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Abstract Dust in Greenland ice cores is used to reconstruct the activity of dust-emitting regions and
atmospheric circulation. However, the source of dust material to Greenland over the last glacial period is
the subject of considerable uncertainty. Here we use new clay mineral and <10 pm Sr-Nd isotopic data
from a range of Northern Hemisphere loess deposits in possible source regions alongside existing isotopic
data to show that these methods cannot discriminate between two competing hypothetical origins for
Greenland dust: an East Asian and/or central European source. In contrast, Hf isotopes (<10 um fraction) of
loess samples show considerable differences between the potential source regions. We attribute this to

a first-order clay mineralogy dependence of Hf isotopic signatures in the finest silt/clay fractions, due to
absence of zircons. As zircons would also be absent in Greenland dust, this provides a new way to discriminate
between hypotheses for Greenland dust sources.

1. Introduction

Wind-borne mineral aerosol (here referred to as “dust”) influences global climate directly and indirectly
through diverse physical and biogeochemical processes and is therefore considered a major component
of the climate system [Harrison et al., 2001; Tegen, 2003]. Dust particles affect the radiation budget through
scattering and absorption of incoming solar and outgoing infrared radiation [Tegen and Lacis, 1996; Liao
and Seinfeld, 1998] and by altering cloud optical properties, amounts, and lifetimes [Albrecht, 1989; Yin
et al.,, 2002; Andreae and Rosenfeld, 2008]. Furthermore, airborne mineral dust provides micronutrients (e.g.,
iron and silica) to marine and terrestrial ecosystems [Martin, 1990; Duce and Tindale, 1991; Falkowski et al.,
1998], thereby affecting productivity and influencing the carbon cycle and eventually atmospheric greenhouse
gas content [Archer et al,, 1998; Mahowald et al., 2005].

Not only does dust affect climate but also the generation and transport of dust itself are extremely sensitive
to climate and environmental change. As recorded in ice cores [Thompson and Mosley-Thompson, 1981;
Steffensen, 1997; Lambert et al., 2008] and marine [e.g., Winckler et al., 2008] and terrestrial sediments (e.g.,
loess) [Kohfeld and Harrison, 2001; Derbyshire, 2003; Stevens and Lu, 2009; Ujvdri et al,, 2010; Lambert et al.,
2015], there have been large and systematic variations in dust loading during the past glacial-interglacial
cycles with dust concentrations during the Last Glacial Maximum (LGM, 19-26 ka) being an order of magni-
tude higher than during the Holocene [Fuhrer et al., 1999; Ruth et al., 2003; Fischer et al., 2007; Albani et al.,
2015]. The possible reasons for enhanced dust flux include increased wind speeds, reduced strength of the
hydrological cycle, expansion of dust source areas, and the physiological effects of low atmospheric CO,
concentration on terrestrial plant productivity [Yung et al., 1996; Harrison et al., 2001; Tegen, 2003]. Aeolian
dust has long been recognized as an important tracer for large-scale atmospheric circulation. Since ice core
dust is purely aeolian in origin, discrimination of its potential source region(s) would contribute to a better
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understanding of the past dust activity and climatic/environmental causes. Furthermore, ice core dust source
information provides critical experimental constraints for model simulations of the past atmospheric circulation
patterns [Svensson et al., 2000; Bory et al., 2002].

Previous studies on the clay mineralogical and ’Sr/%°Sr and '**Nd/"**Nd isotopic compositions of dust in the
Greenland Ice Sheet Project (GISP2) and Greenland Ice Core Project (GRIP) ice cores and potential source area
(PSA) samples by Biscaye et al. [1997] and Svensson et al. [2000] suggest that the last glacial dust in central
Greenland ice cores likely originated from Asia. The Sr-Nd isotopic signature of Greenland ice core dust
has been explained as binary mixtures of Chinese/Asian dust and circum-Pacific volcanic material, while both
North America and the Sahara were eliminated as PSAs because of clay mineralogical and Sr-Nd isotopic
considerations [Biscaye et al., 1997; Svensson et al., 2000]. This hypothesis of Asian sources of mineral dust
has become the prevailing current paradigm for Greenland dust source and informs climate models and
reconstructions over the past dust dynamics and atmospheric conditions during the last glacial period.

However, Svensson et al. [2000] noted that important dust source areas may exist from which no PSA samples
were analyzed so far, while some other studies have suggested a different or more complicated picture
for Greenland dust sources. Burton et al. [2007] found less radiogenic Sr isotopic signatures in LGM dust
from the GRIP ice core compared to those published by Biscaye et al. [1997] and Svensson et al. [2000] and
concluded that the composition of dust transported to Greenland in cold periods is influenced by remote
sources like the Gobi or Sahara deserts. A model simulation by Werner et al. [2002] suggests that a combina-
tion of Caspian Sea-Asian sources accounted for 42% of the total central Greenland dust flux during the LGM,
but they emphasize that other sources could also make a significant contribution to the Greenland dust
deposition. At the same time, Aleinikoff et al. [2008] raise the possibility of North American dust transport
to Greenland based on Pb isotopic data of detrital potassium feldspars from loess. Model simulations by
Mahowald et al. [2006] suggest that most of the dust deposited at Greenland could come from sources in
the continental U.S., Alaska, or Siberia, while in their most recent study, Mahowald et al. [2011] simulate both
East Asian and Alaskan sources for LGM dust in the GRIP ice core. More recently, Ujvdri et al. [2012] revealed
that Sr-Nd isotopic compositions of <5 pum grains of Hungarian LGM loess samples in east central Europe
partly overlap with those of coeval dust samples from the GISP2 and GRIP ice cores. These inconsistencies
mean that it is now critical to systematically test between the various possible dust sources relevant for
Greenland during the last glacial period.

Here we present new clay mineralogical and 8 Sr/%sr, "*Nd/'"**Nd, and "7®Hf/'””Hf isotopic data from fine
separates (<10 um) of 11 LGM loess samples collected around the Northern Hemisphere (Table S1 in the
supporting information) and compare them to existing LGM Greenland ice core dust data (see Figure 1 for
position of new and published samples used in the analysis). Based on these new data and the published
evidence, we demonstrate that there are two equally plausible explanations for the origin of the last glacial
mineral dust recovered from the GISP2/GRIP ice cores. We emphasize that currently no unique source
discrimination is possible using both the published and our new data. This underscores the urgent need to
reconsider a wider range of possible Greenland dust sources, to incorporate this source uncertainty in modeling,
and also to identify more diagnostic dust tracers.

2. Material and Methods

Fine (<10 um) separates of Northern Hemisphere loess sediments were used as PSA samples in this study. All
the details of sampling, pretreatments, size separations, and clay mineralogical as well as Sr-Nd-Hf isotopic
measurements are given in the supporting information file associated with this paper.

3. Results and Discussion

3.1. Clay Mineralogical Constraints on Possible Dust Sources

Clay mineralogy is a potentially useful tracer of ice core dust provenance, as its distribution on the continents
is a first-order function of weathering, itself largely a function of climate [Biscaye et al.,, 1997]. Several clay
and other trace mineral distributions are latitude dependent. The most sensitive indicator of this latitude
dependency is the kaolinite to chlorite (K/C) ratio [Biscaye, 1965], which is an indication of the relative
intensities of chemical to physical weathering processes. In a tropical climate we would expect the K/C ratio
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Figure 1. Location of ice cores in Greenland and potential source area (PSA) samples around the Northern Hemisphere.
Black dots denote PSAs analyzed by Biscaye et al. [1997] and Svensson et al. [2000]: 1 and 2. Moose Mountains, AK, U.S;
3. Pullman, WA, U.S.; 4. Pancake Hollow, IL, U.S.; 5-7. Gobi desert; 8. Weinan, China; 9. Luochuan, China; 10. Yulin, China;
and 11. Muzichi, Kijev, Ukraine. Blue dots denote PSA samples analyzed in this study: 12. Judkins, NE, U.S.; 13. Prairie Lake,
NE, U.S,; 14. Obert, NE, U.S.; 15. Nussloch, Germany; 16. Mende, Hungary; 17. Dunaszekcsé, Hungary; 18. Titel, Serbia; 19.
Lingtai, China; 20. Xifeng, China; 21. Beigoyuan, China; and 22. Tumara Valley, NE-Siberia, Russia.

to be >1-2 [Scheuvens et al., 2013], whereas in a boreal climate it is <0.5-1 [Griffin et al., 1968]. Beyond
latitude-indicating species, any source area has a characteristic spectrum of clay minerals, partly reflect-
ing local lithology and climate and drainage characteristics. Source area discrimination is therefore a
matter of comparing relative abundances of an entire suite of minerals, some of which may be diagnos-
tic, while others are conversely too common across possible source areas and thus noncharacteristic
[Biscaye et al., 1997].

In our combined new and literature-based data set, the K/C ratios of European and Alaskan loess deposits and
some Chinese loess samples overlap with those of the last glacial Greenland dust (0.3-0.8; Figure 2). Only
North American PSAs exhibit much higher K/C ratios (>3.6; Table S2), primarily because of extremely low
chlorite contents found in Nebraska loess. In terms of content, all the PSA samples analyzed so far have lower
kaolinite contents than Greenland dust, except for the Alaskan loess. While the illite contents of Alaskan,
central European, and Siberian loess samples are in the same range as Greenland LGM dust (40-60%), some
Chinese loess samples reveal higher illite contents (Figure 2 and Table S2). Ice core dust samples are poor in
smectite (2-5%) similar to Chinese, Siberian, and Alaskan PSAs (Figure 2 and Table S2) [Svensson et al., 2000].
Central/east central (C/EC) European loess in contrast has higher smectite contents (20-30%), while Nebraska
loess was found extremely rich in smectite (except for Jud).

Based on clay mineralogy alone, only the continental U.S. PSAs with very high K/C ratios and extremely high
smectite contents can be excluded as potential sources. Alaskan and Chinese loess samples seem to be the
best candidates in terms of clay mineral compositions, although Chinese loess has higher illite and lower
kaolinite contents and K/C ratios than Greenland dust in our data sets. Siberian and C/EC European loess
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Figure 2. Kaolinite/chlorite (K/C) versus (a) illite and (b) smectite contents of PSA and Greenland LGM dust samples. Data sources: B97—Biscaye et al. [1997], S2000—Svensson
et al. [2000], and U2012—Ujvdri et al. [2012]. Error bars are not presented, but the overall uncertainty is ~+10%.

deposits are still considered potential sources, although the former has slightly lower kaolinite, while the
latter has higher smectite contents. A crucial problem in discriminating the provenance of Greenland dust
is that relatively little is known about the impact of long-range transport on mineralogical compositions.
While there is some evidence that the illite/kaolinite ratio remains stable during emission and long-range
transport of mineral aerosol [Glaccum and Prospero, 1980; Caquineau et al., 1998], smectite tends to aggluti-
nate during transport due to its high hygroscopic capacity [Singer et al., 2004]. The very fine grain size of
smectite at emission and its tendency to form aggregates during atmospheric transport result in a fractiona-
tion effect [Tomadin et al., 1989; Scheuvens et al., 2013]. While smectite occurrence exhibits a latitudinal
dependence in atmospheric dust samples collected along the western coast of Africa [Stuut et al., 2005],
Chester et al. [1972] found high variability in smectite contents (2-43wt %) and attributed this as likely
resulting from physical fractionation processes during emission, transport, and deposition, as well as
heterogeneous smectite contents in the source sediments [Schiitz and Sebert, 1987]. Thus, without a deeper
understanding of this fractionation and source heterogeneity, the usefulness of smectite as a source marker
remains uncertain [Scheuvens et al., 2013], particularly in source discriminations based on loess samples
exhibiting relatively little (10-20%) interregional differences in smectite contents. At the same time, large
and significant differences in smectite contents can still to some extent be considered source diagnostic,
in particular if other clay mineralogical parameters (e.g., K/C ratio) are also divergent. Aleinikoff et al. [2008]
argued that higher smectite contents in continental U.S. dust deposits do not necessarily rule these out
as sources for central Greenland last glacial dust, as smectite in Nebraska loess source rocks forms hard-
to-remove coatings on larger grains that would drop out near the source. Nevertheless, it seems still unlikely
that fractionation processes during transport would lead to 60-70% smectite depletion for the Nebraska
loess, which would be required for it to match the smectite contents of LGM Greenland dust. In any case,
while the interpretation of smectite content is somewhat ambiguous, neither the very low kaolinite and
chlorite contents nor the high K/C ratios favor continental U.S. sources.

3.2. Sr-Nd Isotopic Compositions and Mixing Models: Two Plausible Explanations

8751/88Sr isotopic ratios cover a range from 0.715178 to 0.722874, with the Nebraska loess exhibiting the least
radiogenic and Chinese loess the most radiogenic Sr isotopic compositions (Table $2). "**Nd/"**Nd isotopic
ratios were found in a relatively narrow range from 0.512044 to 0.512160 (eng(0): —11.4 to —9.2; Table S3; for
the definition of &yy(0) see the supporting information). Less radiogenic Nd isotopic compositions are
characteristic for one of the Nebraska and Siberian loess samples. In Sr-Nd isotopic space, the C/EC European
loess deposits most overlap with the last glacial Greenland dust samples (Figures 3a and 3b), and while the
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Figure 3. (a) Sr-Nd isotopic compositions of the last glacial ice core dust and PSA samples. (b) Boxed area around Greenland dust and likely potential sources
enlarged. (c) Nd-Hf isotopic compositions of PSA samples analyzed in this study and comparison with those of bulk loess and clay separates from the literature.
(d) PSA sample illite content versus eys(0) diagram. Note that error bars are not shown for the sake of figure clarity, but they are mostly smaller than symbols
of PSAs. Crosses denote isotopic data measured by thermal ionisation mass spectrometry (TIMS) at the UV, Vienna, while bold crosses mark those obtained
by TIMS/multicollector-inductively coupled plasma-mass spectrometry (MC-ICP-MS) at RHUL, London, and/or Leeds. All displayed data are from acetic acid-treated loess
size separates (<2 um/<10 um). Data sources for loess in Figures 3a and 3b: B97—Biscaye et al. [1997], S2000—Svensson et al. [2000], FO9—Feng et al. [2009], U2012
—Ujvdri et al. [2012], and Z2015—Zhao et al. [2015]. Isotopic data of desert sand regions A, B, and C are from Chen et al. [2007]. LGM sediments (west of Africa) and
Saharan dust data originate from Grousset et al. [1988, 1992, 1998]. Circum-Pacific volcanic rocks isotopic data are from Kepezhinskas et al. [1997] and George et al. [2003].
Black and gray hyperbolas are mixing lines between end-members EM;, EM,, and EMs. For end-member compositions and mixing calculations see Text S1 (supporting
information). Data sources for Figure 3c: bulk loess—Chauvel et al. [2014] and clay fractions of loess in China—Zhao et al. [2015]. The terrestrial, the zircon-free/zircon-
bearing sediment, and the clay-sized arrays are from Vervoort et al. [2011], Bayon et al. [2009], and Zhao et al. [2014].

Nebraska loess is slightly less radiogenic in Sr-Nd isotopes and Chinese loess reveals a slightly more radiogenic
Srisotopic signature (Figures 3a and 3b), both are also close to Greenland dust composition. However, neither of
the Chinese-Mongolian desert sources overlap in Sr-Nd isotopic compositions with those of Greenland LGM
dust [Chen et al., 2007; Zhao et al., 2015], except for the Northern Mongolia Plateau clay (<2 pum) separates.
As such, it is also plausible that this latter region may have provided mineral dust to Greenland during the last
glacial period. However, as explained below, we propose that two potential dominant dust source regions can
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best account for the new data here and the published work: China and C/EC Europe. Furthermore, we argue that
neither of these PSAs can be distinguished as the dominant LGM Greenland dust source based on these and all
published data.

A complicating factor in the analysis is that although the sampled GISP2 and GRIP ice core sections were
free of volcanic markers, a low amount of volcanogenic component cannot be entirely excluded because
of the weak electric conductivity signal in alkaline ice [Hammer et al,, 1997; Svensson et al., 2000]. Therefore, both
Biscaye et al. [1997] and Svensson et al. [2000] considered a weak (up to ~10%) contribution from circum-Pacific
volcanic sources situated upwind of Greenland. Considering that, as found by Svensson et al. [2000], an admix-
ture of 90-10% from Chinese loess and circum-Pacific volcanic material would account for the Sr-Nd isotopic
ratios of central Greenland LGM dust (Figures 3a and 3b; gray mixing hyperbola). However, at the same time
Svensson et al. [2000] argue that it seems unlikely that more than half of their samples contain almost the same
fraction of volcanic material, and the low intersample Sr isotopic variability implies an insignificant volcanic
component. Considering this negligible volcanic input, our new Sr-Nd isotopic data set from PSAs offers a
potential alternative model involving C/EC Europe that is capable of explaining the ice core dust Sr-Nd isotopic
compositions. A mixture of a 0 to 5% volcanic component and 95-100% C/EC European loess would yield the
Sr-Nd isotopic ratios of LGM dust in GISP2 and GRIP (Figures 3a and 3b; black mixing hyperbola). Furthermore,
in this model the isotopic composition of C/EC European loess itself explains the 8Sr/%sr and *3Nd/'**Nd
isotopic ratios of ice core dust without invoking a volcanic source.

This latter C/EC European dust source hypothesis would, however, require a direct dust transport route from
Europe to Greenland. Such a route, as modeled for the LGM by Andersen et al. [1998], is through strong
northward advection over the central part of Eurasia, across the Arctic Ocean, and around a persistent low
pressure system in the Baffin Bay. This meridional path over the Arctic Ocean was found in an air mass
trajectory analysis to Summit, Greenland for the present day [Kahl et al., 1997], albeit with a rare occurrence.
In that study though, North America was found to be an important source for all seasons, while for wintertime
67% of all 10 day trajectories reached back to Asia/Europe. It follows from this study that Asia is also among
the most important sources today and this might be true for the LGM too. Indeed, some LGM atmospheric
simulations favor Asian sources for the last glacial dust over central Greenland [Reader et al., 1999; Werner
et al, 2002; Mahowald et al., 2011], while others suggest dust transport from glaciogenic/nonglaciogenic
sources in the continental U.S., Alaska, or Siberia [Mahowald et al., 2006].

A further line of evidence is the origin of volcanic material in Greenland ice. Tephra studies on Greenland ice
cores indicate that, beyond a clear dominance of proximal Jan Mayen and Icelandic sources, volcanic ash
from the Pacific Arc was repeatedly transported and deposited in Greenland [Abbott and Davies, 2012;
Bourne et al., 2015a, 2015b]. Together with this Pacific material, volcanic dust from only some Southern
European eruptions (Vesuvius, 79 A.D. and perhaps Santorini, ~1645 B.C.) can be traced in Greenland ice cores
[Abbott and Davies, 2012], and neither the Campanian Ignimbrite (~40ka) nor the Laacher See (~12.9 ka)
tephras could be identified in cores of the North Greenland Ice Core Project (NGRIP) and North Greenland
Eemian Ice Drilling (NEEM) project [Svensson, 2012; Bourne et al, 2013]. Out of the numerous North
American eruptions, only the Alaskan White River Ash (~860 A.D.) and the Mount Mazama Ash (~7.6 ka)
appear in NEEM [Jensen et al., 2014] and GISP2 [Zdanowicz et al., 1999]. This data therefore point to a domi-
nant dust transport pathway from East Asia to Greenland during the last glacial period. As shown above, such
a link is supported by the Sr-Nd isotopic signatures of Chinese loess deposits and in general by their clay
mineralogy. However, since the illite contents of Chinese loess are by 10-25% higher than those of ice core
dust, some loss during transport may have happened. Although less consistent with tephra records and
atmospheric circulation simulations, the C/EC European loess Sr-Nd signatures strongly point to a LGM
Greenland dust source in this region. The clay mineral compositions are entirely overlapping, except for
smectite, which is present in slightly higher amounts in C/EC European loess than in ice core dust.
Nevertheless, these differences are minor (10-20%, mostly within X-ray diffraction (XRD) measurement
uncertainties), and some amounts of smectite may have been lost during transport.

While the published and new data here cannot differentiate between Asian and C/EC European sources, we
argue that the possibility of a dominant North American and Siberian dust source to Greenland can be
excluded. With regard to published work, sourcing of Greenland material from Alaskan dust was rejected
by Biscaye et al. [1997] using Sr-Nd isotopes. Indeed, a genetic link between Alaskan and Greenland dusts
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is improbable considering the previously published Sr-Nd isotopic signatures of Yukon loess fine grain
separates (375r/86Sr: 0.707-0.71, eng(0): —4 to 2) [Zdanowicz et al, 2006). Likewise, the sourcing of
Greenland dust from the continental U.S. seems also unlikely based on the clay mineralogy presented here, espe-
cially given the very low kaolinite and chlorite contents in Nebraska loess, which could clearly not be enriched en
route to Greenland during transport (see above; Figure 2). Further evidence against the continental U.S. origin
comes from the less radiogenic Sr-Nd isotopic ratios of Nebraska loess compared to those of central
Greenland LGM dust in the data presented here (Figure 3). Although few of the samples overlap, the more radio-
genic Sr—Nd isotopic ratios of ice core dust could only be accounted for by mixing Nebraska loess with dust from
a source characterized by much more radiogenic Sr—Nd isotopic ratios than the ice core dust. At the same time,
any mixture of Nebraska loess with volcanic products would result in much lower 875y/85sr isotopic ratios than
those of ice core dust. With regard to a possible NE-Siberian origin, this region cannot be excluded as a source
based on clay mineralogy. However, the less radiogenic Nd isotopic signature of the Sib200 sample does not sup-
port a link to Greenland from this region (Figures 3a and 3b and Table S3). Nevertheless, further loess samples
should be analyzed to gain insight into the mineralogical and isotopic heterogeneity of these sources.

3.3. Hf Isotopes as Promising Tracers

The ambiguities in source discrimination presented above imply that new approaches are needed to answer
the still open question of the last glacial ice core dust origin in central Greenland. Hf isotopic analysis on the
low amounts of material (0.7-8 mg dust/kg ice) that are usually found in ice cores from the LGM to the
Holocene [Ruth et al., 2003] is challenging, but feasible [Aciego et al., 2009]. Here we present some initial Hf
isotopic analyses on the <10 um fraction of LGM loess samples. These data coupled with Nd-Hf isotopic
ratios from the recent literature (Figure 3c) suggest that such efforts are valuable as it is expected that the
Hf isotopes will provide more source-diagnostic data.

First, we tested the effect of acid treatment on Hf isotopes, as all of the PSAs were leached using weak acetic acid
to remove carbonates (see the supporting information). Since carbonates are not the carriers of Lu and/or Hf, it
was expected that the Hf isotopic signatures are not influenced by the acetic acid treatment. Indeed, similar to Nd
isotopes, Hf isotopic ratios do not seem to be affected by weak acetic acid leaching (Table S3).

Second, we analyzed the range of Nd-Hf isotopic data in the samples. As shown in Figure 3c and Table S3, Nd
isotopic compositions (eng(0)) of the three acid-treated grain size separates analyzed in this study range from
—11.4to —10, close to the average upper crustal value of —10.3 [Chauvel et al., 2014]. Bulk loess samples from
China, Tajikistan, and western Europe have almost the same &yq(0) values as the grain size separates,
although with a slightly larger range (Figure 3c). In contrast, bulk loess &.¢(0) values show large variations
and are always much more negative than those from the loess fine grain separates. These much less radio-
genic Hf isotopic compositions of the bulk loess are attributed to higher zircon abundances in these samples
[Patchett et al., 1984; Pettke et al., 2002; van de Flierdt et al., 2007; Lupker et al., 2010; Rickli et al., 2010; Garcon
et al, 2013; Chauvel et al.,, 2014], meaning these data are clustered around the “zircon-bearing sediment
array” [Bayon et al, 2009]. Zircon is a refractory heavy mineral with low Lu/Hf ratios [Hoskin and
Schaltegger, 2003] and thus very unradiogenic '7°Hf/'””Hf isotopic compositions [Kinny and Maas, 2003;
Ujvdri and Ki6tzli, 2015], which then also consequently dominate the bulk loess Hf isotopic signal. In contrast,
fine grain separates of loess appear between the “zircon-free” and “clay-sized arrays” (Figure 3c), demonstrat-
ing that they contain little to no zircon, and their more radiogenic Hf isotopic compositions are controlled by
clay minerals that incorporate/adsorb radiogenic Hf released from higher Lu/Hf phases during incongruent
weathering [van de Flierdt et al., 2007; Bayon et al., 2009; Zhao et al., 2014]. In our limited data set, the Hf
isotopic compositions of fine grain separates are found to be strongly correlated with illite contents
(Figure 3d), with the differences in &.¢(0) values (—6.5 to —1.8) between samples reaching several &y units. We
therefore suggest that in the absence of zircons, the Hf isotopic compositions likely reflect the different propor-
tions of clay minerals characteristic for each loess region on the Northern Hemisphere, in particular illite. In our
data set these proportions appear to be sufficiently different in the fine grain PSA data to enable discrimination.
Further, the Hf isotopic composition of very fine mineral dust in Greenland is also expected to be clay mineralogy
dependent because of zircon depletion and fallout during long atmospheric transport [Aarons et al,, 2013]. As
such, it is believed that through Hf isotopes a better understanding can be gained concerning Greenland dust
sources, although for this to be achieved, further clay mineralogy and Hf isotopic data are needed to better
understand the first-order clay mineralogical controls on Hf isotopic signatures of fine dust.
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4, Conclusions

Clay mineralogy and Sr-Nd isotopic ratios of grain size separates (<10 um) of Northern Hemisphere loess
samples demonstrate that two plausible scenarios exist for the origin of the last glacial mineral dust found
in the GISP2 and GRIP ice cores. While the Northern Mongolia and Chinese Loess Plateau deposits still appear
to be the most likely dust sources, the Sr-Nd isotopic compositions of LGM ice core dust can readily be
explained by major contributions from C/EC European loess deposits too. Clay mineralogical compositions
do not seem to contradict this hypothesis. At the same time, the clay mineralogy coupled with the less
radiogenic Sr-Nd isotopic signatures of Nebraska loess does not support a sourcing of Greenland dust from
major continental North American glacial dust-emitting regions. Likewise, a NE-Siberian origin also seems less
likely based on the Nd isotopic ratio of a single sample, although further data would be needed from dust
samples of both regions. Based on initial Hf isotope analyses of fine separates of three loess samples, an
apparent dependence of Hf isotopic signatures on the relative proportions of radiogenic clay minerals
(primarily illite) can be seen, as these fine dust fractions seem to be zircon free. The observed difference
between major potential source regions in '7®Hf/"”’Hf that reach several . units and the first-order clay
mineralogy dependence of Hf isotopic signatures means that there is strong potential for distinguishing
between the two hypothesized Greenland dust sources using Hf isotopes. For this, however, Hf isotopic
measurements on Greenland ice core dust samples are required.

Author Contributions

G.U. designed the study and performed the field work and sampling in Hungary. MRS, M.G,, GLBW., TS,
S.B.M., and M.Z. did field work and sampling in the U.S., Germany, China, Serbia, and Siberia and provided
samples. G.U. and J.K. performed laboratory preparations (wet sedimentation and acid treatment) and laser
diffraction measurements. N.T. did the XRD analyses, while U.S.K. and C.M. performed the Sr-Nd-Hf isotopic
analyses in Vienna, London, and Leeds. G.U. wrote the paper with the active participation of T.S. and A.S. All
authors contributed to the discussion/interpretation of results.

References

Aarons, S. M., S. M. Aciego, and J. D. Gleason (2013), Variable Hf-Sr-Nd radiogenic isotopic compositions in a Saharan dust storm over the
Atlantic: Implications for dust flux to oceans, ice sheets and the terrestrial biosphere, Chem. Geol., 349(350), 18-26.

Abbott, P. M., and S. M. Davies (2012), Volcanism and the Greenland ice-cores: The tephra record, Earth Sci. Rev., 115, 173-191.

Aciego, S. M., B. Bourdon, M. Lupker, and J. Rickli (2009), A new procedure for separating and measuring radiogenic isotopes (U, Th, Pa, Ra, Sr,
Nd and Hf) in ice cores, Chem. Geol., 266, 194-204.

Albani, S., et al. (2015), Twelve thousand years of dust: The Holocene global dust cycle constrained by natural archives, Clim. Past, 11,
869-903.

Albrecht, B. A. (1989), Aerosols, cloud microphysics, and fractional cloudiness, Science, 245, 1227-1230.

Aleinikoff, J. N., D. R. Muhs, E. A. Bettis Ill, W. C. Johnson, C. M. Fanning, and R. Benton (2008), Isotopic evidence for the diversity of late
Quaternary loess in Nebraska: Glaciogenic and nonglaciogenic sources, Geol. Soc. Am. Bull., 120, 1362-1377.

Andersen, K. K., A. Armengaud, and C. Genthon (1998), Atmospheric dust under glacial and interglacial conditions, Geophys. Res. Lett., 25,
2281-2284, doi:10.1029/98GL51811.

Andreae, M. O., and D. Rosenfeld (2008), Aerosol-cloud-precipitation interactions. Part 1. The nature and sources of cloud-active aerosols,
Earth Sci. Rev., 89, 13-41.

Archer, D., A. Winguth, D. Lea, and N. Mahowald (1998), What caused the glacial-interglacial atmospheric pCO, cycles?, Rev. Geophys., 38,
159-189, doi:10.1029/1999RG0O00066.

Bayon, G., K. W. Burton, G. Soulet, N. Vigier, B. Dennielou, J. Etoubleau, E. Ponzevera, C. R. German, and R. W. Nesbitt (2009), Hf and Nd
isotopes in marine sediments: Constraints on global silicate weathering, Earth Planet. Sci. Lett., 277, 318-326.

Biscaye, P. E. (1965), Mineralogy and sedimentation of recent deep-sea clay in the Atlantic Ocean and adjacent seas and oceans, Geol. Soc.
Am. Bull., 76, 803-832.

Biscaye, P. E., F. E. Grousset, M. Revel, S. Van der Gaast, G. A. Zielinski, A. Vaars, and G. Kukla (1997), Asian provenance of glacial dust (stage 2)
in the Greenland Ice Sheet Project 2 Ice Core, Summit, Greenland, J. Geophys. Res., 102, 26,765-26,781, doi:10.1029/97JC01249.

Bory, A. J.-M., P. E. Biscaye, A. Svensson, and F. E. Grousset (2002), Seasonal variability in the origin of recent atmospheric mineral dust at
NorthGRIP, Greenland, Earth Planet. Sci. Lett., 196, 123-134.

Bourne, A. J,, S. M. Davies, P. M. Abbott, S. O. Rasmussen, J. P. Steffensen, and A. Svensson (2013), Revisiting the Faroe Marine Ash Zone Ill in
two Greenland ice cores: Implications for marine-ice correlations, J. Quat. Sci., 28, 641-646.

Bourne, A. J., E. Cook, P. M. Abbott, I. K. Seierstad, J. P. Steffensen, A. Svensson, H. Fischer, S. Schiipbach, and S. M. Davies (2015a), A tephra
lattice for Greenland and a reconstruction of volcanic events spanning 25-45 ka b2k, Quat. Sci. Rev., 118, 122-141.

Bourne, A. J., P. M. Abbott, E. Cook, S. M. Davies, A. N. Derkachev, N. J. P. Pearce, V. Ponomareva, M. V. Portnyagin, and A. Svensson (2015b),
Repeated long-range ash transport from Pacific arc volcanic sources: Evidence from the Greenland ice-cores, in XIX INQUA Congress
Program Book, edited by Y. Saito et al., pp. S05-04, T00932, Science Council of Japan, Nagoya, Japan.

Burton, G. R,, K. J. R. Rosman, J.-P. Candelone, L. J. Burn, C. F. Boutron, and S. Hong (2007), The impact of climatic conditions on Pb and Sr
isotopic ratios found in Greenland ice, 7-150 ky BP, Earth Planet. Sci. Lett., 259, 557-566.

UJVARI ET AL.

SOURCE REGIONS OF GREENLAND GLACIAL DUST 10,406


http://dx.doi.org/10.1080/10407782.2012.672898
http://dx.doi.org/10.1155/2012/567864
http://dx.doi.org/10.1029/2005JC003136

@AG U Geophysical Research Letters 10.1002/2015GL066153

Caquineau, S., A. Gaudichet, L. Gomes, M. C. Magonthier, and B. Chatenet (1998), Saharan dust: Clay ratio as a relevant tracer to assess the
origin of soil derived aerosols, Geophys. Res. Lett., 25, 983-986, d0i:10.1029/98GL00569.

Chauvel, C, M. Garcon, S. Bureau, A. Besnault, B.-M. Jahn, and Z. Ding (2014), Constraints from loess on the Hf-Nd isotopic composition of the
upper continental crust, Earth Planet. Sci. Lett., 388, 48-58.

Chen, J,, G. Li, J. Yang, W. Rao, H. Lu, W. Balsam, Y. Sun, and J. Ji (2007), Nd and Sr isotopic characteristics of Chinese deserts: Implications for
the provenances of Asian dust, Geochim. Cosmochim. Acta, 71, 3904-3914.

Chester, R, H. Elderfield, J. J. Griffin, L. R. Johnson, and R. C. Padgham (1972), Eolian dust along the eastern margins of the Atlantic Ocean,
Mar. Geol., 13,91-105.

Derbyshire, E. (2003), Loess, and the dust indicators and records of terrestrial and marine palaeoenvironments (DIRTMAP) database, Quat. Sci.
Rev., 22, 1813-1819.

Duce, R. A, and N. W. Tindale (1991), Atmospheric transport of iron and its deposition in the ocean, Limnol. Oceanogr., 36, 1715-1726.

Falkowski, P. G., R. T. Barber, and V. Smetacek (1998), Biogeochemical controls and feedbacks on ocean primary production, Science, 281,
200-206.

Feng, J.-L., L-P. Zhu, X.-L. Zhen, and Z.-G. Hu (2009), Grain size effect on Sr and Nd isotopic compositions in eolian dust: Implications for
tracing dust provenance and Nd model age, Geochem. J., 43, 123-131.

Fischer, H., M.-L. Siggaard-Andersen, U. Ruth, R. Réthlisberger, and E. Wolff (2007), Glacial/interglacial changes in mineral dust and sea-salt
records in polar ice cores: Sources, transport, and deposition, Rev. Geophys., 45, RG1002, doi:10.1029/2005RG000192.

Fuhrer, K., E. W. Wolff, and S. J. Johnsen (1999), Timescales for dust variability in the Greenland Ice Core Project (GRIP) ice core in the last
100,000 years, J. Geophys. Res., 104, 31,043-31,052, doi:10.1029/1999JD900929.

Garcon, M., C. Chauvel, C. France-Lanord, P. Huyghe, and J. Lavé (2013), Continental sedimentary processes decouple Nd and Hf isotopes,
Geochim. Cosmochim. Acta, 121, 177-195.

George, R, S. Turner, C. Hawkesworth, J. Morris, C. Nye, J. Ryan, and S.-H. Zheng (2003), Melting processes and fluid and sediment transport
rates along the Alaska-Aleutian arc from an integrated U-Th-Ra-Be isotope study, J. Geophys. Res., 108, 2252, doi:10.1029/2002JB001916.

Glaccum, R. A, and J. M. Prospero (1980), Saharan aerosols over the tropical north Atlantic—Mineralogy, Mar. Geol., 37, 295-321.

Griffin, J. J., H. Windom, and E. D. Goldberg (1968), Clay mineral distribution in the world ocean, Deep Sea Res., Part I, 15, 433-459.

Grousset, F. E., P. E. Biscaye, A. Zindler, J. M. Prospero, and R. Chester (1988), Neodymium isotopes as tracers in marine sediments and
aerosols: North Atlantic, Earth Planet. Sci. Lett., 87, 367-378.

Grousset, F. E., P.Rognon, G. Coudé-Gaussen, and P. Pédemay (1992), Origins of peri-Saharan dust deposits traced by their Nd and Sr isotopic
composition, Palaeogeogr. Palaeoclimatol. Palaeoecol., 93, 203-212.

Grousset, F. E,, M. Parra, A. Bory, P. Martinez, P. Bertrand, G. Shimmield, and R. Ellam (1998), Saharan wind regimes traced by the Sr-Nd
isotopic composition of the tropical Atlantic sediments: Last glacial maximum vs. today, Quat. Sci. Rev., 17, 395-409.

Hammer, C. U, H. B. Clausen, and C. C. Langway Jr. (1997), 50,000 years of recorded global volcanism, Clim. Change, 35, 1-15.

Harrison, S. P., K. E. Kohfeld, C. Roelandt, and T. Claquin (2001), The role of dust in climate changes today, at the last glacial maximum and in
the future, Earth Sci. Rev., 54, 43-80.

Hoskin, P. W. O., and U. Schaltegger (2003), The composition of zircon and igneous and metamorphic petrogenesis, in Zircon, Reviews in
Mineralogy and Geochemistry, vol. 53, edited by J. M. Hanchar and P. W. O. Hoskin, pp. 27-62, Mineralogical Society of America, Chantilly, Va.

Jensen, B. J. L, et al. (2014), Transatlantic distribution of the Alaskan White River Ash, Geology, 42, 875-878.

Kahl, J. D. W., D. A. Martinez, H. Kuhns, C. I. Davidson, J.-L. Jaffrezo, and J. M. Harris (1997), Air mass trajectories to Summit, Greenland: A 44-year
climatology and some episodic events, J. Geophys. Res., 102, 26,861-26,875, doi:10.1029/97)JC00296.

Kepezhinskas, P., F. McDermott, M. J. Defant, A. Hochstaedter, M. S. Drummond, C. J. Hawkesworth, A. Koloskov, R. C. Maury, and
H. Bellon (1997), Trace element and Sr-Nd-Pb isotopic constraints on a three-component model of Kamchatka Arc petrogenesis,
Geochim. Cosmochim. Acta, 61, 577-600.

Kinny, P. D., and R. Maas (2003), Lu-Hf and Sm-Nd isotope systems in zircon, in Zircon, Rev. in Mineral. and Geochem., vol. 53, edited by
J. M. Hanchar and P. W. O. Hoskin, pp. 327-341, PWO, Mineralogical Society of America, Chantilly, Va.

Kohfeld, K. E., and S. P. Harrison (2001), DIRTMAP: The geological record of dust, Earth Sci. Rev., 54, 81-114.

Lambert, F., B. Delmonte, J. R. Petit, M. Bigler, P. R. Kaufmann, M. A. Hutterli, T. F. Stocker, U. Ruth, J. P. Steffensen, and V. Maggi (2008),
Dust-climate couplings over the past 800,000 years from the EPICA Dome C ice core, Nature, 452, 616-619.

Lambert, F., A. Tagliabue, G. Shaffer, F. Lamy, G. Winckler, L. Farias, L. Gallardo, and R. De Pol-Holz (2015), Dust fluxes and iron fertilization in
Holocene and Last Glacial Maximum climates, Geophys. Res. Lett., 42, 6014-6023, doi:10.1002/2015GL064250.

Liao, H., and J. H. Seinfeld (1998), Radiative forcing by mineral dust aerosols: Sensitivity to key variables, J. Geophys. Res., 103, 31,637-31,645,
doi:10.1029/1998JD200036.

Lupker, M., S. M. Aciego, B. Bourdon, J. Schwander, and T. F. Stocker (2010), Isotopic tracing (Sr, Nd, U and Hf) of continental and marine
aerosols in an 18th century section of the dye-3 ice core (Greenland), Earth Planet. Sci. Lett., 295, 277-286.

Mahowald, N. M., A. R. Baker, G. Bergametti, N. Brooks, R. A. Duce, T. D. Jickells, N. Kubilay, J. M. Prospero, and . Tegen (2005), Atmospheric
global dust cycle and iron inputs to the ocean, Global Biogeochem. Cycles, 19, GB4025, doi:10.1029/2004GB002402.

Mahowald, N. M., D. R. Muhs, S. Levis, P. J. Rasch, M. Yoshioka, C. S. Zender, and C. Luo (2006), Change in atmospheric mineral aerosols in
response to climate: Last glacial period, preindustrial, modern, and doubled carbon dioxide climates, J. Geophys. Res., 111, D10202,
doi:10.1029/2005JD006653.

Mahowald, N. M., S. Albani, S. Engelstaedter, G. Winckler, and M. Goman (2011), Model insight into glacial-interglacial paleodust records,
Quat. Sci. Rev., 30, 832-854.

Martin, J. H. (1990), Glacial-interglacial CO2 change: The iron hypothesis, Palaeoceanography, 5, 1-13.

Patchett, P. J., W. M. White, H. Feldmann, S. Kielinczuk, and A. W. Hofmann (1984), Hafnium/rare earth element fractionation in the
sedimentary system and crustal recycling into the Earth’s mantle, Earth Planet. Sci. Lett., 69, 365-378.

Pettke, T, D.-C. Lee, A. N. Halliday, and D. K. Rea (2002), Radiogenic Hf isotopic compositions of continental eolian dust from Asia, its
variability and its implications for seawater Hf, Earth Planet. Sci. Lett., 202, 453-464.

Reader, M. C,, I. Fung, and N. McFarlane (1999), The mineral dust aerosol cycle during the Last Glacial Maximum, J. Geophys. Res., 104,
9381-9398, doi:10.1029/1999JD900033.

Rickli, J., M. Frank, A. R. Baker, S. Aciego, G. de Souza, R. B. Georg, and A. N. Halliday (2010), Hafnium and neodymium isotopes in surface
waters of the eastern Atlantic Ocean: Implications for sources and inputs of trace metals to the ocean, Geochim. Cosmochim. Acta, 74,
540-557.

Ruth, U., D. Wagenbach, J. P. Steffensen, and M. Bigler (2003), Continuous record of microparticle concentration and size distribution in the
central Greenland NGRIP ice core during the last glacial period, J. Geophys. Res., 108(D3), 4098, doi:10.1029/2002JD002376.

UJVARI ET AL.

SOURCE REGIONS OF GREENLAND GLACIAL DUST 10,407


http://dx.doi.org/10.1029/2005GL023112
http://dx.doi.org/10.1002/qj.2063
http://dx.doi.org/10.1002/grl.50382
http://dx.doi.org/10.1088/0950&hyphen;7671/27/2/306
http://dx.doi.org/10.1175/2011JTECHO831.1
http://dx.doi.org/10.1109/T&hyphen;AIEE.1946.5059235
http://dx.doi.org/10.1029/2012GL053055
http://dx.doi.org/10.1016/j.dsr2.2004.12.014
http://dx.doi.org/10.1038/ngeo362
http://dx.doi.org/10.1175/1520&hyphen;0485(1984)014<0318:DSFCMO>2.0.CO;2
http://dx.doi.org/10.1029/2004JC002817

@AG U Geophysical Research Letters 10.1002/2015GL066153

Scheuvens, D., L. Schiitz, K. Kandler, M. Ebert, and S. Weinbruch (2013), Bulk composition of northern African dust and its source
sediments—A compilation, Earth Sci. Rev., 116, 170-194.

Schitz, L., and M. Sebert (1987), Mineral aerosols and source identification, J. Aerosol Sci., 18, 1-10.

Singer, A, S. Dultz, and E. Argamann (2004), Properties of the non-soluble fractions of suspended dust over the Dead Sea, Atmos. Environ., 38,
1745-1753.

Steffensen, J. P.(1997), The size distribution of microparticles from selected segments of the Greenland Ice Core Project ice core representing
different climate periods, J. Geophys. Res., 102, 26,755-26,763, doi:10.1029/97JC01490.

Stevens, T, and H. Lu (2009), Optically stimulated luminescence dating as a tool for calculating sedimentation rates in Chinese loess:
Comparisons with grain-size records, Sedimentology, 56, 911-934.

Stuut, J. B, M. Zabel, V. Ratmeyer, P. Helmke, E. Scheful3, G. Lavik, and R. Schneider (2005), Provenance of present-day eolian dust collected
off NW Africa, J. Geophys. Res., 110, D04202, doi:10.1029/2004JD005161.

Svensson, A. (2012), The missing tephra horizons in the Greenland ice cores, Quat Int., 279/280, 478.

Svensson, A., P. E. Biscaye, and F. E. Grousset (2000), Characterization of late glacial continental dust in the Greenland Ice Core Project ice
core, J. Geophys. Res., 105, 4637-4656, doi:10.1029/1999JD901093.

Tegen, |. (2003), Modeling the mineral dust aerosol cycle in the climate system, Quat. Sci. Rev., 22, 1821-1834.

Tegen, I, and A. A. Lacis (1996), Modeling of particle size distribution and its influence on the radiative properties of mineral dust aerosol,
J. Geophys. Res., 101, 19,237-19,244, doi:10.1029/95JD03610.

Thompson, L. G., and E. Mosley-Thompson (1981), Microparticle concentration variations linked with climatic change: Evidence from polar
ice cores, Science, 212, 812-815.

Tomadin, L., G. Cesari, S. Fuzzi, V. Landuzzi, R. Lenaz, A. Lobietti, P. Mandrioli, M. Mariotti, A. Mazzucotelli, and R. Vannucci (1989), Eolian dust
collected in springtime (1979 and 1984 years) at the seawater-air interface of the Northern Red Sea, in Palaeoclimatology and
Palaeometeorology: Modern and Past Patterns of Global Atmospheric Transport, NATO ASI Ser. C, vol. 282, edited by M. Leinen and
M. Sarnthein, pp. 283-310, Kluwer Acad., Dordrecht, Netherlands.

Ujvéri, G., and U. KIstzli (2015), U-Pb ages and Hf isotopic composition of zircons in Austrian last glacial loess: Constraints on heavy mineral
sources and sediment transport pathways, Int. J. Earth Sci., 104, 1365-1385.

Ujvéri, G., J. Kovécs, G. Varga, B. Raucsik, and S. B. Markovic (2010), Dust flux estimates for the last glacial period in east central Europe based
on terrestrial records of loess deposits: A review, Quat. Sci. Rev., 29, 3157-3166.

Ujvéri, G., A. Varga, F. C. Ramos, J. Kovacs, T. Németh, and T. Stevens (2012), Evaluating the use of clay mineralogy, Sr-Nd isotopes and zircon
U-Pb ages in tracking dust provenance: An example from loess of the Carpathian Basin, Chem. Geol., 304-305, 83-96.

van de Flierdt, T., S. L. Goldstein, S. R. Hemming, M. Roy, M. Frank, and A. N. Halliday (2007), Global neodymium-hafnium isotope
systematics—Revisited, Earth Planet. Sci. Lett., 259, 432-441.

Vervoort, J. D, T. Plank, and J. Prytulak (2011), The Hf-Nd isotopic composition of marine sediments, Geochim. Cosmochim. Acta, 75,
5903-5926.

Werner, M., I. Tegen, S. Harrison, K. Kohfeld, I. C. Prentice, Y. Balkanski, H. Rodhe, and C. Roelandt (2002), Seasonal and interannual variability
of the mineral dust cycle under present and glacial climate conditions, J. Geophys. Res., 107(D24), 4744, doi:10.1029/2002JD002365.

Winckler, G., R. F. Anderson, M. Q. Fleischer, D. McGee, and N. Mahowald (2008), Covariant glacial-interglacial dust fluxes in the equatorial
Pacific and Antarctica, Science, 320, 93-96, doi:10.1126/science.1150595.

Yin, Y., S. Wurzler, Z. Levin, and T. G. Reisin (2002), Interactions of mineral dust particles and clouds: Effects on precipitation and cloud optical
properties, J. Geophys. Res., 107(D23), 4724, doi:10.1029/2001JD001544.

Yung, Y.L, T. Lee, C.-H. Wang, and Y.-T. Shieh (1996), Dust: A diagnostic of the hydrological cycle during the last glacial maximum, Science,
271,962-963.

Zdanowicz, C, G. Hall, J. Vaive, Y. Amelin, J. Percival, I. Girard, P. Biscaye, and A. Bory (2006), Asian dustfall in the St. Elias Mountains, Yukon,
Canada, Geochim. Cosmochim. Acta, 70, 3493-3507.

Zdanowicz, C. M., G. A. Zielinski, and M. S. Germani (1999), Mount Mazama eruption: Calendrical age verified and atmospheric impact
assessed, Geology, 27, 621-624.

Zhao, W.,, Y. Sun, W. Balsam, H. Lu, L. Liu, J. Chen, and J. Ji (2014), Hf-Nd isotopic variability in mineral dust from Chinese and Mongolian
deserts: Implications for sources and dispersal, Sci. Rep., 4, 5837, doi:10.1038/srep05837.

Zhao, W., Y. Sun, W. Balsam, L. Zeng, H. Lu, K. Otgonbayar, and J. Ji (2015), Clay-sized Hf-Nd-Sr isotopic composition of Mongolian dust as a
fingerprint for regional to hemispherical transport, Geophys. Res. Lett., 42, 5661-5669, doi:10.1002/2015GL064357.

UJVARI ET AL.

SOURCE REGIONS OF GREENLAND GLACIAL DUST 10,408


http://dx.doi.org/10.1016/S1474&hyphen;7065(02)00078&hyphen;5
http://dx.doi.org/10.1126/science.1154580
http://dx.doi.org/10.1175/2010JTECHO759.1
http://dx.doi.org/10.1029/2005GL024826
http://dx.doi.org/10.1007/s10712&hyphen;011&hyphen;9119&hyphen;1
http://dx.doi.org/10.1029/2011GL048794
http://dx.doi.org/10.1029/95JC03721
http://dx.doi.org/10.1007/s00382&hyphen;010&hyphen;0950&hyphen;8
http://dx.doi.org/10.1175/JTECH&hyphen;D&hyphen;12&hyphen;00127.1


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


