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The Santo André lagoon contains a 14000 year sedimentary record of environmental changes, which ranged from
marine to fluviatile. During the Late Holocene it remained in transitional conditions, with subtle to pronounced
changes in salinity, rate/composition of sediment input and confinement. These changes were interpreted using
textural an geochemical proxies of composition (Si, Al, Ca, Sr, Mg), provenance (K, Rb, Th, REE, Sr/ Sr),
paleosalinity (Cl, Br, I, S) productivity (P, As, Sb, U) and pollution (trace elements); results agree with
reconstruction of ecosystem changes inferred from sedimentology and paleoecology. The geochemical signatures of
the fossil lagoonal, marine and riverine facies are well defined; thus, compositional standards with local value were
derived, improving the utility of the conventional shale normalization. Sediment settled since the late-1800's in the
present-day lagoon agrees in attributes with the equivalent fossil deposits. High concentration in Zn may be the
prime environmental concern despite increase in Pb and Cd of anthropogenic origin. Inferred sedimentation rates
from Pb and Cs radionuclides of 2.8 to 4.3mmyear exceed those derived from C dating of the fossil lagoon
(2mmyear ), suggesting increasing sediment delivery in recent times. The present day environmental controls of
organic matter, Eh and pH in the relative solubility of Mn and precipitation of Fe sulfide, detected in confined
sections of the present-day lagoon, provide grounds to interpret concentrations of pyrite replacing foraminifera tests
in the fossil lagoon. Altogether, the results underline the value of geochemistry as a proxy in multidisciplinary and
multi-timescaled reconstructions of transitional environments.

MUNHÁ,

87 86

210 137 -1 14

-1

ADITIONAL INDEX WORDS: Sediment chemistry, heavy metals, contamination, Pb, Cs.
210 137

ABSTRACT

The Importance of Geochemistry in Multidisciplinary Studies of Lagoonal
Environments at Different Time Scales: The Case of Santo André Lagoon (SW
Portugal)

A. Cruces†; M.C. Freitas†; C.Andrade†; J. Munhá†; C. Tassinari‡; C. Vale and J.-M. Jouanneau§�

INTRODUCTION

STUDY AREA

Coastal lagoons in Portugal represent the remnants of former
incised valleys or low coastal plains which were drowned by the
Holocene transgression. They changed from estuaries and
coastal bays into barred lagoons, following the pronounced
deceleration of the sea-level rise rate circa 5000BP .,
1999; ., 2002, 2003). Since then, lagoons evolved
as such, in response to local forcing factors like inlet
persistency, sediment budget and anthropogenic influence.

(2002) concluded that lagoon basins in central
and SW of Portugal experienced depth reduction between the
Neolithic and the Roman period; later, they significantly
reduced their flooded surface and continued loosing depth, the
shallow tributaries transforming into swamps and marshes.
This widespread alluviation has taken place at different rates,
according to site-specific constraints, with emphasis to human
occupation and land use practices. Nowadays, the
socioeconomic, scenic, ecological and climatic values of these
areas increased stress and disturbance upon the natural systems.

To obtain a complete picture of the morphodynamic behavior
of the lagoonal areas and its relation with forcing factors and
processes, observation of the phenomena at different time
scales (micro to macroscale, i.e. seasonal to millennial) is
required; studies must be multidisclinary, integrating as much
proxies as possible. This approach was applied to the Santo
André lagoon, where sedimentology (textural and
compositional attributes), palaeoecology (foraminifera,
ostracoda, nannoplankton, diatoms, pollen), geochemistry
(major, minor, trace elements, and Sr/ Sr) and dating ( Pb,

Cs, C) have been used to reconstruct and characterize this

basin since the Lateglacial.
This paper highlights the merit of geochemistry as an

environmental proxy in mutidisciplinary studies of transitional
environments.

The Santo André lagoon is located 80km South of Lisbon, in
the southern half of the Tróia-Sines coastal bay (Figure 1A) and
consists of a central main basin which extends southwards by a
number of confined N-S elongated troughs that are connected to
the major water body by narrow and shallow channels (Figure
1B). It is separated from the ocean by a continuous reflective
sand barrier consisting of multiple sand ridges (Figure 1B) that
may occasionally breach during storms; an inlet is artificially
and regularly opened (generally once a year, during Easter)
since at least the 17th century, to promote water exchange,
prevent eutrophication and to control flooding of the tributary
alluvial plains, reclaimed for grazing. The inlet is ephemeral
and evolves naturally until complete closure in a matter of
weeks, essentially trough wave-driven cross shore sediment
transfer.

The lagoonal surface varies between 1.7 and 2.5km , as a
function of rainfall and drainage induced by barrier breaching,
exceptionally extending to 3.7km . The average depth and
stored water volume vary seasonally, with maximum depths
reaching 4m in tidal channels. The salinity may attain 35‰
during open-inlet periods when marine water is allowed to
interact with lagoonal bottom sediments and littoral material is
input via the tidal channel. When the lagoon is isolated from the
ocean, water becomes brackish to fresh and anoxic conditions
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may develop near bottom; in this stage the lagoon collects
fluvial inputs of water and sediment of two main drainage
networks that outlet from the East and South, through wide
alluvial plains extensively choked with sediment. Most of the
bed load is entrapped in alluvial fans while suspended sediment
added by autochthonous organic matter eventually settles in the
central main basin.

The macroscale approach to Santo André lagoon relied upon
the study of one continuous 25.45m long sediment core (LSA)
taken from the southern alluvial plain ., 2003; see
(Figure 1B). The core reached Miocene sediment basement at
21.33m (mean sea level - msl) and crossed the whole Holocene
and Late Pleistocene sediment infill.

Thirty five representative sediment samples were selected for
major and trace element analysis; out of these, twenty four
samples were further analyzed for strontium isotopes; eighteen
organic mud samples were subjected to 14C dating. Analytical
methods and detailed results were reported by .
(2003) and are summarized in figure 2.

Meso and microscale approaches relied on the study of three
gravity cores collected in the lagoonal central basin. At
sampling site 8 two replicates have been taken in May, 1998
(LSA8a and LSA8b, 57 and 81cm long, respectively) and the
third core was obtained at sampling site 11 in February of 2003
(LSA11, 92cm long) (Figure 1B). Compaction during sampling
was considered negligible in all cases.

Core LSA8a has been sub sampled at each 1cm for
sedimentological analysis performed at the University of
Lisbon (Portugal). Texture has been studied using a Fritsch laser
particle analyzer following wet sieving of sand sized particles.
Organic matter (O.M) content was determined using about 1g of
dried sediment through oxidation with potassium-dichromate

followed by titration using iron-sulphate (Standard E-201,
LNEC, 1967). The carbonate content (bioclasts) was
determined by weight difference before and after digestion with
diluted hydrochloric acid.

Core LSA8b has been sub sampled at each 1cm for
geochymical analysis using plastic spatula to avoid metal
contamination. Each whole sample was digested in a Teflon
bomb following the procedure of RANTALA and LORING
(1977) and used to determine the total content of Si,Al, Ca, Mg,
Fe, Mn, Zn, Cu, Ni, Pb and Cd by Atomic Absorption
Spectrophotometry at IPIMAR (Lisbon, Portugal).
Geochemical standard materials AGV-1, G2, GSP, MESS and
BCSS were used.

Core LSA11 was X-radiographed before being sliced: the
upper 30cm was sub sampled in 2.5cm slices and three more
samples were analyzed further down. The natural excess Pb
and artificial radionuclide Cs were determined at Bordeaux
University (France) by gamma spectrometry and used as
chronometric tracers to estimate sedimentation rates.

An independent estimate of the present-day sedimentation
rates in the lagoonal space was accomplished throughout the
empirical methods of (1960), and

(1958) and (1994), based upon climatic
and orographic indexes.

Elements analyzed in the sediments of core LSA, have been
grouped according to their significance. The geochemical
signature of texture and composition relied essentially upon
downcore variation of Si, Al, Ca, Sr and Mg; provenance was
investigated using large-ion lithophile elements (K, Rb, Th),
rare earth elements (REE) and Sr/ Sr isotopic ratios; Cl, Br, I,
and S were selected as proxies of paleosalinity

METHODS

RESULTS AND DISCUSSION

MacroscaleApproach
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Figure 1 A- Location of the study area in Portugal and Tróia-Sines coast. B Geomorphological sketch of the SantoAndré region with the
positioning of cores LSA, LSA8a, LSA8b and LSA11 ( ).�
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1999); finally P, As, Sb and U have been chosen as productivity
indicators.

Four lithostratigraphical units (Unit I, II, III and IV) have
been identified and characterized ., 2003), which
accumulated since the Lateglacial in a coastal basin (Figure 2).
In general, the downcore geochemical variations show distinct
breaks which correspond with the boundaries of the different
Units or Sub-units.

Downcore changes in Si, Ca and Sr (normalized relatively to
Al) primarily reflect variations in relative proportions of sand
and carbonate contents (Figure 2). Lower values of the Si/Al
ratio are observed in Unit II that also shows the highest
homogeneity, in contrast with the adjacent Units. These results
mirror the abundance vertical profile of detritals > 63 m

., 2003). The Ca/Al and Sr/Al ratios follow each
other and the peaks are related to shell-rich laminae,
concentrated in Sub-units IC and IIB (Figure 2). Bioclasts are
essentially associated to organic muddy sediments that
accumulated under the influence of brackish to marine
conditions.

REE concentrations have been normalized to the shale
composition ., 1968). According to
and (1988), increased terrigenous input translates
into light REE (LREE) enrichment relative to shales. Our data
show relatively homogeneous and unfractionated shale-
normalized patterns throughout Unit II (Figure 2), suggesting a
depositional period when source and dispersion controls on
sedimentation remained unchanged through time; this is in
contrast with adjacent units which show variable REE,
indicating source heterogeneities for sediment inputs in the
SantoAndré lagoon; moreover, the relative proportion of LREE
is low in Unit II and Sub-unit IIIB denoting a marine signal and
increase in Sub-units IA,B and IIIA suggesting higher
contribution of continental sources (reaching a maximum in

Sub-unit IIIa). The afore-mentioned REE patterns are
congruent with the behaviour of K, Rb and Th which also show
internal consistency.

Vertical variation of Sr ( Sr/ Sr) isotopic composition
(Figure 2) provides important information on temporal
fluctuation of source materials (e.g., ., 1996;

., 1999). Higher Sr/ Sr values predominantly
reflect derivation from long-term Rb/Sr-enriched terrestrial
sources.

Sub-units IC, IIB and IIIB show lower values of this ratio
(the lowest Sr/ Sr < 0.715 characterizing IC and IIB)
reflecting the influence of less radiogenic material and
consequently increased marine signature; in contrast, Sub-units
IA, IB, IIIAand IV display higher values, that exceed 0.73 in IB
and IIIA, suggesting important terrestrial contributions.

Cl, Br, I and S display concentration profiles (Figure 2) with
lower values throughout Sub-units IA, IB and Units III and IV
and higher values in Sub-units IC to IIB. High Mg/Al values in
Sub-units IC to IIB are consistent with higher values of marine-
borne elements.

Enrichment of geochemical indicators of productivity is
found in Sub-units IIA,B, IIIB and in some layers of Unit IC
(Figure 2) which is consistent with a concomitant enhanced
production of organic matter ., 2003). The
congruent behaviour of all indicators strongly suggests that the
SantoAndré lagoon has developed an optimum environment for
biological activity at these times.

All geochemical data agree with paleoecological results
obtained by (2003) in what concerns the
paleoenvironmental reconstruction of the Santo André area
since the Lateglacial described in (2003).

The pre-Holocene section of core LSA (Sub-units IA,B)
represents terrestrial sedimentation resulting from intensive
watershead weathering in a fluviatile environment,
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Figure 2. Vertical profiles of selected elemental ratios, metals and Sr/ Sr related to texture, composition, provenance and paleosalinity.
Subscript indicates shale normalized values (adapted from ., 2003).
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contemporaneous of a low sea level and a distal shoreline.
During the Early Holocene (circa 10020 to 5380 BP Sub-unit
IC) the sea drowned this lowland and defined an open marine
and shallow gulf which has been disturbed by discrete terrestrial
inputs. Circa 5380 BP a major environmental threshold is
recorded by the establishment of an efficient detrital barrier that
completely isolated the gulf and changed this area to a closed
coastal lagoon. After 5380 BP the lagoonal environment
evolved essentially as a function of local forcing factors among
which the frequency and efficiency of exchanges with the ocean
were the more important. Until circa 3570 BP (Sub-Unit IIA)
the lagoonal environment was quite restricted, dominated by
fresh water inputs and terrestrial sediments added by a
significant production of organic matter. A second episode of
lagoonal sedimentation (Sub-unit IIB) lasts until circa 1620 BP
reflecting brackish conditions and increased marine influence
due to a decrease of the efficiency of the barrier. The upper Units
III and IV represent final stages of filling of the lagoonal margin
by fluvial activity including the progradation of the alluvial
fans. Human intervention in the breaching of this barrier is a
plausible cause of the short-lived return to brackish conditions
recorded at Sub-unit IIIB which later fade away due to the inner
location of the coring site that allowed fluvial facies to take
over.

The high resolution analysis of cores LSA8a,b indicates
homogeneity in what respects texture (Figure 3A,B) and that
sediment is essentially dominated by mud (sandy-clayey-silt).
No evidence of erosions surfaces where found. The bottom and
top sections are comparatively enriched in bioclasts, although
the whole column displays high values (>20%) of Ca carbonate
(Figure 3A,B). The downcore variation in OM content follows
two distinct patterns: a linear decreasing trend between 11 and
5% in the top 20cm is followed by a uniform distribution around
5% further down.

Figure 3B illustrates the vertical concentration profiles of
selected elements in comparison with the correspondent
average content in each Sub-unit of core LSA. This
methodology represents an improvement relative to the use of a
global shale standard and 1981) due to
its pre-civilizational and local character. In this case study a
variety of fossil environments ranging from fluviatile to open
marine were made available.

The Si content is monotonous along the whole core and its
average concentrations are similar to the lagoonal Unit II of
core LSA. The bottom and top sections are depleted in Al, a
reflection of the already mentioned increase in OM and bioclast
contents (translated in the Ca profile, which behaves opposite to
Al). Mg seems to increase upcore and the interpretation of the
variation profile is not immediate. Lower values of Mn in the
uppermost 20cm may be related to temporary anoxia and
reducing environment promoted by the abundance of OM. In
these conditions vertical diffusion and loss of Mn from
sediment to overlying water is promoted and

1981; , 1995) and Fe sulfide may
precipitate this is a feasible explanation for the presence of
conspicuous concentrations in pyritized Foraminifera tests
observed in the fossil lagoonal record (Unit II) of the Santo
André lagoon , 2003). In general, the average
concentrations of Al, Ca, Mg, Fe and Mn are in agreement with
composition of fossil lagoonal sediments (Figure 3B).Vertical
variation of heavy metals of core LSA8b is illustrated in figure
3B. Higher concentrations of Pb, Zn and Cd are found in the top
layer, associated with maximum abundance of OM, in contrast

with the remaining column, where the contents in these metals
are lower. This trend suggests that the low concentrations
correspond to natural background levels and that the superficial
increase results from additions induced by anthropogenic
activity. The plot of the accumulated concentration values in
Gumbel scale defines two populations that follow log-normal
distributions with different slopes. The boundary between
natural/contaminated sections has been determined at this slope
break for each metal 2001; ., 2002b).An
integrated analysis of the results indicates that 20cm is as a
reasonable depth for the beginning of contamination. If we
assume that pollution resulting from both industrial
development in this area and widespread combustion of
gasoline became significant after 1960, an average
sedimentation rate of 5mmyear can be derived.

Cu seems to remain constant throughout the column and its
content is below both the average shale and the lagoonal facies
of local fossil environments. Ni shows a behavior similar to Al
suggesting affinity of this metal with alumino-silicates and
relative depletion in organic-rich sediment; its content is clearly
below the average shale and matches the local fossil lagoonal
facies.

Enrichment factors for Pb, Zn and Cd (taken as the ratio
between average concentrations in contaminated and natural
sections - Table 1) are relatively low not exceeding 1.5; Pb and
Cd show maximum values of this factor. Whereas the
background concentrations of both elements match or remain
below the average shale and are similar to local fossil lagoonal
environment, the contaminated sediment exceeds both
standards. Despite its low enrichment factor, Zn is persistently
above these standards throughout the core and exceeds
concentrations reported elsewhere as reference-values and
remediation threshold in soils 2001; .,
2002b). This result suggests a situation of natural
environmental pollution with source in the drainage basin and
related with the outcropping geology. The large departure from
the local fossil reference observed in present-day sediments
may relate with changes in climatic-induced weathering in the
watershed and changing rates of entrainment of this metal from
bed rock.

X-ray data and water content from core LSA11 indicate
strong mineralogical and textural similarity with cores
LSA8a,b: dominance of muddy sediment, enrichment in shell
towards the base and the upper 30cm showing oversaturation in
water.

Pb and Cs radionuclides analytical results for core LSA11
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Table 1. Concentration of selected metals in core LSA8b.

Metal Pb Zn Cd
[Background] - ppm 28 153 0.14

[Contaminated section] - ppm 41 167 0.19
Enrichment factor 1.5 1.1 1.4

Table 2. Values of excess Pb and Cs (Bq kg ) radionuclides
in core LSA11.

210 137 -1

Sample Depth (cm) Pb Standard Cs Standard
deviation

210 137

deviation

0-2.5 1.25 86 20 32.4 4
2.5-5 3.75 69 12 29.5 3
5-7.5 6.25 40 9 45.3 3

7.5-10 8.75 38 9 30.9 2
10-12.5 11.25 23 6 28.9 2
12.5-15 13.75 23 6 15.4 1
15-17,5 16.25 15 9 6.4 2
17.5-20 18.75 13 8 5 2
20-22.5 21.25 4 9 5 2
22.5-25 23.75 10 7 0
25-27.5 26.25 2 8 0
27.5-30 28.75 1 6 0
34-36.5 35.25 15 6 0
44-46.5 45.25 7 6 0
5-56.5 55.25 7 6 0

Geochemistry of Lagoonal Environments 1719
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Figure 3. A Texture and composition in core LSA8a. B Vertical profiles of major elements and heavy metal concentration in core LSA8b.

Grey triangle - value of average shale; dashed lines - standards inferred from fossil sediments. C X-ray image and plot of excess Pb and

Ce activity (Bq kg ) with depth in core LSA11.
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are shown in figure 3C and Table 2. The plot of Pb with depth
follows a linear trend down to 20cm and no signs of disturbance
induced by near surface sediment mixing have been found. The
linear regression of the data indicates a sedimentation rate of 2.8
mmyear , slightly less than the one derived from anthropogenic
influence.

The first appearance of Ce (Figure 3C) in the lagoonal
sediments has been detected at 20-22.5cm depth and assumed to
represent the earliest release of this radionuclide in the Northern
Hemisphere, in 1954 , 1978, in .,
2000); the second Ce peak is present at 5-7.5cm depth and was
considered to reflect the Chernobyl event in 1986. The derived
sedimentation rates range between 3.6 and 4.3mmyear , figures
that are within the interval given by the above-mentioned
methods. (2003) reported average accumulation
rates of circa 2mmyear in fossil lagoonal deposits (Unit II of
LSA), based upon interpolation of C dates. Considering the
variety of methodologies sustaining the estimation of integrated
rates of sedimentation, the set of results (2 to 5mmyear ) is
fairly consistent, with the pre-civilizational figures defining the
lower boundary of the range and anthropogenic influence
apparently translating into increasing sediment delivery to the
basin. Indeed, the use of empirical methods of soil loss
prediction corrected for the sediment delivery ratio, indicate a
present sedimentation rate ranging between 5 and 12mmyear ,
assuming full retention of the of the solid load within the basin.

Results presented in this paper highlight the merit of
geochemistry as a proxy in multidisciplinary and multi-
timescaled approaches to transitional environments such as
barred estuaries and lagoons.

Sediments deposited during the last 14000 years the Santo
André area record a variety of environmental changes and
constitute a complete sedimentary cycle which includes a
transgressive phase followed by a regressive one, both in
association to positive eustatism. The transgressive sequence is
recorded until circa 5000 BP when the establishment of a
detrital barrier due to the contemporaneous deceleration of sea-
level rise rate defined a barrier environment. The suite of
physic-chemical characteristics defined in this lowland is well
expressed in sediment composition, texture and
paleoecological contents, and is congruent with the
geochemical signatures of provenance/dispersion, marine/fresh
water influence and productivity. The geochemical imprint
characterizing each different facies (from fluvial to marine) has
been used as a local standard and compared with recent
lagoonal bottom sediments.

The meso to microscale geochemical studies provided
chronometric tools and a measure of environmental changes
determined by natural processes and man-induced
perturbations. Signals of possible early digenetic
remobilization have been found in association with increased
proportion of settled OM in near-bottom anoxic and reducing
conditions. Present-day sediments are contaminated by
anthropogenic-sourced Pb and Cd, the former showing a
negative trend in the topmost 3cm that might be a signal of the
wide spreading use of unleaded gasoline. The Santo André area
is naturally polluted by Zn since at least the last 200 years and
yet the Late Holocene lagoonal fossil equivalents miss an
identical signal, maybe due to contrasting climatic and
weathering controls ruling out mobilization of this metal in the
watershed. The concentration in Zn exceeds the reference
values indicated in legislation of several E.U. countries and may
constitute the most relevant environmental concern in the Santo
André lagoon.

The inferred sedimentation rates range from 2 to 12 mmy ,
the lower end of this interval corresponding to natural
conditions and the higher values indicating important
anthropogenic influence. Projection into the future of the

present-day processes in terms of intensity, leads to a life
expectancy for this lagoon that may be as short as the next 2
centuries.

This paper is a contribution to the Research Project
PDCTM/P/MAR/15231/1999-FCT/FEDER of the Portuguese
Foundation for Science and Technology (FCT). The authors
thank Teixeira Duarte, Lda for the excellent coring
performance, M. Caetano (IPIMAR), B. Ribeiro and J. Ferreira
for assistance during fieldwork.
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