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Abstract. Reconstructing precipitation and wind from the
geological record could help researchers understand the po-
tential changes in precipitation and wind dynamics in re-
sponse to climate change in Peru. The last deglaciation offers
natural experimental conditions to test the response of pre-
cipitation and wind dynamics to high-latitude forcing. While
considerable research has been done to reconstruct precipi-
tation variability during the last deglaciation in the Atlantic
sector of South America, the Pacific sector of South Amer-
ica has received little attention. This work aims to fill this
gap by reconstructing types of terrigenous transport to the
central-southern Peruvian margin (12 and 14° S) during the
last deglaciation (18—13 kyr BP). For this purpose, we used
grain-size distribution in sediments of marine core M77/2-
005-3 (Callao, 12°S) and core G14 (Pisco, 14°S). We an-
alyzed end-members (EMs) to identify grain-size compo-
nents and reconstruct potential sources and transport pro-
cesses of terrigenous material across time. We identified four
end-members for both Callao and Pisco sediments. In Callao,
we propose that the changes in the contributions of EM4
(101 pm) and EM2 (58 um) mainly reflect the hydrodynamic
energy and diffuse sources, respectively, while the variations
in EM3 (77 um) and EM1 (11 um) reflect changes in the eo-
lian and fluvial inputs, respectively. In Pisco, where there are
strong winds and an extensive coastal desert, changes in the

contribution of EM1 (10 um) reflect changes in river inputs,
while EM2 (52 pym), EM3 (75 um), and EM4 (94 um) reflect
an eolian origin. At millennial scale, our record shows an in-
crease in the fluvial inputs during the last part of Heinrich
Stadial 1 (~ 16-14.7 kyr BP) at both locations. This increase
was linked to higher precipitation in the Andes related to a re-
duction of the Atlantic Meridional Overturning Circulation
and meltwater discharge in the North Atlantic. In contrast,
during the Bglling—Allergd interstadial (~ 14.7-13 kyr BP),
there was an eolian input increase, associated with stronger
winds and lower precipitation that indicate an expansion of
the South Pacific Subtropical High. These conditions would
correspond to a northern displacement of the Intertropical
Convergence Zone—South Pacific Subtropical High system
associated with a stronger Walker circulation. Our results
suggest that variations in river discharge and changes in sur-
face wind intensity in the western margin of South America
during the last deglaciation were sensitive to Atlantic Merid-
ional Overturning Circulation variations and the Walker cir-
culation on millennial timescales. In the context of global
warming, large-scale increases in precipitation and fluvial
discharge in the Andes as a result of a declining Atlantic
Meridional Overturning Circulation and southward displace-
ment of the Intertropical Convergence Zone should be con-
sidered.
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1 Introduction

The last deglaciation, a period of global warming starting at
the end of the Last Glacial Maximum (LGM, ~ 19 kyr BP)
to the early Holocene (11.7 kyr BP), is an outstanding period
in the Earth’s history that provides a better understanding of
the mechanisms regulating regional climatic conditions as a
consequence of global warming (Clark et al., 2012; Shakun
et al., 2012). During the last deglaciation, variations in melt-
water discharge in the North Atlantic and their consequent
impact on the intensity of the Atlantic Meridional Overturn-
ing Circulation (AMOC) resulted in abrupt climatic changes
on a millennial scale (McManus et al., 2004; Mulitza et al.,
2017; Ng et al., 2018), which in turn caused changes in the
meridional-oceanic temperature gradient as well as a merid-
ional shift of the mean annual position of the Intertropical
Convergence Zone (ITCZ; Cheng et al., 2012; Deplazes et
al., 2013; McGee et al., 2014).

Numerous studies based on both continental and marine
records have evaluated the effects of meltwater discharge and
temperature variations in the North Atlantic on precipitation
in tropical South America (TSA; e.g., Mollier-Vogel et al.,
2013; Novello et al., 2017; Mulitza et al., 2017; Strikis et
al., 2015; Bahr et al., 2018). Most such studies have sug-
gested wetter conditions in this region during cold events
in the Northern Hemisphere, including Heinrich Stadial 1
(HS1, ~ 18-14.7kyr BP) and the Younger Dryas (YD, ~
12.9-11 kyr BP). This has been linked to a southern displace-
ment of the ITCZ (e.g., Mollier-Vogel et al., 2013; Mulitza
et al., 2017; Bahr et al., 2018) and an intensification of the
South American monsoon in its southern domain (Novello et
al., 2017; Strikis et al., 2015) in response to the weakening
of the AMOC and increased meltwater discharges into the
North Atlantic. Conversely, during the Bglling—Allergd (B-
A, 14.7-12.9kyr BP), a warm period in the Northern Hemi-
sphere, dry conditions developed in TSA (e.g., Mollier-Vogel
et al., 2013; Novello et al., 2017; Mulitza et al., 2017) due to
the strong AMOC, the more northerly position of the ITCZ,
and the weakening of the South American monsoon.

However, most records covering the last deglaciation con-
cern eastern South America (e.g., Cruz et al., 2005; Montade
et al., 2015; Strikis et al., 2015, 2018; Zhang et al., 2015;
Novello et al., 2017, Mulitza et al., 2017; Bahr et al., 2018),
while records from the western slope of the Andes (e.g.,
Baker et al., 2001a, b) and the Peruvian margin are scarce
(e.g., Rein et al., 2005; Mollier-Vogel et al., 2013). Previous
attempts to reconstruct changes in the precipitation in the
western flank of the Andes using marine sediment records
have given rise to contrasting results. In northern Peru (4° S),
based on titanium (Ti) to calcium (Ca) ratios, Mollier-Vogel
et al. (2013) suggest an increase in fluvial inputs during the
HS1 and YD and reduced precipitation during the B-A. How-
ever, off Callao (12° S), no difference in fluvial inputs, based
here on lithic content, between HS1 and BA is reported (Rein
et al., 2005). The difference between the two records could
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be because of the changes in sediment transport at the two
sites and/or the interpretation of the proxies used in these
studies. In both studies, Ti/Ca ratio at 4° S (Mollier-Vogel et
al., 2013) and lithic content at 12° S (Rein et al., 2005) were
considered indicators of the fluvial inputs. The latter is gen-
erally true in northern Peru (4° S) where rainfall can reach
466 mm yr~! (Lagos et al., 2008). However, other processes
can be invoked in more arid regions: for example, in central—
southern Peru where rainfall is scarce (less than 20 mm yr~!;
Lagos et al., 2008). Indeed, Bricefio-Zuluaga et al. (2016)
have shown that, during the last millennium, part of the detri-
tal fraction of marine sediments collected off Pisco was also
of eolian origin. According to Bricefio-Zuluaga et al. (2016)
eolian inputs off Pisco can contribute up to almost 50 % of
the terrigenous fraction during some climatic periods (e.g.,
the Medieval Climatic Anomaly). These results are based on
the grain-size distributions of terrigenous components in the
sediment.

The grain-size distribution of Peruvian margin sediments
is typically polymodal, and for this reason, it can provide
information on sediment transport mechanisms and/or sed-
iment sources (Bricefio-Zuluaga et al., 2016). Eolian parti-
cle diameters are relatively coarser than fluvial ones, and if
wind intensification occurs, eolian flow and the frequency
of coarse particles (~> 36 um) would increase. Thus, the
relative abundance of fluvial particles (~ 6-14 um) would
reflect the precipitation and continental runoff (e.g., Stuut
et al., 2002; Stuut and Lamy, 2004; Pichevin et al., 2005;
Bricefio-Zuluaga et al., 2016; Beuscher et al., 2017). Mathe-
matical methods can be used to identify the grain-size com-
ponents of polymodal sediments. For instance, end-member
analysis (EMA) has been widely used to infer changes in
fluvial and/or eolian inputs (e.g., Stuut et al., 2002, 2007,
2014; Stuut and Lamy, 2004; Weltje and Prins, 2003, 2007,
Pichevin et al., 2005; Holz et al., 2007; Just et al., 2012;
Beuscher et al., 2017; Humphries et al., 2017; Jiang et al.,
2017).

The aim of the current work is to reconstruct at the millen-
nial scale the transport (fluvial and eolian) and sedimentation
of the terrigenous inputs off central-southern Peru (Callao
and Pisco) during the last deglaciation. To achieve this, grain-
size distributions from surface sediments and sediment cores
(M77/2-005-3, Callao and G14, Pisco) were measured, and
EMA was used to deconvolved them into subpopulations.
Surface sediments were collected during normal conditions
and during the 2017 coastal El Nifio (April 2017). During
the 2017 coastal El Nifio, the flow of the Callao and Pisco
rivers reached extremely high levels during austral summer
2017, especially during March 2017 (Guzman et al., 2020).
Likewise, in the month of April 2017, wind surface anoma-
lies were positive, especially in central and southern Peru
(Echevin et al., 2018). Chamorro et al. (2018) found a quasi-
linear relationship between surface wind and pressure gradi-
ent anomalies during the El Nifio period in 1998. The along-
shore pressure gradient anomalies in 1998 were caused by a
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greater increase in near-surface air temperature off the north-
ern coast than off the southern coast of Peru. This inhomo-
geneous sea surface warming is similar during El Nifio 2017.
Based on the above, the samples collected in April 2017 may
reflect changes in fluvial and may represent eolian transport
associated with coastal or eastern Pacific El Nifio events.

In addition, as a proxy for fluvial vs. eolian inputs, we
used the titanium / zirconium (Ti/Zr) record from X-ray flu-
orescence (XRF) analysis of the 106 KL core collected off
Callao and described by Rein et al. (2005). In a subsequent
step, Ti, Al, and Zr were measured in surface sediments at
Callao and Pisco by inductively coupled plasma mass spec-
trometry (ICP-MS) to better interpret the XRF results. We
postulate that changes in the AMOC intensity have modu-
lated the variability of winds and precipitation in the west-
ern TSA, as inferred by changes in the grain-size distribution
of marine sediment particles, at millennial timescales. Our
work provides new information on sedimentation, types of
transport, and sources of terrigenous inputs on the Peruvian
margin during the last deglaciation, offering a better under-
standing of the mechanisms modulating these processes dur-
ing past periods of global warming.

1.1 Regional setting

We focused on the central-southern part (12—14° S) of the
Peruvian margin. Callao and Pisco are located onshore in
the Lima Basin (Suess et al., 1987). This basin exhibits high
productivity and anoxic conditions that are favored by an in-
tense oxygen minimum zone between about 200 and 400 m
depth (Cardich et al., 2019); hence, sediments are composed
of fine grains, are rich in organic matter, and contain abun-
dant diatoms. The general absence of bioturbation in some
areas and during some time periods allows for the preser-
vation of laminations and therefore their use as paleoceano-
graphic records (e.g., Rein et al., 2005; Gutiérrez et al., 2006,
2009, 2011; Sifeddine et al., 2008; Salvatteci et al., 2014a, b,
2016, 2019; Bricefio-Zuluaga et al., 2016). In Callao, muddy
laminated areas are reported (Reinhardt et al., 2002), but sed-
imentary records collected in the OMZ core, off Pisco, show
more continuous laminations than the records collected off
Callao (e.g., Salvatteci et al., 2016, 2019).

The main transport of the detrital fraction of coarse silt
and sand to the hemipelagic sediments in the Peruvian mar-
gin occurs by the action of winds (Scheidegger and Krissek,
1982). In contrast to Callao, Pisco is characterized by the
presence of large coastal deserts, extreme aridity, and dust
storms known as Paracas winds. During these sporadic sand
storms, wind velocities can exceed 10-15ms™! (Bricefo-
Zuluaga et al., 2017); these storms are produced by the local
intensification of alongshore surface wind and by alongshore
pressure gradients (Bricefio-Zuluaga et al., 2017). Moreover,
in Pisco, an intense coastal upwelling linked to strong along-
shore surface wind occurs (Dewitte et al., 2011; Gutiér-
rez et al., 2011; Rahn and Garreaud, 2013). The intensity
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of alongshore surface winds presents a seasonal variability,
with stronger winds during austral winter and weaker winds
during austral summer (Fig. 1). This seasonality is region-
ally linked to the displacements of the ITCZ-South Pacific
Subtropical High (SPSH) system and locally to continental—
oceanic and alongshore pressure gradients (Strub et al., 1998;
Gutiérrez et al., 2011; Chamorro et al., 2018). In contrast to
the coarser particles that are transported by winds, quartz-
rich silt and clays are transported by rivers to the continental
shelf (Scheidegger and Krissek, 1982). The central-southern
Peruvian coast is characterized by very low annual precip-
itation (Callao, 14 mm yr’1 and Pisco, 2 mm yr’l) and in-
termittent flows of coastal rivers (Lagos et al., 2008). How-
ever, during austral summer, there is an increase in river dis-
charges associated with increased monsoon precipitation in
the Andes (Garreaud et al., 2009; Vuille et al., 2012). Occa-
sional floods occur and higher sediment discharges are as-
sociated with intense precipitation during extreme El Nifio
events (Bourrel et al., 2015; Morera et al., 2017; Rau et al.,
2016; Guzman et al., 2020).

A large fraction of the particles smaller than 10pm
(desert aerosols) are transported beyond the continental shelf
(Saukel et al., 2011). Therefore, the fine fraction of eolian
origin in the continental shelf sediments is negligible, and
the fine fraction of the continental shelf is largely dominated
by fluvial inputs. On the other hand, coarser particles (e.g.,
> 40 um) settle on the continental shelf (Scheidegger and
Krissek, 1982). Once in the water column, the dispersion
patterns of clays (< 4 um) and fine silts (8—11 pm) coincides
with the surface and subsurface currents, while the coarser
fraction presents limited dispersion near the coast (Schei-
degger and Krissek, 1982). Likewise, near-bottom processes
and bottom topography exert considerable control over the
dispersal of hemipelagic sediments on the Peruvian margin
(Scheidegger and Krissek, 1982).

2 Materials and methods

2.1 Surface sediments, marine core, and age model

Surface sediments (0—0.5 cm) were collected in Callao (N =
12) and Pisco (N =9) at depths of 92—-178 and 120-311 m,
respectively, by the Instituto del Mar del Peru during the
years 2015 (December), 2016 (August and December), and
2017 (February, April, and August), specifically along tran-
sects perpendicular to the coast (Fig. S1 in the Supplement).
Details of the sampling sites are given in Table S1 in the Sup-
plement. The samples collected in April 2017 coincided with
the occurrence of a coastal El Nifio event and will be consid-
ered representative of “coastal El Nifio” conditions hereafter.
All the other samples will represent “normal” conditions.
Core M77/2-005-3 was retrieved from the southeastern Pa-
cific continental slope (12°05 S, 77°40,07 W; 214 m water
depth, 1336 cm long) during the M77-2 expedition in 2008
(Fig. 1). Because we focus on the last deglaciation period,
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Figure 1. Location of the sampling of the sediment cores M77/2-005-3, 106 KL, and G14. Average wind speed (m s~1) at 1000 hPa in
January and August (http://iridl.ldeo.columbia.edu, last access: 17 March 2022).

we worked with the section from O to 700cm core depth.
A first depth-age model based on four '“C ages was built
by Salvatteci et al. (2019). In the present study, we added
22 '4C ages and developed a new age depth-age model (Ta-
ble S2). Radiocarbon measurements were performed on or-
ganic matter at the Laboratoire de Mesures du Carbone-14
(LMC14, Gif-sur Yvette, France). Ortlieb et al. (2011) re-
ported a regional reservoir effect (AR) of 511 +278 years
for the early Holocene (10.4—6.8 kyr), and in the absence of
AR data for older periods, we used this value to calibrate
the '“C measurements for the last deglaciation as in Salvat-
teci et al. (2016, 2019). To construct the age model, we used
the maximum probability ages obtained from the CALIB 8.1
software using the Marine 20 dataset. The chronological
model based on the lineal model indicates that the ex-
amined section (0-700 cm) of core M77/2-005-3 (Fig. S2)
recorded the LGM and the last deglaciation (22—13 kyr BP;
95-700 cm). Core M77/2-005-3 presents a hiatus at 94 cm,
so a great part of the Holocene is missing.

Core G14 (14° S, 76° W; 390 m water depth) was retrieved
during the Galathea-3 expedition in 2007 (Salvatteci et al.,
2016). The radiocarbon dates of G14 were published in Sal-
vatteci et al. (2016). For the current study, a new depth—age
model based on a lineal model was developed with an up-
dated calibration using the CALIB 8.1 software and the Ma-
rine 20 dataset. The upper part of sediment layers was not
recovered in G14, which ranges from 13.4 to 24.6 kyr BP
(Fig. S2).

The lithological descriptions of M77/2-005-3 and G14
are available in Salvatteci et al. (2016, 2019). The M77/2-
005-3 and G14 cores show laminated and banded sediments
with no evident signs of major discontinuities during the
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last deglaciation (Salvatteci et al., 2016, 2019). The G14
core presents more continuous laminated sediments com-
pared with the M722-005-3 core (Salvatteci et al., 2016,
2019).

To compare our new data from cores M77/2-005-3 and
G14 with previously published records in the area we modi-
fied the age model of core 106 KL (Rein et al., 2005). Core
106 KL (12°030 S, 77°39.80 W; 184 m water depth) was re-
trieved during cruise SONNE 147 (Rein et al., 2004, 2005).
The chronology model and lithology have been fully de-
scribed in Rein et al. (2004, 2005). A new depth—age model
based on a lineal model was developed with an updated cal-
ibration using the CALIB 8.1 software and the Marine 20
dataset (Fig. S2), and we only used the sections covering the
last deglaciation.

2.2 Grain-size distribution and end-member analysis

To reduce the effect of sediment disturbances that can
produce artificial results, only laminated and banded se-
quences were subsampled for grain-size distribution analy-
sis. Reworked sediments are widespread in the marine sed-
iment records off Peru and can be distinguished from well-
preserved sediments using X-ray images (Salvatteci et al.,
2014b). For both surface and core sediment samples, to iso-
late the terrigenous fraction, we followed the procedure de-
scribed in Bricefio-Zuluaga et al. (2016). Organic matter, cal-
cium carbonates, and biogenic silica were successively re-
moved with hydrogen peroxide (HyO2 30 % at 60 °C for 3
to 4 d), hydrochloric acid (HCI 10 % for 12h), and sodium
carbonate (Na;CO3, 1 M at 90 °C for 3 h), respectively. The
grain-size distribution was then measured using an auto-
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mated image analysis system (model FPIA3000, Malvern In-
struments), here with a measurement range of 0.5-200 um.
Further details on the FPIA3000 are described in Flores-
Aqueveque et al. (2014) and Bricefio-Zuluaga et al. (2016).
Given that only particles smaller than 200 um could be mea-
sured under the analytical conditions applied in the present
work, all samples were sieved with a 200 pm mesh before
being analyzed. Particles larger than 200 um were not recov-
ered in any sample; thus, our analysis covers the full range of
grain sizes present in the surface and core sediments.

The grain-size distribution was generally plurimodal, and
for this reason we used the AnalySize modeling algorithm
(Paterson and Heslop, 2015) to deconvolute the grain-size
distributions; the algorithm establishes a physical mixing
model that transforms the measured particle size distribution
histograms into the sum of a limited number of end-members
(EMs) with a unimodal particle size distribution. The sum of
determination coefficients (%), which represent the propor-
tion of the variance of each EM against the total granulomet-
ric distribution, is calculated to estimate the minimum num-
ber of EMs necessary to reach a high percentage of the total
variance. More specific details are available in Paterson and
Heslop (2015).

2.3 ICP-MS analysis

The Al, Ti, and Zr concentrations in the surface sediments
were determined by inductively coupled plasma mass spec-
trometry (ICP-MS; Agilent 7500 cx) after hot-plate acid di-
gestion in polytetrafluoroethylene (PTFE) vessels. The em-
ployed acids (HF, HNO3, and HClOy4) eliminated organic
material and solubilized silicates (Jarvis et al., 1992). The
complete protocol is described in detail in Salvatteci et
al. (2014a). The accuracy of the concentration measure-
ments was determined by comparison with MESS-3 (Ma-
rine sediment reference material, National Research Council
of Canada). The relative standard deviation (RSD) estimated
from duplicate analysis was less than 3.5 % for Al, Ti, and
Zr.

2.4 XRF analysis

The piston core KL 106 was analyzed using an Avaatech
XRF core scanner at the Marum Center (Bremen). Here,
XRF scanning was done for 19 elements at 2 mm intervals.
Ti is an aluminum- and silicate-related element and is asso-
ciated mainly with clay minerals transported from the con-
tinent to the ocean through river discharges (Jansen et al.,
1998; Yarincik et al., 2000). Conversely, Zr is predominantly
enriched in heavy mineral species, particularly zircon. The
latter is broadly distributed in natural sediments and typically
has a relatively coarse grain size (Pettijohn, 1941). Zr has
been widely used as a proxy for mean depositional grain-size
variations (e.g., Dypvik and Harris, 2001; Wu et al., 2020).
Using the Ti/Zr ratio, we compared Ti, which is present in
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all sizes of sediment but especially in clays, to Zr, which
would only be present in the silt and sand fractions in the
form of zircon minerals. Assuming that fine particles, such
as clays, are mainly transported by rivers, while coarse par-
ticles (coarse silts and sands) come mainly from an eolian
origin, the Ti/Zr ratio can be used as a potential proxy for
fluvial versus eolian inputs.

3 Results

3.1 Grain-size distribution of the surface sediments

The grain-size distribution of all surface samples collected
at the stations in Callao and Pisco are shown in Fig. 2. In
Callao and Pisco, during normal conditions, the abundance
of fine particles (< 10 um) was higher at the deepest and fur-
thest offshore stations than at coastal stations, while coarse
particles (60—120 pm) were more abundant close to the coast
(Fig. 2). Coarser particles were deposited mainly on the inner
continental shelf because of their weight. During the 2017
coastal El Niflo, a strong increase in fine particle (< 10 um)
abundance was found only at station E2 (Fig. 2a) in Callao.
On the other hand, the abundance of the coarse fraction (50—
100 pm) in the sediments from the most distant stations (E12
and E11) increased in Pisco (Fig. 2d and e).

The mean grain-size distribution per climatic period ana-
lyzed is shown in Fig. 3a and b. During the late HS1 (16—
14.7 kyr BP), the abundance of fine particles (< 10 um) was
higher than during the early HS1 (18-16kyr BP) and B-A
in Callao and Pisco (Fig. 3a and b). This increase was more
pronounced in Callao (Fig. 3a). On the other hand, during the
B-A (14.7-13 kyr BP), the sediments were characterized by
a high abundance of coarser particles (Fig. 3a and b).

3.2 End-member analysis

Based on a multiple correlation coefficient, a model with
four EMs was chosen in Callao and Pisco, which explained
98 % and 95 % of the variance of the grain-size distribu-
tion dataset, respectively (Fig. 4a and b). The measured and
modeled grain-size distributions were highly correlated (R?:
0.86-0.99) for each analyzed sample, attesting to the fact that
the use of four EMs was appropriate for our interpretation.
Although a model with two EMs explained 95 % of the vari-
ance of the data in Callao, the variability of each EM’s con-
tribution was different (Fig. 6), suggesting that each EM in-
dicated different processes or sources. Each of the four EMs
presented a unimodal distribution, with the medians at 11 ym
(EM1), 58 um (EM2), 77 um (EM3), and 101 um (EM4) in
Callao (Fig. 4c). In Pisco, each EM was represented by a uni-
modal distribution centered at 10 um (EM1), 52 um (EM2),
75 um (EM3), and 94 um (EM4; Fig. 4d).

Clim. Past, 18, 2255-2269, 2022
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Figure 2. Grain-size distribution of surface sediments at the Callao (a, b) and Pisco stations (c, d, e).
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Figure 3. Mean grain-size distribution by climatic period in Callao (a) and Pisco (b).

3.3 ICP-MS and XRF analysis

The concentrations of Al, Ti, and Zr, as well as the Ti/Zr ra-
tio of the surface samples collected at Callao are presented
in Fig. 5. The E2 station in Callao showed a very large in-
crease in Ti and Al during the coastal El Nifio (April 2017),
with values twice the average of all other samples. This was
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related to the large number of fine particles measured that
month in Callao. Regarding Zr, no significant difference be-
tween normal conditions and coastal El Nifio was observed
in E2 and E5 Callao. However, we found higher average
Zr concentrations for E2 (46 £9 ppm) compared with ES
(34 + 3 ppm) because the E2 station was closer to the coast
and received more sandy inputs. Finally, the Ti/Zr ratio was

https://doi.org/10.5194/cp-18-2255-2022



-
a_o

[l

M. Yseki et al.: Millennial variability of terrigenous transport 2261
Callao 12°S ; °
(a) . (b) ] Pisco 14°S
- x

0.9 : T 0.9

0.8 ’ 08

0.7 0.7
AN 0.6 AN_ 0.6}
o8| - mo.s

0.4 0.4

0.3 0.3

0.2 02f .

0.1 0.1}

ol— 0 ‘

T 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10

(©) Number of end-members (d) Number of end-members
45 30
X 40 &
~ =25
« 30 @ 20
© ©
c 25 c
2 215
« 20 ©
© 15 ‘® 10
c c
] 9
° ©
o g
(TR (TR

(=]

100

101
Grain size (um)

102

o

100

101
Grain size (um)

102

Figure 4. Coefficient of determination (2) as a function of the number of end-members chosen to model the observed grain-size distribution
in Callao (a) and Pisco (b). Grain-size distribution of the four end-members in Callao (c) and Pisco (d).

1.7 times higher during the coastal El Nifio (April 2017) with
normal conditions at E2.

The Ti/Zr record of core 106 KL from Callao, which is
used as a proxy for fluvial versus eolian inputs, shows millen-
nial variability. During HS1, similar to the increment in fine
particle abundance (Fig. 3a), Ti/Zr values were higher during
late HS1 than during early HS1 (Fig. 7f). During B-A, a de-
creasing trend in the Ti/Zr ratio was demonstrated (Fig. 7f)
by the increase in coarse particle abundance (Fig. 3a).

4 Discussion

4.1 Assignment of end-members

The terrigenous materials deposited on the Peruvian margin
are transported by rivers and wind activity; however, there
are also other diffused sources like the material produced by
coastal erosion transported offshore by marine currents. The
terrigenous sediments in Callao and Pisco are multimodal,
which suggests that different processes are involved in the
transport and deposition of these sediments. In both cores,
we observed one end-member corresponding to a fine frac-
tion (EM1) and three EMs corresponding to coarse fractions
(EM2, EM3, and EM4). A previous study in Pisco used the
variations of fine (10 um) and coarse (50 and 100 um) par-
ticles as proxies for river discharge and eolian inputs, re-
spectively, for the last few centuries (Briceflo-Zuluaga et al.,
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2016). However, the differences in the eolian sources, shelf
and slope morphology, current intensity, and hydrodynamics
between Callao and Pisco may modify the interpretation of
the proxies described by Bricefio-Zuluaga et al. (2016).

EM1 showed a mode at 11 and 10um in Callao and
Pisco, respectively, which is consistent with the grain size
of fine particles (~ 6—14 um) in marine sediments associ-
ated with river inputs reported in different areas of the world
(e.g., Stuut and Lamy, 2004; Stuut et al., 2007; Beuscher
et al., 2017) and Pisco (Bricefio-Zuluaga et al., 2016). In-
deed, the increase in fine particles (< 10 um) and EM1 con-
tribution in the surface marine sediments from E2 Callao
(Figs. 2a and 6a) associated with local high fluvial discharges
in Callao during the 2017 coastal El Nifio (Guzman et al.,
2020) corroborates the use of variations in the contribution
of EM1 as an indicator of fluvial input changes. The non-
increase in fine particles (as well as Al and Ti concentrations)
in ES Callao during the coastal El Nifio was probably be-
cause of the greater distance between the fluvial source and
the sampling site.

Previous studies in the southeastern Pacific used the abun-
dance and fluxes of coarse particles (~ 36—100 um) in marine
sediments as a proxy for wind intensity linked to the expan-
sion and contraction of the SPSH (e.g., Flores-Aqueveque
et al., 2015; Bricefio-Zuluaga et al., 2016). Based on HYS-
PLIT (Hybrid Single-Particle Lagrangian Integrated Trajec-
tory) simulations, Bricefio-Zuluaga et al. (2017) have shown
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that coarse particles (50-90 um) can directly reach the conti-
nental shelf in Pisco during Paracas storms (characterized by
wind velocities surpassing 10-15ms™!).

The EMs associated with the coarse fraction present sim-
ilar modes in Callao and Pisco sediments (EM2 ~ 55 um,
EM3 ~ 75 um, and EM4 ~ 90-100 um). Pisco is character-
ized by a large coastal desert and frequent dust storms. Also,
because the shelf at Pisco is narrow, the distance from ter-
restrial sources that can be transported by winds did not vary
significantly during the deglaciation compared with modern
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conditions. Based on this, particles between 50 and 90 um
(EM2, EM3, and EM4) can be interpreted as indicators of
eolian input, as proposed by Bricefio-Zuluaga et al. (2016).
An increase in coarse particle abundance in Pisco surface
sediments was recorded at the stations most distant from the
coast, E12 and E11, during April 2017 (Fig. 2d and e), when
wind stress along the coast was anomalously enhanced, es-
pecially in central and southern Peru (Echevin et al., 2018).
This observation supports the hypothesis that these particles
have an eolian origin and that the increase in their contri-
bution suggests that, during events with stronger alongshore
winds, these particles can be transported to a greater distance
than during normal conditions, modifying their proportion in
the sediments, but because of the small number of samples,
this variation was not statistically significant (Fig. 2d and e).
Finally, although EM2, EM3, and EM4 reflected an eolian
source, their contribution variations during the last deglacia-
tion were different (Fig. 6b). This can possibly be explained
by changes in wind intensity; periods with stronger (weaker)
winds result in an increase (decrease) in the amplitude of
coarser particles.

In Callao, the context is different because there are no
large deserts near the coast and dust storms are rare, so
it is unlikely for ~ 100 um particles (EM4) to be trans-
ported directly to the sampling site. The presence of ~
100 um particles could possibly be linked to bottom hydro-
dynamic processes. Indeed, during events of higher hydrody-
namic energy, resuspension of fine particles and an increase
in the relative frequency of coarser particles are expected.
EM4 (101 um) did not show drastic changes during the last
deglaciation, suggesting that it did not influence the rela-
tive contribution of the other modes at the millennial scale
(Fig. 6a). EM2 (58 pm) was found to be the dominant mode
in Callao, ranging from 40 % to 80 % (Fig. 6a). Although
these coarse sediments can be transported by winds (Bricefio-
Zuluaga et al., 2016, 2017), it is unlikely that this high per-
centage of coarse particles could be transported solely by the
wind directly to the sampling site off Callao. It is more likely
that ~ 58 um particles were derived from different sources
(winds, coastal erosion) and are distributed on the continen-
tal shelf by the Peru—Chile Undercurrent (Reinhardt et al.,
2002). In summary, based on the distance of the sampling
site from the eolian sources, in addition to the absence of
large eolian sources and dust storms in Callao, we propose
that the changes in the contribution of EM2 and EM4 can
be mainly related to other processes associated with diffuse
sources and hydrodynamic energy, respectively. Conversely,
EM3 can be seen as the best proxy for a wind source.

4.2 Millennial variability of fluvial and eolian inputs
during the last deglaciation

The analysis of EMs allowed for a quantification of the main
granulometric modes; however, because the sum of the con-
tribution of the modes corresponds to 100 %, it is difficult
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to consider the modes individually because an increase in
one may reduce the others and influence their contribution
variability. Thus, for a better visualization, a ratio between
EMs indicative of a fluvial (EM1 in Callao and Pisco) and
eolian (EM3 in Callao and the sum of EM2, EM3, and EM4
in Pisco) source will be used as a proxy for the variations in
the fluvial and eolian inputs.

An increase in fluvial inputs based on the grain size and
EMA was observed during the late HS1 (~ 16-14.7 kyr BP)
with maximum values between ~ 15.5 and 14.7kyr BP in
Callao (M77/2-005-3) and Pisco (G14; Fig. 7g and h).

Likewise, the Ti/Zr record in Callao (106 KL) indicated
an increase in fluvial input during HS1, with maximum dis-
charges between ~ 15.5 and 14.9 kyr BP. The increment of
Ti in surface sediments during higher fluvial discharges at
Callao combined with the good relationship between the
Ti/Zr record and the fluvial-eolian record (EM1/EM3) dur-
ing the last deglaciation in Callao can support the idea that
Ti, which is mostly linked to the fine fraction of marine sedi-
ments, is mainly transported by rivers to the Peruvian margin
and can be used as a proxy for river discharge and precipita-
tion (e.g., Mollier-Vogel et al., 2013; Salvatteci et al., 2014a;
Fleury et al., 2015).

The contrasting differences between our record of fluvial
input (based on grain size and Ti/Zr) and the record of lithic
content based on reflectance (Rein et al., 2005) in Callao can
be explained by the difference in the methodology and inter-
pretation of the proxies. Rein et al. (2005) interpret the lithic
content as a proxy for river discharges; however, as observed
in our data (Fig. 6) and the literature (Bricefio-Zuluaga et
al., 2016), the terrigenous material can be transported to the
central-southern Peruvian margin by different sources (e.g.,
fluvial and eolian), and the variability of fluvial and eolian
transport follows different patterns, hence responding to dif-
ferent forcing.

Because heavy precipitation associated with the El Nifio
events in the Callao and Pisco coastal regions are occasional,
a larger average fluvial discharge in Callao and Pisco would
likely be related to precipitation fluctuations at higher eleva-
tions in the watersheds in the Andes. Previous studies sug-
gest a correlation between North Atlantic cooling and mas-
sive meltwater discharges with increased precipitation in the
central Andes (Baker et al., 2001a, b; Blard et al., 2011; Mar-
tin et al., 2018; Gonzélez-Pinilla et al., 2021). During the last
deglaciation, cooling in the North Atlantic and higher melt-
water discharges generated a weakening of the AMOC (Mc-
Manus et al., 2004; Mulitza et al., 2017; Ng et al., 2018).
The latter generated an interhemispheric temperature con-
trast and an impact on precipitation in the central Andes as-
sociated with a southward shift of the ITCZ and an inten-
sification of the South American monsoon in different re-
gions: the central Andes (Baker et al., 2001a, b; Blard et
al., 2011; Gonzalez-Pinilla et al., 2021), southeastern (Cruz
et al., 2005; Strikis et al., 2015) and southwestern Brazil
(Novello et al., 2017), and western Amazonia (Sublette Mos-
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blech et al., 2012; Cheng et al., 2013). Indeed, the higher
river discharges we evidenced in Callao and Pisco during late
HS1 (~ 16-14.7 kyr BP) occurred simultaneously with the
well-dated highstand of the giant paleolake Tauca (~ 16.6—
14.5 kyr BP; Martin et al., 2018). Therefore, the increase and
decrease in river discharges in central Peru during HS1 and
B-A, respectively, could be explained by changes in precipi-
tation in the Andes in response to changes in the intensity of
the AMOC and meltwater pulses in the North Atlantic.

During the past few decades, the ITCZ in the eastern
Pacific has shifted southward and generally narrowed and
strengthened (Zhou et al., 2020). A recent study suggests a
narrowing and southward shift of the ITCZ in the eastern
Pacific in response to the SSP3-7.0 scenario by 2100 (Ma-
malakis et al., 2021). Although there are uncertainties about
the effects of current global warming on AMOC intensity,
there is evidence of the AMOC slowing over the past cen-
tury (Rahmstorf et al., 2015; Caesar et al., 2018), and in cli-
mate model simulations of future climate change, the AMOC
is projected to decline, generating a southward displacement
of the ITCZ (Bellomo et al., 2021). In the context of global
warming, large-scale precipitation and fluvial discharge in-
creases in Peru related to AMOC decline and southward dis-
placement of the ITCZ should be considered.

Concerning the variations in the eolian inputs and sur-
face wind intensity in the Peruvian margin, changes in the
intensity of the Walker circulation and meridional displace-
ments of the ITCZ-SPSH system have been proposed as
mechanisms to regulate surface alongshore winds and up-
welling dynamics in the Humboldt Current System at multi-
ple timescales (e.g., Gutiérrez et al., 2009; Bricefio-Zuluaga
et al., 2016; Salvatteci et al., 2014a, 2019). On centennial
timescales, a northern displacement of the SPSH-ITCZ, here
a response to a stronger Walker circulation, will cause an
increase in alongshore winds and upwelling in the central—
southern Peruvian margin (Salvatteci et al., 2014a; Bricefio-
Zuluaga et al., 2016). A sea surface temperature (SST) gra-
dient increase in the equatorial Pacific indicates a more in-
tense Walker circulation in B-A than during HS1 (Fig. 8a;
Koutavas and Joanides, 2012). Moreover, a northern dis-
placement of the ITCZ has also been recorded during B-A
(Peterson et al., 2000; Deplazes et al., 2013). These con-
ditions should have provoked an increase in the alongshore
winds and eolian supply in central Peru during B-A. Indeed,
in Callao and Pisco, the eolian inputs were the main trans-
port from 14.7 to 13 kyr BP, suggesting, at least at the re-
gional scale, an increase in alongshore wind and upwelling in
central-southern Peru and an expansion of the SPSH (Fig. 8d
and e). Our record of surface wind intensity variations and
an alkenone-derived SST reconstruction based on alkenones
(Salvatteci et al., 2019) in the same core collected from
Callao showed similar trends (Fig. 8c). During HS1, a short
cooling event between 16 and 15.5 kyr BP coincided with
stronger alongshore winds (Fig. 8c and d). And, during the
B-A, which was a cooling at 14.7-13 kyr BP, stronger eolian
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Figure 8. (a) Zonal SST gradient anomaly during the last deglacia-
tion, calculated here as the difference between western and eastern
Pacific averages (Koutavas and Joanides, 2012). (b) Reflectance (%)
from the Cariaco Basin as a proxy for the latitudinal displacement of
the ITCZ (Deplazes et al., 2013). (c) Alkenone-derived near-surface
temperature from the M77/2-005-3 core in Callao (Salvatteci et al.,
2019). (d) EM1 / EM2 ratio (reversal scale) as a proxy for fluvial
and eolian sources in Callao (this study). (e) EM1/(EM2 + EM3 +
EM4) ratio (reversal scale) as a proxy for fluvial and eolian sources
in Pisco (this study).

transport associated with more intense alongshore winds oc-
curred (Fig. 8c and d). These observations suggest that local
processes as upwelling variations in response to changes in
alongshore wind intensity may control SST variations during
the last deglaciation, in addition to other processes such as
the advection of the Southern Ocean and Antarctic climate
signals by the Humboldt Current.

5 Conclusions

The variability of the grain-size distribution of marine sed-
iments from the central-southern Peruvian margin (12 and
14° S) reveals millennial-scale changes in the transport and
sedimentation processes of terrigenous material during the
last deglaciation (18-13 kyr BP). We identified four granu-
lometric EMs for both Callao and Pisco sediments, each of
them reflecting different processes and sources and whose
interpretation must take into consideration regional contexts.
In the case of the Pisco core, located within the range of the
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eolian inputs, as has been shown earlier, the modes (EM2
to EM4) corresponded to eolian origin. In the case of the
Callao core, which was located further from the coast and
where sources of eolian particles are scarce, the EM2 and
EM4 modes have been interpreted as reflecting local hydro-
dynamics, while EM3 represented the eolian supply. Our re-
sults support a tight relationship between high-latitude forc-
ing and precipitation in the western flank of the Andes dur-
ing the last deglaciation. During late HS1 (1615 kyr BP), en-
hanced fluvial inputs in Callao and Pisco occurred and were
associated with higher precipitation in the central Andes in
response to the slowdown of AMOC and meltwater discharge
in the North Atlantic. Finally, the increase in the eolian in-
put during the B-A could be a result of stronger alongshore
winds linked to a northern displacement of the ITCZ-SPSH
system in response to a strong gradient of the Walker circu-
lation. There is still uncertainty about the effects of current
climate change; however, there is evidence of a slowing of
the AMOC over the past century and in future climate model
simulations. In the latter, the decline in the AMOC is accom-
panied by a southward shift in the ITCZ. Thus, we can prob-
ably expect an increase in precipitation and river flow in Peru
in the future.
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