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Abstract

Atmospheric dust is an important feedback in the climate system, potentially affecting the radiative balance and chemical
composition of the atmosphere and providing nutrients to terrestrial and marine ecosystems. Yet the potential impact of dust
on the climate system, both in the anthropogenically disturbed future and the naturally varying past, remains to be
quantified. The geologic record of dust provides the opportunity to test earth system models designed to simulate dust.

Ž .Records of dust can be obtained from ice cores, marine sediments, and terrestrial loess deposits. Although rarely
Ž .unequivocal, these records document a variety of processes source, transport and deposition in the dust cycle, stored in

each archive as changes in clay mineralogy, isotopes, grain size, and concentration of terrigenous materials. Although the
extraction of information from each type of archive is slightly different, the basic controls on these dust indicators are the

Ž . Ž .same. Changes in the dust flux and particle size might be controlled by a combination of a source area extent, b dust
Ž . Ž . Ž .emission efficiency wind speed and atmospheric transport, c atmospheric residence time of dust, andror d relative

Ž .contributions of dry settling and rainout of dust. Similarly, changes in mineralogy reflect a source area mineralogy and
Ž .weathering and b shifts in atmospheric transport. The combination of these geological data with process-based,

forward-modelling schemes in global earth system models provides an excellent means of achieving a comprehensive picture
of the global pattern of dust accumulation rates, their controlling mechanisms, and how those mechanisms may vary

Ž .regionally. The Dust Indicators and Records of Terrestrial and MArine Palaeoenvironments DIRTMAP data base has been
established to provide a global palaeoenvironmental data set that can be used to validate earth system model simulations of
the dust cycle over the past 150,000 years. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction: why is dust important?

ŽThe concentration of dust in the atmosphere i.e.
.the atmospheric dust loading influences the climate

system through affecting radiative forcing, through
chemical reactions with other atmospheric con-
stituents, and through acting as a source of nutrients

) Corresponding author. Fax: q49-3641-643-775.
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Žto biological systems Rahn et al., 1979; Swap et al.,
1992; Duce, 1995; Lacis and Mishenko, 1995; Den-
tener et al., 1996; Li-Jones and Prospero, 1998;
Zhang and Carmichael, 1999; Harrison et al., in

.press . Although the role of dust in the climate
system is poorly understood in quantitative terms, it
is clear that changes in atmospheric dust loading
could potentially have a significant impact on future

Žclimate changes Andreae, 1995; Tegen and Fung,
.1995; Tegen et al., 1996; Shine and Foster, 1999 .
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Thus, the role of dust in climate change has become
a major focus of earth system modelling research
Žsee e.g. Sokolik and Toon, 1996, 1999; Tegen et al.,
1996; Tegen and Lacis, 1996; Andersen et al., 1998;
Miller and Tegen, 1998, 1999; Mahowald et al.,

.1999; Reader et al., 1999 .
Because dust is highly variable in space and time,

and quantitative data on global dust distributions are
not available, the climate impact of dust aerosols is
usually estimated using dust distributions derived
from global transport models. Simulations of the
magnitude and spatial patterns of the atmospheric
dust loading under modern climate conditions are

Ževaluated using satellite data specifically measure-
ments of short-wave spectral reflectance, e.g. King et

.al., 1999 . Simulated dust deposition rates can be
similarly evaluated using modern surface sediment

Ž .trap data e.g. Ratmeyer et al., 1999 . Despite a
number of problems in the interpretation of these

Ž .data see e.g. Tegen and Miller, 1998 , comparisons
of simulations of the modern dust cycle show that
atmospheric tracer transport models coupled with
atmospheric general circulation models are capable
of reproducing the first-order patterns of dust trans-
port and deposition under modern climate conditions

Žreasonably well Wefers and Jaenicke, 1990; Gen-
thon, 1992; Tegen et al., 1996; Mahowald et al.,

.1999 . However, evaluation under modern climate
conditions is not sufficient to show that the current
generation of dust-cycle models is capable of cor-
rectly simulating the impact of changing dust load-
ings on future climates. Comparisons of the climate
simulated by a range of different atmospheric gen-

Ž .eral circulation models AGCMs under radically
different conditions in the past, made as part of the
Palaeoclimate Modelling Intercomparison Project
Ž .PMIP; Joussaume and Taylor, 1995 , with palaeo-
climate observations show that the models that are
best at reproducing the modern climate are not nec-
essarily the best at reproducing changed climates
ŽHarrison et al., 1998; Joussaume et al., 1999;

.Kageyama et al., 1999; Pinot et al., 1999 . The
concept that the performance of earth system models
under both modern and palaeoclimate conditions
should be compared with observational evidence is
now widely accepted as fundamental to the strategy

Žfor evaluation of earth system models Kutzbach and
.Webb, 1993; Kohfeld and Harrison, 2000 .

The past provides many opportunities to evaluate
dust-cycle models under radically different condi-
tions from today, and global Quaternary records of
dust suggest that different climatic periods are ac-

Žcompanied by a large variation in dust fluxes Fig.
.1 . Ice core records from Greenland and Antarctica,

spanning several climatic cycles, show that aeolian

Ž .Fig. 1. Quaternary changes in aeolian accumulation rates from a
Ž . Ž .the Chinese Loess Plateau Ding et al., 1994 , b a marine

Žsediment record of V21-146 in the Pacific Ocean Hovan et al.,
. Ž . Ž .1991 , and c the Vostok ice core Petit et al., 1990 . Grey shaded

regions represent the cold, glacial Marine Isotope Stages. Al-
though records from all three sources show a similar pattern, with
increased dust loadings during glacial stages, the absolute magni-
tudes of dust accumulation decrease by more than an order of
magnitude between terrestrial and marine, and marine and polar
ice core sites.
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deposition rates at high latitudes were as much as 20
times greater during glacial than interglacial periods
ŽPetit et al., 1981, 1990, 1999; Hammer et al., 1985;

.Taylor et al., 1993; Steffensen, 1997 . Marine and
terrestrial records from the last glacial maximum
Ž .LGM, ca. 21,000 calendar year B.P. imply that the
increase in atmospheric dust loading was not spa-
tially uniform or ubiquitous, but increased dust depo-
sition rates at the LGM of up to 10 times more than
present downwind of major source areas resulted in a
much dustier state globally. On shorter time scales,
the ice core records suggest that variations in the
atmospheric burden of dust may have been even

Žlarger than the glacial–interglacial changes Steffen-
.sen, 1997; Fuhrer et al., 1999 . For example, the

transition between the BollingrAllerod and Younger¨ ¨
Ž .Dryas periods ca. 13,000 calendar year B.P. was

marked by a rapid shift in dust deposition with
significant increases at both poles. Dust concentra-
tions in the Greenland ice core within the cold stages

Ž .show short-term annual to decadal fluctuations that
are up to two orders of magnitude greater than levels

Žrecorded in Holocene ice Steffensen, 1997; Fuhrer
.et al., 1999 . The cause and implications of these

rapid variations in atmospheric dust loading are still
not known, but can be investigated using models.

In order to use geologic data for the evaluation of
earth system models, including dust cycle models,
the data must be made available to the modelling
community in a useful form. Ideally, the geologic
data should be available as a spatially extensive data
set, where the data at individual sites are expressed
in a form that is directly comparable with the

Ž . Ž .output s of the model Kohfeld and Harrison, 2000 .
There is a number of global palaeoclimate data bases
available for the evaluation of various aspects of

Žearth system models e.g. BIOME 6000, Prentice
and Webb, 1998; the Global Lake Status Data Base,

.Qin et al., 1998; Kohfeld and Harrison, 2000 . The
purpose of this paper is to present the Dust Indica-
tors and Records of Terrestrial and Marine Paleoen-

Ž .vironments DIRTMAP data base, which has been
specifically designed to provide data relevant to the
palaeo-dust cycle. We begin by discussing the kinds
of information provided by the different geologic
archives of dust, before showing how these records
are preserved and transformed in the DIRTMAP data

Ž .base. We illustrate how DIRTMAP can be used a

to document the state of the dust cycle at key times
Ž .in the past and b for model evaluation. Finally, we

conclude by considering how future improvements to
DIRTMAP could be used to improve our understand-
ing of both the record and role of dust in the past.

2. What information does the geologic record of
dust provide?

Models of the dust cycle simulate the processes
by which dust is generated in source regions, lifted
from the surface into the atmosphere, transported by

Žwinds, and then deposited either by settling dry
. Ž .deposition or by being washed out wet deposition

Ž .of the atmosphere see Harrison et al., this volume .
Ideally, data are required to evaluate how well the
model simulates each process. Thus data are required
that provide information on the location and extent
of dust sources, the magnitude of dust emissions, the
pathways of dust transport, and the location and
magnitude of dust deposition. Although the geologi-
cal archives of dust cannot provide all of this infor-
mation, they do provide a remarkable amount of
information about different aspects of the dust cycle.

Ž .Here, we describe a the different ways in which
different processes are documented within the geo-

Ž .logical record and b how information can be ex-
tracted from each type of archive using several tech-
niques and tracers, including mineralogy, isotopes,
grain size, and concentration of terrigenous materi-
als.

2.1. Ice cores

The continental particulate material deposited on
ice sheets is derived by atmospheric transport, and is
thus of purely aeolian origin. Of all the dust archives,
ice cores are therefore the most straightforward to
interpret and can provide useful records of dust
deposition from regions that are currently ice-covered
Ž .Table 1 . The total amount of dust present in the
core provides a record of dust deposition rates
through time. The mineralogy, chemistry and iso-
topic composition of the particulate matter can be
used to identify the source areas from which the
aeolian material is derived or to reconstruct the
atmospheric circulation regime during deposition.
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Table 1
Ice cores containing published dust measurements

Ž .Site Latitude Longitude Measurement Time span ka References
type

Ž .Camp Century, Greenland 778N 618W C 0.63–112 Cragin et al. 1977M
Ž .C 0–26 Thompson and Mosley-Thompson 1981N

Ž .PS 0–26 Thompson 1977
Ž .GC 0.63–112 Cragin et al. 1977

Ž .Crete, Greenland 718N 378W C 0–0.05 Hammer 1977ˆ N
Ž .C 0–0.1 Steffensen 1988M
Ž .GC 0–0.1 Steffensen 1988

Ž .Dye 3, Greenland 658N 448W C 0–0.4 Hammer et al. 1985M
Ž .C 0–0.4 Hammer 1977N
Ž .PS 0–0.4 Steffensen 1995

Ž .Renland, Greenland 718N 278W C 0–120 Hansson 1994M,
Ž .GC 0–120 Hansson 1994
Ž .GRIP, Summit, Greenland 738N 388W C 0–120 Steffensen 1997M

Ž .C snowpit Steffensen et al. 1996N
Ž .PS 0–120 Steffensen 1997

Ž .MIN 0–135 Maggi 1997
Ž .GC 8–100; 115–130; Fuhrer et al. 1993, 1999 and

Ž .snowpit Steffensen et al. 1996, 1997
Ž .GISP2, Summit, Greenland 738N 388W C C 10.5–14.0 Zielinski and Mershon 1997N, M
Ž .PS 10.5–14.0 Zielinski and Mershon 1997

Ž .MIN 23.34–26.18 Biscaye et al. 1997
Ž .ISO 23.34–26.18 Biscaye et al. 1997
Ž .GC 0–110 Mayewski et al. 1997

Ž .Milcent, Greenland 708N 448W C 0–0.05 Hammer 1977N
Ž .Byrd, Antarctica 808S 1208W C 2.5–90 Cragin et al. 1977M

Ž .C 0–26 Thompson and Mosley-Thompson 1981N
Ž .GC 2.5–90 Cragin et al. 1977

Ž .Dome C, Antarctica 758S 1248E C 0–30 Petit et al. 1981 andM
Ž .Royer et al. 1983

Ž .C 0–30 Petit et al. 1981 , Thompson andN
Ž .Mosley-Thompson 1981 and

Ž .Royer et al. 1983
Ž .PS 0–30 Thompson and Mosley-Thompson 1981

Ž .MIN 0–30 Gaudichet et al. 1986, 1992
Ž .ISO 0–30 Grousset et al. 1992a and

Ž .s Basile et al. 1997
Ž .Vostok, Antarctica 788S 1078E C 0–400 Petit et al. 1981, 1990, 1999 andM

Ž .De Angelis et al. 1984
Ž .MIN 0–150 Gaudichet et al. 1988, 1992

Ž .ISO 18, 60, 160 Basile et al. 1997
Ž .PS 0–50 De Angelis et al. 1984
Ž .GC 0–50 De Angelis et al. 1984

Ž .Siple Station, Antarctica 768S 848W C 0–0.55 Mosley-Thompson et al. 1990N
Ž .Penny Ice Cap, Canada 678N 668W C , C , PS 0–11.55 Zdanowicz et al. 2000N M

Ž .Devon Island, Canada 758N 828W C 0–120 Fisher 1979N
Ž .Dunde, China 388N 978E C 0–35.5 Thompson et al. 1989N
Ž .Guliya, China 358N 818E C , GC 0–132 Thompson et al. 1997N
Ž .Huascaran, Peru 98S 788W C 0–25 Thompson et al. 1995` N
Ž .Sajama, Bolivia 188S 698W C , PS 0–25 Thompson et al. 1989N

Ž .Dasuopu Glacier, China 288N 858E C , GC 0–0.02 Thompson 2000N

Types of analysis: C sMass concentrations of insoluble particles; C sNumber concentrations of insoluble particles; ISOsRadiogenicM N
Ž .isotope fingerprinting; MINsClay Mineralogy; GCsGlacio-chemistry Ca, Mg, Na, K, NH , SO , NO , and Cl ; PSsParticle Size.4 4 3
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Changes in the grain size of the particulate matter
can be interpreted as an indicator of changes in
source area proximity, wind strength andror changes
in the type of deposition processes.

ŽChanges in the total amount of dust i.e. the dust
.concentration in the ice cores provide the most

direct measure of changes in atmospheric dust load-
ing through time. Changes in the dust concentration
are derived in two ways. In the first approach,
changes in the flux of aeolian material to the ice core
are estimated by combining measurements of the
dust particle concentration with ice accumulation

Ž .rates e.g. Petit et al., 1981 . The dust flux estimate
is sensitive to the accuracy of the estimation of

Žchanges in ice accumulation rate Mahowald et al.,
.1999 . The second approach assumes that changes in

Ca2q concentration within the ice cores directly
Žreflect the overlying atmospheric dust loading e.g.

.Alley et al., 1995; Mayewski et al., 1997 . However,
the concentration of Ca2q within the ice is affected
by changes in the relative fractions of dust removed

Ž .by rainout and dry settling Alley et al., 1995 ,
which in turn is affected by the changes in local
precipitation rates. Furthermore, recent studies have
suggested that the relationship between the amount
of dust removed by precipitation and precipitation

Ž .rate is highly variable Davidson et al., 1996 .
The mineralogy, chemistry and isotopic composi-

tion of the particulate matter can be used to identify
the source areas from which the aeolian material is
derived. The approach is based on characterising the
mineralogical, chemical or isotopic AfingerprintsB of
potential source areas, and matching them to the
observed mineral, chemical, andror isotope compo-

Žsition of the particulate matter in the ice cores e.g.
Gaudichet et al., 1988, 1992; Grousset et al., 1992a;
Fuhrer et al., 1996; Basile et al., 1997; Biscaye et al.,

.1997; Maggi, 1997; Steffensen et al., 1997 . Since
the mineral matter reaching the ice cores is ex-

Ž .tremely fine-grained -6 mm, Steffensen, 1997 ,
mineralogical characterisation relies heavily on the
characterisation of a suite of clay minerals, relative

Žabundance of clay minerals e.g. kaoliniterillite ra-
. Ž .tios , or the presence of rare earth elements REE

that can be compared with that of potential source
Žareas Gaudichet et al., 1986, 1988; Biscaye et al.,
.1997 . Chemical characterisation is generally based

on measurement of the major chemical species found

Žin glacial ice and snow e.g. sodium, potassium,
ammonium, calcium, magnesium, sulphate, nitrate,

.and chloride . These chemical species can be intro-
duced to the atmosphere as primary aerosols, such as

Žsea salt sodium, chloride, and to a lesser extent
.magnesium, calcium, sulphate, and potassium or

Žcontinental dust magnesium, calcium, carbonate,
. Žsulphate, and aluminosilicates e.g. Delmas and

Legrand, 1989; Shaw, 1989; Whitlow et al., 1992;
Legrand and Mayewski, 1997; Mayewski et al.,

.1997 . However, they can also be secondarily intro-
duced to the atmosphere via other sources including
oxidation pathways involving several atmospheric

Žtrace gases e.g. Legrand et al., 1993; Legrand and
.Mayewski, 1997 , making chemical data difficult to

interpret uniquely. Isotope fingerprinting has been
undertaken using radiogenic isotopes of rubidium,

Žstrontium, and neodymium Biscaye et al., 1974,
1997; Goldstein et al., 1984; Grousset et al., 1988,

.1992a; Basile et al., 1997 .
The mineral and chemical characteristics of source

areas are generally less regionally specific than the
radiogenic isotope fingerprint, but have been used,

Že.g. to rule out the Sahara characterised by high
Ž . .smectite and high kaoliniterchlorite KrC ratios as

a potential source for dust reaching the Greenland
Žice cores characterised by high illite, no smectite,

. Žand low KrC ratios during the LGM Biscaye et al.,
.1997 . Radiogenic isotope fingerprinting has been

used to identify the East Asian deserts as the most
likely source of dust in the Greenland ice core both

Žat the LGM and during the Holocene Biscaye et al.,
.1997; Svensson et al., 2000 . Similar studies have

established that the dust recorded in the Antarctic ice
cores during the LGM was probably derived from

Ž .Patagonia Grousset et al., 1992a; Basile et al., 1997 .
Once the source of dust reaching a specific core site
is established, the dust transport trajectory, and hence,
changes in atmospheric circulation regimes can be
inferred. In the case of the Greenland and Antarctic
records, for example, there does not appear to be any
indication that the LGM high-latitude circulation
regimes were different from today. The reliability of
mineralogical, chemical, or isotopic analyses to iden-
tify the sources of dust in ice cores clearly requires
the availability of measurements characterising all
potential source areas. Such studies of the isotope
composition of potential source areas have been
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Ž .carried out at relatively few sites Fig. 2 and so
there are still some uncertainties inherent in the
attribution technique. Nevertheless, those studies that
have been carried out demonstrate the importance of
establishing the mineralogical, chemical and isotopic
characteristics of dust both for establishing prove-
nance and for the reconstruction of atmospheric
transport patterns.

Fig. 2. Location of potential source areas of dust reaching the
polar ice cores that have been sampled for mineralogy and radio-

Ž .genic Nd, Sr, and Pb isotope analysis. Northern Hemisphere
Ž .sites Biscaye et al., 1997; Svensson et al., 2000 ; Southern

ŽHemisphere sites DePaolo et al., 1982; Grousset et al., 1992b;
.Basile et al., 1997 .

Ice core chemistry has been used to infer the
nature of the atmospheric circulation regime respon-
sible for bringing dust to the polar ice cores. Using

Ž .EOF analysis, Mayewski et al. 1994, 1997 have
demonstrated that 76% of the variability in measured

Žchemical species derived from both continental dust
.and marine aerosols can be explained by a single

factor. Arguing that the abundance of material reach-
ing the ice core is largely determined by the strength
of the polar circulation cell, they suggest that the
dominant EOF mode represents changes in size and
intensity of the polar circulation cell, with high
concentrations of chemical species occurring when
the polar cell is most intense. Although a useful first
step for understanding changes in dust transport to
the poles, the polar circulation cell encompasses
several potential source areas and processes, and
therefore, this analysis does not provide specific
evidence of what causes changes in dust character-
istics in the polar regions.

The grain size distribution of aeolian material in
ice cores is likely to be affected by the proximity of
the source, wind intensity during transport, and the

Žnature of the deposition process i.e. the relative
.importance of wet or dry deposition . The polar ice

cores are generally distant from potential source
regions and thus usually contain only the fine-grained
material reflecting long-distance transport of dust.
Studies have demonstrated that the particle size dis-
tribution of dust in polar ice cores shows relatively
small changes between climatic periods, in contrast
to the total dust content which varies by an order of

Žmagnitude over the same periods Steffensen, 1997;
.Zielinski and Mershon, 1997 . Dust within the

Ž .Greenland Ice Core Project GRIP ice core has a
log-normal particle size distribution between 0.4 and
2.0 mm, and the modal particle radius decreases
from 0.97–1.01 mm during the LGM to 0.87 mm

Ž .during the late Holocene Steffensen, 1997 . Simi-
larly, the mean diameter of dust in the GISP2 ice
core decreases from 1.25 mm during the Younger
Dryas period to 1.1 mm during the early Holocene
Ž .Zielinski and Mershon, 1997 . In both cases, the
small increases in grain size are correlated with
increases in dust deposition, suggesting that some
increase in wind intensity andror intensity of the
polar circulation cell may have accompanied in-
creased Northern Hemisphere aridity during cold
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Ž .climate periods Zielinski and Mershon, 1997 . The
Ždust deposited in Antarctica is also fine particle

radius size range 0.4–3.0 mm at Dome C and modal
.particle radiuss1–1.25 mm at Dome C and Vostok .

Glacial dust deposited in the Antarctic ice cores is
somewhat coarser than that characteristic of the
Holocene, with modal radii of approximately 1.5 mm

Žfor the glacial samples Thompson, 1977; Petit et al.,
.1981; De Angelis et al., 1984 . Given that isotope

Žfingerprinting suggests that the source region Pata-
.gonia did not change, these slight increases in grain

size with increasing dust volume may suggest that
winds were somewhat stronger during the LGM
compared to the Holocene.

Changes in particle size distribution of dust could
also reflect changes in the relative amounts of depo-
sition due to rainout and dry settling of particles. The
particle size distributions of dust deposited via dry
and wet deposition processes on the Australian conti-

Žnent are distinctly different Hesse and McTainsh,
.1999 . Dust deposited during rainfall events has a

Ž .bimodal distribution modal radii at 3 and 10.5 mm .
Particles deposited by dry settling at the same loca-

Ž .tion are coarser modal radii at 12–13 mm and the
distribution is unimodal. This suggests that wet de-
position removes fine particles more efficiently and
that larger particles are more susceptible to dry
deposition due to their faster gravitational settling.
This study was completed near to a source region
where particle sizes are distinctly larger than those
found at great distances from source areas. Further-
more, some studies have concluded that the influence
of depositional processes on particle size distribution
occurs within 1000–2000 km of the source regions
Ž .Gillette et al., 1974; Johnson, 1979; Schultz, 1979 .
Thus, it is to be expected that the impact of deposi-
tional mode on the particle size distribution of dust
found in distal locations such as the polar ice cores
will be minimal.

Potential source areas are closer to the locations
of tropical ice cores. The dust record from tropical
cores is therefore more likely to reflect the changing
balance between long-distance transport of dust and
dust transport from local sources than appears to be
the case for the polar ice cores. The dust records

Ž .from Huascaran, Peru 6048 m show a glacial–in-`
terglacial pattern that is similar to the pattern in the
dust volume record at Vostok, suggesting that the

dust reaching Huascaran may reflect the global sig-`
Žnal of increased aridity during the LGM Thompson

.et al., 1995 . However, the dust record from the
Ž .Sajama ice core, Bolivia 6542 m , is not like the

Ž .records from Huascaran or Vostok Fig. 3 : the`
lowest concentrations of dust are found during the
glacial period and increase dramatically during the

Ž .Holocene period. Thompson et al. 1998 have sug-
gested that the Sajama dust record most likely re-
sponds to local changes in dust source and is modu-
lated by changes in the extent of Lake Titicaca
Ž .Thompson et al., 1998 . The different glacial–inter-
glacial patterns observed at the two Tibetan ice
cores, Dunde and Guliya, are also likely to be the

Žresult of differences in local conditions Thompson
.et al., 1997 .

The ice core records provide a record of dust
Ž .source areas and by inference, dust trajectories , the

regional atmospheric dust loading, and the effective-
ness of dust depositional processes. Unfortunately,
the ice core data provide this information for only a
limited part of the world. There are only 18 ice cores

Ž .with dust records Table 1 , 12 of which are located
at the poles, with the remaining cores sampling
South America and the Tibetan Plateau. Thus, other
data sources must be used to acquire a global picture
of changes in dust sources, distribution, and transport
through time.

2.2. Marine sediments

Large regions of the ocean floor, in the deep
basins, contain almost entirely atmospherically de-
rived clay minerals. These regions may thus seem to
be ideal locations for sampling dust records, but they
contain no datable material because the biogenic
components dissolve before deposition, and the
basins are characterised by such low sedimentation
rates that even isolating glacial–interglacial changes
in dust deposition is challenging. Thus, most of the
dust records from marine sediment cores come from
open-ocean sites with higher sedimentation rates and
biogenic deposition. The best dust records come
from cores located long distances away from conti-
nental source regions: like the ice cores, therefore,
they provide estimates of long-distance dust trans-
port.
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However, the interpretation of material in marine
sediments is more complicated than interpreting the

ice core records, because there are non-aeolian
sources of terrestrial material in marine sediments.
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Ž .Rea 1994 estimates that only 5% of the terrigenous
material entering the oceans are atmospherically de-
rived. In addition to the contribution of exported
biogenic materials, marine sediments are affected by
hemipelagic input, which includes biogenic debris
and mud brought in from river plumes, storms, ice
rafting, or low concentration turbidity currents bring-
ing in material from continental shelves. Sites close
to continents, on continental shelves, and near major
river basins are most likely to be affected by these
non-aeolian inputs. The width of the region affected

Žhas been estimated as ranging from 200 Sarnthein et
. Ž .al., 1982 to 1000 km Rea, 1994 . In hemipelagic

regions, terrigenous fluxes are usually of the order of
18–30 grm2ryear, 1–2 orders of magnitude higher
than typical aeolian fluxes found in open-ocean sedi-
ments. Hemipelagic contamination can be inferred

Ž .from the presence of turbidites Sirocko et al., 1991 ,
Žfrom grain size characteristics Sarnthein et al., 1982;

.Rea and Hovan, 1995; Joseph et al., 1998 , or from
other regional palaeoclimatic evidence documenting
the climatic conditions of the neighbouring land-mass
Ž .Rea, 1994 .

Ž .High-latitude sites e.g. ;458 or higher are likely
to contain terrigenous material that has been en-
trained and subsequently melted out of icebergs.
Ice-rafted detritus has been found as far south as

Ž408N in the North Atlantic Ocean e.g. Ruddiman et
.al., 1981 . Ice-rafted detritus can be readily identi-

fied because it is poorly sorted and contains material
with a wide range of grain sizes.

The marine sediment record can also be affected
by redistribution processes within the ocean, specifi-
cally, sediment resuspension and focussing that re-
sults in the conflation of extra-local and local signals
of accumulation. Resuspension and focussing occurs
when material from shelves and ridges is entrained
in strong western boundary or bottom water currents
and then is transported within a ‘nepheloid layer’

Žalong ocean basin floors Biscaye and Eittreim, 1977;
.Damuth et al., 1983; McCave, 1986 . The nepheloid

layer usually contains particles that are -2 mm in
size, and ranges in thickness from 500 to 1500 m,
depending on the energy imparted by the bottom

Ž .water currents McCave, 1986 . The thickness of the
nepheloid layer has been mapped extensively using
light-scattering techniques to estimate particle con-

Ž .centration see McCave, 1986 . Changes in the grain
size distribution between 10 and 63 mm has also
been used to indicate the effect of bottom-water
currents on winnowing and redistribution processes
Že.g. Manighetti and McCave, 1995; McCave et al.,

.1995; Hall and McCave, 1998; Joseph et al., 1998 .
It is possible to obtain reliable estimates of dust

flux to the ocean only by careful site selection, and
specifically by excluding records from the continen-
tal margins, from high latitudes, or from regions

Ž .where the nepheloid layer is thick Fig. 4 . The
regions that are likely to yield the best record of dust
accumulation could change on glacial–interglacial
timescales, as a result of changes in riverine input
andror ocean circulation patterns. The marine sedi-
ment records must therefore be evaluated individu-
ally, and additional measurements may be required
to verify the aeolian nature of the materials analysed.

Even in ideal locations, it is necessary to isolate
the aeolian component of marine sediments by re-
moving biogenic material. Biogenic components of
the sediments include calcium carbonate, silica and

Žorganic carbon. Calcium carbonate largely tests of
.foraminifera and coccoliths usually makes up 50–

Ž90% of the marine sediments. Biogenic silica di-
.atom and radiolaria frustules usually comprises -

5% of the sediments, but higher concentrations are
found in equatorial upwelling regions, in the high-
latitude North Pacific, and in the Southern Ocean
Ž .Fig. 4 . Carbonate and biogenic silica can be re-

Ž .moved by leaching Clemens and Prell, 1990 or the

18 Ž . ŽFig. 3. Ice core records reflect both global and local signals. The d O of ice at GRIP Dansgaard et al., 1989, 1993 and Sajama Thompson
. 18 Ž qq Ž .et al., 1998 reflect global changes in the d O of precipitation. The dust records from Greenland Ca record, Fuhrer et al., 1993 ,
Ž . Ž .Huascaran insoluble particles, Thompson et al., 1995; Thompson, 2000 , Vostok insoluble particles, Petit et al., 1981 , and Sajama`

Ž .insoluble particles, Thompson et al., 1998 . The GRIP Ca and Vostok dust concentrations are expected to reflect long-distance transport of
Ž . Ž .dust from Asian Biscaye et al., 1997 and Patagonian Basile et al., 1997 deserts, respectively. The tropical sites of Huascaran and Sajama`

can reflect a combination of short- and long-distance transport of dust. The dust record at Huascaran shows a glacial–interglacial pattern
Žmore similar to that of the polar ice cores, the dust record at Sajama seems to reflect changes in local source regions Thompson et al.,

. Ž .1995 . Dust concentrations at Sajama increase as lake status at nearby Lake Titicaca Street-Perrott et al., 1989 decreases.
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percentages of each may be measured by extracting
these components from separate aliquots of the same

Ž .sample Ruddiman, 1997 . Organic carbon makes up
only a small percentage of marine sediments in most

Ž .locations -1% and therefore is not always elimi-

nated from the aeolian component. Marine sediments
may also contain authigenic oxides and hydroxides.
Since these are a significant component of marine
sediments from the Pacific and Indian Oceans, they
have been removed prior to estimating the aeolian
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Žfraction in some studies e.g. Rea and Leinen, 1988;
Leinen, 1989; Clemens and Prell, 1990; Hovan et al.,

.1991 . The amount of authigenic material in Atlantic
ŽOcean sediments has been considered negligible Bi-

.scaye, 1965 and no attempt to remove it has been
made in studies of dust accumulation rates from this

Ž .region Ruddiman, 1997 .
The assumption that the calcium carbonate in

marine sediments is biogenic in origin could lead to
an underestimation of aeolian fluxes downwind of
regions such as the Sahara. The carbonate content of
dust from the southern Sahara and Sahel ranges from
4% to 8% and is between 20% and 50% of dust in

Žthe central and northern Saharan regions Sarnthein
.et al., 1982 . The carbonate component can be ac-

counted for using isotope mass balance calculations.
The oxygen isotope compositions of biogenic car-

Ž .bonate e.g. foraminifera , the wind-blown carbonate
Ž .measured in the source regions , and the bulk car-
bonate composition in the marine sediments can be
used together to isolate what fraction of the carbon-

Žate sediment might be wind-blown e.g. Sirocko et
. Ž .al., 1991 . Using this approach, Sirocko et al. 1991

found that 0–15% of the carbonate in marine cores
from the Gulf of Arabia was aeolian. The largest
amounts of lithogenic carbonate were found directly
east of the Arabian Peninsula. In the future, esti-
mates of the aeolian fraction of marine sediments
should determine what fraction of the calcium car-
bonate is derived from continental instead of marine
biogenic sources.

When sites have been carefully selected and ap-
propriate techniques have been used to isolate the
aeolian from the biogenic andror authigenic compo-

nents of the sediments, it is possible to derive a
record of aeolian flux to the ocean at individual sites
from the tropics, sub-tropics, and mid-latitudes. It is
possible to characterise this material in terms of, e.g.
particle size distribution and mineralogical andror
isotopic composition. These records can be inter-
preted in a similar fashion to the dust records from
ice cores. However, the interpretation is not as
straightforward as it appears to be for ice core

Ž .records of dust because of a the possibility that
material can be diagenetically modified after deposi-

Ž .tion, and b the closer proximity of most marine
cores to dust source areas.

The total dust content of marine sediments is
primarily a function of the extent of the source
regions, wind strength, and distance from the source
regions. The particle size distribution is a function of
wind strength, distance from source region, and the

Žprocess by which the dust is deposited i.e. by dry
.settling or rainout . Since changes in both dust con-

tent and particle size can be caused by multiple
factors, additional knowledge or corroborating data
concerning atmospheric transport andror conditions
at the source regions must be used in order to
interpret these data.

When the distance from the source area is rela-
tively constant, the particle size reaches equilibrium
with transport velocity, and the median grain size of
the aeolian component of marine sediments can be
interpreted as reflecting the intensity of transporting

Ž .winds Rea, 1994 . This simplified relationship has
been documented from the patterns in median grain
size recorded over one annual cycle in modern ma-
rine sediment traps in the Arabian Sea, where dust

Ž . Ž .Fig. 4. Schematic maps of the distribution of non-aeolian material in marine sediments, either by a redistributed sediments or b biogenic
Ž .materials. In a green-shaded area indicates areas potentially contaminated by poorly sorted detritus transported by icebergs and sea ice, as

Ž .estimated from the maximum LGM sea-ice extent CLIMAP, 1981 . Orange and yellow shaded regions show areas in which the
concentration of particles within the nepheloid layer is highest, and therefore where terrigenous material is most diluted by sediment

Ž .redistribution in bottom currents Biscaye and Eittreim, 1977; McCave, 1986 . Orange regions denote areas of greatest contamination, and
beige areas suggest regions where caution must be exercised in interpreting dust records. In the Atlantic regions, orange and yellow shading
represents the regions where the concentrations of particles that are mixed upwards into the nepheloid layer are )500 and 100 mgrcm3,

Ž .respectively taken from Biscaye and Eittreim, 1977 . In the Indian and Pacific Oceans, orange and yellow shading represent regions of
‘excess turbidity’ within the nepheloid layer )0.6 and 0.2, respectively. Here excess turbidity is defined as log ErE , where E is thec

Ž .maximum light scattering near the bed and E is value at the clear water minimum McCave, 1986 . A value of 1 represents a factor of 10c
Ž .increase from the clear water value. In b , light blue shading indicates areas where opal concentrations in marine sediments are )10%;

Ž .opal concentrations in sediments are )50% in dark blue regions Broecker and Peng, 1982 . Pink regions indicates areas where carbonate
Ž .is )75% of marine sediments Broecker and Peng, 1982 . Special care must be taken to separate the biogenic and terrigenous materials in

regions with large opal and carbonate concentrations indicated.
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deposition occurred primarily by gravitational set-
Ž . Žtling Clemens, 1998 . Here, high correlations rs

.0.84–0.93 are found between median grain size
diameters and overlying wind speed, barometric
pressure, and regional pressure gradients. Further-
more, the similarity between particle size distribu-
tions in surface marine sediments and sediment trap
samples collected during the summer months illus-
trates that the aeolian material in surface sediments
primarily reflects the aeolian characteristics of the
southwest summer monsoon, when most of the dust
is delivered to the sediments. These high correlations
indicate that under modern conditions, the grain size
record of dust in the Arabian Sea predominantly
reflects regional changes in atmospheric transport
strength during the southwest summer monsoon.

Sites in the central part of the ocean may be
sufficiently remote from dust source areas that even
quite large changes in the extent of source areas has
little impact on their proximity to the sampling site

Ž .and hence on grain size see Rea, 1994 . However,
the expansion of source areas may still affect the
total amount of aeolian material reaching these sites.
In North Pacific records, periods of maximum dust
fluxes coincide with maximum glacial periods, but
grain size records vary at higher frequencies than
those observed in the global ice volume record
Ž .Janacek, 1984; Hovan et al., 1991 . This change in
frequency distribution has been interpreted as sug-
gesting that the changes in grain size reflect changes
in wind intensity.

At sediment sites closer to dust source regions
such as the eastern equatorial Atlantic, the combined
effects of both source area changes and wind speed
are likely to affect the median grain size of aeolian
material, and thus other proxies are necessary to
decipher these records. Increases in both median
grain size and aeolian accumulation rates in the
equatorial Atlantic Ocean at the LGM can be inter-

Žpreted as indicating enhanced wind speeds see Sarn-
thein, 1978; Sarnthein and Koopman, 1980; Ruddi-

.man, 1997 , largely because supplemental data from
foraminiferal assemblages and productivity proxies
suggest intensification of local winds at the LGM
Ž .e.g. Ravelo et al., 1990; Ruddiman, 1997 .

The clay mineralogy and tracer isotope composi-
tion of the terrigenous component of marine sedi-
ments has been used to determine the potential source

Žareas of dust reaching the ocean see, e.g. Biscaye,
1965; Biscaye et al., 1974; Goldberg and Griffin,
1970; Kolla et al., 1976, 1981; Grousset et al., 1988,

.1998 . For example, palygorskite clay in the Arabian
Sea and Indian Ocean is derived only from Saudi
Arabia and therefore serves as a discrete tracer of

Žwinds from this region Kolla et al., 1981; Sarnthein
.et al., 1982; Sirocko and Lange, 1991 . The interpre-

tation of clay mineralogy in marine cores is compli-
cated because the clay fraction of terrigeneous mate-
rial is most easily redistributed by oceanic bottom
currents. However, even in regions where fluvial and
hemipelagic contamination is ubiquitous, information
about marine sediment mineralogy provides a useful,
first-order smoothed estimate of the mineralogy of

Žthe nearby continental source areas Biscaye et al.,
.1997 , which may prove useful in defining potential

transport paths of dust. Coupled with geochemical
isotope measurements, these data may be used to
determine changes in the relative proportion of vari-

Žous sources of terrigenous input e.g. Sirocko and
Sarnthein, 1989; Nakai et al., 1993; Grousset et al.,

.1998 .
Isotopic data have also been used to identify the

sources and trajectories of dust found in marine
Žcores Sirocko and Sarnthein, 1989; Nakai et al.,

.1993; Grousset et al., 1998 . Between the Equator
and the Canary Islands, carbonate-free modern sur-

Žface marine sediment and aerosol samples -30
. 143 144 87 86

mm have Ndr Nd and Srr Sr isotope signa-
tures resembling radiogenic dust sources in Morocco,

Ž .Mauritania, and Mali Grousset et al., 1998 . The
distribution is consistent with atmospheric transport
of aerosols along the NE–SW axis of the Saharan
Air Layer. The pattern and latitudinal distribution of
dust at the LGM is unchanged, although glacial
marine sediments south of the Cape Verde Islands
Ž .;168N are less radiogenic than modern sediments.
This change could be the result of either an increase

Žin dust from the Sahel region which is relatively
less radiogenic than the dust sources in the western

.Sahara , or simple dilution of the highly radiogenic
background signal of Atlantic sediments by in-
creased dust input from the western Sahara. Similar
analyses have been conducted in Pacific sediments.

Ž .Nakai et al. 1993 used Nd and Sr isotope composi-
Ž .tions and Rb, Sr, and rare earth element REE

concentrations to determine the provenance of sur-
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face sediments in the North Pacific Ocean. The
isotope data suggest that Central Pacific sediments
share the same isotope composition as Asian loess
deposits, North Pacific sediments are dominated by
radiogenic signatures of island arc volcanism, and
the eastern equatorial Pacific sediments reflect the
signatures of South America, with coastal sites of
North America dominated by hemipelagic deposi-
tion.

Ž .On longer tectonic time scales, the clay mineral-
ogy of marine sediments have been used to deter-
mine changes in the overall weather regime of conti-

Ž .nents Arnold et al., 1995 . Climate modelling
studies have suggested that the uplift of the Tibetan
Plateau may have resulted in an overall cooling of
northern Asia and an aridification of the Eurasian

Žinterior Kutzbach et al., 1989; Ruddiman et al.,
. Ž .1989 . Arnold et al. 1995 hypothesise that this

climate shift is responsible for radical changes in the
weathering regimes across the entire Asian continent,
impacting the mineralogy of North Pacific sedi-
ments, i.e. because of uplift and cooling, physical

Žweathering products i.e. chlorite, quartz, illite, and
.plagioclase increased at the expense of chemical

Ž .weathering proxies i.e. kaolinite, smectite .
Analysing changes in weathering regimes on shorter
time scales requires detailed mineralogical studies of
the potential source regions.

( )2.3. Terrestrial loess deposits

Although the aeolian origin of loess is usually
unequivocal, the interpretation of loess deposits is
complicated because they are proximal to dust source
regions, and can serve as both sources and sinks of
dust. Furthermore, loess deposits contain a mixture
of aeolian material derived from local aeolian re-
working, short-distance transport from nearby conti-

Ž .nental sources, and longer-distance hemispheric
transport. The importance of local sources and re-
working is reflected in the fact that loess is generally
much coarser than aeolian material in marine cores.
Only ca. 30% of the dust from eastern Colorado is

Ž .finer than 8 mm Muhs et al., 1999 —a size fraction
comparable to 95% of the aeolian materials found in

Ž .marine sediments Rea, 1994 . These large particle
sizes indicate close proximity to dust source regions.

Particle size analyses of loess deposits have been
Žmade along transects in NW USA Busacca and

. ŽMcDonald, 1994 , mid-continental USA Muhs et
. Žal., 1999 and the Loess Plateau Liu et al., 1985;

.Eden et al., 1994 , and used to identify source areas
and the trajectory of aeolian transport from the source
region. When it can be assumed that the source area
has been constant through time, then changes in
particle size at a single site through time can be used
to infer changing wind strength. Such reconstructions

Žhave been made at key sites from China e.g. Porter
.and Zhisheng, 1995; Chen et al., 1997 . The interpre-

tation of particle size data from loess is complicated
by the fact that post-depositional processes under
different climatic conditions can preferentially en-
hance the amount of fine material within a loess

Ž .deposit Derbyshire et al., 1995 . However, micro-
Ž .morphological studies Kemp et al., 1995 can be

used to identify the presence of translocated fine
material in the form of, e.g. clay skins. It should

Ž .therefore be possible though time-consuming to
estimate the proportion of fine material associated
with the primary aeolian deposit relative to that
associated with secondary fabric features, and thus
due to post-depositional processes.

The thickness of loess deposits has also been used
Žas an indicator of palaeowind vectors e.g. Frazee et

.al., 1970; Handy, 1976; Ruhe, 1983 . In the mid-con-
tinental USA, thickness trends in the last glacial
loess have been used to indicate that the predominant
surface winds came from the west and northwest at

Ž .the LGM e.g. Thorp and Smith, 1952; Ruhe, 1983 .
Loess thicknesses are greatest near dust sources along
rivers, at the southern edge of the Late Wisconsin ice
sheet, and directly downwind of the Rocky Moun-
tains, and rapidly decrease to the east of these source

Ž .regions Fig. 5 . On the Columbia Plateau in the
Northwest USA, maps of loess thickness suggest that
source sediments for the late Quaternary loess de-
posits were in the southern part of the plateau, and
that winds came from the south and southwest,

Ž .similar to today Busacca and McDonald, 1994 .
Just as mineralogical and radiogenic isotope infor-

mation can be used to identify potential source areas
for dust reaching the polar ice cores or marine sites,
so a similar approach can be used to identify the

Žsource areas for loess deposits e.g. Aleinikoff et al.,
.1999; Unruh et al., 1999 . In the mid-continental
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Fig. 5. Thickness of the Late Wisconsin loess in the mid-continental USA, demonstrating the thinning of loess deposits downwind of source regions. Data are gridded at
Ž Ž0.1=0.18 from maps from the US Geological Survey taken from Lineback et al., 1983; Miller et al., 1988; Holbrook et al., 1990; Gray et al., 1991; Hallberg et al., 1991;

.Denne et al., 1993; Whitfield et al., 1993; Swinehart et al., 1994 .
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USA, Pb isotope measurements on potassium feldspar
Ž .grains found in the Peoria Loess Colorado show

systematic variability throughout the period of depo-
Žsition between 20.0 and 11.8 ka Aleinikoff et al.,

.1999 . During warmer periods, loess deposits are
derived from glaciogenic silts downwind of the val-
ley glaciers in the Front Range. During times when
these glaciers were at their maximum extent, the Pb
isotope signatures suggest that dust was derived from
a more southerly source region which became active
as a result of strong winds and reduced vegetation
cover. Such studies, although requiring careful sam-
pling to avoid reworked loess, are a promising av-
enue of future research for reconstructing changes in
source region and wind direction.

Mineralogical analyses of loess deposits have been
used to characterise the mineralogy of potential
source regions and to assess their relative contribu-

Ž .tions to ice cores Biscaye et al., 1997 , aerosol
Ž .samples Leinen et al., 1994; Arnold et al., 1998 ,

Ž .and marine sediments Leinen, 1989 . However, in-
formation about the mineralogy of loess deposits
may be crucial for reasons other than sourcing.
Recent modeling studies have suggested that the
radiative properties of airborne dust are strongly
influenced by the relative proportions of gypsum,

Žcalcite, quartz and iron oxides hematite in particu-
. Ž .lar present Claquin et al., 1998 . The use of miner-

alogical data from loess deposits to characterise the
mineralogical properties of airborne dust relies on
the assumption that there is no significant sorting.
Analysis of aerosol samples from the North Pacific
suggests that the transport-related mineral fractiona-
tion drives the aerosol mineralogy towards a clay
mineral enriched and primary mineral depleted com-

Žposition with increasing transport time Arnold et al.,
.1998 . Thus, to study the potential radiative impact

of dust mineralogy, it is more useful to determine the
Žmineralogical properties of the clay fraction -5

.mm of dust in loess deposits. In order to use the
mineralogical analyses of loess sediments in studies
of the radiative properties of dust, it is important that
measurements encompass the full range of radia-
tively important minerals. For example, in the min-
eral analyses from the Loess Plateau, the iron oxides,
which are perhaps most important to radiative calcu-

Ž .lations, are routinely eliminated Eden et al., 1994 .
Future mineralogical analyses from potential source

regions should take into account which components
of dust are most likely to influence the radiative
properties.

3. The role of earth system models

ŽChanges in dust properties i.e. total flux, particle
.size, mineralogy at a particular location may be

explained in several different ways. Thus, changes in
dust flux might be caused by a combination of

Ž .factors including a changes in the areal extent of
Ž .source regions, b changes in dust emission effi-

Ž .ciency wind speed over source regions or atmo-
Ž .spheric transport of dust, c changes in the residence

Ž .time of dust in the atmosphere, andror d variations
in the relative contributions of dry settling or rainout
of dust over a given region. Similarly, changes in

Ž .mineralogy could reflect a changes in the source
Ž .region b shifts in atmospheric transport from the

Ž .source regions to the dust deposition site, or c
changes in the mineralogic composition of the source
region resulting from changes in weathering. While
it may be possible to eliminate some explanations,
by drawing on supplementary evidence, interpreta-
tion of the causes of observed changes in dust prop-
erties rarely yields an unequivocal answer.

One way to examine the relative contributions of
the possible factors contributing to changes in dust
deposition is to use a forward modelling approach, in
which process-based models can be used to predict

Žthe response of palaeoenvironmental variables e.g.
.vegetation, dust deposition, lake distributions to

simulated climate changes. The predicted response
can then be compared directly with palaeo-observa-
tions. One such forward simulation of the dust cycle
Ž .Mahowald et al., 1999 has been used to assess the

Žrelative contributions of climate e.g. winds and
.hydrological cycle and changes in potential source

areas of dust due to changes in vegetation and soil
moisture. This study showed that the changes in
precipitation and wind intensity were sufficient to
reproduce the 3- to 5-fold increase in dust deposition
off western Africa at the LGM. However, an expan-
sion of central Asia and high latitude source areas
was required to explain the overall global dust depo-
sition, and the 20-fold increase observed in high
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latitudes. The fact that the relative contributions of
source area aridity and climatological factors appar-
ently vary from region to region reinforces the need
for a global perspective in interpreting the geological
record of dust. Furthermore, while regional studies
of dust deposition have been completed, a global
overview of aeolian distribution and accumulation is
still needed. Available data still represent only dis-
crete points in a spatial array. In order to achieve a
comprehensive picture of global patterns of dust
accumulation rates, their controlling mechanisms, and
how those mechanisms may vary regionally, global
earth system models are required.

4. The DIRTMAP data base

Global validation data sets should be developed
and used in parallel with earth system models of the
dust cycle. Validation datasets help to quantify

Žchanges in potential dust source areas e.g. using
.maps of vegetation and loess accumulation , as well

as identifying the magnitude and extent of dust
during past climatic periods. The Dust Indicators and
Records of Terrestrial and Marine Palaeoenviron-

Ž .ments DIRTMAP database was originally devel-
oped to serve as a validation data set.

The database contains the aeolian information
Žfrom ice cores, marine sediments, and terrestrial e.g.

.loess and lake sediment deposits, focussing on in-
formation from the last glacial–interglacial cycle

Ž .i.e. 30 ka . Types of information incorporated in the
Ž .database include 1 aeolian accumulation rates and

Žthe information required to derive them i.e. age
models to derive sediment accumulation rates, frac-
tion of sediments considered aeolian, and sediment

. Ž .bulk density , 2 radiogenic isotopes and clay min-
eralogy important to interpreting dust provenance

Ž .and composition, 3 grain size information for eval-
uating wind direction, intensity, and potential con-

Ž .tamination, and 4 chronological data. As with other
palaeoenvironmental data sets, these data are accom-
panied by adequate documentation and AmetadataB
Že.g. site type, depositional environment, chronologi-

.cal control, etc. to allow users to choose data appro-
priate for specific analyses.

5. Estimating aeolian accumulation rates: meth-
ods and problems

Aeolian accumulation rates can be derived from
ice cores, marine sediments, and loess deposits. The

Ž .mass accumulation rate of aeolian material MAReol

is estimated as

MAR grm2ryear sAR mryear f BD grm3Ž .Ž . Ž .eol eol

where AR is the bulk accumulation rate, f is the
mass concentration of aeolian materials within the

Ž .sample, and BD is the bulk density Table 2 .
Ž .Thus the estimation of MAR requires that a iteol

Ž .is possible to isolate the aeolian component, b the

Table 2
Ž . Ž 3.Calculation of eolian accumulation rates in different regimes: MAR sAR mryear f r grmeol eol

Environment Sedimentation rate Eolian fraction Density
18Marine sediments Ø d O stratigraphy eliminate: Ø direct measure

14Ø C dates Ø CaCO Ø salinity model3

Ø opal Ø correlation with CaCO , opal3

Ø organic C
Ø authigenics

Ž .Ice core Ø ice flow models Ø dust concentration massrvol
Ø layer counting
Ø stratigraphic correlation

3 Ž .Loess Ø TL fs1 Ø 1.65 grcm Pye, 1987
14Ø C Ø sandrsiltrclay loess classification

Ø MSrPSA correlation
Ø tephrochronology
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Ž .chronological control is good, and c estimates of
bulk density are available from the sampled sedi-
ment. Estimates of these variables are made differ-
ently in the different types of geological archive.

5.1. Ice cores

In ice cores, the bulk accumulation rate is equiva-
lent to the ice accumulation rate. Ice accumulation
rate is calculated based on the age model developed
for the ice core. Several different methods are com-
monly used to establish the age of the ice, including

Ž .ice flow models e.g. Jouzel et al., 1993 , counting
Žof annual layers e.g. Taylor et al., 1992; Alley et al.,

.1997 , and stratigraphic correlation using CH and4
18 Žd O records e.g. Sowers et al., 1993; Blunier etair

.al., 1997 .
Ice chronology can be estimated by directly mod-

elling ice sheet dynamics and computing the ice-flow
Ž .lines e.g. Lorius et al., 1985; Jouzel et al., 1993 .

However, this strategy introduces significant uncer-
Ž .tainties "20 ka at depths of 2500 m, resulting

from lack of information about the current ice accu-
Žmulation rates upstream from the ice core site Jouzel

.et al., 1993 . Stratigraphic correlation using both
oxygen isotope and trace gas measurements has also
been used to provide a common temporal framework
for comparison of ocean records and ice core records
from both hemispheres. Some ice cores with multiple
annual indicators have reduced the estimated uncer-
tainty of ice-core ages to about "1% at the end of

Žthe Younger Dryas Period about 11.5 ka; see Alley,
.2000 , but can be used only in the most recent parts

of ice cores. Correlation between oxygen isotope
measurements on air and oxygen isotope chronology

Ždeveloped for marine sediments e.g. Martinson et
.al., 1987 can introduce several errors. These errors

Žinclude uncertainties from tuning the records 2.5–4
.ka , uncertainties in the marine isotope chronology

Ž .itself as much as "5 ka; Martinson et al., 1987 ,
and the assumption that the variables measured in
the ocean and in ice are contemporaneous. Finally,
when using measurements on the air in ice cores, one
must estimate the ice age–gas age difference: a
difference by which the age of the air is younger
than the surrounding ice, reflecting the gradual pro-
cess by which gases are trapped in the ice. The total
uncertainties in stratigraphic correlation have been

estimated to be within the range of "3–6 ka
Ž .Salamatin et al., 1998 .

The dust content in ice cores can be measured and
therefore reported in several ways. The number of
dust particles can be counted using, e.g. a Coulter

Žcounter e.g. Thompson and Mosley-Thompson,
.1989 . The total insoluble mass can be measured

Žeither via laser light scattering Petit et al., 1990;
.Hansson, 1993 , or through the concentration of key

elements such as calcium and aluminum by atomic
Ž .adsorption e.g. Fuhrer et al., 1993 . Al concentra-

tions are then converted to mass concentrations by
assuming that dust has an 8% Al content. Most
models produce mass-based predictions of dust de-
position: for this reason, we standardise all measure-
ments in DIRTMAP by converting them to mass
accumulation rates or ratios between accumulation
during a given period and the modern baseline. In
DIRTMAP, we assume that all measurement meth-
ods produce broadly comparable results, although
there are differences in calculated LGMrModern
ratios depending on whether mass-based, number-
based or calcium estimates are used. Dust and cal-
cium content are highly correlated, but the LGMr
Modern ratio is smaller for dust than for calcium for

Žunclear reasons see discussion in Hansson, 1994;
.Steffensen, 1997 . Thus, for mass accumulation rates,

only dust particle measurements are used. Mass con-
centrations of dust are simply converted to mass
accumulation rate by multiplication by the ice accu-
mulation rate. Conversion of number concentrations
to mass concentrations is not entirely straightfor-
ward, in part because of uncertainties in the bulk

Ždensity of dust values used range from 2 to 2.8 g
cmy3 for mineral dust; Taylor and McClennan, 1985;
Giorgi, 1988; Petit et al., 1990; Clemens, 1998;

.Zhang et al., 1999 . In ice core studies where only
particle number was reported, only the LGMr
Modern ratios are estimated, and included in
DIRTMAP.

One advantage of dust measurements from ice
cores is the possibility of recovering high-resolution
changes in dust content. For example, Steffensen
Ž .1997 reports maximum dust concentrations over

Ž .short time intervals ca. 100–500 years during the
LGM that are as much as 168 times greater than
mean Holocene values. However, since this type of
resolution is not readily achievable in either marine
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sediments or loess deposits, the ice core record needs
to be averaged in some reasonable way to ensure
comparability between the sensors.

5.2. Marine sediments

In marine sediments, BD is determined via the
dry bulk density which can be estimated either di-
rectly, using salinity models in which the original
water content of a dried sample is inferred from the
measured amount of dried salt and an assumed pale-
osalinity, or by correlation with the calcium carbon-

Žate or opal content Rea and Leinen, 1988; Hovan et
.al., 1991; Ruddiman, 1997 . The weight percent of

dust is determined by isolating the terrigenous frac-
tion of the sediment by elimination of carbonate,

Ž .opal, oxides and hydroxides Rea, 1994 .
Non-carbonate accumulation rates are an approxi-

mation of the dust flux, except in regions of the
ocean where the non-carbonate component is ex-
pected to be dominated by non-aeolian components
Že.g. in equatorial and upwelling regions of the ocean
where the opal content is high, or in high-latitude
regions where sediments are influenced by ice-rafted

.contamination . DIRTMAP currently includes non-
carbonate accumulation rate estimates from several

Ž .marine cores Catubig et al., 1998 .
Sediment age models on marine records are deter-

Žmined using radiocarbon dates where available e.g.
.Sirocko et al., 1991; Ruddiman, 1997 : where they

are not, correlation is effected with oxygen isotope
Žstratigraphies e.g. Imbrie et al., 1984; Martinson et

.al., 1987 . The temporal resolution of marine sedi-
ment records is generally much lower than that of
the ice core records, with higher analytical uncertain-
ties associated with the lower resolution cores
Ž .Mahowald et al., 1999 . Furthermore, because the
number of radiocarbon ages is limited, dust deposi-
tion rates may be averaged over several thousand
years. Time-averaging minimises the error associated
with determining linear sedimentation rates on few
radiocarbon dates, but results in loss of information
and can lead to biases if there are significant climatic
trends within the sampling interval. For example,
there were significant changes in monsoon intensity
most likely associated with changes in dustiness off
Africa during the time period normally averaged off

Ž .northern Africa 3–11 ka B.P.; Ruddiman, 1997 .

Thus, increasing the number of radiocarbon measure-
ments could significantly improve the existing ma-
rine records of dust.

5.3. Loess deposits

As a first approximation, loess deposits are as-
sumed to be entirely aeolian in origin. Bulk density
Ž .BD measurements on individual loess units or sec-

Ž .tions are rarely reported. Pye 1987 suggests the
average BD of loess is 1.65 grcm3. We use this
value to calculate MAR on loess, if no specific BD
measurements are available. However, measurements
on last glacial loess from the Chinese Loess Plateau
have yielded BD values from 1.281 to 1.632 grcm3

Ž .Liu, 1966 . BD values on soils and loesses within
Ž .the Heimugou Loess section China range from 1.40

to 1.65 grcm3 during the last glacial–interglacial
Ž .cycle Liu et al., 1985 . Thus BD values vary by

)18% depending on whether or not a soil or a loess
deposit is forming. Adopting an average BD for the
calculation of MAR could lead to non-negligible

Ž .errors in the MAR estimates Fig. 6 .
Determining bulk accumulation rates also requires

detailed age models for each stratigraphic section
analysed. Estimates of dust accumulation rates from
loess deposits currently rely upon the interpretation
of both dating and stratigraphic tools, including ra-

Fig. 6. Comparison accumulation rates of loess from the Chinese
Ž .Loess Plateau estimated using a constant bulk density BD of Pye

Ž . Ž .1987 and variable BDs taken from Liu, 1966 . The ^ accumu-
lation rate is the difference between rates calculated using a

3 Ž .constant BD of 1.65 grcm Pye, 1987 and rates calculated using
Žthe appropriate BDs for the type of loess 1.38, 1.46 and 1.5

3 .grcm for sandy, silty and clay loess, respectively at each site.
The comparison shows that aeolian accumulation rates could be
overestimated by as much as 15–20% when the constant BD for
loess sediments is used.
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diocarbon dating of soil layers, luminescence dating
of the loess itself, stratigraphic identification of last
glacial loess, and correlation of magnetic susceptibil-
ity records with the marine oxygen isotope stratigra-
phy. The number of reliable dates on loess deposits,
using either radiocarbon or luminescence techniques
that can be used to determine deposition rates during
the LGM is often limited. Measurements of the bulk
concentration of magnetic minerals or bulk magnetic
susceptibility has been correlated on many occasions

Žwith the marine oxygen isotope stratigraphy Kukla,
.1987 , and has been used extensively as a chrono-

stratigraphic tool on the Chinese Loess Plateau. These
measurements have alternatively been interpreted as
an indicator of enhanced soil formation and mois-
ture, as both the concentration and grain size of
magnetic minerals appear to be altered under these

Žconditions e.g. Zhou et al., 1990; Maher and
.Thompson, 1991 . Regional patterns of magnetic

susceptibility may be negatively correlated with the
Žmarine oxygen isotope record e.g. in central Europe;

.Chlachula et al., 1998 , or show no enhancement in
Žmagnetic susceptibility e.g. in Alaska; Beget, 1990;

.Vlag et al., 1999 . Thus, while several studies sug-
gest that magnetic susceptibility measurements track
climate changes on the Chinese Loess Plateau, their
use as a chronostratigraphic tool should be treated

Ž .with caution because a much remains to be learned
about the mechanism controlling these changes, and
Ž .b the time lag between the processes controlling
changes in climate and the enhancement of magnetic
minerals in soils is not yet well understood. Accord-
ingly, the use of the magnetic susceptibility signal in
loess as a continental or global stratigraphic tool is
still questioned. Clearly, until better radiometrically
dated loess chronologies are available, there will be
uncertainties of as much as several thousand years

Ž .inherent in the loess chronologies Sun et al., 2000 .
These uncertainties will necessarily affect estimates
of accumulation rates.

The lack of dating control on modern and late
Holocene loess also complicates the estimate of
glacial–interglacial changes in loess accumulation.
In many regions, these modern and late Holocene
time periods are represented by soil formation, and
deposits have been extensively modified by human
agriculture. Modern accumulation rates could be esti-

Žmated using modern trap samples Zhang et al.,

.1997 , but these estimates will include anthropogenic
effects. Furthermore, modern trap measurements
must be of sufficient length to provide an average
dust flux estimate over several years, and must in-
clude sample periods of both high and low dust
content. Another solution is to include longer time
series of dust deposition, and then to estimate a
AglacialB and AinterglacialB average.

6. Observed patterns in dust deposition

Currently, the DIRTMAP data base contains a
Ž .total of 426 sites Fig. 7 . Of these sites, 253 are

from marine sediments, 56 from marine sediment
traps, 18 from ice cores, and 99 from terrestrial
Ž .loess deposits. The first application of this data
base was to document the patterns of dust deposition
rates for the late Holocene and LGM periods, to be
compared with simulations of these two different

Ž .climate states Mahowald et al., 1999 . This will be
the focus of the discussion here. In general, dust
records confirm the regional estimates that the earth
was considerably dustier at the LGM than today,
although spatial patterns are evident. Records of
high-latitude changes in dust deposition are found
solely in polar ice cores and suggest the largest

Ž .glacial–interglacial increases 2–20-fold in dusti-
ness. Marine sediment records from low- to mid-lati-
tude regions suggest a smaller glacial–interglacial
increase of up to five times, with some equatorial
regions suggesting reduced dust fluxes at the LGM.
The expansion of loess deposits, primarily in mid-
latitudes, occurred both downwind of desert regions
Že.g. on the Chinese Loess Plateau and the Pampa

.regions of South America and directly downwind of
Žthe edges of major ice sheets e.g. in North America

.and Europe .

6.1. Ice cores

Ice core records from Greenland and Antarctica
show glacial increases in dust deposition rates from
2 to 20 times compared with the present, although
the actual amount of dust deposited during the glacial

Ž 2is very small 0.004–0.34 grm ryear; Cragin et al.,
1977; Fisher, 1979; Petit et al., 1981, 1990; Thomp-
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Fig. 7. Distribution of all sites in the current version of the DIRTMAP database, including ice cores, marine sediments, sediment traps, and
loess deposits.

son and Mosley-Thompson, 1981; Hammer et al.,
.1985; Hansson, 1994; Mahowald et al., 1999 . Some

tropical ice cores show a similar signal, with in-
creased dust deposition rates during the glacial.
However, changes in the tropical ice cores are more
likely to be influenced by local conditions. For ex-
ample, dust deposition rates in Huascaran, Peru`
Ž .Thompson et al., 1995 , were greater at the LGM,
but dust deposition at the nearby core in Sajama,
Bolivia was less at the LGM, most likely in response

Ž . Žto the expansion of local lakes Fig. 2 Thompson et
.al., 1998 . A similar situation is seen on the Tibetan

Plateau where dust deposition rates at Dunde in-
creased 1.5–4 times at the LGM compared to mod-
ern rates, and the LGM deposition rates at Guliya
Ž .on the southwest of the Plateau were less than 1r5
of current values.

6.2. Marine sediments

Glacial increases in dust deposition downwind of
different continental dust sources are not spatially

Ž .uniform Fig. 8 . Furthermore, data from some re-
gions show little or no change in dust deposition, or
even decreased dust deposition at the LGM.

6.2.1. North Pacific Ocean
Northeast of Asia in the North Pacific Ocean

Ž .;28–458N , LGM dust deposition rates range from
no increase to values four times higher than late
Holocene dust fluxes, but most LGM values show
1–3-fold increase over interglacial values, with de-
creasing LGM fluxes towards the tropical regions.
The magnitudes of deposition rates range from 0.6 to
a maximum value of 10 grm2ryear, with most late
Holocene values in the range of 1–5 grm2ryear.
Higher deposition rates are recorded in modern sedi-

Ž 2 .ment traps 10–25 grm ryear that were deployed
for less than 50 days and most likely are biased
towards seasons when dust fluxes are high.

6.2.2. Arabian Sea
The average increase in dust deposition rates ob-

served in the Arabian Sea for the LGM are small
Ž .60–80% increase , although the LGMrLate
Holocene flux ratios range from 0.6 to 3.6 times
greater at the LGM. The slight reductions in LGM
dust accumulation rates compared to Late Holocene
values occur in the southern regions of the Arabian

Ž .Sea. Sirocko et al. 1991 hypothesise that the gen-
eral increase in glacial dust results from both in-



( )K.E. Kohfeld, S.P. HarrisonrEarth-Science ReÕiews 54 2001 81–114 101

Ž . Ž . Ž .Fig. 8. a Late Holocene and b LGM dust deposition rates and c LGMrLate Holocene flux ratios derived from the DIRTMAP database.

creased entrainment of dust from the Persian Gulf as
well as a weakening of the southwest monsoon

during glacial summers. The magnitude of dust de-
position in the Arabian Sea ranges from 2.7 to 141.6
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grm2ryear in the late Holocene sediments, with
highest rates occurring in close proximity to the
Arabian and Indian peninsulas. It is possible that
these sites are affected by some hemipelagic contam-
ination, although authors have attempted to eliminate

Ž .fluvial contamination by 1 screening sediment cores
Ž .for turbidites, and 2 using isotope tracers to iden-

tify the proportions of fluvial input to the remaining
Ž .cores Clemens and Prell, 1990; Sirocko et al., 1991 .

6.2.3. Australia
The three dust records southeast of Australia sug-

gest a 2–9-fold increase in dust deposition rates at
Ž .the LGM Hesse, 1994 , and a 2-fold increase in

quartz deposition rates are observed northwest of
ŽAustralia in the Indian Ocean Kolla and Biscaye,

.1977 . Deposition rates to the Tasman Sea are low
Ž 2 .0.2–3 grm ryear for the late Holocene . An in-
crease in the coarse fraction of terrigenous material

Žto the sites in the Tasman Sea Hesse and McTainsh,
.1999 is coincident with the glacial increases in

aeolian accumulation rates. These authors suggest
the change in particle size may reflect a reduction in
dust rainout events rather than an increase in wind
speeds at the LGM, associated with a more arid

Ž .glacial climate around Australia Wasson, 1987 .

6.2.4. Africa
Measured glacial dust deposition rates downwind

of the SahararSahel region are two to five times
larger than late Holocene values, with modern dust
deposition rates ranging from 10 to 100 grm2ryear
close to the continent, and values of 2–10 grm2ryear
in regions further downwind. South of the Sahara
Ž .i.e. south of the Equator into the Gulf of Guinea ,
dust deposition rates remain the same or were re-
duced slightly at the LGM compared with the late
Holocene.

6.3. Terrestrial deposits

The DIRTMAP database currently contains only a
limited subset of the available data from terrestrial
deposits. Nevertheless, the data that have been in-
cluded show some interesting features. Dust deposi-
tion rates are greatest in the LGM loess deposits near
the source regions, ranging from approximately 100

2 Ž .grm ryear SE Chinese Loess Plateau to as much
2 Žas 1000–4000 grm ryear Late Wisconsinian Loess,

.Nebraska . High LGM loess deposition rates are also
found in the periglacial regions of North America,
Central Europe and Asia. LGM deposition rates on
the Chinese Loess Plateau are highest in the north-
west, decreasing by an order of magnitude to the
southeast.

The record of massive loess deposition and
palaeosol development on the Chinese Loess Plateau
extends back ;2.5 Ma and, at lower rates, as far

Žback as 6–7 Ma Ding et al., 1998, 1999; Sun et al.,
.1998a,b . This loess–palaeosol succession provides a

unique record of the cycles of dust deposition and
Quaternary climate change, with cold, dry glacial
periods generally corresponding with periods of high
loess deposition. Conversely, the warm moist inter-
glacial periods are marked by periods of soil forma-
tion across most of the plateau. In spite of the many
studies of the mineralogy, grain size, magnetic char-
acteristics, and sedimentology of loess deposits from
the Chinese Loess Plateau, the age control on this
region is still limited. Nevertheless, synthesis of
these data as part of the DIRTMAP database pro-
vides a first assessment of changes in aeolian accu-
mulation rates across the Loess Plateau for the last

Ž . Ž .130,000 Fig. 9 Sun et al., 2000 .
Interpretation of Holocene dust accumulation rates

on the Chinese Loess Plateau is complicated by the
presence of extensive cultivation layers. For this
discussion, we examine changes in the aeolian accu-
mulation rates estimated for the last interglacial pe-

Ž .riod 80–130 ka . Comparisons between accumula-
Žtion rates for the present interglacial period i.e.

.Marine Isotope Stage 1, 0–12 ka and the last inter-
glacial period suggest that, overall, accumulation
rates for the current interglacial are greater, and that
accumulation rates in the western part of the Loess

ŽPlateau are considerably larger in some cases, an
.order of magnitude higher than those recorded for

the last interglacial. Interglacial accumulation rates
Ž .in particular those for the last interglacial fall in the

2 Ž .range of 20–500 grm ryear Fig. 9a . In general,
the range falls between 20 and 200 grm2ryear, with
the very highest accumulation rates occurring in the
north and northwest regions of the Loess Plateau.
During the LGM, aeolian accumulation rates were
significantly higher, ranging from 50 to greater than
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Ž . Ž . Ž . Ž . Ž .Fig. 9. a Stage 5 Interglacial 80–130 ka , b Stage 2 15–24 ka dust deposition rates and c LGMrStage 5 ratios of dust flux ratios for
Ž .the Chinese Loess Plateau compiled as part of the DIRTMAP data base Sun et al., 2000 .
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1000 grm2ryear, with the highest accumulation rates
occurring mostly in the west–northwest parts of the

Ž .Loess Plateau Fig. 9b . Like the mid-continental
USA, some sites on the Chinese Loess Plateau are
affected by local deposition processes, e.g. by their
proximity to river basins. Nevertheless, examination
of the general glacial–interglacial changes suggests
that the accumulation rates during the last glacial
period were of the order of one to five times greater

Žthan those observed during interglacial periods Fig.
.9c .

7. The future of DIRTMAP

The DIRTMAP database has been used as a
means of testing equilibrium simulations of the dust

Žcycle for the LGM and under modern conditions see
.e.g. Mahowald et al., 1999 , but there are several

potential avenues of research in dust modelling that
require the use of reliable and flexible validation
data sets. Here, we outline some research directions
that could exploit the flexibility of the DIRTMAP
database, and present ideas about the future expan-
sion of DIRTMAP.

7.1. The future of DIRTMAP as a Õalidation tool

The kinds of models that are currently used to
simulate the role of dust in the climate system are
relatively simple, operate at a coarse spatial scale
Ž .ca. 3–58 , and simulate changes in dust loading in
response to the equilibrium climate of specfic inter-

Ž .vals e.g. the LGM . However, the continual devel-
opment and incorporation of dust processes into
earth system models means that processes on a wide
range of temporal and spatial scales may soon be
included in both regional and global simulations of
the dust cycle. In making comparisons with these
models, the user must be able to select data from the
DIRTMAP data base at the appropriate temporal and
spatial scales that reflect the processes incorporated
in a given model. DIRTMAP must be flexible enough
to remain a useful tool for model validation as earth
system models progressively improve.

The coarse spatial resolution of current earth sys-
tem models means that they cannot be expected to
capture local processes of dust generation, e.g. the

preferential accumulation of dust downwind of major
Žrivers and the generation of periglacial loess see e.g.

.Fig. 5 . Furthermore, because these models have
been used to simulate the response of dust to equilib-
rium climate states, they cannot be expected to cap-
ture high-resolution dust events as seen, e.g. in the

Ž .ice cores Fig. 3 or in well-dated loess deposits.
Simulating either short-term variability of this sort or

Ž .the longer-term glacial–interglacial evolution of
the dust cycle will require the use of fully coupled
earth system models in which ocean processes, vege-
tation and dust itself are included as dynamic com-
ponents of the system. Unfortunately, although such
models are being developed, they are computation-

Žally heavy and the necessity for long 100 to several
.1000 years runs will increase this cost.

Computationally efficient models of intermediate
Ž .complexity e.g. Gallee et al., 1991 can be used for´

longer simulations of the climate system, and thus
could provide a useful exploratory tool. Although
these models have low-resolution representations of
both continents and ocean basins, and so cannot be
expected to capture regional details of dust deposi-
tion, they could be used to simulate changes in dust
deposition across climate transitions, e.g. from glacial
to interglacial periods. Evaluation of such simula-
tions, using data from the DIRTMAP data base, is
possible, but some thought is required about pre-
treatment of the data. Zonal averages of the dust

Ždeposition to the Atlantic and Pacific Oceans Fig.
.10 capture the general features of the modern pat-

tern of atmospheric dust loadings, and show how this
pattern changed under the different climate condi-
tions of the LGM. However, some information is
apparently lost in this presentation of the data, e.g.
the spatial patterns of decreased dust deposition
downwind of source regions. Such complications
may be circumvented by careful selection of the
regions over which zonal averages are taken. For
example, one might choose to divide the Pacific
Basin into two halves in order to isolate the influ-
ence of continental sources on either sides of the
basin. Similar averages of dust deposition might be
made over land masses. Special care must be taken
in creating regional or zonal averages, as these anal-
yses can be highly sensitive to the selection of

Žregional boundaries see e.g. Qin et al., 1998; Koh-
.feld and Harrison, 2000 .
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Ž . Ž .Fig. 10. Dust accumulation rates for the LGM black bars and Holocene grey bars periods, averaged zonally over 58 latitudinal bands
Ž . Ž .from the a Atlantic and b Pacific ocean basins. Error bars represent 1 standard deviation. Number of samples contributing to each zonal

Ž . Ž .dust flux estimate is also summarized for the LGM black dots and Holocene open circles periods.

The DIRTMAP data base could also be used to
improve the model-simulated fields of dust delivered

to the surface ocean, for the purpose of testing the
impact of dust on marine productivity and ultimately
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on atmospheric CO . Marine biological productivity2

in several regions, notably the eastern equatorial
Pacific and the Southern Ocean, has been shown
through in situ experiments to be limited by the

Ž .supply of the iron Fe . Wind blown dust from the
continents is the main source of Fe to the surface
ocean. Ocean biogeochemistry models, designed to
assess the extent to which this wind-blown iron can
affect marine productivity and thereby the glacial–
interglacial changes in atmospheric CO concentra-2

tions, are still in the early stages of development.
Marine records of dust deposition, as well as conti-
nental records of the fraction of Fe in potential
source regions, could be used to constrain the amount,
distribution and quantity of iron that enters the ocean.

Recent studies have demonstrated that correct
Žcharacterisation of soil mineralogy in particular,

.hematite content and particle size from potential
source regions is extremely important to the radiative

Ž .properties of dust Claquin et al., 1998, 1999 . Thus,
the mineralogical data from deposits that are both

Ž .near potential source regions loess deposits as well
Žas those recording long-distance transport marine

.sediments and ice cores might be used as a means
of testing simulations of changes in the mineralogi-
cal composition of atmospheric dust.

7.2. ImproÕements in the primary data

The maps presented in Fig. 8 show there are large
gaps in the spatial coverage of DIRTMAP. In the
case of the ice core and marine records, these gaps
represent places where new records are urgently
required. In the case of terrestrial records, the gaps
largely reflect the need for careful synthesis of exist-
ing data. However, it is clear that there are also some
regions where additional field studies will be re-
quired to complete our knowledge of the spatial
patterns of past dust deposition. In addition to syn-
theses of existing data, or collection of data from
new sites, there are a number of other improvements
that could be made to maximise the usefulness of
existing records. These include the following.

Ø Improvement of high quality dating of dust
records. Dating methods, particularly on loess de-
posits and marine sediments, are currently largely
based on chronostratigraphic correlation and the as-
sumptions inherent therein. Addressing questions of

high-frequency changes requires continued develop-
ment and application of both radiocarbon and lumi-
nescence dating techniques.

Ø Measurement and reporting of the bulk densi-
ties of aeolian sediments. Bulk densities of loess
sediments are rarely measured and even less fre-
quently reported. Furthermore, error estimates on
bulk density measurements of dried marine sediment
cores range from 10% to 25%.

Ø Inclusion of grain size data. In addition to
providing an indication of changes in dust deposition
processes in all three palaeoenvironments, particle
size estimates are one of the key diagnostics for
determining potential contamination, particularly in
marine sediments.

Ø Advancement in techniques to isolate the aeo-
lian component of sediments. In loess sediments, this
involves using micromorphology and pedological
techniques to isolate what portion of the sediment is
reworked or formed in situ from actual airborne
materials. In marine sediments, this involves the

Žapplication of multiple techniques e.g. grain size
analysis, magnetic susceptibility, REE, tracer iso-

.topes to guarantee that materials are atmospherically
derived.

Ø Improvement of modern and interglacial esti-
mates of dust accumulation. Modern estimates of
dust accumulation in loess regions are affected by
human disturbance. Long-term trap measurements of
dust accumulation that encompass periods of both
high and low dust deposition could improve esti-
mates of modern dust deposition rates. Measure-
ments of last interglacial dust accumulation rates
could provide an alternative baseline for comparison
with glacial deposition rates.

Ø Intercalibration of dust accumulation rate esti-
mates from different sensors andror measurement
techniques. Estimates of recent dust accumulation
rates are actually based on information pertinent to
very different averaging periods. Surface marine sed-
iments frequently average the last 3–6 ka. Marine
and terrestrial sediment trap estimates, on the other
hand, integrate dust accumulation rates over time
scales of the order of seasons to years. Satellite

Žestimates usually based on measurements of short-
.wave reflectance provide somewhat indirect esti-

mates of atmospheric loadings, integrated on time
scales of days to years. Some attempts have been
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made to calibrate these different types of modern
Žmeasurements over selected regions e.g. Sirocko

.and Sarnthein, 1989; Ratmeyer et al., 1999 , but a
global effort to address this issue is still lacking.

Ø Incorporation of continuous time series records
of dust properties. Some time series data are in-
cluded in the DIRTMAP database, but the focus of
the database has been to provide estimates of dust
deposition for key time periods. Incorporation of
more time-series data will permit future comparisons
with transient simulations of the dust cycle, e.g.
across a complete glacial–interglacial cycle.

The DIRTMAP database was originally devel-
oped as a validation data set for earth system model
simulations of the glacial–interglacial dust cycle.
However, the DIRTMAP database contains a wide
variety of dust data and is a useful repository that
could serve the earth science community for many
purposes beyond model validation. The full partici-
pation of the earth science community is required for
DIRTMAP to achieve its fullest potential as a valida-
tion data set and a useful data repository.
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