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The reconstruction of low-latitude ocean-atmosphere interactions is one of the major issues of (paleo-)
environmental studies. The trade winds, extending over 20° to 30° of latitude in both hemispheres, between
the subtropical highs and the intertropical convergence zone, are major components of the atmospheric
circulation and little is known about their long-term variability on geological time-scales, in particular in the
Pacific sector. We present the modern spatial pattern of eolian-derived marine sediments in the eastern
equatorial and subtropical Pacific (10°N to 25°S) as a reference data set for the interpretation of SE Pacific

Communicated by G.J. de Lange ; ) : .
paleo-dust records. The terrigenous silt and clay fractions of 75 surface sediment samples have been

Keywords: investigated for their grain-size distribution and clay-mineral compositions, respectively, to identify their
SE Pacific provenances and transport agents.

clay-mineral assemblages Dust delivered to the southeast Pacific from the semi- to hyper-arid areas of Peru and Chile is rather fine-
eolian dust grained (4-8 um) due to low-level transport within the southeast trade winds. Nevertheless, wind is the
gra(ijn-Si?eddiStribUﬁOﬂ dominant transport agent and eolian material is the dominant terrigenous component west of the Peru-Chile
trade winds

Trench south of ~5°S. Grain-size distributions alone are insufficient to identify the eolian signal in marine
sediments due to authigenic particle formation on the sub-oceanic ridges and abundant volcanic glass around
the Galapagos Islands. Together with the clay-mineral compositions of the clay fraction, we have identified
the dust lobe extending from the coasts of Peru and Chile onto Galapagos Rise as well as across the equator
into the doldrums. Illite is a very useful parameter to identify source areas of dust in this smectite-dominated

study area.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The Peruvian and Chilean coasts as well as the Altiplano of Peru,
Bolivia and Chile belong to the most arid areas worldwide and are
recognized emission sources of eolian dust (e.g., Goudie and
Middleton, 2006; Jickells et al., 2005; Joussaume, 1990; Li et al.,
2008; Prospero et al., 2002). This region has experienced much less
attention within the dust-studying community (e.g., Maher et al.,
2010; Pye, 1987; Tegen et al.,, 2002; Werner et al., 2002), as dust
transport to the tropical east and subtropical southeast Pacific is
considerably smaller than, e.g., that off west Africa, in the Arabian Sea,
off east China or Australia. However, basins such as the Salar de Uyuni
on the Bolivian Altiplano are comparable in size to the Bodélé
depression in Chad, one of the major dust sources in Africa, or to Lake
Eyre in Australia (Goudie and Middleton, 2006). Nevertheless, dust
sources in the Southern Hemisphere are generally smaller than those
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of the Northern Hemisphere (Maher et al., 2010). The tropical east
Pacific, however, is a key location for (paleo-)climate research, as
atmosphere-ocean linkages such as the El Nifio/Southern Oscillation
system or past shifts of the intertropical convergence zone (ITCZ) on
glacial-interglacial time scales are still controversial (e.g., Leduc et al.,
2009; Rincén Martinez et al., 2010). Therefore, the role of eolian dust
may be larger than hitherto acknowledged, and forms a vital gap in
our knowledge and understanding of the region.

Atmospheric dust particles represent a link between the atmo-
sphere, lithosphere and the hydrosphere (Arimoto, 2001; Maher et al.,
2010; Ridgwell, 2002) and are thus a valuable parameter in the
pursuit of understanding the climate system. The concentration of
mineral aerosols (dust) is a relevant feature within the global climate
system. Its variability may cause changes in, e.g., the radiative forcing
through absorption and scattering of light, in the provision of
nutrients to marine ecological systems or in cloud cover through the
availability of more or less condensation nuclei (Harrison et al., 2001).
Furthermore, dust and its grain-size distribution can be used to study
changes in continental aridity/humidity, spatial variations of major
wind patterns as well as changes in wind intensity (Arimoto, 2001;
Rea, 1994; Sarnthein et al., 1981; Stuut et al., 2002). Hence, proxy-
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based reconstruction of atmospheric changes in the (sub-)tropical
east Pacific provide important clues for understanding past changes in
ocean-atmosphere dynamics related to e.g. the Southern Oscillation,
the trade winds and associated ITCZ shifts.

In order to tackle the importance of recent wind-transported
material in the eastern equatorial Pacific and its sources, Prospero and
Bonatti (1969) sampled atmospheric dust during a cruise of RV
Pillsbury in 1967. They concluded that the supply of eolian dust to
ocean sediments south of the ITCZ is less than on its northern side, and
identified the arid coastal areas of Peru and northern Chile (Atacama
Desert) as the source for those samples collected south of the ITCZ .
Several subsequent studies, however, stressed eolian dust to be a
noteworthy contributor to (south-)eastern Pacific deep-sea sedi-
ments (e.g., Dauphin, 1983; Heath et al,, 1974; Krissek et al., 1980;
Molina-Cruz and Price, 1977; Prospero et al., 2002; Rea, 1994; Rosato
et al., 1975; Scheidegger and Krissek, 1982). Molina-Cruz and Price
(1977) described the quartz distribution in surface sediments
extending in a tongue similar in direction and position as the
prevailing trade winds and interpreted the quartz-rich sediments to
be of eolian origin. Rosato and Kulm (1981) investigated the clay-
mineral assemblages of surface sediments on the continental margin
and Nazca Plate. Krissek et al. (1980) could not distinguish different
agents of transport for terrigenous input with the help of grain-size
and element analyses in the area but found bottom nepheloid layers in
the Peru Basin. Scheidegger and Krissek (1982) concentrated on
quartz and feldspar contents in different grain-size classes inferring
dispersal patterns and deposition of eolian and fluvial sediments off
Peru and northern Chile. According to their interpretations, eolian-
derived material dominates sediments west of the Peru-Chile Trench.
Dauphin (1983) used the size of quartz grains as an indicator of
provenance and paleo-winds. Besides the South American arid areas,
he identified another dust source north of the equator for sediments
around the East Pacific Rise. Boven and Rea (1998) attempted to
separate the eolian and hemipelagic components in a sediment core
300 km west of the mouth of the Gulf of Guayaquil. Even though the
core is largely influenced by hemipelagic sedimentation (Boven and
Rea, 1998) due to enormous river discharges through the gulf (Rincén
Martinez et al., 2010), they identified the eolian component as the
dominant contributor of terrigenous material after 15 ka.

The focus of our study is to retrieve the modern spatial pattern of
mineral dust as preserved in deep-sea sediments of the SE Pacific, in
order to investigate the relation of the southeast trade winds and their
dust transport. Our approach differs from former studies in that we
used two independent parameters: We measured grain-size distribu-
tions of the siliciclastic silt fraction (2-63 um) with a laser particle
sizer and the clay-mineral composition of the clay fraction (<2 um)
with X-ray diffraction (XRD) to identify the eolian signal in sea surface
sediments. Subsequently, we applied an end-member analysis
(Weltje, 1997) to the grain-size data and a cluster analysis to the
clay-mineral composition data. This enabled us to relate different
grain-size populations (end-members) to distinct sources and means
of transport. The end-member modeling algorithm (EMMA) has been
successfully applied on Atlantic surface sediment samples offshore
West Africa before (Holz et al., 2004; Weltje and Prins, 2003). We
used it to interpret a set of surface sediment samples from the SE
Pacific for the first time.

The tropical and subtropical east Pacific comprises upwelling
regions as well as sub-aqueous volcanism and areas of strong bottom-
water currents, among other features. It thus has a very complex
sedimentary environment experiencing coeval and subsequent
sedimentation and redistribution processes (Krissek et al., 1980;
Scheidegger and Krissek, 1982), especially by bottom-water currents
in the Panama Basin (Honjo, 1982; Kienast et al., 2007; Lonsdale,
1977; Lyle et al, 2007). This complicates the detection of the
lithogenic eolian fraction and its distinction from fluvial input and
sub-aqueous volcanic debris.

2. Physical setting

Our study area extends from 10°N-25°S and 70°-100°W (Fig. 1). 1t
stretches from the equatorial doldrums in the north to the tropic-
subtropical transition in northern Chile, covering the entire length of
the Southern Hemisphere tropics in the east Pacific, plus the inner
tropics of the Northern Hemisphere. Surface ocean circulation in the
eastern tropical and subtropical Pacific is strongly influenced by wind
forcing (Kessler, 2006), which, in turn, is determined by the
topography of the Andes (Figs. 1 and 2). The continental topography
and the Humboldt Current (Fig. 1) both largely influence the region's
climatic conditions.

2.1. The climate of Central and (north-)western South America

Besides orographic effects, latitudinal shifting atmospheric pres-
sure belts and prevailing winds determine precipitation and its
distribution in Central and northern South America. The climate is
generally seasonal, with distinct (boreal) winter dry periods,
dominated by the subtropical high pressure, and wet summers,
controlled by the equatorial low pressure (Bundschuh et al.,, 2007).
Between 10°N and 10°S rains follow the overhead passage of the sun,
and the equator experiences two wet and dry seasons (Schwerdtfeger,
1976). Colombia experiences rainfall of several m/yr (Potter, 1994;
Schwerdtfeger, 1976).

In Ecuador, the area north of 3°S is also very humid. The elongated
coastal desert, however, begins at ~1°S with cool Pacific waters
offshore and a precipitation of 172 mm/a (Schwerdtfeger, 1976). At
the immediate coast, sand and dust are omnipresent, while the
northern banks of the Gulf of Guayaquil and the northern coastline of
Ecuador are covered by tropical rain forest (Schwerdtfeger, 1976).

South of 3°S, a wet and dry seasonal regime with the rainy season
lasting from November through April is prevalent, as typical for the
Southern Hemispheric (sub-)tropics. Northern Peru is similar in relief
and precipitation patterns to Ecuador. Central and South Peru are no
longer affected by the ITCZ and the Western Cordillera forms a barrier
for the atmospheric circulation south of 8°S. The Peruvian highlands
experience moderate rainfall and the western slopes represent a
transitional zone between the wet eastern regions and the extremely
dry coastal plain. The central Peruvian coastal plain receives some
precipitation in the form of drizzle through dense stratocumulus
clouds, which are always present between May and October and
frequent in April and November (Schwerdtfeger, 1976). During the
normally dry summers, the sparse vegetation disappears from
November on, and the landscape transforms back into a desert,
which is a characteristic for the lower western slopes of the Andes
(Schwerdtfeger, 1976). North of 12°S, however, heavy sierra rains
occasionally spill over the Andes reaching the coastal plain. The
regular switch of humid and dry conditions in this semi-arid part of
Peru is a prerequisite for dust production as water-involved
weathering processes are much more efficient in producing aerosols
than eolian processes (Maher et al., 2010; Pye, 1987).

Generally, the south is drier than the north, so that the dust and
rock plateau around Arequipa is mostly without vegetation. This
plateau and the coastal desert, stretching south along the entire
coastline to 27°S, belong to an extensive arid zone that extends from
southernmost Ecuador across the Andes in southern Peru, Bolivia and
northern Chile to southern Argentina (Schwerdtfeger, 1976) into the
so-called “Arid Diagonale” (Bruniard, 1982). As a consequence,
rainfall in the Atacama Desert, one of the driest areas on earth,
reaches only a few mm/yr (Potter, 1994; Schwerdtfeger, 1976).

2.2. The wind regime in western South America and the SE Pacific

The southeastern Pacific subtropical anticyclone (SPSA) largely
determines the atmospheric circulation in the study area. It influences
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Fig. 1. Working area. Black dots show surface sample locations, blue arrows represent surface water currents. NECC — North Equatorial Counter Current; SEC — South Equatorial
Current; PCC — Peru-Chile Current (Humboldt Current); and CC — Coastal Current.
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Fig. 2. Climatological winds during austral summer and winter in the (sub-)tropical east Pacific. Winds are averaged from the NCEP reanalysis (Kalnay et al., 1996). (a) Average wind
speed during summer (December-February) and (b) winter (June-August).
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the (sub-)tropical west coast of South America year-round. This
results in predominant southerly low-level winds, which turn into the
southeast trade winds further offshore (Garreaud and Muiioz, 2005).
The Pacific trade winds represent one of the largest and most
consistent wind fields on earth. They are strongest during their
respective winter and spring months (Wyrtki and Meyers, 1976)
(Fig. 2).

The SPSA is confined by the Intertropical Convergence Zone (ITCZ)
and the polar front, to the north and south respectively. The ITCZ,
coinciding with the northern boundary of the study area, shifts from
roughly 13°N in austral winter (June-September) to 5°N in austral
summer (December-March) (Kalnay et al., 1996; Strub et al., 1998)
(Fig. 2). Together with the land-sea thermal contrasts, it influences
surface winds as far as 5°S (Strub et al., 1998).

The eastern flank of the low-level anticyclonic circulation with
south to southeasterly directions is very consistent in speed and
direction above southern and alongshore Peru and northern Chile
throughout the year. It is responsible for the distribution of dust over
the ocean. According to Garreaud and Mufioz (2005), Howard (1985),
and Lettau and Costa (1978), the coastal southerlies represent a low-
level jet that is oriented along the coast within the maritime layer. It is
characterized by a maximum of ~10 ms~ ' surface wind speed about
150 km offshore (Garreaud and Mufioz, 2005) (Fig. 2). This flow
induces near-shore upwelling of cold water, which, in turn, is
important for the thermal balance of the jet and strongly contributes
to the aridity on land. At heights of 3-4 km, winds result from
subsiding foehn circulation over the Andes from the Amazon basin
and are thus easterly in direction (Howard, 1985; Rutllant et al.,
2003). There are two circulation cells, above and beneath the
subsidence inversion base, the upper of which is the more energetic.
Its circulation is caused by the thermal contrast between the top of the
marine boundary layer and the heated arid western slope of the Andes
(Rutllant et al., 2003 Fig. 9). Dust from Peru and Chile is incorporated
in the lower atmosphere by local relief and southern winds, which
often have an onshore and upslope component (e.g., Flores-
Aqueveque et al., 2010; Garreaud et al., 2003; Howard, 1985;
Schwerdtfeger, 1976). Wind erosion is associated with wind gusts
(Flores-Aqueveque et al., 2010; Kurgansky et al., 2010). Supposedly,
the dust is thus lifted into higher air layers and carried by the SE trade
winds, which distribute it above the ocean.

Wind speeds at the southern coasts of Peru vary between 4 and
8 kn (2-4 m/s), becoming stronger further north, reaching an average
of 13 kn (6.7 m/s) at 9°S and up to 10 kn (5.1 m/s) elsewhere along
the coast (Schwerdtfeger, 1976) (Fig. 2).

2.3. Andean geology

The clay mineral composition of terrigenous sediments as
investigated in this study is — among other factors such as weathering
conditions - dependent on its source-rocks on land (Chamley, 1989).
The Andes are a magmatic mountain range with omnipresent
metamorphic rocks. Their surface is mostly formed by volcanoes
and granitic peaks. The absence of stratovolcanoes between 2°S and
15°S, representing a change in rock composition, is of particular
interest. This volcanic gap in north-central Peru is caused by a flat
subduction angle of the oceanic plate (Nur and Ben-Avraham, 1981).
While the volcanic cover of the northern Andes is composed of more
basic andesites and quartzandesites, ignimbrites consisting of ande-
sites as well as alkaline rhyolites to rhyodacites cover the Central
Andes (Zeil, 1986). Precambrian shields outcrop in places in southern
Peru and Chile.

Central Andean soils are mostly immature due to the combination
of aridity, low temperatures, intense erosion, and frequent ash falls in
and adjacent to the volcanic zones. The Pacific lowlands bordering the
mountain range often display thick alluvial deposits (Potter, 1994).

2.4. Potential dust sources and source rocks

Besides the semi-arid and arid coastal areas of Peru and northern
Chile, the Atacama Desert and the Altiplano Plateau (15-22°S) with its
Salars and desert clay soils are favorable for dust production. Dust
exported from the Altiplano can directly be entrained in tropospheric
winds (Maher et al., 2010). Dust storms and dust devils are frequent
there as well as around Iquique (20°S) at the Chilean coast (Goudie
and Middleton, 2006; Kurgansky et al., 2010). Other acknowledged
sources are reactivated desert dunes that have been produced under
former drier conditions when clay aggregates were deposited during
their formation or through post-depositional weathering (Goudie and
Middleton, 2006; Pye, 1987). Such dunes are widespread in southern
Peru and northern Chile (Howard, 1985). They provide silt and clay in
substantial quantities, which can be entrained in the southeast trade
winds during dust storms.

3. Materials and methods

The surface sediment material was sampled at the Oregon State
University Marine Geology Repository. It was originally obtained
during 16 different cruises to the tropical (south-)east Pacific between
1969 and 2000 (S2). We assume all samples to be of late Holocene
age from results of isotope measurements on foraminifera (Rincén
Martinez et al., 2010, in review), and because only the uppermost
2 cm were used for analyses. Grain-size distributions and clay-mineral
compositions were analyzed on 75 and 70 samples, respectively. The
samples were washed through a 63 um mesh for foraminiferal studies
published elsewhere (Rincon Martinez et al., in review). Organic
carbon and calcium carbonate (CaCOs) were removed from the fine
fraction (<63 pm) with a 10% hydrogen peroxide (H,0,) solution and
a 10% acetic acid (H3C-COOH) solution, respectively. The silt (2-
63 um) and clay (<2um) fractions were separated using the
Atterberg settling method (Ehrmann et al., 1992).

We measured the grain-size distribution of the siliciclastic silt
fraction with a Beckman-Coulter laser particle sizer. Besides organic
matter and calcium carbonates, biogenic opal was removed boiling
the samples with excess NaOH for 10 min. Microscope analyses
confirmed that this method successfully removed all biogenic
components. Shortly before the analysis, a few mg of NaPyPO, were
added and brought to boil in order to avoid coagulation of particles. In
order to prevent a bias caused by a different scattering behavior of
elongated (or other shaped) particles, grain-size measurements with
a laser particle sizer lasted 90s each, during which the sample
suspension was continuously pumped through the lens.

For clay-mineral composition analyses, the clay fraction was
homogenized in an agate mortar. 40 mg of each sample together with
an internal standard (1 ml of 0.4% molybdenite suspension (MoS,))
were re-suspended for more consistent semi-quantitative measure-
ments. Vacuum filtration of the suspension on membrane filters
produced texturally oriented clay films with thicknesses of 50 to
100 pum (Petschick et al., 1996), which were then dried and transferred
onto aluminum platelets (see Ehrmann et al., 1992). The samples were
measured with CoKa-radiation (40 kV, 40 mA; N =1.79 A) on a Philips
PW 1710 goniometer equipped with an automatic divergence slit, and a
graphite monochromator. To identify overlapping (clay) mineral peaks
such as smectite and chlorite, the samples were glycolated at 60 °C for at
least 12 h with the effect of widening the basal distance of smectite to
17 A (Tucker, 1996) and measured from 2 to 40° 26 with a step size of
0.02° 26. To distinguish the (002) kaolinite (3.58 A) and (004) chlorite
peaks (3.54 A), the area between 28° and 30.5° 26 was additionally
scanned with steps of 0.005° 26. The diffractograms were later processed
with the graphically based Macintosh Apple computer program
“MacDiff 4.2.5” (Petschick et al, 1996, available at http://www.
geologie.uni-frankfurt.de/Staff/Homepages/Petschick/Classicsoftware.
html).
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The relative clay-mineral contents (rel%) of illite, smectite, chlorite
and kaolinite were determined semi-quantitatively by calculating the
integrated peak areas of the clay-mineral basal reflections, weighted
with the empirically determined factors after Biscaye (1964, 1965).
These factors were used to ensure comparability with previous
research (Lamy et al., 1999; Petschick et al., 1996).

Despite of several former studies (Dauphin, 1983; Molina-Cruz
and Price, 1977; Prospero and Bonatti, 1969) that already considered
the quartz content in SE Pacific sediments as an indicator for eolian-
derived material, we also investigated the quartz and feldspar
distributions in the clay fraction, which represent two noteworthy
components of southeast Pacific sediments containing valuable
information. We built the ratios of the peak area of each of the
considered (clay)-minerals to the sum of all peak areas, assuming
them to represent 100%. Quartz contents are generally low in the clay
fraction due to the presence of clay minerals.

3.1. Statistical analysis

We applied the end-member modeling algorithm (EMMA) of
Weltje (1997) to the siliciclastic grain-size data set in order to identify
the original sediment populations that contribute to the terrigenous
fraction of surface sediments. The minimum number of end members
needed to model the variance in the data set satisfactorily is
determined by the coefficients of determination for several different
models. This ‘goodness of fit’ is calculated for each size class and
represents the squared correlation coefficient (r?) of the input
variables and their approximated values (Prins and Weltje, 1999;
Weltje, 1997).

For a more comprehensive understanding of the sediment
provenance, we performed a K-means cluster analysis on the
Biscay-factor weighted clay-mineral assemblage data. This allows a
more precise characterization of the source areas, as the composition
of the cluster center ideally represents an approximation of the source
material composition. The clay-mineral assemblage data is a compo-
sitional data set, summing to 100%. To carry out multivariate
statistical analyses, this data set has to be transformed to a vector
space structure applying a log-ratio (Pawlowsky-Glahn and Egozcue,
2006 and references therein). In case of a K-means cluster analysis,
the transformation of choice is a centered log-ratio. Different cluster
configurations (2 to 10 clusters) were calculated with 100 replicates
each. In order to obtain the optimal number of interpretable clusters,
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we calculated the Davies-Bouldin Index (Davies and Bouldin, 1979).
The lower the index, the more compact are the clusters and the
greater are the distances between the cluster centers. Starting with
the least number of clusters, the first local minimum of the index thus
represents the cluster number of choice. Each sample belongs to only
one cluster.

4. Results

A first rough grain-size analysis, separating the lithogenic silt and
clay fractions with the Atterberg settling method resulted in higher
silt contents close to the South American continent. Silt/clay ratios
exceed 2.0 even west of the Peru/Chile Trench. The silt content
decreases with increasing distance from the coast in the Peru Basin
but remains high around Carnegie Ridge and the Galapagos Islands
(Fig. 3). Grain-size analysis of the silt fraction with a laser particle
sizer resulted in grain-size distributions of 0.4 um to, at most, 96.5 pm
in 60 size classes. Even though the samples were sieved with a 63 pm
mesh, up to three size classes larger than the cut-off value were
measured due to elongated shapes of the particles that fit through the
mesh, while the idealized spheric shapes do not. Grain-size distribu-
tions turned out to be polymodal, but always displayed one
dominating mode. If ‘mode’ or ‘modal grain-size’ is not specified, we
always refer to the dominant modes of the grain-size distributions.
The minor modes are residues of the end-member analysis and not of
interest here. Modal grain-size of the dominant modes varies between
4.05 and 60.5 um, with offshore fining trends in the Peru Basin, while
there is no trend visible north of the equator and extremely high
values (up to >24 um) around the Galapagos Islands, Carnegie Ridge
and Galapagos Rise (Fig. 3). Finest sediments are found in the deepest
areas of the central Peru Basin, with medians of 4.4 um and less (not
shown). Grain-size analyses of a few sediment samples including all
size fractions to test the validity of silt representing the eolian-derived
sediment fraction resulted in comparable distributions (S4), with the
dominant modes ranging between 2 and 5 um. The fraction >63 pm
that remained after dissolution of carbonate, biogenic opal and
organic carbon is composed of volcanic glass and/or authigenic
particles, but not of terrigenous sand, and therefore does not influence
our inferences about terrigenous sediments transported to the ocean.

For the end-member model the number of input variables, i.e. the
number of size classes, was reduced to 58, due to the general fine-
grained nature of the sediments. According to the results for the
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Fig. 3. Grain size analyses. a Siliciclastic silt/clay ratio of weight percentages from Atterberg settling method. South of 5°S considerably more silt is present a few hundred kilometers
off the coast of South America, west of the Peru-Chile Trench, decreasing towards the open ocean. Elevated values around Carnegie Ridge and the Galapagos Islands are attributed to
submarine volcanic debris. b Grain-size means show an overall picture comparable to the silt/clay ratio. North of the equator means vary around 10-15 pm, being of different sources
and input mechanisms. ¢ Highest modes are again found around Carnegie Ridge, mainly representing submarine volcanic glass.
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coefficients of determination we determined the 4 end-member
model to best approximate our data (Fig. 4). Fig. 4 displays the grain-
size classes plotted against the coefficients of determination. The
models with 2 and 3 end-members show a weak approximation r?
(<0.6) of grain-sizes between 20 and 30 pum. The 4 end-member
model is the one of choice because it reproduces the data well, with a
mean coefficient of determination of r?=0.88, still comprising an
interpretable number of end members (EM) (Fig. 4). Fig. 5 shows the
four end members, i.e., the distributions of the original grain-size
populations (Fig. 5a), as well as their proportions (Fig. 5b—e), which,
in sum, approximate the measured grain-size distribution of each
sample. EM1 represents nearly all the samples in the central Peru
Basin and the most western locations on Nazca Ridge (proportions of
0.8-1). It is the finest of the four end members with a dominant mode
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Fig. 4. End-member modeling results of surface sediment samples. (a) Summary
statistics of input data (grain-size distributions, n=75), maximum, mean and
minimum frequency recorded in each size class; (b) coefficients of determination
(r?) for each size class of model with 2-10 end members; and (c) mean coefficient of
determination (r?) of all size classes for each end-member model.

0f 4.88 um. EM2 largely overlaps with EM1, but has a distinctly coarser
dominant mode of 5.88 um. It shows the largest proportions in the
locations closest to South America — also in the Panama Basin, and on
and around the Galapagos Rise. The most distinct and the coarsest of
all is EM3, being confined to the Carnegie Ridge and northwest of the
Galapagos Islands. Like EM2, EM4 does not show a clear pattern north
of the equator but concentrates around the ridges and the Galapagos
Islands. These end members overlap considerably in their peak area,
but have distinctly different dominant modes, of 5.88 and 9.37 ym,
respectively (Fig. 5a).

Quartz, plagioclase and K-feldspar contents in the clay fraction all
decrease from the Nazca Ridge towards the Carnegie Ridge, pointing
to southeastern terrigenous sources (Fig. 6). In our study, lowest
quartz contents (<3%) appeared north of about ~5°S with two
exceptions on Cocos Ridge (4.6°N, 86.7°W) and just north of the
Carnegie Ridge (0.6°N, 86.09°W). Even though generally very low in
the clay fraction, Plagioclase and quartz both revealed relatively high
values on Galapagos Rise.

Considering the four major clay-mineral groups, i.e., smectite,
illite, chlorite and kaolinite, and applying the factor weighting after
Biscaye (1965), our analyses mostly corroborate global clay-mineral
compositions of recent ocean sediments, with the exception of
kaolinite (Chamley, 1989) (Fig. 7). Smectite is by far the most
abundant clay mineral in the whole study area, with contents
spanning from 35% in the south to up to 97.5% around the Galapagos
Islands and on the Carnegie Ridge. Contents are elevated along the
Galapagos Rise, but low in the central Peru Basin and on the Nazca
Ridge. Values from 55% to 85% north of the equator point to an
additional source located between 5° and 10°N.

Illite, in contrast, is most abundant in the southern half of the study
area, decreasing in a north-northwestern direction (Fig. 7a). Values
reach up to 25% off Peru and on the Nazca Ridge in the southeast.
Lowest contents have been recorded in the Panama Basin.

Chlorite points towards the same source areas as illite, although its
distribution pattern is less well defined and constrained further to the
south. It is the second most abundant clay-mineral group with values
spanning from 0% south of the Galapagos Islands to 32% on Nazca
Ridge. In contrast to illite, there is a source of chlorite in central
America, as elevated contents of >20% have been recorded on the
Cocos Ridge, while chlorite is not present around the Galapagos
Islands and the Carnegie Ridge (Fig. 7c). Kaolinite does not show the
typical distribution connected to extensive chemical weathering
expected in tropical areas (Chamley, 1989). It depicts a patchy
pattern without any distinct areas as the other mineral groups.
Kaolinite reaches contents of >15% on the Galapagos Rise, north of the
Galapagos Islands and the southern end of the Nazca Ridge,
suggesting submarine sources there (Fig. 7d).

The Davies-Bouldin Index that we used as goodness of fit statistics
for the K-means cluster analysis (S5) of the clay-mineral composition
data suggests 4 clusters to best represent the data with a minimum
number of clusters. Fig. 8 shows the four cluster centers. Cluster 1
represents surface sediments from the Nazca Ridge and the Peru Basin
and possibly also offshore northern Chile, where samples are scarce.
Its cluster center comprises relatively high contents of illite and
chlorite, while smectite is reduced to 53%. By contrast, cluster center 2
is largely dominated by smectite (84%) while the other three clay
mineral groups are almost negligible. Samples clustering around this
center are confined to the Carnegie Ridge and the Galapagos Islands. It
is closest in composition to cluster center 4, which differs mainly in its
much higher content of chlorite (16%). Its spatial distribution is
confined to the Panama Basin. Cluster center 3 is characterized by its
relatively large contents of kaolinite (17%) and illite (15%). It is the
least confined cluster, including patches of sediment samples on the
northern and southern rims of the Carnegie Ridge and most samples
from the Galapagos Rise as well as one single sample off southern
Peru.
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5. Discussion

Dust plumes in the atmosphere above the southeast Pacific are
rarely caught on satellite images (http://visibleearth.nasa.gov/view_
rec.php?id=999), and haze recordings more than a few hundred
kilometers offshore are sparse (Prospero and Bonatti, 1969). Never-
theless, because of the results of clay mineralogical analyses and the
fine-grained nature of our sediment samples (see below), we believe
that our results for recent sediments from west of the Peru-Chile
Trench south of ~5°S solely depict eolian dust from the coastal deserts
of Peru, but do not incorporate fluvial input signals. First of all, there
are no major rivers to be found in the arid areas of South America.
Macharé and Ortlieb (1992) found evidence for eolian deflation - not
precipitation and runoff - to be the dominant erosive agent at the

central coast of Peru. The existing streams are short and mainly
transport coarse debris (Dunne and Mertes, 2007; Potter, 1994).
Second, the Peru-Chile Trench forms a physiographic barrier, catching
the majority of fluvial sediments. The little fluvial material trans-
ported offshore in nepheloid layers is outweighed by the eolian-
derived sediment component (Krissek et al., 1980; Scheidegger and
Krissek, 1982).

5.1. The provenance of dust in SE Pacific sediments

The lobes formed by the quartz, illite, chlorite, and - more
southern - the plagioclase distribution (Figs. 6 and 7) and their
decreasing tendencies from south(east) to north(west) in our study
area reflect the major wind field of the SE trade winds and point to
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Fig. 7. Clay-mineral distributions in the southeast Pacific: (a—-d) contents (%) of (a) illite, (b) smectite, (c) chlorite, and (d) kaolinite in the clay fractions.

them as the major agent of transport of terrigenous material
(compare Figs. 2, 6 and 7). Prospero and Bonatti (1969) found quartz
to be the prevalent mineral in atmospheric dust collected in the
northern Peru basin, followed by plagioclase, muscovites (i.e., illites),
smectites and chlorites. Flores-Aqueveque et al. (2009) also deter-
mined quartz and feldspars as the prevalent minerals in sands of the
coastal desert of northern Chile. This corresponds to our findings
(Figs. 6 and 7). The sources and transport pathways of the terrigenous
components deposited on the Nazca Ridge and in the Peru Basin, are
to be distinguished into two separate areas latitudinally. This
difference is not as clearly visible in the grain-size distributions, nor
shown in previous studies (e.g., Dauphin, 1983; Molina-Cruz and
Price, 1977) using quartz contents to represent patterns of terrige-
nous input. Quartz, feldspars and illite are all products of physical
weathering as typical for arid areas, and are among the main

components of desert dust (e.g., Flores-Aqueveque et al., 2010).
From modeling studies (e.g., Tanaka and Chiba, 2006) we know that
the Peruvian coasts, the arid inland areas of southern Peru, the coastal
areas of Chile and the semi-arid areas along the western Andean
foothills are potential sources of dust. While both source areas, the
northern/central Peruvian coast and the Atacama/Altiplano region
further south, deliver quartz to our study area, highest quartz contents
on the Nazca Ridge and in the southern Peru Basin a few hundred
kilometers offshore point to the southern area as the stronger source.
Closer to the coast smectite derived from the volcanic chain, restarting
in the latitude of the Nazca Ridge, dilutes the quartz signal. The
general decreasing trend of quartz contents in a north-northwestern
direction was not recognized in the study of Molina-Cruz and Price
(1977), which includes samples from the continental margin, and
thus fluvial material, overprinting the eolian signal. Scheidegger and
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Krissek (1982) found latitudinal geological differences mirrored in the
quartz/plagioclase ratio of marine surface sediments. We confirm the
higher quartz/feldspar ratios off northern Peru due to reduced
amounts of plagioclase but also K-feldspars north of ~15°S. However,
we cannot detect a similarity of dispersal patterns of (clay)-minerals
or grain-size distributions to surface current patterns, diverted west
off northern Chile/southern Peru and northwest off central/northern
Peru, in our data as suggested by Scheidegger and Krissek (1982).
Instead, the north-northwest trending lobes of quartz, illite and
plagioclase (Figs. 6a and b, 7a) in our opinion reflect the distribution
of dust via the main wind field of the trade winds. However, we have
also detected eolian input from the central Peruvian coastal deserts in
a western direction. As mentioned above, easterlies are prevalent
around 7-8°S from June-October, suggesting eolian transport off
northern Peru in a westerly direction, and a northwesterly direction
from the Atacama Desert, contrasting the interpretation of Scheidegger
and Krissek (1982). The major differences of the two source areas, i.e.,
the coastal desert of Peru and the Atacama Desert in northern Chile, are
the amounts of feldspars and chlorite (Figs. 6 and 7). Quartz and
feldspars are products of weathered volcanic rocks as well as physically
weathered metamorphic rocks and are delivered from both source
areas. However, feldspar weathers much faster than quartz and is
usually an indicator of freshly weathered source rocks. It is reduced off
northern Peru where the source rocks are mainly granitic intrusives
instead of freshly weathered basaltic and gabbroic rocks. Especially
weathered andesites deliver high amounts of plagioclase (Fig. 6b) (cf.
Scheidegger and Krissek, 1982). Its absence offshore north-central Peru
corresponds to the gap in the volcanic chain of the Andean Cordillera
(Orme, 2007; Zeil, 1986). Ignoring the sub-aqueous sources of
plagioclase (see below), the spatial distributions of feldspars display a
decreasing trend in north-northwestern direction and thus point
toward the southern source in northern Chile (cf. Stuut et al., 2006).
As a consequence, the ratio of quartz/feldspars depicts a dust plume

extending from the coastal desert of Peru north of ~15°S (Fig. 6¢) as it
was presented by Molina-Cruz and Price (1977).

In contrast to Scheidegger and Krissek (1982) who refer to the
findings of Rosato and Kulm (1981) on clay-mineral abundances, we
do think clay-mineral composition is a sensitive indicator of dispersal
patterns providing information for the entire study area, not just for
the continental margin. Besides, the study area of Rosato and Kulm
(1981) is considerably smaller than ours, focusing on sediment input
from central Peru only. They did not relate their data to specific
geologic provinces. Like quartz (Leinen et al., 1986), illite is a robust
indicator of dust in the South Pacific (Windom, 1976). It strongly
supports the hypothesis of dust entrainment from the semi- and
hyperarid coastal areas and the Atacama Desert as inferred from the
quartz distribution of this study. Our findings of 20-25% of illite
around the Nazca Ridge agree well with the average illite concentra-
tion in all of the South Pacific of 26% (Windom, 1976), but disagree
with the findings of Rosato and Kulm (1981) who detected illite
contents of 30-50% in the Peru Basin. In contrast to quartz, illite
contents are as high off northern Peru as off southern Peru (Figs. 6a
and 7a) as it is derived from the desert dust and omnipresent
weathered metamorphic rocks, and the outcropping Precambrian
basement of the Coastal Cordillera. Unlike the feldspars or quartz,
which decrease off central and northern Peru, it is not a product of
Quaternary volcanic rocks that are absent between 2°S and 15°S due
to the volcanic gap. Illite continuously decreases in a northern
direction, even across the equator. This indicates dust transport from
the southern source areas at least as far north as the austral summer
position of the ITCZ.

Like quartz, chlorite displays highest contents further offshore on
Nazca Ridge and in the southern Peru Basin rather than closer to the
coast, indicating its southern origin. It points to a major source in the
granites of southern Peru and the Atacama Desert in northern Chile.
This interpretation differs from Rosato and Kulm (1981) who
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attribute the main source to the coastal batholith of Peru due to
highest chlorite values on the continental margin.

In our results of the k-means cluster analysis, which allocates each
sample to only one cluster center, the southern samples all cluster
around center 1, which includes the highest illite and chlorite
contents of all clusters, adding up to 36%. Inferred from the
composition of this cluster center, this represents the dust-dominated
sedimentation part of our study area (Fig. 8). It comprises the area of
influence of both major dust source areas, the Nazca Ridge and the
Peru Basin, extending onto the Galapagos Rise. This is also the area
where the ubiquitous but much less abundant smectite originating
from freshly weathered volcanic rock is obviously diluted by the other
mineral groups. Kaolinite is highly variable (cf. Rosato and Kulm,
1981) in this area and therefore does not contribute to the
characterization of its sediments.

Sediments from the Galapagos Rise also contain dust derived from
the arid areas of Peru and Chile (see above and Figs. 6a and b, 7a), but
are highly influenced by authigenic particle formation. They mainly
cluster around cluster center 3, which displays rather high contents of
kaolinite, typical of submarine weathering of k-feldspars (Rex and
Martin, 1966) but still considerable amounts of illite from eolian
input. High values of quartz and plagioclase on the Galapagos Rise,
however, can be attributed to submarine volcanic activity, rather than
to eolian input (Bonatti and Arrhenius, 1970; Byerly et al., 1976;
Peterson and Goldberg, 1962; Wright, 2004).

5.2. The eolian signal on Nazca Ridge and the Peru Basin

Eolian mineral dust grain-sizes in the SE Pacific are smaller than
those found in the major dust study areas such as off West Africa (Fig. 3
this study; Dauphin, 1983; Stuut et al., 2005), but comparable in size to
those found in northern Pacific sediments (medians of ~3-8 um (Rea
and Hovan, 1995)). This is because most of the dust transported to the
southeastern Pacific is not injected into the higher atmosphere but
incorporated into the low level trade winds (Dauphin, 1983) and larger
dust grains (>20 pm) are removed quickly due to gravitational fallout
when transported offshore (Prospero and Bonatti, 1969). We attribute
the two end-members with the finest dominant modes to eolian input
to our study area (Fig. 5). EM1 represents nothing but eolian dust. It is
spatially distributed in the Peru Basin with a constant distance from the
South American coast as it represents the fine dust component sorted
along its transportation path by gravitational fallout, as already
suggested by Prospero and Bonatti (1969). The fine mode of EM1
(4.88 um) agrees well with the modes of grain-size analyses of dust
collected from the atmosphere by Prospero and Bonatti. During their
dust collection study in the equatorial east Pacific, they determined
dominant modal grain-sizes of 2-5um for single dust collections
southwest of the Galapagos Islands (downwind in our study area) with a
particle settling technique. The findings of Dauphin (1983) for quartz
grain-sizes from the Peru Basin match our results very well, even though
we investigated the complete lithogenic silt fraction. Results from
Dauphin show grain-size modes of 7-8 & for the Peru Basin,
corresponding to 4-8 um in our study (Fig. 3). By contrast, mean
grain-sizes are coarser in our study area than dust collected south of
25°S (2.3 pm at 30°S (Wagener et al., 2008)). This difference marks the
southern boundary of the dust pathways from the western South
American deserts via the Southeast Trade winds.

The mapped proportions of EM1 (Fig. 5) are noticeably uniform in
the deepest parts of the Peru Basin, all samples being equally well
represented by this end member (proportions of 0.8-1). The
uniformity in grain-size distribution is attributed to subsequent
redistribution by bottom nepheloid layers in the basin as stated by
Krissek et al. (1980). EM2 in our opinion is not a real end member but
incorporates two different sediment populations that can be distin-
guished due to their geographical distribution: It approximates well
most samples close to the South American continent between 3°S and

20°S and between 10°N and 0°. Combined with EM1, this represents
the eolian input from the coastal deserts in Peru and the Atacama
Desert in northern Chile, exhibiting a fining trend towards the open
ocean. North of the equator the presence of EM2 suggests wet
deposited dust in the doldrums (Fig. 5). The grain-size distributions of
sediments from the Panama Basin represented by EMs 2 and 4 are a
consequence of interfering transport agents and source areas. Some
dust is transported via the Trade winds from Ecuador and northern
Peru when it turns into a northeasterly direction offshore Ecuador.
Prospero and Bonatti (1969) identified a dust source in the arid
regions of western and southern Mexico for the northwestern Panama
Basin. However, strong bottom water currents and thus sediment
redistribution (Heath et al, 1974) play a major role in the
redistribution of sediments (Lonsdale, 1976). Eolian input to the
Panama Basin will be discussed in more detail later.

The seven samples retrieved from the Galapagos Rise are
exceptional in their grain-size distribution as well as in all other
proxies investigated. Sediments do not consist mainly of dust and
biogenic opal and/or carbonate as sediments from Peru Basin, but are
largely limited to authigenic particle formation at the ultra-slow
spreading ridge (Wright, 2004), such as iron-manganese oxides or
quartz and feldspars (cf. Bonatti and Arrhenius, 1970; Byerly et al.,
1976). This makes their grain-size distributions exceptionally coarse.
EM2 and EM4 best approximate grain-sizes in the area of the
Galapagos Rise, since together they comprise the whole unsorted
silt fraction of 2-63 um. We thus corroborate the study of Krissek et al.
(1980) who found considerable amounts of sand and silt-sized
material in sediments from the Galapagos Rise originating from
hydrothermal processes.

5.3. Terrigenous input to the Carnegie Ridge and the Panama Basin

As mentioned above, our illite data indicate dust transported as far
north as 5°N with the major wind field of the Trade winds (Figs. 2 and 7).
This observation could not be resolved with the grain-size data. EM3,
characteristic for sediments around the Galapagos Islands and Carnegie
Ridge, together with EM4 represents very coarse-grained volcanic glass
originating from the Galapagos Islands. It is the area of the highest
smectite values that are fed by different sources. Wet chemical
weathering of volcanic rocks and basic submarine volcanism are
generally known to produce major amounts of smectite (Chamley,
1989). As precipitation and thus wet chemical weathering as well as
continental and submarine volcanism are omnipresent in the area of the
doldrums, so is smectite. Samples from the Carnegie Ridge and south of
the Galapagos Islands thus cluster around cluster center 2 (average
smectite content 84%) of the k-means cluster analysis (Fig. 8). The
Equatorial Undercurrent (Strub et al, 1998) most likely distributes
material from the Galapagos Islands to the east. Prospero and Bonatti
(1969), however, found also considerable amounts of smectite in dust
samples from northeast of the Galapagos Islands, which they related to
semi-arid source areas in Ecuador and northern Peru. On the continent,
the area dominated by cluster 2 corresponds to the area of extreme
climatic contrasts with interchanging humid and arid conditions, i.e.,
wet-chemical weathering and (smectite-rich) dust production. The area
experiences easterly winds in austral summer. The signal we retrieved
from surface sediments very likely contains smectite from both
windborne dust and submarine volcanic debris (cf. Heath et al.,, 1974),
but also fluvial debris originating from the Gulf of Guayaquil on the
eastern end of the Carnegie Ridge (Rincén Martinez et al., 2010). By
contrast, dust samples from the atmosphere above the Panama Basin,
the Cocos Ridge and the Guatemala Basin were dominated by
plagioclase, pointing to a dust source in western and southern Mexico
(Prospero and Bonatti, 1969). Our results for plagioclase also show
increased values on the Cocos Ridge, but also across the saddle of the
Carnegie Ridge. It is not clear, whether this reflects dust and/or
submarine sources. Additionally, the quartz/feldspar ratio is increased
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on the Cocos and Coiba ridges extending south from Central America.
Smectite, and especially chlorite are also increased on the ridges.

During boreal winter, strong winds cross the Panama Isthmus.
Dominant northeast trade winds result in decreasing rainfall from
east to west in the northern parts, while the equatorial low causes
extreme (unstable convective thunderstorm) precipitation within the
ITCZ (Bundschuh et al., 2007). Dust transported across Central
America from above the Atlantic might thus be a minor contributor
to these signals (Liang et al., 2009; Prospero and Bonatti, 1969;
Prospero and Lamb, 2003), but chlorite and most likely quartz seem to
be related to a local source in Costa Rica. Inland of the Cocos Ridge, the
Cordillera de Talamanca corresponds to a gap of the otherwise closely
spaced Quaternary stratovolcanoes that are most likely sources of
airborne smectite. The Cordillera de Talamanca, however, is inter-
spersed with batholiths and granitoid intrusions (Abratis, 1998), and
probably the provenance of quartz and chlorite. Despite the
identification of the source area, we cannot prove the transport
agent for these terrigenous sediments, which might be eolian as well
as hemipelagic. After all, fluvial erosion is predominant due to heavy
rainfalls in the doldrums (Bundschuh et al., 2007). According to Heath
et al. (1974) fluvial input and further distribution by intermediate
water currents are responsible for the increased chlorite contents on
the ridges. Our k-means cluster analysis resulted in one cluster that is
confined to Panama Basin. This cluster center 4 represents sediments
relatively rich in chlorite, while smectites remain the predominant
mineral group, emphasizing the dominant northern provenance of
surface sediments in the Panama Basin.

6. Conclusions

Based on the clay-mineral and grain-size distribution data
obtained from surface sediment samples from the southeast Pacific,
the following conclusions can be drawn:

(1) Clay-mineral compositions of surface sediments allow the
identification of different geological provenances also in
offshore areas of the southeast Pacific. We were able to confine
the smectite-dominated sedimentation areas to the continental
areas influenced by extensive tropical rainfall related to the
ITCZ. Furthermore, the smectite and plagioclase distributions in
marine surface sediments mirror the volcanic gap between 2°
and 15°S.

(2) The illite content in the clay fraction is a valuable indicator of
dust supplied from the Atacama Desert as preserved in marine
sediments in the SE Pacific.
Wind is the major transport agent of terrigenous sediments
west of the Peru-Chile Trench between 5°S and 25°S. Dust is
distributed over the ocean by the southeast Trade winds.
The Nazca Ridge receives considerable amounts of eolian-
derived silt-sized material from the semi- and hyper-arid areas
of South America and is therefore an area suitable for paleo-
dust research.
Different proxies are necessary to differentiate between
hemipelagic and eolian sediment transport in the Panama
Basin. Due to strong bottom water circulation overprinting the
terrigenous supply to the basin we have not been able to
identify transport agents satisfactorily.
Areas of low sedimentation rates and authigenic particle
production render the interpretation of end-member analysis
results as presented here difficult, because some of the
obtained end-members incorporate more than one original
sediment population and are thus no true end-members by
definition. Nevertheless, the area dominated by eolian-derived
terrigenous supply was identified by combining the results of
clay-mineral compositions and grain-size distribution of the
surface sediments.
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