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Abstract :

Quantification of sediment volumes in continental to deep ocean basins is key to understanding processes
of sediment distribution in source-to-sink depositional systems. Using our own and published data we
present the first quantification of sediment-volume changes in basins along the course of a major
southwest European river during the deglaciation. The salient points of this quantitative record in the
Tagus and equivalent North Atlantic basins show crucial roles for sea level, climate and land-use in the
distribution of sediments. The bypass of sediments starved the Tagus basins, and subsequently
sedimentation mainly occurred on the Tagus Abyssal Plain during the sea-level lowstand of the Last
Glacial Maximum. The main sediment depocenter rapidly shifted via the continental shelf to the Lower
Tagus Valley during sea-level rise in the deglaciation period. Finally, the main sediment depocenter
shifted further landward into the Lower Tagus Valley during sea-level high stand in the Holocene. During
the high-stand phase (last 7 ky), sediment flux increased up to 2.5 times, due to climate and land-use
changes. The average catchment denudation rate during the last 12 ky (0.04-0.1 mm/y) is in agreement
with those of other European catchments. Our study clearly demonstrates the added value of detailed
knowledge of 3D depocenter distribution, size and chronology. This allowed us to identify an increased
sediment flux during the last 7 ky, which was not identified using local observations from boreholes alone.
The uniqueness of the Tagus depositional system lies in the combination of a large accommodation space
in the bedrock-confined Lower Tagus Valley, the steep lowstand-surface gradient and the narrow
continental shelf with canyons indenting the shelf break.
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1. INTRODUCTION

Studies of sediment-depocentre migration in Quaternary depositional systems provide
thorough insights into sea-level, tectonic and climatic controls, but often lack a quantitative
approach (Blum and Toérnqvist, 2000; Romans and Graham, 2013; Sommerfield and Lee,
2004). Such an approach requires a comprehensive understanding of the source-to-sink
system, which consists of areas of erosion, transportation and deposition of sediments.
Therefore it comprises investigation of the complete erosional-depositional system from the

highest mountain top to the deep sea floor (Sommerfield and Lee, 2004).



A comprehensive overview of studies on sub-modern sediment dispersal in source-to-
sink systems is given by Sgmme et al. (2009). They rightly state that it is important to
understand how geomorphologic elements within a source-to-sink system are related and how
sediment is stored and transported at different time scales. In abundant cases, morphology and
sedimentology of depositional environments have been described separately. However, little
attention has been given to interactions within (and also between) entire source-to-sink
systems. A reason for this may lie in the subdivision of disciplines within the earth sciences,
which has traditionally led to limited communication across discipline-boundaries.

Nowadays, system-scale interactions as Semme et al. (2009) refer to, are increasingly
studied as a result of new interdisciplinary initiatives. Our work contributes to the call for
broader investigation of source-to-sink systems. Many programs have been conducted on
recent sedimentary discharge, such as source-to-sink processes of the Eel River sedimentary
system in the framework of the STRATAFORM project (e.g. Nittrouer, 1999; Nittrouer et al.,
2007; Syvitski and Morehead, 1999; Warrick, 2014). However, limited work focussed beyond
the shelf edge (Paull et al., 2014). Other studies of the Californian margin did look across the
shelf edge (e.g. Covault et al., 2011; Sommerfield and Lee, 2004), but systems examined were
relatively small in catchment size. In Europe a detailed study of the large Rhine River
sedimentary system (185,000 km?) has led to valuable new insights on sediment fluxes during
the Holocene (Erkens, 2009), but that study has not taken any marine sediments into account.
It is therefore timely to perform a source-to-sink analysis on a sedimentary system with a
large catchment, including the marine depocentres. A review of signal propagation in a few
systems over different timescales is provided by Romans et al. (this volume).

The main sink for many source-to-sink systems lies at the downstream end: the
subaerial and subaqueous delta. In the majority of deltas most sediment is deposited on the
continental shelf and slope (Walsh and Nittrouer, 2009; Walsh et al., 2014). This hampers the
quantification of sediment volumes, mainly because of the difficulty of determining
depocentre size and age and because ocean currents and waves disperse much sediment in
along and offshore directions. Ideally, for the quantification of sediment volumes, deposition
would be located in an area with maximum control on depocentre extent with minimum
sediment export.

The Tagus River sedimentary system approaches this ideal situation. The river is
situated in an incised valley, carved out during multiple Quaternary glacial sea-level
lowstands. Due to its unique physiography it is well-suited for a quantitative study of

sediment production and storage in a source-to-sink system. The river is relatively small on a



global scale: the elongated catchment is the tenth largest of Europe and measures about
80,630 km?. An important attribute is the well-constrained main depocentre which is not
located offshore but just inland: the Lower Tagus Valley (Fig. 1). The narrow and deep
bedrock-confined Lower Tagus Valley with its steep lowstand-surface gradient is an efficient
sediment trap which enables robust volumetric reconstructions. Downstream, the river acts as
a point source of sediment on the Iberian passive margin, because large rivers are absent to
the north and south of the river mouth. In the marine realm this limits mixing of Tagus
sediments with material from other sources. By including the depositional history of the
continental shelf and Tagus Abyssal Plain we can obtain a comprehensive understanding of
sediment depocentre migration of the Tagus fluvial-marine system since the Last Glacial
Maximum. This serves as an example for similar rivers on passive continental margins
worldwide.

The overall objective of this work is to evaluate Tagus sediment storage over time and
to relate this to source and sink processes. We use a multi-disciplinary and multi-proxy
approach to quantify sediment volumes and the timing of deposition. Unlike many studies
which often rely on seismic data, our data essentially consist of borehole observations from
the terrestrial and marine realm. For the quantification part of this work, the focus lies on the
downstream depositional areas, i.e. the fluvial Lower Tagus Valley and the marine continental
shelf where the bulk of sediments have accumulated during the last 12 ky (Fig. 2). The main
allogenic controls on the fluvial-marine depositional system during this period are relative
sea-level change (Vis et al., 2008) and marked aridification of the Iberian Peninsula since the
early-mid Holocene (DeMenocal et al., 2000; Fletcher et al., 2007; Magny et al., 2002;
Naughton et al., 2007). The marked aridification is shown in regional aeolian dust and pollen
records.

We present a new quantitative effort to assess depocentre migration throughout the
complete Tagus fluvial-marine sediment dispersal system on the Iberian passive margin
during the last 20 ky. We use a time-integrated 3D reconstruction of sediment volumes in the
main depocentres during the last 12 ky. This quantitative approach leads to a detailed
understanding of depocentre migration and its controls since the Last Glacial Maximum.
Using the reconstructed sediment volumes in the depocentres, the amount of deposition per
time unit (storage rate) is quantified and the total amount of sediment eroded from the source
area (sediment production) in the hinterland is estimated and put in a regional perspective.

2. MATERIALS AND METHODS



2.1 Borehole data and radiocarbon ages

Terrestrial boreholes and cores (385 total) with terrestrial radiocarbon ages (88; Table 1), and
detailed reconstructions of valley-fill configuration (Fig. 3) and paleogeography form the
basis for the definition of terrestrial depocentre size and timing of deposition (Azevédo et al.,
2006; Brisa, 2005; De Mendonga, 1933; Ineti, 2007; Lusoponte, 1995; Ramos et al., 2002;
Ramos Pereira et al., 2002; Van der Schriek et al., 2007; Van Leeuwaarden and Janssen,
1985; Vis et al., 2008). For the marine portion, we used a compilation of 11 cores and 39
radiocarbon ages (Table 1). In particular, two sedimentologically analysed and dated cores,
one recovered from the Tagus shelf (D13882) (Weaver, 2003) and one from the landward
limit of the Tagus Abyssal Plain (MD03-2698) (Lebreiro et al., 2009). The marine
radiocarbon ages were calibrated using the CALIB v5.0 program (Stuiver and Reimer, 1993;
Stuiver et al., 2005) and the Marine04 age calibration data (Hughen et al., 2004). The marine
calibration incorporated a time-dependent global ocean reservoir correction of about 400
years. Abrantes et al. (2005) proved that this is a good estimate for marine material off
Portugal for the last ~110 years; however, older dated material may have been affected by
different conditions. For that reason, and to correct for local variations, the difference in
reservoir age of the study area and the global ocean was determined (AR =262 + 164 y) using
the marine reservoir correction database of Stuiver and Braziunas (1993). All mentioned

radiocarbon dates are expressed as calibrated calendar ages BP.

2.2 Sediment properties

Grain size was measured using a Fritsch A22 Laser Particle Sizer following the methods
described by Konert & Vandenberghe (1997). This included a correction for the measured
clay fraction, for everything with a grain size smaller than 8 um. Microscopic analyses
showed that the samples from the marine cores contained little opal, and it was not removed.
Grain-size samples of core D13882 (94 total) were taken every 5 cm in the upper 4 m and
every 20 cm in the rest of the core. Grain-size samples in core MD03-2698 (40) were also
taken at 20 cm intervals, avoiding turbiditic layers. For the identification of these layers,
measurements on an X-Ray Fluorescence (XRF) AVAATECH core-scanner at BCR-Bremen
were used (Lebreiro et al., 2009). Descriptions and photos of the core are provided in the
supplementary material of that paper. The turbidites are very fine (generally mm-thick,
occasionally up to 4 cm thick), dark in colour, and have sharp basal contacts. These were

identified by particular element peaks in the XRF (e.g., outstanding concentrations of Fe, K,



Ti, which were considered typical of continentally derived sediments/turbidites). From
terrestrial core VAL (Fig. 4), grain-size samples were taken every 50 cm.

Pollen samples were prepared according to Faegri & lversen (1975); clastic material
was removed using a sodium polytungstate heavy liquid separation. Pollen concentrations
were calculated based on added Lycopodium marker spore tablets (Stockmarr, 1971). Pollen
concentration was calculated based on all pollen and spores in a sample, excluding Pinus
pollen. The heavy mineral composition of 11 sand samples (~100 cm® each) was determined
for grains in the fraction 53-420 um and based on a minimum count of 100 transparent grains

per sample. For further details see Busschers et al. (2007).

2.3 Quantifying sediment volume

Sediment volumes for the periods 12-7 ka and 7-0 ka were quantified using 3D spatial models
generated in Schlumberger Petrel 2013 software (Fig. 5). 3D bounding surfaces were
modelled using convergent (geo-statistical) interpolation. The upper bounding surface of the
model is represented by present-day topography and bathymetry. Onshore, this surface
consists of hole-filled seamless SRTM data with a 90x90 m resolution (Jarvis et al., 2006).
For the Tagus estuary, bathymetric maps (numbers: 26304, 26305, 26306 and 26307) were
used (Instituto-Hidrogréafico-Portugal, 2008). For the seafloor bathymetry, bathymetric map
24204 (Instituto-Hidrogréfico-Portugal, 2008) and bathymetry by IPMA-DivGM (2013) were
employed. The lower (12 ka) and middle (7 ka, only used in the Lower Tagus Valley)
bounding surfaces were created based on their sedimentological identification in boreholes.
The location and extent of upstream buried terraces were added to the model based on
boreholes and palaeogeographic reconstructions (Vis et al., 2008). For volumetric modelling,
every 90x90 m grid cell was multiplied by the height of the sediment column between the

upper and lower bounding surface.

2.4 Volume to mass conversion using dry bulk density

Conversion of sediment volume to mass requires dry bulk density values (p = ratio of mass of
mineral grains to total volume). Dry bulk density is mainly influenced by grain-size
distribution (lithology or facies), compaction and the organic matter/carbonate content of the
sediment. By reducing porosity, sediment compaction increases bulk density. Compaction is
mainly controlled by the spatial distribution of lithology, the overlying load, the compaction

response time of sediment layers and groundwater fluctuations (Kooi and de Vries, 1998; Van



Asselen et al., 2009). Generally, sand and gravel can be minimally compacted; clay can be
compacted to a moderate degree, and peat is highly compressible (Allen, 1999).

The deposits in the Lower Tagus Valley mainly contain clay, silt and sand; the volume
of peat is negligible. In the narrow northern part of the valley, the fluvial deposits have been
or are partly exposed to low groundwater levels, leading to denser, more compacted
sediments. Nonetheless, due to the limited width (3-6 km) and thickness (on average 5-8 m),
their volume is relatively small. In the large low-lying southern part of the valley, the tidal
and prodelta sediments were deposited mainly sub-aquatically. At present the groundwater is
within a few meters of the surface, which has limited compaction due to dewatering. Cone
penetration tests (CPT) in the thick sediment layers in this area indicate soft to very soft
deposits, with limited to no compaction. The CPT values from the shallow marine and tidal
muds do not exceed 4 Mpa and do not increase with depth within those facies, indicating
limited or no compaction. The tidal sands have average CPT values around 18 Mpa. In
contrast, CPT values in the sand and gravel-rich fluvial lowstand deposits generally do not
drop below 35 Mpa (Brisa, 2005; Lusoponte, 1995). On the continental shelf, some sediment
compaction may have taken place, especially in the thick subaqueous delta. However, this
delta is assumed to contain much sand which hardly compacts (Mougenot, 1985). Based on
the above, we assume the effect of compaction on the calculated sediment mass to be limited.

Various studies demonstrate the great variability of dry bulk density across a delta
resulting from alluvial architecture and facies (e.g. Erkens and Cohen, 2009; Shi et al., 2003).
As the deposits which accumulated in the Lower Tagus Valley in the period 12-7 ka mainly
consist of fine-grained tidal marsh and marine deposits, we used a sand to clay loam to silty
clay ratio of 0.1:0.45:0.45. Using a bulk density of 1.75 t/m* for sand, 1.4 t/m® for clay loam
and 1.2 t/m* for silty clay (Erkens and Cohen, 2009) resulted in a weighted average density of
1.35 t/m°. This ratio was chosen to account for the facies present in the valley fill. During the
period 7-0 ka, more sand-rich deposits (river channels, tidal sands) accumulated in the Lower
Tagus Valley, with an estimated sand to clay loam to silty clay ratio of 0.4:0.3:0.3. and
weighted-average dry bulk density of 1.48 t/m®. For the heterogeneous proximal subaqueous
delta a dry bulk density of 1.50 t/m* was used (Goodbred and Kuehl, 2000), and for the
prodelta the dry bulk density for mud was assumed (1.15 t/m®).

The amount of carbonate and organic matter in the Lower Tagus Valley sediments
ranges between 0 and 5% (by weight) for each constituent. Because no detailed data on the
distribution of carbonate and organic matter are available and because the dry bulk density of

organic matter is very low, no correction for these constituents has been made.



3. DEPOCENTRES AND SEDIMENT VOLUMES

3.1 Land: Lower Tagus Valley depocentre

3.1.1 Lower Tagus Valley depocentre configuration

The terrestrial depocentre consists of a ~100-km-long, up to 10-km-wide and up to 80-m-
thick sediment body in the Lower Tagus Valley (Fig. 3). This confined valley is bordered by
Mesozoic and Cenozoic deposits in the west and Quaternary terraces in the east. The valley
has been successively incised during Quaternary glacial sea-level lowstands, of which the
latest incision created the accommodation space for the thick Holocene valley fill (Fig. 4a).
The Tagus River leaves the valley through a 2-km-wide bedrock-restricted gorge south of
Lisbon.

The palaeogeography of the Lower Tagus Valley forms the basis for the 3D
quantification of sediment volume. It is based on the extensive study of spatial and temporal
changes of sedimentary environments in nine cross sections through the valley fill (Vis et al.,
2008). Environments were identified by means of lithological and sedimentological data,
combined with floral (pollen, terrestrial botanical macro remains, diatoms) and faunal (shells,
foraminifera, dinoflagellates) indicators (Vis et al., 2008; Vis et al., 2015). The timing is
provided by radiocarbon ages (Table 1). Sea-level reconstructions by Hanebuth et al. (2000)
and Vis et al. (2008) were used to define palaeo-water depth and coastline position.

The upper bounding surface is based on SRTM-derived elevation, which was cross-
validated using topographic maps and showed very limited elevation offsets on the floodplain
(<2 m). For the subaquatic part we used the detailed bathymetric maps, making it a robust
bounding surface. The lower (12 ka) and middle (7 ka) bounding surfaces, however, are less
robust since they are based on a dataset of boreholes and palaeogeographic interpretations.
The lower bounding surface corresponds with the top of the Pleistocene fluvial lowstand
deposits; its position is inferred from 283 boreholes and palaecogeographic interpretation (Vis
et al., 2008). The middle bounding surface corresponds with the maximum flooding surface,
which dates to 7 ka based on 12 radiocarbon ages (Vis and Kasse, 2009). In the narrow and
shallow upstream section of the Lower Tagus Valley, the position of this surface has been
interpreted using sedimentology in 30 boreholes. In the wider and deeper valley further
downstream, the middle bounding surface was noted in 95 boreholes. Around 7 ka the wide
tidal basin in the south had a relatively flat bottom, permitting relatively simple interpolation

of the maximum flooding surface there.



3.1.2 Lower Tagus Valley depocentre volume

The sediment volume which accumulated in the Lower Tagus Valley between the lowstand
surface of ~12 ka and the upper bounding surface measures ~20.2 km® (Fig. 6a, Table 2). The
aforementioned maximum flooding surface (~7 ka) was used to calculate differences in
sediment accumulation between the retrograding and prograding systems. Our results show
that about 13.9 km® of sediment accumulated between the maximum flooding surface and the
present-day topography. Subtracting this value from the total Lower Tagus Valley sediment

volume (20.2 km®) reveals that the total volume deposited between 12 and 7 ka is ~6.4 km?.

3.2 Continental shelf: subaqueous delta depocentre

3.2.1 Continental-shelf depocentre configuration

The marine depocentre consists of the subaqueous delta. For the purpose of our study we
divided the subaqueous delta in a thick proximal part (morphologically known as subtidal
platform and delta front) and the prodelta (Figs 1c, 2 and 5). The proximal subaqueous delta
measures about 15x15 km with an estimated sediment thickness of 60-70 m. This thickness
estimate is based on extrapolation of the relatively flat continental shelf surface from
alongside the subaqueous delta to underneath the delta. Unfortunately no borehole or seismic
data were available, which would allow more precise thickness estimates. The proximal
subaqueous delta covers the underlying lowstand fluvial valley, which has been filled with
sediment during sea-level rise (Mougenot, 1985). To estimate the relatively minor volume of
this valley-fill, we used bathymetry based on the palaeogeographic reconstruction by Vis et al.
(2008). The complete proximal subaqueous-delta volume was calculated using the bathymetry
from the palaeogeographic reconstruction of 7 ka as the basal surface and by taking the
present-day bathymetry as the upper surface.

The prodelta (Figs. 6b and 7a) is considered to be an outward thinning, low-gradient
deposit (cf. Jouanneau et al., 1998). However, poorly constrained morphological boundaries
and diffuse sediment dispersal in the marine realm complicate calculation of shelf sediment
volumes. Despite the narrow shelf, most sediment has probably remained on the shelf,
constraining the post-7 ka deposition of fluvial-derived sediment (Jouanneau et al., 1998).
Also see the discussion in section 3.2.2.

The area of the prodelta measures about 550 km? (Alt-Epping et al., 2009) and its
extent is based on seafloor samples and box and gravity cores (Alt-Epping et al., 2007,

Jouanneau et al., 1998). To estimate the volume of this area, we adopted a similar approach as



for the proximal delta. The lower bounding surface was extrapolated underneath the mudbelt
as a flat surface consistent with the surrounding continental shelf. The thickness of this
relatively thin and flat sediment body is relatively well-constrained due to the 10 boreholes
penetrating it (Fig. 1c).

3.2.2 Continental-shelf depocentre volume

The volume of sediment that was deposited on the Tagus shelf between 12 and 7 ka appears to
be relatively small as illustrated by the thin sequence in core D13882 (Fig. 7a). Core data
indicate low sedimentation rates on the shelf between 12 and 7 ka due to the rapid post-glacial
transgression and efficient sediment trapping in the Lower Tagus Valley (Fig. 4). Therefore
the 12-7 ka shelf sediment volume is assumed to be limited. Furthermore, there are no data to
constrain location, extent and timing of deposition of a pre-7 ka sediment body, so volumetric
calculations of sediment were made for the period after 7 ka. This is the period during which
reconstructions indicate that the subaqueous delta built up (Fig. 6b) (Mougenot, 1985; Vis et
al., 2008).

Our calculations show that the proximal subaqueous delta contains ~5.5 km® of
sediment and the prodelta ~0.7 km® (Fig. 6b, Table 2). The relatively small volume of
prodelta sediments suggests that exclusion of the pre-7 ka shelf deposits has a minor impact
on the sediment budget, although it may cause a limited underestimate of the total 12-7 ka
sediment volume.

To check the validity of the calculated volume of post-7 ka prodelta mud, we divided
the volume by the surface of 550 km?. This resulted in an average thickness of 1.2 m. Because
the cores we used encountered 6-7 m of post-7 ka sediment, the average thickness seems
conservative. However, these cores were targeted at the thickest part of the prodelta. Large
peripheral parts are expected to be relatively thin, implying that the average thickness of 1.2
m is probably realistic.

A portion of the fluvial sediment transported to the Tagus marine realm has possibly
moved along-shore or past the shelf break during the last 12 ky. This portion was not included
in the marine volumetric calculations. A bottom nepheloid layer is known to transport
sediment to the head of the Lisbon canyon (Fig. 1c), but most of it fails to reach the Tagus
Abyssal Plain (Jouanneau et al., 1998). This is corroborated by reduced concentrations of
suspended sediment into the water column and low depositional fluxes in sediment traps and
multicores in the Lisbon-Setubal canyon (Richter et al., 2009). More recently two studies

using present-day measurements of suspended particulate matter and using cored sequences,
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concluded that the Lisbon and Cascais canyons have been virtually inactive with respect to
down-canyon sediment transport since ~8 ka (De Stigter et al., 2011; Masson et al., 2011).
Some sediment may accumulate in the head of the canyon, but that volume is considered to be
small relative to the volumes considered. However, Lastras et al. (2009) have identified
sediment bedforms in the canyons, which suggests the canyons may act as efficient conduits
for sediment from the continental shelf to the abyssal plain during high-energy events.
Nonetheless, we estimate the volume of sediment leaving the shelf depocentre during the
studied time interval as negligible when compared to the total deposited sediment volume.
Cores retrieved from sediments on terraces in the Lisbon and Cascais canyons indeed show
only hemipelagic sedimentation with rare turbidite activity during the last ~8 ky (Masson et
al., 2011).

In general, the accuracy of the offshore palaeogeographical reconstruction and
sediment volume are limited, because the internal structure and exact timing of deposition of
the buried canyon and subaqueous delta are unknown. Furthermore, the subaqueous delta may
be partially composed of sediments with a marine source, which would reduce the volume of
terrestrially sourced sediment. But, the budget as constructed provides a best-estimate for

marine storage.

3.3 Deep sea: Tagus Abyssal Plain depocentre

3.3.1 Tagus Abyssal Plain depocentre configuration

The Tagus Abyssal Plain depocentre (-4500 m msl; Figs. 1 and 8a) consists of turbidite
deposits alternating with pelagic beds (Alves et al., 2003; Lebreiro et al., 2009; Lebreiro,
1995; Masson et al., 2011). Most turbidites are the result of Tagus sediments which bypassed
the continental shelf and slope during low relative sea-level. They were most likely generated
at the heads of the Cascais and Lisbon-Setubal canyons after collapse of an accumulated
sediment body. The Tagus Abyssal Plain is very large (~46,000 km?), and it is unclear which
part of it receives sediment from the Tagus River. The thickness of the Tagus-sourced
deposits is likely to vary across the plain, but the limited availability of radiocarbon-dated

cores hampers the compilation of age-thickness distribution maps.

3.3.2 Tagus Abyssal Plain depocentre volume
For the Tagus system, the estimated volume of turbidites deposited on the Tagus Abyssal
Plain is ~3500 km?® per million years (Weaver et al., 2000). Most of this was probably

deposited during glacials when sediment was transferred past the shelf to the deep sea. This
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assumption is supported by observations from cores recovered about 200 km west of our
MD03-2698 core on the Tagus Abyssal Plain (Fig. 1 in Masson et al., 2011). Core D11951
shows that hemipelagic sedimentation decreased by a factor of two between 18 and 14 ka
(Masson et al., 2011), which is around the same time that turbidite deposition in core MD03-
2698 ended (Fig. 8). About five turbidites have been recorded in sediments from the last 12
ky in the distal Tagus Abyssal Plain. These are interpreted to reflect seismic events, which
triggered landslides in the canyons, on the continental slope and from the levee between the
Setdbal and Cascais canyons (Masson et al., 2011).

Hemipelagic and turbidite deposition have taken place on the Tagus Abyssal Plain
since the deglaciation, but the bulk of turbidite-generated sediment volume during the last 12
ky appears to be from landslide-sourced sediment which is not considered part of the current
sediment budgeting exercise. The hemipelagic component is small and partly not siliciclastic
due to a high carbonate content (see section 4.1), and the source of the siliciclastic component
is unclear. It is difficult to reliably estimate the extent of the Tagus Abyssal Plain depocentre
and configuration for sediment-volume calculations. For the abovementioned reasons, we
have assumed negligible sediment storage in the area after 12 ka and not examined the budget

prior to 12 ka, because of potential and unconstrained storage in deep water.

4. DISCUSSION

4.1 Depocentre migration

During the Last Glacial Maximum, sedimentation in the Lower Tagus Valley and on the
exposed shelf was limited. The shelf break lies around -200 m relative to present-day sea level
(Fig. 1). Although lowstand relative sea level remained 30-70 m above the shelf break, fluvial
sediments bypassed the shelf via incised valleys directly funnelling into the heads of marine
canyons (Fig. 1). The bypass of fluvial sediment to the deep sea resulted in relatively high-
frequency turbidite deposition (up to 10 turbidites per 500 y) near the Tagus Abyssal Plain
between 20 and 15 ka (Lebreiro et al., 2009). Around 15 ka the deposition of turbidites
virtually stopped (Fig. 8a), reflecting the relative sea-level rise after the Last Glacial
Maximum (Fig. 9). Simultaneously, the Tagus changed from a braided into a single-channel
river due to climate change affecting discharge and increasing the production and load of fine-
grained sediment (Vis and Kasse, 2009). Although the deposition of turbidites had virtually
stopped, siliciclastic hemipelagic sedimentation on the abyssal plain continued at a relatively

high rate until ~12 ka (~1.3 mm/y, Fig. 8d). This high rate reflected a continued strong supply
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of fluvial-derived sediment to the abyssal plain due to the efficient bypass of sediment
through the canyons during low relative sea-level. This is also indicated by the high pollen
concentration (Fig. 8c), because pollen grains behave as fine-grained sediment (Chmura and
Eisma, 1995). The pollen concentration can be considered a proxy for the ratio of terrestrial to
marine sediment input. Pollen were mainly supplied by the Tagus River, because aeolian
supply was limited due to a dominance of landward winds (Naughton et al., 2007).

The final stage of rapid abyssal plain deposition from 15-12 ka is assumed to overlap
with the beginning of shelf sedimentation on top of lowstand fluvial deposits before ~13 ka
(Fig. 7). Around 12 ka the bypass of sediment to the Tagus Abyssal Plain slowed rapidly,
resulting in a six-fold decrease in sedimentation rate (from ~1.3 to ~0.2 mm/y; Fig. 8d).
Consequently, pollen concentrations in the sediments are five times lower than during the
preceding period, and post 12 ka sediments are carbonate-rich (20-40 %) (Lebreiro et al.,
2009), implying little siliciclastic sediment transfer to the deep sea during rising and high
relative sea level (Fig. 9). Decreased sedimentation rates including strongly reduced turbidites
are corroborated by a recent study of canyon and Tagus Abyssal Plain cores (Masson et al.,
2011). We interpret this decrease in deposition on the Tagus Abyssal Plain to reflect a
landward depocentre shift (Fig. 9). Since 12 ka there was little sedimentation on the abyssal
plain and most sedimentation occurred further landward in the system.

Sedimentation on top of the fluvial deposits formerly exposed on the continental shelf
started at ~13.5 ka with a high initial sedimentation rate (~2.6 mm/y) during the pre-Holocene
period (Fig. 7d). A sandy interval was deposited in the early stage of the Holocene (~10.5-5
ka), coinciding with the maximum flooding surface. This interval resulted from a period when
fluvial mud was mainly trapped in the Lower Tagus Valley and mud supply to the shelf was
low, limiting deposition and making winnowing by bottom currents more effective relative
than in the preceding period (Vis et al., 2010a). The resulting low sedimentation rate on the
shelf (~0.3 mm/y; Fig. 7d) is corroborated by a decreased concentration of organic matter and
terrestrial plant proxies after the onset of the Holocene (Rodrigues et al., 2010). The low
sedimentation rate and low fluvial-derived particle input are also supported by the lowest
pollen concentration (Fig. 7c¢). Around 5.5 ka, the sedimentation rate increased to an average
of ~1.2 mm/y due to an enhanced supply of terrestrial material to the shelf, supported by an
up to eightfold increase in pollen concentration. This change reflects decreased sediment
trapping in the Lower Tagus Valley, and increasing deposition on the shelf.

Rising relative sea level created accommodation space in the Lower Tagus Valley,

which caused fluvial aggradation in the valley since ~12 ka in the valley, followed by
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transgressive tidal and shallow marine sedimentation (Figs. 4 and 9). Increasing sediment
volumes were trapped in the Lower Tagus Valley. This resulted in strongly reduced sediment
export to the shelf as noted. Until about 7 ka, the depocentre shifted landward where Lower
Tagus Valley accommodation space was maximal.

The end of relatively rapid sea-level rise at ~7 ka is marked by the maximum flooding
surface, the onset of bayhead-delta progradation in the Lower Tagus Valley, and the build-up
of a fluvial sediment wedge (Fig. 6¢) (Vis et al., 2008). Around 7 ka, the valley was filled to
such an extent (6.5 km?, Table 2) that gradually sediment export to the ocean increased again
(Figure 7d). This shift of the depocentre caused a progressive seaward build-up of the
subaqueous delta (Fig. 9). From 7 ka to the present, the Lower Tagus Valley and shelf
depocentres accommodated 20.1 km? of sediment (Table 2). Since ~2 ka deposition in the
fluvial and shelf depocentres increased (Fig. 9). In the Tagus valley grain size coarsened;
sedimentation rates tripled; organic matter levels in the sediment decreased, and magnetic
susceptibility increased. On the shelf, the grain size of accumulating sediment fined, and
sedimentation rates and magnetic susceptibility increased (Vis et al., 2010a). These changes
were caused by land-use changes in the Tagus catchment, which overwhelmed the
sedimentary signal of possible climatic changes (Vis et al., 2010a).

The large amount of core information available for the Lower Tagus Valley allows for
the establishment of the detailed relationship between stratigraphic surfaces and facies
architecture—the essence of sequence stratigraphy (Catuneanu et al., 2009). In terms of the
incised-valley fill (Fig. 10), the postglacial Tagus depositional system generally resembles
many of the systems described around the world (e.g., Blum et al., 2013; Dalrymple et al.,
1994; Dalrymple, 2006; Simms et al., 2006; Torngvist et al., 2006). The uniqueness of the
Tagus depositional system lies in the combination of a large accommodation space in the
bedrock-confined Lower Tagus Valley, the steep lowstand-surface gradient (~0.60 m/km) and
the narrow continental shelf (<30 km) with the Cascais and Lisbon canyons indenting the
shelf break (24 and 13 km from river mouth to canyon head respectively; Fig. 1). The steep
lowstand-surface gradient is responsible for a large volume of accommodation space in the
narrow valley. The marine canyons were probably directly connected to the lowstand river
valley (Vis et al., 2008), which efficiently transferred sediment to the abyssal plain during the
glacial period, despite a relative sea-level lowstand which remained 30-70 m above the shelf
break (Fig. 1, profiles a-a’ and b-b’). This direct connection is known from other studies, but
the number of observations remains limited (Holbrook and Bhattacharya, 2012; Talling,

1998). Small bay-head deltas possibly built up in the drowned river valleys or canyon heads,
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but due to the steepness of their floors, the deltas probably collapsed regularly, leading to the
observed high-frequency turbidites on the Tagus Abyssal Plain.

Sediment storage in the Lower Tagus Valley caused a reduction of abyssal plain
sedimentation on this passive margin. The reduction is much larger than that reported for
example for the tectonically active southern California margin, where similar studies were

performed (Romans et al., 2009; Sommerfield and Lee, 2004).

4.2 Sediment storage rates

To understand sedimentation in the Tagus depocentres during the periods 12-7 ka and 7-0 ka,
we calculated the mean sediment storage rates (Table 2). During the oldest time period, most
sediment was deposited in the Lower Tagus Valley because relative sea level shifted the
depocentre to that area (Fig. 9). A limited amount of sediment was deposited on the
continental shelf. The mean sediment storage rate during this interval was 1.7 x 10° t/y (Table
2). The younger interval was characterized by deposition in both the Lower Tagus Valley and
on the continental shelf, due to a seaward shift in sedimentation (Fig. 9). The mean sediment
storage rate for this interval was 4.2 x 10° t/y (Table 2). This is a ~2.5 times increase in the
mean rate of sediment storage, when compared to the previous period.

The mean sediment storage rates from the time intervals 12-7 ka and 7-0 ka for the
Lower Tagus Valley depocentre alone show an increase of ~1.7 times during the latter period
(Table 2). The reason for the increase most likely is a strongly increased terrestrial sediment
yield. Because some suspended sediment escaped from the system due to coastal and marine
currents during both periods (as shown by the presence of clay in the Holocene section of the
Tagus Abyssal Plain core), more sediment was likely supplied to the marine realm but it is
unaccounted for in this budget.

A cause for the increased sediment yield may be found in a changed climate. During
the investigated period the African Humid Period (~11.5-5.5 ka) ended due to gradually
decreasing summer insolation, leading to weakening of the African summer monsoon in the
Mediterranean and North Africa (DeMenocal et al., 2000; Renssen et al., 2006). On the
Iberian Peninsula, this led to regional aridification and a progressively decreasing forest
cover, with increased herbaceous vegetation (Carrién et al., 2007; Fletcher et al., 2007). The
less dense vegetation likely increased soil erosion, and thus Iberian fluvial sediment yields,
leading to floodplain aggradation (Thorndycraft and Benito, 2006; Wolf et al., 2013). The
similar timing of the weakening summer monsoon, decreased forest cover, increased sediment

yields, and raised mean sediment storage rates of up to ~2.5 times in the Lower Tagus Valley
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and shelf, imply a causal relationship between the above observations. Besides climate,
another driver of the increased mean storage is increased human impact during the last ~2 ky;
sedimentation rates are considered to have tripled because of land-use changes (Vis et al.,
2010a). Many systems around the world have shown an anthropogenic response as noted in

Kuehl et al. (this volume) and Romans et al. (this volume).

4.3 Robustness of sediment volumes and storage rates

Several studies of depositional systems have addressed difficulties in constraining sediment
loss beyond the immediate system by, for example, surface plumes or coastal currents (Kuehl
et al., this volume; Miller and Kuehl, 2010; Sommerfield and Lee, 2004; Sommerfield et al.,
2007; Warrick, 2014). As discussed above, the Tagus depocentres are considered to have a
high trapping efficiency, especially the Lower Tagus Valley. This implies that during the last
12 ky limited sediment was exported seaward. We therefore assume the calculated sediment
volumes in general to be relatively robust, especially when compared to many other deltaic
systems in the world. The input of marine-sourced sediment is limited as well, since heavy
mineral analyses of Lower Tagus Valley sands demonstrate a fluvial provenance (Fig. 11).

In the Lower Tagus Valley, the channel belt experienced little lateral migration, and
avulsions have not occurred (Vis et al., 2008). Today the system is still aggrading and
prograding, so sediment recycling due to lateral channel-belt migration has been limited. The
calculated sediment volumes are therefore likely to contain a limited amount of reworked
sediment and quite accurately reflect input.

The quantification of accuracy and precision of sediment volumes and sediment
storage rates is hampered by the nature of the data, which consist of geologically interpreted
data from boreholes. To capture the heterogeneity of the terrestrial realm, boreholes were
placed with a variable horizontal spacing (50-1000 m) along cross sections, which themselves
were placed at a more or less regular spacing in the Lower Tagus Valley (Fig. 1b). The
limited number and spatial distribution of offshore boreholes implies a less robust knowledge
of depositional architecture, leading to a reduced accuracy of marine depocentre size and
lithology. Besides boreholes, lithological sampling resolution, sedimentological interpretation
in terms of facies, and palaeogeography all involve steps in the process which affect accuracy.
The construction of timelines, for example, is more robust in distal non-erosive flood basin
deposits than in channel or tidal-marine deposits which have less borehole control and
potentially greater spatial variability. The main factors affecting both the accuracy and

precision of sediment volumes and storage rates are depocentre geometry, lithology, bulk
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density and dating. Geometry is mainly affected by the reconstructions and interpolations of
the bounding surfaces. To test the sensitivity of sediment volume to geometry, we lowered the
basement surface in the Lower Tagus Valley by 10% and recalculated the total 12-0 ka
sediment volume. The recalculated volume is ~9.5% larger due to that change, and based on
this, we estimate the error in geometry of all bounding surfaces to be less than £10%.

The spatial distribution of lithology and dry bulk density and thus facies is based on
many factors discussed above. Dry bulk density measurements for the study area are scarce.
An unpublished study related to the construction of a motorway bridge across the large low-
lying southern part of the valley reports dry bulk density values for 37 samples (Brisa, 2005).
The measurements show no significant increase of dry bulk density with depth (3-35 m) and
range between an average of 1.22 g/cm?® for sandy silty clay and 1.06 g/cm? for silty clay.
These samples represent shallow marine and tidal muds which were deposited both in the 12-
7 ka interval and the 7-0 ka interval. These values are lower than the dry bulk densities we
used (Table 2), because our values include more indurated, denser fluvial flood basin deposits
in the upstream reach and denser sand-dominated channel belt deposits. The dry bulk
densities we used are based on varying sand-mud ratios. In general, the sensitivity of the
calculated sediment mass to changes in dry bulk density of + 0.1 t/m?, reaches up to + 9 %.
Changing the sand-mud ratio with + 0.1, results in a + 0.05 t/m* change of the dry bulk
density and thus + 3.5 % in sediment mass. Therefore, dry bulk density is a worthwhile factor
to consider when possible.

All ages for this study were obtained using radiocarbon dating of terrestrial and marine
organic material, and the accuracy and precision of the ages is determined by the quality of
the dated material, the dating method and interpretation of their significance. The
measurements have a relatively high accuracy and precision because of the relatively young
age of the deposits with respect to the radiocarbon range. Due to the large number of
radiocarbon dates, combined with regional geological data, we are confident that the
variability in sediment volumes is affected little by the radiocarbon dates, and in sum, the
storage amounts are relatively robust.

To better understand the balance between climatic and anthropogenic controls on the
increased mean storage rate during the last 7 ky, we calculated two scenarios. In the first
scenario, the lower 12-7 ka mean storage rate (1.7 x 10° t/y) was continued until 1 ka. The
difference between the total sediment mass present in the depocentres (3.8 x 10*° t) and the
mass resulting from 11 ky at 1.7 x 10° t/y (1.9 x 10'° t) was divided by 1 ky, to get the mean
storage rate needed to supply the remaining 1 ky of sediment (1.9 x 10’ t/y). This leads to an
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increased mean storage rate for the last 1 ky of ~11 times, which seems unrealistic. The same
method was applied for the second scenario, but with the time slices 12-3 ka (1.5 x 10° t/y)
and 3-0 ka (7.6 x 10° t/y). This increases the mean storage rate for the last 3 ky ~4 times. This
exercise demonstrates that a hypothetical steady mean storage rate between 12-1 ka, followed
by an 11-fold increase to 1.9 x 10’ t/y for the final 1-0 ka period, exceeds the tripled
sedimentation rate as observed in field data for the last 1 ky (Vis et al., 2010a). Also an
extended late Holocene period (3-0 ka) with an increased mean storage rate (to 7.6 x 10° t/y),
still requires a 4-fold increase of mean storage rate. Therefore, besides anthropogenic causes it
is likely that climate-related changes have increased the mean sediment storage rate during the
last 7 ky.

In sum, the budget presented is considered robust, although differences in the
geometry of the bounding surfaces and different assumptions for the average dry bulk density

may have a summed effect of 10-20% on the sediment volumes.

4.4 Estimating Holocene catchment denudation

In many catchments sediment transport measured in river channels is not representative for
millennial-scale natural sediment yield due to strongly increased human-induced sediment
production during the last centuries. Recently this increase has been counteracted by a load
decrease induced by the construction of dams and reservoirs (Vorosmarty et al., 2003). The
Tagus River is one of the most reservoir-impacted rivers in the world (Syvitski et al., 2003),
and has seen a great increase in sediment flux due to human activities in both on and offshore
environments (Vis et al., 2010a). Because of the strong imprint of human activities on the
river, the establishment of long-term catchment denudation rates (mm/y) based on multi-
centennial sediment volumes will be useful in future discussions on the natural versus human-

impacted state of the river.

4.4.1 Sediment load

Catchment denudation is the net effect of weathering, slope processes and fluvial transport
and results in a solid (sediment) and solute (dissolved) load in the river leaving the catchment.
The solute load for the Tagus River is unknown, and its quantification is beyond the scope of
this study. The solid load consists of bedload and suspended load. Estimates of bedload
transport show that since the 1950’s the construction of dams in the Tagus River has caused a
decrease of bedload transport from ~1.2 x 10° m®/y to ~3.5 x 10° m®/y, a reduction of 71%

(Quintela et al., 1982; Ramos and Reis, 2003). The average suspended load of the river after
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construction of dams ranges between ~4.0 x 10° t/y (Vale and Sundby, 1987) and ~4.5 x 10°
t/y (Rocha et al., 2005). The reported post-dam bedload volume of ~3.5 x 10° m®/y can be
converted to t/y (using a porosity of 20% and grain density of 2.65 t/m®). This yields ~1.9 x
10° t/y of bedload, which is ~30% of the total post-dam solid load (using ~4.5 x 10° t/y for
suspended load). For comparison, in the Rhine-Meuse delta, bedload represents ~41% of total
solid load for the last 9 ky until embankment and dam construction (Erkens and Cohen, 2009).

The abovementioned solid load data are based on measurements from the last 70
years. Therefore they do not reflect the long-term natural situation as it existed before 2 ka or
even longer ago. This study provides valuable insight in long-term average sediment load of
the Tagus River, under natural and human-influenced conditions, which are needed for
estimating catchment denudation.

4.4.2 Sediment delivery ratio
For a source-to-sink comparison, catchment denudation rate can be calculated based on a
volume of sediment in a downstream depocentre. For the Tagus depositional system this
basically consists of the Lower Tagus Valley depocentre and the shelf depocentre. This is
atypical, since many rivers have their main depocentre seaward of the coastline (Walsh et al.,
2014). When converting the sediment volume in the depocentre to a denudation rate, we
recognize that the deposited volume must be smaller than the originally eroded volume in the
catchment. This is because much sediment is trapped in footslopes, concavities, alluvial plains
and other sinks (De Vente et al., 2007). To correct for that discrepancy we use the sediment
delivery ratio, which is the proportion of sediment mobilized on catchment slopes which is
delivered to the coastal zone (Walling, 1983).

The sediment delivery ratio is difficult to establish (see discussion in De Vente et al.,
2007; Lu et al., 2005; Walling, 1983). Many estimates have been published from various
regions, timescales and catchment sizes (Table 3). Despite the large spread in sediment
delivery ratios, a very general trend is that larger catchments on average have lower sediment
delivery ratios. A comparison of sediment delivery ratios of various catchments in similar
climates indicates that the Tagus catchment should have a ratio of 20-45% (Fig. 1 in Ferro
and Minacapilli, 1995).

The period considered in this study follows a glacial period during which prolonged
deep incision and erosion of the Tagus catchment took place and excavated much catchment-
stored sediment. During the following 12 ky up to the present day, many storage areas (e.g.,

hillslopes) filled again. A large fraction of sediment eroded from slopes therefore probably
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did not reach the downstream depocentre and thus the sediment delivery ratio was redefined.
For our calculations we assume low sediment delivery ratios, between a conservative 15%
and a more efficient 35%. We are aware that the choice of sediment delivery ratio greatly
affects the final catchment denudation rate, but we proceed with these values to try to connect

source and sink areas in terms of sediment budget.

4.4.3 Denudation rate

To calculate denudation rates, the sediment yield (t/ha/y) of a catchment is needed. In general
there is a tendency for larger catchments to have a smaller sediment yield (Milliman and
Syvitski, 1992; Syvitski et al., 2003; Verstraeten et al., 2003). However, similar to sediment
delivery ratios, there is much variation with respect to catchment area and sediment yield (up
to four orders of magnitude), and positive, negative and complex relationships occur (De
Vente et al., 2007); thus catchment area only explains a small part of the variation in sediment
transfer processes and is a poor predictor of sediment yield. De Vente et al. (2005) state that
the prediction of sediment yield at catchment scale (>50 km?) is one of the largest challenges
in soil erosion research. Therefore, quantification of the sediment yield for a large catchment
based on the deposited sediment volume over a long time period provides useful insight into
catchment-scale sediment yield.

The sediment yield of the Tagus catchment is obtained by dividing the total sediment
mass deposited in the Lower Tagus Valley and shelf sediment depocentres (3.8 x 10*° t) by
the period of deposition (12 ky), yielding 3.2 x 10° t/y. Dividing this value by the Tagus
catchment area (~8 x 10° ha), gives the sediment yield of ~0.4 t/haly (Table 2). This is a
reasonable value for a catchment of this size under a natural condition (i.e., with major human
influence) (Verstraeten et al., 2003), and this result suggests the approach is reasonable.

The Tagus catchment denudation rate is quantified by converting the sediment yield
into a mechanical denudation rate of ~0.015 mm/y, using an average rock density of 2.7 t/m*
(cf. Hovius, 1998). Because this number is based only on sediment deposited in the
downstream depocentres and does not include total erosion, it should be an underestimate. To
estimate the total mechanical denudation rate, the aforementioned sediment delivery ratios of
15 and 35% are used, giving a total mechanical denudation rate of 0.1 and 0.04 mm/y,
respectively (Table 4). These values are in agreement with long-term (10-40 ky) erosion rates
from middle European catchments, which range between 0.02 and 0.1 mm/y (Schaller et al.,
2001). Also based on the sediment delivery ratios of 15 and 35%, the average Holocene

sediment production in the catchment is estimated to be 1.1-2.6 t/ha/y (Table 4). These values
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lie on the lower end of the values obtained in large catchments over long timescales on the
Iberian Peninsula (2.5-3.3 t/ha/y; Boardman and Poesen, 2006). This perhaps suggests that the
lower sediment delivery ratio of 15% for the Tagus catchment for the last 12 ky is more
realistic.

A calculation of erosion rate in the Spanish portion of the Tagus catchment based on
sediment discharge measurements, has revealed that ~4.12 t/haly is currently being eroded
(Rocha et al., 2005). The amount of erosion is not surprisingly much higher than our average
Holocene sediment production for the whole catchment. This can be explained by the fact that
the measurements from Rocha et al. (2005) reflect current erosion rates in a catchment with
widespread human activities. Due to activities such as deforestation and agriculture, erosion is
expected to be stronger than compared to a natural system (see Romans et al., this volume and
references therein) and when compared to the average of the past 12 ky.

The sediment delivery ratio during the period from 12-7 ka was probably lower than
the Holocene average, because many sediment buffers were underfilled. During the period
from 7-0 ka, the sediment delivery probably increased due to filling of the buffers; this is a
mechanism discussed by various authors (e.g. Covault et al., 2013; Semme et al., 2009).
Looking at our data this may be the case as well, since a low sediment delivery ratio (15%)
for the 12-7 ka period and a higher sediment delivery ratio (35%) for the 7-0 ka period result
in very similar sediment production values (1.4 and 1.5 t/haly respectively, Table 4). This
exercise demonstrates the added value of a detailed knowledge of 3D depocentre distribution,

size and chronology for a detailed assessment of catchment denudation through time.

5. CONCLUSIONS

The Tagus depositional system is a unique system because of the combination of a large
accommodation space in the bedrock-confined Lower Tagus Valley, the steep lowstand-
surface gradient (~0.60 m/km) and the narrow continental shelf (<30 km) with the Cascais
and Lisbon canyons indenting the shelf break. Our model of depocentre migration on the
Iberian passive margin provides a nice example for comparative studies of Quaternary source-

to-sink systems worldwide.

5.1 Depocentre migration and catchment denudation
The late Quaternary Tagus depositional system is well-suited to obtain a comprehensive
understanding of 3D depocentre migration of a complete fluvial-marine system since the Last

Glacial Maximum. We assessed depocentre migration of the complete sediment dispersal
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system for the last 20 ky and adopted a time-integrated 3D reconstruction of sediment
volumes in the main depocentres for the last 12 ky. We used borehole data to define
depocentre architecture, and, using a multi-disciplinary and multi-proxy approach, we
quantified sediment volumes and the timing of deposition. For the quantification part of this
work, focus was placed on the downstream depositional areas, i.e. the Lower Tagus Valley

and continental shelf where the bulk of sediments has accumulated during the last 12 ky.

From the results we conclude that:

e Between 20 and 12 ka the main depocentre was located on the Tagus Abyssal Plain, as
testified by numerous turbidites (up to 10 turbidites per 500 y) and high overall
sedimentation rates (1.3 mm/y);

e During the end of the glacial period the main depocentre on the Tagus Abyssal Plain
was controlled by a narrow continental shelf (<30 km) which was crossed by an
incised valley. Despite the fact that sea level remained ~30-70 m above the shelf break
during lowstand, fluvial sediments likely bypassed the shelf via incised valleys
directly funnelling into the heads of marine canyons. The narrow continental shelf was
also responsible for widespread and deep incision of the fluvial network, creating
ample accommodation space to be filled during the postglacial period (12-0 ka);

e Between 13.5 and 12 ka, during postglacial sea-level rise, the main depocentre was
located on the continental shelf, where the sediments were deposited on top of
lowstand fluvial deposits at a rate of ~2.6 mm/y;

e Due to progressive sea-level rise the main depocentre migrated landward, into the
large Lower Tagus Valley, which hosts ~75% of the postglacial sediment volume;

e Since 5.5 ka, increased sediment supply and decreased sediment trapping due to
decreased accommodation space in the Lower Tagus Valley depocentre led to
progressive sediment export to the continental shelf depocentre, resulting in formation
of a subaqueous delta with extensive prodelta. Both the Lower Tagus Valley and
continental shelf depocentres experienced an increase in sediment deposition since ~2

ka caused by land-use changes in the Tagus catchment.
Our time-integrated 3D approach enabled us to identify a 2.5-fold increase in sediment

storage rate after ~7 ka. This increase is hypothesized to be the combined result of climatic

aridification since the end of the African Humid Period (~11.5-5.5 ka) and increased human
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impact during the last ~2 ky. We identified increased sediment storage during the last ~7 ky,
which was not previously identified.

From our estimates, the average Holocene sediment production in the catchment (1.1-
2.6 t/haly) and the catchment denudation rate for the last 12 ky (0.04-0.1 mm/y) are in

agreement with long-term (10-40 ky) erosion rates from middle European catchments.

This study demonstrates the added value of a detailed knowledge of 3D depocentre
distribution, size and chronology for a thorough assessment of catchment denudation through
time. The source-to-sink approach provides a powerful tool to link deposition with erosion, to

identify changes in time and to link land and ocean depocentres.

5.2 Future work

The period considered here (last ~20 ky) is ideal for detailed high-resolution studies because a
large part of the sediments can still be identified, mapped and radiocarbon dated. However,
for a thorough understanding of a source-to-sink system on a passive continental margin,
extending the period of study to a hundred thousands of years would greatly enhance our
understanding. Over such time scales sea level, climate, tectonics and sediment production
have varied considerably and are likely to interact in much different ways. The lack of
terrestrial data due to erosion will be the main challenge of such a study. Therefore this work
should incorporate marine records and process-based catchment modelling using different sets
of boundary conditions.

Contrary to a study over large time scales, investigating sediment-flux changes on
small time scales would allow identification of sediment-flux variations through time which
the present study does not resolve. This could reveal the progressive downstream filling of
depocentres as a result of disturbances in the catchment. Sediment fluxes can possibly be
related to specific climatic or historic events during the last 7 ky. Such a study would rely
heavily on high-resolution radiocarbon, optically stimulated luminescence (OSL) dating and

other geochronological tools.
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FIGURE CAPTIONS

Figure 1. Location of study areas on the Iberian passive continental margin. The main map
(a) shows the Tagus catchment and study areas on the Iberian Peninsula and the location of
marine core MD03-2698. Digital elevation data from Jarvis et al. (2006), bathymetry from
IOC, IHO and BODC (2003). Inset maps show (b) borehole locations in the Lower Tagus
Valley and (c) borehole locations on the Tagus continental shelf. Detailed bathymetry from
IPMA-DivGM (2013). The inset graphs show the topographic gradients across the
subaqueous delta and shelf break (green line). The Last Glacial Maximum sea-level lowstand

(-120 m relative to present-day sea level) is indicated for reference (blue line).

Figure 2. Schematic figure illustrating the study area for volumetric calculations and its

relationship to other components of the depositional system.

Figure 3. Simplified 3D representation of cross sections across the Lower Tagus Valley,
showing the distribution of sediments deposited below (12-7 ka, blue) and above (7-0 ka,
yellow) the maximum flooding surface. The position of terrestrial core VAL (Fig. 4) is
indicated on cross section Benfica do Ribatejo. Horizontal distance is not to scale. Modified
after Vis et al. (2008).

Figure 4. Terrestrial core VAL illustrating the Lower Tagus Valley sedimentary fill (+7 m
msl; 39°09° N - 08°44° W): (a) sedimentary log with calibrated radiocarbon ages (20); (b)

grain-size distribution; and (c) average sedimentation rates.
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Figure 5. Images taken from Petrel software showing 3D sediment volumes (green-red arrow
points towards the north): (a) location, architecture and thickness of the three major post-12
ka depocentres; (b) morphology of the base of the valley-fill with overlying post-12 ka
sediment thickness projected on that surface as colour attribute; red dots symbolize data
points; (c) cross section through the downstream section of the 3D valley-fill model; colour
symbolizes sediment thickness of the complete post-12 ka sediment body.

Figure 6. Isopach maps of the Tagus depositional system: (a) total sediment thickness in the
Lower Tagus Valley for the period 12-0 ka; (b) thickness of sediment package deposited after
7 ka; (c) thickness of the fluvial wedge (base of reconstructed volume is the +2 m sea level

surface).

Figure 7. Marine core D13882 illustrating deposits from the Tagus shelf (-87 m msl; 38°38’
N - 9°27° W): (a) sedimentary log with calibrated radiocarbon ages (2c) (italic ages are
considered too old due to reworking); (b) grain-size distribution; (c) pollen concentration,
high concentration = high sediment supply; and (d) average sedimentation rates. The sandy

interval in the middle of the core is strongly winnowed. MFS = maximum flooding surface.

Figure 8. Marine core MD03-2698 from the Tagus Abyssal Plain (-4602 m msl; 38°14° N -
10°23” W): (a) sedimentary log with calibrated radiocarbon ages (2c); (b) grain-size
distribution; (c) pollen concentration, high concentration = high sediment supply; and (d)
average sedimentation rates. The sandy turbidites are mineralogically similar to Lower Tagus
Valley sands, suggesting their fluvial origin. In terms of morphology, this core is located on
the Tagus Abyssal Plain on the levee between the Cascais Canyon in the north and the
Lisbon-Settbal canyon in the south (Lebreiro et al., 2009). See Lastras et al. (2009) for details

on canyon morphology.

Figure 9. Summary figure of Tagus depocentres since ~18 ka with respect to relative sea
level. The main depocentre shifted due to relative sea-level rise from the Tagus Abyssal Plain
(TAP) to the Tagus shelf. Shortly after 12 ka, the landward shift to the Lower Tagus Valley
(LTV) occurred and tidal, marine and fluvial sediments were deposited. The effect of
winnowing on the shelf was strong when sediment supply was low (see text). After the end of

rapid relative sea-level rise, the LTV progressively filled and export to the shelf started and
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was amplified during the last ~2 ka by human land-use changes. MFS = maximum flooding
surface, non-basal sample = not compaction-free sample, basal sample = compaction-free

sample.

Figure 10. Schematic representation of Lower Tagus Valley sequence stratigraphy. Note that
the lowstand system sands are not connected to the sands of the highstand system. Modified
after Vis and Kasse (2009).

Figure 11. Heavy mineral composition of 11 Lower Tagus Valley samples. Samples were
taken from cores and are arranged from old (left) to young (right). No large changes in heavy
mineral composition are present, confirming a single upstream (fluvial) sediment source. The
two oldest samples were taken from lowstand deposits and possibly suffered from long-term
exposure and soil weathering, lowering the unstable mineral content. Depth relative to

surface.
Table 1. Radiocarbon ages. Coordinates (X-Y) in European Datum 1950/UTM Zone 29N.

Table 2. Sediment volumes, dry bulk densities (DBD) and storage rates of the Lower Tagus
Valley (LTV) and subaqueous delta. *Weighted average determined using DBD of 1.75 t/m*
for sand, 1.4 t/m? for clay loam, 1.2 t/m® for silty clay and an estimated sand to clay loam to
silty clay ratio of 0.1:0.45:0.45, based on facies distributions. m Weighted average determined
using an estimated 0.4:0.3:0.3 sand to clay loam to silty clay ratio. ¢ Heterogeneous proximal
subaqueous delta (Goodbred and Kuehl, 2000).

Table 3. Overview of sediment delivery ratios (SDR) for various catchments.

Table 4. Mechanical denudation rate and sediment production for three periods based on
sediment delivery ratios (SDR) of 15 and 35%. Note that a higher sediment delivery ratio

implies that less sediment has remained in the catchment, thus yielding lower values.
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Carhment DR (4 Ama :lcrnl] Remark Lource
Upper Mississippi tributary [USA) 7 Trimble [1953)
Mckdle Yellow River [China) 1-100 High drainage density and frequent Gong and Niong, 1980; Mou and Meng, 1980;
Iyper-ooncentrated flows in'Walling, 1958
Upper Yangize River (China) 0M-M i and Tan, 19596; Livand Fhang, 1996;
in'Walling, 1928
ussian Plain 0-89 Smal b amed e fume-sired Golosov et al (1952)
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Various in overview 3-50 SR derreases with greater @tchment size and Morgan (2005)
loweer average slope
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Fhine [Nether] ands) loww 185 (00 Mearty all sediment is stored in Bhine-Meuse Erkens (3008 |
delta and does not rexch ooast
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