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Abstract

A multiproxy study of the sedimentary record carried out on gravity core CGPL00-1 retrieved from the outer Galician

continental shelf (NW of Spain) has allowed us to establish the main climate fluctuations affecting the region during the Upper

Holocene. Grain size, TOC, C/N ratio, biogenic opal and planktonic foraminifera are the main analysed parameters. Lithology

and grain size distribution lead to identify two sedimentary sequences: a lower half mainly composed by glauconitic sand and a

muddy upper half. A chronology has been established based on three AMS radiocarbon ages, 907 cal. BC, 898 cal. BC and

1399 AD, and the aforementioned sedimentary sequences. The obtained radiocarbon ages are the first dated sediment samples

for the Galician continental shelf. Geochemical markers show different trends in both sequences: low and/or fluctuating values

in the sandy sequence and high and relatively constant values in the upper muddy sequence. The whole sandy interval is

interpreted to be a nearly instantaneous deposit from a distal storm ebb current. The muddy interval was deposited in a stable

and low-energy marine environment, similar to that found on the present outer shelf. The shift from a storm-dominated shelf to

a low-energy environment took place synchronous with the Subboreal/Subatlantic transition, when an increase in storminess

appears related to climatic instability. Transitional planktonic foraminiferal assemblage dominates the whole record, although a

change to more abundant cold water species at 1420 AD, may relate to an intense upwelling pulse, probably reinforced by

colder atmospheric temperatures during the Little Ice Age (LIA). Despite the presence of an upwelling regime since 1420 AD,

lesser amount of opal has accumulated in the outer shelf due to enhanced offshore transport and stronger remineralization.
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1. Introduction

Understanding factors affecting climate change in

the Holocene is of considerable importance: the topic

being the subject of much current research and debate

in relation to future climate change. Several climatic

oscillations have characterized the last 3000 years.

The most important has been identified at the

Subboreal/Subatlantic transition, at around 850 cal.

BC (van Geel et al., 1996), characterized by a shift

from a relatively warm climate to cool and wet

conditions in mid-latitudes (Kilian et al., 1995; van

Geel et al., 1999). The first warm period in the last

3000 years coincides with the Roman Warm Period

peaking at 100 AD (Bianchi and McCave, 1999) with

a return to cold conditions after the fifth century in the

Dark Ages (Lamb, 1995). In the last millennium, the

best identified climatic fluctuations are the Medieval

Warm Period (MWP), 900–1250 AD (Lamb, 1995),

and the Little Ice Age (LIA), 1350–1800 AD (Stuiver

et al., 1995).
Fig. 1. Location of the study area (Galician Rı́as Baixas, NW Iberian Pen

CGPL00-1. Depth contours in meters. (b) Schematic coarse view of ENA

ENAWt, in the North Atlantic Ocean (simplified from Rı́os et al., 1992).
These climatic oscillations have been registered by

several authors in a large variety of records, for

example in Greenland ice cores (Meese et al., 1994;

O’Brien et al., 1995; Kreutz et al., 1997; Dahl-Jensen

et al., 1998), North Atlantic deep sea cores (Keigwin,

1996; Bond et al., 1997; Bianchi and McCave, 1999),

subtropical deep sea cores (deMenocal et al., 2000),

lake sediments (Campbell et al., 1998), peat bogs

(Barber et al., 2000) and tree rings (Edwards et al.,

2000). However, paleoclimate records from shallow

marine areas are very scarce. Records from such areas

provide decisive information connecting continental

with deep sea records. High sedimentation rates in

these areas allow for detailed reconstructions in terms

of temporal resolution, but the establishment of an

accurate chronology in these environments is difficult

thus hindering correct interpretation of the sedimen-

tary record.

The present study is based on material from a 96

cm gravity core (CGPL00-1) retrieved from the

outer Galician continental shelf (NW of Spain,
insula): (a) Western Galician continental shelf and location of core

W distribution, including the regions of formation of ENAWp and
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4285V15.115WN, 983V46.380WW, 130.8 m water

depth, Fig. 1a). Grain size, organic carbon, organic

carbon/total nitrogen ratio, biogenic opal and plank-

tonic foraminifera are the main parameters constitut-

ing this multiproxy study. The aim of the present

work is to integrate these geochemical and micro-

paleontological proxies in order to reconstruct

environmental factors (water dynamics, storminess,

water column productivity, etc.) and their evolution

during the last 3000 years in the western Galician

outer continental shelf.
2. Regional setting

The study area (Fig. 1a) extends between 41853V
and 42853V latitude N and 8835Vand 9832V longitude
W, and represents a climatic province in mid-latitude

region, strongly influenced by the position of the polar

front. The oceanography of the western Galician coast

is affected by wind-driven upwelling that is common

along the eastern boundary of the North Atlantic

between 108N and 448N (Wooster et al., 1976). The

seasonal evolution of the Iberian upwelling is closely

related to the large-scale climatology of the North-

eastern Atlantic. During summer, when the Azores

high-pressure cell is located in the central Atlantic and

the Greenland low has diminished in intensity, the

resulting pressure gradient forces air southward along

the Iberian coast and induces upwelling. In contrast, in

winter, the Azores high-pressure cell is located off the

northwestern African coast and a deep low is located

off the southeastern coast of Greenland. The pressure

gradient between the two pressure systems results in

an onshore wind and the appearance of a surface

poleward flow (Haynes et al., 1993; Frouin et al.,

1990).

Fraga (1981) described the presence of a quasi-

permanent upwelling off the Galician coast from

April to August that may persist until October.

Nutrient input from this seasonal upwelling (Prego

et al., 1999) is the main factor governing high

productivity in this area (Fraga, 1981; Blanton et

al., 1984; Prego and Bao, 1997). The upwelled

seawater is the Eastern North Atlantic Central Water

(ENACW) defined by Fiúza (1984), which has two

different origins, named by Rı́os et al. (1992) as

Subpolar Eastern North Atlantic Water (ENAWp) and
Subtropical Eastern North Atlantic Water (ENAWt).

Both water masses could affect the Galician shelf

according to the scheme shown in Fig. 1b where the

limit of influence between them has been identified to

the north of Cape Finisterre (Prego and Varela, 1998).

The natural eutrofication of the western Galician

waters by upwelling events is recorded in the shelf

surface sediments by high values of opal content and

Chaetoceros resting spores (Prego and Bao, 1997;

Bao et al., 1997).

Sedimentary cover in the study region consists of

thin (ranging from 2 to 6 m thick) sandy and muddy

Quaternary sediments (Rey, 1993) in a wedge-shaped

layer thinning to the outer shelf. There are no previous

data concerning the sedimentary characteristics and

internal chronology of this unit.
3. Materials and methods

The gravity core used in this work was recovered

on board the B/O Mytilus during a cruise in May

2000. The core was sealed just after collection and

kept in storage at 4 8C until analyses were performed

in the laboratory. The core was split longitudinally in

two sections and 1 cm thick slices were removed for

radiographical analyses with a Cabinet X-ray System

(Faxitron Series, Hewlett-Packard). After splitting, the

core was visually described and sampled. One section

was used for sedimentological analyses and the other

employed for micropaleontological analyses and

determination of opal content.

Correlative subsamples of 2 cm thickness were

taken for grain size analyses. After removing the

organic matter with H2O2, the coarse fraction was wet

sieved and separated from the fine fraction with a 63-

Am mesh sieve. The N63-Am residue was dry sieved

through 2-, 1-, 0.5-, 0.250-, 0.125- and 0.063-mm

sieves and weighed. Mud content was determined

following the method outlined by McManus (1991).

X-ray nephelometry (Micromeritics, Sedigraph 5100)

was used to separate silt and clay.

Evaluation of total carbon (TC), total nitrogen

(TN) and total inorganic carbon (TIC) content were

performed with a Leco CC-100 CN 2000. Total

organic carbon (TOC) was estimated by subtracting

the inorganic carbon to the total carbon. Calcium

carbonate content (CaCO3) was calculated by multi-
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plying the TIC by a constant factor of 8.33. Addi-

tionally, the TOC/TN ratio (hereafter C/N ratio) was

calculated.

The remaining half of the core was sampled every

centimetre for high resolution counts of planktonic

foraminifera and measurements of opal content.

Opal in the sediments was extracted following the

rapid wet alkaline solution procedure outlined by

Mortlock and Fröelich (1989). Silica was extracted

into 2M Na2CO3 solution at 85 8C for 5 h. The

resulting extract was measured for the dissolved

silicate concentration according to Hansen and Grash-

off (1983). Finally, the percentage of opal in dry

sediment is obtained following the expression:

%opal ¼ Cm � C0ð Þ � 100

P
� K

where Cm is the dissolved silicate concentration of the

sample in AM, C0 is the dissolved concentration of the

blank in AM, P is the dry sediment weight in Ag and K
(2.7 l g mol�1) is a constant value comprising the

digestion volume (l), the molecular mass of Si (g

mol�1) and a correction factor that depends on the

opal water content. Measurements of opal content

were carried out on bulk sediment and b63-Am
fraction. The analytical deviation of the method was

determined analysing two or more replicates of each

sample, striving for a deviation below F0.2%.

Samples for micropaleontological analyses were

oven dried at 60 8C, weighed, disaggregated with 10

ml of sodium hexametaphosphate solution and

washed over 63- and 125-Am mesh sieves. Samples

were again dried and weighed. Counts on planktonic

foraminifera fauna were conducted on samples col-

lected every 5 cm, although samples were taken every

1 cm at several critical intervals to improve the

resolution. The N125-Am fraction was split until an

appropriate quantity of foraminifera was obtained for

counting. More than 300 specimens from each sample

were handpicked and identified under a stereoscopic

binocular microscope following Kennett and Sriniva-

san (1983). With these data, relative and absolute

abundances were calculated. Relative abundance is

expressed as the percentage of each species in relation

to the total specimens counted. The absolute abun-

dance is the number of planktonic foraminifera per

gram of dry sediment. The total number of benthic

foraminifera in each sample was also counted to
determine the planktonic/benthic foraminiferal ratio

(PF/BF).
4. Results

4.1. Core description

Gravity core CGPL00-1 presents two well-differ-

entiated sections (Fig. 2a). An intense bioturbation

was observed throughout the core, especially in some

critical intervals around 80 and 70 cm. The lower half

consists mainly of sand overlaying a basal 2 cm

interval of bioclastic gravel. Internal laminations were

observed in this sandy interval, although sometimes

obscured by bioturbation. The lamination is clearly

visible on X-ray radiographies from 91 to 79 cm.

Glauconite mean percentage in the sandy interval

reaches 9%. Interlayered within this trend there are

zones with a relatively higher percentage of mud,

described as sandy mud. A drastic change in sediment

composition was observed at 55 cm. This shift is

characterised by a short interval of muddy sand

followed by green mud deposits to the top of the

core. Glauconite content at this muddy interval

decreases upward falling to 3% as a mean value.

4.2. Grain size distribution

Grain size along the whole core presents a general

decreasing trend from the bottom to the top. Gravel

fraction is relatively abundant (9%) at the core bottom

and negligible along the rest of the core (Fig. 2b). The

most abundant sand fractions are fine and very fine

sand (Fig. 2c,d), whereas coarse and medium sand are

relatively scarce (b3%). The total sand abundance

decreases progressively from 85%, at the core bottom,

to 20% at the middle part of the core. From this level

to the top of the core the sand content is almost

constant, although a subtle increase can be seen in the

uppermost 15 cm. The finest fractions show an

inverse distribution illustrating, in general terms, a

progressive enrichment from bottom to top. This trend

is clearly exhibited by the medium and fine silt

fractions (Fig. 2f ). The percentage of very coarse and

coarse silt fractions is irregular (Fig. 2e), punctuated

by fluctuations ranging from 5% to 38%, although an

upwards increasing trend may be inferred. The clay



Fig. 2. Sedimentological features of core CGPL00-1: (a) Lithology and sedimentary structures. (b) Percentage of coarse and medium sand. (c)

Percentage of fine sand. (d) Percentage of very fine sand. (e) Percentage of very coarse and coarse silt. (f) Percentage of medium and fine silt. (g)

Percentage of clay.
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fraction distribution (Fig. 2g) is clearly opposite to

those of very coarse and coarse silt, registering the

highest values (25–50%) from 40 to 10 cm.

To summarise, the complete section represents a

fining upwards sequence embracing two smaller

sequences: the decreasing grain size from bioclastic

gravel to silty clay sediments (96–30 cm) constitutes a

finning upwards sequence overlaid by a coarsening

upwards sequence marked by the decrease of clay

abundance, an increase of medium and fine silt, and a

weak increment of sand fractions (30–0 cm).

4.3. Age model

The chronological framework of core CGPL00-1

is based on four accelerator mass spectrometry

(AMS)-14C ages. AMS analyses were performed at

Geochron Laboratories (Cambridge, MA, USA).

Dated levels are located at 26–28, 60–61, 70–71 and

95–96 cm. The latter is situated at the core bottom and

the 14C analysis was performed on a shell of

Acanthocardia cf. aculeata (Linné, 1758). The
remaining three samples were performed on plank-

tonic foraminiferal tests. A monospecific sample of

Globigerina bulloides was taken at 70–71 cm. Due to

the impossibility of recovering only one species to

carry out the analysis from the other two levels, a

mixed Neogloboquadrina pachyderma (right-coiling)

and G. bulloides sample was handpicked at 60–61 cm.

The same problem arises at 26–28 cm, recovering a

collection of mixed foraminifera.

Raw radiocarbon ages were calibrated using the

Calib 4.3 program (Stuiver et al., 1998a,b). The global

marine reservoir correction was applied. The resulting

calibrated BP ages were converted into calendar years

AD/BC (Table 1).

Soares (1993) suggests a change in hydrographic

dynamics along the Portuguese coast between 1300

and 1100 BP that caused a significant increase in

coastal upwelling off Portugal, reaching present

intensities after 1100 BP. Due to this, Soares proposed

that for these or younger ages, a local reservoir effect

correction must be taken into account due to 14C

content impoverishment in upwelled waters. The



Fig. 3. Age model. Dashed line represents the age model considered

in this work. Open circles represent interpolated ages from

sedimentation rate estimation. Solid line represents the theoretica

age model assuming linear sedimentation rates between 14C dated

levels (black circles). Arrows indicate the position of the radiocarbon

dated samples. The dated bivalve shell from the core bottom is no

included in the age model. 14C ages have been calibrated using Calib

4.3 program (Stuiver et al., 1998a,b). A local reservoir effect of

280F35 radiocarbon years was applied for the uppermost. On the

right, a simplified stratigraphic column is shown. Sedimentation rates

for each interval, expressed in mm year�1, are indicated on the plot

Table 1

Radiocarbon dates and calibrated ages from core CGPL00-1 (Geochron Laboratories)

Depth (cm) Lab. number Sample type Measured

radiocarbon

age

Calibrated

age BP

Age range

(1j)
Calendar age

(AD/BC)

26–28 GX-28823-AMS Mixed planktonic foraminiferal tests 1260F40 551 621–521 1399 AD

60–61 GX-28824-AMS N. pachyderma (right-coiling)

and G. bulloides

3090F40 2847 2894–2788 898 BC

70–71 GX-28627-AMS G. bulloides 3100F40 2856 2915–2807 907 BC

95–96 GX-26928 Bivalve shell (A. cf. aculeata) 10,150F270 10,982 11,372–10,593 9033 BC

The age estimations were derived from the intercepts of the radiocarbon age plus and minus one time the total standard deviation of the age with

the linear interpolation of the marine calibration data set. A local reservoir effect of 280F35 radiocarbon years was applied for the uppermost

dated sample.
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estimated local reservoir effect on the northern

Portuguese coast is DR=280F35 years (Reimer,

2001). An upwelling intensification around 1000

AD in the Galician Rı́as Baixas, close to the core

location, has also been described by Diz et al. (2002).

Therefore, we applied the aforementioned reservoir

effect to sample from 26 to 28 cm since the

radiocarbon age falls within the age range given by

Soares (1993), and represents the closest value to core

location (250 km).

There are two alternative interpretations for the

large difference between the 10,982 years BP bivalve

shell age at 95–96 cm and the 2856 years BP

foraminiferal shells age obtained at 70–71 cm: (1)

The bivalve shell from the core bottom is in situ. Well-

preserved delicate morphological elements and

absence of surface abrasion signals support this

option. If this statement is correct, a stratigraphic

discontinuity should be inferred at the top of the

bioclastic gravel interval. However, visual observa-

tions of the sediment and X-ray radiographies do not

confirm the existence of this sedimentary disconti-

nuity. (2) The shell is reworked and the age does not

correspond to the age of the sediment in which it is

found. The presence in this core of only one valve and

the fact that this species has been reported in the

region from relatively shallow muddy sand bottoms

(Rolán-Mosquera et al., 1989) leads us to consider

this second possibility as the most realistic. In this

scenario, the bioclastic gravel interval and the over-

lying glauconitic sand would have been deposited in

continuity. The age model has been elaborated

considering this hypothesis and the described sedi-

mentary sequences, applying linear sedimentation
rates between foraminiferal dated samples and the

limits of sequences.

The age model for core CGPL00-1 is depicted in

Fig. 3. Ages for 60 and 70 cm levels overlap in the 1j
age range, thus the whole sandy interval was deposited

rapidly. Considering the ages corresponding to the

central point of the 1j age range, the sedimentation
l

t

.
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rate between 70 and 60 cm is 11 mm year�1.

Following the previous discussion, this sedimentation

rate has then been applied to the whole glauconitic

sand and muddy sand intervals (94–47 cm). According

to this logic, the interpolated age at the bottom of the

muddy interval is 2835 years BP.

The uppermost dated level is located within the

muddy interval. From this level to the core top the

sedimentation rate is 0.48 mm year�1. This value

was also applied down to 30 cm, where the limit of

sedimentary sequences was identified, giving an age

for this level of 634 years BP and a sedimentation

rate of 0.08 mm year�1 for the interval from 47 to

30 cm.

4.4. Carbon, nitrogen and opal distribution

Total carbon distribution is clearly related to

sediment grain size. High TC values (2–2.5%) are

recorded at the core bottom and through the upper

muddy interval, whereas low values (1.5%) are

found in the sandy interval (Fig. 4a). The basal

maximum can be explained by the accumulation of

mollusc fragments and the consequent high content

of CaCO3 (17%, Fig. 4b), whereas high values in

the upper part are related to organic carbon-rich
Fig. 4. Profiles of geochemical parameters versus depth. (a) Total carbon co

carbon content (TOC), (d) total nitrogen content (TN), (e) C/N ratio and
muddy sediments. In fact, the TOC curve shows

low values (0.6%) from the bottom to 60 cm, a

sharp increase coinciding with the muddy sand

interval and high and relatively constant values

(1.6%) in the upper half of the core (Fig. 4c).

Therefore, TOC represents half of the TC content in

the sandy sediments, although in muddy sediments

carbon mostly originates from organic sources.

Thus, in the muddy interval, calcium carbonate

percentage represents a minor source of TC,

showing a relatively stable profile with mean values

about 5% (Fig. 4b).

TN follows a similar distribution pattern to TOC.

The TN profile can be separated into two intervals,

registering values below 0.05% in the sandy

interval and higher mean values (0.12%) in the

upper half of the core. Increasing values from 60 to

50 cm roughly coincide with the muddy sand

interval (Fig. 4d).

TOC and TN values were used to calculate the

atomic C/N ratio (Fig. 4e). A relatively stable trend

was found throughout the whole core (averaging 13),

only interrupted by three peaks of 20.5, 25.4 and 16.8

at 92.5, 75 and 65 cm, respectively.

The final biogeochemical parameter analysed is

opal content in the b63-Am fraction (Fig. 4f ). Opal
ntent (TC), (b) calcium carbonate content (CaCO3), (c) total organic

(f) opal content in fraction b63-Am.



Fig. 5. (a) Abundance of planktonic (PF) and benthic (BF)

foraminifera expressed as number of individuals per gram of bulk

dry sediment. (b) Abundance of planktonic foraminifera (PF) per

gram of N125-Am dry sediment.
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presents an irregular distribution from the bottom to

60 cm, as seen for previous proxies, although an

increasing trend may be inferred through this interval.

Furthermore, relatively low opal percentages coincide

with higher values of C/N ratio. A second interval

from 60 to 25 cm characterized by stable values of

approximately 1.6% is followed by a decrease down

to 1.4% in the uppermost centimetres.

4.5. Planktonic foraminifera

Planktonic foraminifera average 28% of the total

foraminiferal fauna. The abundance of planktonic

foraminifera per gram of bulk dry sediment averages

600 PF/g in the lower half of the core, rising to a

maximum of 1000 PF/g at 80 cm. Abundance

decreases in the muddy sand interval, stabilising at

about 200 PF/g from 45 cm up to the top of the

core. Abundance of benthic foraminifera follows the

same pattern, although registering higher values than

those of planktonic foraminifera in all samples.

Abundances up to 1700 BF/g are reached in the

lower half of the core (Fig. 5a). However, if the

planktonic foraminiferal abundance is expressed as

number of individuals per gram of the N125-Am
fraction, a different pattern is observed. In this case,

PF/g N125-Am values are relatively low from the

bottom to 30 cm, where a sharp increase up to 6300

PF/g was recorded (Fig. 5b). This fact reveals

strong planktonic foraminiferal dilution by quartz

and glauconite grains in the lower sequence,

whereas the medium sand fraction from the upper

sequence is mainly constituted by foraminifera.

Twenty three species of planktonic foraminifera are

represented in the core. However, four species

dominate the assemblages, making up 90% of the

total planktonic foraminifera. These taxa include N.

eogloboquadrina pachyderma (Ehrenberg), G. lobi-

gerina bulloides d’Orbigny, Globigerinita glutinata

(Egger) and Globorotalia inflata d’Orbigny.

N. pachyderma (right-coiling) is the most abundant

species throughout the whole record. Its mean

abundance is 44%, although relatively low percen-

tages are registered at different levels 95, 70, 60 and

45 cm (38%, 39%, 39% and 38%, respectively, Fig.

6a). G. bulloides is the second most common species,

showing percentages close to the mean value (22%),

except for the level located at 25 cm where it reaches
maximum abundance (40%) (Fig. 6b). G. glutinata is

more frequent in the sandy interval (averaging 20%)

than in the muddy sediments (averaging 12%), where

it registers a minimum value (5%) coinciding with the

maximum of G. bulloides (Fig. 6c). Mean values of

G. inflata (9%) are noticeably lower than the previous

three species (Fig. 6d).

N. pachyderma (left-coiling), Globigerina quin-

queloba Natland, Globigerinoides ruber (d’Orbigny)

and Globorotalia truncatulinoides (d’Orbigny) are

also registered throughout the whole record, although

their mean concentrations range between 1% and 2%.

Some other species found in the whole core but never

reaching concentrations higher than 1% include:

Globigerinella aequilateralis (Brady), Globigeri-

noides sacculifer (Brady), Globigerinella calida

(Parker), Orbulina universa d’Orbigny and Globiger-

ina falconensis Blow. Sporadically, Globigerina

rubescens Hofker, Globorotalia crassaformis (Gallo-

way and Wissler), Globorotalia scitula (Brady),



Fig. 6. Percentage versus depth of the most abundant planktonic foraminiferal species. (a) N. pachyderma (right-coiling), (b) G. bulloides, (c) G.

glutinata and (d) G. inflata.
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Globorotalia hirsuta (d’Orbigny), Globorotalia

anfracta Parker, Globorotalia ungulata Bermudez,

Globigerinoides tenellus Parker, Turborotalia humilis

(Brady), Pulleniatina obliquiloculata (Parker and

Jones) and Globigerinita uvula (Ehrenberg) are also

recorded.
5. Discussion

Sharp lithological contrasts recorded in the core

and the trends of most measured variables (TC, TOC,

TN, opal and foraminiferal abundance) indicate the

existence of two distinct intervals with different

environmental conditions in the study region during

the last 3000 years. Throughout the sandy interval low

TC, TN and opal levels are recorded, whereas in the

muddy interval high values of these parameters occur

from about 2800 cal. BP to present.

The age model previously discussed indicates that

the sand recorded in the lower half of the core may

have been deposited rapidly, and in this sense certain

intervals can be considered as near-instantaneous

deposits. In order to deposit sand layers on a

highstand outer continental shelf, high energy pro-
cesses must be invoked. In particular, we consider

these sediments to include a significant component of

storm sedimentation. This assumption is supported by

the following sedimentological, micropaleontological

and biogeochemical features of the deposit.

The basal core comprising sandy bioclastic gravel

(Fig. 2) can be explained as a lag deposit partially

constituted by reworked shells. Alternatively, there

may be a stratigraphic discontinuity between the

gravel and overlying sand deposits caused by rapid

Holocene Flandrian transgression with the hiatus

extending from the end of the Younger Dryas until

ca. 2850 cal. BP.

From the core bottom the percentage of sand

fraction decreases upwards and a parallel increase of

silt and clay sizes are recorded, indicating a

progressive decline of energy in the benthic boun-

dary layer. The blurred low-angle lamination

observed in this interval suggests that currents were

periodically sufficiently strong to develop bedforms

but a pervasive bioturbation masks the structures and

makes it difficult to determine likely flow character-

istics. Some intensely bioturbated intervals show a

segregation of grain sizes in X-ray radiographies

seen as irregular muddy and sandy pockets. Those
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resemble descriptions by Johnson and Baldwin

(1996) considered typical for sequences of modern

shelf storm deposits.

The mineralogy of the sand fraction clearly reveals

that this interval has been reworked. The most

frequent grains are rounded quartz, glauconite, fora-

minifera and echinoderms, bivalves and sponge

spicules remains. It is common to find many bioclasts

partially filled or completely replaced by glauconite.

In other cases, it is easy to identify glauconite as the

infilling of foraminiferal chambers, mainly planktonic

ones. Glauconite of the Galician continental shelf has

previously been studied in detail by Odin and Lamboy

(1988). These authors pointed out the inverse relation-

ship between the abundance of carbonate and that of

glauconite since the glauconitization process mostly

occurs at the expense of carbonate bioclasts. The age

of a large proportion of the glauconite obtained by

Odin and Lamboy (1988) using K–Ar radiometric

dating is between 5 and 6 Ma and thus constitutes

relict sediments related either to the late Miocene

regressive period or to the general transgression

identified on the Iberian Margin at the beginning of

Pliocene. The mineralogical composition of this sandy

sequence indicates that the sediment is a palimpsest

deposit, as pointed out by Bao et al. (1997) who

described a mixture of benthic freshwater and marine

pelagic diatoms assemblage in the western Galician

shelf.

The planktonic foraminiferal assemblages studied

in this work constitute a parauthoctonous fauna. The

most abundant species from the sand layer, N.

pachyderma (right-coiling), G. bulloides and G.

glutinata, are the same that those found in the upper

muddy interval (Fig. 6). All of them are typical

species from subpolar and transitional assemblages

inhabiting this region (Bé, 1977; Levy et al., 1995;

Cayre et al., 1999). Planktonic foraminiferal abun-

dance is two or even three times lower than the

benthic one in the sandy interval (Fig. 5a). The ratio

of planktonic foraminifera/benthic foraminifera (PF/

BF) has previously been used as a paleobathymetry

proxy (Boersma, 1998), and although the ratio can not

be considered to have a linear relationship with

bathymetry, higher abundance of benthic foraminifera

suggests that individuals have been transported from

the inner shelf. This hypothesis is supported by the

preservation of foraminiferal tests: whilst planktonic
individuals are moderate to well preserved, many

benthic microfossils are fragmented.

The reworked origin of the sand layer is also

supported by the C/N ratio (Fig. 4e). Although C/N

measurements are not unequivocal in distinguishing

degraded marine plankton from terrestrial material

(Tyson, 1995; Johnson and Grimm, 2001), this ratio

has been frequently employed as an indirect marker of

organic matter provenance (Meyers, 1992; den Dulk

et al., 1998; Cowie et al., 1999; Meyers and Doose,

1999; Bhushan et al., 2001). Meyers and Doose

(1999) suggested that algae typically have atomic C/N

values between 4 and 10, whereas vascular land plants

have C/N values of 20 and greater (Emerson and

Hedges, 1988; Meyers, 1994). In general, throughout

the whole core, C/N ratio falls into the range of 10–

16, indicating that organic matter is predominantly of

marine origin (Calvert et al., 1995) or a mixture of

carbon from various terrestrial and marine sources

(Leithold and Hope, 1999). However, three prominent

C/N peaks at 92, 75 and 65 cm coincide with low opal

contents (Fig. 4f). These peaks suggest stronger

terrestrial contribution. The chief mechanism able to

bring terrestrial organic carbon to the outer shelf are

turbid plumes issuing from extreme river discharges

(wind-driven currents and offshore winds are not

strong enough to be invoked due to the hydrographic

and climatic settings).

According to the above discussion, we interpret

our data to indicate that the predominantly sandy

facies in the lower half of the core were deposited by

periodic storm currents (Aigner and Reineck, 1982)

between fair-weather wave base and storm wave base

at ca. 2850 cal. BP. Under these conditions, high-

amplitude surface waves stirred the inner shelf sea

floor and resuspended previously deposited sediments

which were then carried to the outer shelf by low

density flows (Harms et al., 1982), allowing for the

mixing of continental and marine material. This is

consistent with other recorded storm deposits identi-

fied in the Rı́a de Pontevedra, close to the core

position (Garcı́a-Gil et al., 1999).

The sandy interval is overlain with a profusely

bioturbated muddy sand interval 10 cm thick. All

analysed markers show a pronounced shift throughout

this interval. Mixing of sand and mud is thought to

have been largely accomplished by the post-storm

activities of benthic organisms (Harms et al., 1982).
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The upper muddy interval strongly contrasts with

the underlying levels. The samples from themuddy and

sandy intervals can be easily distinguished also by their

TOC percentage and, to a lesser extent, by their CaCO3

content (Fig. 7). The muddy interval is characterised by

higher TOC and slightly lower CaCO3 contents. This

correlation of organic carbon accumulation and pres-

ervation with fine grain size deposition indicates a

substantially lower energy level (Fig. 7b).
Fig. 7. (a) Plot of C/N ratio as a function of TOC. Numbers beside

the squares indicate the position in the core (in cm). (b) Variations of

TOC with CaCO3. Solid lines represent the linear regression

between parameters. Open squares represent samples from sandy

interval. Solid circles represent samples from muddy interval.

Equations and R2 are also indicated.
The sharp sedimentary change observed at 47 cm

represents the transition from a storm-dominated shelf

to a shelf characterised by low-energy environmental

conditions. We have estimated that the change took

place between 885 and 756 cal. BC, coincident with the

age proposed by van Geel et al. (1996) for the

Subboreal/Subatlantic transition (850–760 cal. BC).

This transition is characterised by a sharp rise of

atmospheric D14C content, caused by a sudden decline

of solar activity (Kilian et al., 1995; van Geel et al.,

1999) leading to a strong shift from relatively

continental (warm and dry) to a more oceanic climate

regime (cool and wetter). The climate instability

associated with the Subboreal/Subatlantic transition

was linked to an intensification of mid-latitude storm

tracks (van Geel et al., 2001). It is possible that the sand

layer interpreted as a series of storm deposits may have

accumulated during this period, although the para-

utochthonous planktonic microfauna is as much as 140

years older than the age of the Subboreal/Subatlantic

transition.

The upper muddy interval shows a homogeneous

character. Its grain size and micropaleontological

features indicate that it was deposited mainly by

settling processes. Consequently, the analysed markers

can be used as paleoproductivity and surface water

dynamics proxies. Throughout the muddy interval,

most records clearly show a constant trend, suggesting

a relatively stable environment. TOC, TN and opal

record high values, reaching the highest percentage

along with the maximum clay content (Fig. 4c, d and

f). Opal content in sediments is an important paleo-

productivity proxy (Ragueneau et al., 2000), especially

in the study region where biogenic opal is dominated

by diatoms (Bode et al., 1994; Bao et al., 1997;

Tilstone et al., 2000). Johnson and Grimm (2001)

found a positive linear association between TOC and

opal content in marine sediments, because the growth

of diatoms involves the production of both opal and

organic carbon. A link between TOC and opal content

is found in the upper part of the studied core indicating

that productivity is enhanced at these levels. The C/N

ratio shows a very stable pattern with relatively low

values suggesting that productivity was predominantly

of marine origin (Fig. 4e).

We conclude that the whole muddy interval was

deposited in a relatively stable marine environment

where terrestrial and shallow marine influences were
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negligible. These environmental conditions are sim-

ilar to those found on the present outer shelf.

Planktonic foraminiferal assemblages close to those

inhabiting this region today also support this

interpretation. Planktonic foraminiferal species show

a latitudinal distribution pattern mainly reflecting the

influence of subsurface water temperature. As a

consequence, various microfaunal provinces can be

distinguished, i.e., arctic–antarctic, subarctic, transi-

tional, subtropical and tropical (Bé, 1977). Close to

the studied area, in the Iberian Margin off Portugal,

Cayre et al. (1999) described three assemblages:

subtropical, transitional and subpolar. In this work,

we have employed the assemblages defined by Cayre

et al. (1999) distinguishing also a subpolar s.s.

assemblage composed by N. pachyderma (left-coil-

ing) and G. quiqueloba (Fig. 8).

Despite the general stability described for the

muddy interval, the opal content, the foraminiferal

abundance and their assemblages allow identification

of different hydrographic patterns during the last 2800

years. From 885 cal. BC to 1420 AD, the opal content

records constant high values, but foraminifera are

relatively scarce. From 1420 AD to present, the opal

content is also constant but a 20% lower than the
Fig. 8. Percentages versus depth of the four assemblages defined in this

transitional assemblage and (d) subtropical assemblage.
previous period and foraminifera are abundant, mainly

if we consider the N125-Am fraction (Figs. 4f and 5b).

The planktonic foraminiferal assemblage which

dominates the rich-opal interval is the transitional one

(Fig. 8c). Species included in this assemblage are

related to the subtropical gyre margin and are most

frequent nowadays in this mid-latitude region. The

assemblage records a pronounced decrease at 1420

AD, when the subpolar assemblage (Fig. 8b) reaches

the highest percentage and the opal content starts to

decrease. The increase of subpolar species, solely due

to a sharp increase in G. bulloides (Fig. 6b), replacing

partially the transitional assemblage, and the lowest

percentage of the subtropical assemblage reveal the

incursion of colder waters. G. bulloides is also

regarded as typical species from upwelling areas

(Thiede and Jünger, 1992). Therefore, the abundance

of planktonic foraminifera (Fig. 5b) and the compo-

sition of their assemblages (Fig. 8) are responding to a

short but intense upwelling of colder intermediate

waters. Soares (1993) in the Portuguese margin and

Diz et al. (2002) in the Galician Rı́as Baixas

recognized an intensification of the upwelling regime

at the beginning of the last millennium. In the studied

core, the age of the upwelling event falls within the
work. (a) Subpolar s.s. assemblage, (b) subpolar assemblage, (c)
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age range of the LIA, in agreement with the

conclusion obtained by Diz et al. (2002). According

to these authors, a decrease of 2 8C in sea surface

temperature evidenced in the Rı́a de Vigo at the same

time reflects the combined effect of emerging cold

waters from the upwelling and colder atmospheric

temperatures.

According to Soares (1993) and Diz et al.

(2002), the upwelling regime has prevailed in this

region until present. In fact, the most conspicuous

characteristic of the present hydrography of the

region is the existence of a seasonal upwelling

during summer (Fraga, 1981). In the studied core

lower opal percentages are recorded during the last

centuries. The presence of upwelling does not

indicate that enhanced storage of biogenic silica be

occurring in bottom sediments. This apparent con-

tradiction may be understood by considering an

increase in shelf current upwelling. This would also

enhance the transport offshore in both phytoplank-

ton and organic matter (Estrada, 1984; Varela, 1990;

López-Jamar et al., 1992) away from the core site.

Another important process is the remineralization

taking place in the region during present upwelling

pulses. Maximum remineralization occurs at 90–130

m depth along with maximum nutrient and oxygen

depletion (Prego et al., 1999). Thus, the biogenic

silica remineralization could actually be enhanced in

the core area (Prego and Bao, 1997).
6. Conclusions

During the last 3000 years, two periods with

contrasted environmental conditions have been iden-

tified in the western Galician continental shelf. The

most pronounced environmental change took place at

2850 cal. BP, coinciding with the Subboreal/Sub-

atlantic transition. This transition represents a climate

instability period that was accompanied by high

storminess in mid-latitudes. Sedimentation on the

western Galician shelf is interpreted to have been

controlled by this storm regime. Strong offshore

bottom currents caused by storms are considered to

have been responsible for deposition of a palimpsest

deposit 50 cm thick on the outer shelf.

The onset of the Subatlantic involved the establish-

ment of low energy conditions on the outer con-
tinental shelf, where predominately fine sediments

were deposited. This period shows a relative environ-

mental stability, but the regional hydrography may

have experienced a change at 1420 AD when an

incursion of colder water planktonic foraminifera

reveals an upwelling pulse, probably reinforced by

colder atmospheric temperatures during the LIA.

Once the cold conditions related to the LIA had

ended, temperate planktonic foraminifera became

dominant again. The seasonal upwelling regime has

prevailed until present days affecting to the continen-

tal shelf. Regardless of enhanced productivity, lesser

amount of opal is preserved in recent outer shelf

sediments due to offshore transport and stronger

remineralization.
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Portugal. PhD thesis. Universidade de Lisboa, Portugal,

unpublished (in Portuguese).

Fraga, F., 1981. Upwelling off the Galician coast, Northwest of

Spain. In: Richards, F.A. (Ed.), Coastal Upwelling. American

Geophysical Union, Washington, DC, pp. 176–182.
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