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a b s t r a c t

We present a high-resolution marine record of sediment input from the Guayas River, Ecuador, that
reflects changes in precipitation along western equatorial South America during the last 18ka. We use log
(Ti/Ca) derived from X-ray Fluorescence (XRF) to document terrigenous input from riverine runoff that
integrates rainfall from the Guayas River catchment. We find that rainfall-induced riverine runoff has
increased during the Holocene and decreased during the last deglaciation. Superimposed on those long-
term trends, we find that rainfall was probably slightly increased during the Younger Dryas, while the
Heinrich event 1 was marked by an extreme load of terrigenous input, probably reflecting one of the
wettest period over the time interval studied. When we compare our results to other Deglacial to Ho-
locene rainfall records located across the tropical South American continent, different modes of vari-
ability become apparent. The records of rainfall variability imply that changes in the hydrological cycle at
orbital and sub-orbital timescales were different from western to eastern South America. Orbital forcing
caused an antiphase behavior in rainfall trends between eastern and western equatorial South America.
In contrast, millennial-scale rainfall changes, remotely connected to the North Atlantic climate variability,
led to homogenously wetter conditions over eastern and western equatorial South America during North
Atlantic cold spells. These results may provide helpful diagnostics for testing the regional rainfall
sensitivity in climate models and help to refine rainfall projections in South America for the next century.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Seasonal and interannual rainfall variability inwestern equatorial
South America is driven by a multitude of climatic processes, with
the complex regional patterns additionally shaped by orography. On
the Amazonian side of the equatorial Andes, high precipitation rates
are found throughout the year, with maxima occurring at the equi-
noxes (Poveda et al., 2006; Garreaud et al., 2009; Fig. 1a). On the
Pacific side, the orogenic barrier of the Andes blocks moisture
transport from the Atlantic Ocean, making the Ecuadorian and
Peruvian lowlands much drier than on the eastern side of the Andes.
Still, there is a well defined subdivision between coastal regions
located north and south of the equator which are affected by oppo-
site seasonality in rainfall regimes (Poveda et al., 2006; Garreaud
et al., 2009; Fig. 1a). In addition, interannual rainfall variability
r-Vogel).
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associated with the El Niño-Southern Oscillation (ENSO) contributes
to the rainfall pattern complexity over South America (Dai and
Wigley, 2000; Fig. 1b). Since the importance of these factors for
regional rainfall patterns is difficult to assess, it remains problematic
to understand the sensitivity of the hydrological cycle over South
America to the climatic forcing at different timescales.

Beyond historical rainfall records, valuable information can be
gained from paleoclimatic archives spanning time windows over
which different forcingswere at play. Past shifts in rainfall over South
America since the Last Glacial Maximum (LGM) are thought to
depend on, both, changes in orbital parameters and in the Atlantic
Meridional Overturning Circulation (AMOC) intensity (Cruz et al.,
2005; Wang et al., 2007). Changes in summer rainfall intensity are
characterized by a latitudinal antiphase behavior between northern
and southern tropics (Haug et al., 2001; Cruz et al., 2005;Wang et al.,
2007). At the orbital timescale, a maximum in boreal summer inso-
lation during the early Holocene triggered intense rainfall in north-
ern South America, followed by a progressive aridification associated
with the austral summer insolation increase during the mid- to late
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Fig. 1. (a) Seasonal changes in mean precipitation over South America derived from the Tropical Rainfall Measuring Mission (TRMM). Data extracted from the NASA/GSFC website
available at http://trmm.gsfc.nasa.gov/. Location of paleo-precipitation records displayed in Fig. 5 are numbered as following: (1) Haug et al. (2001); (2) Cruz et al. (2009); (3) van
Breukelen et al. (2008); (4) This study; (5) Wang et al. (2007). (b) Annual precipitation anomalies over South America for typical El Niño (modified from Dai and Wigley, 2000). (c)
Mean monthly precipitation at Guayaquil, modified from Rincón-MartÌnez et al. (2010).
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Holocene (Haug et al., 2001). In contrast, the southern tropics
experienced drier conditions during the early to mid-Holocene, fol-
lowed by wet conditions during the late Holocene as recorded in
speleothems from southern Brazil (Cruz et al., 2005; Wang et al.,
2007) and Andean lakes (Baker et al., 2001; Bird et al., 2011).

Closer to the equator, where the sun passes twice at zenith each
year, the regional pattern of rainfall variability seems to be more
complex than the simple antiphase behavior observed north and
south of the equator where dry and wet seasons are well defined.
Speleothem records collected close to the equator at the eastern
and western edges of the Amazonian Basin indicate that Holocene
changes in insolation have triggered an EasteWest antiphase in
rainfall trends (Cruz et al., 2009). During the mid Holocene in
particular, Northeastern Brazil was associated with wetter condi-
tions than nowadays South of the equator (Cruz et al., 2009), while
the western equatorial South America was marked by drier con-
ditions (van Breukelen et al., 2008).

At themillennial timescale, a slowdown in AMOC associated with
North Atlantic cold spells such as the Heinrich event 1 (H1) and the
Younger Dryas (YD) induced a southward shift in rainfall over
northern South America (Peterson et al., 2000; Haug et al., 2001;
Leduc et al., 2007). Similar to the case for orbital forcing, the southern
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Fig. 2. Regional bathymetry (isobaths in meters) and sediment core locations. The Gulf
of Guayaquil is typically marked by water depths shallower than 100 m. Assuming that
regional relative sea level rise followed the eustatic sea level evolution, the 100 m and
50 m isobaths provide qualitative indications on how the coastline may have evolved
in response to eustatic sea level, with the 100 m and 50 m isobaths representing
coastlines at w15 and 11 ka, respectively (Bard et al., 1996). The arrows locate small
rivers mouths that may occasionally represent a significant source of terrigenous
material to coring sites during El Niño events (Wells, 1990).
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tropical South America experienced an increase in rainfall opposite to
theNorth. Clearlywetter conditions are revealed in speleothems from
southern Brazil during theH1 and the YD (Cruz et al., 2005). The same
pattern is observed for Brazilian rivers runoff situated closer to the
equator in marine records (Arz et al., 1998; Jennerjahn et al., 2004;
Jaeschke et al., 2007). However, no clear EasteWest antiphase in
rainfall response to North Atlantic cold spells is apparent in existing
continental speleothems records located close to the equator (van
Breukelen et al., 2008; Cruz et al., 2009). The available records
rather suggest amoderate increaseornochanges in equatorial rainfall
at the east andwestof theAmazonianBasinduring theH1and theYD.
Therefore climate changes at orbital andmillennial timescales tend to
enhance or decrease rainfall amount over tropical South America in
different ways. Yet we are lacking continuous paleoprecipitation re-
cords covering the full Deglacial and Holocene time periods for the
eastern equatorial Pacific (EEP) and Peruvian coastal plains to deci-
pher whether or not the rainfall anomalies observed above the
Amazonian basin are mirrored on the Pacific side of the Andes.

Here we present two continuous Ti/Ca records close to the
northern Peruvian coast, south to the Gulf of Guayaquil in the EEP,
covering the last 18 ka. The studied site, situated midway from the
hyperhumid Colombian margin to the North and the hyperarid
Peruvian desert to the South, provides the opportunity to better
understand how oceaneatmosphere interactions are set up under
different climatic boundary conditions and may modulate regional
rainfall regimes from oceanic areas to mountain tops. The records
provide information on past changes in sediment discharge
induced by regional rainfall changes with sub-centennial resolu-
tion. These Ti/Ca records compared with rainfall records from the
other key regions of tropical South America (Fig. 1) allow an
improved assessment of regional rainfall response to orbital and
millennial-scale climate forcing.

2. Regional settings

At the seasonal timescale, rainfall patterns over the South
American continent migrate latitudinally following the annual cycle
of insolation, but over the adjacent ocean the Intertropical Conver-
gence Zone (ITCZ) remains near 5�N because of local air-sea in-
teractions (Fig. 1a). In addition, south of the equator, the Andes
impede moisture transport to the Pacific Ocean, leaving the Pacific
coastal plains within a rain shadow (Fig. 1a). Consequently, a sharp
regional contrast exists between the Pacific side of the Andean
Cordillera and the Amazonian Basin at the equator, the latter
receiving most of its rainfall from the Atlantic Ocean (Bookhagen and
Strecker, 2008). The Guayas River catchment is within a transitional
region situated between the ColumbianMargin to the Northewhich
receives its rainfall from the Pacific, and the Peruvian Margin where
most of the rainfall comes from moisture advected from the Atlantic
and meandering through the Andes (Bookhagen and Strecker, 2008).

Rainfall patterns over the South American continent closely
follow the South AmericanMonsoon system. Rainfall maxima occur
north of the equator during the boreal summer and vice-versa
during the austral summer (Fig. 1aec). Along the equator, a broad
precipitation maximum occurs during austral summer (Fig. 1c). On
the other hand, October rainfall is reduced and tends to be confined
above the western side of the Amazonian Basin (Fig. 1a). These
features result in a bimodal distribution of the annual cycle of
rainfall, with maxima occurring at equinoxes above the Amazonian
Basin (Poveda et al., 2006).

Along the Pacific coast, regional rainfall also varies from region
to region because local land-oceaneatmosphere interactions
regulate precipitation distribution superimposed on the dynamics
of the ITCZ (Fig. 1a). North of the equator, the Pacific side of the
Columbian Margin receives high amounts of rainfall from the low-
level westerly Choco Jet, which transports moisture from the EEP to
the western flank of the Andes during the boreal summer (Poveda
and Mesa, 2000; Bookhagen and Strecker, 2008). South of the
equator, rainfall maxima occur during austral summer when the
ITCZ prevails above the eastern equatorial Pacific in the southern
hemisphere (Liu and Xie, 2002; Fig. 1a). South of 5�S, the hyperarid
Peruvian desert extends along the Pacific coastline and is sustained
year-round by the cold Humboldt current and its associated up-
welling system (Garreaud et al., 2009; Fig. 1a).

At the interannual timescale, warm ENSO anomalies in the EEP
are marked by drier conditions in northern South America and
along the equator above the Amazonian basin, while conditions
over southeastern South America and the EEP are comparatively
wetter (Dai and Wigley, 2000; Silvestri, 2004; Fig. 1b). Along
northern Peru and Ecuadorian coastlines, El Niño events provoke
important increases in precipitation as compared to normal years
(Dai and Wigley, 2000; Fig. 1b). Little further to the South, within
the northern Peruvian desert located between 5 and 10�S, signifi-
cant rainfall exclusively occurs during El Niño events (Wells, 1990).

Rainfall patterns occurring within the river catchments of in-
terest for our study area are, unlike along the Amazonian flanks of
the Andes, unimodal. A rainy season from January to March occurs
both in Guayaquil (1�S) and Piura (5�S), but the amount of pre-
cipitation received in Guayaquil is about an order of magnitude
larger than in Piura (www.allmetsat.com).
3. Materials and methods

Piston cores M772-059 (3�57.010S, 81�19.230W, 997 m water
depth) and M772-056 (3�44.990S, 81�07.250W, 350 m water depth)
were collected south of the Gulf of Guayaquil (Fig. 1). The Gulf of
Guayaquil is composed of a sedimentary platform, with an outer
shelf break into the continental margin situated at a water depth
of w100 m (Fig. 2; Witt and Bourgois, 2010). The sediments
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Fig. 3. XRF counts for Ca, Al, Si and Fe plotted as a function of Ti counts for coreM772-059.
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accumulating at the coring sites are dominated by terrigenous
particle discharge associated with riverine runoff controlled by
regional rainfall intensity, and contain as a secondary component
marine biogenic carbonates. Sedimentary discharge into the Gulf of
Guayaquil is mainly linked to the Guayas River runoff, which in-
tegrates rainfall from a narrow catchment located North of
Guayaquil on the western flank of the Ecuadorian Andes (Twilley
et al., 2001). The Guayas River discharge closely tracks the inte-
grated precipitation occurring on land within the basin catchment
without any time lag (Twilley et al., 2001). The northern Peruvian
coast is subdivided by a mosaic of small coastal river catchments,
which are muchmore sensitive to ENSO as compared to the Guayas
River (Wells, 1990).

The age model of the combined full Deglacial to Late Holocene
record is based on radiocarbon measurements from 10 and 11 dif-
ferent depth levels for cores M772-059 and M772-056, respectively
(Table 1; Fig. 3). Radiocarbon measurements were performed on the
planktonic foraminifera species Neogloboquadrina dutertrei at the
Leibniz Laboratory for Radiometric Dating and Stable Isotope
Research, University of Kiel (CAU). Radiocarbon ages were calibrated
usingMARINE09 (Reimer et al., 2009), with a constantDRof 200� 50
years based on siteswith known reservoir ages situated closest to our
core location in themarineReservoircorrectiondatabase (http://calib.
qub.ac.uk/marine/). For core M772-059, the resulting age model im-
plies sedimentation rates varying between w50 and 170 cm kyr�1,
providing a time resolution ranging fromw22 years cm�1 during the
mid-Holocene down to w6 years cm�1 for the Heinrich 1 time in-
terval. For core M772-056, the resulting age model implies sedimen-
tation rates varying betweenw63 and 117 cmkyr�1, providing a time
resolution ranging from w16 years cm�1 during the mid-Holocene
down tow8 years cm�1 for the early Holocene time interval.

Contents of total carbon (TC) and organic carbon (Corg) were
measured on core M772-059 from bulk and decalcified sediment,
respectively, using an elemental analyzer. The carbonate content
was thencalculatedusing theequation%CaCO3¼ (%TC�%Corg)*8.33.
Table 1
Radiocarbon dates (14C-AMS) used for cores M772-059 and M772-056 age models.
Conversion of radiocarbon ages to calendar ages was done using the program Calib
6.0. and the Marine09 calibration curve. A regional reservoir age offset of 200 � 50
years was applied. Ages were linearly interpolated between mean points of age
ranges.

Depth (cm) Radiocarbon
age (yrs BP)

Age range,
cal. yrs BP (2s)

Cal. age (yrs BP),
mean value

M772-056
2 0 0 0
49 1085 � 25 BP 416e616 516
138 2575 � 30 BP 1850e2153 2001
199 3255 � 25 BP 2717e2965 2841
338 4960 � 30 BP 4850e5225 5037
399 5510 � 40 BP 5563e5853 5708
508 6620 � 35 BP 6735e7088 6911
599 7430 � 35 BP 7574e7826 7700
693 8220 � 60 BP 8326e8678 8502
769 8960 � 45 BP 9271e9538 9404
893 10085 � 45 BP 10,596e11,060 10,828
999 11030 � 50 BP 12,052e12,561 12,306

M772-059
13 830 � 25 BP 124e420 272
148 3490 � 30 BP 2957e3303 3130
204 4325 � 45 BP 3985e4385 4185
303 5725 þ 50 / -45 BP 5732e6097 5914
404 7815 � 65 BP 7922e8273 8097
658 10470 � 50 BP 11,128e11,427 11,277
803 11855 � 60 BP 12,916e13,309 13,112
804 12060 � 130 BP 13,081e13,673 13,377
1033 13140 � 70 BP 14,200e15,119 14,659
1344 15270 � 150 BP 17,251e18,121 17686
The relative elemental composition of sediments was analysed
using an Avaatech X-ray fluorescence (XRF) Core Scanner at 1 cm
distance following the procedure described in (Tjallingii et al.,
2010). We use the Ti element intensity (in counts per seconds)
relative to the Ca intensity to monitor past changes in terrigenous
detrital content relative to that of marine carbonates, and consider
it as a proxy for riverine runoff as in previous studies (Arz et al.,
1998; Haug et al., 2001; Jaeschke et al., 2007). We also check the
log (Si/Al) to look for outstandingly high log (Si/Al) changes, which
may indicate significant changes in biogenic opal fluxes, most likely
reflecting productivity of diatoms and radiolaria.

4. Results

4.1. XRF data

We use log-ratios of Ti/Ca (log Ti/Ca), which provide unbiased
estimates for the relative concentration of Ti over Cawith respect to
sedimentary heterogeneities and nonlinearities between the XRF
intensity and its corresponding sedimentary concentration (Weltje
and Tjallingii, 2008). In marine sediments mainly composed of
terrigenousmaterial at tropical latitudes, as at our core sites, the log
(Ti/Ca) can be applied to reconstruct past changes in continental
detritus accumulation as a qualitative indicator for rainfall vari-
ability occurring on the adjacent continent. Such assumption re-
lates to the fact that Ti representing the dominating detrital
fraction, once normalized to marine biogenic Ca, reflects the vari-
able input of terrigenous material at coring sites through the
modulation of Ca content associated with dilution of carbonates.
Variations of elemental XRF intensity of Si, Al, Ca and Fe are shown
as a function of Ti intensity in Fig. 3. For clarity, we only consider the
core M772-059 that covers the last 18 ka and for which carbonate
content data are available for validating the interpretation of XRF
data. Ti is positively correlated to Si, Al and Fe with near perfection
(Fig. 3), and shows negative correlation to Ca at a confidence level
of 95% (r2 ¼ 0.066, n ¼ 1327, Fig. 3). The positive correlation be-
tween Ti and the other terrestrial elements is expected as those
elements have the same origin. The negative statistical correlation
between Ti and Ca (Fig. 3) suggests that the amount of Ca with
respect to that of Ti was mainly affected by dilution with the
terrigenous phase, which is the basis of our interpretation of log (Ti/
Ca). The significance of the linear regression between Ti and other
terrigenous elements is probably stronger than that relying Ca and
Ti. It suggests that processes other than dilution modulate the Ca
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XRF intensity such as changes in carbonate rain rates, but that
mechanism is clearly of second-order.

The calcium carbonate content in the sediment core is only a
minor component that varies between 2 and 8% of dry bulk sedi-
ment (Fig. 4). Such low amount of carbonate content cannot be
considered as the diluting factor for the overall terrigenous fraction
indicated by changes in Ti, Al, Si and Fe. Furthermore, organic car-
bon content and biogenic opal content vary between 1.5% and 3%
and between 0 and 4%, suggesting that the terrigenous fraction
might represent w90% of the total sedimentary fraction in our
cores. The overwhelming terrigenous component, once other pro-
cesses such as sedimentary compaction are accounted for, makes it
impossible commenting on temporal changes of the sedimentary
discharge while presenting the Ti content alone such as it has been
done elsewhere (Haug et al., 2001). Rather, it is likely that coeval
changes in the accumulation of the terrigenous fraction have been
responsible for dilution of carbonates, but implies that the log (Ti/
Ca) is a true reflection of varying terrigenous input only if a constant
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Fig. 4. (a) Log (Ti/Ca) for cores M772-059 and M772-056. (b) Carbonate content, Ca
intensity in counts per second in core M772-059 and foraminifera weights, with
crosses and triangles for core M772-056 and M772-059, respectively. (c) Log (Si/Al) for
cores M772-059 and M772-056. (d) Age/Depth relationships for cores M772-059 and
M772-056, with age uncertainties (2 sigma) reported as error bar.
mass accumulation rate of carbonates and its sedimentary preser-
vation remained constant.

Changes in marine production probably did not impact signifi-
cantly the CaCO3 sedimentary content for the following reasons. A
low-resolution biogenic opal record measured on core M772-056
varies between 0 and 4% of dry sediment without any distinguish-
able features (data not shown). Such low amounts of biogenic opal
are well below the analytical uncertainty associated with the opal
measurement procedure (Müller and Schneider, 1993), and thus
cannot be used as a reliable indicator for varying diatoms produc-
tivity. We tentatively use the log (Si/Al) to track changes in biogenic
Si that can reflect variations in opal content linked to changes in
productivity of diatoms and radiolaria. Downcore changes in log (Si/
Al) from both M772-059 and M772-056 (Fig. 4) suggest little if any
significant changes in biogenic Si contribution fromdiatoms, further
corroborating our assumption that primary productivity cannot
explain the observed changes in the log (Ti/Ca) at our coring sites.

Ideally, changes in lithogenic fluxes should be derived from
calculation of accumulation rates using sedimentation rates and
dry bulk density values (Rühlemann et al., 1999; Rincón-MartÌnez
et al., 2010). Taken at face value, the information contained in the
computation of such fluxes would however be highly dependent on
the number of age tie points (Rühlemann et al., 1999), which cannot
be obtained at a resolution sufficient enough to directly date both
millennial and centennial scale changes as documented by the log
(Ti/Ca) records. Proxies for nutrient cycling embedded in nitrogen
isotopic measurements (d15N) performed on both cores provide
additional information on primary productivity at coring sites,
independently of sedimentary processes. Downcoremeasurements
of d15N indicate that core M772-056 has slightly heavier d15N
signature, probably because its proximity to the coastline induced
higher primary productivity there (Mollier-Vogel et al., in
preparation). It is independently suggested by the fact that log
(Ti/Ca) is found lower for M772-056 compared to core M772-059
because more carbonate accumulates closer to the coastline.
However, only little e if any e changes in nutrient cycling without
any distinguishable correspondence with the CaCO3 content occur
(Mollier-Vogel et al., in preparation). Such result unambiguously
indicates that changes in primary productivity can be ruled out as a
potential driver of changes in downcore carbonate content. Finally,
scanning electron microscope pictures, foraminifera weights and
foraminifera elemental analysis performed on N. dutertrei indicate
any influence of carbonate dissolution of foraminifera tests
(Boeschen et al., in preparation), suggesting that the CaCO3 content
which varies between 2 and 8% cannot be explained at first order by
any other process than dilution by the terrigenous fraction.

The advantage of XRF core scanning is to provide useful infor-
mation on past changes in the proportion of elements of conti-
nental versus marine origin at very high temporal resolution. It has
been successfully used to monitor rainfall variability from cores
situated in the vicinity of river mouths all along the tropics (see e.g.
Arz et al., 1998; Haug et al., 2001; Adegbie et al., 2003; Jennerjahn
et al., 2004; Jaeschke et al., 2007; Tachikawa et al., 2011). At this
stage, it is worth mentioning that in the Cariaco Basin, the sedi-
mentary fractions of biogenic and terrigenous material are com-
parable and affected by equal rates of changes in dilution by each
other, allowing the use of the terrigenous fraction (%Ti) only in that
particular environment (Haug et al., 2001). As marine sediments at
our coring site are almost exclusively composed of terrigenous
material, the use of log (Ti/Ca) is here warranted.

4.2. Variations in terrigenous input

The log (Ti/Ca) record of M772-059 tracks changes in supply of
terrigenous material at our deeper coring site back to 18 ka, of
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which the likelymain contributor is the Guayaquil River runoff over
Ecuadorian and northern Peruvian Andes, in association with
regional response of precipitation to long and short term climate
changes (Fig. 4). The oldest part of the core is marked by a rapid
increase in log (Ti/Ca) betweenw18 and 17 ka, followed by a broad
maximum of log (Ti/Ca) recorded between w17 and 15 ka, corre-
sponding to the H1 cold event. A sharp decrease in log (Ti/Ca)
which, according to our age model, corresponds to the Boelling/
Alleroed time period, indicates a rapid and substantial decrease in
terrigenous input immediately following the H1. At the onset of the
Younger Dryas chronozone, the log (Ti/Ca) is marked by a moderate
increase, which reversed the deglacial decreasing trend in riverine
runoff. The log (Ti/Ca) decreasing trend of the deglacial time in-
terval resumes after the YD and reaches a minimum at w8 ka BP.
There is a lag of the log (Ti/Ca) decrease with respect to the YD
chronozone in core M772-059, probably due to age model un-
certainties. We note that the end of the YD in core M772-056 e

which has one radiocarbon data point within the YD chronozone e

is associated with the same log (Ti/Ca) reversal but with a perfect
phasing with the YD chronozone (Fig. 4). The mid- to late Holocene
part of the sequence is marked at first order by an increasing trend
in lithogenic fluxes over the last 8 ka, on which rapid multi-
centennial scale changes are superimposed.

We note that themid- to late Holocene log (Ti/Ca) increase is not
associated with an increase in sedimentation rate. Given the data
we have in hands, we cannot provide any satisfactory information
for such feature. Because of thematrix effect, probable is that the Ca
fluorescence is affected more than Ti within the upper part of the
core. Where chlorine (Cl) counts are increasing, such as in the
sedimentary interval corresponding to the mid- to late-Holocene,
the water content is probably responsible for a matrix effect
which absorbs more the fluorescence of light elements, such as Al,
than the heavier ones such as Ti. For example, computing the log of
two light elements such as log (Al/Ca), reduces the magnitude of
the estimated changes in sediment delivery, indicating that pore-
water content induces a matrix effect that may slightly over-
estimate the sedimentary load of terrigenous material depicted in
log (Ti/Ca). It however cannot modify the sign of change observed
in log (Ti/Ca) so that we are confident in the interpretation of the
log (Ti/Ca) trends we make for the Holocene period. Possible is that
the age model is affected by major shifts in radiocarbon reservoir
ages occurring during the Holocene. Radiocarbon reservoir ages
from environments as dynamic as the southwestern American
margin have to be interpreted with caution. A major decrease in
marine radiocarbon reservoir of several centuries was detected
between the early and the late Holocene (Ortlieb et al., 2011),
probably contributing to overestimate the calibrated radiocarbon
age of the early Holocene and/or underestimate the ones from the
late Holocene. Whether that characteristic had repercussions at our
sites is undetermined and requires further investigations. We
however note that this artifact might obscure the computed sedi-
mentation rates, in a way that correcting our age models using
trends in marine reservoir ages reconstructed from the Chilean
margin (Ortlieb et al., 2011), will eventually contribute to detect an
increase in the sedimentation rate over the Holocene once this
artifact is accounted for.

5. Discussion

5.1. Sedimentary patterns

Despite the relative proximity of coresM772-059 andM772-056
to the Guayas River estuary, sediment delivery at the two core sites
may have been affected also by oceanic transport processes. Core
M772-056 is situated closer to the edge of the shelf platform of the
Gulf of Guayaquil while core M772-059 was retrieved from the
upper Peruvian slope (Fig. 2). Any change in subsurface to inter-
mediate water mass movements could have modified the sedi-
mentary pattern; however, these are not expected to alter the
sedimentary signals in a similar way at the respective water depths.
Therefore, the observation that cores M772-059 and M772-056
share similar changes at the multi-centennial and multi-
millennial timescales suggests that mainly changes in regional
rainfall and its associated river runoff with terrigenous delivery
control the log (Ti/Ca) variability at our core sites.

The log (Ti/Ca) record of M772-056 covers the last 13 ka only,
but the main patterns described for core M772-059 remain valid
(Fig. 4). Small contrasts in the timing of submillennial-scale varia-
tions superimposed on the long-term trends in both cores indicate
that adjustments in the age model may be needed to improve the
one-to-one coupling of these events (Fig. 4).

For the earlier part of the deglaciation, which is only recorded in
M772-059, we cannot dismiss an impact of sea level rise on the log
(Ti/Ca). However, the earliest sharp increase in log (Ti/Ca) recorded
between w18 and 16.5 ka corresponding to the onset of the H1
climatic chronozone occurred when the deglaciation and sea level
rise already began (Bard et al., 1996), moving depositional accom-
modation space shoreward. Therefore the high sedimentary input
at M772-059 site during the H1 was linked to a change in sediment
delivery caused by increased riverine runoff and associated
regional rainfall. Similar reasoning can be applied to the YD chro-
nozone, during which the slight but significant increase in log (Ti/
Ca) cannot be attributed to the retraction of the shoreline linked to
sea level rise.We thus assume that the H1 and, to a lesser extent the
YD, were influenced by increased sedimentary delivery from the
surrounding hinterland during wetter conditions as compared to
the time interval bracketing those events. On the other hand we
cannot rule out that sea level rise contributed to the overall
magnitude of the decreases in log (Ti/Ca), recorded between 14.5
and 13 ka as well as between 11 and 9 ka BP.

5.2. Review of precipitation changes around equatorial South
America during the last 18 ka

Overall, our record confirms the equatorial East-West anti-
phasing in precipitation trends as previously found at the orbital
timescale for the last 18 ka in speleothem records collected in
equatorial South America (Fig. 5). Modeling experiments success-
fully reproduce the implied zonal antiphasing in precipitation
trends recorded along the equator during the Holocene when they
are forced by changes in orbital parameters, e.g. Cruz et al. (2009).
This feature can be explained by an atmospheric response to latent
heat release in the upper troposphere, which caused stronger
subsidence over northeastern Brazil to accommodate the enhanced
convection and upward motion during times of enhanced austral
summer insolation and its associated increase in austral summer
monsoon (Cruz et al., 2009).

The rainfall increase recorded at our studied site during H1
stands out as a prominent wet phase and co-occurred with wet
conditions on the eastern side of the Amazonian Basin (Arz et al.,
1998; Jennerjahn et al., 2004; Jaeschke et al., 2007; Cruz et al.,
2009). This strongly suggests in-phase rainfall anomalies at equa-
torial latitudes at millennial timescales (Fig. 5). Moreover, as indi-
cated by the log (Ti/Ca) record, the H1 event was probably
experiencing large centennial scale variance in rainfall, highlighting
the internal complexity of this event (see also Álvarez-Solas et al.,
2011). A recent lacustrine record in the Lake Peten Itza provides
evidence for such a multi-phased H1 climate anomaly (Escobar
et al., 2012). The authors assigned these centennial-scale shifts
within the H1 chronozone to multiple iceberg discharges in the



Fig. 5. Records for past changes in precipitation over South America. (1) Haug et al.
(2001); (2) Cruz et al. (2009); (3) van Breukelen et al. (2008); (4) This study; (5)
Wang et al. (2007). The Younger Dryas (YD) and Bolling/Alleroed (BA) time intervals
are reported at top of the panel according to the GISP2 timescale (Grootes et al., 1993)
while the timing of the Heinrich event 1 (H1) chronozone was chosen after Bard et al.
(2000). Orange triangles indicate radiocarbon ages used to compute the M772-059 age
model.
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North Atlantic during H1 (Bard et al., 2000). A recent speleothem
record from the central Peruvian Andes recorded similar high-
frequency shifts in precipitation during Heinrich events 4 and 3
(Kanner et al., 2012), which mimics sea surface temperature
changes from the Bermuda Rise (Sachs and Lehman, 1999). All this
evidence reinforces the idea that Heinrich stadials contain complex
internal climate variability, which needs to be further studied. An
overall wet H1 can be at least partly explained by a southward shift
in the mean ITCZ latitudinal position over oceanic regions sur-
rounding South America along with its associated monsoon vari-
ability over the continent in analogy to increases in precipitation
recorded in speleothems from Southern Brazil (Fig. 5) (Wang et al.,
2004; Cruz et al., 2005; Wang et al., 2007) and in the Andean al-
tiplano by w20�S (Blard et al., 2009).

At our studied site, the 18 to 8 ka time interval is marked by a
general decrease in sediment discharge from the Ecuadorian Andes
(Fig. 5). This suggests a long-term aridification co-occurring with
the deglaciation phase from the Last Glacial to the Early Holocene,
with potentially some superimposed sea level imprint (Fig. 5). Such
a feature is in contrast with sites located north of the equatorwhere
the last deglaciation is marked by an overall increase in precipita-
tion (Pahnke et al., 2007). Interestingly, a marine site located at the
equator close to the northern Ecuadorian margin was also marked
by pronounced increases in riverine runoff over the last five ter-
minations (Rincón-MartÌnez et al., 2010). However, the temporal
resolution of these records is not resolving millennial scale varia-
tions superimposed on the deglacial trend. Although our record is
not covering the full glacial period, from the oldest part of the re-
cord it is apparent that the start of H1 was associated with a strong
increase in the log (Ti/Ca), which decreased back toward the
deglacial values observed before the H1. Overall, our riverine runoff
record from northern Peru suggests that rainfall changes occurring
during the deglaciation and the H1 were of opposite sign as
compared to those recorded at marine and continental sites located
in the northern tropics (Leduc et al., 2007; Escobar et al., 2012).

The only moderate increase in precipitation along the equator
during the YD compared to the H1 probably reflects differences in
the magnitude of these cold spells and/or in the regional climate
response to AMOC perturbation under glacial and interglacial
boundary conditions (Roche et al., 2011). A muted YD anomaly
compared to that associated with H1 was also recorded in Lake
Peten Itza (Escobar et al., 2012), suggesting that these two events
did not affect tropical rainfall with the same intensity.

For the mid- to late Holocene rapid rainfall fluctuations are
detected, superimposed on the first-order increasing trend in pre-
cipitation. Analogous fluctuations occurring at multi-centennial
times scales are also recorded in other climatic features from
sedimentary archives collected around Latin America that have
connectionswith the ITCZ dynamics of ENSO. These records include
precipitation changes in the southern tropics (Stríkis et al., 2011)
and at the equator (Moy et al., 2002), as well as ENSO-induced
changes in SST along Baja California (Marchitto et al., 2010). The
phasing of these changes however cannot be satisfactorily resolved
given the limitation in the existing age model of our sedimentary
sequence. Thus it remains speculative to associate these centennial
changes in regional rainfall to shorter Holocene fluctuations in
AMOC (Bond et al., 2001).

5.3. Processes controlling equatorial rainfall variability at different
timescales

The M772-059 log (Ti/Ca) record, while compared to the spe-
leothem record from northeastern Brazil and Peru, suggests that
East-West in-phase increases in precipitation may have occurred
along the equator during the H1 and the YD (Fig. 5). This obser-
vation was recently confirmed by newly obtained speleothem re-
cords from the western Amazonian Basin (Cheng et al., 2013).

Atorbital timescale, an anti-phasebehavior is apparent in rainfall
trends with the western South Americas becoming dry in the Early
Holocene as compared to the H1 and the Late Holocene, and vice
versa for the Northeastern Brazil (Fig. 5). Such trend is recorded
virtuallyeverywhere from5�Nto17�S in all theprecipitation records
from the western South America at sites situated close to the Andes
(see Fig. 8 in Bird et al., 2011). Our new record compared to the
Cariaco Basin supports the view of a North-South antiphase at
millennial and orbital timescales in response to a bi-polar precipi-
tation seesaw. Our log (Ti/Ca) record is also supported by the trends
recorded in speleothems from southern Brazil and from Northeast
Peru (Fig. 5), even though the speleothem record suggests a late
Holocene rainfall decrease, seen in the d18O, which trends back to-
ward heavier values (Fig. 5). It is unclear whether such feature re-
veals different rainfall trends for those two localities, or if isotopic
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values are an artifact associated with large-scale atmospheric cir-
culation as it has recently been identified into the northern hemi-
sphere (Leduc et al., 2013). This pattern corresponds to the
assumption that at millennial and orbital timescales latitudinal
shifts of the ITCZ across the equator control the position of the
rainfall belt. At the millennial timescale, the southward ITCZ
movements are probably triggered by the reduction of the AMOC
that induces a low-latitude southward shift inmaximum SST. At the
orbital timescale, modifications of seasonal insolation occurring
during the wet season of both hemispheres induce a North-South
antiphase in the intensity of rainfall. This is apparent in our record
by drier conditions in the Early to mid Holocene compared to wet
conditions in Cariaco Basin (Fig. 5). The speleothem from North-
eastern Brazil however indicates an antiphase response of rainfall
with our record, even though both records are located at the same
latitude (Fig. 5). This result is robust because the same rainfall evo-
lution is recorded on the eastern flank of the Andes, a region under
the influence of the South American monsoon (Fig. 5). According to
Cruz et al. (2009), this feature can be due to convective heating over
tropical SouthAmerica, and its associated adjustments in large-scale
atmospheric subsidence over northeast Brazil (Cruz et al., 2009).

Our cores were collected in an area where precipitation occurs
both during the austral summer and during El Niño events (Fig. 1).
Therefore, the Mid to Late Holocene long-term precipitation in-
crease may be assigned partly to an increase in austral summer
insolation and its associated rainfall increase within the southern
tropical band as a whole (Braconnot et al., 2007) or, as a sizable
amount of publications suggests, to an increase in ENSO activity in
the course of the Holocene (Moy et al., 2002; Koutavas et al., 2006).
Similar reasoning could be applied to the H1 and YD time intervals,
assigning rainfall increase to a southward shift in the ITCZ (Leduc
et al., 2009a;b) or to an increase of an ENSO type-Walker circula-
tion state (Stott et al., 2002). A more recent study from the Cortes
Sea also suggests that neither changes in the seasonal dynamics of
the ITCZ nor in the ENSO activity may be reliable analogues for
describing the suite of climatic events that marked the last degla-
ciation in the tropical East Pacific (McClymont et al., 2012). To solve
this controversy, a more detailed comparison of high resolution
records from regions sensitive to the modern ENSO phenomenon is
needed. Such comparison should be including areas where
different regional precipitation sensitivity to ENSO and to the sea-
sonal cycle of the ITCZ is found in comparison with the EEP. Those
conditions are found in northeastern Australia and southeastern
Africa, where austral winters are associated with positive rainfall
anomalies such as in Ecuador, but where El Niño events are asso-
ciated with drier conditions than during normal years (Dai and
Wigley, 2000). Considering the record by Schefuss et al., (2011)
from Southeast Africa, showing the same first order pattern as
our XRF record, would argue against the ENSO being a primary
driver of precipitation changes over the last 18 ka BP.

Increases in rainfall along the equator and in the southern tro-
pics are successfully captured by climate models applying water
hosing experiments to simulate Heinrich events (Stouffer et al.,
2006). In these model experiments, freshwater releases in the
northern North Atlantic induce sea surface warming south of the
equator, and southward ITCZ migration because of deep atmo-
spheric convection closely following the regions of maximum sur-
face temperature (Stouffer et al., 2006). Similarly, precipitation
changes orchestrated by changes in orbital parameters likely
responded with an asymmetric behavior across the equator in the
tropics (Braconnot et al., 2007; Tachikawa et al., 2011). Nonetheless,
considerable regional heterogeneity is observed between different
models (Stouffer et al., 2006; Braconnot et al., 2007). It highlights
the difficulty that models have to capture regional scale atmo-
spheric changes in areas where orography and local wind regimes
play a key role in shaping past rainfall changes around the Andes
(Kim et al., 2008). Here more rainfall proxy records like presented
in this study may help to verify model results at the regional scale.
6. Conclusions

We report a new, high-resolution record of riverine runoff
covering the last 18 ka from the northern Peruvian margin at 3.5�S.
We detect periods of high runoff during the H1, the YD and the late
Holocene, while conditions of reduced runoff occurred during the
Early and mid Holocene. These changes in runoff are considered as
the expression of rainfall variability during the wet season at the
western flanks of the Andes. Our record mimics rainfall variability
reported from speleothem records of precipitation in southern
Brazil, suggesting that both the southern tropical America and the
Pacific coast situated much closer to the equator were affected in
similar ways by orbital and millennial-scale climate forcing. This
however contrasts with another speleothem record located in
northeastern Brazil very close to the equator, which shows wetter
conditions during the early Holocene and the H1.

The comparison of our record with other available high-
resolution records from South America implies that shifts in rain-
fall pattern above South America were influenced in different ways
by climate forcing at different timescale. The sediment cores as well
as the speleothems records show a North-South antiphase of the
rainfall maxima occurring at both orbital and millennial timescales,
likely triggered by changes in insolation and in AMOC intensity,
respectively. This antiphase is observed all around the South
American continent, except in a speleothem from northeastern
Brazil which is located in the southern hemisphere, but where the
trend in rainfall changes at the orbital timescale is in phasewith the
rainfall trends recorded in other archives from the northern
hemisphere. Such feature was explained so far by a remote forcing
of the South American monsoon triggered by changes in orbital
parameters. Such mechanism is fully consistent with our new XRF
results that testify to an interhemispheric seesaw in monsoon-
driven precipitation changes above the South America continent
at the orbital timescale.

Regardless whether changes in the annual cycle of rainfall and/
or in the ENSOwere also at play in shaping those rainfall trends, our
results may help to better understand how regional rainfall may
change over South America under anthropogenic climate forcing.
However, given the complexity of the tropical South America
rainfall response to climate changes that have occurred over the
last 18 ka, further mapping efforts with high resolution time series
are needed to draw a clearer picture of the spatial extent of regional
rainfall shifts associated with ITCZ movements and monsoonal
moist air transport onto the South American continent. Reductions
of model-proxy data mismatches at the regional scale may be
achieved when using modeling studies integrating a better spatial
resolution of the Andean topography. This may contribute also to
reduce the regional uncertainties on the future evolution of rainfall
patterns associated with anthropogenic climate change.
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