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a b s t r a c t
The variability of radiocarbon marine reservoir age through time and space limits the accuracy of chronologies in
marine paleo-environmental archives. We report here new radiocarbon reservoir ages (ΔR) from the central
coast of Chile (~32°S) for the Holocene period and compare these values to existing reservoir age reconstructions
from southern Peru and northern Chile. Late Holocene ΔR values show little variability from central Chile to Peru.
Prior to 6000 cal yr BP, however, ΔR values were markedly increased in southern Peru and northern Chile, while
similar or slightly lower-than-modern ΔR values were observed in central Chile. This extended dataset suggests
that the early Holocene was characterized by a substantial increase in the latitudinal gradient of marine reservoir
age between central and northern Chile. This change in the marine reservoir ages indicates that the early
Holocene air–sea ﬂux of CO2 could have been up to ﬁve times more intense than in the late Holocene in the
Peruvian upwelling, while slightly reduced in central Chile. Our results show that oceanic circulation changes
in the Humboldt system during the Holocene have substantially modiﬁed the air–sea carbon ﬂux in this region.
© 2015 University of Washington. Published by Elsevier Inc. All rights reserved.

Introduction
Extending over 5000 km from the equator to ~50°S, the Peru–Chile
coastal upwelling region is the longest eastern boundary upwelling system in the world. The Peru–Chile coastal upwelling plays a signiﬁcant
role in the global carbon cycle, being a highly productive area (Chavez
et al., 2008) as well as one of the most intense carbon sources of the
global coastal ocean (Laruelle et al., 2010). There is growing evidence
that eastern boundary upwelling systems are intensifying with global
warming (Bakun, 1990; McGregor et al., 2007; García-Reyes and
Largier, 2010; Narayan et al., 2010; Gutiérrez et al., 2011). In addition,
climate model simulations recently projected a change in upwelling
spatial structure with future intensiﬁcation being larger at high
latitudes than at low latitudes (Wang et al., 2015). Assessing current
changes in upwelling systems requires knowledge of their natural
temporal and spatial variability.
The Humboldt Current system is complex, involving water masses
from the Paciﬁc Equatorial undercurrent in the north and subantarctic
surface and intermediate waters in the South, which are characterized
by different Δ14C values (Toggweiler et al., 1991; Strub et al., 1998).
The difference in the 14C age of dissolved inorganic carbon (DIC) in
marine surface waters relative to the 14C age of contemporaneous
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terrestrial carbon in equilibrium with the atmosphere is referred to as
the marine radiocarbon reservoir age (R) and is due to the residence
time of carbon in the ocean. Today, the average marine radiocarbon reservoir age in the ocean mix layer is assumed to be 400 yr by convention.
For the past 10,500 years, the Marine13 radiocarbon calibration dataset
(Reimer et al., 2013) includes a radiocarbon reservoir age calculated
using the atmospheric 14C calibration curve IntCal13 and an ocean–
atmosphere box diffusion model (Reimer et al., 2013). Although the
model is simpliﬁed, the calculated marine radiocarbon curve is consistent with independent estimates from marine archives (Reimer et al.,
2013). From 10.5 to 13.9 cal ka BP, the marine radiocarbon calibration
includes data from Cariaco Basin varved sediments and from corals
(Reimer et al., 2013). Local deviations from the global reservoir age
(ΔR), however, vary in space and time with oceanic circulation.
Surface waters off Peru and northern Chile are typically characterized by large marine reservoir ages owing to the upwelling of
14
C-depleted deep waters. ΔR values may change on seasonal (Jones
et al., 2007, 2010) to multi-millennial time scales as a function of variations in upwelling intensity and/or the origin of the upwelled waters
(Toggweiler et al., 1991; Fontugne et al., 2004; Ortlieb et al., 2011).
Modern and past ΔR estimates are scarce in the southeast Paciﬁc. On
the Chilean coast south of 24°S, only two estimates of pre-bomb ΔR
are available today in the 14CHRONO marine reservoir database
(http:// http://calib.qub.ac.uk/marine/). A few estimates of Holocene
ΔR are available from sediment cores collected off southern Chile
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(De Pol-Holz et al., 2010, Van Beek et al., 2002; Siani et al., 2013) and
none from the coast. Therefore, the uncertainty in ΔR is considerable
along ~3600 km of coast, which is a signiﬁcant limitation on the accurate 14C-dating of ancient sedimentological, biological, or archeological
materials of marine origin.
Here we provide new estimates of ΔR over the past 12,000 years in
central Chile (31°S–33°S) from paired charcoal and mollusk shells collected in archeological shell middens in the area of Los Vilos. The coast
in this area is open to the ocean and does not show any local oceanographic feature or any large river system, so we can consider it as representative of the coastal Humboldt system at this latitude. A comparison
with reconstructions from southern Peru and northern Chile compiled
by Ortlieb et al. (2011) provides new insights into the spatial structure
variability of the globally signiﬁcant Peru–Chile coastal upwelling
system. Based on an empirical relationship between 14C reservoir age
and pCO2 in the southeast Paciﬁc, we discuss the implications for past
variability of air–sea CO2 exchange in this region.
Material and methods
A pre-bomb radiocarbon reservoir age value was estimated from a
Mesodesma donacium shell collected in Valparaiso and deposited in
Paris at the National Museum of Natural History in 1837. This modern
reservoir age value might be slightly overestimated since this shell
had probably been collected a few years earlier. Holocene ΔR values
were estimated from 14C dates of paired mollusk shells and charcoal
fragments collected in seven archeological shell middens close to Los
Vilos (31.9°S, 71.5°W), on the central coast of Chile (Fig. 1, Table 1).
Details on hunter-gatherer archeological occupations around Los Vilos
can be found in Jackson (2002) and Méndez and Jackson (2004,
2006). Some authors recommend dating multiple pairs so that
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contemporaneity of samples can be statistically tested (Russell et al.,
2011), which was not possible here. However, the risk of noncontemporaneity was here minimized by a careful control of the
archeological context and the stratigraphy. Shell middens used in this
study, except for one site (Ñague, Table 1), were thin lenses resulting
from ephemeral occupations lasting approximately one season. We selected these sites to ensure a contemporaneous deposition of charcoal
and shells. In the Ñague middens, contemporaneity was ensured by
selecting shells that were collected in the stratigraphy between two
charcoal fragments that yielded statistically undistinguishable radiocarbon dates (Table 1).
The estimate of a marine reservoir age can be biased if the charcoal
fragment comes from a tree that died centuries before being used as
fuel. This issue, referred to as the “old wood” effect, can be relatively
common in the hyper arid coast of Peru (Kennett et al., 2002). While
charcoal fragments are sometimes older than associated shells in northern Chile due to the old wood effect and must thus be discarded (Ortlieb
et al., 2011), this was not observed in any pair analyzed in central Chile.
This risk is mitigated in the central coast as compared to the Atacama
desert because central Chile is much less arid, and so dead trees are
not as well preserved as in the Atacama desert. Plant species could not
be determined from charcoal fragments. However, we minimized the
risk of old wood bias by analyzing two charcoal fragments when
possible.
We used shell fragments from the same species, M. donacium, to
minimize variability related to microhabitat or to biological effects.
M. donacium is a ﬁlter-feeder bivalve living in the intertidal to subtidal
zone of high energy sand beaches of Peru and Chile (Tarifeño, 1980). Filter feeders are considered to be in equilibrium with dissolved inorganic
carbon and thus well suited for ΔR reconstructions (Petchey and Ulm,
2012). Seasonal changes in coastal upwelling can result in substantial
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Figure 1. Map of the study region showing simulated marine reservoir age deviations (ΔR, years) of surface water (Butzin et al., 2012) in modern pre-bomb conditions. A simpliﬁed representation of ocean circulation (continuous arrows for surface currents and dashed arrows for undercurrents) based on Strub et al. (1998) indicates the South Equatorial current (SEC),
the Equatorial undercurrent (EUC), the Peruvian undercurrent (PUC) (which feeds coastal upwelling), the Humboldt current (HC) (also called the Peruvian current), the West Wind drift
(WWD), and the Cape Horn current (CHC). We show the sites for modern pre-bomb reservoir age estimates (gray circles), published Holocene reservoir age estimates in southern Peru
and northern Chile (black squares) (Southon et al., 1995; Kennett et al., 2002; Owen, 2002; Fontugne et al., 2004; Ortlieb et al., 2011), and Los Vilos, the site for Holocene reservoir age
estimates in central Chile (this study, open square). The thick black line shows the area considered for the calculation of the relationship between pCO2 and ΔR (Fig. 3).
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Table 1
Radiocarbon dates, reservoir ages, and Δ14C of surface water in central Chile.
Sample
Modern pre-bomb samples
Coquimbo (29.9°S)
collection: AD 1837
Valparaiso (33.1°S)
collection: AD 1939 (Ingram
and Southon, 1996)
Valparaiso (33.1°S)
collection: AD 1935 (Taylor
and Berger, 1967)

Material

Lab Ref.

Marine shell

UCIAMS-142533

Marine shell

CAMS-17919/1

Marine shell

UCLA-1278

δ13C
(‰ V-PDB)
a

2.0

1.3

14

C age
(yr BP)

Mean 14C age
(yr BP)

1σ range
(Cal yr BP)

ΔR (yr)

Δ14C (‰)

113–133

146 ± 25

−58.6 ± 4.1

11

43 ± 52

−61.4 ± 5.8

15

303 ± 77

−89.8 ± 8.6

605 ± 25
520 ± 50

770 ± 76

Holocene samples from Los Vilos (31.9°S)
LV007-N2
Marine shell
LV007 U3 Capa2
Charcoal

OS-63180
OS-60569

1.3
−25.3

3560 ± 35
3090 ± 40

3182–3339

168 ± 69

−48.4 ± 13.2

Huentelauquen2-N1
Huentelauquen2-N1

Marine shell
Charcoal

Beta-281204
Beta-292185

−0.7
−25.4

6350 ± 40
6000 ± 40

6732–6857

18 ± 57

31.1 ± 12.9

LV 531 U1 m

Marine shell

CAMS-144653

(0)b

8125 ± 30

LV531 U1 ch
LV531 U1 ch-rep

Charcoal
Charcoal

CAMS-144812
CAMS-144818

(−25)
(−25)

9 ± 45

25.3 ± 13.0

NagueB-N8

Marine shell

OS-63176

0.5

NagueB-N7
NagueB-N10

Charcoal
Charcoal

OS-60542
OS-61907

−24.2
−24.2

169 ± 54

27.2 ± 12.8

NagueB-N14

Marine shell

OS-63177

1.0

NagueB-N13
NagueB-N17

Charcoal
Charcoal

OS-61906
OS-61450

−23.3
−24.9

−166 ± 73

94.9 ± 17.6

LV079-U2-N1
LV079-U2-N9

Marine shell
Marine shell

Beta-293612
Beta-293613

−0.9
0.7

10,360 ± 50⁎
10,640 ± 60⁎

LV079-U2-N6

Charcoal

Beta-342528

−24.6

9790 ± 40

11,165–11,228

LV080-U1-N8
LV080-U1-N9

Marine shell
Terr. shell

Beta-158699
UGAMS-8849

0.4
−10.9

10,180 ± 70
9890 ± 30

11,218–11,263

PPLV80-N7

Marine shell

OS-63181

0.7

10,400 ± 50

PPLV80-N6
PPLV80-N9

Charcoal
Charcoal

OS-60566
OS-60559

−24.4
−24.7

7780 ± 35⁎
7880 ± 25⁎

7830 ± 50

8479–8627

8655 ± 59

9527–9631

9190 ± 69

10233–10397

9100 ± 40
8690 ± 50
8620 ± 110
9310 ± 50
9190 ± 45⁎
9190 ± 130⁎

10,050 ± 50⁎
10,050 ± 55⁎

10,500 ± 140

10,050 ± 37

11,355–11,608

295 ± 143

47.6 ± 22.3

−95 ± 72

97.3 ± 12.5

−12 ± 61

99.4 ± 24.7

⁎ Pooled ages
a
Value measured on graphite, not shown by lab.
b
δ13C values in parenthesis were assumed, not measured.

variations of 14C activity within shells (Jones et al., 2007, 2010). This variability was here averaged out by dating fragments of the shell hinge
that integrate most of the mollusk life span (one to four years). The
shell hinge is the thickest and best-preserved part of the shell so that
original isotopic value is well preserved. Shell recrystalization in
M. donacium can be diagnosed by direct microscope observation
(Carré, 2005; Carré et al., 2014). The dense white and opaque structure
and the apparent growth lines observed in the cross-section support the
absence of recrystallization in our samples. Shell hinge fragments were
mechanically and chemically cleaned to eliminate potentially contaminated surface material. Shell and charcoal fragments were sent to
accelerator mass spectrometry (AMS) facilities for radiocarbon dating
(Table 1).
14
C reservoir age deviations ΔR were calculated from the conventional radiocarbon dates of paired shell and charcoal samples according
to the procedure described in Southon et al. (1995), using the SH13
(Hogg et al., 2013) and Marine13 (Reimer et al., 2013) 14C calibration
datasets. When two charcoal or two shell 14C dates were available,
dates were pooled and the average conventional 14C dates were used
for ΔR calculation (Table 1). Pooled dates were statistically identical at
95% conﬁdence level based on Ward and Wilson (1978) chi-square
test, except for two cases. First, at the LV079 site, two shells were
dated and yielded statistically different ages (Table 1). The archeological
context based on excavation observation clearly shows an ephemeral
occupation so that shells are likely contemporaneous. Their age difference is thus thought to be a result of seasonal to interannual variability

of the coastal upwelling, which justiﬁes their pooling to estimate an average reservoir age. Second, two charcoal dates are statistically different
at the LV531-U1 site (Table 1), but these dates are replicates from the
same charcoal sample. Since the difference is in this case necessarily
due to uncertainties in the analytic procedure, these dates were also
pooled. Uncertainty of pooled dates was estimated by the larger of the
propagated error or half the difference between the two ages. Propagated uncertainty of ΔR was calculated as described in Russell et al. (2011).
Decay-corrected Δ14C values of marine dissolved inorganic carbon
(DIC) were calculated following Stuiver and Polach (1977) and using
the 5730 yr 14C half-life.
Deep water masses usually have higher pCO2 because of the cumulated effect of organic matter mineralization, and lower Δ14C values
(i.e., higher ΔR values) because of limited exchange with atmospheric
CO2. We propose to use this indirect link between ΔR and pCO2 in our
study region to evaluate past changes in surface water pCO2 associated
with changes in ΔR. We thus estimated the modern pre-bomb relationship between pCO2 and ΔR in the southeast Paciﬁc from the coast to
85°W and from 0 to 40°S (Fig. 1). ΔR was obtained from pre-bomb
Δ14C estimated from total alkalinity by Key et al. (2004). Ocean pCO2
was calculated from alkalinity and total CO2 from the Global Data Analysis Project (GLODAP) 1° gridded dataset using equilibrium constants
K0 as deﬁned by Weiss (1974), and K1 and K2 as deﬁned by Lueker
et al. (2000). Those constants were calculated using a constant salinity
value of 35 and water temperature from the World Ocean Atlas
(WOA09). Linearly interpolated relationships between pCO2 and ΔR
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were obtained in every grid cell along the depth proﬁles (0 to 100 m,
and 0–600 m), and then averaged to obtain a regional model. We used
the depth proﬁles of pCO2 and ΔR instead of the surface relationship because water chemistry changes in coastal upwelling areas are expected
to occur primarily because of changes in the vertical advection (upwelling intensity) rather than horizontal advection.
The pCO2–ΔR relationship was calculated ﬁrst using local temperature (at the depth where alkalinity and total CO2 were measured), and
second using sea–surface temperature to account for the change in
carbonate chemistry with temperature when deep waters are upwelled
to the surface. We use this latter model for a ﬁrst-order estimate of past
pCO2 changes in our study area, assuming that the pCO2–ΔR relationship remained similar throughout the Holocene, which will be
discussed later. The pCO2–ΔR relationship was calculated over a region
that was limited, so it is relevant to this oceanographic context while
being large enough to account for regional variability and get robust
statistics.
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Results
A pre-bomb (AD 1837) ΔR value of 146 ± 25 yr was obtained at
Coquimbo, which lies between previous estimates of 303 ± 77 yr
(Taylor and Berger, 1967) and 43 ± 52 yr (Ingram and Southon,
1996), both from Valparaiso. The average modern pre-bomb ΔR value
for central Chile is thus 164 ± 131 yr. At 3.2 cal ka BP, a ΔR value of
168 ± 69 yr was obtained in Los Vilos, very close to the modern prebomb value (Fig. 2A). The average value obtained for the whole prebomb late Holocene is 165 ± 50 yr. In the early to middle Holocene
(from 12 to 6 cal ka BP), ΔR values at Los Vilos ranged from − 166 ±
73 to 295 ± 143 yr with an average value of 31 ± 156 yr, but they
were particularly variable from 11.5 to 9.5 cal ka BP (Fig. 2A). The
average ΔR value for the early to middle Holocene is slightly lower compared to the late Holocene, although the difference is not statistically
signiﬁcant at the 95% conﬁdence level.
Surface DIC Δ14C values calculated in Los Vilos dropped by ~ 150‰
during the Holocene: from ~85‰ before 10 cal ka BP to ~−65‰ in the
late Holocene (Fig. 2B). The reconstructed Δ14C values closely follow
the global trend of decreasing atmospheric radiocarbon activity that
began during the deglaciation and continued through the Holocene
(Reimer et al., 2013).
We compare here the new ΔR values from central Chile with
Holocene ΔR values estimated and compiled by Ortlieb et al. (2011)
for southern Peru and northern Chile (from 15°50′S to 23°34′S). Here,
ΔR values were recalculated for consistency using SH13 and Marine13
calibration curves, as in Hua et al., (2015). The average ΔR value for
the late Holocene, including modern pre-bomb values, is 225 ± 117 yr
(Fig. 2), which is slightly higher than the late Holocene value in central
Chile. Although this difference is not statistically signiﬁcant, it is in
agreement with simulations (Butzin et al., 2012) (Fig. 1) and with
GLODAP estimates based on water alkalinity (Key et al., 2004). On the
other hand, the mean ΔR value in the early Holocene is 528 ± 301 yr
for southern Peru and northern Chile, which is much higher (statistically signiﬁcant at 95% conﬁdence level) than the mean ΔR value of 31 ±
156 yr that we obtained in central Chile at 32°S for the same period
(Fig. 2).
The modern pre-bomb relationship between pCO2 and ΔR in the
southeast Paciﬁc shows an increasing trend of pCO2 with ΔR (Fig. 3),
that is essentially due to pCO2 and ΔR increasing in parallel with
depth. Based on the model calculated with SST on a 600-m water column, we estimated the surface water pCO2 in central Chile and southern
Peru in modern pre-bomb conditions and in the early Holocene using
estimated average ΔR values for these regions and periods. Reconstructed values of past pCO2 were then compared to pre-industrial atmospheric pCO2, which remained between 250 and 290 ppm during the
Holocene based on ice-core measurements (Monnin et al., 2004). In
central Chile, a late Holocene pre-bomb pCO2 value of 305 ± 59 ppm
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Figure 2. Holocene changes of surface water radiocarbon content in central Chile (green)
and in southern Peru/northern Chile (blue). (A) Reservoir age deviation (ΔR) calculated
from 12,000 cal yr BP to the modern pre-bomb period in central Chile (32°S) (open
squares) compared to values from northern Chile–southern Peru (14–24°S) (black diamonds) compiled by Ortlieb et al. (2011). For consistency with the new data, ΔR values
were here recalculated using Marine13 and SH13 calibration curves as in Hua et al.
(2015). Mean values and ±1σ intervals are shown for the early Holocene and for the
late Holocene in central Chile (green box) and northern Chile–southern Peru (blue box).
(B) DIC decay-corrected Δ14C calculated values from central Chile and northern Chile–
southern Peru. The Marine13 calibration curve (Reimer et al., 2013) is shown in gray.

was estimated, very close to atmospheric CO2 concentration. A pCO2
value could not be estimated for this region for the early Holocene
because the ΔR value of 31 yr is beyond the range of this model. In
Southern Peru and northern Chile, we obtain a late Holocene pCO2
value of 516 ± 125 ppm and an early Holocene pCO2 value of 1576 ±
208 ppm. The error bar here only includes the uncertainty related to
the pCO2–ΔR relationship.

Discussion
These ΔR values from Los Vilos archeological sites are the ﬁrst
estimates of Holocene radiocarbon reservoir age in central Chile. They
will help in improving radiocarbon-based chronologies of coastal
archeological sites and paleoenvironmental marine archives in this region. Early Holocene ΔR values from central Chile imply a similar or
weaker inﬂuence of 14C-impoverished deep water, caused by either
decreased upwelling or the upwelling of better ventilated water. Sea–
surface temperature (SST) reconstructions from the region indicate
that temperatures were warmer than today offshore (Kim et al., 2002)
and similar along the coast (Carré et al., 2012), suggesting that coastal
upwelling in central Chile occurred in a narrower band close to the
coast in the early Holocene.
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Figure 3. Average relationship between pCO2 and ΔR (with ±1σ interval) in the southeast
Paciﬁc (area indicated by the thick line in Fig. 1) calculated from GLODAP data (Key et al.,
2004) from 0 to 100 m depth using annual SST values (yellow), from 0 to 600 m depth
using SST values (red), and from 0 to 600 m depth using local temperature (pink). The
Holocene range of atmospheric pCO2 in Dome C ice core (Monnin et al., 2004) is indicated
for comparison by a dark gray band. Late Holocene (dotted lines) and early Holocene
(continuous lines) pCO2 and ΔR are indicated for central Chile (green) and southern
Peru (blue). Arrows show the latitudinal contrast in the late Holocene (LH) and early
Holocene (EH).

Our new ΔR estimates from central Chile contrast with those obtained in southern Peru and northern Chile, showing high ΔR values of
528 ± 301 yr in the early Holocene (Fontugne et al., 2004; Ortlieb
et al., 2011) (Fig. 2A). These high reservoir age values in southern
Peru were attributed to vigorous coastal upwelling, an interpretation
supported by low δ13C values in mollusk shells (Sadler et al., 2012)
and lower SSTs (Carré et al., 2005, 2014).
The latitudinal contrast in ΔR was much stronger in the early
Holocene, which implies a change in the character of the Humboldt system. Today, the waters upwelled off Peru and Chile are transported from
the north by the Peru–Chile Undercurrent, which is fed by Equatorial
Subsurface Water (ESSW) that has its origins in the lower part of the
Equatorial Undercurrent fed by subantarctic mode waters (SAMW)
(Toggweiler et al., 1991). These waters are characterized by low Δ14C,
low oxygen content and high pCO2. Fontugne et al. (2004) suggested
that the early Holocene increase in coastal ΔR in Peru was too large to
result from upwelling enhancement alone and required that upwelled
waters were more 14C-depleted. Lower Δ14C values of upwelled waters
could have resulted from a longer residence time, or from a larger contribution of SAMW in the Equatorial undercurrent. This hypothesis was
discussed by Hua et al. (2015), who observed that the 14C marine reservoir age increased during the early Holocene in the Western and in the
eastern tropical Paciﬁc. It is supported by a comparison between ocean
model simulations and a coral Δ14C record in the Galapagos, which
showed that Δ14C modern variability in the eastern tropical Paciﬁc is
primarily controlled by changes in the SAMW component in the upwelling water (Rodgers et al., 2004).
Another hypothesis is that the geographic origin of upwelled waters
changed, potentially to Antarctic intermediate waters (AAIW) that are
even more 14C-depleted than SAMW. This effect was not observed in
central Chile. The inﬂuence of the Peru–Chile undercurrent decreases
southward as its water mixes with the Humboldt Current that transports oxygen-rich Subantarctic Surface Water (SSW) northward (Silva
et al., 2009). Today, this front is observed at 36.5°S and is characterized
by an abrupt transition of the air–sea CO2 ﬂux (Torres et al., 2011). In the
early Holocene, the slightly lower ΔR values at 32°S and the stronger
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latitudinal gradient between northern and central Chile implies that
the front between ESSW and SSW was likely located north of its modern
position.
In a marine sediment core collected at ~ 1000 m depth at 46°S, a
sea-surface 14C reservoir age increase of ~ 100 yr was estimated at
ca. 11.5 cal ka BP compared to late Holocene conditions (Siani
et al., 2013). In a sediment core located farther south at 53°S, within
the inﬂuence of the Antarctic Circumpolar Current, Van Beek et al.
(2002) estimated a 14C reservoir age increase of ~ 900 yr at ca. 9.5cal ka BP compared to the middle and late Holocene, which was
interpreted as evidence for a stronger inﬂuence of AAIW. Similar
trends are thus observed in the southern coast of Chile and in southern Peru, while at the same time ΔR along the central coast seemed
unaffected. This suggests that changes in southern Peru and southern Chile were not connected through the Humboldt system.
The Humboldt system, from the equator to ~ 36°S, is the most intense carbon source of the global coastal ocean (Laruelle et al., 2010);
whereas south of 36.5°S, Chilean coastal waters become a carbon sink
(Torres et al., 2011). Changes in the gradient of ΔR in the Peru–Chile upwelling region therefore imply changes in the latitudinal character of
air–sea CO2 exchange. Air–sea CO2 ﬂux is proportional to ΔpCO2, the difference between surface-water pCO2 and atmospheric pCO2. Past
ΔpCO2 can be estimated from atmospheric pCO2 reconstructed from
ice cores, and from marine pCO2 reconstructed here from ΔR values
using the pCO2–ΔR relationship calculated for the southeast Paciﬁc
(Fig. 3).
In central Chile, the late Holocene ΔR value (165 ± 107 yr) indicates
a seawater ΔpCO2 of about 30 ppm, which is lower than recent measurements (Torres et al., 2011). However, the late Holocene pCO2 of
516 ± 125 ppm estimated for southern Peru and northern Chile
(Fig. 3) is within the range of pCO2 values measured in Peru (~400 to
1000 ppm) and close to the average value of about 600 ppm
(Friederich et al., 2008). This result supports the accuracy of the model
for the Peruvian area and suggests that average ΔR values estimated
from shell hinges integrate and average out the high temporal and spatial variability. ΔpCO2 was thus about 250 ppm in southern Peru in the
late Holocene, which means that waters in Peru were a very intense carbon source. Assuming that the model was still valid in the early Holocene, ΔpCO2 was about 1300 ppm in Peru during that period, which
suggests that CO2 outgassing might have been ﬁve times more intense
in average. Based on the relationship between pCO2 and SST observed
in Peru (Friederich et al., 2008) and Holocene SST reconstructions in
southern Peru (Carré et al., 2014), we can independently estimate that
the sea-to-air CO2 ﬂux in southern Peru during the early Holocene
was twice the modern value. Today that ﬂux is 5.1 mol/m2/yr in Peru
(Friederich et al., 2008) and 2.7 mol/m2/yr in Chile from Iquique
(21°S) to Concepcion (36°S) (Paulmier et al., 2008). The CO2 ﬂux may
have reached ~10 to 25 mol/m2/yr in Peru during the early Holocene,
while it was unchanged or slightly lower than today in central Chile.
These estimates only yield indications about the order of magnitude
of past air–sea ﬂux changes in the Peru–Chile upwelling system. Their
accuracy is limited (1) by the fact that the water Δ14C and pCO2 depth
proﬁles were likely different in the early Holocene, and (2) by the
large variability of reconstructed ΔR values. It is interesting to note
that early Holocene ΔR values in central Chile and in southern Peru
are, respectively, below and above the range of values observed today
in the region in the 0–100 m water column (Fig. 3). This strongly supports the hypothesis of Fontugne et al. (2004) that upwelling alone cannot account for these changes, and so which must also involve a change
in the origin of the upwelled water.
Conclusions
Radiocarbon dates of contemporaneous marine shells and charcoal
fragments collected in coastal archeological deposits near Los Vilos,
Chile (31.9°S, 71.5°W) provided estimates of marine reservoir ages
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during the past 12,000 years. A mean ΔR value of 165 ± 107 yr was obtained for the late Holocene conditions, while a value of 31 ± 156 was
obtained for the early to middle Holocene (12 to 6 cal ka BP). Farther
north on the southern Peru and northern Chile coast, higher ΔR values
in the early Holocene imply an increase in upwelling intensity combined with the upwelling of poorly ventilated water (Fontugne et al.,
2004; Carré et al., 2005, 2014; Ortlieb et al., 2011; Hua et al., 2015). A
similar trend was also observed off the southern coast of Chile (Van
Beek et al., 2002; Siani et al., 2013). The early Holocene is thus characterized by a large latitudinal gradient in Δ14C of DIC, which indicates a substantial difference in the structure of the Humboldt system in the early,
as compared to the late, Holocene. While southern Peru and southern
Chile seemed to be more inﬂuenced in the early Holocene by SAMW
and AAIW respectively, these inﬂuences may have been disconnected
since they did not reach our study area at ~32°S. Based on the modern
relationship between ΔR and seawater pCO2 in the southeast Paciﬁc,
we project that the Peruvian upwelling CO2 emission to the atmosphere
was two to ﬁve times more intense in the early Holocene as upwelling
was intensiﬁed and brought a more CO 2 -rich (and 14 C-depleted)
water mass to the surface. At the same period, the air–sea CO2 ﬂux in
central Chile was similar to modern conditions or slightly weaker.
These results, while allowing for better radiocarbon chronologies of
marine material in central Chile, show profound changes in the oceanic
circulation within the Humboldt system during the Holocene, which
were associated with large changes in the air–sea CO2 ﬂux in this area.
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