

1.6

6951

7454

7594

CM3.3

14.52

C. angulata

β radiometric

7080 ± 200

0.7

7201

7951

7936

CM3.4

26.90

Wood

β radiometric

9470 ± 250

-22.9

9968

11601

10738

CM4.1

3.00

V. nux

β radiometric

6200 ± 340

1.6

5927

7377

7159

5.75

S. plana

β radiometric

5640 ± 90

-0.31

5866

6257

6437

CM4.3

11.75

C. gibba

β radiometric

6250 ± 250

1.4

6183

7265

7208

CM5.1

3.33

S. plana

AMS

3375 ± 39

-2.9 ± 0.2

3131

3354

3220

CM5.2

5.79

Venerupis

AMS

4295 ± 35

n/a

4295

4519

4408

CM5.3

8.90

C. glaucum

AMS

6764 ± 45

0.2 ± 0.2

7196

7401

7600

CM5.4

13.45

Venerupis

AMS

7585 ± 35

n/a

7958

8143

8017

CM5.5

17.75

Cardium

AMS

7725 ± 45

n/a

8063

8313

8169

CM5.6

20.95

Wood

AMS

8256 ± 55

-25.3 ± 0.2

9033

9423

9310

CM5.7

42.70

Wood

AMS

10273 ± 66

-25.5 ± 0.2

11768

12372

11448

CM5.8

47.67

AMS

10990 ± 40

-25.7

12857

13030

12991

CM6.1

2.00

AMS

830 ± 30

-28.1

686

789

742§

CM6.2

3.10

AMS

1000 ± 45

-31

792

981

897§

CM6.3

4.50

Wood
Organic
matter
Organic
matter
Organic
matter

AMS

1215 ± 35

30.6

1059

1189

1155§

CM6.4

14.03

-25.96
-8.36

6752
7518

7155
7725

6917§

21.2

AMS
AMS

6060 ± 50

CM6.5

Peat
Venerupis

US

ED

PT

CM4.2

AC
CE

CM3.2

CR

3128

MA
N

C Age (yr
BP)

IP

13C‰, 2

14

7150 ± 50

7612§

Wood
AMS
11110 ± 40
12792
13131
13018§
-28.9
Organic
CM6.7
55.00
AMS
11370± 50
13125
13357
13265§
-46.01
matter
Note: § indicates the mean value (Delgado et al., 2012) while other indicative ages are median values (Boski et al.,
2002; 2008)
CM6.6

52.45
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Table 3: Comparison of root mean square errors on simulated water depths and
corresponding actual depths and average errors on simulated accretion heights relative

T

to those of actual accretion heights of the Guadiana estuarine system from 11,500 cal yr

points

Simulation
1

2

3

CR

simulated water depths (m)

Average error on simulated
accretion relative to actual

US

Section bathymetric

Root mean square error on

4

MA
N

Number of

IP

BP to the present.

accretion (%)
Simulation

1

2

3

4

175098

13.8

13.6

7.9

7.0

29.5

29.6

20.7

18.9

2

175113

9.7

9.2

5.6

4.9

35.8

35.4

30.2

28.5

3

147610

5.1

4.7

3.4

3.1

31.3

27.7

26.2

24.0

4

130000

4.2

3.5

3.7

47.5

42.9

42.3

41.9

Total

627821

8.3

5.3

4.8

35.6

33.5

29.1

27.5

PT

ED

1

AC
CE

4.5
8.7
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Highlights
1. Morphological evolution of the Guadiana Estuary during the Holocene was modelled.
2. A behaviour-type estuarine sedimentation model was adopted for the simulations.

T

3. Sediment infilling in the estuary was simulated using a set of behaviour curves.

IP

4. Behaviour curves reflect accretion rate coefficients dependent on estuary depth.

AC
CE

PT

ED

MA
N

US

CR

5. Simulations proved to be realistic for the sheltered environments of the estuary.

