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Abstract

The oceanographic conditions at the Mejillones bay (23°S) are strongly influenced by an important wind-driven
upwelling cell of the Humboldt Current System (HCS), as well as by the presence of the Oxygen Minimum Zone (OMZ) in
this region. Laminated diatomaceous sediments in this bay were analysed using different qualitative and quantitative
techniques on the sediment cores 33C and 32B, to interpret the main physical ocean—climate factors driving sedimentation
processes. The composition of these sediments is dominated by the high concentration of resting spores of the genus
Chaetoceros sp., which denotes the strong influence of the upwelling events and primary production on hemipelagic
sedimentation processes within the basin. The laminae, characterized by thickness ranging from 1 mm to several cm, are
associated with changes in density (/porosity) due to the different concentration and composition of phytoplankton remains
and organic matter. Dark laminae are generally characterized by higher concentration of Chaetoceros rs., TOC, organic
matter, carbonates and lithic minerals with respect to the adjacent lighter laminae, representing periods of strong upwelling
events, high primary production rates and intensified hypoxia. Contrarily, relatively lighter laminae are characterized by
diminished concentration of Chaetoceros r.s. and relative increases of the concentration of centric and pennate diatoms,
producing a more porous sediment. Some of these light laminae could be associated with short-lived major oceanographic
ENSO-like events.

The variability of the sedimentary fluxes observed in both cores represents mostly ocean—climate trends at decadal,
interdecadal and secular time periods. The secular trends of the sedimentary fluxes suggest an intensification of the upwelling
events and primary production from the second half of the 19th century, as well as intensified processes during the 20th century.
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These changes seem to occur contemporaneously with ocean—climate variations in the southwestern tropical Pacific Ocean,

suggesting a major basin scale climate change during this period.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Laminated marine sediments constitute an infre-
quent and exceptional geological record because of its
relevancy for high-resolution paleoceanographic
reconstructions. On continental margins, this type of
sediment occurs in zones characterized by high
primary production rates, normally associated with
seasonal, interannual or decadal, ecological or hydro-
logical variations (e.g., Hughen et al., 1996; Bull and
Kemp, 1996; Grimm et al., 1997; Staubwasser and
Sirocko, 2001). In areas where Oxygen Minimum
Zones (OMZs) intercept the shelf, inducing bottom
hypoxia, bioturbation processes are limited and the
preservation of laminae is favoured. The understand-
ing of the origin of this type of sedimentary record,
which is a necessary stage before interpreting ocean—
climate variability, normally involves a multidiscipli-
nary approach, including high resolution qualitative
and quantitative sedimentological, geochemical,
micropaleontological and geochronological analyses.

Among natural earth systems, upwelling areas
constitute one of the most compelling examples of
air—sea interactions with ecological impacts. These
areas play a major role in ocean—atmosphere
exchanges of CO, and other greenhouse gases. This
is particularly true in highly productive eastern
boundary currents as the Humboldt Current System
(HCS), where recent data suggest important CO,
outgassing during strong upwelling events (Torres et
al., 1999, 2002), as the result of complex exchanges in
the OMZ (Morales et al., 1996). Given that the
tropical Pacific Ocean is considered the greatest
natural source of CO, to the atmosphere (>1 Gt C
year '; Takahasi, 1989), the study of high resolution
geological records from this area is specially relevant.

Works focusing on natural evolution of the HCS at
subtropical and midlatitudes during the Late Quater-
nary, suggest important ocean—climate variations

through the last glacial-interglacial period (Marchant
etal., 1999; Lamy et al., 1999, 2000; Kim et al., 2002;
Hebbeln et al., 2002). Laminated marine sediments
have been reported off northern Chile near an
important upwelling centre (Mejillones bay, 23°S),
suggesting great potential for paleoceanographic
reconstructions at high time frequencies (Ortlieb et
al., 2000; Valdés et al., 2003). In this paper, we
analyse the composition and structure of these sedi-
ments, to interpret the main physical ocean—climate
mechanisms controlling their formation, as well as the
most evident patterns of ocean—climate variations
during the last few centuries.

1.1. Ocean—climate setting and upwelling dynamic

According to Strub et al. (1998), the regional
circulation off northern Chile is dominated by the
Humboldt (Peru—Chile) Current, transporting Suban-
tartic Water (11.5 °C<7<14.5 °C, 34.1<5<34.8) from
higher to lower latitudes (Fig. 1). The Peru—Chile
Countercurrent (PCCC), which is associated with
Subtropical Surface Water (7>18.5 °C, $>34.9),
divides it into an oceanic and a coastal branch. The
Poleward Undercurrent (PUC) underlies the Humboldt
Current and PCCC, transporting Equatorial Subsurface
Water (ESSW) (8.5 °C<7<10.5 °C, 34.4<5<34.8) to
the south. ESSW is characterized by low concentra-
tions of oxygen ([0,]<0.25-0.5 ml 171), defining the
OMZ off northern Chile between 50 and 300 m of
water depth (Brandhorst, 1971; Morales et al., 1996).
Below 500 m, Antarctic Intermediate Water (7~5.5 °C,
34.3<85<34.5) flows toward the equator.

Along the coast off northern Chile, the Pacific
Subtropical Anticyclone (PSA) drives upwelling-
favourable equatorward winds during the entire year,
reinforced during spring and summer by strong air—
land—sea interactions (Schwerdtfeger, 1976; Lettau
and Lettau, 1978; Strub et al., 1998) (Fig. 1).



G. Vargas et al. / Marine Geology 211 (2004) 79-99 81

7060

7055 7050 7045 7040 7035

2295 1

23.00 1

23.10

t t 1 a
T2W 70w 68 W

N

5km\

/ Thermal
& front ¥
» 'Y y

Vs

Inpute
fiutrients
e

= B
“ Increased,”
- primar
24 proddction

+
: IAT ﬁl’]ZC

32

Fig. 1. (a) Major components of the Humboldt Current System during the spring and summer off northern Chile, according to Strub et al.
(1998). PC: Peru Current; PCCC: Peru—Chile Counter Current; PUC: Poleward Undercurrent; CCC: Chile Coastal Current. (b) Bathymetry and
oceanographic context of the Mejillones bay, indicating the main elements to explain the increased primary production within the bay (Marin
and Olivares, 1999; Marin et al., 2003). The input of aeolian particles due to the dominant S—SW winds is also indicated. Cores 33C and 32B
were retrieved from the central part of the bay, at around 100 m of water depth. The location of other cores used for a lateral correlation and

chronological determination (Vargas et al., in press) is also shown.

Upwelling events are driven by relaxation-reinforcing
cycles (4-15 days) in the strength of SW winds
associated to the poleward propagation of atmospheric
coastal lows (Rodriguez et al., 1991; Marin et al.,
1993; Rutllant et al., 1998). The upwelling system at
Punta Angamos (Navea and Miranda, 1980; Rodri-
guez et al., 1991) drives high primary production rates
within the Mejillones bay (1070 g C m * year '
estimated for the period 1990-1991; Marin et al.,
1993). In situ data show that the composition of
phytoplankton is largely dominated by diatoms
(between 47% and 100% of the total cells), with
Chaetoceros sp. as the dominant genus, dinoflagel-
lates (between 0 and 50%) and low concentrations of
silicoflagellates, with higher numbers of total cells and
species during the spring and summer, with respect to
winter and autumn (Rodriguez and Escribano, 1996).

Using in situ measurements and remote sensing
data, Marin and Olivares (1999) proposed that the
high primary production rates observed in the inner
part of the bay are ultimately forced by two climate
factors: the intensification of the SW wind and the
solar radiation. Marin et al. (2003) proposed that the
Mejillones Bay acts as an upwelling shadow sub-

system (Graham and Largier, 1997), isolated from the
rest of the Mejillones ecosystem by a thermal front.
This subsystem results from the interaction between
the regional flow and the coastal Ekman dynamics
associated with the upwelling of cold waters, during
the intensification of the SW winds (Marin et al.,
2001; Fig. 1). Primary production rates, estimated as
4-8t C km 2 day ' within the bay, are favoured by a
restricted oceanic circulation and low turbulence, the
input of nutrients to the photic zone and the solar
radiation, which also induces the stabilization of a
well stratified water column because of the heating of
the surface layer (Marin and Olivares, 1999; Marin et
al., 2003; Fig. 2). Low oxygen concentrations ([O,]<1
ml 17"), partly associated with the OMZ, characterize
most of the water column at depths below 50 m, while
hypoxic and near anoxic conditions ([0,]<0.1 ml 1™
at depths greater than 50 m) are normally found at the
sea bottom (Escribano, 1998; Fig. 2). These con-
ditions are sporadically broken during the poleward
propagation of Kelvin waves associated with El Nifio
events, causing SST warming and deepening of the
thermocline and oxycline, which seems to induce
diminished primary production rates offshore the
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Fig. 2. Temperature and oxygen profiles taken at stations 1 and 2 in
October 1998, which are close to the location of cores FO981A (Fig.
1) and 33C, respectively. Both profiles show the strong stratification
of the water column, with a well-developed and shallow thermo-
cline and oxycline within the bay.

Mejillones peninsula (Gonzalez et al., 1998, 2000;
Iriarte et al., 2000; Ulloa et al., 2001).

1.2. The sedimentary record at Mejillones bay

Mejillones bay is a small and shallow marine
sedimentary basin (15 km diameter, 125 m of
maximum depth), protected from the direct influence
of the SW winds by the Mejillones peninsula (Fig. 1).
From paleoecological interpretations based on fora-
minifera rests, fish scales and diatom skeletons
counted along sedimentary cores, Ortlieb et al.
(2000) attempted to reconstruct significant secular
ocean—climate variations during the last millennia.
Based on similar Fourier transform infrared (FTIR)
spectra of soluble organic matter from these sediments
and those from phytoplankton sources, Valdés et al.
(2000) suggested high preservation and negligible
effect of early diagenesis on the sedimentary organic
fraction. Taking into account the restricted alluvial
input due to the extreme aridity that characterizes the
coastal Atacama Desert in this region (Vargas et al.,
2000), the bay acts as a natural trap for pelagic

sedimentation induced by the upwelling processes at
Punta Angamos. Some new results from downcore
14C and *'°Pb data suggest mass accumulation rates
about 0.034-0.027 g cm ™2 year ' (0.170-0.130 cm
year ') at the centre of the basin (Vargas et al., in
press), confirming the great potential of this record for
ocean—climate reconstructions from pluri-annual to
secular time periods.

2. Materials and methods
2.1. Coring and X-ray analyses

The cores 33C and 32B (66 and 44 cm long,
respectively) were collected in 1996 using a 3-in.-
diameter gravity corer and were then preserved at 4 °C
(Fig. 1). X-ray images were taken using conventional
medical equipment, with mean exposure parameters
of about 50 kV, during 0.16 s and 1 m of distance.
Contact prints (positive phases) were then produced
and treated with specialised softwares to obtain the
grey-level intensity scale (GL). The GL (ranging from
0-light to 255-dark in positive phases), which reflects
the penetration of the X-rays through the analysed
material, depends upon the density, the atomic number
and the thickness of the sample (Calvert and Veevers,
1962; Bouma, 1964). Because the sediment thickness
is maintained along the entire core, the variability of
the GL can be interpreted as a function of the
variability of the sedimentary density (or porosity)
and the nature of the sediment. To provide a
comparable dataset between the GL and the other
sedimentological properties, the GLMean was calcu-
lated as the mean value of the corresponding interval
of sampling in each core.

2.2. Chronological models for the cores 33C and 32B

Chronological determinations from detailed '*C
and *'°Pb downcore data, which involve new hypo-
theses regarding the relationship between the radio-
carbon Local Reservoir Effect (AR) and the intensity
of the upwelling events, was the matter of a PhD
Thesis (Vargas, 2002) and will be published else-
where. The methodology used to determine mass
accumulation rates and chronological models for both
cores (33C and 32B) is described in Vargas et al. (in
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press). Mass accumulation rates were calculated from
(1) calibration of AMS radiocarbon data from 1 cm
mean thick samples, using Calib.4.3 for marine
datasets (Stuiver and Reimer, 1993) and considering
a AR=262+13 years, (2) a precise lateral correlation
between the cores FO81A, 41C, 32B and 33C (Fig. 1),
and (3) taking into account the presence of two
sedimentological discontinuities located at 45.5 and
47.5 cm depth in the core 33C, and at 43.4 cm depth
in the core 32B. The generation of these features has
been associated to the effect of local reactivations of
faults in the Mejillones peninsula, during two strong
earthquakes which occurred between the years 1409—
1449 and 1754-1789 AD (Vargas et al., in press).
Mass accumulation rates about 0.027 g cm ™ year '
(0.156 cm year ') characterize the entire core 32B
and the top 44.5 cm of the core 33C, suggesting that
those sequences represent roughly the last 250 years
(Fig. 3). Similarly, a mass accumulation rate about
0.011 g cm 2 year ' (0.065 cm year '), calculated
from calibrated radiocarbon data, suggests that the
bottom segment of the core 33C (48.5-65.5 cm
depth) represents the period involving the 11th, 12th
and the 13th centuries. The implication of this
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Fig. 3. (A) Mass accumulation rates and chronological models
inferred for the top segment of the core 33C and the entire core 32B.
(B) Chronological model for the entire core 33C, which involves a
hiatus associated with two discontinuities probably generated during
strong seismic events occurred at 1409—1449 and 1754-1789 AD
(Vargas et al., in press).

chronological model is a hiatus of about 250 years
in the latter core (Vargas et al., in press).

2.3. Qualitative and semi-quantitative estimations
from thin sections

Thin sections were constructed every 10 cm from
resin-impregnated samples of the core 33C, after
fractionated replacement of the water by acetone. The
structure of the laminations was analysed using a
polarised light microscope, with a magnification of
x20. The determination and estimation every mm of
the concentration of biogenic remains and lithic
minerals were performed using a magnification of
% 80. Drawing was made for thin section 2 (10.5-20.5
cm) to show the lamination style and the associated
high resolution variability of the components. The
identification and estimation of phytoplankton rests
within the individual laminae were carried out using a
magnification of X320.

2.4. Quantitative analyses and statistics

Samples for quantification of sedimentological
parameters, biogenic rests and lithic minerals were
taken every cm in the case of the core 33C, and with a
variable thickness in the case of the core 32B, between
0.4 and 1 cm, to respect the limits of the laminations
previously observed in the X-ray image.

For the core 33C, the water content (expressed as
weight percentage) and the bulk dry density were
measured on 1/4 of each sample, drying the sediment
at 40-50 °C. Samples were washed and sieved at 500,
160 and 63 pm for the observation of fish scales and
foraminifera rests. Fish scales were identified from the
coarser fraction by comparison with a reference
collection of modern material from the most common
fishes in this region. Qualitative and semi-quantitative
observations of the foraminifera rests were performed
following the method described by Péaez et al. (2001).
Among these rests, the occurrence of Bolivina semi-
nuda, which has been described as the dominant
benthic species in superficial sediments associated
with microxic environments ([0,]<0.01 ml 17 ") in this
bay, can be taken as an evidence of dominant hypoxic
conditions within the basin.

Diatom slides were prepared for every 1 cm interval
samples from the core 33C, using the settling technique
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fully described by Rathburn et al. (1997) and fixed in
Naphrax (17.=1.65). Diatom counts follow the Schrader
and Gersonde (1978) and Laws (1983) technique.
Phytoplankton species were identified and a minimum
of 300 diatom valves were counted into each sample
using a Zeiss photomicroscope at a magnification of
x 1000, and then expressed in millions of valves per
gram. Relative quantities of phytoplankton families or
species are expressed as the percentage from the total
phytoplankton valves, while absolute quantities are
expressed in millions of valves per gram.

FTIR analysis was performed in transmission
mode to quantify the relative variations in the
concentration of lithic minerals, carbonates and
amorphous silica (opal) in both cores, following the
method described in Bertaux et al. (1998). The FTIR
spectra (mid-infrared frequency range: 2.5-40 um)
were measured on 300 mg of a preparation of bulk
sediment mixed with KBr, and then compared with
reference mineralogical spectra. Quantities are
expressed as wt.% of the total dry sediment. A
precision of £1% is estimated for each individual
determination (Bertaux et al., 1998).

The Total Organic Carbon (TOC, expressed as
wt.%), with an analytical error <0.3%, and the Hydro-
gen Index (HI), expressed as mg HC/g C,,, were
determined in both cores using the Rock—Eval pyro-
lysis (Espitalié¢ et al., 1977). The content of nitrogen (N,
expressed as wt.%) in sediment samples was measured
using a Fisons-CHN-analyser after decalcification in
HCl, 04, given an analytical error <0.02%. C/N values
were calculated as the ratio between TOC and N.

Sedimentary fluxes were calculated considering the
mass accumulation rates characteristic of the top
segment of the core 33C and the core 32B. In the
case of those components expressed in wt.%, the
corresponding sedimentary flux was calculated as:
F=10X[A] X Weore, Where [A], is the concentration
of the component 4, expressed in wt.%, at the level x,
Weore 18 the mass accumulation rate corresponding to
the respective core and F, is the calculated flux of the
component 4 at the level x, expressed in mg cm >
year . Fluxes of phytoplankton rests were calculated
as: Fpy=P.XW_ .y, Where P, is the concentration of
the corresponding phytoplankton family or species at
the level x, expressed as absolute quantities, and Fp,
is the calculated flux at the level x, expressed in 10°

valves cm 2 year .

Finally, correlation, linear regression modelling
and principal component analyses were carried out to
provide statistical support for the different hypoth-
eses realized from the qualitative and quantitative
observations.

3. Results
3.1. Microfacies and composition

The general structure of the sedimentary sequences
33C and 32B can be observed in the corresponding
X-ray images (Figs. 4 and 5, respectively). In both
cores, the successions are composed by well-preserved
light and dark laminae ranging in thickness from 1 mm
to several cm. The absence of any evidence of
bioturbation or hydrodynamic reworking was con-
firmed through microscopic observations, which also
revealed clear limits of laminae (Plate IA). Generally,
those limits are abrupt but not marked by physical
discontinuities, suggesting that the laminations are
associated with a dominant continuous and relatively
rhythmic hemipelagic sedimentation process.

X-ray diffraction analyses and FTIR results
showed the mineralogical composition of the sedi-
ment. Opal (amorphous silica) is the most important
component (concentration ranging from 36% to 65%
in both cores), reflecting the high content in siliceous
phytoplankton skeletons, which was clearly observed
in microfacies (Plate I). Among the diatom rests,
unfragmented resting spores of Chaetoceros sp.
(Chaetoceros r.s.) is the most abundant genus,
confirming the relevancy of the upwelling events
driving sedimentation processes within the bay (Plate
IA-C). Quantitative analyses, every 1 cm, from
samples of the core 33C support this last observation:
among the total valves of phytoplankton (Fig. 4),
Chaetoceros rs. constitutes between 52% and 89%,
centric diatoms represent between 6% and 38%, the
concentration of pennate diatoms varies between 1%
and 23%, while the occurrence of silicoflagellates is
less than 2%. Altogether, the occurrence of agglom-
erates of different phytoplankton rests as vegetative
cells and setae of centric and pennate diatoms
correspond most probably to the preservation of
faecal pellets (Plate IE). The sporadic occurrence of
monospecific levels constituted by large diatom rests
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as Coscinodiscus gigas (Plate IF), constitutes an
additional evidence for the high degree of preserva-
tion of individual laminae.

The high concentration of TOC, ranging from 1.5%
to 6.4% and from 2.5% to 6.1% (mean values around
3.4% and 4.6%) in both cores, 33C and 32B,
respectively, reflects the organic rich character of these
sediments, and supports the interpretation that primary
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Fig. 5. Quantification of the sedimentary components of the core
32B, considering a variable sampling interval between 0.4 and 1
cm. Calendars years are indicated on the right side.

production processes drive high sedimentary fluxes
within the basin. The C:N Redfield ratio values of the
sedimentary organic matter, around 6.8 and 6.6 in cores
33C and 32B (Figs. 6 and 7), respectively, are close to
those characterizing the original phytoplankton-
derived organic matter (Meyers, 1994, 1997), suggest-
ing a well-preserved signal from the ocean surface.
This last hypothesis is also supported by the total range
of variability of the HI, ranging from 389 to 647 mg
HC/g Cye, which, according to Tissot and Welte (1984)
and Meyers (1997), is typical of marine organic matter
rich in algae-derived hydrocarbon.

The carbonate content ranges between 1% and
17%, with mean values near 10% in both cores (Figs.
4 and 5), and can be associated with the occurrence of
foraminifera and calcareous phytoplankton rests (Plate
IB). Among the rest of foraminifers, the most
abundant is the benthic species B. seminuda, sugges-
ting persistent hypoxic to microxic conditions during
the depositional periods of these sequences (Paez et
al., 2001). Taking into account some oceanic surveys
developed at 30°S (Marchant et al., 1998), the
dominancy of Globigerina bulloides, among the
planktonic species, seems to confirm that upwelling
events induce sedimentation processes within the
basin. Altogether, the occurrence of coccoliths, among
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Plate 1. (A) Photo: X200. Contact between a light lamina and the overlying dark lamina, showing the higher concentration of Chaetoceros r:s.
and organic matter in the dark layer with respect to the more porous light lamina, characterized by relative higher increases of centric diatoms.
The contact is abrupt, but not marked by a physical discontinuity. (B) Photo: x200. Foraminifer remains (Neogloboquadrina pachyderma) and
lithic grains (quartz and amphibole) within a matrix of Chaetoceros r.s. and organic matter, corresponding to a dark lamina. (C) Photo: x200.
Agglomerate of Chaetoceros r.s. within a dark layer enriched in organic matter (and agglomerated organic matter (brown), biogenic remains and
lithic minerals as quartz and feldspars. (D) Photo: X400. Agglomerate of Chaetoceros r.s. and other phytoplankton remains within a light lamina
enriched in pennate diatoms. (E) Photo: X20. Faecal pellets formed by vegetative cells and setae of diatoms, preserved within dark laminae. (F)

Photo: X100. Monospecific lamina of unfragmented remains of C. gigas.

the calcareous phytoplankton rests, was confirmed
through microscopic observations of thin sections.
The content in lithic minerals ranges from 0 to 24%
(mean value 5%) in both cores (Figs. 4 and 5). The
most abundant mineralogical species are quartz and
feldspar (albite, oligoclase, microcline; Plate IB),
which are abundant in rocks and Quaternary sedi-
ments of the Mejillones peninsula (Ferraris and Di
Biase, 1978). Amphiboles, chlorite and clay minerals
occur in percentages less than 1%. The mean grain
size of all these particles, ranging from about 40 to

110 pm (Plate IC; Fig. 8a), as well as the generally
chaotic distribution within each individual laminae,
support the hypothesis of an aeolian supply of this
material from the Mejillones peninsula by the
dominant S—-SW winds.

3.2. Lamination style and variability of sedimentary
components

The general agreement between the variability of
all the components and the GLMean, which charac-
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terizes the mean trend of the lamination style, can be
observed in Figs. 4 and 5. This suggests that the
laminations are associated with physical and composi-
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tional changes within the sequences. This hypothesis
is supported by the statistical comparison between the
variability of the GLMean and other sedimentary
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Fig. 7. Correlation between GLMean and sedimentary components in the core 32B, indicating the correlation coefficient (r), the robustness of
the correlation (p) and the number of cases (n).
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properties (Figs. 6 an . The ean is signifi- ark laminae are generally denser than the light facies
rt F 6 and 7). The GLM fi dark 1 lly d than the light f
cantly correlated with the density and inversely (Fig. 6). Observations of microfacies confirm this
correlated with the water content, suggesting that the hypothesis: the dark laminae are enriched in Chaeto-
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Fig. 8. (a) Photography and petrographic description of the thin section 2 (10.5-20.5 cm core depth), indicating the concentration, every mm, of
total minerals (per A=7 mm? of section), the concentration, every mm, of Chaetoceros rs. (%) and the grain size distribution of the lithic
particles within some of the laminae. (b) A: Detailed view of the first five laminae of the thin section 2, showing different degrees of coloration.
The higher concentration of the agglomerated organic matter (brown), lithic minerals and foraminifera rests within the dark laminae with respect
to the overlying and underlying lighter laminae can be observed. B: Magnification of the contact between a dark lamina and the overlying light
lamina, showing a higher density of Chaetoceros r.s. (black arrows) and organic matter within the underlying dark lamina (lamina 4), with
respect to the overlying light lamina characterized by higher porosity.
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Fig. 8 (continued).

ceros rs., agglomerated organic matter, foraminifera
rests and lithic particles, with respect to the adjacent
lighter laminae (Figs. 8 and 9). Also, Fig. 8a shows
that the mean grain size of the lithic particles within
the dark laminae is greater than within the light facies.
Contrarily, the lighter laminae are characterized by
diminished concentration of Chaetoceros r.s. and
higher concentration of other pennate and centric
diatoms, thus producing a more porous sediment. The
statistical support for these observations is given by
the significant normal correlation between the
GLMean and the concentration of sedimentary com-
ponents as lithic minerals, carbonates and TOC also

(Fig. 7). Moreover, Fig. 6 shows that the concen-
tration in opal is significantly correlated with the
water content, because of the relative general dimin-
ution of all the components within the more porous
light facies.

Results from a linear regression analysis provided
an additional statistical support for the identification
of the main components contributing to the varia-
bility of the sedimentary density in the core 33C.
Only independent variables having a physical
expression as the concentration of lithic minerals,
carbonates, TOC, N and siliceous phytoplankton
families (Chaetoceros rs., centric and pennate
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Fig. 9. High-resolution (every mm) variability of total minerals and foraminifera rests, with respect to the laminae and the occurrence of different
styles of laminations in the core 33C. Calendars years are indicated on the right side. Black and white arrows indicate the location of two
discontinuities associated with lenses anomalously enriched in lithic particles, incorporating an important hiatus in this sequence.

diatoms, silicoflagellates), expressed as absolute
quantities, were included in this analysis. Consider-
ing the measured density as the dependent variable,
the modelled density (adjusted density) includes the
concentration of Chaetoceros rs. as the most
significant variable (p=0.00), followed by carbonates
(p=0.05) and N (organic matter, p=0.10). Therefore,
the standardized adjusted density can be successfully
modelled through the equation:

AdjD, = 0.31 x [Chaetoceros r.s.], + 0.33

x [Carbonates], 4+ 0.28 x [N]_,

where AdjD, is the adjusted density value at the
level x. The similarity between the measured and the
adjusted density, characterized by a correlation
coefficient of 0.74 (p<0.01), supports this result
(Fig. 10).

A principal component (PC) analysis was
carried out to relate variables contributing to the
total variance of the sedimentary components in the
core 33C. For this analysis, we considered only
independent variables, excluding the GLMean,
density and the concentration of opal. We included
families of siliceous phytoplankton expressed as
absolute quantities as well as the total number of
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supports the accuracy of the model.

species, which provides some information about the
diversity of the phytoplankton rests. The first three
PCs explain 75% of the total variance (Fig. 1la).
The PC; captures 40% of the variance, and is
significantly correlated with components associated
with upwelling-induced primary production indica-
tors, as the concentration of lithic particles,
Chaetoceros rs., TOC, N and carbonates (Fig.
11b). The PC,, which captures 23% of the total
variance, is well correlated with the absolute
concentration of the centric and pennate diatoms
and silicoflagellates, as well as with the total
number of species, reflecting most probably
changes in phytoplankton assemblages. Finally,
the PC; captures 12% of the total variance and
is significantly correlated with the HI (+=0.75,
p<0.01) and inversely correlated with the C/N ratio
(r=—0.82, p<0.01), reflecting most probably varia-
tions in the organic matter quality. These results
support the hypothesis drawn from the observation
of microfacies, suggesting that most of the textural
and compositional variability observed in the
sequences can be associated with variations in
sedimentary fluxes driven by upwelling-induced
primary production within the bay.

3.3. Sedimentary fluxes and paleoproduction
inferences

Fluxes of TOC and carbonates were calculated for
the core 32B and the top segment of the core 33C,
showing a high variability (frequency and amplitude)
during the last ~250 years (Fig. 12). This is
particularly true in the case of the core 32B, which
was subsampled according the limits of the lamina-
tions. Considering the improved chronology for both
cores, the variability observed in both sequences (Fig.
12) reflects most probably ocean—climate variations at
decadal and interdecadal time periods. Altogether, we
observe an increase of these fluxes from the second
half of the 19th century and increased values during
the 20th century. This pattern is coherent with the flux
of Chaetoceros r.s., suggesting an intensification of
the upwelling events and increased primary produc-
tion rates during this last period.

Considering the variability of the first principal
component as representative of components asso-
ciated with upwelling-induced primary production, we
can take the standardized anomaly of this PC (PC;-
Std) as an index of primary production within the bay.
The evolution of this index shows a similar pattern
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components included in the principal component analysis with
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with respect to those for the sedimentary fluxes,
suggesting an increment of primary production from
the second half of the 19th century, important
variations at the end of this century and increased
primary production during mostly the 20th century
(Fig. 12).

4. Discussion

4.1. Sedimentation processes and ecological
implications

The overall results are consistent with the domi-
nancy of a relatively rhythmic hemipelagic sedimen-
tation process, characterized by high fluxes of
biogenic remains derived from primary production,

in the central part of the basin. Beside the persistent
bottom hypoxia inferred from the dominancy of B.
seminuda, among the foraminifera rests, the preser-
vation of agglomerated organic matter together with
unfragmented phytoplankton remains and some
monospecific levels of large centric diatoms must be
associated with a rapid transit through a shallow water
column (125 m maximum depth), which limits
grazing-related processes. The high concentrations
of Chaetoceros rs. and the occurrence of agglomer-
ates of these biogenic particles (Plate IC), together
with the occurrence of agglomerated organic matter,
suggest that this rapid settling should be enhanced by
efficient mechanisms of flocculation immediately
after the phytoplankton blooms (e.g. self-sedimenta-
tion; Grimm et al., 1997), induced by the exudation of
carbohydrates from diatom cells, which favours the
generation of transparent gels (Transparent Exo-
polymer Particles: TEP; Alldredge and Crocker,
1995). The observation of high concentrations of
TEP in sediments from these laminated sequences
supports the last hypothesis (Mari, personal communi-
cation, 2002). This type of transfer mechanism,
together with the high rates of primary production
estimated within the Mejillones bay (Marin et al.,
2003), could explain the high concentration of TOC in
these sediments, with respect to the general decreasing
trend observed from the south to the north along the
Chilean margin (Hebbeln et al., 2000). Considering the
primary production value of 107 mg C cm ™2 year '
estimated by Marin et al. (1993) for the period 1990—
1991 within this bay, and taking into account the TOC
flux of 1.2 mg C cm ™2 year ', calculated from the first
sample of the core 33C, representing the period 1989—
1996, we suggest a preliminary estimation of the
preserved production around 1.13% within this basin.

Through a regional study of surface sediments
along the Chilean margin (between 22°S and 44°S,
and from different water depths), supported by sedi-
ment trap surveys at 30°S (Romero et al., 2001),
Romero and Hebbeln (2003) distinguished five
marine diatoms assemblages: the coastal upwelling
group, tropical/subtropical, southern cold waters,
benthic and coastal planktonic, and one freshwater
assemblage. Among the 61 species determined from
sediment samples of the core 33C, those associated to
the upwelling assemblage are: resting spores of
Chaetoceros coronatus, Chaetoceros debilis, Chaeto-
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ceros didymus, Chaetoceros holsaticus, Chaetoceros
radicans, Chaetoceros subsecundus and undeter-
mined Chaetoceros sp., together with vegetative cells
of Skeletonema costatum and Thalassionema nitz-
schioides. According to detailed oceanic surveys
within the Mejillones bay, the association between
Chaetoceros r.s. and S. costatum reflects a post-bloom
assemblage related to a strong thermal stratification of

the water column, while the association between
Chaetoceros r.s. and T. nitzschioides reflects strong
seasonal upwelling events (Rodriguez and Escribano,
1996; Rodriguez, personal communication, 2002).
Among the tropical/subtropical assemblage of
Romero and Hebbeln (2003), we recognized vegeta-
tive cells of the species C. didymus, Planktoniella sol,
Thalassiosira ferilineata, Thalassiosira lineate and
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Fragilariopsis doliolus. The coastal planktonic
assemblage is represented by vegetative cells of
Actinocyclus curvatulus, Thalassiosira aestivalis,
Thalassiosira eccentrica and Thalassiosira oestrupii
var. venrickae. Finally, among the benthic assemblage
we recognized vegetative cells of the species Cocco-
neis costata, Cocconeis dirupta, Cocconeis fascio-
lata, Cocconeis fluminensis, Cocconeis pediculus,
Cocconeis scutellum, Delphineis surirella and Gram-
matophora marina.

The contribution of the different phytoplankton
assemblages to the variability of the total valves for
the entire core 33C is shown in Fig. 13. The upwelling
assemblage represents between 55% and 91% of the
total phytoplankton valves, the concentration of
Chaetoceros r.s. representing between 75% and
100% of this association. These observations confirm
the relevancy of the upwelling system driving high
sedimentary fluxes in this basin. The tropical/sub-
tropical and coastal planktonic assemblages represent
between % and 11%, and between 0 and 7%,
respectively. The increase of the concentration of
these assemblages in some levels where the upwelling
association diminishes is coherent with the micro-
scopic observations which suggest that the more
porous light facies are associated to diminished
concentration of Chaetoceros r.s. and relatively higher

G. Vargas et al. / Marine Geology 211 (2004) 79-99

concentration of centric and pennate diatoms. Finally,
the concentration of the benthic assemblage varies
between 0 and 2%, showing a low variation and
contribution to the variability of the total phytoplank-
ton valves in this core.

4.2. Origin of the laminations

The overall results from qualitative and quantita-
tive analyses performed at different sampled intervals
show that the occurrence of laminations is associated
with textural and compositional changes between
adjacent laminae. Among these changes, the higher
density and concentration of Chaetoceros r.s. and
organic matter within the dark facies, with respect to
the relatively higher porosity and concentration of
centric and pennate diatoms within the light facies,
seems to be the most important characteristic. Thus,
we interpret that the origin of laminations is associ-
ated with changes in the intensity of the net
sedimentary fluxes of biogenic remains and organic
matter, as the response to variations of the upwelling-
induced primary production within the Mejillones
bay. The higher concentration and greater mean grain
size of the lithic particles within the dark laminae with
respect to the light facies provide an additional
support for the intensification of the upwelling events,
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Fig. 13. Distribution of the phytoplankton assemblages, every cm, for the entire core 33C, following the association of species determined by

Romero and Hebbeln (2003) for the Chilean margin.
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through the intensification of the S-SW winds, during
periods dominated by the deposition of dark facies.

This interpretation implies that intensified sedi-
mentary fluxes of Chaetoceros r.s. and organic matter,
possibly enhanced by efficient flocculation mecha-
nisms, favour a more efficient burial of the organic
carbon as well as of the labile components of the
organic matter. From geochemical results regarding
the concentration of trace metals from cores retrieved
in this bay, Valdés and Ortlieb (2001) suggested that
dominant darker intervals represent periods of inten-
sified hypoxia in the bottom segment of the water
column with respect to those characterized by a higher
variability of laminations. Therefore we suggest that
the high values of TOC together with the higher
concentration of organic matter within the dominant
dark facies could be explained by: (1) high primary
production rates inducing important sedimentary
fluxes; (2) increased hypoxia in the water column
due to an increased consumption of oxygen: and (3)
increased burial efficiency of the organic carbon and
the organic matter, including the labile fraction. This
hypothesis is consistent with the higher concentration
of cadmium and organic matter in dominant dark
segments of the core 32E, close from the core 32B, as
shown by Valdés et al. (2003).

Altogether, we interpret that relatively lower
sedimentary fluxes of Chaetoceros r.s. and organic
matter reduce the burial efficiency and produce a
sediment characterized by higher porosity, due to the
relative rise of the concentration of other phyto-
plankton remains. The observations of microfacies
and the variability of the phytoplankton assemblages
shown in Fig. 13, particularly the high amount of
tropical/subtropical and coastal planktonic diatoms
in some levels, suggest that some light laminae (or
part of them) were deposited during episodes of
ENSO-like oceanographic conditions. Actually, the
occurrence of some monospecific lenses of large
diatoms as C. gigas, which represent short-lived
events at the surface of the ocean, could be
associated with the occurrence of variable and
mixed water masses, possibly related with El Nifo
events (Rodriguez, personal communication, 2002).
Scanning electron microscope observations and
high-resolution qualitative and quantitative analyses
of phytoplankton composition are needed to test this
hypothesis.

Considering a sedimentation rate of 0.156 cm
year | calculated for the entire core 32B and the
top segment of the core 33C (Vargas et al., in
press), and taking into account the thickness
variability, from 1 mm to several cm, of the
laminae, we surmise that the laminations represent
depositional periods ranging from seasons up to
decades. Consequently, the occurrence of different
lamination styles within the sequences can be
related with different frequencies of ocean—climate
variations inducing changes of the intensity of the
upwelling events and primary production rates. A
similar interpretation has been proposed to explain
the occurrence of different thickness of laminae in
the Santa Barbara basin (California), suggesting that
the variation in thickness and assemblage of diatom
ooze laminae is most probably related to the amount
of the phytoplankton fluxes, controlled by upwell-
ing-induced primary production (Bull and Kemp,
1996). On another hand, recent work (King et al.,
1995) showed a reduction of the number of benthic
foraminifera in well-preserved laminated diatoma-
ceous oozes with respect to non-laminated sedi-
ments, suggesting some microscopic physical
obliteration of the laminae due to benthic activity
in the latter. Fig. 9 shows that the increase of the
concentration of foraminifer remains, mainly B.
seminuda, occurs in dominant dark, coarsely lami-
nated segments of the cores 33C, with respect to the
sections characterized by higher variability. How-
ever, the occurrence of thin laminae within these
segments suggests that this effect should be less
important with respect to the wvariations of the
upwelling and primary production intensities, pro-
posed just before. Moreover, and as revealed by
microfacies and semi quantitative observations from
samples of the core 33C, the higher relative
concentration of the planktonic species G. bulloides
together with B. seminuda in dark laminae and
dominant dark sections is coherent with the previous
interpretation of intensified hypoxia associated with
strong influence of the upwelling events during the
deposition of these facies. More precise quantitative
studies regarding the comparison between the
benthic and planktonic foraminifera could provide
relevant information about the relationship between
the intensity of the upwelling events and the bottom
hypoxia in this basin.
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4.3. Trends of upwelling and primary production
variations

The sedimentation mechanisms proposed to
explain the occurrence of laminations as well as the
high variability of sedimentary fluxes is consistent
with the conceptual model based on in situ measure-
ments, proposed by Marin and Olivares (1999) and
Marin et al. (2003) to explain seasonal increases of the
primary production rates within the Mejillones bay. At
seasonal scale, the intensification of the upwelling
events and primary production within the bay are
explained by the intensification of the alongshore S—
SW winds, driven by strong land—sea thermal contrast
during hours of highest insolation (Rutllant et al.,
1998; Strub et al., 1998; Marin and Olivares, 1999). A
similar climate mechanism can explain decadal to
interdecadal increases of the sedimentary TOC flux
(preserved production) observed in sediment cores.
Rutllant et al. (1998) showed a net intensification (of
about 1.5 m/s) in the strength of S—-SW winds, since
the end of 1976, as the result of a lower frequency of
cloudiness during the hours of highest insolation,
implying the intensification of the most relevant
climate constraints for the primary production within
the bay: the S—SW wind and the solar radiation
(Marin and Olivares, 1999). On a Pacific Ocean basin
scale, ENSO-like interdecadal variability has been
documented for the second half of the 20th century,
suggesting significant ocean—climate variations along
the western margin of South America (Zhang et al.,
1997, Mantua et al., 1997, Garreaud and Battisti,
1999). Besides, decadal ocean—climate variability has
been reported from corals in the tropical Pacific Ocean
(e.g. Linsley et al., 2000; Cole et al., 2000). We
suggest that the high-frequency variations of the
sedimentary fluxes observed in cores 33C and 32B
(Fig. 12) reflect these types of basin scale ocean—
climate variability in the Pacific Ocean. This inter-
pretation also provides an additional explanation for
the occurrence of different lamination styles within
the sequences.

At secular time scale, the long-term intensification
of the upwelling-induced primary production from the
second half of the 19th century, inferred from the
observation of the sedimentary fluxes in both cores,
seems to be linked to a freshening and sea surface
cooling inferred from coral data in the south western

tropical Pacific Ocean (Hendy et al., 2002), suggest-
ing major basin scale ocean—climate changes in this
period. The increase of the total number of fish scales
in the top segment of the core 33C (Fig. 4),
corresponding mostly to Engraulis ringens (anchovy),
also suggests major changes of ecological conditions
in the south eastern Pacific Ocean. Altogether,
interdecadal trends of fish scale abundance during
the 20th century, as shown in Fig. 4, are similar to
those described by Mantua et al. (1997) for the north
Pacific Ocean. The Mejillones bay laminated sedi-
ments deserve further studies oriented toward the
study of ecological changes associated with ocean—
climate trends in the south eastern Pacific Ocean.

5. Conclusions

The composition of the laminated diatomaceous
sediments of Mejillones bay is dominated by the high
concentration of Chaetoceros r.s. and organic matter,
which assess the strong control of upwelling events
upon hemipelagic sedimentation processes. The thick-
ness of the laminae ranges from 1 mm to several cm.
Those laminae are associated with changes in density
(porosity), due to the different concentration of
phytoplankton rests, TOC and organic matter, carbo-
nates and lithic particles. Dark laminae are generally
characterized by higher concentration of Chaetoceros
rs., TOC, organic matter, carbonates and lithic
minerals with respect to the adjacent light laminae,
which result from intensified net sedimentary fluxes
due to strong upwelling events and high primary
production rates. These last conditions induce inten-
sified hypoxia within the bay and more efficient burial
of the organic matter, favouring its preservation.
Contrarily, light laminae are characterized by dimin-
ished concentration of Chaetoceros r.s. and the other
components just mentioned, and relative increases of
the concentration of centric and pennate diatoms, thus
yielding a more porous sediment. These last con-
ditions should be associated with relative diminished
upwelling-induced primary production, as well as
diminished hypoxia within the bay.

The presence of different lamination styles is
interpreted as the result of different ocean—climate
modes of variations, driving the intensity of the
upwelling events and primary production rates. In
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this sense, thicker dark laminae are associated with
greater wind-driven upwelling intensity and primary
production rates, relative to the adjacent light facies or
sections showing higher variability. Ecological infer-
ences from microfacies and phytoplankton assemb-
lages suggest that some of the light laminae might be
associated with major oceanographic events like
ENSO. From the sedimentation rate estimates and
the thickness variability of the laminations, it is
inferred that one individual lamina represents periods
of time ranging from seasons up to decades.

The variability of the sedimentary fluxes in both
cores represents mostly ocean—climate variations at
decadal interdecadal and secular time periods.
Decadal and interdecadal variations of the upwelling
and primary production should be associated with
regional and Pacific Ocean basin scale climate
trends. The intensification of the upwelling events
and primary production since the second half of the
19th century and during the 20th century, as
interpreted from both cores, appear to be contem-
poraneous to ocean—climate changes documented in
the south western tropical Pacific Ocean (Hendy et
al., 2002). This suggests a major basin scale climate
change during this period.
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