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ABSTRACT:  Numerical-statistical algorithms are used to model end-member grain-size distributions of pelagic and hemipelagic siliciclastic sediments of the Ara-
bian Sea. The grain-size distributions of sediments from the Oman continental slope, the Owen Ridge, the Pakistan continental slope, and the Indus Fan can be ade-
quately described as mixtures of three end members. The spatial variation in relative contribution of the end members is interpreted in terms of transport processes
and provenance. In the western Arabian Sea, deposition is dominated by two end members that represent “proximal” and “distal” eolian dust. A third end member,
which dominates the deposits of the middle Indus Fan, represents fluvial mud deposited from low-density turbidity currents (lutite flows).

At any given location, the temporal changes in the relative contribution of the end members can be interpreted in terms of climate change. The ratio of con-
tributions of the two eolian end members (i.e., the grain-size distribution of the eolian dust) on the Owen Ridge (NIOP492) reflects the strength of the
summer monsoon. Deposition on the upper Indus Fan (NIOP458) is dominated by “distal” eolian dust and fluvial mud. The ratio of contributions of eolian
and fluvial sediment reflects continental aridity. The ratio of contributions of the two eolian end members (i.e., the grain-size distribution of the eolian dust)
on the upper Indus Fan reflects the strength of the winter monsoon.

Our reconstruction of the late Quaternary variations in Arabian Sea monsoon climate corresponds well with interpretations of the loess-paleosol sequences on
the Chinese Loess Plateau. In both areas, the bulk of the annual precipitation is confined to the summer monsoon season. Intensification of the summer monsoon
during interglacials, which has been identified as the principal control on pedogenesis on the Loess Plateau, also explains increased discharge of Indus River-
derived muds to the northern Arabian Sea. Independent evidence for summer monsoon strength, provided by the eolian grain-size record of the western Arabian
Sea, fully supports this conclusion. The strength of the summer monsoon thus provides an aridity forcing mechanism for both the Arabian Sea and the Loess

Plateau. The grain size of the eolian dust in the northern Arabian Sea and on the Loess Plateau indicates intensified winter monsoons during glacials.

INTRODUCTION

Cores of late Quaternary deep-sea sediments provide continuous
records that can be dated accurately. The terrigenous fraction of deep-
sea sediments reflects the supply of sediments produced on the conti-
nents surrounding the basin. Such records potentially hold the key to
reconstructing paleoclimatic evolution over geological time spans. In
many cases, deep-sea siliciclastics are mixtures of a pelagic compo-
nent brought in by the wind and a hemipelagic component supplied
from the shelf by low-density turbidity currents. Hemipelagic sedi-
ment escaping from shelves by transport in semipermanent currents
(exemplified by the plumes seen off deltas) is mainly deposited on
the slope and rise. Volumetrically less important are wave- and
current-induced transport of sediments across the shelf. Most of the
hemipelagic material is ultimately derived from fluvial sources, and
is stored in cones and fans off the major river deltas (McCave, 1972).
The flux of river-derived fine-grained siliciclastics is expected to cor-
relate with continental runoff, and thus provides a proxy for conti-
nental humidity. Analysis of eolian dust allows estimation of the past
aridity of eolian source regions, via flux determinations, and of the
intensity of the transporting winds, via grain-size measurements.
These two parameters, the grain size and the mass flux of eolian dust,
may vary independently (Rea, 1994). Clearly, the source of the sedi-
ments must be known before variations within the terrigenous frac-
tion can be interpreted in terms of changes in paleoclimate.

Successful reconstructions of paleoclimate from siliciclastic
deep-searecords depend primarily on the capability of distinguishing
between sediments of eolian and fluvial origin. In certain cases, use
can be made of a priori knowledge of the provenance and dispersal

patterns to distinguish the two types of sediment input. For instance,
Rea and Hovan (1995) characterized the size distribution of “typical”
eolian dust and hemipelagic mud in the abyssal Pacific Ocean by
selecting “‘end-member samples” based on independent evidence.
Eolian samples were selected from slowly accumulating pelagic
clays deposited far from land and downwind from the Chinese Loess
Plateau. The mineralogy and chemical composition of the samples
were identical to the composition of “local” atmospheric dust and
Chinese loess. Hemipelagic mud samples were selected from sites
closer to the shore in settings characterized by moderate to high accu-
mulation rates. Their mineralogy and chemical composition were
identical to the composition of adjacent continental-margin sedi-
ments of presumed fluvial origin. Both types of “end-member sam-
ples” have modes around 2 pm, but differ strongly in the extent of
sorting. Rea and Hovan (1995) argued that the small grain size of the
eolian dust in the Pacific Ocean is the result of the distant location of
the source area, the Chinese Loess Plateau. Eolian dust deposited
closer to the source area is much coarser, as shown by Koopmann
(1981) and Sarnthein et al. (1981, 1982) off northwest Africa, and by
Sirocko (1991) and Sirocko et al. (1991) off the Arabian peninsula.
Because marine sediments deposited close to an eolian source are
likely to be mixtures of eolian dust and hemipelagic mud, Koopmann
(1981), Sarnthein et al. (1981, 1982), and Sirocko et al. (1991) used a
somewhat arbitrary cutoff of 6 um to partition eolian and hemipelagic
sediments. They considered the fraction coarser than 6 um to be
of predominantly eolian origin, and the fraction smaller than 6 um to
be of fluvial origin (hemipelagic mud).
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In many geological applications of grain-size analysis, no a priori
knowledge is available to distinguish subpopulations of sediments
with different provenances. Indeed, reconstruction of provenance
and dispersal patterns is the objective of most studies. The best way
to proceed in such cases would be to use an inverse method that
does not require detailed assumptions about the geological system
being studied. In this study, an inversion algorithm for end-member
modeling of compositional data (Weltje, 1994, 1997a), developed
for “unmixing” of multisourced basin fills in the absence of prior
knowledge, is applied to a large data set of grain-size distributions
of siliciclastics from the Arabian Sea (northwest Indian Ocean).
Our objectives are to (1) unravel late Quaternary deep-sea records
of fine-grained siliciclastics that were supplied by multiple sources,
and (2) demonstrate that the reconstructed fluxes and grain-size dis-
tributions of the sediments shed by each source provide valuable
information about the paleoclimatic evolution of the surrounding
continental areas.

Previous Methods Developed for Discrimination
of Grain-Size Subpopulations

Parametric approaches.—

Doeglas and Brezesinska Smithuysen (1941) and Doeglas (1946)
observed that many cumulative grain-size distributions drawn on
arithmetic probability paper appear to be composed of two or more
practically straight line segments. They argued that such curves are
caused by the mixing of materials of different origins, which possess
Gaussian (normal) distributions. Visher (1969) followed a similar
line of reasoning by stating that grain-size distributions do not follow
a simple log-normal law, but are composed of several log-normal
subpopulations, each with a different mean and standard deviation.
He distinguished at least three subpopulations produced by three
modes of sediment transport: surface creep/rolling, saltation, and sus-
pension. A theoretical basis for the existence of different transport
populations was provided by the hydraulic models of Middleton
(1976) and Bridge (1981). Curray (1960) plotted grain-size distribu-
tions on a logarithmic scale (¢ units) and manually decomposed poly-
modal frequency distributions into a series of Gaussian (log-normal)
distributions. An automated version of Curray’s method was devel-
oped by Sheridan et al. (1987).

The sequential fragmentation transport (SFT) theory of Wohletz
et al. (1989) is another parametric method for interpretation of
polymodal grain-size distributions. This theory is based on the
assumption that observed grain-size distributions have been pro-
duced by a sequence of repeated steps of breakage and selective
transport, represented by a series of SFT subpopulations with vari-
able skewness. Decomposition into unimodal SFT distributions
has been applied to volcanic ash and pyroclastic grain-size distri-
butions by Wohletz et al. (1989) and Lirer et al. (1996).

All of these methods are parametric in the sense that they require a
priori specification of the end-member grain-size distributions. This
may not be desirable in many cases in view of our incomplete under-
standing of the mechanisms governing the grain-size distribution of
natural sediments. In the worst case, such a parametric approach
could even hamper the recognition of subpopulations with size distri-
butions differing markedly from the adopted model (Gaussian, log-
Gaussian, or SFT). The existence of subpopulations that do not fit
one of the theoretical grain-size distributions is likely in view of the
potentially unlimited number of combinations of initial and acquired
characteristics of sediments (e.g., parent material, weathering history,
mode of transport). Another disadvantage of these methods is that the

decomposition is performed on individual grain-size distributions.
The information contained in the covariance structure of the data is
not used at all. Large data sets cannot be easily analyzed with any of
these techniques, as exemplified by Curray (1960), who manually
formed groups of subpopulations with similar modes in order to sim-
plify the results of his analysis.

Nonparametric approaches.—

A different view on grain-size distributions is to regard the propor-
tion of mass in each size class as an attribute of a multivariate meas-
urement; i.e., to consider each grain-size distribution as consisting of
as many components as there are size classes. Proportions of mass in
two or more size classes may be negatively or positively correlated
across a series of grain-size distributions. Such variation among indi-
vidual measurements is contained in the covariance structure of a
data set. The nonparametric methods discussed in the following sec-
tions all make use of this source of information to group samples with
similar overall characteristics. In contrast with the previous methods,
the functional forms of the groups, clusters, or end members do not
have to be specified a priori. Nonparametric approaches to the recog-
nition of subpopulations in grain-size data include methods such as
cluster analysis (Zhou et al., 1991) and multivariate entropy analysis
(Forrest and Clark, 1989); however, the family of multivariate tech-
niques used most extensively for this purpose comprises principal
component analysis (e.g., Davis, 1970; Chambers and Upchurch,
1979; Lirer and Vinci, 1991; Zhou et al., 1991) and factor analysis
(e.g., Klovan, 1966; Solohub and Klovan, 1970; Allen et al., 1971,
1972; Dal Cin, 1976; Sarnthein et al., 1981; Syvitski, 1991).

The aim of principal component analysis (PCA) and factor analysis
(FA) is to decompose the data matrix into two matrices: (1) a matrix
of “components” or “factors” from which inferences may be drawn
about the shapes of the grain-size distributions of each of the groups
recognized in the data, and (2) a matrix representing the extent to
which each of the input grain-size distributions matches each of these
components or factors (Joreskog et al., 1976; Davis, 1986). Thus,
interpretation of the subpopulations is based on the properties of the
first matrix, and classification of the observations is based on the
properties of the second matrix. A major problem with both
techniques is that the units in which the output is cast are difficult to
interpret because they cannot be expressed in physical terms (for
instance, a typical input variable for grain-size analysis, a weight
proportion, may have been “miraculously” transformed to a negative
value in a component or factor matrix). This is unfortunate because
the predominant application of PCA and FA in sedimentology has
been in the field of unmixing polymodal grain-size distributions.

Specialist techniques are required if the analytical objective is to
unravel grain-size distributions subject to strict physicality (i.e., non-
negativity and constant sum) constraints. End-member modeling
algorithms are aimed at construction of physical mixing models that
express the input data as mixtures (non-negative contributions) of a
limited number of end members with realistic (i.e., non-negative)
compositions. The techniques of Klovan and Miesch (1976), Full et
al. (1981, 1982), Renner (1993, 1995), and Weltje (1994, 1997a) have
been developed with this objective in mind. Fillon and Full (1984)
and Wohletz et al. (1989) applied the techniques of Full et al. (1981,
1982) to grain-size-distribution data. In both cases, the modeled end
members have varying skewness and are of no simple mathematical
form, supporting the idea that parametric decomposition into prede-
fined end members may not be the best approach toward an under-
standing of variation among grain-size distributions.
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The end-member modeling algorithm of Weltje (1994, 1997a)
has been tested on petrographic data of modern beach sands to
evaluate its usefulness for unraveling multisourced basin fills in
the absence of prior knowledge (Weltje, 1995). Experiments with
artificial sediment mixtures (Prins and Weltje, unpublished data)
indicate that the algorithm successfully estimates mixing propor-
tions and end-member grain-size distributions in the absence of
prior knowledge. Van Dam and Weltje (in press) applied the algo-
rithm to Miocene rodent associations in southwestern Europe to
reconstruct continental paleoclimate variations. A brief summary
of the end-member modeling technique of Weltje (1994, 1997a) is
given in the material and methods section.

The Arabian Sea

Regional setting.—

The Arabian Sea constitutes the northwestern Indian Ocean and is
enclosed by the Somalian and Arabian peninsulas in the west, Iran
and Pakistan in the north, and the Indian peninsula in the east
(Figure 1). The most conspicuous geological feature in the Arabian
Sea is the Indus Fan, which occupies the complete central part of the
basin. The Indus Fan, with a length of 1600 km and a maximum
width of 1000 km, covers an area of approximately 1.1-1.25 million
km? (McHargue and Webb, 1986; Kolla and Coumes, 1987). It is the
second-largest deep-sea fan in the world. The fan developed off the
passive continental margin of Pakistan-India, and is bounded by the
Chagos-Laccadive Ridge in the east, by the Owen-Murray Ridges in

the west, and in the south by the Carlsberg Ridge, which is a portlon
of the Central Indian Ridge (mid-ocean ridge).

Monsoon-driven sedimentation patterns.—

The Indian Ocean monsoon winds are driven by strong differential
heating between the Indian Ocean and the Indian-Asian continents,
and by the availability of vast amounts of latent heat collected over
the southern hemisphere Indian Ocean; this heat is released over the
high elevations of the Indian-Asian landmasses, the area of monsoon
precipitation. Differential heating during the northern hemisphere
winter causes low surface pressure over the southern Indian Ocean
and high surface pressure over the high elevations of the Indian-Asian
continents. This northeast-southwest pressure gradient is responsible
for driving the winter monsoon circulation, which results in relatively
weak northeastern monsoon winds over the Arabian Sea. During
spring, when the Indian-Asian continents start to heat up, west—north-
west winds prevail over the Arabian Sea. During peak summer,
strong southwest monsoon winds develop when the continents
become warmer than the oceans and the pressure gradient reverses
(Clemens and Prell, 1990; Clemens et al., 1991; Sirocko, 1991).

At present, the monsoon climate strongly influences sedimentation
processes within the Arabian Sea. The northwesterly winds are
responsible for the transport of large quantities of eolian dust from
the Arabian peninsula, and minor amounts from Pakistan. The south-
west monsoon winds supply minor amounts of eolian dust originat-
ing from Somalia. The northeast monsoon winds transport minor
amounts of eolian dust from Pakistan and northern India (e.g., from
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the Thar desert) toward the Arabian Sea (Sirocko, 1991). Annually,
115-215 million tons of eolian dust is transported from adjacent con-
tinents to the Arabian Sea (Sirocko and Sarnthein, 1989).

The southwest monsoon carries large amounts of water vapor
that is released as precipitation over the Indian-Asian continent.
This precipitation provides the runoff for river systems draining
the Himalayas, including the Indus River, which flows into the
Arabian Sea. Before the Indus River was effectively dammed and
channeled, which resulted in almost complete cessation of water
and sediment discharge, the river was one of the world’s largest in
terms of both discharge and sediment load. Before dam construc-
tion, somewhat less than 250 million tons of suspended sediment
reached the Indus Delta annually (Milliman et al., 1982). Highest
discharge coincides with the peak of the rainy season (July), and
up to 80% of the annual cumulative discharge occurs during the
southwest monsoon summer season (Beg, 1977).

The monsoons cause seasonal reversals in surface circulation of
the Arabian Sea, resulting in upwelling of nutrient-rich water along
the coasts. Nair et al. (1989) recorded strong seasonality in particle
flux at three sediment trap sites (western, central, and eastern Arabian
Sea) with peaks during the southwest and northeast monsoons. High
primary productivity during the monsoons resulting from wind-
induced mixed-layer deepening and the associated nutrient injection
into the euphotic zone appeared to be the main factor controlling the
observed particle flux pattern. Highest terrigenous particle fluxes are
recorded during the southwest monsoon season. At the western sedi-
ment trap site, 80% of the annual cumulative terrigenous particle flux
is recorded during this season. Because the western trap site is close
to the Arabian peninsula, deposition is dominated by eolian dust
blown in from the Arabian deserts. At the eastern site, 67% of the
annual cumulative terrigenous particle flux is recorded during the
summer season, and it is dominated by input of Indus River muds.

Eolian records.—

During the last decade many studies concerning the marine sed-
iment record in the Arabian Sea have concentrated on the faunal
response to wind-induced upwelling (e.g., Clemens and Prell,
1990; Shimmield et al., 1990; Murray and Prell, 1991; Shimmield
and Mowbray, 1991; Reichart et al., 1998) and on eolian dust
transport in relation to the monsoon climate (e.g., Sirocko and
Sarnthein, 1989; Clemens and Prell, 1990, 1991; Clemens et al.,
1991; Krissek and Clemens, 1991; Sirocko, 1991; Sirocko and
Lange, 1991; Sirocko et al., 1991, 1993; Reichart et al., 1998).

Sirocko (1991) and Sirocko et al. (1991) used the percentage of
sediment in the size fractions greater than 20 um and greater than
6 um to map the distribution pattern of eolian dust in the marine
sediment record of the Arabian Sea. The observed northwest-to-
southeast gradient in eolian dust content indicates that eolian dust
is supplied mainly by the northwesterly winds. The extent of the
eolian dust distribution pattern over the ocean was used to approx-
imate the position of the front (intertropical convergence zone)
between the northwesterly winds and the southwest monsoon. A
southward shift of this front during the last glaciation is indicated
by changes in grain size and mineralogy (Sirocko and Lange, 1991;
Sirocko et al., 1991, 1993).

The median grain size and the mass accumulation rate (MAR) of
the terrigenous fraction in two sediment cores (RC27-61, ODP722;
for location see Figure 1) retrieved from the Owen Ridge were used
as paleoclimatic indicators of southwest monsoon wind strength and
source area aridity by Clemens and Prell (1990, 1991), Clemens et al.
(1991), and Murray and Prell (1991). Variations in lithogenic MAR

appear to be associated with glacial-interglacial cycles, with highest
fluxes recorded during glacial periods indicating increased source
area aridity. The lithogenic grain-size record, exhibiting higher fre-
quency variability (23 k.y.), has no strong relationship to glacial-
interglacial cycles. This lack of relationship suggests that the climate
change associated with variability in global ice volume is not a pri-
mary factor in determining the strength and timing of the southwest
monsoon winds. Krissek and Clemens (1991) analyzed the bulk min-
eralogy of the terrigenous fraction of sediments from ODP722 on the
Owen Ridge and concluded that temporal variations in mineralogical
composition reflected climate-induced variations in weathering con-
ditions during the late Quaternary.

Fluvial records.—

In the shelf and slope area near the Indus Delta, three canyon
complexes have been recognized on seismics. They merge land-
ward into one extensive erosional zone called the Indus Trough.
The canyon complexes served as conduits for sediments supplied
by the Indus River. Several large channel-levee systems radiate
from each canyon complex, forming a channel-levee complex. The
youngest complex comprises the recently active Indus Canyon
(McHargue and Webb, 1986; Kolla and Coumes, 1987; Droz and
Bellaiche, 1991). The two youngest large channel-levee systems of
this complex have been mapped in detail by long-range side-scan
sonar (GLORIA) (Kenyon et al., 1995). The study of Kenyon et al.
(1995) resulted in a new scheme for labeling the Indus Fan chan-
nels on the basis of their relative ages. Von Rad and Tahir (1997)
presented a detailed survey, including high-resolution seismic data
and sediment cores, of the outer shelf and slope off the Indus
Delta, including the Indus Canyon.

Changes in sea level are thought to be the dominant factor control-
ling turbidite deposition on large deep-sea fan systems. In addition,
such process response is proposed for the Indus Fan (McHargue and
Webb, 1986; Kolla and Coumes, 1987; Kolla and Macurda, 1988;
McHargue, 1991; Kenyon et al., 1995; Prins and Postma, 1997; Von
Rad and Tahir, 1997). Von Rad and Tahir (1997) indicated that due to
the last glacial sea level lowstand, the Indus Canyon experienced
maximum erosion and funneled turbidity currents to the Indus Fan.
Accordingly, Prins and Postma (1997) concluded that the fall in sea
level at approximately 25 14C k.y. initiated major lobe switching on
the middle Indus Fan. The rise of sea level during the last deglaciation
(~11.5 14C k.y.) cut off the Indus River as the main source of sedi-
ment for the middle fan.

Interplay of eolian and fluvial sources.—

The above observations indicate that the Arabian Sea sediments
are mixtures of eolian dust and fluvial sediment, with the relative
contributions of the two types of sediment depending on the location
in the basin. At any given location, the relative contributions of
materials from both sources are likely to have varied through time as
well. Changes in continental aridity resulted in marked changes in the
flux of eolian dust transported over the Arabian Sea. Changes in
intensity and direction of the southwest monsoon, inferred from the
eolian dust records of the western Arabian Sea, must have influenced
the pattern of precipitation over the landmasses bordering the Ara-
bian Sea to the west (Arabian Peninsula), the north (Pakistan), and
the east (India). Changes in precipitation within the drainage basins
of Indian-Pakistan rivers are expected to have controlled the water
discharge and the suspended-sediment load of these rivers in the past
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as well; however, possible late Quaternary changes in continental
runoff and associated fluvial suspended-sediment supply to the Ara-
bian Sea are sparsely documented. A suitable place to investigate
changes in continental runoff and eolian dust supply by the northeast
monsoon is the continental margin of Pakistan. Results obtained by
detailed analysis of sediment cores from the western, central, and
northern part of the Arabian Sea are presented in this study.

MATERIAL AND METHODS

Data Acquisition

Sediment cores used in this study were collected during the
Netherlands Indian Ocean Programme (NIOP) on RV Tyro (Van der
Linden and Van der Weijden, 1994), and during the SO90 PAKOMIN
Expedition on RV Sonne (Von Rad et al., 1995). The cores, contain-
ing predominantly pelagic and hemipelagic sediments, were obtained
from the Oman continental margin (cores NIOP484, 497), the Owen
Ridge (core NIOP492), the Pakistan continental slope between the
Murray Ridge and the Indus Canyon (cores NIOP451, 452, 455, and
458) along a slope-perpendicular transect, the eastern levee of the
major channel radiating from the Indus Canyon (core SO90-169KL),
and the levee of a small channel belonging to a large channel-levee
system (system B, according to Kenyon et al., 1995) on the middle
Indus Fan (core NIOP489). Figure 1 and Table 1 provide detailed
information on the core locations.

Unsplit 1 m sections of cores NIOP458 and NIOP492 were
logged at 1-2 cm intervals with a Bartington Instruments MS2
pass-through loop sensor mounted on a GEOTEC automated mul-
tisensor core logger to measure the bulk magnetic susceptibility.
Samples were taken from the split 1 m sections at approximately
5-10 cm intervals. Fixed-volume samples were taken with a
syringe, dried, and weighted for measurement of dry-bulk density
(g/cm3). One set of subsamples was washed and sieved to collect
the fauna; another set of dried subsamples was used for analysis of
the elemental chemical composition of the sediment (ICP). Wet
subsamples were used for analysis of the grain size. The total car-
bonate content (biogenic and detrital) was calculated from the total
Ca concentration (obtained from ICP analyses), using a correction
for clay-derived Ca, which works well for carbonate-rich sedi-
ments: CaCOj3 = 2.5[Cayy — (Ca/Algyy X Aly)], where Ca/Al,,, is
0.345 (Turekian and Wedepohl, 1961; Shimmield et al., 1990).

Prior to the grain-size analysis, carbonate and organic carbon (only
in sediments rich in organic carbon) were removed from the sediment
samples by treatment with excess HCI and H,0,. Total dispersion of
the sample was ensured by using a sonic dismembrator attached to
the tank containing the suspended sample. The grain-size distribution
of the siliciclastic fraction of 1102 samples was measured on a
Malvern 2600 laser-diffraction size analyzer using a lens with 100
mm focal length. This configuration provided measurements in 32
discrete size classes between 0.5 and 188 um (equivalent volume
diameter) (see Table 2). The three coarsest size classes contain on
average a small proportion of the total mass. They were amalgamated
into a single class to reduce the number of variables to 30.

The 8!80 curves of NIOP458 and NIOP492 are based on the
analyses of 20 handpicked specimens of the planktonic foraminifer
Neogloboquadrina dutertrei (150-595 pm sieve fraction) per
sample. The oxygen-isotopic composition of the carbonate shells
was measured on a mass spectrometer. Age models have been con-
structed for cores NIOP458 and NIOP492 based on the correlation
of the 8180 records with the 8180 record of core NIOP464 from the

TaBLE 1. SEDIMENT CORES USED IN THIS STUDY

Position Water Depth  Core Length Number of

Core Number (Lat. N, Long. E) Area (m) (m) Samples

NIOP451 23°40.5,66°03’.0  Upper Pakistan 542 17.06 163
continental slope

NIOP452 22°56'.9, 65°28'.4  Lower Pakistan 1992 12.96 91
continental slope

NIOP455 23°33’.4,65°57°.0  Middle Pakistan 1002 14.50 117
continental slope

NIOP458 21°59’.4,63°48’.7  Upper Indus Fan 3001 16.31 163

S090-169KL 22°38'.5,66°49°.3  Channel levee, 1283 11.65 114

Indus Canyon

NIOP489 179561.0; 6575215 Channel levee, 3375 10.24 85
middle Indus Fan

NIOP484 19°29°.8; 58°25°.7 Upper Oman 516 5.06+0.61 75
continental slope

NIOP492 16°19°.0, 59°43°.6 Owen Ridge 2400 9.40 189

NIOP497 17°27°.0,57°57°.6  Middle Oman 1885 8.83 105

continental slope

Murray Ridge (Figure 1). The age model of core NIOP464 was
taken from Reichart et al. (1997). Linear sedimentation rates (LSR)
(in cm/k.y.) were assumed between the age calibration points. Total
mass accumulation rates (MAR) (total MAR = LSR x DBD; MAR
in g/cm?/k.y.) were calculated using the dry-bulk density (DBD) (in
g/cm3) of the sediment. Fractionated MARs (i.e., carbonate MAR
and noncarbonate (siliciclastic) MAR) were determined by multi-
plying the total MAR with the carbonate fraction and with the sili-
ciclastic fraction (1 — carbonate fraction).

End-Member Modeling

Linear mixing model.—

Linear mixing models of compositional data have been developed
in various branches of the earth sciences (e.g., geochemistry, petrol-
ogy, mineralogy, sedimentology) for the purpose of summarizing
variation among a series of observations in terms of proportional
contributions of (theoretical) end members (Joéreskog et al., 1976;
Klovan and Miesch, 1976; Full et al., 1981, 1982; Renner, 1993,
1995; Weltje, 1994, 1997a). Compositional variation among a series
of genetically related geological specimens (e.g., rock samples)

TaBLE 2. SIZE RANGE FOR MALVERN LASER-DIFFRACTION SIZE ANALYZER*

Lower Upper Lower Upper
Size Boundary Boundary Size Boundary Boundary
Class (um) (um) Class (um) (um)
ko 0.50 1.95 17 17.67 20.50
2 1.93 2.23 18 20.50 23.83
3 2.23 2.60 19 23.83 27.50
4 2.60 3.02 20 27.50 32.00
5 3.02 3.48 21 32.00 37.00
6 3.48 4.05 22 37.00 43.00
% 4.05 4.68 23 43.00 49.83
8 4.68 543 24 49.83 57.67
9 543 6.30 25 57.67 66.83
10 6.30 7.30 26 66.83 77.50
11 7.30 8.47 27 77.50 89.83
12 8.47 9.82 28 89.83 104.17
13 9.82 11:37 29, 104.17 120.67
14 11.37 13.18 30 120.67 140.00
15 13.18 15.28 31 140.00 162.17
16 15.28 1767 32 162.17 188.00

*Size range indicated for configuration of lens with 100 mm focal length.
**First class indicates amount of particles between detection limit (0.5 um) and analyzed range
(1.93 to 188 um).
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often can be attributed to physical mixing or mathematically analo-
gous processes, such as fractional crystallization or selective trans-
port and deposition. Data sets that conform to a linear mixing model
can be expressed as mixtures of a fixed number of end members.
The end members represent a series of fixed compositions that can
be regarded as distinct subpopulations within the data set being ana-
lyzed. The linear mixing model is formulated as follows.

Compositional data are generally cast into the form of an (n X p)
matrix X, with n rows representing observations, and p columns
representing variables. By definition, compositional variables are
non-negative and sum to a constant ¢, usually 1, 100, or 106 (for
measurements recorded as proportions, percentages, or parts per
million, respectively):

ey

where

If compositional variation among a series of measured speci-
mens results from a physical mixing process, each row of the
matrix of compositional data X is a non-negative linear combina-
tion of the g rows of B, a matrix of end-member compositions. The
matrix M represents the proportional contributions of the end
members to each observation. In matrix notation, this perfect

mixing can be expressed as
X =MB 2

subject to the following non-negativity and constant-sum constraints:

q
Ymy =1 3)
k=1
where
my =0
D
Zbkj =C ()
k=1
where
bkj >0

Although this representation is acceptable from an algebraic
point of view, it fails to account for the fact that perfect mixing
cannot be demonstrated in practice due to sampling and measure-
ment errors in X; therefore, it is more realistic to assume that the
data matrix X is made up of a systematic part X', attributable to
perfect mixing, and a matrix of error terms E, representing nonsys-
tematic contributions to X:

X=X'+E 5)

It is assumed that the errors are relatively small, and that X’
closely resembles X. By definition, the rows of X’, the estimated
matrix of perfect mixtures, consist of non-negative linear combina-
tions M of g end-member compositions B:

X' =MB (6)

The range of each variable in X" cannot exceed that of the corre-
sponding variable in the end members B, due to the non-negativity
constraints on M. By definition, the rows of X" are also compositions:

p
Exi’j = @)
j=1
where
xi'j >0
and therefore
p
_Zei] =)

= ®)

These considerations lead to the following mathematical formu-
lation of the general mixing model:

X=MB+E ©)
subject to the constraints previously listed.

In many cases where compositional variation is believed to have
been produced by mixing, the parameters of the mixing process are
unknown. Recasting the observed compositional variation into a linear
mixing model in the absence of prior knowledge about the number
and composition of end members requires a solution of the bilinear (or
explicit) mixing problem. This problem may be solved in two stages.

Estimating the number of end members.—

In the first modeling stage, the mixing space is defined by parti-
tioning the data into X" and E (“signal” and “noise,” respectively)
for each possible number of end members by means of numerical
algorithms rooted in fundamental concepts of vector analysis and
linear algebra. The dimensionality (shape) of the data in p space
reflects g, the number of linearly independent end-member vectors
needed to span the mixing space. This implies that the number of
end members can be estimated before their compositions have
been calculated. The requirement of linear independence limits the
maximum number of end members in inverse models of a mixing
process to p, the number of variables measured.

Estimates of X’ for various numbers of linearly independent end
members (2 < g < p) are obtained from constrained weighted least-
squares approximations to the singular value decomposition of X
(see Weltje, 1994, 1997a). Because the true number of end members
and the errors associated with X are unknown, g can only be esti-
mated by a comparison of the constrained linear approximations X’
for different values of ¢ to the original data X. In general, the good-
ness-of-fit increases as the number of end members is increased. The
principle of parsimony is a useful guideline to the choice of g in
view of the main objective of unmixing; i.e., to “explain” the
observed compositional variation with a minimum number of end
members. When the “best” representation X’ has been selected, the
number of linearly independent end members g has been fixed.

Estimating the end-member compositions.—

The problem to be solved in the second modeling stage consists of
expressing X', the matrix of perfect mixtures, as the product of two
matrices M and B. This is a constrained bilinear minimization prob-
lem that may be solved by means of coordinate transformation. The
bilinear unmixing solution is intrinsically nonunique. Commonly, an
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exact solution does not exist, and the number of approximate solu-
tions is infinite. In other cases, there may be an infinite number of
exact solutions. An unique solution thus requires specification of
additional constraints.

A practical strategy is to provide additional constraints based on
formalization of the notion of geological reasonableness. In the
absence of prior knowledge, such a rule would allow the recon-
struction of the “optimal” set of end-member compositions from
which the observed variation could have been generated. Weltje
(1994, 1997a) proposed that the optimal solution of the bilinear
mixing problem should be based on the tradeoff between two
apparently contradictory, but equally desirable, requirements: a
fully non-negative mixing proportions matrix M and a conservative
estimate of the end-member matrix B. The latter is non-negative by
definition, so that the optimal solution can be regarded as a com-
promise between mathematical and geological feasibility. In other
words, the optimal solution of the bilinear mixing problem (for a
given value of ¢) consists of a set of end members that encloses as
many of the data points as tightly as possible.

The preferred strategy for solving the bilinear mixing problem is
an iterative estimation procedure, which does not require that all of
the non-negativity constraints are taken into account at the same time
(Full et al., 1981, 1982; Renner, 1993, 1995; Weltje, 1994, 1997a). A
commonly adopted approach is to provide an initial guess of the end-
member compositions, based on the properties of X’. Robust initial
end-member estimates for a given value of ¢ may be defined with
nonhierarchical cluster analysis (cf. Full et al., 1982; Davis, 1986).
The compositions represented by the cluster centers are projected
into the mixing space to provide a starting point for iterative proce-
dures aimed at locating a set of optimal end members (Figure 2A).

The mixing proportions matrix, M, corresponding to a set of trial
end members B is generated by means of coordinate transformation,
after which discrepancies between an ideal M and the current M are
evaluated to define improvements to M. The end-member matrix B
corresponding to the improved M is then calculated and optionally
adjusted to comply with the non-negativity constraints. This proce-
dure is iterated until the constraints on an optimal M are satisfied
(Figure 2B, C). The end-member modeling algorithm proposed by
Weltje (1994, 1997a) is guaranteed to converge if compositional vari-
ation in the estimated data reflects mixing of g linearly independent
end members, because each successive set of end members encloses
those generated in the previous iteration cycle.

(A) B)

©)

FiG. 2.—Illustration of the numerical end-member modeling algorithm. Con-
struction of a ternary mixing model for a synthetic data set composed of three vari-
ables. Data set includes the true end members from which the mixtures were
generated. (A) Initialization phase showing data points (squares) and cluster centers
(stars). (B) A series of iterations (initial model and cycles 1-5, 7, 10, and 20 are
shown). (C) Convergence is reached after 22 iterations. The modeled end members
(vertices of the mixing space) closely approximate the true end members.

RESULTS

Goodness-of-Fit Statistics

A series of non-negative weighted least-squares approximations to
the matrix of perfect mixtures X was generated to estimate the
number of end members. The minimum number of dimensions (end
members) required for a satisfactory approximation of the data was
estimated by calculating the coefficients of determination. The coef-
ficients of determination represent the proportions of the variance of
each variable (grain-size class) that can be reproduced by the approx-
imated data. This proportion is equal to the squared correlation coef-
ficient (2) of the input variables and their approximated values.

Figure 3A illustrates the distribution of the coefficients of deter-
mination across the grain-size classes for different values of g. Two
size ranges are poorly reproduced by a two-end-member model:
classes 13-20 and 27-30. The coefficients of determination for
classes 27-30 are not weighted heavily in choosing the preferred
end-member model because the mass in the coarse tails of the
grain-size distributions comprises only a small fraction of the total
mass in the data set. Reproducibility of the other grain-size range
(classes 13-20) by the mixing model is considered to be of much
greater importance, because this size range contains a considerable
proportion of the total sediment mass. All of the 30 variables except
size class 28 are adequately reproduced by a three-end-member
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FiG. 3.—Goodness-of-fit statistics used to estimate the number of end members
(see text for discussion). (A) Coefficients of determination for each size class. (B)
Mean coefficient of determination across size classes. At least three end members
are needed to reproduce all variables adequately; a two-end-member model shows
distinct lack of fit in several size ranges. Use of four or more end members hardly
improves the goodness-of-fit relative to a three-end-member model.
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model, as indicated by their coefficients of determination that
exceed 0.6 (equivalent to a correlation coefficient of 0.77).

The mean coefficient of determination across the grain-size
classes (Figure 3B) increases when the number of end members is
increased. The mean coefficient of determination for a three-end-
member model is 0.83; i.e., on average, 83% of the variance in
each grain-size class can be reproduced. A four-end-member
model reproduces on average 90% of the input variances. The
mean coefficient of determination increases only slightly for
models with more than four end members. In conclusion, the
goodness-of-fit statistics suggest that a three- or four-end-member
model provides a reasonable choice in view of the contradictory
requirements of parsimony on the one hand (i.e., a minimal
number of end members) and reproducibility on the other hand.

Grain-size Distributions of End Members

Three- and four-end-member solutions were constructed to pro-
vide more insight into the nature of compositional variation in the
data. The modeled end-member grain-size distributions for both
models are shown in Figure 4, and the data are given in Table 3. A
conspicuous result of the unmixing procedure is that all end members
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FiG. 4.—Modeled end members of Arabian Sea pelagic and hemipelagic siliciclastic
sediments (see also Table 3). (A) Three-end-member model. (B) Four-end-member
model.

TaBLE 3. MODELED END MEMBERS OF ARABIAN SEA PELAGIC
AND HEMIPELAGIC SILICICLASTIC SEDIMENTS

Three-End-Member Model Four-End-Member Model

Size EM1 EM2 EM3 Size EM1 EM2 EM3 EM4
Class (%) (%) (%) Class (%) (%) (%) (%)
1 0.86 0.36 10.07 1 0.26 0.00 3.09 11.64
2 0.32 0.41 3.54 2 0.21 0.11 1.46 4.01
3 0.40 0.83 3.84 3 0.40 0.36 2.00 4.25
4 0.51 1.38 3.88 4 0.66 0.70 2.62 4.14
5 0.69 1.92 4.48 5 0.96 0.96 3.43 4.69
6 1.01 257 6.21 6 1.41 1.07 4.89 6.48
7 1.16 298 7.30 7 1.68 1.02 5.94 7.59
8 1.15 3.54 7.61 8 1.88 1.18 6.81 777
9 1.07 4.09 722 9 2.01 1.52 7.30 7.16
10 1.10 4.68 6.72 10 220 2.03 7.66 6.46
11 1.35 531 6.44 11 254 2.72 7.96 6.04
12 1.63 5.78 6.06 12 2.84 339 7.98 5.56
13 1.86 6.01 539 13 3.03 3.94 7.66 4.81
14 2.32 6.35 4.66 14 3.39 4.80 717 4.01
15 2.99 6.56 375 15 3.83 5.84 6.27 3.11
16 3.61 6.38 2.88 16 4.11 6.62 4.96 2:33
17 4.41 6.44 2.44 17 4.55 7.68 3.89 2.04
18 5.30 6.70 247 18 5,10 8.86 3.15 2.25
19 5.68 6.22 2.00 19 525 8.80 231 1.87
20 6.48 5.76 0.99 20 5.85 8.63 1.56 0.83
21 6.76 4.61 0.15 21 5.95 7.40 0.74 0.03
22, 7.70 3.93 0.00 22 6.63 6.82 0.26 0.00
23 8.15 2.93 0.12 23 6.91 5.54 0.01 0.24
24 8.45 1.87 0.36 24 7.4 3.96 0.00 0.58
25 8.18 0.98 0.54 25 6.87 2.50 0.08 0.82
26 6.49 0.49 0.49 26 5.46 1.46 0.14 0.72
27 3.41 0.39 0.18 27 2.91 0.87 0.19 0.26
28 1.76 0.35 0.00 28 1,53 0.60 0.16 0.00
29 1.50 0.18 0.03 29 1.30 0.35 0.13 0.04
30+ 3.70 0.00 0.17 30+ 3.15 0.28 0.18 0.27

have a clearly defined dominant mode, whereas none are truly uni-
modal or of simple analytical form. This shows that the covariance
structure of the data allows the extraction of subpopulations with
fairly “natural” and “sensible” grain-size distributions; however,
none of the parametric approaches discussed would have been capa-
ble of resolving such end members.

The first end members (EM1) of both models have a modal grain
size of approximately 50 um (class 24). End member 3 (EM3) of
the three-end-member model is almost identical to end member 4
(EM4) of the four-end-member model. Both have a modal grain
size of approximately 5 pum (class 8). End member 2 (EM2) of the
three-end-member model has a bimodal grain-size distribution with
modes around 14 and 22 pm (classes 15 and 18). End members 2
and 3 (EM2 and EM3) of the four-end-member model have modes
at 22 and 9 um (classes 12 and 18), respectively.

The fact that both models are about equally good in approximat-
ing the observed variation in the data set is partly a consequence of
the similarity of their coarsest and finest end members. The lack of
improvement in goodness-of-fit is further clarified by expressing
the end members of the three-end-member model as mixtures of
the end members of the four-end-member model (Figure 5A). The
least-squares mixing coefficients are shown in Figure 5B. For
instance, EM2 of the three-end-member model is closely approxi-
mated by a mixture of 58% EM2 and 42% EM3 of the four-end-
member model. In the four-end-member model, the EM2:EM3
ratio varies on average only slightly about this mean value. Conse-
quently, the marginal improvement of the goodness-of-fit reflects
the addition of end members that explain only a small fraction of
the compositional variation in the data. Because there are no rea-
sons to prefer the four-end-member model, we investigate the
applicability of the three-end-member model.
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Three-end-member model
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FIG. 5.—(A) Most likely combinations of the end members of the three- and
four-end-member models. (B) Least-squares mixture coefficients.

Three-End-Member Model
Comparison between observed and modeled grain-size distributions.—

In the ternary mixing model, spatial and temporal changes in grain-
size distributions are expressed as changes in the relative abundances of
-the end members. In spite of the significant size reduction of the data
set (compressing 30 size classes into three mixing coefficients), the
complete grain-size distribution can still be reconstructed, in contrast
with a “traditional” description in terms of three graphic or moment
measures. The goodness-of-fit of each modeled grain-size distribution
can be visualized by comparing it to the observed grain-size distribu-
tion. Figure 6 shows the modeling results of two samples from core
NIOP492. Sample NIOP492/35 (Figure 6A) is composed of EM2
(66%) and EM3 (34%), whereas sample NIOP492/110 (Figure 6B) is
a mixture of all three end members (23% EM1, 57% EM2, 20% EM3).

Grain-size-spectra diagrams (cf. Dowling, 1977) of the observed
and modeled records of core NIOP492 are shown in Figure 7A and
B. These diagrams are contour maps of the mass proportions per
size class in the space-size domain. In this particular example,
“space” refers to the sample numbers plotted in stratigraphic order
(sample 1 is top and sample 189 is base of core NIOP492). The
size domain has been subdivided into equal size intervals on a log-
arithmetic scale [widths 0.2 ¢; units of mass are expressed as
volume percentages (vol.%) per size interval].

The modeled grain-size-spectra diagram (Figure 7B) is somewhat
less irregular than the observed grain-size-spectra diagram (Figure
7A). This reflects the reduction of the variance, which has simplified
the grain-size distributions and (provided that the basic assumptions
are valid and the model parameters have been successfully estimated)
suppressed the noise in the observations. The overall pattern
observed in the space-size domain can be fairly well reproduced with
three end members. Figure 7C shows the “residuals” in the space-size
domain; i.e., the difference between the observed and modeled grain-
size distributions in terms of absolute deviations (vol.% per size inter-
val). The summed absolute deviations for each observation (Figure
7D) are of the same order of magnitude as typical sampling and
measurement errors for the studied core material, which have been
determined from replicate analyses. We conclude that the three-end-
member model successfully reproduces the compositional variation
in the data.
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FI1G. 6.—Approximation of observed grain-size distributions by the three-end-
member model. (A) Estimated composition of sample NIOP492/35: 0% EM1, 66%
EM2, and 34% EM3. (B) Estimated composition of sample NIOP492/110: 23%
EM1, 57% EM2, and 20% EM3.

Spatial variations in mixing coefficients.—

The total range of compositional variation has been visualized
in a ternary diagram (Figure 8) of which the modeled end mem-
bers form the three vertices (hypothetical observations A, C, E).
Three hypothetical binary mixtures are shown as observations B,
D, F, and a ternary mixture as observation G. The individual data
points of the estimated compositions of the 1102 samples form a
large scatter in the ternary mixing space (Figure 9A). Binary
mixtures of EM1 and EM3 (cf. hypothetical observation F in
Figure 8) are practically absent. When the data of the cores from
the two geographical regions, the western and the northern Ara-
bian Sea, are plotted separately in ternary diagrams, some clear
trends become visible.

Samples from cores NIOP484, 492, and 497 can be described as
mixtures of predominantly EM1 and EM2 because they plot on the
left side of the ternary diagram (Figure 9B). The sediments in the
cores from the northern Arabian Sea (NIOP451, 452, 455, 458, and
S090-169KL) can be described as mixtures of predominantly EM2
and EM3 (Figure 9C). The same applies to core NIOP489 from the
central part of the Arabian Sea.
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FiG. 7.—Modeling results of core
NIOP492. (A) Grain-size-spectra dia-
gram of observed grain size distributions
(vol.% per 0.2¢ interval). (B) Estimated
grain-size distributions according to the
three-end-member model. Note smooth-
ing effect due to reduced variance of the
mixing model. (C) Contour map of
absolute deviations between data and
model. (D) Summed total absolute devi-
ation per sample.
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Spatial changes in average sediment composition have been visual-
ized by plotting the 90-95-99% confidence regions of the population
means of the sediments sampled in each core (using an algorithm
described by Weltje, 1997b). Figure 10A shows the confidence
regions associated with cores from the western Arabian Sea, and
Figure 10B shows those from the northern and central parts of the
Arabian Sea. The grain-size population means at the sites of cores
NIOP484, 492, and 497 differ significantly from one another at a 99%
confidence level because they do not overlap one another (Figure
10A). In the transect NIOP 484-497-492 (west to east, shallow to
deep, proximal to distal; Figure 1), the average composition changes
from EM1-dominated sediments toward EM2-dominated sediments.

The population means of the grain-size distributions at core sites in
the northern and central Arabian Sea differ significantly from one
another at a 99% confidence level, except those of cores NIOP452
and NIOP455, which differ significantly from one another at a 90%
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confidence level (Figure 10B). In the transect NIOP451-455-452-458
(north to south, shallow to deep, proximal to distal; Figure 1) the ratio
EM2:EM3 gradually decreases, reflecting a spatial trend in the com-
position of the sediments. Sediments from core SO90-169KL,
obtained from the levee south of the Indus Canyon, have rela-
tively low EM2:EM3 ratios and low EM1 content compared with
NIOP455, which was obtained from the same water depth. The sedi-
ments especially from core NIOP489 have high proportions of EM3.
In this core, samples are mixtures of EM2 and EM3 exclusively.

Interpretation of end members.—

End members of a series of grain-size distributions may be related
to two kinds of processes (Syvitski, 1991). When two end-member
grain-size distributions are mixed in various proportions, they provide
a suite of sediment samples with attributes falling between these end
members. Such sediments could represent true mixtures of materials,



FiG. 8.—Three-end-member model
plotted in ternary diagram showing grain-
size distributions of end members (A, C,
E) and hypothetical mixtures (B, D, F, G).

Fig. 9.—(A) Mixing model of the
1102 Arabian Sea sediment samples. (B)
Binary mixing of end members EM1 and
EM2 prevails in the western Arabian Sea
sediments (NIOP484, 492, and 497). (C)
Binary mixing of end members EM2 and
EM3 prevails in the northern and central
Arabian Sea sediments (NIOP451, 452,
455, 458, 489, and SO90-169KL).
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FiG. 10.—Confidence regions (90-95-99%) of the population means of cored sed-
iments in ternary mixing space. (A) Population means of sediments from the western
Arabian Sea (NIOP484, 492, and 497). (B) Population means of sediments from the
northern and central Arabian Sea (NIOP451, 452, 455, 458, 489, and SO90-169KL).

489

which have been transported by independent mechanisms, supplied
by different sources; however, end-member distributions also may
represent the beginning and end of a selective process of transport
and deposition. For instance, selective mechanisms operating during
unidirectional transport and deposition produce sediments whose
grain-size distributions change systematically with distance from the
source. Unmixing of such data sets results in “proximal” and “distal”
end members; hence, the number of actual sediment sources is per
definition equal to or less than the number of end members.
Different spatial trends in sediment composition have been recog-
nized in both the western and northern Arabian Sea. Along the west-
ern Arabian Sea transect the average composition changes basinward
from EM1-dominated sediments to EM2-dominated sediments.

PRINS AND WELTJE

Along the northern Arabian Sea transect, the average composition
changes basinward from EM2-dominated sediments to EM3-
dominated sediments. Both trends represent basinward fining.

The compositional trend along the western transect is illustrated
by the grain-size distributions of four representative samples of
approximately the same age (early Holocene, 10 k.y. BP) from
cores NIOP484, 497, 492, and 489 (Figure 11). Analysis of the
chemical composition and mineralogy of selected size ranges of
these four samples (M. A. Prins, unpublished data) reveals a high
degree of compositional similarity, which strongly suggests that
the sediments were derived from the same source. The presence of
the clay mineral palygorskite in each of the samples indicates that
the dominant source of the terrigenous fraction is the Arabian
peninsula (Kolla et al., 1976; Sirocko and Lange, 1991). The
absence of large river systems debouching in the western Arabian
Sea, coupled with the location of the cores (NIOP492 on the Owen
Ridge and NIOP489 on the middle Indus Fan), allow us to exclude
the possibility that the bulk of the sediment of Arabian provenance
represents anything other than eolian dust (the NIOP489 sample of
eolian origin was taken from a calcareous 0oze unit that drapes the
Pleistocene river-derived sediments of the Indus Fan). The basinward-
fining trend is expressed as changes in the relative proportions of
the end members. The ratio EM1:EM2 decreases, whereas the pro-
portion of EM3 increases when going from the Oman continental
margin toward the Indus Fan. The “proximal-distal” fining trend
most likely represents the result of preferential settling of the
coarse fraction during eolian transport from the desert source.
EMI may thus be interpreted as proximal, relatively coarse-grained
eolian dust, and EM?2 as distal, relatively fine-grained eolian dust.
These end members thus represent the “beginning” and “end” of a
depositional process (cf. Syvitski, 1991).

The Pleistocene channel-levee sediments of the middle Indus
Fan (NIOP489) are dominated by contributions of EM3 muds that
were deposited at high rates (30 g/cmZ/k.y.). Mineralogy and
chemical composition of the turbidite muds are identical to those
of sediments obtained from the Indus Canyon, indicating that the
dominant source of the terrigenous fraction is the Indus River
(M. A. Prins, unpublished data). Turbidity currents supplied huge
amounts of river-derived sediments through the Indus Canyon,
which were eventually deposited on the middle Indus Fan within
the main sediment depocenters (Kolla and Coumes, 1987; Kenyon
etal., 1995). The finest fractions are deposited out of the low-density
low-velocity “tails” of the turbidity currents within and well outside
the main depocenters of the river-derived silts and sands. In view
of the location of core NIOP489, we conclude that EM3 represents
fluvial mud supplied by the Indus River and deposited out of low-
density turbidity currents. The EM3 muds deposited on the conti-
nental slope and upper Indus Fan, west of the Indus Canyon,
probably are derived from the Pakistan shelf area. These muds may
have been supplied across the shelf directly by the Indus River,
most likely during flooding or as wave-induced sediment resus-
pension clouds. Re-suspension of shelf muds is probably also the
most likely process of dispersal of the EM3 muds in the western
Arabian Sea where river input is insignificant.

In summary, sediments obtained from the western Arabian Sea
are essentially mixtures of coarse- and fine-grained eolian dust
(EM1 and EM2), whereas sediments from the northern Arabian
Sea essentially are mixtures of fine-grained eolian dust and fluvial
mud (EM2 and EM3). The presence of multiple grain-size trends
in the same basin fill clearly indicates that temporal variations in
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grain size must be interpreted with great care. The mixing structure
of the Arabian Sea sediments suggests that paleoclimatic information
may be extracted from the grain-size records as follows. The ratio
EM1:EM2 indicates the grain size of the eolian dust, and there-
fore may be used as a proxy for changes in paleowind speed. The
ratio (EM1 + EM2):EM3 indicates the relative importance of the
mode of sediment transport during time of deposition; i.e.,
eolian transport vs. low-density turbidity transport. The input of
eolian dust increases during periods with an arid continental
climate, whereas the input of fluvial mud increases during periods
with a humid continental climate. Consequently, changes in the
ratio (EM1 + EM2):EM3 may be used as a proxy for changes in
continental aridity.

Comparison of Records from the upper Indus Fan and Owen Ridge

Sediment flux.—

Temporal changes in the flux and composition of sediments from
the western and northern Arabian Sea are illustrated for two sediment
cores: NIOP458 from the upper Indus Fan and NIOP492 from the
Owen Ridge. The Neogloboguadrina dutertrei 3180 records of cores
NIOP458 and NIOP492 were correlated with the 8180 record of core
NIOP464 to convert depth into age (Figure 12). This correlation
shows that the sedimentary records in core NIOP492 and NIOP458

Grain size (um)

span the last 186 k.y. (isotopic stages 1-6) and 208 k.y. (isotopic
stages 1-6, and part of isotopic stage 7).

The carbonate records of cores NIOP458 and NIOP492 show
some marked differences. The carbonate content in core NIOP458
ranges between 9 and 50 wt.% (Figure 13A), whereas in core
NIOP492 the carbonate content ranges between 45 and 75 wt.%
(Figure 13B). The carbonate content on the Owen Ridge (NIOP492)
tends to be highest during the interglacial stages (1, 3, 5). A good
anticorrelation between magnetic susceptibility and carbonate
content can be observed in core NIOP492, whereas in core
NIOP458 this correlation is less clear.

In this study, the contribution of terrigenous material to the sedi-
ment was simply taken as total mass minus carbonate mass. This
method underestimates the proportion of terrigenous material in the
presence of detrital carbonate, and overestimates the proportion of
terrigenous material in the presence of biogenic opal and organic
carbon. Sirocko et al. (1991) showed that the contribution of detri-
tal carbonates to the sediment close to the coast of Oman reaches
maxima of greater than 10%, but rapidly decreases basinward. The
average contribution of detrital carbonates to the sediment is esti-
mated as less than 5% in the region where cores NIOP458 and
NIOP492 were obtained. According to Murray and Prell (1991),
opal and organic carbon are only minor components of the Owen
Ridge sediments. Organic carbon content ranges from 0.4 to 2.0%.

NIOP458 NIOP492
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FiG. 13.—Time series of 8180 (N. (A) NIOP458
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Opal content ranges from 0.5 to 2.5%, with distinct maxima occur-
ring in interglacials. SEM (scanning electron microscope) inspec-
tion of selected grain-size fractions of samples from NIOP492
showed that the bulk of the biogenic opal is confined to the sand
fraction (>63 um). In core NIOP458, the organic carbon content
ranges between 0.2 and 2.3% (G. J. Reichart, 1997, personal
communication), and SEM inspection shows that the opal content is
insignificant. All of these observations indicate that our approximation
of the terrigenous contribution is reasonably accurate.

Total linear sedimentation rates (LSR) (in cm/k.y.) and total mass
accumulation rates (total MAR) (in g/cm?2/k.y.) are highest during
glacials at both sites. The same holds for the carbonate MAR and sili-
ciclastic MAR. Although the carbonate MAR are about equal at both
sites throughout the studied time period, the siliciclastic MAR is
about three times higher at site NIOP458 when compared with the
values recorded at site NIOP492. Hence, the carbonate content may
be interpreted as a dilution signal (cf. Shimmield et al., 1990), rather
than an indicator of dissolution or changes in surface productivity.

Median grain size.—

Time series of the median grain size of cores NIOP458 and
NIOP492 are shown in Figure 14. In core NIOP458, an almost per-

Susceptibility
(uSI)

CaCO;g
(wt.%)

LSR (cm/k.y)  Carbonate MAR Siliciclastic MAR
total MAR (g/cm?/k.y) (g/cm?/k.y) (g/cm?/k.y)

fect positive correlation between the median grain size and the 5180
records is observed, indicating relatively fine-grained mud deposition
during interglacial stages (1, 3, 5, 7) and relatively coarse-grained
mud deposition during glacial stages (2, 4, 6). Within stage 5, even
the substages are expressed in the grain size record (substages 5.1,
5.3, and 5.5 are relatively fine grained). The opposite is observed in
the record of core NIOP492, which shows an almost perfect negative
correlation between the median grain size and the 8180 curves. The
glacials are characterized by deposition of relatively fine-grained
muds, while during interglacials relatively coarse-grained muds are
deposited. The changes in grain size during the substages of isotopic
stage 5 are clearly visible.

Relative end-member contributions.—

In core NIOP458 (Figure 15A), the relative contributions of
EMI1 tend to be highest (up to 24%) during glacials and lowest
(down to 0%) during interglacials. The relative contributions of
EM2 show a similar pattern of relative contributions that vary
between 17 and 65%. Consequently, the relative contributions of
EM3 (26-78%) are highest during interglacials. The proportional
contributions of EM1 to the sediment at site NIOP492 (Figure
15B) reach values up to 46% during interglacial stages 1, 3, and 5



FIG. 14.—Variations in median silici-
clastic grain size in cores NIOP458 and
NIOP492 compared with climate change
as indicated by the 8180 (N. dutertrei)
records.

FIG. 15.—Variations in relative
abundances of end members compared
with climate change as indicated by the
8180 (N. dutertrei) records. (A) Core
NIOP458. (B) Core NIOP492.
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(substages 5.1, 5.3, and 5.5). They are smallest during glacials
and substages 5.2 and 5.4. The relative abundances of EM2 and
EM3 in core NIOP492 are highest during glacials. Between 30
and 78% of the siliciclastic fraction of the sediment consists of
EM2, while EM3 ranges between 15 and 41%.

A comparison of the coarse-grained eolian dust (EM1) records
of the western and northern Arabian Sea reveals a negative correla-
tion. The same applies to the fluvial mud (EM3) records of both
areas; however, the fine-grained eolian dust (EM2) records show a
strong positive correlation. The remarkable difference between the
median-grain-size records of the two sites can now be fully
explained in terms of different sediment supply mechanisms.
Grain-size distributions on the upper Indus Fan (NIOP458) mainly
reflect mixing of eolian dust and fluvial mud in varying propor-
tions. At this locality, the median grain size may be used as a proxy
for changes in continental aridity. Variations in median grain size
on the Owen Ridge (NIOP492) are mainly controlled by the rela-
tive abundances of the two eolian dust end members. At this local-
ity, the median grain size may be used as a proxy for paleowind
strength (although the arithmetic mean is a much more sensitive
measure for this particular purpose).

End-member ratios: proxies for continental aridity and wind strength.—

The use of the end-member ratios EM1:EM2 and (EM1 + EM2):
EM3 as paleoclimate proxies is illustrated in Figure 16. Confidence
regions of the population means of glacial (stages 24, 6) and inter-
glacial (stages 1, 5, 7) sediments have been plotted separately for
cores NIOP492 and NIOP458 in ternary diagrams. The subdivision
into glacial and interglacial stages highlights the most important
compositional variation in the terrigenous sediment records. In both
cores, the interglacial population differs significantly from the gla-
cial population at a 99% confidence level because these regions do
not overlap one another.

Lines drawn from the EM3 vertex of the ternary diagram toward
the opposite side of the diagram represent compositions with equal
EMI:EM2 ratios. Likewise, compositions with equal (EM1 + EM2):
EM3 ratios are located on lines parallel to the upper left edge of
the diagram. Such lines have been drawn through the population
means of the interglacial and glacial samples to illustrate the tem-
poral differences of the ratios at both coring sites.

Changes in EM1:EM2 ratio between glacial and interglacials
portray differences in paleowind speed over time, denoted by AWS
in Figure 16. At site NIOP492, the highest EM1:EM2 ratios are
recorded during interglacial periods. In contrast, at site NIOP458
the highest EM1:EM2 ratios are recorded during glacial periods.
Differences in continental aridity between glacials and interglacials
are shown as changes in (EM1 + EM2):EM3 ratio, denoted by ACA
in Figure 16. High (EM1 + EM2):EM3 ratios are recorded during
glacials stages at site NIOP458 indicating increased continental
aridity during glacial times. At site NIOP492, the differences in the
(EM1 + EM2):EM3 ratios between the glacial and interglacial
periods are not significant.

An alternative indicator for paleowind speed may be obtained by
calculating the grain-size distribution of eolian dust by subtracting
the proportion of fluvial mud (EM3) from the observed grain-size
distributions of the total terrigenous fraction. This approach circum-
vents possible discrepancies between data and model (Figure 7C) by
operating directly on the raw data. The eolian dust grain-size record
of core NIOP492 (Figure 17A) shows high-frequency variations with
sharp peaks, indicating intensified wind speeds, during the interstadi-
als and interglacial stages 1, 3, 5.1, 5.3, and 5.5. In contrast, within
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FiG. 16.—Ratios of end-member contributions as proxies for variation in wind
strength (AWS) and continental aridity (ACA), illustrated by plotting the confi-
dence regions (90-95-99%) of glacial (G) and interglacial (I) population means.
(A) EM1:EM2 ratios in NIOP492 indicate stronger summer monsoons during
interglacials. (B) EM1:EM2 ratios in NIOP458 indicate stronger winter monsoons
during glacials. (EM1 + EM2):EM3 ratios in NIOP458 indicate increased continental
aridity during glacials.

core NIOP458, small eolian dust grain sizes (Figure 17B) indicate
weak dust-transporting winds during the interstadials and interglacial
stages 1, 3, 5.1, 5.3, 5.5, and 7. The detailed NIOP458 record of the
log-ratio (EM1 + EM2):EM3 is shown in Figure 17C. The observed
high-frequency variation in this record, portraying variations in conti-
nental aridity on the Pakistan-Indian peninsula, correlates in detail
with the variations observed in the 3180 record of core NIOP458
(Figure 17D). Variations in continental aridity are associated with
glacial-interglacial cycles.



END-MEMBER MODELING OF SILICICLASTIC GRAIN-SIZE DISTRIBUTIONS

107

Fic. 17.—Late Quaternary recon- ( A)
struction of variations in Arabian Sea 24
monsoon climate. (A) Summer monsoon %) strong
strength indicated by the eolian grain-size (0} 22+
record of NIOP492. (B) Winter monsoon [a\ 204 *
strength indicated by the eolian grain-size % 8 i - SW
record of NIOP458. (C) Continental arid- G £ € 18 monsoon
ity indicated by log(EM1 + EM)EM3) Q9 = 46 strength
record of NIOP458. (D) “Global climate” =z g
indicated by 8180 (N. dutertrei) record of 8 144 weak
NIOP458. 12
(B)
17
%) 164 strong
S
o C 15
=g - NE monsoon
aeE 14
OE= strength
= C~— 131
zZs ¢
© 12
) weak
11
o (C)
c'E) -0.6 Tp—
umi
L -0.44 *
od  -0.2- .
Q= o Continental
5 aridity
== 0.2
==
T oad ¥
= ari
g )
-1 ‘5_ . .
4.0 interglacial
R o -05] T
E o DD_ n : n
L2% 00 Global climate
= S 051
1.0 v
glacial
1 -5 TET 1 I Trrir1 l TT T 7T | TT 11T I P LT3 | TTrrirI I TT T 7T | TTrrr I TT T T
0 25 50 75 100 125 150 175 200 225
Age (k.y. BP)

The eolian dust grain-size records from the Owen Ridge
(NIOP492) and the upper Indus Fan (NIOP458) are inversely
correlated. This apparent contradiction may be resolved by
taking into account the characteristics of the present-day mon-
soon climate. The seasonal reversing atmospheric circulation
pattern causes differences in the timing of eolian dust supply
from the Arabian and Pakistan-Indian peninsulas that are the
main source areas for the eolian dust deposited at sites NIOP492
and NIOP458. In the western Arabian Sea, the bulk of the eolian
dust is deposited during the summer season (southwest mon-
soon), whereas in the northern Arabian Sea most of the eolian
dust from the Pakistan-Indian deserts is supplied during winter
(northeast monsoon). Taking this situation as a model for the
late Quaternary, our data indicate that the southwest monsoon
was stronger during interglacials (inferred from eolian dust
record site NIOP492) and the northeast monsoon was stronger
during glacials (inferred from eolian dust record site NIOP458).
The good correlation between the eolian dust grain-size record
of core NIOP492 and the (EM1 + EM2):EM3 record of core
NIOP458 suggests a link between past variations in southwest
monsoon intensity and continental aridity in the drainage basin
of the Indus River.

Improvements of End-Member Modeling Over Descriptive Statistics

End-member modeling of grain-size distributions allows the distinc-
tion of subpopulations present within a basin fill. Such subpopulations
may be related to different sediment sources or modes of transport (cf.
Syvitski, 1991). Comparison of the grain-size records (Figure 14)
from the Owen Ridge (NIOP492) and upper Indus Fan (NIOP458)
illustrates clearly that the results of grain-size analyses of deep-sea
sediments must be interpreted with great care. Variations in grain-size
distributions in basin fills thus cannot be summarized with simple
descriptive statistics such as the median or mean grain size if the objec-
tive of the study is to infer paleoclimate changes from the data.

The disadvantage of using descriptive statistics are illustrated for
the three-end-member model developed in this study. Contour lines
of mean and median grain size, sorting, and skewness (in ¢) have
been constructed in ternary diagrams for a range of mixtures of
EM1, EM2, and EM3 (Figure 18 A-D). As shown repeatedly in this
study, variations in median size (or in any of the other grain-size sta-
tistics) cannot be interpreted unequivocally unless the grain-size dis-
tributions of the end members are known. For instance, a sediment
with a mean grain size of 6.0 ¢ could be a mixture of 15% EMI and
85% EM2, or a mixture of 57% EMI1 and 43% EM3, or a mixture of
varying proportions of all three end members. Additional information
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Fic. 18.—Contour plots of descriptive ( A)
statistics (¢ units) projected onto mixing ——_—
space of the three-end-member model. grain size

(A) Mean grain size. (B) Skewness.
(C) Median grain size. (D) Sorting.
(E) Unique fingerprint is obtained by
combining median (heavy lines) and
sorting (dashed lines).
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about the grain-size distribution is needed besides the mean grain
size to fully characterize the sample. The location of each observa-
tion in the ternary mixing space can be uniquely defined by combin-
ing the median grain size and the sorting, as shown in Figure 18E;
however, without the existence of the three-end-member model,
these conclusions could not have been drawn.

DISCUSSION

Problems Associated with Proxies of Continental Aridity

The most widely used indicator of continental aridity is the flux of
eolian dust. The construction of an eolian dust MAR record requires
an age model of the sediment core, extraction of the terrigenous
component, and extraction of the eolian dust component from the
terrigenous component. The quality of the eolian dust flux record is
highly dependent on the accuracy of each of these steps.

Age models of marine sediment records are normally based on
the correlation of a limited number of age calibration points recog-
nized in the 8180 record with equivalent identifiable features on a
orbitally based chronostratigraphy, in most cases the standard
oxygen isotope records of Imbrie et al. (1984) or Martinson et al.
(1987). Because the age model is based on relatively few calibration
points, it produces only an approximate flux record. High-frequency
variations in sediment flux occurring between two calibration
points cannot be documented accurately.

In general, the distinction between the pelagic (eolian dust) and
the hemipelagic (fluvial mud) terrigenous components is the most
difficult and fundamental part of the problem associated with con-
structing eolian flux records. As shown in this study, end-member
modeling of grain-size distributions allows such a distinction to be
made, but the resulting eolian flux record still has limited use as a
paleoclimatic indicator of continental aridity because it fails to
capture high-frequency variations accurately.

The variations in weight percent of the terrigenous fraction
observed by Clemens and Prell (1990, 1991), Shimmield et al.
(1990), and Shimmield and Mowbray (1991) and the strong positive
correlation between the terrigenous weight percent and magnetic
susceptibility of sediments deposited on the Owen Ridge (Clemens

and Prell, 1991) agree well with our observations on core NIOP492
(Figure 13B). Clemens and Prell (1991) suggested that the strong
positive correlation between the terrigenous weight percent and
magnetic susceptibility could be used to establish a terrigenous
MAR. Under the assumption that the terrigenous fraction is of
exclusive eolian origin, they proposed to use magnetic susceptibility
as a high-resolution proxy for continental aridity; however, the
terrigenous weight percent and magnetic susceptibility are both
dependent on the ratio of carbonate and terrigenous MARs, which
implies that they cannot be used as indicators of continental aridity.

Within core NIOP458 we see a relatively poor fit between terrige-
nous weight percent and magnetic susceptibility (Figure 13A). The
poor fit may be attributed to early diagenetic processes that affected
the redox stability of iron-bearing minerals and changed the magnetic
properties of the sediment (Karlin and Levi, 1983). The alteration of
the magnetic susceptibility records of sediment cores obtained from
the oxygen-minimum zone off Pakistan and from the Murray Ridge
has been related to oxidation of organic matter within these sediments
(Reichart et al., 1994, 1997). Multiple terrigenous sources can further
complicate the interpretation of the susceptibility signal. Especially
when the input of hemipelagic mud is important, as in core NIOP458,
both terrigenous weight percent and magnetic susceptibility lose their
usefulness as indicators of continental aridity.

Linking Arabian Deep-Sea Records with
Continental Records of the Chinese Loess Plateau

Several studies have suggested that the loess-paleosol sequences on
the Loess Plateau of central China can be viewed as a proxy record of
variations in Asian monsoon climate. The intensity of pedogenesis on
the Loess Plateau is linked to summer monsoon precipitation. During
pedogenesis, ultrafine-grained magnetite which is a highly suscepti-
ble mineral, is produced. The magnetic susceptibility of the loess-
paleosol sequence thus is regarded as a proxy of summer monsoon
strength (An et al., 1991). Several grain-size parameters of the loess
have been used to reconstruct variations in strength of winter mon-
soon winds that were responsible for most of the dust transport (e.g.,
Ding et al., 1995; Porter and An, 1995; Xiao et al., 1995). Xiao et al.
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(1995) concluded that winter monsoon strength, in general, is
inversely related to the summer monsoon strength. On the Loess
Plateau the summer monsoon intensified during stages 1, 3, 5, and 7
(An et al., 1991; Maher and Thompson, 1992), whereas the winter
monsoon was strongest during stages 2, 4, and 6 (Xiao et al., 1995).

Clemens and Prell (1990) argued that the western Arabian Sea
(Owen Ridge) lithogenic MAR record from core RC27-61 (dust
source aridity indicator) and the magnetic susceptibility record
from the Loess Plateau correlate well, from which they concluded
the existence of a common aridity forcing mechanism. Maher and
Thompson (1992) found only a general correspondence between
the loess magnetic susceptibility record and their own lithogenic
mass accumulation record at ODP site 722 (Owen Ridge). The dis-
crepancy between the two records was explained by the fact that
loess susceptibility records primarily reflect pedogenesis (forma-
tion of secondary magnetite), and to a much lesser extent the accu-
mulation rate of the loess. In addition, they discussed the intrinsic
problems of estimating accumulation rates of eolian dust in deep-
sea cores. We fully support their conclusions. The problems associ-
ated with estimating accumulation rates have been discussed. The
mass accumulation record presented by Clemens and Prell (1990)
is difficult to interpret because they did not distinguish between
eolian and hemipelagic sediments. The possible error associated
with the assumption that the sediment is of exclusive eolian origin
potentially refutes any correlation, as shown in this study.

The present-day monsoon precipitation on the Indian subcontinent
and the associated continental runoff and sediment discharge by the
Indus River are largely confined to the summer season (Beg, 1977;
Nair et al., 1989), and therefore are coupled with the southwest mon-
soon. Based on this scenario, we propose that the (EM1 + EM2):EM3
ratio in core NIOP458, which depicts the relative importance of
eolian dust transport with respect to lutite flow transport on the upper
Indus Fan, may be used as an indicator of southwest monsoon inten-
sity and thus also of continental runoff. The good correlation between
the eolian grain-size record in core NIOP492 (Figure 17A), which can
be related only to southwest monsoon strength, and the (EM1 +
EM2):EM3 ratio of core NIOP458 (Figure 17C) supports this idea.

The (EM1 + EM2):EM3 ratio in core NIOP458 shows an excellent
correlation with the oxygen isotope curve (compare Figure 17C and
D), which allows us to infer that the late Quaternary history of conti-
nental runoff and summer monsoon intensity closely mimics the
global oxygen isotope record of Imbrie et al. (1984). Maher and
Thompson (1992) showed that the record of loess susceptibility
closely fits the global oxygen isotope record of Imbrie et al. (1984).
The late Quaternary history of pedogenesis and summer monsoon
intensity on the Loess Plateau thus mimics the history of summer
monsoon intensity in the area around the Arabian Sea. This suggests a
physical connection between the regional summer monsoon patterns
of the Arabian Sea and the Chinese Loess Plateau; i.e., the common
aridity forcing mechanism postulated by Clemens and Prell (1990).

A physical connection between the regional winter monsoon
patterns also can be established. The variations in northeast mon-
soon intensity, inferred from the eolian dust grain-size record of
core NIOP458 (Figure 17B), indicate intensification of the winter
monsoons during the glacial periods. This interpretation matches
the conclusions of Xiao et al. (1995) with respect to intensity of the
winter monsoon on the Loess Plateau. Additional support for
intensified winter monsoons during the last glacial is provided by
Duplessy (1982) on the basis of differences between the 8180 ratios
of planktonic foraminifera deposited during the last glacial maximum
(18 k.y. BP) and the Holocene in the northern Indian Ocean.
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In conclusion, our reconstruction of the late Quaternary mon-
soon climate, inferred from the grain-size distribution data of Ara-
bian Sea sediments, corresponds well with paleoclimate
reconstructions based on analysis of loess-paleosol sequences on
the Loess Plateau of central China.

CONCLUSIONS

1. Detailed analysis of grain-size distributions in combination
with the application of the end-member modeling algorithm
allows the distinction of climate-induced changes of sediment-
supply patterns in deep-marine depositional environments.

2. The siliciclastic fractions of the 1102 pelagic and hemipelagic
mud samples from the western, northern, and central Arabian
Sea are adequately described as mixtures of three end mem-
bers. End-member modeling of grain-size distributions allows
the distinction among coarse-grained eolian dust, fine-grained
eolian dust, and fluvial mud.

3. The median grain-size records from the upper Indus Fan and
the Owen Ridge are inversely correlated, reflecting contrasting
sedimentation patterns in the two areas. Deposition on the
Owen Ridge records selective transport and deposition of mate-
rials from a single source, whereas deposition on the upper
Indus Fan records physical mixing of materials from two
different sources (fluvial mud and eolian dust).

4. The grain-size distribution of eolian dust is calculated by sub-
tracting the modeled contribution of the fluvial-mud end member
from the grain-size distribution of the entire siliciclastic fraction.

5. The grain size of eolian dust is a high-resolution paleoclimatic
indicator of wind strength.

6. Summer monsoon intensity is inversely correlated with
winter monsoon intensity; an intensified southwest monsoon
is recorded on the Owen Ridge during interglacials, whereas
an intensified northeast monsoon is recorded on the upper
Indus Fan during glacials.

7. The ratio of eolian and fluvial contributions in sediments of the
upper Indus Fan is a high-resolution paleoclimatic indicator of
continental aridity, which closely matches the marine oxygen
isotope record. Increased continental aridity is recorded
throughout the Arabian Sea during glacials.

8. The reconstructed variations in the Arabian Sea monsoon cli-
mate, inferred from grain-size distribution data, correlate well
with the paleoclimate records of the Loess Plateau in central
China. Physical connections between regional summer and
winter monsoon patterns are established.
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