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Sealevelrise (SLR) has been evaluated using data acquired from two Tagus estuary salt marshes. Sediment
accumulation rates over a 40-year study period were determined using 3’Cs along with an evaluation
of several geochemical indices and ratios as proxies of the mechisms underlying these SAR variations.
Correlating SLR data from 1963 to 2001 with the sediment accretion rates (SARs) an inverse pattern of
interaction was observed, with lower SAR associated to periods of higher mean sea level (MSL) heights.
This pointed out to an erosion effect of the salt marsh during higher tidal flooding. Although SLR appar-
ently slows down SAR, it still presents a positive balance with SLR, similar to that identified in most
mesotidal estuaries. The geochemical analysis of sediments and chemical alteration index (CAI) also
suggest that the major processes inherent to the SAR vary inversely, being mostly based by physical
disturbances. Geochemical ratio-based indices showed that both salt marshes presented enhanced high-
energy transport driven inputs of sediments, although in Pancas salt marsh there is a slight evidence of
chemical weathering of the sediments. Anthropogenic contamination of the sediments by heavy metals
was identified and has been decreasing from 1963 to 2001, mostly linked to a marked reduction of indus-
trial activities in some areas surrounding the Tagus estuary, rather than the sedimentary history of the
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1. Introduction

Climate change is nowadays one major concern spanning across
the environmental science community. It is widely accepted that
increasing CO, levels may induce climate change through the
greenhouse effect and holds the potential to affect most ecosystems
to some degree. Some direct causes of CO, rising concentrations
in the atmosphere are increasing temperature values and ocean
acidification, but other may result from direct changes to the gas
and particle contents within the atmosphere. The impact of an
increased greenhouse effect has been widely studied (e.g. IPCC,
1990; Titus and Narayanan, 1995). The reports of the Intergovern-
mental Panel on Climate Change (IPCC, 1990), recently updated
in 1995, specify that the global average air and sea surface tem-
peratures are expected to rise by about 2.5°C, within a range of
1.5-4.5°C (Berner and Berner, 1996; Houghton, 1999; IPCC, 1999),
although there is a degree of uncertainty about these estimations
related to issues of geographical, diurnal and seasonal variability
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(Gates, 1993; Houghton, 1999). One of the major side-effects of
global warming is sea level rise, due to polar ice meltdown and
increasing ocean water supply, but also caused by the thermal
expansion of this larger water mass. Inevitably, the most affected
areas of the globe and highly vulnerable to sea level rise are located
close to the seashore, including coastal lagoons, estuaries and the
shoreline. Estuaries stand out as areas of special concern, since they
include some of the most densely populated areas in our planet
(Duarte and Cacador, 2012; Cohen et al., 2001). Estuarine ecosys-
tems hold therefore great scientific potential in this context and will
help us understanding climate change dynamics and their impacts
upon these areas.

Salt marshes are often located along estuarine sides and they
are particularly vulnerable to sea level rise (Dyer et al., 2002). Salt
marshes are considered to be among the most productive ecosys-
tems on the planet and they have an essential role as nursing
areas for marine fish and invertebrates of great economic value.
They are invaluable habitats and feeding sites to many migra-
tory bird species, while sheltering great biodiversity (Reed, 1990;
Van Dijkeman et al.,, 1990). The slope of the marsh in relation
to the tidal amplitude, and the elevation of the shoreline offer-
ing better protection in conditions of increasing storminess (Dyer
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et al,, 2002) will be determining factors for the initial set-up and
resilience of the salt marsh communities under increasing condi-
tions of sea level rise (Simas et al., 2001). These areas are described
as transitional water bodies in the Water Framework Directive of
the European Union, and they are further recognized as ecologi-
cally sensible zones according to the Birds and Habitats directives.
Locked between landmasses and ocean, rising seawater levels will
play an important role in the future ecology of these regions. Sea
level rise will also mean higher erosion rates in the outer bound-
ary of the salt marsh (Reed, 1990). However, some mechanisms
may counteract the influence of these climatic induced factors, as
salt marshes also have the ability to keep their relative elevation
above seawater throughout sedimentation (Salgueiro and Cagador,
2007). Salt marshes act as sinks for contaminants (Cagador et al.,
2000; Duarte etal.,2010), carbon (Cagador et al., 2004) and nitrogen
(Cagador et al., 2007). The major depositional process for these ele-
ments is through sedimentation of particulate matter during tidal
flooding (Silva et al., 2009), when the halophytic vegetation acts as
a baffle and sediment trap, leading to the settling of fine suspended
particles transported on the water column that are deposited on the
marsh (Silva et al., 2009). Furthermore, salt marsh growth is often
associated to processes occurring in estuarine areas with high levels
of sediment discharge, like mudflats (Simas et al., 2001). To coun-
teract the effects of sea level rise, the marsh elevation must keep
on at such a pace that is compatible with the rise. Otherwise flood-
ing is inevitable and will be followed by subsequent marsh erosion.
This has already been verified in the Nile and Mississippi rivers
(Gornitz, 1991; Blum and Roberts, 2009). Another important fac-
tor to consider is the tidal range of the salt marsh. Stevenson et al.
(1986) suggested that areas with high tidal range are associated
with higher sediment transport rates, thus being less affected by sea
level rise. In this case a negative feedback mechanism is observed,
where a small increase in sea level leads to higher mineral deposi-
tion due to longer submersion periods. This is also associated with
less sediment compaction due to reduced decomposition of organic
matter in the sediment (Nyman et al., 1993; Allen, 1994). However,
rapid sea levels rise, as predicted in some climate change scenarios
(IPCC, 2007) increases salt-marsh loss caused by the increased sub-
mersion periods since salt marsh productivity (organogenic input)
is suppressed (Nyman et al., 1993, 1994). Recently, an increasing
number of numerical modelling studies have appeared aimed at
identifying and simulate the main processes of marsh elevation
dynamics in response to changing sea level (Allen, 1990, 1995,
1997; Callaway et al., 1996; Chmura et al., 1992; Day et al., 1999;
French, 1993; Krone, 1987; Morris et al., 2002; Pont et al., 2002;
Rybczyk and Cahoon, 2002; Rybczyk et al., 1998; Temmerman et al.,
2003a; Van Wijnen and Bakker, 2001). However, as stated by Allen
(2000), these models are at a rather embryonic stage of devel-
opment. Important information can be obtained meanwhile from
empirical studies of saltmarsh systems. By investigating sedimen-
tary records in the context of the climate conditions that produced
them it should be possible to understand how salt marsh geochem-
ical characteristics and accretion rates have been responding to
changes in sea level. This type of information will be very useful
in practice, allowing for better adaptive management of human
activities, and hopefully to guide our preparation and protective
measures against future scenarios.

Caesium-dating techniques are widely applied to SLR and SAR
studies in coastal environments. Although its undeniable efficiency
providing good insights on SAR, they only tell half the story. This
way, the present work not only aims to assess sediment accumu-
lation rates in the Tagus salt marsh over the last 40 years using
137Cs dating, but also the possible application of geochemical and
elemental-based indices in order to provide insights on the pro-
cesses behind the temporal oscillations and spatial variations in the
SAR. In a time of major concern in which respects to global changes,
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Fig. 1. Map of the Tagus estuary showing Pancas and S. Jodo da Talha salt marsh
sampling stations.

this analysis will be integrated in the context of rising sea level con-
ditions. This way is intended not only to evaluate the possible use
of this geochemical indices but also to use them as storytellers of
the recent past of Tagus estuary.

2. Material and methods
2.1. Study area description

The Tagus estuary is the largest estuary on the west coast of
Europe (38°44' N, 9°08’ W), located in the most populated area of
Portugal (Fig. 1). It is a shallow estuary and its circulation is mainly
driven by tides. The Tagus River drains a total area of 86,629 km?,
representing the second most important hydrological basin in the
Iberian Peninsula. The river is the main source of freshwater into
the estuary. Inflow fluctuates seasonally with an average monthly
value varying from 120m=3s~! in summer to 653 m~3s~! in win-
ter (last 30 years of Water National Institute public database, INAG).
Estimated water residence time ranges from 6 to <65 days for win-
ter and summer average river discharge, respectively (Martins et al.,
1984).1tis amesotidal estuary according to the NOAA classification,
with semi-diurnal tides ranging from 0.4 m at neap tide to 4.1m
at spring tide. Seawater enters the estuary through a deep narrow
inlet channel. The tidal influence reaches 80 km inland from Lisbon.

Coring took place at Pancas (PAN) salt marsh, located in the
southern side of the Tagus estuary within the Natural Reserve of
Tagus Estuary and in S. Jodo da Talha (SJT) salt marsh, located in the
northern side in Lisbon metropolitan zone. Three sediment cores
were taken using a tubular probe (6.7 cm diameter) in 2001. The
cores were taken along the salt marsh in an area vegetated by
Sarcocornia perennis. Appropriate measures were taken to avoid
compaction during the coring. The position of the cores and vertical
level of the coring sites was attained by GPS.

2.2. Laboratory analysis

The cores obtained at the sampling stations were brought back
to the laboratory in refrigerated chambers and sliced. The sam-
ples were dried to constant weight at 60 °C. Organic matter content
was determined by loss on ignition (LOI) after slowly ashing sub-
samples at 600 °C for 3 h.

The sediment accumulation rate was calculated on the basis of
the two pronounced 37Cs-peaks, which were present in all the
cores. The lower peak corresponds to the 1963 maximum in test-
ing of nuclear weapons in the atmosphere and the upper peak is
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due to the accident at the nuclear power plant at Chernobyl in
1986. These two peaks have been used as markers and the average
accumulation rate during the period 1963-1986 has been calcu-
lated as the accumulated mass between the two peaks divided
by the time between the two events (23 years). The accumulation
from 1986 to the time of coring (2003-2005) has been calculated
in a similar way. The organic content in the cores decreases with
depth and consists primarily of roots and macrofragments of the
salt marsh vegetation. Inclusion of this organic material in the cal-
culations of accumulation rates would induce systematic errors, as
the density of roots and plant fragments is higher in top of salt
marsh sediments. The subject of the present study is the primarily
minerogenic allocthonous sediment and calculated masses were
therefore corrected for organic content. The minerogenic fraction
of the sediment was calculated by reducing the total dry weight
with the LOI percentage. Samples were analyzed for 137Cs activity,
using gamma-spectrometry by way of its peak at 661 keV. Depth of
the 1963 peak (Ritchie and McHenry, 1990a,b) was used to inves-
tigate the accumulation rates, while the sediment accumulation
rates (SAR) were computed taking into account the diameter of the
corer and an average sediment density of 1020 kg m—3, obtained for
the Tagus salt marshes in previous studies (Salgueiro and Cagador,
2007). Sedimentation values were also corrected for organic matter
content, considering the organic percentage found in the different
layers. These values were taken in account to eliminate for any pos-
sible artefacts caused by the fact that each layer in our sample is at
a different stage of organic decomposition.

Geochemical analysis of the sediments and their heavy metal
content was carried out through X-ray fluorescence spectrome-
try (XRF). The sediments were frozen-dried and compressed into
tablets. XRF was performed in a Philips Magix-Pro WD-XRF unit
at the National Oceanography Center (NOC) in Southampton, UK.
After knowing the relevant data from the oxides composition it was
possible to work out the Chemical Alteration Index (CAI):

B Al O3
- Al;,03 + CaO + K,0 + Na,O

This index provides information about the type of disturbance
affecting the sediments. In practice, CAI values below 40 suggest
the absence of disturbance, and values from 40 to 70 are typical of
physical disturbance only, while index values above 70 essentially
are indicators of chemical disturbance of the sediments (Cox and
Lowe, 1995).

CAI

2.3. Sea level data

The tidal gauge closest to both studied salt marshes is the Cas-
cais tidal gauge (www.igeo.pt) located in the same tidal basin at
the mouth of the estuary. This gauge holds recordings from 1880 to
present. Tidal heights for the period comprehended from 1880 to
the time of coring (2001), were obtained from the Hydrographic
Institute (www.hidrografico.pt) and their dataset for the Lisbon
station. The annual heights were plotted and a linear regression
was made, in order to establish a sea level rise rate (Andersen et al.,
2011).

3. Results
3.1. 137Cs dating and sediment accumulation rates

The isotopic analysis of the cores showed two major peaks of
137Cs consistent with the recent history of NW Europe. The lower
peak corresponds to the input of bomb test material that had its
higher activity period in 1963. The upper peakis normally identified
as 137Cs deposition resulting from the Chernobyl accident in 1986
(Andersen et al., 2000). These peaks were chosen as markers for
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Fig.2. Vertical profiles of 137 Cs activity in salt marsh soil obtained from core samples
collected at Pancas (A) and S. Jodo da Talha (B).

those events and allowed us to consider two different time periods
for the purpose of this study: from 2001 to 1986 and from 1986 to
1963 (Fig. 2).

Using these radiometric markers the average SAR were assessed
for both time periods (Table 1) and this allows for increased
accuracy in our analysis and better discrimination of the sedimen-
tation history at the two saltmarsh stations for the study years
(1963-2001). The radiometric vertical profile in our cores shows
rather obvious peaks of higher 137Cs activity at different depths and
these peaks have been observed for the two salt marshes. However,
while the 1986 peak was detected at a depth of 9 cm in the Pancas
(PAN) salt marsh, the same peak has been detected further down
in SJT, occurring at a depth of 21 cm. A similar pattern was found
also for the 1963 peak, occurring at a depth of 24 cm in Pancas and
56 cmdeepin SJT. The SAR values have been assessed from this type
of radiometric dating (Table 1) and for the years 1963-2001 the
accretion was always higher in the SJT station when compared to
PAN. There was an altitudinal increase of 0.10 cm associated to the
accretion rates for the 1963-1986 and 1986-2001 time intervals

Table 1
Calculated total and mineral sedimentation (kgm=2y~') and accretion (cmy~')
rates based on 37Cs peaks in both salt marshes.

Pancas (PAN) S. Jodo Talha (SJT)
Apparent sediment accumulation rate
1963-1986 6.65 £+ 0.33 15.52 £ 0.78
1986-2001 5.44 + 0.27 13.60 + 0.68
1963-2001 6.17 + 0.31 14.76 +£ 0.74
Real sedimentation rate
1963-1986 6.03 £+ 0.30 13.17 £ 0.66
1986-2001 4.87 +0.24 11.06 + 0.55
1963-2001 5.60 + 0.28 12.25 + 0.61
Accretion rate
1963-1986 0.65 + 0.04 1.52 + 0.00
1986-2001 0.53 £+ 0.00 1.33 +£ 0.01
1963-2001 0.61 £+ 0.03 1.45 + 0.00
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Table 2
Geochemical characterization of the sediment cores of SJT and PAN sites at the depths dated as 1963, 1986 and 2001 (average =+ standard deviation).
SJT site PAN site
1963 1986 2001 1963 1986 2001
SiO, 545+ 0.3 54.0 + 0.4 453 + 8.7 58.7 £ 0.7 574 +0.7 51.8+4.1
Al 03 194 £ 04 19.1+£03 16.8 £ 2.7 20.7 £ 0.5 20.7 +£ 0.6 17.8 £ 1.8
TiO, 0.9 + 0.1 0.9 + 0.1 0.8 +0.1 0.9 + 0.0 0.9 + 0.0 0.7 + 0.1
Fe,03 7.8 +£0.6 7.9 +£0.5 6.6 +£ 0.5 7.0 £0.5 7.7 £0.0 6.9 + 0.6
MnO 0.1 £0.0 010 0.1 £ 0.0 0.1 £0.0 0.1 £0.0 0.1 +£0.0
MgO 31+0.1 3.0+ 0.1 29+ 0.1 31+02 31+04 31+02
Ca0o 42+02 44 +03 4.0+ 04 1.1+03 0.9 + 0.5 1.0+ 05
K,0 3.8+0.3 3.6+£02 33102 3.7 +£0.1 3.7+0.1 33+03
Na,O 22402 1.6 £ 0.4 1.7 £ 05 1.8 £0.2 1.7 £ 03 48 £25
P,0s 0.2 + 0.0 0.3 £+ 0.0 0.3 +0.0 0.2 +£ 0.0 0.3+ 0.1 0.3 + 0.1
Sum 96.2 + 1.1 95.1 +£ 0.3 81.7 £13.2 972+ 08 96.5 + 1.4 89.8 + 4.1
CAI 65.4 + 1.2 66.5 &+ 0.7 64.9 + 0.8 759 £ 0.9 76.5 £ 0.8 66.2 + 6.7
Al,03/Si0; 2.8 +0.1 2.8 +0.1 2.7 +£0.1 2.8+ 0.1 2.8 +£0.1 2.9+ 01

observed in Pancas salt marsh, and this compares to some 0.20 cm
in the SJT station for the same period. This difference becomes
more evident when comparing data in terms of mass deposition by
square metre of salt marsh soil area, or total sedimentation rate. Dif-
ferences among our stations were in the order of 10 kg of sediment
deposited on a square metre of salt marsh, further emphasizing
the elevated accretion rates observed in the SJT site. Whenever the
cores did exhibit different organic matter values due to variations
in decomposition rates within the vertical profile, these values of
total sedimentation were corrected for its organic matter (as loss
on ignition) and expressed as mineral sedimentation rate.

3.2. Sea level rise data

The local variation of mean sea level (MSL) for the evaluated
periods s plotted in Fig. 3. Plotting a linear trend for the whole study
period (1880-2001) a rate of increase of the MSL was assessed at
about 1.29 mmy~! in this area. The yearly mean values did oscillate
around 10.5 mm during the study period. The mean water depth in
those areas where the lowest part of both salt marshes will be cov-
ered by the incoming tide stays about 1 m above the national chart
datum - Portuguese Hydrographic Zero (PHZ). This MSL rise will
have major consequences in the ecology of the salt marsh, associ-
ated to longer inundation periods during the high tide periods.

3.3. Elemental analysis

The geochemical analysis of the sediments (Table 2) revealed
that the SiO, content has been decreasing from 1963 to 2001,
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Fig. 3. Changes in Mean Sea Level values (mm) monitored from 1963 to 2001.

remaining higher in cores from PAN when compared to SJT. Major
differences were also observed for CaO in the two salt marshes.
In both cases the values for CaO throughout the chronosequence
did remain rather stable during the period of our analysis, but SJT
showed higher values of CaO when compared to PAN.

As for Na,O, there was a decrease of this oxide from 1963 to
2001 at SJT, while in PAN there was an evident increase from 1986
to 2001. This difference in oxide composition at the two sites is evi-
dent also when we look into the CAI values. In both salt marshes
there was an increase of the CAI values from 1963 to 1986, and a
subsequent decrease from 1986 to 2001. In this case, the decrease
was more evident in Pancas salt marsh. The values observed for
both oxides in the two salt marshes are consistent with current
interpretation of predominant physical disturbance mechanisms
influencing the geochemistry of the sediments (Cox and Lowe,
1995), and this is more evident in Pancas (PAN).

The ratios Si/Al and Si/K are dependent upon the proportion of
the coarse materials, mainly formed by quartzitic sands containing
high percentages of silicon, and fine clays which contain Si, Al and
K. Comparing these ratios (Fig. 4), it is possible to observe a strong
relationship between the two ratios in Pancas salt marsh, while in
SJT the Si/K ratio remains rather stable despite variations in the
Si/Al ratio.

Iron and phosphorous are rather abundant elements with high
importance on sediment biogeochemistry. A variation on P/Ca and
P/Fe ratios indicates an accumulation of organic phosphorus and
influences the mechanisms controlling the amount of total phos-
phorus in sediments. Although the more obvious pattern was found
again in the Pancas salt marsh sediments (with a strong correla-
tion between the two ratios), there is also evidence of a correlation
between Fe and P (Al normalized values) for the SJT salt marsh,
although with smaller variability than found at Pancas.

Calcium and magnesium are the most abundant alkaline-earth
elements in reservoir sediments, with Ca mainly present as carbon-
ate minerals in this kind of sediments. Similar to the Si/Al and Si/K
ratios, analysis of the variation of these elements (Fig. 4) shows also

Table 3

Elemental standard shale concentrations (Turekian and Wedepohl, 1961) in the
earth continental crust (ppm) and average concentration in both studied salt
marshes (average + standard deviation).

Standard shale* ST Pancas
As 13 50.7 £ 10.1 345+ 113
Co 24 181+ 2.2 130+ 1.5
Cr 90 110.8 £ 129 100.5 £+ 8.2
Cu 45 74.3 £15.7 54.7 £ 54
Ni 68 39.1 £9.2 313 £ 3.0
Pb 20 160.2 + 48.7 93.4 £ 235
Zn 95 553.9 + 99.6 347.0 £ 92.4




272 B. Duarte et al. / Ecological Indicators 34 (2013) 268-276

S&o Jodo da Talha (SJT)

16

=
175
24 o y=4.2904 x + 2.3886
?=0.108
11 T T T T T T T
2,55 2,60 265 2,70 2,75 280 285 2,90 295
Si/Al
0,46
0,44
042 4
\f', 0,40 ®
a ®
0,38 | ®
036 ® @ 379871x+02681
= 0.376
0,34 T T T T
0,010 0,012 0,014 0,016 0,018 0,020
P/Al
0,26
[ J
0,25 +
0,24 | L4 b
§ 0,23 | ®
O
0,22 H ® ®
®
| e y=0.0391 x + 0.1751
0.21 2= 0.0762
0,20 T T T T T T T

1,20 125 130 135 140 145 150 1,55 1,60
Ca/Mg

Pancas (PAN)

Si/K
[
o

|

y=3.8474 x + 4.7978

150+ @ ?=0.7124

148 . : ; . . T
265 2,70 275 2,80 285 290 295 3,00

Si/Al

Fe/Al
o
b
L

y = 5.5667 x + 0.2856
* = 0.7603

L]
030 T T T T T T T T T T

0,6 0,8 1,0 12 14 1,6 1,8 20 22 24 2,6 2.8

P/Alx 107

Ca/Al
o
&
I

¥ =0.1427 x + 0.0045
2=0.9158

0,01 : . . T
0.1 02 03 04 0.5 0.6

Ca/Mg

Fig. 4. Geochemical ratios obtained from '37Cs-dated sediments collected at the two salt marsh sampling stations monitored on the Tagus estuary.

a strong and obvious correlation in the sediments from Pancas salt
marsh, while in the SJT salt marsh this relationship was not found.

The heavy metal content in the layers dated by '37Cs (Fig. 5) did
show similar spatial and temporal trends for all metals. The metal
concentrations in SJT samples were always higher than in samples
from PAN, except for Ni and Crin 2001 when both stations had very
similar values. It was also possible to observe a temporal trend for
all the metals included in our analysis, with concentrations in the

sediments decreasing from 1963 to 2001. Comparing the average
values determined for both salt marshes included in this study with
those provided by Turekian and Wedepohl (1961) for the ‘standard
shale’ (Table 3) may give some indication about the importance
of anthropogenic components relative to typical geogenic (non-
polluted) components. Lead and Zn are present on the Tagus
estuary and they occur at approximately 5 times their typical
geogenic concentrations, particularly in the sediments collected



in the SJT salt marsh. This indicates anthropogenic introduction
of these heavy metals in the Tagus estuarine system, particularly
in the northern part of the estuary near the Lisbon metropolitan

area.
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The well-defined 137Cs-peaks observed in the dated sediments,
consistent with the two periods of major releases of Cs into the
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environment, strongly indicates that Cs is immobile in the studied
salt marshes, mainly formed by minerogenic sediment. Previous
studies (DeLaune et al., 1978; Croudace and Cundy, 1995) made
using the 1963-peak in salt marsh sediments support these findings
and showed that Csis virtually non-exchangeable in this kind of fine
estuarine sediments.

Sea level rise may have two major influences in salt marshes
accretion rates. With higher MSL heights the tidal inundation fre-
quency of a marsh tends to increase, leading to higher suspended
sediment supply to the marsh via settling particles. Also, there is
an effect of higher erosion rates due to changes in the semidiurnal
tidal flooding and drawback of the tidal waters (Roman et al., 1997).
Evaluating tidal gauge MSL heights and the SAR both mechanisms
can be identified. From 1963 to 1986 there was a higher sedimenta-
tion and accretion rates in both salt marshes. In contrast, from 1986
to 2001 there was a decrease in the sedimentation and accretion
rates also in both marshes. Both events point out to the same mech-
anism of marsh morphodynamics. During periods of high MSL the
main effect of tidal inundation is erosion of the marsh. Despite all
evidences concomitant with this kind of morphodynamic mecha-
nism, some additional factors must also be considered, like storm
frequency (Roman et al., 1997; Dyer et al., 2002), elevation in the
tidal frame, tidal channel migration (Reed, 1990; Ward et al., 1998),
exposure to wave attack (Oenema and DeLaune, 1988) and anthro-
pogenic influences such as land reclamation (Sarreta et al., 2010).

Although subsurface sediment compaction could not be esti-
mated in the study area, it seems unlikely to be a significant process
contributing to changes in marsh elevation, at least over the time
scale here investigated (Goodman et al., 2007). Although SLR appar-
ently slows down the accretion rates in the Tagus salt marshes,
there is still a positive balance with sea-level rise. This agrees
well with other studies about sedimentation in mesotidal marshes
(Wood et al., 1989), which normally exhibit an obvious relation
between sea-level rise and accretion rates, in opposition to macroti-
dal estuaries (Détriché et al., 2011).

In contrast, in macrotidal marshes there is not such an evident
relationship (Goodman et al., 2007). The fact that most marshes
do show a significant build-up of vertical accretion, that exceeds
the MSL, is in part attributed to the spatial variation in SAR being
influenced by the topography of the estuary itself and consequently
influencing the frequency and duration of tidal flooding at each
marsh (French, 2006). Theoretically, it could be expected that as
the marsh builds up due to vertical accretion, this process would
slow down enabling that the upper marsh achieves an elevation
close to the equilibrium state between the rates of sedimenta-
tion and sea level rise. However, this cannot be observed over
the small time scale considered here but might be if centennial
or millennial scales were investigated (French and Burningham,
2003; French, 2006). Allen (1999) also suggests that another key
factor influencing the present SAR is the auto-compaction of the
Holocene coastal sequences. This will have an important impact
in the marsh topographies, enhancing short-term sedimentations.
Further insights about the history of the sediments and other
phenomena underlying a temporal sequence of sedimentation
rates, is the geochemical data concerning the sediment oxides
composition. Cox and Lowe (1995) provided an index of chemi-
cal alteration (CAI) as a tool for evaluating the nature of sediment
disturbance, physical or chemical. Our data further suggests that
the major processes inherent to the variations of the sedimenta-
tion rates that change inversely to the MSL variation are of physical
nature, like the erosion/deposition mechanisms. Using CAI val-
ues obtained from the sediment it is also possible to validate this
hypothesis, which is more obvious for the SJT sites. All CAI values
with a time scale associated that are available from this saltmarsh
indicate physical disturbance of the sediment (CAI values falling
between 40 and 70), whilst at the PAN sites only sediments from

2001 had values of CAl consistent with physical disturbance. In sed-
iments that have been assigned to years from 1963 to 1986, the
CAlI values are slightly above 70, indicating some sort of chem-
ical disturbance to the composition of the sediments. The most
obvious modification to the composition of sediments was the
comparatively high increase of Na,O incorporated from 1986 to
2003, probably due to the higher flooding frequencies associated to
higher MSL. This may be due to a mineral effect of these conditions
or to the incorporation of larger amounts of Na coming from longer
periods of inundation of the sediments with Na-rich seawater.

Both salt marshes show increases in Si/Al and Si/K and possi-
bly these are related to an enhanced input of quartz, which in turn
may be due to eolian inputs (Werne et al., 2002), but also to higher
energy transport. Pancas sediments show signs of weathering, pre-
senting lower values of Si/Al. Therefore, Si/Al ratios in Pancas salt
marsh seem related to chemical weathering rather than hydrody-
namics (Lopez et al., 2006), as suggested also by the CAI values.

Ca/Mg ratios in both salt marshes increased with Ca/Al, sug-
gesting that magnesium is mainly associated to the aluminosilicate
fraction. The relative abundance of sedimentary calcium, expressed
by the Ca/Al ratio, especially in the ST] salt marsh sediments, is
clearly related to water mineralization, as expected from the high
solubility of calcite (Tardy et al., 2004).

The clearest relationship of sedimentary phosphorus with other
sedimentary elements appears between iron and phosphorus when
concentrations are normalized relative to the aluminium con-
tent (i.e. when P/Al and Fe/Al ratios are used instead of rough
concentrations). This relationship does not reflect dominance of
any particular sedimentary phosphorus fraction. What it really
reflects is that the increase of phosphate concentration over the
background composition (which in turn may be dominated by cal-
cium, iron or organic phosphorus) is linked with the increase in
iron across the same background material. It is well known that
authigeniciron oxi-hydroxides have a high capacity to adsorb phos-
phorus onto their surface (Lijklema, 1980; Lopez et al., 1996). Thus,
precipitation and accumulation of authigenic iron-oxides causes
a corresponding increase in P/Al and Fe/Al and seems to be the
main process explaining the global variability observed in Span-
ish reservoirs (Lopez et al., 1996). Nevertheless, the high variability
in the P/Fe ratio observed in the eastern reservoirs also indicates
that other processes must be accounted for in order to explain the
variability of sedimentary phosphorus within calcareous areas.

Overlooking the potential risk of heavy metals settling associ-
ated to higher MSL seems to have the opposite behaviour. Although
the fluctuations of MSL, the overall trend shows a marked increase
as observed in almost all over the globe, the pattern of contamina-
tion by heavy metals in the dated layers does not follow the same
pattern. From 1963 to 2001 there is a clear decrease of the heavy
metal contentin the sediments. This may be associated to the recent
history of industries in the area. In fact, the peak of waste dump-
ing and heavy metal introduction in the estuary has occurred in
1970-1980 (Cagador et al., 2000), when the heavy industry dom-
inated most of the southern parts of the estuary. Following the
introduction of strict environmental policies a large number of
industries were deactivated since that period and the remaining
ones are now subjected to severe measures of contaminant con-
trol. This led to a decrease in the incorporation of heavy metals over
recent years and is also consistent with values observed in the Pan-
cas salt marsh, which are always lower than in the SJT salt marsh.
Pancas is located in the upper eastern part of the estuary and within
the Tagus Natural Reserve area, well away from the major centres
of industry, while SJT is more subject to anthropogenic pressures
due to its location closer to Lisbon and into an area that was highly
industrialized until 1990. Apparently the consecutive newer lay-
ers of sediments deposited at increasing MSL, are cleaner than the
ancient ones, being related to the industrial history of the estuary.
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Thus, and although the lower values of sedimentation registered
during the higher industrial activity decades, sediment contami-
nation is not affected by the amount of sediment deposited in the
marsh but by its contamination, pointing once again to the under-
lying industrial evolution of the Tagus estuary.

5. Conclusions

MSL in the Tagus estuary follows a trend already identified in
other estuaries around the globe (Blum and Roberts, 2009; Rybczyk
etal., 1998), with increasing sea heights and higher inundation fre-
quencies. Caesium-based dating of the sediments showed that SAR
in the Tagus salt marshes presents decrease in the amount of sed-
iments deposited as the MSL increases. Although the decreasing
rate of marsh elevation, during the study period (1963-2001), there
was still a positive feedback to MSL rise increase. Considering an
approximate rate of SLR similar to that observed in 1963-2001,
Tagus salt marshes (although with slower SAR) may still be able
to adjust to SLR and therefore will contribute to protect the
nearby shoreline from higher inundation. Coupling this data with
the provided from the geochemical and elemental-based indices,
the mechanisms underlying this decrease could be unveiled. The
elemental ratios showed that the marshes elevation was mostly
affected by physical disturbances and chemical weathering. Heavy
metal tracers in dated sediment layers, although it is not related to
sedimentary events or disturbance, proved also to provide good
insights on the changes in industrial history of the Tagus estu-
ary. The inclusion of geochemical and element-based indices into
SLR studies appears, this way, as an efficient tool, acting as story-
tellers of the sediment history providing valuable insights on the
mechanisms underlying salt marshes feedbacks to SLR.
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