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ABSTRACT

Eolian material within pelagic North Pacific Ocean (NPO) sediments contains considerable 

information about paleoclimate evolution in Asian dust source areas. Eolian signals preserved 

in NPO sediments have been used as indices for enhanced Asian interior aridity. We here report 

a detailed eolian dust record, with chemical index of alteration (CIA) and Rb/Sr variations, for 

NPO sediments from Ocean Drilling Program Hole 885A over the past 4.0 m.y. CIA and Rb/Sr 

co-vary with the dust signal carried by combined eolian hematite and goethite concentrations. 

Changes in CIA around the intensification of Northern Hemisphere glaciation (iNHG) event at 

ca. 2.75 Ma indicate that dust production in source areas was associated mostly with physical 

and chemical weathering before and after the iNHG event, respectively. We here attribute the 

eolian flux increase into the NPO across the iNHG event mainly to increased availability of 

wind-erodible sediment in dust source areas derived from snow and glacial meltwater runoff, 

which resulted from glacial expansion and enhanced snowfall in the mountains surrounding 

the Tarim region in response to global cooling. Our results provide a deeper understanding of 

Asian interior environmental changes in response to global paleoclimate changes, where dust 

source areas became intermittently moister rather than more arid in response to global cooling.

INTRODUCTION

Asian interior dust source areas provide large 

quantities of eolian dust that is carried by west-

erlies to the North Pacific Ocean (NPO; Maher, 

2011; Prospero et al., 2002; Ziegler and Mur-

ray, 2007). Eolian dust archived in pelagic NPO 

sediments provides valuable insights into paleo-

climate changes over different time scales (Rea, 

1994). It has been suggested that eolian flux to 

NPO sediments is related directly to the inten-

sity of aridity in Asian dust sources (Hovan et al., 

1989; Rea et al., 1998). However, dust produc-

tion may be controlled by many factors, including 

the hydrologic and geomorphic environments in 

source areas (Prospero et al., 2002). Furthermore, 

increased moisture can potentially enhance ero-

sion and weathering, releasing fine particles from 

parent rocks for eolian transportation (Kocurek 

and Lancaster, 1999; Nie et al., 2015, 2018). 

Hence, eolian records may not have a simple 

correlative relationship with source aridity.

Ocean Drilling Program (ODP) Hole 885A 

is located downwind of Asia and is sufficiently 

far from the continent to preclude riverine in-

puts and ice-rafted debris influences (Snoeckx 

et al., 1995). Sediments from this hole are sourced 

from the Tarim Basin and adjacent deserts (Pettke 

et al., 2000). Increased eolian flux in Hole 885A 

across the intensification of Northern Hemisphere 

glaciation (iNHG) event at ca. 2.75 Ma has been 

speculated to indicate enhanced aridity in Asian 

dust source areas (Rea et al., 1998; Snoeckx et al., 

1995). However, interpretation of eolian proxies 

remains controversial (Pye, 1989; Prospero et al., 

2002), and it is necessary to assess how eolian 

materials are produced within dust source areas 

in response to paleoclimate changes.

We present here a detailed eolian dust re-

cord from ODP Hole 885A since 4.0 Ma using 

a method proposed by Zhang et al. (2018), along 

with chemical index of alteration (CIA) and Rb/

Sr records. By comparing eolian proxy varia-

tions with the CIA and Rb/Sr data, we provide 

new insights for interpretation of paleoclimatic 

variations in Asian interior dust source areas.

MATERIALS AND METHODS

In this study, 237 discrete sediment samples 

were taken at ∼6 cm stratigraphic intervals from 

sections 1H-1W to 3H-4W of ODP Hole 885A 

(44°41′N, 168°16′W; water depth = 5708.5 m; 

Fig. 1) between depths of 0.13 and 16.54 m 

below seafloor (mbsf). These samples are *E-mail: qsliu@sustech.edu.cn
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 predominantly composed of reddish brown and 

brown clay (Rea et al., 1993). An age model for 

this hole was obtained by linear interpolation 

between magnetic polarity reversals (Dickens 

et al., 1995) based on the geomagnetic polarity 

time scale (GPTS) of Gradstein et al. (2012). 

The age-depth relationship is presented in Part 

1 of the GSA Data Repository1. Volcanic ash 

layers represent instantaneous accumulation 

layers (Part 2 of Data Repository material; Rea 

et al., 1993), so they were removed for age/linear 

sedimentation rate (LSR) determinations. The 

remaining pelagic sediments were not signifi-

cantly affected by volcanic ash (see Part 5 of 

the Data Repository, La-Th-Sc ternary diagram).

Diffuse reflectance spectroscopy (DRS) was 

measured for these samples to obtain records of 

the combined relative concentration of hematite 

and goethite (RelHm+Gt; Zhang et al., 2018) in the 

studied sediments and RelHm+Gt flux. Dust from 

continental sources contains abundant hematite 

(Hm) and goethite (Gt; Larrasoaña et al., 2015; 

Oldfield et al., 2014). RelHm+Gt is presented per 

unit mass of dry sediment by combining the 

measured DRS intensity for both Hm and Gt. 

Major and trace elements were also measured 

for 77 approximately equispaced samples to cal-

culate CIA and the Rb/Sr ratio (details of above 

experimental procedures are presented in the 

Data Repository, Parts 3 and 4).

RESULTS

Diffuse Reflectance Spectroscopy

Downcore variations of RelHm+Gt, RelHm+Gt 

flux, the percentage content of operationally 

defined eolian dust (ODED; Snoeckx et al., 

1995), and ODED flux are shown in Figure 2. 

RelHm+Gt (Fig. 2E) and ODED content (Fig. 2F) 

variations have strong similarities, especially 

around the iNHG event, where they increase 

synchronously at 2.75 Ma and subsequently 

enter a high-eolian-input period, which fur-

ther confirms that RelHm+Gt is a reliable eolian 

proxy. Fluxes of RelHm+Gt (Fig. 2G) and ODED 

(Fig. 2H) from ODP Hole 885A both increase 

progressively due to increasing contributions 

from hematite and goethite (RelHm+Gt, Fig. 2E) 

and ODED minerals (Fig. 2F).

Chemical Index of Alteration (CIA) and 

Rb/Sr

CIA variations with time (Fig.  2D) are 

similar to the eolian records (Figs. 2E–2H) 

and increase abruptly at ca. 2.75 Ma across the 

iNHG event. All data from this hole nearly par-

allel the A–CN trend in an A–CN–K (Al2O3–

CaO*+Na2O–K2O) ternary diagram (Fig. 3). 

Pre-iNHG data (before 2.75 Ma) lie below the 

threshold for chemical weathering, and corre-

sponding CIA values are less than that of the up-

per continental crust (UCC; Taylor and McLen-

nan, 1985), which indicates that eolian materials 

are physical weathering products with no sig-

nificant chemical alteration before 2.75 Ma. 

Post-iNHG data are distributed mainly in the 

weak chemical weathering region, which reflects 

incipient chemical weathering of source mate-

rials after the iNHG event (Fedo et al., 1995). 

Rb/Sr is also a chemical weathering indicator 

(Dasch, 1969) in terrestrial (Chen et al., 1999) 

and marine sediments (Wan et al., 2010). Rb/Sr 

(Fig. 2C) replicates CIA and other eolian varia-

tions, with increases at the iNHG event. Consid-

ering the relationship between weathering indi-

cators (CIA and Rb/Sr) and eolian proxies, the 

enhanced eolian flux to Hole 885A was clearly 

associated with increased chemical weathering 

in source areas, where the transition from weak 

physical to enhanced chemical weathering pro-

vided more fine particles for eolian transporta-

tion to the NPO in response to the iNHG event.

DISCUSSION

Controls on CIA and Implications of Eolian 

Flux Changes

CIA is the most accepted among weather-

ing indices for reconstructing source climate 

conditions (Nesbitt and Young, 1982, 1984). 

Higher CIA values suggest enhanced chemi-

cal weathering in moister source areas (Fedo 

et al., 1995), and lower CIA values may indi-

cate the dominance of physical over chemical 

weathering processes (Nesbitt and Young, 1982; 

Young, 2001). In addition to climatic conditions, 

chemical weathering can be influenced by prov-

enance, diagenesis, and sorting during transpor-

tation (Bahlburg and Dobrzinski, 2011). Sedi-

ments in Hole 885A were mainly derived from 

Asian interior dust sources, such as the Tarim 

Basin, over the past 12.0 m.y. without significant 

provenance variations (Pettke et al., 2000). The 

CIA data distribution nearly parallels the A–CN 

trend, which suggests that K-metasomatism dur-

ing weathering was weak and that diagenetic 

influences were negligible (Fedo et al., 1995; 

Bahlburg and Dobrzinski, 2011). Sorting may 

enrich finer clay mineral components with 

higher CIA values (Nesbitt et al., 1997). Dur-

ing eolian transportation from source to sink, 

only finer particles (<8–10 μm) are carried long 

distances by wind to produce a homogeneous 

size distribution that reflects the intensity of the 

transporting wind (Gillette, 1981). Over the past 

4.0 m.y., the eolian grain-size fraction has an 

increasing trend at Hole 885A (Fig. 2B; Rea 

et al., 1998). If grain-size variations dominated 

CIA changes, CIA should decrease in response 

to increased grain size, which is not observed. 

In summary, provenance, diagenesis, and sorting 

appear to have little effect on our record, so that 

CIA variations can be used to probe changing 

climatic conditions in the dust source region.

Under a background of global cooling since 

the late Cenozoic (Zachos et al., 2001), tem-

peratures declined dramatically in the Asian 

interior during the iNHG (Haug et al., 2005; 

Maslin et al., 1995; Sigman et al., 2004). Hence, 

a moisture increase in Asian interior dust source 

areas is likely the dominant climatic factor for 

the transition from weak physical weathering 

to enhanced chemical weathering across the 

iNHG event. Co-variation among CIA, Rb/Sr, 

and eolian records suggests that the eolian input 

increase implies moister conditions in the dust 

source area.

Mechanism for Moisture Increase

The Tarim Basin is the largest dust source 

in East Asia; it is bounded by the Tibetan Pla-

teau to the south, the Hindu Kush to the west, 

and the Tian Shan to the north. The basin is 

occupied mainly by the Taklimakan Desert, 

1GSA Data Repository item 2020029, experi-
mental procedures and supplementary interpretation, 
including age-depth relationships, depth-parameter 
relationships, details of experimental procedures and 
the CIA calculation, a La-Th-Sc diagram, and a land-
ocean comparison, is available online at http://www.
geosociety.org/datarepository/2020/, or on request 
from editing@geosociety.org.
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which receives little rainfall (∼10 mm/yr; Pros-

pero et al., 2002). With such low rainfall, snow/

glacial meltwater runoff from surrounding high 

mountains provides an important water source 

to the basin (Farinotti et al., 2015; Bolch, 2017; 

Chen et al., 2019). Snowmelt and glacial out-

wash from the surrounding mountains into the 

Tarim Basin also deliver alluvial/fluvial mate-

rial that has led to deposition of hundreds of 

meters of Quaternary sediment (Prospero et al., 

2002). Pye (1989) concluded that fluvial and 

chemical weathering efficiently produce small 

particles (i.e., grain size <10 μm) that can be 

carried easily by wind. After some degree of 

weathering involving water, such sedimentary 

deposits provide abundant fine-grained material 

that can be deflated by wind (Pye, 1989) and 

transported long-distance into the NPO (Pros-

pero et al., 2002). Thus, increased snow/glacial 

meltwater runoff in response to global cooling 

likely played a key role in fueling eolian dust 

delivery from the Asian interior.

Eolian inputs into the NPO before the iNHG 

event were relatively low. This may have result-

ed from limited deposition of deflatable alluvial/

fluvial material within Asian source areas, and 

insufficient snow/glacial meltwater to replen-

ish runoff under relatively warmer conditions. 

Furthermore, chemical weathering would also 

have been limited by lower available moisture 

(Fig. 4A). With rapid development of Northern 

Hemisphere ice sheets (ca. 2.75 Ma), tempera-

tures declined dramatically in the Asian interior 

during the iNHG (Haug et al., 2005; Sigman 

et al., 2004), which resulted in growth of large 

mid- to high-latitude Northern Hemisphere gla-

ciers (Maslin et al., 1995). Glacier expansion 

and enhanced snowfall in the mountains sur-

rounding the Tarim region in response to colder 

climates after the iNHG event provide a sound 

mechanism to explain the increased snow and 

glacial meltwater runoff into Tarim Basin, which 

provided a renewable source of dust for eolian 

transportation to the NPO, as discussed above 

(Fig.  4B). Thus, for the post-iNHG period, 

higher eolian fluxes at Hole 885A likely reflect 

greater snow/glacial meltwater supply of deflat-

able sediment rather than enhanced source area 

aridity. Eolian records from the Chinese Loess 

Plateau (CLP) have been affected by a complex 

interaction between Asian winter and summer 

monsoon systems, shifts in source areas, and 

considerable postdepositional alteration, and 

therefore they do not provide a straightforward 

comparison with NPO sediments (see the Data 

Repository, Part 6).

In addition to producing increased snow/

glacial meltwater, the balance between mois-

ture input and evaporation will also likely af-

fect eolian dust generation (Mason et al., 2008, 

2009). Increased effective moisture availabil-

ity associated with an evaporation decline in-

duced by decreased temperatures in response 

to the iNHG may have also facilitated eolian 

dust production from, and incipient chemical 

weathering within, alluvial/fluvial fans at the 

base of mountains around the Tarim region. 

While westerlies can deliver moisture to Cen-

tral Asia (Aizen et al., 1996; Caves et al., 2015), 

strengthened westerlies across the iNHG event 

(ca. 2.75 Ma; Rea et al., 1998) are unlikely 

to have contributed much to the source area 

moisture increase, based on the small modern 

rainfall in the Tarim region (∼10 mm/yr; Pros-

pero et al., 2002).

Figure 2. Chemical weath-
ering and eolian records 
for Ocean Drilling Pro-
gram (ODP) Hole 885A in 
the North Pacific Ocean. 
(A) Linear sedimentation 
rate (LSR). (B) Median 
grain size of operation-
ally defined eolian dust 
(ODED; Rea et al., 1998). 
(C) Rb/Sr. (D) Chemical 
index of alteration (CIA). 
(E) Relative concentration 
of hematite and goethite 
(RelHm+Gt). (F) ODED per-
centage content (Snoeckx 
et  al., 1995). (G) Flux of 
RelHm+Gt. (H) Flux of ODED 
(Snoeckx et al., 1995). (I) 
Benthic LR04 δ18O stack 
(Lisiecki and Raymo, 
2005). Vertical light pink, 
purple, and blue bands 
indicate pre-iNHG (inten-
sification of Northern 
Hemisphere glaciation), 
iNHG, and post-iNHG 
periods, respectively. 
Orange dashed line in D 
indicates CIA value of the 
upper continental crust 
(UCC; Taylor and McLen-
nan, 1985); values above 
this line indicate chemical 
weathering, while values 
below this line indicate 

physical weathering. Black bars at the top of the figure indicate development of Northern 
Hemisphere ice sheets (Zachos et al., 2001). Fluxes of RelHm+Gt and ODED (Snoeckx et al., 1995) 
were recalculated using newly refined age model in this study.
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Among the mechanisms discussed, we sug-

gest that snow/glacial meltwater runoff from 

surrounding mountains was the crucial factor 

in triggering enhanced eolian dust production in 

source areas, although effective moisture chang-

es are also possible. The Asian interior has be-

come increasingly arid through the Cenozoic as 

a result of paleo-Tethys Ocean retreat (Ramstein 

et al., 1997) and Tibetan uplift (An et al., 2001; 

Broccoli and Manabe, 1992). However, aridi-

fication alone is insufficient to produce dust 

sources from which long-term, long-distance 

dust transportation can occur. Dust is only like-

ly to have been generated from restricted areas 

within the arid Asian interior in which renew-

able fine-grained sediment sources are available, 

such as the base of mountains and basin floors 

around the Tarim region, where alluvial/fluvial 

sediments derived from surrounding mountains 

are deposited (Prospero et al., 2002). Our results 

provide a new perspective to reexamine the pa-

leoclimatic significance of NPO eolian records.

CONCLUSIONS

We have reconstructed a new eolian dust re-

cord from ODP Hole 885A for the past 4.0 m.y. 

We interpret increased eolian fluxes into the 

NPO as reflecting increased availability of wind-

erodible sediment delivered by snow/glacial 

meltwater runoff into the Tarim region triggered 

by glacier expansion and enhanced snowfall in 

the mountains surrounding the Tarim region in 

response to colder climates, especially across the 

iNHG event. Increased snow/glacial meltwater 

runoff and intensified chemical weathering pro-

duced an intermittently renewable source of fine 

particles to the basin floor that were available 

for wind erosion and long-distance transport to 

the NPO. Our evidence suggests that moisture 

availability is critical and that the eolian record 

of NPO sediments should not be treated simply 

as an Asian dust source region aridity indicator.

ACKNOWLEDGMENTS
This study was supported by the National Key 

R&D Program of China (2016YFA0601903); the 
National Natural Science Foundation of China 
(NSFC 41430962); the NSFC-Shandong Joint Fund 
for Marine Science Research Centers (U1606401); 
the National Program on Global Change and Air-Sea 
Interaction (GASI-GEOGE-03); the Australia–New 
Zealand International Ocean Discovery Program 
Consortium (ANZIC), which provided Legacy/
Special Analytical Funding (ANZIC is supported 
by the Australian government through the Aus-
tralian Research Council’s LIEF funding scheme 
[LE140100047], the Australian and New Zealand 
consortium of universities and government agen-
cies); and the Ocean Drilling Program, which was 
sponsored by the U.S. National Science Foundation 
(NSF) and participating countries under management 
of Joint Oceanographic Institutions (JOI), Inc. We 
thank anonymous reviewers for helpful comments 
that helped to improve this paper.

REFERENCES CITED
Aizen, V.B., Aizen, E., Melack, J., and Martma, T., 

1996, Isotopic measurements of precipitation 
on central Asian glaciers (southeastern Tibet, 
northern Himalayas, central Tien Shan): Journal 
of Geophysical Research, v. 101, p. 9185–9196, 
https://doi.org/10.1029/96JD00061.

An, Z.S., Kutzbach, J.E., Prell, W.L., and Porter, S.C., 
2001, Evolution of Asian monsoons and phased 
uplift of the Himalaya-Tibetan Plateau since late 
Miocene times: Nature, v. 411, p. 62–66, https://
doi.org/10.1038/35075035.

Bahlburg, H., and Dobrzinski, N., 2011, A review of 
the chemical index of alteration (CIA) and its 
application to the study of Neoproterozoic gla-
cial deposits and climate transitions, in Arnaud, 
E., Halverson, G.P., and Shields, G.A., eds., The 
Geological Record of Neoproterozoic Glacia-

tions: Geological Society [London] Memoir 36, 
p. 81–92, https://doi.org/10.1144/M36.6.

Bigg, G.R., Clark, C.D., and Hughes, A.L.C., 2008, 
A last glacial ice sheet on the Pacific Russian 
coast and catastrophic change arising from cou-
pled ice-volcanic interaction: Earth and Planetary 
Science Letters, v. 265, p. 559–570, https://doi 
.org/10.1016/j.epsl.2007.10.052.

Bolch, T., 2017, Hydrology: Asian glaciers are a reli-
able water source: Nature, v. 545, p. 161–162, 
https://doi.org/10.1038/545161a.

Broccoli, A. J., and Manabe, S., 1992, The effects of 
orography on midlatitude Northern Hemisphere 
dry climates: Journal of Climate, v. 5, p. 1181–
1201, https://doi.org/10.1175/15200442(1992)0
05<1181:TEOOOM>2.0.CO;2.

Caves, J.K., Winnick, M.J., Graham, S.A., Sjostrom, 
D.J., Mulch, A., and Chamberlain, C.P., 2015, 
Role of the westerlies in Central Asia climate 
over the Cenozoic: Earth and Planetary Science 
Letters, v. 428, p. 33–43, https://doi.org/10.1016/ 
j.epsl.2015.07.023.

Chen, H., Chen, Y., Li, W., and Li, Z., 2019, Quan-
tifying the contributions of snow/glacier melt-
water to river runoff in the Tianshan Mountains, 
Central Asia: Global and Planetary Change, 
v.  174, p. 47–57, https://doi.org/10.1016/ 
 j . gloplacha.2019.01.002.

Chen, J., An, Z., and Head, J., 1999, Variation of 
Rb/Sr ratios in the loess-paleosol sequences of 
central China during the last 130,000 years and 
their implications for monsoon paleoclimatology: 
Quaternary Research, v. 51, p. 215–219, https://
doi .org/10.1006/qres.1999.2038.

Chen, J., An, Z.S., Liu, L.W., Ji, J.F., and Yang, J.D., 
2001a, Changes in the chemical composition of 
dust on the loess plateau and chemical weather-
ing in the Asian inland since 2.5 Ma: Science in 
China, ser. D, Earth Sciences, v. 31, p. 136–145 
[in Chinese].

Chen, Y., Chen, J., and Liu, L.W., 2001b, Chemical 
composition and characterization of chemical 
weathering of Late Tertiary red clay in Xifeng: 
Gansu Province: Journal of Geomechanics, v. 7, 
p. 167–175 [in Chinese].

Dasch, E.J., 1969, Strontium isotopes in weathering 
profiles, deep-sea sediments, and sedimentary 
rocks: Geochimica et Cosmochimica Acta, v. 33, 
p. 1521–1552, https://doi.org/10.1016/0016-
7037(69)90153-7.

Dickens, G.R., Snoeckx, H., Arnold, E., Morley, J.J., 
Owen, R.M., Rea, D.K., and Ingram, L., 1995, 
Composite depth scale and stratigraphy for Sites 
885/886, in Rea, D.K., et al., Proceedings of the 
Ocean Drilling Program, Scientific Results, Vol-
ume 145: College Station, Texas, Ocean Drilling 
Program, p. 205–217.

Duce, R.A., Liss, P.S., Merrill, J.T., Atlas, E.L., Buat-
Menard, P., Hicks, B.B., and Ellis, W., 1991, 
The atmospheric input of trace species to the 
world ocean: Global Biogeochemical Cycles, 
v. 5, p.  193–259, https://doi.org/10.1029/91 
GB01778.

Farinotti, D., et al., 2015, Substantial glacier mass 
loss in the Tien Shan over the past 50 years: Na-
ture Geoscience, v. 8, p. 716–722, https://doi 
.org/10.1038/ngeo2513.

Fedo, C.M., Nesbitt, H.W., and Young, G.M., 1995, 
Unraveling the effects of potassium metasoma-
tism in sedimentary rocks and paleosols, with 
implications for paleoweathering conditions and 
provenance: Geology, v. 23, p. 921–924, https://
doi.org/10.1130/0091-7613(1995)023<0921:UT
EOPM>2.3.CO;2.

Gillette, D.A., 1981, Production of dust that may be 
carried great distances, in Péwé, T.L., ed., Des-
ert Dust: Origin, Characteristics, and Effect on 

Figure 4. Cartoon illustra-
tion of “source-to-sink” 
pathway for Asian eolian 
dust. (A) In the pre-
iNHG (intensification of 
Northern Hemisphere 
glaciation) period, there 
was insufficient snowmelt 
and glacial runoff into the 
Tarim Basin, which limited 
formation and deposition 
of fine-grained alluvial/
fluvial sediment in basin 
floors and limited eolian 
dust contributions. (B) 
In the post-iNHG period, 
increased snow and gla-
cial meltwater triggered 
by glacier expansion and 
enhanced snowfall in 
the mountains surround-
ing the Tarim region in 
response to colder cli-
mates transported more 
fine sediments into Tarim 
Basin. This sediment 

could then be deflated by wind and transported long distances to the North Pacific Ocean 
(NPO). Blue lines represent rivers that flow from surrounding mountains.

A Pre-iNHG

 Post-iNHG

Asian dust source area

NPO

NPO

Hole 885A

Hole 885A

Westerlies

Westerlies

Asian dust source area

B

Downloaded from https://pubs.geoscienceworld.org/gsa/geology/article-pdf/48/1/77/4904687/77.pdf
by Australian National University user
on 11 March 2020

https://doi.org/10.1029/96JD00061
https://doi.org/10.1038/35075035
https://doi.org/10.1038/35075035
https://doi.org/10.1144/M36.6
https://doi.org/10.1016/j.epsl.2007.10.052
https://doi.org/10.1016/j.epsl.2007.10.052
https://doi.org/10.1038/545161a
https://doi.org/10.1175/15200442(1992)005<1181:TEOOOM>2.0.CO;2
https://doi.org/10.1175/15200442(1992)005<1181:TEOOOM>2.0.CO;2
https://doi.org/10.1016/j.epsl.2015.07.023
https://doi.org/10.1016/j.epsl.2015.07.023
https://doi.org/10.1016/j.gloplacha.2019.01.002
https://doi.org/10.1016/j.gloplacha.2019.01.002
https://doi.org/10.1006/qres.1999.2038
https://doi.org/10.1006/qres.1999.2038
https://doi.org/10.1016/0016-7037(69)90153-7
https://doi.org/10.1016/0016-7037(69)90153-7
https://doi.org/10.1029/91GB01778
https://doi.org/10.1029/91GB01778
https://doi.org/10.1038/ngeo2513
https://doi.org/10.1038/ngeo2513
https://doi.org/10.1130/0091-7613(1995)023<0921:UTEOPM>2.3.CO;2
https://doi.org/10.1130/0091-7613(1995)023<0921:UTEOPM>2.3.CO;2
https://doi.org/10.1130/0091-7613(1995)023<0921:UTEOPM>2.3.CO;2


Geological Society of America | GEOLOGY | Volume 48 | Number 1 | www.gsapubs.org 81

Man: Geological Society of America Special Pa-
pers, v. 186, p. 11–26, https://doi.org/10.1130/
SPE186-p11.

Gradstein, F.M., Ogg, J.G., Schmitz, M., and Ogg, G., 
2012, The Geologic Time Scale 2012: Amster-
dam, Elsevier, https://doi.org/10.1016/B978-0-
444-59425-9.18001-1.

Gromet, L.P., Haskin, L.A., Korotev, R.L., and 
Dymek, R.F., 1984, The “North American shale 
composite”: Its compilation, major and trace 
element characteristics: Geochimica et Cosmo-
chimica Acta, v. 48, p. 2469–2482, https://doi 
.org/10.1016/0016-7037(84)90298-9.

Haug, G.H., et al., 2005, North Pacific seasonality 
and the glaciation of North America 2.7 million 
years ago: Nature, v. 433, p. 821–825, https://doi 
.org/10.1038/nature03332.

Honda, M., and Shimizu, H., 1998, Geochemical, min-
eralogical and sedimentological studies on the 
Taklimakan Desert sands: Sedimentology, v.  45, 
p. 1125–1143, https://doi.org/10.1046/j.1365-
3091.1998.00202.x.

Hovan, S.A., Rea, D.K., Pisias, N.G., and Shackle-
ton, N.J., 1989, A direct link between the China 
loess and marine δ18O records: Aeolian flux to the 
North Pacific: Nature, v. 340, p. 296–298, https://
doi.org/10.1038/340296a0.

Kocurek, G., and Lancaster, N., 1999, Aeolian sys-
tem sediment state: Theory and Mojave Desert 
Kelso dune field example: Sedimentology, v.  46, 
p. 505–515, https://doi.org/10.1046/j.1365-
3091.1999.00227.x.

Larrasoaña, J.C., Roberts, A.P., Liu, Q., Lyons, R., 
Oldfield, F., Rohling, E.J., and Heslop, D., 2015, 
Source-to-sink magnetic properties of NE Saha-
ran dust in Eastern Mediterranean marine sedi-
ments: Review and paleoenvironmental implica-
tions: Frontiers of Earth Science, v. 3, p. 1–15, 
https://doi.org/10.3389/feart.2015.00019.

Lisiecki, L.E., and Raymo, M.E., 2005, A Pliocene-
Pleistocene stack of 57 globally distributed 
benthic δ18O records: Paleoceanography, v. 20, 
PA1003, https://doi.org/10.1029/2004PA001071.

Maher, B.A., 2011, The magnetic properties of Qua-
ternary aeolian dusts and sediments, and their 
palaeoclimatic significance: Aeolian Research, 
v. 3, p. 87–144, https://doi.org/10.1016/j.aeolia 
.2011.01.005.

Maslin, M.A., Haug, G.H., Sarnthein, M., Tiedemann, 
R., Erlenkeuser, H., and Stax, R., 1995, North-
west Pacific Site 882: The initiation of Northern 
Hemisphere glaciation: in Rea, D.K., et al., Pro-
ceedings of the Ocean Drilling Program, Scien-
tific Results, Volume 145: College Station, Texas, 
Ocean Drilling Program, p. 315–329.

Mason, J.A., Swinehart, J.B., Lu, H., Miao, X., 
Cha, P., and Zhou, Y., 2008, Limited change in 
dune mobility in response to a large decrease in 
wind power in semi-arid northern China since 
the 1970s: Geomorphology, v. 102, p. 351–
363, https://doi.org/10.1016/j.geomorph.2008 
.04.004.

Mason, J.A., et al., 2009, Dune mobility and arid-
ity at the desert margin of northern China at a 
time of peak monsoon strength: Geology, v. 37, 
p. 947–950, https://doi.org/10.1130/G30240A.1.

Merrill, J.T., Uematsu, M., and Bleck, R., 1989, Me-
teorological analysis of long range transport of 
mineral aerosols over the North Pacific: Journal 
of Geophysical Research–Atmospheres, v. 94, 
no. D6, p. 8584–8598, https://doi.org/10.1029/
JD094iD06p08584.

Nesbitt, H.W., and Young, G.M., 1982, Early Protero-
zoic climates and plate motions inferred from ma-
jor element chemistry of lutites: Nature, v. 299, 
p. 715–717, https://doi.org/10.1038/299715a0.

Nesbitt, H.W., and Young, G.M., 1984, Prediction 
of some weathering trends of plutonic and 
volcanic rocks based on thermodynamic and 
kinetic considerations: Geochimica et Cosmo-
chimica Acta, v. 48, p. 1523–1534, https://doi 
.org/10.1016/0016-7037(84)90408-3.

Nesbitt, H.W., and Young, G.M., 1989, Formation 
and diagenesis of weathering profiles: The Jour-
nal of Geology, v. 97, p. 129–147, https://doi 
.org/10.1086/629290.

Nesbitt, H.W., Fedo, C.M., and Young, G.M., 
1997, Quartz and feldspar stability, steady and 
non-steady-state weathering, and petrogen-
esis of siliciclastic sands and muds: The Jour-
nal of Geology, v. 105, p. 173–192, https://doi 
.org/10.1086/515908.

Nie, J., et al., 2015, Loess plateau storage of north-
eastern Tibetan Plateau–derived Yellow River 
sediment: Nature Communications, v. 6, p. 8511, 
https://doi.org/10.1038/ncomms9511.

Nie, J., Pullen, A., Garzione, C. N., Peng, W., and 
Wang, Z., 2018, Pre-Quaternary decoupling be-
tween Asian aridification and high dust accumu-
lation rates: Science Advances, v. 4, eaao6977, 
https://doi.org/10.1126/sciadv.aao6977.

Oldfield, F., et al., 2014, Discriminating dusts and 
dust sources using magnetic properties and 
hematite:goethite ratios of surface materials and 
dust from North Africa, the Atlantic and Barba-
dos: Aeolian Research, v. 13, p. 91–104, https://
doi.org/10.1016/j.aeolia.2014.03.010.

Pettke, T., Halliday, A.N., Hall, C.M., and Rea, D.K., 
2000, Dust production and deposition in Asia and 
the North Pacific Ocean over the past 12 Myr: 
Earth and Planetary Science Letters, v.  178, 
p. 397–413, https://doi.org/10.1016/S0012-
821X(00)00083-2.

Prospero, J.M., Ginoux, P., Torres, O., Nicholson, S.E., 
and Gill, T.E., 2002, Environmental characteriza-
tion of global sources of atmospheric soil dust 
identified with the Nimbus 7 total ozone mapping 
spectrometer (TOMS) absorbing aerosol product: 
Reviews of Geophysics, v. 40, p. 1002, https://
doi.org/10.1029/2000RG000095.

Pye, K., 1989, Processes of fine particle formation, 
dust source regions, and climatic changes, in 
Leinen, M., and Sarnthein, M., eds., Paleoclima-
tology and Paleometeorology: Modern and Past 
Patterns of Global Atmospheric Transport: Nor-
well, Massachusetts, Kluwer Academics, p. 3–30, 
https://doi.org/10.1007/978-94-009-0995-3_1.

Ramstein, G., Fluteau, F., Besse, J., and Joussaume, S., 
1997, Effect of orogeny, plate motion and land-
sea distribution on Eurasian climate change over 
the past 30 million years: Nature, v. 386, p. 788–
795, https://doi.org/10.1038/386788a0.

Rea, D.K., 1994, The paleoclimatic record provided 
by eolian deposition in the deep sea: The geologic 
history of wind: Reviews of Geophysics, v. 32, 
p. 159–195, https://doi.org/10.1029/93RG03257.

Rea, D.K., et  al., 1993, Sites 885/886, in Rea, 
D.K., et al., Proceedings of the Ocean Drill-
ing Program, Initial Reports, Volume 145: Col-
lege Station, Texas, Ocean Drilling Program, 
p. 303–334.

Rea, D.K., Snoeckx, H., and Joseph, L.H., 1998, Late 
Cenozoic eolian deposition in the North Pacific: 
Asian drying, Tibetan uplift, and cooling of the 

Northern Hemisphere: Paleoceanography, v. 13, 
p. 215–224, https://doi.org/10.1029/98PA00123.

Sigman, D.M., Jaccard, S.L., and Haug, G.H., 2004, 
Polar ocean stratification in a cold climate: Na-
ture, v. 428, p. 59–63, https://doi.org/10.1038/
nature02357.

Snoeckx, H., Rea, D.K., Jones, C.E., and Ingram, B.L., 
1995, Eolian and silica deposition in the central 
North Pacific: Results from Sites 885/886, in Rea, 
D.K., et al., Proceedings of the Ocean Drilling 
Program, Scientific Results, Volume 145: Col-
lege Station, Texas, Ocean Drilling Program, 
p. 219–230.

Sun, J., and Zhu, X., 2010, Temporal variations in 
Pb isotopes and trace element concentrations 
within Chinese eolian deposits during the past 
8 Ma: Implications for provenance change: 
Earth and Planetary Science Letters, v. 290, 
p. 438–447, https://doi.org/10.1016/j.epsl.2010 
.01.001.

Taylor, S.R., and McLennan, S.M., 1985, The Con-
tinental Crust: Its Composition and Evolution: 
Malden, Massachusetts, Blackwell, 312 p.

Wan, S., Clift, P.D., Li, A., Li, T., and Yin, X., 2010, 
Geochemical records in the South China Sea: Im-
plications for east Asian summer monsoon evo-
lution over the last 20 Ma, in Clift, P.D., et al., 
eds., Monsoon Evolution and Tectonics—Climate 
Linkage in Asia: Geological Society [London] 
Special Publications, v. 342, p. 245–263, https://
doi.org/10.1144/SP342.14.

Xiong, S., Ding, Z., Zhu, Y., Zhou, R., and Lu, H., 
2010, A ∼6 Ma chemical weathering history, 
the grain size dependence of chemical weath-
ering intensity, and its implications for prov-
enance change of the Chinese loess–red clay 
deposit: Quaternary Science Reviews, v. 29, 
p. 1911–1922, https://doi.org/10.1016/j.quasci-
rev.2010.04.009.

Young, G.M., 2001, Comparative geochemistry of 
Pleistocene and Paleoproterozoic (Huronian) 
glaciogenic laminated deposits: Relevance to 
crustal and atmospheric composition in the last 
2.3 Ga: The Journal of Geology, v. 109, p. 463–
477, https://doi.org/10.1086/320797.

Zachos, J., Pagani, M., Sloan, L., Thomas, E., and 
Billups, K., 2001, Trends, rhythms, and aber-
rations in global climate 65 Ma to present: Sci-
ence, v. 292, p. 686–693, https://doi.org/10.1126/ 
science.1059412.

Zhang, Q., Liu, Q., Li, J., and Sun, Y., 2018, An 
integrated study of the eolian dust in pelagic 
sediments from the North Pacific Ocean based 
on environmental magnetism, transmission 
electron microscopy, and diffuse reflectance 
 spectroscopy: Journal of Geophysical Research–
Solid Earth, v. 123, p. 3358–3376, https://doi 
.org/10.1002/2017JB014951.

Zhang, W.X., Shi, Z.T., Chen, G.J., Liu, Y., Niu, J., 
Ming, Q.Z., and Su, H., 2013, Geochemical 
characteristics and environmental significance 
of Talede loess-paleosol sequences of Ili Basin 
in Central Asia: Environmental Earth Sciences, 
v. 70, p. 2191–2202, https://doi.org/10.1007/
s12665-013-2323-1.

Ziegler, C.L., and Murray, R.W., 2007, Geochemical 
evolution of the central Pacific Ocean over the 
past 56 Myr: Paleoceanography, v. 22, PA2203, 
https://doi.org/10.1029/2006PA001321.

Printed in USA

Downloaded from https://pubs.geoscienceworld.org/gsa/geology/article-pdf/48/1/77/4904687/77.pdf
by Australian National University user
on 11 March 2020

https://doi.org/10.1130/SPE186-p11
https://doi.org/10.1130/SPE186-p11
https://doi.org/10.1016/B978-0-444-59425-9.18001-1
https://doi.org/10.1016/B978-0-444-59425-9.18001-1
https://doi.org/10.1016/0016-7037(84)90298-9
https://doi.org/10.1016/0016-7037(84)90298-9
https://doi.org/10.1038/nature03332
https://doi.org/10.1038/nature03332
https://doi.org/10.1046/j.1365-3091.1998.00202.x
https://doi.org/10.1046/j.1365-3091.1998.00202.x
https://doi.org/10.1038/340296a0
https://doi.org/10.1038/340296a0
https://doi.org/10.1046/j.1365-3091.1999.00227.x
https://doi.org/10.1046/j.1365-3091.1999.00227.x
https://doi.org/10.3389/feart.2015.00019
https://doi.org/10.1029/2004PA001071
https://doi.org/10.1016/j.aeolia.2011.01.005
https://doi.org/10.1016/j.aeolia.2011.01.005
https://doi.org/10.1016/j.geomorph.2008.04.004
https://doi.org/10.1016/j.geomorph.2008.04.004
https://doi.org/10.1130/G30240A.1
https://doi.org/10.1029/JD094iD06p08584
https://doi.org/10.1029/JD094iD06p08584
https://doi.org/10.1038/299715a0
https://doi.org/10.1016/0016-7037(84)90408-3
https://doi.org/10.1016/0016-7037(84)90408-3
https://doi.org/10.1086/629290
https://doi.org/10.1086/629290
https://doi.org/10.1086/515908
https://doi.org/10.1086/515908
https://doi.org/10.1038/ncomms9511
https://doi.org/10.1126/sciadv.aao6977
https://doi.org/10.1016/j.aeolia.2014.03.010
https://doi.org/10.1016/j.aeolia.2014.03.010
https://doi.org/10.1016/S0012-821X(00)00083-2
https://doi.org/10.1016/S0012-821X(00)00083-2
https://doi.org/10.1029/2000RG000095
https://doi.org/10.1029/2000RG000095
https://doi.org/10.1007/978-94-009-0995-3_1
https://doi.org/10.1038/386788a0
https://doi.org/10.1029/93RG03257
https://doi.org/10.1029/98PA00123
https://doi.org/10.1038/nature02357
https://doi.org/10.1038/nature02357
https://doi.org/10.1016/j.epsl.2010.01.001
https://doi.org/10.1016/j.epsl.2010.01.001
https://doi.org/10.1144/SP342.14
https://doi.org/10.1144/SP342.14
https://doi.org/10.1016/j.quascirev.2010.04.009
https://doi.org/10.1016/j.quascirev.2010.04.009
https://doi.org/10.1086/320797
https://doi.org/10.1126/science.1059412
https://doi.org/10.1126/science.1059412
https://doi.org/10.1002/2017JB014951
https://doi.org/10.1002/2017JB014951
https://doi.org/10.1007/s12665-013-2323-1
https://doi.org/10.1007/s12665-013-2323-1
https://doi.org/10.1029/2006PA001321

	Mechanism for enhanced eolian dust flux recorded in North Pacific Ocean sediments since 4.0 Ma: Aridity or humidity at dust source areas in the Asian interior?
	ABSTRACT
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	Diffuse Reflectance Spectroscopy
	Chemical Index of Alteration (CIA) and Rb/Sr

	DISCUSSION
	Controls on CIA and Implications of Eolian Flux Changes
	Mechanism for Moisture Increase

	CONCLUSIONS
	REFERENCES CITED
	Figure 1
	Figure 2
	Figure 3
	Figure 4


