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Through an extensive sampling and dating of pairs of associated shells and charcoal fragments combined
with reanalysis of all the available previous data, we reconstruct the evolution throughout the Holocene of
the regional marine radiocarbon reservoir effect (ΔR) values along the northern Chile–southern Peru area
(14°–24°S). After elimination of the cases in which the terrestrial component yielded older ages than the
marine shells to which they were associated, the study is based upon data from 47 pairs of associated marine
and terrestrial material.
Our results suggest major changes in both the magnitude and variability range of ΔR during thewhole Holocene
Period: (1) between10,400and6840 cal yrBP, highvalues (511±278 yr)probably result froma strengthened SE
Pacific subtropical anticyclone and shoaling of equatorial subsurface waters during intensified upwelling events;
(2) between 5180 and 1160 cal yr BP, lower values (226±98 yr) may reflect a major influence of subtropical
water and diminished coastal upwelling processes; (3) during the last ~thousand years, high values (between
355±105 and 253±207 yr) indicate an increased influence of 14C-depleted water masses and of ENSO. For the
early twentieth century a ΔR value of 253±207 yr was calculated.
© 2010 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

The regional reservoir effect

Radiocarbon dating of marine biogenic carbonates involves
estimates of the global marine reservoir effect (R) (Taylor, 1987)
which has varied in time and space in response to global ocean-
climate changes. This is partly due to oceanographic variations that
reflect different ventilation rates of deep waters through time,
changes in the input of 14C-depleted dissolved inorganic carbon
from deeper to surficial layers of the ocean and latitudinal variations
of the concentration of radiocarbon in the ocean surface. Because at
any geological time and even close to the ocean surface, the oceanic
carbon is not in isotopic equilibrium with the atmospheric reservoir,
radiocarbon measurements of marine materials tend to provide older
apparent ages than contemporaneous terrestrial counterparts. Deep
ocean water masses with low radiocarbon concentrations show that
marine organisms may yield apparent ages that are older by several
hundred years (up to 800–1000 yr) than their true age (Robinson and
Thompson, 1981; Southon et al., 1990; Kovanen and Easterbrook,
D, MNHN, Université Pierre et
Varagnat, 93143 Bondy Cedex,

ashington. Published by Elsevier In

ridge University Press
2002). Global marine reservoir values at a decadal resolution have
been estimated for the last roughly 22,000 yr from global models and
the comparison of terrestrial and marine radiocarbon measurements,
with a current R value estimated to ca. 400 yr (Stuiver et al., 1986;
Stuiver and Braziunas, 1993). However, in most of the cases the
marine correction may also incorporate an additional regional
reservoir effect referred to as ΔR. This regional effect can reach
particularly high values in high-latitude coastal zones and regions
affected by strong upwelling processes. In coastal areas of tropical
regions, upwelling systems bring 14C-depleted waters to the sea
surface and, subsequently, high regional reservoir effects are observed
in marine organisms.

As the magnitude of the regional reservoir effect is related to ocean
circulation changes and coastal upwelling regime, it has varied both
through time and from one area to another one. Hence, in each study
area, solving the problems of chronological correlation between
radiocarbon results from marine and terrestrial samples requires that
some assumption bemade regarding the non-stationary, or permanent,
value ofΔR. Testingwhether the parameterΔR varied in the past, orwas
different than modern ΔR values, may involve precise dating of coeval
terrestrial and marine samples by independent methods based upon
tephrachronology (e.g. Eiriksson et al., 2004) or cosmogenic and
radiogenic measurements (Muscheler et al., 2000; van Beek et al.,
2002). However, the most common method consists of comparing the
results of radiocarbon analyses on contemporaneous terrestrial and
c. All rights reserved.
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Figure 1. Regional oceanographic setting of the Peru-Chile study area, with major
components of theHumboldt Current Systemduringa typical summer situation (modified
from Strub et al., 1998). Schematic sketch (inset) shows the disposition of the principal
water masses. The location of sediment cores GIK17748-2 (CG) and GeoB3313-1 (CB),
from Kim et al. (2002) and Lamy et al. (2002) are also shown.
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marine samples and inferring the ΔR values from the variation through
time of the total marine reservoir R calculations (Head et al., 1983;
Albero et al., 1986; Little, 1993; Southon et al., 1995; Ingram, 1998;
Kennett et al., 1997; Phelan, 1999; Ulm, 2002).

Estimates of ΔR variation in time have been used for global
paleoclimate reconstructions involving particular time periods, as the
Last Glacial Maximum (Shackleton et al., 1988; Broecker et al., 1988;
Sikes et al., 2000), the last deglaciation (Hughen et al., 1998; Kwiecien
et al., 2008) or the Younger Dryas (Bard et al., 1994; Goslar et al.,
1995; Muscheler et al., 2000; Kovanen and Easterbrook, 2002; Burr et
al., 2009). In several regions of the world, the determination of former
values of ΔR begins to play a major role in paleoceanographic studies
concerned with circulation pattern and evolution of water masses
(Angulo et al., 2007; Petchey et al., 2008; Fallon and Guilderson, 2008;
Lewis et al., 2008; Ndeye, 2008; Burr et al., 2009).

Oceanographic setting and evidence for ΔR variation along southern
Peru and northern Chile

The Humboldt Current System or Peru-Chile Current is affected by
Eckman pumping and strong coastal upwelling activity driven by the
upwelling-favorable equatorward winds associated with the south-
eastern Pacific subtropical anticyclone (SEPSA), which drives south-
erly winds along the coast of central-northern Chile and southern
Peru (Strub et al., 1998). The surficial components of this current
transport subantarctic water equatorward and, in tropical and
subtropical regions, subtropical water poleward (Strub et al., 1998).
The subsurface Poleward Undercurrent (Strub et al., 1998) transports
equatorial subsurface water (ESSW) to the south (Brandhorst, 1971;
Morales et al., 1996) and below 500 m, the Antarctic intermediate
water flows toward the equator (Fig. 1). The ESSW are 14C-depleted
(Toggweiler et al., 1991) and the shoaling of these water masses
during strong coastal upwelling processes (Torres et al., 2002),
certainly contributes to increasing the ΔR values in the northern
Chile-southern Peru coastal region.

AmodernΔR value, measured on three pre-bombmollusk shells of
known age, was determined as 190±40 yr (Taylor and Berger, 1967;
Stuiver and Braziunas, 1993). This value was estimated from 20th-
century samples and was later extrapolated to the last thousand years
(Southon et al., 1995). However, older Peruvian archaeological sites
provided marine shells which yielded radiocarbon apparent ages
much older than coeval charcoal fragments (Rowe, 1965; Owen,
2002). This suggested that the regional reservoir effect probably
fluctuated in the past and could have been significantly higher during
some periods of the Holocene.

In an attempt to determine the ΔR value for the mid-Holocene
(6–4 ka) in the region of Ilo (17°S, southern Peru), Kennett et al.
(2002) generated a series of 14C measurements of paired marine
shells and charcoal fragments in a well-layered archeological site
referred to as “Km 4” of a private railroad, north of Ilo. They observed
that many pairs did not yield consistent age differences between
mollusks and charcoal, and that some charcoal ages suggested
anomalously old ages, by up to several centuries, with respect to
contemporaneous marine shells. The anomalously old terrestrial
samples reflect the fact that in the hyper-arid coastal environment of
southern Peru (Schwerdtfeger, 1976), like other desert areas
(Schiffer, 1986), early inhabitants probably used “old wood”
fragments, either driftwood or dead trees which had ceased to live
decades or centuries before they were used as fuel. This problem, of
particular concern along coastal deserts, limits our ability to estimate
ΔR values from comparisons of radiocarbon ages between marine
shells and charcoal or wood fragments from archaeological sites.

In another study in the same region of Ilo, Owen (2002) dated pairs
of marine and terrestrial materials in two small time windows (AD
1280–1380 and 1870–1680 BC). The terrestrial samples are small (1 to
3 mm in diameter) unburned twigs of Schinus molle (California pepper
oi.org/10.1016/j.yqres.2010.07.018 Published online by Cambridge University Press
tree, or “molle”) with bark which should not have been reworked, and
hence should not present the “old wood” effect. Owen results indicated
thatΔR had indeed varied, andmuchmore than previously assumed by
Southon et al. (1995). He concluded that if his and previous published
results were accurate, there had been a considerable spatial/temporal
variation of the regional reservoir effect in southernmost Peru.

More recently, Fontugne et al. (2004) reported differences of 14C
ages between marine shells and terrestrial organic materials from
another Peruvian archaeological site (Quebrada de los Burros), near the
Chilean border. These authors did not rely upon charcoal samples but on
organic samples related to themeager vegetationwhich grew in the bed
of a quebrada (dry-river talweg). In this case also, it can be assumed that
the vegetation remains were most probably devoid of any “old wood”
effect. They interpreted that the reservoir effect value increased ca.
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8000 cal yr BP, stayed relatively high until ca. 4000 cal yr BP, and then
decreased abruptly to a value comparable to themodern one. Fontugne
et al. (2004) assigned these variations to probable fluctuations of the
southern Peru coastal upwelling intensity and/or changes in ocean
circulation at intermediate depth.

Recent studies on marine sedimentary sequences off northern and
central Chile, documented significant upwelling and oceanographic
variations at different time periods during the late Pleistocene and the
Holocene (Marchant et al., 1999; Hebbeln et al., 2000, 2002; Kim et al.,
2002; Lamy et al., 2004; Vargas et al., 2004; Dezileau et al., 2004). In
fact, these paleoceanographic studies strongly suggest that the
regional reservoir effect could have significantly varied in response
to these ocean-climate variations. Based upon the analysis of new and
previous radiocarbon data from a series of localities in the coastal
southern Peru-northern Chile region, this work proposes: (1) to shed
new light on significant ΔR variations at the scale of the last 11,000 yr,
along a ~1000 km coastal stretch in the central part of the Humboldt
Current System (14–24°S), and (2) to contribute to a better
understanding of the relation between ΔR values, coastal upwelling
regimes and regional oceanographic changes since the end of the
Pleistocene.
Materials and methods

Sampling approach and methodological aspects

The estimation of the regional reservoir effect is based on a
comparison between the radiocarbon composition of coeval materials
which should reflect, at a given instant, the difference in the carbon
isotopic composition of the atmospheric and marine reservoirs. In
many cases, the materials used are pairs of marine shells and
associated charcoal fragments, sampled either in isolated campfire
remnants or in stratified archaeological deposits. In a few other cases
(e.g. Fontugne et al., 2004), the dated materials may consist of thrown
away marine shells associated with vegetation remains thought to be
contemporaneous with the consumption of the marine resource. The
approach implies that the contemporaneity of the marine and
terrestrial dated samples can be firmly established, or at least
reasonably assumed. Thus, in all such studies, there is not only a
question of the chronological association of the samples, but also a
question of the relative age of both components of the pair (e.g. the
“old wood” effect of Kennett et al., 2002).

The close association between marine shells and charcoal or wood
fragments can be reasonably assessed when they come from isolated
campfire deposits, in which possible mixing of similar materials from
younger or previous sedimentary layers can be ruled out. These
situations, corresponding to short-lived occupation episodes left by
nomadic populations, are relatively numerous in the coastal arid
environment of southern Peru and northern Chile. When the paired
samples come from archaeological sites occupied for centuries, special
carehas been taken to avoidmaterialmixing from layers of different ages.

In a number of localities, available radiocarbon data may concern
several samples of shells, or vegetal remains which are all contem-
poraneous. To form the pairs from which ΔR values are calculated, we
distinguished two cases. When two (or more) radiocarbon measure-
ments on charcoal samples were available, we discarded the result
yielding the oldest apparent age, susceptible to reflect a possible old
wood effect, and used only the youngest radiocarbon age. On the
other hand, when radiocarbon data on two, or several, marine shell
samples associated to a single dated charcoal were available, we
considered these as several pairs. When radiocarbon measurements
were available on several coeval shells, the data provide a useful
indication on the variability range of ΔR in the corresponding
nearshore environment at the given date. In Table 1, we identified
pairs of samples by notation in the form 1–1, 1–2, etc., in which the
rg/10.1016/j.yqres.2010.07.018 Published online by Cambridge University Press
first digit corresponds to the terrestrial sample and the second one to
each associated marine sample.

All the shells analyzed in the study correspond to kitchen remains,
and are thought to be organisms that were fished in the few hours (or
days, at most) preceding their consumption by humans. The mollusc
shells come from the nearshore environment (water depth which
seldom exceeded 10 m) and can be considered as equivalently
significant in terms of 14C composition. No specific/generic differences
were observed within the results. At an individual level, there are no
arguments leading to consider that during their life time, the shell
isotopic compositionmay have been affected by other phenomena than
the variation of the composition of the dissolved carbon of the marine
waters. Because of the general lack of estuaries, coastal lagoons, and
continental runoff reaching the sea, we assume that no terrestrial
influence affected the nearshore environment of the study area. In this
respect, there is no reason to suspect that the radiocarbon composition
of the marine shells, from any of the studied localities, reflects any
continental impact (Dye, 1994; Phelan, 1999; Eiriksson et al., 2004).

Although most of the marine samples included here consist of
calcium carbonate shells of invertebrate (mainlymolluscan) organisms,
we also used data from one previous study which includes feathers or
sea-bird skin and fish vertebrae (Southon et al., 1995). The radiocarbon
composition of soft parts of birds which feed exclusively on marine
resources, or of fish, is considered to be equally reliable as marine
mollusks.

Radiocarbon data from a few shells of known age and which grew
before 1950 are also used for the evaluation of ΔR value. These
samples, which lived in the first half of the 20th century, allow a direct
determination of ΔR. Two gastropod shell samples (supposedly
collected alive) provided the first evaluation of the reservoir effect
in the study area (Taylor and Berger, 1967). One of them (Oliva
peruviana), identified as from “southern Peru, 14°S, 78°W” (the
indicated longitude is obviously wrong, and should read “76°W”,
because the locality was certainly near Pisco) was collected in the
1930s. The other sample, collected in 1925 in the Antofagasta area
(24°S, 70°W), is a shell of the species Concholepas concholepas
(Table 1).

We also included several shells collected in nitrate mining camps
(“salitreras”) thatwere active at the end of the nineteenth century and the
first decades of the twentieth century, andwere subsequently abandoned.
The refuse shells were collected in three salitreras that had been working
during known, well-bracketed, periods. In Salitrera Slavonia (20°51'S,
69°42'W) and Salitrera Buenaventura (21°49'S, 69°44'W), active in the
periods 1900–1918 and 1894–1930 respectively, we sampled Protothaca
thaca shells. In Salitrera Prat (23°04'S, 69°29'W), active between1912 and
1931, several individual samples of Argopecten purpuratus shells were
collected and dated (Table 1). We assumed that the calendar age (cal yr
BP) of each of these samples is the arithmetical mean of the occupation
periodof the salitreras, i.e.: 41±9yrBP for SalitreraSlavonia, 38±18yrBP
for Salitrera Buenaventura, and 28.5±9.5 yr BP for Salitrera Prat.

Analytical procedures

Most of the radiocarbon dating that we performed on marine and
terrestrial sampleswas carried out at the LODYC (now renamed LOCEAN,
for Laboratoire d'Océanographie et du Climat: Expérimentation et
Analyses Numériques) facility (lab. ref. “Pa”, Table 1) and the
PALEOTROPIQUE laboratory (lab. ref. “PaBO”, Table 1). Some radiocarbon
datawere obtained at the University of Toronto facility (Ottawa, Canada)
(lab. ref. “TO”, Table 1), the GEOTOP laboratory (Université of Québec at
Montréal, Canada) (lab. ref. “UQ”, Table 1) and the NSF Radiocarbon
Facility (University of Arizona, Tucson, USA) (lab ref. “AA”, Table 1). For
data provided by previous authors, the reader is invited to refer to the
original published works.

In most cases, the analyzed shell samples corresponded to whole
shells (single shells in the case of large C. concholepas individuals, or
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Table 1
Sampling site data and sample characteristics,with geochemical and radiocarbon results of associatedmarine (in grey) and atmosphericmaterialwithin the study area, fromnew localities
and previously studied sites (see Figs. 2 and 3). Only pairs which did not show anomalously oldwood/charcoal ageswith respect tomarine sample radiocarbon data were actually used to
estimate reliable ΔR values (10th column). Data in italics in columns 3 to 7 designate samples that were not considered as reliable, either because of old wood effect, or because of
anomalous geochemical results (δ13C). Numbers in parentheses in the 8th column correspond to the amount of probability for the corresponding calibrated age range period. When
radiocarbon data for two or more terrestrial samples were available in a given locality, it was the data of the youngest sample that was selected for the ΔR calculation. When data from
charcoal and yarn samples were available, we chose the charcoal data, for consistency sake.
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(continued on next page)

Table 1 (continued)
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Table 1 (continued)
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several valves of bivalves) which should thus provide representative
interannual values of their radiocarbon content and should integrate
intrashell seasonal variability (Culleton et al., 2006; Jones et al., 2007).
oi.org/10.1016/j.yqres.2010.07.018 Published online by Cambridge University Press
Most analyzed shells correspond to animals that commonly live
several years, which implies that there are not susceptible to record
short-lived oceanographic phenomena, like El Niño events which only

Unlabelled image
https://doi.org/10.1016/j.yqres.2010.07.018


Figure 2. Sketch map with localities mentioned in the paper. Italics refer to sampling
localities of previous authors (Taylor and Berger, 1967; Southon et al., 1995; Owen, 2002;
Kennett et al., 2002; Fontugne et al., 2004; see Table 1). See also Ortlieb and Vargas, 2003.
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last a fewmonths, at most. The shell samples, which did not show any
evidence for recrystallisation, were submitted to preliminary surficial
cleaning (ultrasonic bath with 1 M HCl). Charcoal fragments were
prepared using standard treatments (Acid-Alkali-Acid). The isotopic
ratios were measured by LSC on a mass spectrometer Isogas (Optima)
and the radiocarbon activity determined by beta counting on a
Packard TRI-CARB 2260 XL.

All the radiocarbon results, frommarine and terrestrial samples, are
expressed as conventional ages, after normalization of δ13C=−25‰
(Stuiver andPolach, 1977). The terrestrial ageswere calibratedusing the
Calib5.0.1 software and themethodof probabilities (Stuiver andReimer,
1993; Stuiver et al., 1998) for Southern Hemisphere terrestrial samples
(McCormac et al., 2002, 2004), taking the two-sigma calibrated age
range (95.4% of probabilities).

ΔR and Δ14Ct calculations

For the ΔR estimates of each pair of samples, following Southon et al.
(1995),weusedadirect approach calculating thedifferences between the
measured marine radiocarbon data and the corresponding age from the
marine calibration curve (Hughen et al., 2004). For each two-sigma
terrestrial calibrated age range, the marine calibration curve provided
maximum and minimum radiocarbon values. We calculated a minimum
andamaximumΔR as thedifferencebetween themeasured conventional
marine age and those values. Finally, we have taken the arithmetic mean
as the most representative ΔR value corresponding to this one-sigma
terrestrial calibrated age range. Calculations are summarized as follow:

ΔRmin = Agemarine sample−Agemarine curve maximum

ΔRmax = Agemarine sample−Agemarine curve minimum

ΔR = ΔRmin + ΔRmaxð Þ*0:5

Errors were propagated according to the formula:

σR = σ2
marine sample + σ2

marine curve

� �1=2

The marine Δ14Ct values were calculated from the difference
between the measured marine radiocarbon age, based on the
Cambridge half-life, and the mean value of the corresponding
terrestrial calibrated age range, applying the formula of Stuiver and
Polach (1977):

xc−t′ = 8267*ln 1 + Δ14Ct = 1000
� �

;

where t' is the radiocarbon age calculated with the Cambrige half-life
(5730 yr) and xc is the mean calibrated age range (cal yr BP). Δ14Ct
errors were calculated from the maximum and minimum differences
associated to the measurements and their respective uncertainties.

Regional reservoir-effect estimates

Calendar vs. marine conventional age comparison

In this study, 19 localities were considered, six from previous work
by other authors and 13 sampled by us (Figs. 2 and 3). In some
localities, different chronostratigraphic units were sampled. The
number of pairs, including the cases in which the results of more
than one marine sample are compared to the result of a single
terrestrial sample, amounts to 73.

Results of radiocarbon measurements of all the studied pairs
(Table 1) are shown in Figure 4. Pairs yielding positive values of ΔR
(46) are indicated as crosses above the marine calibration curve of
Figure 4, while the values located below it (27) correspond to pairs
with either a negative ΔR, or for which the terrestrial material was
significantly older than the correspondingmarine sample (“oldwood”
rg/10.1016/j.yqres.2010.07.018 Published online by Cambridge University Press
samples). It could be argued that ΔR values falling below the marine
calibration curve of Figure 4 might be significant. We do not think so,
because we consider as quite improbable a perceptible effect of
former incursions of equatorial waters, with high Δ14C values, on the
isotopic composition of themarine shells. Even if southward invasions
of equatorial waters occurred in the past, for instance during strong
ENSO events, the duration of the phenomenon (a fewmonths atmost)
would have been too short to impact on the global content of 14C of
the whole analysed shells. Therefore, we interpret that none of the ΔR
values which are figured below the marine calibration curve actually
reflect reliable data. This means that we cannot use the data
corresponding to these 27 pairs of marine/terrestrial samples.

The study thus confirms previous observations and inferences
made in the study area (Southon et al., 1995; Kennett et al., 2002;
Owen, 2002; Fontugne et al., 2004) which emphasized the difficulty in
obtaining reliable estimates of the radiocarbon age of archaeological
samples. However, our compilation and treatment of previous and
new radiocarbon data on pairs of associatedmaterial in the study area
leads us to pinpoint 46 pairs of marine-terrestrial radiocarbon data
which provide positive estimates of ΔR values at different periods
during the Holocene. Considering that these pairs, which represent
more than half of the compiled new and previous data (Table 1), are
rather well distributed geographically within the study area (Fig. 2),
we assume that these results constitute a statistically significant set of
data to evaluate major changes of ΔR and its variability at different
time periods during the Holocene.

image of Figure�2
https://doi.org/10.1016/j.yqres.2010.07.018


Figure 3. Illustration of some of the sampling sites (see Fig. 2 for location and Table 1 for analytical results). a and b: Km 737 of the Pan-American Highway locality; a: Left: roadcut
showing the superposition of debris-flow units separated by sandy layers; b: detail view of kitchen midden remains associating marine shells (mostly Mesodesma donacium) and
charcoals or ashy lenses. The two upper fossiliferous unconsolidated sandy layers, at right, provided the samples P03–48/49 (top) and P03–45/46/47 (center of the photo) (see
Table 1). c: Hacienda Pocoma archaeological deposit with human burials. Associated shells (P01–28/30) and charcoal (P01–27) and plant remains (P01–29) were radiocarbon dated.
d: Quebrada Miraflores locality: studied samples are marine shell remains (P03–51) and associated charcoals fragments (P03–50) interstratified between debris flow units. e and f:
Location of sampled pairs in the archaeological site of Chimba 13, Antofagasta. e: excavation N02/W14, showing the hole (upper right, “6”) where samples 6a/b (Table 1) were taken.
f: general map and schematic sections of the two excavations of the site.
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Variability of ΔR during the Holocene

The new data set presented here which provides a series of positive
ΔR estimates (10th column in Table 1) covers, although unequally, the
whole Holocene Period. Variations of those values during the Holocene,
aswell as the total range of variability for a specific period, are shown in
Figure 5. These results lead to distinguish three periods, the early
Holocene, the middle Holocene and the last millennium.

A high variability is observed during the early Holocene, from
10,396±191 until 6844±179 cal yr BP, with maximum values of
ΔR=1057±47 yr). A mean ΔR value of 511±278 yr is calculated
for this period of the early Holocene. Following this period, the
ΔR drops dramatically both in mean value and total range of
variability. Actually, between 5184±149 and 1164±115 cal yr BP,
themarine reservoir effect showsmuch less variability, withmaximum
values of ΔR=344±46 yr, and a mean ΔR value of 226±98 yr.
Between 638±84 and 396±78 cal yr BP, our results suggest an
increase in variability of the regional marine reservoir effect,
oi.org/10.1016/j.yqres.2010.07.018 Published online by Cambridge University Press
with maximum values of ΔR=499±33 yr, with a mean ΔR value of
355±105 yr. This tendency is confirmed by the regionalmarine reservoir
effect estimated from the mollusc shells collected in the salitreras, period
comprised between 41±9 and 15±5 cal yr BP, withmaximumvalues of
ΔR=670±35 yr, and a mean ΔR value of 253±207 yr.

Previous studies in the region (Southon et al., 1995; Owen, 2002;
Kennett et al., 2002; Fontugne et al., 2004) discussed the pervasiveness of
the originalΔR value determinedbyTaylor andBerger (1967). Our results
suggest that both the variability and the mean value of ΔR have been
much higher even during the modern pre-bomb period (first half of the
20th century) than initially suggested by these authors, who actually
based their calculations on a quite limited number of marine shells. The
newradiocarbonmeasurementsobtained frommollusc shells collected in
the salitreras provide a more reliable set of data for the estimation of the
modern pre-bomb mean value of the ΔR and its range of variability.

The data set shows an increase of ΔR value since 638 cal yr BP, with
respect to the previous period in the middle Holocene. This increase is
depicted by pairs of samples which provided the highest values of ΔR

image of Figure�3
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Figure 4. Calendar vs. marine conventional radiocarbon ages obtained in the study area (see Table 1). Crosses indicate positive values of ΔR, which are used in further calculations,
while filled squares pinpoint negative ΔR values (revealing “old wood” effect and similar unreliable cases) that are discarded for the calculations (see Fig. 4). Error bars correspond to
2σ ranges. The calibration curve for Southern Hemisphere terrestrial samples is according McCormac et al. (2002, 2004).
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(Fig. 5), but is supported by the mean values of ΔR and their associated
standard deviations. Thus, our observations confirm that previous
interpretations which had considered a constant ΔR value during the
middle to late Holocene (Southon et al., 1995; Fontugne et al., 2004)
should be revised.

Beside some high ΔR values around 3740–3970 cal yr BP, and the
lack of data between two one-thousand-year periods (3250–2130 cal
yr BP and 5010–3970 cal yr BP), the lower mean value and total range
of variability of ΔR seem to be well constrained for the middle early-
late Holocene period between 5180 and 1160 cal yr BP.

The lack of data between 6840 and 5180 cal yr BP impedes a more
precise chronological determination for the major change in both the
mean value and the total range of variability ofΔR at that time. However,
the magnitude of this change suggests an abrupt decrease of ΔR from an
early Holocene stage to a middle Holocene stage, in a short time interval
(about 1660 yr), after 6840 cal yr BP. In this sense, our results provide
more precise information than the previous work of Fontugne et al.
(2004), which assumed high values of ΔR until about 4000 cal yr BP.

ΔR, upwelling and major oceanographic changes during the
holocene

Variation throughout the Holocene of ΔR values may reflect
combinations of effects from varying upwelling intensity and changes
in the circulation of water masses. The high ΔR values (i.e. low Δ14Ct)
that characterized the early Holocene until ca. 6840 cal yr BP strongly
decreased from ca. 5180 cal yr BP onward (Fig. 6). The dramatic
change in both the maximum values of ΔR and the ΔR range of
variability observed during this lapse suggests a major oceanographic
change in the Humboldt Current system before the mid Holocene
which seems to be supported by some paleoceanographic data along
the Chilean margin and in the southern ocean.

From alkenone analyses in sediment core GIK17748-2 located at 33°S,
Kim et al. (2002) inferred an important increase in SST conditions ca.
7800 cal yr BP, after cooler sea surface conditions during the early
rg/10.1016/j.yqres.2010.07.018 Published online by Cambridge University Press
Holocene, followed by a slight decrease in SST values during the second
half of the Holocene. According to Kim et al. (2002), low SST conditions
during the earlyHolocene resulted probably fromanorthward location of
thewest-drifted Antarctic Circumpolar Current (ACC), whichwas located
closer to the pole during the mid Holocene and afterward. Additionally,
paleoclimatic and paleoceanographic data from and off north-central
Chile suggest that the early Holocene was characterized by an increased
aridity, most probably related to a strengthened SEPSA (Heusser, 1990;
Villagrán and Varela, 1990; Veit, 1996; Grosjean et al., 1997; Lamy et al.,
1998, 1999, 2000; Jenny et al., 2002, 2003; Villa-Martínez et al., 2003;
Vargas et al., 2006), with associated intensified coastal upwelling and
decreased coastal SSTs (Vargas et al., 2006). We contend that a
strengthened SEPSA and a northward location of the ACC favored the
shoaling of 14C-depleted water masses, through increased influence of
equatorial subsurface waters (ESSW) in strengthened coastal upwelling
processes in the study area, together with an intensified northward
advection of subantarcticwaters and probably some intermediatewaters,
as the eastern south Pacific intermediate water (ESPIW) which is formed
in the south-eastern limb of the SEPSA and advected northward along the
central Chilean margin (Schneider et al., 2003). If this interpretation is
correct, high ΔR values should also have characterized the surface water
masses off subtropical central Chile. Considering this last hypothesis, we
recalibrated the radiocarbon ages of the core GIK17748-2 (Kim et al.,
2002) using ourΔR estimates for the northern Chile-southern Peru region
and recalculated the chronological model for this core. The consistency
between the Holocene evolution of the marine Δ14Ct estimated from our
compiled dataset in the study region and the recalibrated chronology for
the inferred SST values off central Chile (Fig. 6) supports the idea that a
drastic diminution of theΔR values occurred shortly ca. 6840 cal yr BP, as
the result of a change in oceanographic conditions in the Peru-Chile
Current after ca. 7150 cal yr BP. Additionally, the higher marine
radiocarbon reservoir effect estimated for the earlyHolocenewith respect
to themidand lateHolocene in the southernocean (vanBeeket al., 2002),
suggests that the last change resulted from a major reorganization in
oceanographic circulation within the subantarctic region. In fact, a strong
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Figure 5. Compilation of regional reservoir effect (ΔR) values throughout Holocene times, expressed in years, calculated on validated samples (10th column in Table 1) from the southern
Peru-northern Chile region (see Fig. 4). Error bars correspond to 2σ ranges. Mean and associated 2σ values calculated for each period in this work are also indicated (dark and light grey
areas, respectively). The asterisk (*) indicates the ΔR=190±40 yr value (Taylor and Berger, 1967; Stuiver and Braziunas, 1993) commonly used in the region by most authors.
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argument for a drastic change in the regional circulation pattern at that
time is provided by a sediment core extracted in the Ross Sea, in
Antarctica, which indicates a rapid landward recession of the Antarctic
glaciers together with the onset of seasonal sea-ice formation between
8000 and 7800 BP (Finocchiaro et al., 2005). The time-lag between
changes in Antarctica and the Peru-Chile Current domain may be
explained by the important reservoir effect during the early Holocene in
the subantarctic region (van Beek et al., 2002). If the current general
circulation system of the Ross Sea and the formation of high-salinity shelf
water (HSSW) in the Antarctic Oceanwere actually set at 7.8 ka, it can be
inferred that drastic changes also occurred at that time in the Peru-Chile
Current system, through remote mechanism (Toggweiler et al., 1991) or
directly on the 14C-content of the subantarctic waters.

Multiproxy analyses from a marine core located at 41°S, where the
AAC is deflected toward the north, suggested a significant increase of
productivity and a SST cooling (by as much as 1.4 °C) during the last
1500 yr of the record (Lamy et al., 2002), consistently with a similar
tendency in the SST values observed off central Chile (Kim et al., 2002;
Fig. 6). This recent evolution within the southern part of the Peru-Chile
Current system has been attributed to an equatorward shift of the AAC
and of the westerlies (Kim et al., 2002; Lamy et al., 2002). This
oceanographic change should be contemporaneous with the increase of
meanΔR values that is observed in the last ~7 centuries, within the study
area, which could be associated to a higher influence of ESSW in the
upwelled waters, through increased climatic forcing due to southerly
coastalwinds in the eastern rimof the subtropical anticyclone. In fact, the
high variability of the ΔR values, particularly during the early twentieth
century but also between 638±84 and 396±78 cal yr BP, may reflect a
higher variability of both, upwellingand subtropicalwatermasses related
to ENSO, contemporaneously with a higher frequency of ENSO-related
climate anomalies inferred from the study of debris flow sequences
during the last thousand years with respect to the earlier part of the late
Holocene (Vargas et al., 2006).
oi.org/10.1016/j.yqres.2010.07.018 Published online by Cambridge University Press
Conclusions

Variations of radiocarbon regional reservoir effect reflect paleo-
ceanographic changes in the composition and circulation pattern of
subsuperficial waters, as well as variations in the intensity of
upwelling phenomena. Tropical coastal regions like that of southern
Peru and northern Chile, submitted to strong upwelling processes,
commonly experience high values of ΔR and are prone to variations of
these ΔR values through time, according to paleoceanographic regime
changes.

This study provides a new set of data which allowed us to estimate
meanΔR values and the variability range of these values throughout the
Holocene along the 14°–24°S coastal area of western South-America.
The compilation of previous data and of a new series of associated pairs
ofmarine shells and charcoal fragments, led us to sort out the numerous
cases inwhich the “oldwood” effectprevent any calculationofΔRvalues
fromradiocarbonmeasurements in themarine carbonates. Thepractical
result of the study is a reconstruction of ΔR values in 46 pairs of
associated marine/atmospheric material widely distributed in the
whole study area, and which cover almost all the Holocene period.

It is thus shown that the extrapolation of modern ΔR values, which
had been determined on a limited number of pre-bombmodern shells
(Taylor and Berger, 1967), cannot be justified, even for the past few
thousand years (Southon et al., 1995; Fontugne et al., 2004).

In terms of paleoceanographic implications, our results confirm that
old 14C-depleted water masses found in the study area come from the
Antarctic and subantarctic region and that variation of their ΔR values
during the early to mid Holocene were associated to the ACC and the
Peru-Chile Current dynamics. Part of these changes could be tentatively
linked to variations in the advection regime of oldwaters that reach the
study area through a thermohaline mechanism as proposed by
Toggweiler et al. (1991). Very high ΔR values occurred during the
early Holocene and particularly around 7500–7000 cal yr BP, in close
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Figure 6. Top: marine Δ14Ct values (‰) calculated from the mean marine radiocarbon age range and the corresponding calibrated terrestrial pair of radiocarbon data in the southern
Peru-northern Chile region (black circles), plotted with respect to the Δ14Ct values of the marine calibration curve (Hughen et al., 2004). Grey squares show marine Δ14Ct values
estimated from sediment records in the Antarctic region (Van Beek et al., 2002). The variation of the negative deviation of the data from northern Chile-southern Peru and Antarctic
regions, with respect to the calibration curve, represents the magnitude of the regional radiocarbon reservoir effect throughout the Holocene in specific moments, in both areas.
Arrows indicate the tendencies of the maximum deviations of the marine Δ14Ct values estimated in this work, with respect to the Δ14Ct values in the global marine calibration curve
(Hughen et al., 2004). Bottom: Alkenone-based SST reconstructions from sediment cores at 33°S (Kim et al., 2002; doted line) according a revised chronological model extrapolated
from new ΔR estimates in northern Chile and southern Peru (solid line; this work) and 41°S (Kim et al., 2002).
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relationship with a profound re-accommodation of oceanographic
circulation patterns in the southern ocean which affected the Peru-
Chile Current. The ΔR values diminished significantly probably shortly
after 6840 cal yr BP, in any case before 5180 cal yr BP, and not as late as
4000 cal yr BP, as suggested previously (Fontugne et al., 2004).

Impacts of ENSO-related climate anomalies in the area seem to have
been set up only after about 5300–5500 cal yr BP (Vargas et al., 2006),
and after the pre-mid-Holocene reorganization of the southeast Pacific
and circum-Antarctic circulation patterns. During the mid-Holocene,
the higher SST values off central Chile and the increased influence of
ENSO in the region probably favored the inclusion of subtropical waters
in the surface circulation of the study regionand southwardmigration of
the oceanographic front related to the ESPIW, presently located at 32ºS,
reducing also the contribution of ESSW in the upwelling events. The
higher values and range of variability of ΔR values observed in the last
seven centuries reflect an increased influence of 14C-depleted water
masses in the upwelling events, contemporaneously with increased
ENSO variability in the region as suggested by other proxies in the area.
rg/10.1016/j.yqres.2010.07.018 Published online by Cambridge University Press
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