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Abstract 

Continental dust input into the ocean-atmosphere system has significant ramifications 

for biogeochemical cycles and global climate, yet direct observations of dust deposition in the 

ocean remain scarce. The long-lived isotope thorium-232 (
232

Th) is greatly enriched in upper 

continental crust compared to oceanic crust and mid-ocean ridge basalt (MORB)-like 

volcanogenic material. In open ocean sediments, away from fluvial and ice-rafted sources of 

continental material, 
232

Th is often assumed to be of predominantly eolian origin. In 

conjunction with flux normalization based on the particle reactive radioisotope thorium-230 

(
230

Th), 
232

Th measurements in marine sediments are a promising proxy for dust 

accumulation in the modern and past ocean. Here we present ThoroMap, a new global data 

compilation of 
230

Th-normalized fluxes of 
232

Th. After careful screening, we derive dust 

deposition estimates in the global ocean averaged for the late Holocene (0-4 ka) and the Last 

Glacial Maximum (LGM, 19-23 ka). ThoroMap is compared with dust deposition estimates 

derived from CCSM3 and CCSM4, two coupled atmosphere, land, ocean, and sea-ice 

models. Model-data correlation factors are 0.63 (CCSM3) and 0.59 (CCSM4) in the late 

Holocene and 0.82 (CCSM3) and 0.83 (CCSM4) in the LGM. ThoroMap is the first 

compilation that is built on a single, specific proxy for dust and that exclusively uses flux-

normalization to derive dust deposition rates.   
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1 Introduction 

Continental dust, or mineral aerosol, plays a significant role in the climate system. 

Dust particles affect the Earth's radioactive balance by both scattering and absorbing 

incoming solar radiation and outgoing planetary radiation (e.g., Boucher et al., 2013). 

Additionally, dust-particles act as cloud condensation nuclei, and feldspars, in particular, as 

ice nuclei (Atkinson et al., 2013); clouds in turn affect planetary albedo. Dust deposition to 

snow and ice surfaces can significantly increase their melting rates by decreasing their albedo 

(Conway et al, 1996). Last but not least, iron-bearing dust profoundly influences the 

biological uptake of CO2 not only in the terrestrial biosphere but also in large parts of the 

ocean where dissolved iron has unequivocally been shown to limit phytoplankton production 

(e.g., Boyd et al., 2007). 

 

Many lines of evidence suggest that mineral dust has been an important player in the 

unperturbed climate system in the past, and that it will be one in the future (e.g., Werner et al. 

2002, Mahowald et al., 2006, Martinez-Garcia et al., 2009, 2011; Winckler et al. 2005, 2008, 

2016; Maher et al. 2010, Booth et al., 2012, Jaccard et al., 2013, Lamy et al. 2014, and 

others). Dust deposition in the mouth of the Senegal River increased sharply with the onset of 

commercial agriculture in the Sahel region ~ 200 years ago (Mulitza et al., 2010), and paleo 

data suggest large increases in desert dust over much the globe in the 20
th

 century (Mahowald 

et al., 2010). Furthermore, satellite based studies suggest substantial dust emissions due to 

land use perturbation, making future increases in desert dust likely (Ginoux et al., 2012; 

Ward et al. 2014). Given that the overall radiative effect of dust in the atmosphere is likely 

negative and leading to cooling, increased dust concentrations in the atmosphere have the 

potential to mask future warming. However, studies on the effects of future climate change 

on dust loadings in the atmosphere give diverging results, resulting in an overall "low 

confidence" rating of climate change predictions of mineral dust in the recent IPCC reports 

(Boucher et al., 2013). Indeed, mineral dust and the uncertainties it introduces to our 

understanding of total aerosol radiative forcing and climate projections have been identified 

as critical research areas by the IPCC.  

 

In addition to dust load (concentration) in the atmosphere, dust deposition is an 

important element of the dust cycle. However, direct measurements of dust deposition rates, 

in particular over the open ocean, are currently scarce. The lack of observations is 

exacerbated by the fact that numerical model estimates of dust deposition vary greatly, 

especially over remote oceanic areas (Schulz et al., 2012, Albani et al., 2014). Future 

evaluations and improvements of numerical models that quantify different features of the 

global dust cycle therefore require an adequate set of observations from the modern and past 

environment.  

 

In marine sediments, 
232

Th, a long-lived isotope of purely continental origin is often 

analyzed in conjunction with 
230

Th, an isotope produced in sea-water at a constant and well-

known rate by decay of uranium-234 (
234

U). Thorium is one of the most particle reactive 

elements in sea-water, and is quickly scavenged onto sinking particles and exported to the sea 

floor (Bacon et al, 1984; Francois et al., 2004, 2007). Assuming that the flux of scavenged 
230

Th to the sea floor is equal to its rate of production from 
234

U-decay, there is a simple 

inverse relationship between the total flux of material accumulating on the seafloor and its 

concentration of scavenged 
230

Th. This inverse relationship forms the basis of the 
230

Th 
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normalization method, which is increasingly considered to yield more accurate 

reconstructions of bulk particles fluxes to the sea floor than the traditional age model-based 

mass accumulation rate (MAR) approach (e.g., François et al. 2004, 2007; McGee et al., 

2010; Marcantonio et al., 2014). To derive the 
230

Th-normalized flux of a sedimentary 

component, the bulk flux is multiplied with the concentration of the variable of interest, i.e., 
232

Th in this study.  

 

Together, 
232

Th and 
230

Th thus offer a promising proxy to reconstruct dust deposition 

in the ocean over millennial and glacial-interglacial time scales. Indeed, this approach is 

increasingly used in paleoceanographic studies (Adkins, 2006; Bradtmiller et al., 2007; 

Pourmand et al. 2004, Anderson et al., 2006, McGee et al., 2007, 2013; Winckler et al., 2008; 

Martínez-García et al., 2009; Woodard et al., 2012; Kienast et al., 2013, Serno et al., 2014; 

Lamy et al., 2014; Jacobel, et al. 2016, Costa et al., 2016). 

 

Here, we compile Th data from the published literature from marine sediment cores 

and systematically explore the utility of 
232

Th as a proxy for continental and dust inputs to the 

global ocean. The objective of this study is threefold. First, this work aims to increase spatial 

coverage of 
232

Th deposition records, and to delineate the boundary between purely eolian 

and mixed continental inputs. Secondly, we combine the marine sediment data and results 

from climate modeling into a common framework, to identify areas in which model-based 

and sediment based estimates of dust deposition are comparable. The focus is on the late 

Holocene (0-4 ka) time slice, but data for the Last Glacial Maximum (LGM, 19-23 ka) are 

also presented. Ultimately, the goal of this study is to provide observations from the past 

environment that will help to improve the predictive capabilities of the dust cycle component 

in global scale coupled models.  

 

The paper is organized as follows. First, we summarize the background on the use of 
232

Th as continental proxy and the underlying assumptions (section 2). The methodological 

approach (section 3) describes the assembly of the full database and the filters applied to 

exclude sites influenced by non-eolian continental material. In section 4, Th-based dust fluxes 

are presented for the 0-4 ka and the 19-23 ka time-slice, and these estimates are compared 

with recent results from global coupled models (CCSM4 and CCSM3, Albani et al., 2014 and 

Mahowald et al. 2006, respectively).  
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2 Background 

Thorium-232 is also known as primordial thorium because of its very long half-life 

(1.4 x10
10

 yrs). Thorium-232 makes up almost all naturally occurring thorium in the Earth 

System, with other isotopes occurring only in trace amounts and as relatively short-lived 

decay products of the 
238

U, 
235

U and 
232

Th decay series. After 
232

Th, 
230

Th is the next most 

stable isotope with a half-life of 75,584 ± 110 years (Cheng et al., 2013). We use 
230

Th to 

normalize fluxes of 
232

Th to the sea floor (section 1).  

 

Th-232 is used as a dust proxy because its average concentration in upper continental 

crust (10.5-10.7 ppm, Taylor and McLennan, 1985; Rudnick and Gao, 2004, Fig. 1) is 

roughly 50 times greater than that in mid-ocean ridge basalt (MORB)-like material (0.14-0.28 

ppm; Klein 2004, Kelemen et al., 2004). When the Earth' s mantle is melted and magma 

forms, trace elements display a preference for either the melt phase (magma) or the solid 

phase, i.e, the minerals that crystallize from the magma as it slowly cools. The relatively 

large size (10
-10

 m) and high charge (+4) of thorium ions render them incompatible with 

mafic and intermediate minerals that crystallize early in the reaction series at relatively high 

temperatures. Instead, thorium is incorporated into felsic minerals, which are the last to 

crystallize when magma cools and which largely make up continental crust. The earlier 

crystallization of mafic and intermediate minerals progressively enriches the remaining 

magma in incompatible elements such as Th, explaining the large difference in concentration 

between upper continental crust and basaltic oceanic crust. In open ocean sediments, away 

from fluvial, hemipelagic, and glaciogenic inputs of continental material, any appreciable 

amounts of Th are therefore thought to have been delivered by an eolian pathway.  

 

An implicit assumption underlying this approach is that thorium concentrations in 

upper continental crust, and materials derived from it such as mineral dust, are invariant and 

close to 10.7 ppm. This assumption has been largely confirmed in a compilation of various 

geologic materials < 63 m (McGee et al., 2007). More recently, however, McGee et al. 

(2016) showed a systematic increase in Th concentrations with decreasing grain-size in 

sediments from major dust source areas in East Asia, Australia and central South America. In 

the <5 μm size range, the average Th concentration in these materials is 14 ± 1 ppm (Fig. 1, 

red line), and this value is now recommended to estimate dust fluxes based on 
232

Th where 

dust inputs are likely to be fine grained (McGee et al., 2016). The enrichment in fine size 

classes observed by McGee et al. (2016) is qualitatively supported by earlier Th 

measurements of global suspended (i.e., fine) river particulates in 10 of the world's largest 

river systems (14 ppm on average, Martin and Meybeck, 1979, Fig. 1). Similarly, analysis of 

fine African dust collected on Barbados (13.7 ± 1.2 ppm, Muhs et al. 2007), sediment from 

the Bodélé Depression in Chad (13 ± 1.3 ppm, Castillo et al., 2008) and surface soil from the 

western Sahara (13 ± 1 .3 ppm, Castillo et al., 2008) show Th concentrations close to 14 ppm 

(Fig.1, SPM dataset 1).  

 

Some regional differences in dust composition, however, do exist (Fig.1). In fine dust 

(<3 μm) from the Hoggar region in Algeria, Th concentration is 17 ± 1.7 ppm and reflects the 

more felsic and geochemically evolved nature of the igneous and metamorphic bedrock in the 

region (Castillo et al. 2008; Moreno et al., 2006). Dust samples (<5 μm) from several coastal 

locations in Patagonia show Th concentrations close ~ 9.4 ± 1.7 ppm, likely due to presence 

of basaltic to basaltic-andesitic volcanic bedrock (McGee et al. 2016, Gaiero et al. 2007).   
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On regional scales, the exact concentration of Th in mineral dust will depend on the 

bedrock geology, weathering history of the source region, the transport history and dust 

grain-size (Moreno et al., 2006; Castillo et al., 2008, McGee et al. 2016). Acknowledging this 

caveat, the basic observation that 
232

Th is significantly enriched in continental vs ocean crust 

remains valid and enables the use of 
232

Th as tracer of continental and dust input to the ocean. 

Given that atmospheric dust transported over long distances typically displays a fine and 

well-sorted grain-size distribution (2-5 μm, e.g., Prospero and Bonatti, 1969, Mahowald et al. 

2014, and references therein) we use 14 ppm instead of 10.7 ppm here as average 
232

Th 

concentration in fine-grained continental material to quantify dust fluxes to the ocean.  
 

The largest source of error in reconstructing dust flux using 
232

Th in sediments is 

contamination by continental material of non-eolian origin, such as ice-rafted debris and 

hemipelagic material (i.e., terrestrial sediment that escaped the continental shelves). We 

systematically screen for these two sources of error by applying filters for latitude and 

distance offshore (section 3). Another potential bias is input of distal volcanic ash from 

regions of continental arc volcanism. For example, Quaternary ash tuff deposits in the 

northern Andes have relatively high Th concentrations (7.1 ppm ± 4.5ppm, n=6, Lebti et al., 

2006) and could lead to overestimating dust in the Eastern Equatorial Pacific. The delivery of 
232

Th from continents leads to measurable concentrations (~pg/kg) of dissolved 
232

Th 

(
232

Thdiss) in seawater, which are increasingly used to quantify present day dust deposition 

(Hsieh et al. 2011; Hayes et al. 2013; Lopez et al., 2015). The estimated fraction of dust-

derived thorium that dissolves in seawater ranges from 1% to 20%  (Hsieh et al., 2011; Hayes 

et al., 2013), and re-absorption of 
232

Thdiss onto sinking particulates could lead to biases in 

low sedimentation rate regimes such as ocean gyres. Lastly, horizontal advection of fine 

particles by ocean surface currents can introduce uncertainties (Siegel and Deuser, 1997, 

Bory et al. 2002, Han et al., 2008), especially in fast flowing boundary currents (Rühleman 

and Butzin, 2006, van Sebille et al., 2015).  

 

 

3 Methods and Approach 

3.1 Assembly of the Database 

We compiled 
232

Th, 
230

Th, and 
238

U data and, if available 
234

U sedimentary 

concentrations from the literature and from unpublished sources. We correct all 
230

Th data for 

detrital and authigenic contributions and for decay since deposition based on established 

methods (Henderson and Anderson, 2003; François et al., 2004) and using the most recent 

half-life of 
230

Th (75,548 ± 110 years; Cheng et al., 2013). Corrections for detrital 
230

Th were 

applied using 
238

U/
232

Th activity ratios suggested for the Atlantic (0.6), Pacific (0.7) and 

Southern Ocean (0.4) following Henderson and Anderson (2003). For the Arabian Sea, 0.6 

was used. We adopt core chronologies from the original publications, and we include U/Th 

datasets here that have not been used as dust indicators in their original contexts. References 

to the original studies are given in the supplementary material. We multiply the 
230

Th-

normalized bulk flux with the concentration of 
232

Th to derive normalized 
232

Th-fluxes with 

an average uncertainty (2-sigma) of 10%.  The above approch is taken for all datasets with 

two exceptions. In two recent studies from the subarctic North Pacifc (Serno et al. 2014) and 

off subtropical Africa (McGee et al. 2013), geochemical and grainsize corrections were 



Confidential manuscript submitted to Global Biogeochemical Cycles 

 

© 2016 American Geophysical Union. All rights reserved. 
7 

applied to the 
232

Th data to derive a refined estimate of dust deposition (see below). In these 

cases, we do not perform any re-calculations here but take the dust fluxes directly from the 

original studies  

 

 

3.2 Description of the Full Database 

The database contains records (n>300) from all major ocean basins, and includes sites 

from polar, temperate, and tropical regions. However, not all sites are suitable for dust 

reconstructions, as marine sediments typically are mixtures of various components. The 

lithogenic component, which includes not only continental dust, but also ice rafted debris and 

hemipelagic material (i.e., terrestrial sediment that escaped the continental shelves), forms the 

largest sediment input term to the ocean (20 Gigatons/yr), followed by biogenic debris (2 

Gigatons/yr), volcanic ash, authigenic minerals, and meteoritic debris. Reliable dust 

reconstructions based on marine sediment cores therefore require careful site selection 

(Kohfeld and Harrison, 2001). We do not expect meteoritic and authigenic inputs to bias our 
232

Th-based dust estimates due to their negligible overall magnitude. The largest potential 

bias to our estimates comes from hemipelagic and ice rafted contributions, both of which 

deliver significant amounts of continental 
232

Th that is not associated with dust.  

 

3.3 Screening of the Database 

 3.3.1.  Identifying Hemipelagic Sites 

Figures 2a and 3a show late Holocene (0-4 ka) Th-normalized 
232

Th fluxes for all sites 

plotted against distance offshore and latitude, respectively. Many high values are found 

within 300 km off the coast, where fluvial and hemipelagic inputs are likely to be important. 

Beyond 300 km from the coast, most sites of non-polar origin (Fig. 2a, black and red 

symbols) have 
232

Th values <200 µg/m
2
yr and the values further decrease with increasing 

distance offshore. Similar to our findings, Singh et al. (2011) observed that Holocene 
232

Th 

fluxes drop off precipitously with increasing distance from shore in the Eastern Equatorial 

Pacific (EEP). In order to avoid hemipelagic contributions, we categorically exclude all core 

sites that are within 300 km from the coast prior to reconstructing dust fluxes. Given 

significant fluvial inputs of the Amazon River (e.g., François and Bacon, 1991), the cut-off is 

600 km and 800 km during the 0-4 ka and 19-23 ka time slice, respectively, in the western 

tropical Atlantic. Off subtropical Africa, however, McGee et al. (2013) combined grain-size 

end-member modeling and 
230

Th-normalized bulk fluxes to correct for fluvial/hemipelagic 

inputs and to isolate the eolian signal in a set of cores that cover the last 20 ka. The 300 km 

offshore criterion is thus not applied in this data set (Fig. 2a, b, red symbols). A second data 

set in which corrections have been applied is from Serno et al. (2014), who used 
4
He and 

232
Th measurements in fine (<8 um) Asian dust source samples and a mixing model to isolate 

the eolian 
232

Th component in a large set of core top samples from the subarctic North Pacific 

(Fig. 2a, b, red symbols).   

 

3.3.2.  Identifying Ice Rafted Sites  

A steep poleward increase in fluxes is evident between 55-70°N and S in the un-

screened database (Fig.3a), likely as result of ice rafting around the Arctic and Antarctic 
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continental margins. Under modern conditions, large tabular icebergs originating from the 

Antarctic Ice sheet initially accumulate in the Weddell Sea and then travel northwards until 

approximately 60°S, where they are swept into the eastward flowing Antarctic Circumpolar 

Current (ACC; Stuart and Long, 2011). Most icebergs have broken up by the time they reach 

the ACC (ibid) and are thus unlikely to occur in large numbers north of 50°S. To avoid ice 

rafted debris, we categorically exclude all sites more polar than 50° prior to reconstructing 

dust fluxes in the Southern Ocean and North Atlantic. Given the absence of a large 

continental ice sheet, the cut-off is only 55° in the North Pacific. We apply the same cut-off 

in the glacial time slice (19-23 ka, SPM Figs. S1 and S2), even though there is paleo-

evidence that the Antarctic Polar Front (PF) may have shifted northward by 3-5° latitude 

(Kohfeld et al., 2013, Kanfoush et al. 2000). Nevertheless, the glacial database does not show 

a steep increase between 55 and 70°N and S, possibly because it contains much fewer sites. 

Acknowledging that the cut-offs used here are fixed in space and time, and thus static with 

climate, we think that the lack of direct observational constraints, including from particle size 

distributions and source fingerprinting, renders the isolation of IRD inputs at all sites hard to 

conclusively evaluate at this time.  

 

In addition to the latitudinal and distance-offshore filters, we also screen out sites that 

are known drift deposits, those without chronological control, and sites affected by fluvial 

inputs even though they are beyond 300 km offshore. Figures 2b and 3b display 
232

Th fluxes 

in the 0-4 ka time slice for the screened database versus distance offshore and latitude, 

respectively (see SPM Figs. S1 and S2 for 19-23 ka time slice).  

 

3.3.3. Dust Deposition in ThoroMap 

In the following, we use the screened database to derive dust deposition by dividing 
230

Th-normalized fluxes of 
232

Th by 14 ppm and refer to it as ThoroMap. The average 

analytical error of 
232

Th-fluxes (±10%) and the reported uncertainty around the fine-grained 

crustal average (± 1 ppm; McGee et al., 2016) would result in a combined error of 12%. 

However, acknowledging regional differences in 
232

Th concentration of fine-grained material, 

we take the difference between the recommended global value (14 ppm) and the Patagonian 

average (9.4 pm) to derive an uncertainty of ± 4.6 ppm around the fine-grained crustal 

average. This leads to a more conservative combined error of ±35%. The quantification of 

other potential sources of error, such as surface advection of suspended particles, is beyond 

the scope of the present study, but could be investigated using circulation models in the future 

(e.g., Rühleman and Buztin, 2006; van Sebille et al., 2015).     

 

ThoroMap contains 157 and 76 sites in the 0-4 ka and 19-23 ka time slice, 

respectively. References to the original data sources are given in SPM datasets 2 and 3.  
 

3.4 Models used  

ThoroMap is compared with output from two numerical models. The most recent one 

is the Community Atmosphere Model version 4 (CAM4, Albani et al., 2014), which is part of 

the new Community Climate System model CCSM4. CCSM4 and its predecessor CCSM3 

(Mahowald et al., 2006) are coupled atmosphere, land, ocean and sea ice models used for 

climate change scenarios (e.g., Hurrell et al., 2013). In CCSM3, Mahowald et al. (2006) 
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introduced a mineral aerosol source and deposition algorithm (Zender et al., 2003) to 

parameterize the sources, transport and deposition of mineral dust. Sources of dust were 

assumed to be dry, unvegetated regions with strong winds. Deposition processes include dry 

gravitational settling, turbulent dry deposition, and wet deposition during precipitation. The 

source and deposition schemes were slightly modified between CAM3 and CAM4, mostly 

due to a shift in the assumed size distribution to larger sizes (Albani et al., 2014; following 

Kok, 2011). Also, wet deposition in CAM4 was changed by increasing the solubility for dust 

particles and by using a larger below cloud scavenging coefficient for larger particles. Note 

that for CCSM4, we specifically use a 2 ka simulation (C4fn_2k, Albani et al., 2015) to make 

comparisons with the 0-4 ka time slice presented here. For CCSM3, no 2 ka simulation is 

available and we use the simulation for the current climate (CCSM3 SMOB, Mahowald et al., 

2006). Both CCSM4 and CCSM3 have published simulations for the LGM, which are used 

here to make comparisons with the 19-23 ka ThoroMap time slice.  

  

ThoroMap includes a limited number of sites that are also contained in the original 

datasets used to tune CCSM3 (DIRTMAP, Kohfeld and Harrison, 2001) and CCSM4 (Albani 

et al., 2014, SPM Table S3, Albani et al. 2015, Table 1), respectively. We exclude all of them 

prior to calculating correlation factors between models and Th-based dust (Figs.7, 8, Table 

1), irrespective of the methods used to derive dust fluxes in the original publications.   
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4 Dust Reconstructions based on ThoroMap  

4.1 The late Holocene time-slice 

In the late Holocene, Th-based dust fluxes (n=157) range from roughly 0.1 to 17.7 

g/m
2
yr (Fig. 4a). Minimum deposition rates are observed in the eastern and western 

equatorial Pacific (EEP and WEP, respectively) and the Pacific sector of the Southern Ocean. 

Thorium based dust fluxes are maximal off northwest Africa, consistent with the proximity of 

this region to the Sahara-Sahel dust corridor. Relatively high values are also found at one site 

off Florida (9.7 g/m
2
yr). 1987). It is surprising to only have a slightly lower deposition flux 

~500 km off Florida compared to Africa, as changes in dust size distribution indicate 

scavenging (i.e., dry or wet deposition; Maring et al., 2003; Mahowald et al., 2014) and dust 

deposition in Miami, Florida was 1.6 g/m
2
yr (1982-1983; Prospero et al., 1987). Possible 

explanations include that (a) there are significant variations of the seasonal positioning of the 

African dust plumes or (b) that this feature results from the vertical level of dust transport and 

the different scavenging mechanisms close to the African coast (prevalently dry) compared to 

the Caribbean (prevalently wet). Alternatively, the site off Florida could be biased by 

sediment redistribution in the strong nepheloid layer observed in this region (McCave 1986), 

which may have biased the deposition flux despite Th-normalization. Unfortunately, current 

lack of detailed observations (including on dust size and scavenging) prevents reaching any 

firm conclusion on this aspect.  

Deposition rates are moderately high in the subarctic North Pacific (1-4 g/m
2
yr) and 

in the tropical Atlantic off Brazil (4-6 g/m
2
yr). ThoroMap also suggests moderately high 

deposition rates in the Atlantic sector of the Southern Ocean, where dust deposition decreases 

from 2-6 g/m
2
 yr off Argentina to 0.5-2 g/m

2
yr further east. All sites are north of the Polar 

Front, rendering ice rafted inputs unlikely.  

 

4.2 The 19-23 ka time-slice 

During the LGM, Th-based dust deposition rates (n=76) range from 0.1 to 29 g/m
2
yr 

(Fig. 4b). Dust fluxes are higher than during the late Holocene at all sites, except off 

subtropical northwest Africa (Fig. 4c). Sites in the North Atlantic show deposition rates 

between 10-29 g/m
2
yr, a 2-3 fold increase over late Holocene rates. Dust deposition is also 

strongly increased in the subarctic North Pacific and in the Atlantic sector of the Southern 

Ocean. In the EEP and WEP, glacial dust fluxes are consistently 2-3 times higher than late 

Holocene ones. Averaging from 0-7 ka instead of 0-4 ka, there is a 2-3 fold glacial increase in 

dust deposition supported by additional sites in the Indian Sector of the Southern Ocean (not 

shown). 

ThoroMap shows increased dust deposition during the LGM compared to the late 

Holocene in all three of the modern HNLC regions, i.e., the Southern Ocean, the subarctic 

Pacific and the EEP. Earlier studies using age-model based mass accumulation rates of 

operationally defined eolian material found increased dust deposition during interglacials in 

the EEP (Rea, 1994; Murray et al., 1995). However, more recent studies using Th-normalized 

fluxes of 
232

Th show that dust deposition was enhanced during glacials in the EEP and WEP 

(Anderson et al., 2006, McGee et al. 2007, Winckler et al., 2008; Kienast et al., 2013, 

Winckler et al. 2016, Costa et al., 2016). Based on a significant number of additional sites, 

ThoroMap supports these findings.  
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4.3 Comparison to other Datasets 

DIRTMAP is an earlier global compilation of dust fluxes based on terrestrial loess 

deposits, ice cores, marine sediment traps and marine cores (Kohfeld and Harrison 2001, 

Kohfeld 2002, Maher et al., 2010). In Figure 5, we compare ThoroMap (top) with Holocene 

dust flux estimates from DIRTMAP-2 (middle). While the number and locations of sites are 

different in the two datasets, which makes direct comparisons difficult, the two datasets 

compare favorably overall. This is particularly true for the equatorial regions. However, 

ThoroMap differs from earlier dust flux reconstructions based on marine sediment cores, 

such as those compiled in DIRTMAP, in two key aspects. The earlier compilations are based 

on accumulation rates of the eolian fraction in sediments, where a) accumulation rate is the 

product of the age-model based linear sediment rate and dry bulk density (std error ±10-25%) 

and b) the eolian fraction is typically only operationally defined. This means that the 

sediment is subjected to various chemical leaching steps to isolate a crystalline, inorganic 

residue that is assumed to be eolian. The standard error with estimating the eolian fraction in 

this way is reported as ±10-40% in DIRTMAP (Kohfeld 2002). In this approach, the eolian 

fraction cannot be distinguished from other lithogenic fractions such as volcanic ash or ice 

rafted debris (Olivarez et al., 1991, Serno et al. 2014), which can lead to erroneously high 

estimates. Furthermore, it is now well recognized that age-model based accumulation rates 

cannot distinguish between laterally advected particle fluxes and vertical particle fluxes from 

the sea surface, which are the variable of interest (e.g., François et al. 2004, 2007; Kienast et 

al. 2007, Marcantonio et al. 2014). ThoroMap makes use of the increased availability of ICP-

MS measurements of Th and U isotopes and thus offers two important advantages. The eolian 

fraction is measured more directly with 
232

Th, and flux estimates based on 
230

Th-

normalization are significantly less likely to be biased by local-scale syndepositional 

sediment redistribution on the sea floor compared to traditional age-model based 

chronologies. Thorium-normalization also reduces sensitivity to age-model errors.  

 

Recently, Albani et al. (2014) compiled modern dust flux observations from 

atmospheric sampling, ice cores, and sediment traps and included an estimate of the <10 µm 

fraction (Fig. 5, bottom). This dataset also compares well with ThoroMap, in particular in the 

WEP and off northwest Africa. Note that the dust values observed off Argentina (2-6 g/m
2
yr) 

in ThoroMap (Figure 5a) fall on a gradient between values of  >20 g/m
2
yr in continental 

Argentina and <0.1 g/m
2
yr on James Ross Island, Antarctica (Figure 5c). 

 

4.4 Comparison between ThoroMap and Models 

In an ideal comparison between geological observations and models, particle size 

ranges would coincide. While CCSM4 simulates dust diameters ≤ 10 µm, ThoroMap does not 

presently include specific size information. Given that the inverse relationship between grain 

size and distance from source area is widely recognized (Albani et al., 2015; Lawrence and 

Neff, 2009; Pye 1995, Prospero and Bonatti, 1969), we assume here that dust reaching 

screened sites in ThoroMap is predominately fine (<10 µm) and that the following 

comparisons are robust.  

  



Confidential manuscript submitted to Global Biogeochemical Cycles 

 

© 2016 American Geophysical Union. All rights reserved. 
12 

 

 4.4.1 Late Holocene 

 ThoroMap offers insight in areas such as the Atlantic sector of the Southern Ocean 

and the EEP, which are not well represented in current observational databases (Fig.5). After 

excluding any sites that have been used in the calibration of the models (section 3.5), we 

directly compare the model output with ThoroMap (Fig. 7,8). The range in absolute dust 

values (0-4 ka) is remarkably similar between ThoroMap (0.08-9.73 g/m
2
yr, n=135) and 

CCSM4 (0.02-7.96 g/m
2
yr). Model-data agreement is within a factor of ten at many sites with 

a statistical correlation of 0.63 for CCSM3 and 0.59 for CCSM4 (Table 1) in the late 

Holocene time slice.  

 At none of the sites do the models overestimate dust deposition by a factor of ten; 

however, they underestimate it by a factor of ten or more in some locations in comparison to 

ThoroMap. The number of apparently underestimated sites in CCSM4 is greater than in 

CCSM3 (Fig. 7). CCSM4 predicts lower late Holocene dust deposition in comparison to 

ThoroMap chiefly in the Atlantic Sector of the Southern Ocean (off Argentina) and the mid-

latitude South Atlantic (Fig. 6; 7a, light blue circles, open purple squares). Interestingly, the 

agreement between ThoroMap and the earlier CCSM3 model is much higher in these two 

regions (Fig. 7b). In addition, CCSM4 as well as CCSM3 predict much lower dust fluxes than 

ThoroMap in the western equatorial Pacific (Fig. 6; Fig.7a,b, solid red squares).  

 ThoroMap sites in the Atlantic sector of the Southern Ocean could, in principle, be 

contaminated by unrecognized ice-rafted inputs north of the Polar Front, although we 

consider systematic contamination by ice rafted debris unlikely north of 50°S (section 2). 

Note that using ~ 9.4 instead of 14 ppm as a regional crustal Th-concentration for South-

America (section 2) would make the Th-based dust estimates even higher in this region. This 

area is subject to strong bottom currents (McCave 1986), which could potentially lead to 

errors in estimating sedimentary fluxes even when using Th-normalization. However, the 

model-data agreement in this region is much better for CCSM3, consistent with the difficulty 

of the CCSM4 model to obtain realistic dust sources in South America without tuning 

(Albani et al., 2014). Also, observed modern dust deposition is high in Argentina (>20 

g/m
2
yr, Fig.5, bottom), in line with ThoroMap estimates offshore of South America. A 6 ka 

simulation (Albani et al., 2015) is in better agreement with the late Holocene time slice in 

ThoroMap in the Atlantic sector of the Southern Ocean, suggesting that some of the 

discrepancy between CCSM4 and ThoroMap could be related to the choice of time interval.  

In the subarctic and mid-latitude Pacific, the match between both models and 

ThoroMap is good (Fig.6; Fig.7 a, b, dark blue and green squares and circles). Similarly, the 

correlation between both models, in particular CCSM4, and ThoroMap is strong in the EEP 

(Fig.6, Fig. 7 a, b, red circles). However, both models appear to underestimate dust 

deposition in the WEP, CCSM4 even more so than CCSM3 (Fig. 7a,b; red squares). An 

earlier, composite model (Mahowald et al. 2005; not shown) predicts deposition rates of ~0.1-

0.5 g/m
2
yr in the western equatorial Pacific and would thus fit better with ThoroMap in this 

region. This observation, in agreement with Winckler et al. (2008), suggests that dust sources 

may be underestimated in the WEP by both CCSM4 and CCSM3.



Confidential manuscript submitted to Global Biogeochemical Cycles 

 

© 2016 American Geophysical Union. All rights reserved. 
13 

4.4.2. 19-23 ka time-slice 

The statistical correlation between ThoroMap and models is high for the 19-23 ka 

time slice, with a spearman's rho of 0.83 for CCSM4 (n=54) and 0.82 for CCSM3 (n=67 ; 

Table 1). The WEP is the only region where both models underestimate dust flux by a factor 

of ten compared to ThoroMap (Fig. 8a,b; solid red squares).  

 

 

5 Conclusions  

We compiled published 
232

Th, 
230

Th, and 
238

U data and chronological information 

from marine sediment cores to build ThoroMap, a new global database of marine dust 

deposition records for the late Holocene (0-4 ka) and the LGM (19-23 ka). ThoroMap is 

compared to output from two recent coupled climate models, CCSM3 and CCSM4. Key 

findings are as follows: 

 

1) Th-based dust fluxes range from 0.1-17.7 g/m
2
yr during the late Holocene (n=157) 

with minimal deposition in the EEP, WEP, and the Pacific sector of the Southern Ocean. 

Maximum dust fluxes are observed off northwest Africa, consistent with the proximity of this 

region to the Sahara-Sahel dust source region.  

 

2) As in previous studies, late Holocene dust fluxes are significantly lower than LGM 

fluxes, which range from 0.1 to 29 g/m
2
yr (n=76). The only exception is off northwest Africa, 

downstream of the Sahara-Sahel dust corridor, where glacial and late Holocene dust fluxes 

are not significantly different. 

 

3) Th-based dust deposition in the WEP is significantly higher than predicted by both 

CCSM3 and CCSM4 in the late Holocene as well as the LGM.  

 

4) The observed match between CCSM4 and ThoroMap is good in the EEP, the 

subarctic and mid-latitude Pacific, and off northwest Africa in the late Holocene. CCSM3 

agrees with ThoroMap in these regions as well as in the Atlantic Sector of the Southern 

Ocean. In the 0-4 ka time slice, data-model correlation factors are 0.59 and 0.63 for CCSM4 

(n=135) and CCSM3 (n=148) , respectively. In the LGM time slice, the match between 

models and Thoromap is 0.82 (CCSM4, n=54) and 0.83 (CCSM3, n=67) . All sites included 

in these correlations have not been used previously to tune the models.  

 

5) ThoroMap builds on DIRTMAP, an earlier widely used global compilation of dust 

deposition. Making use of the increased availability of ICP-MS measurements, ThoroMap 

exclusively uses 
230

Th-normalized fluxes of the continental isotope 
232

Th to estimate dust 

deposition, with an estimated uncertainy of 35 %. Thus, ThoroMap is able to refine 

DIRTMAP in two important aspects. The eolian fraction is measured more directly with 
232

Th, and accumulation is more accurately estimated by 
230

Th normalization.  
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Table 1: Model runs and statistical correlations (spearman's rho) to ThoroMap in the 0-4 ka 

and 19-23 ka time slice. Sites included in the model-data correlation do not include any sites 

that have previously been used to tune the models. The numbers of all screened sites in 

ThoroMap is given in brackets.  

model scenario time model reference sites rho 

CCSM4 Cf4n_2k 2 ka Albani et al. 2015 135 (157) 0.59 

CCSM3 SMOB current Mahowald et al. 2006 148 (157) 0.63 

CCSM4 Cf4n_lgm 19-23 ka Albani et al. 2014 54 (76) 0.83 

CCSM3 SMOB_lgm 19-23 ka Mahowald et al. 2006 67 (76) 0.82 
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Figure Captions 

 

 

Figure 1: Th concentration in fresh Mid-Ocean Ridge Basalt (MORB, n=34, Kelemen 2004) 

compared to the composite value for upper crust based on extensive analysis of sediments 

and loess deposits (Gao and Rudnick, 2004). Black line indicates an earlier estimate of the 

average Th concentration in upper crust (10.7 ppm; Talor and McLennan, 1985), which has 

previously been used for dust reconstructions using 
232

Th. Red line shows the recently 

recommended value (14 ± 1 ppm), which is the error weighted mean Th concentration in fine 

(<5 μm) samples from all global dust source areas except Patagonia (McGee et al. 2016). Th 

data from suspended particulates collected in the world's largest rivers systems (n=10) are 

from Martin and Meybeck (1979). Remaining points show Th concentrations in the fine 

fraction of African dust from Barbados (<5 μm, n=8, Muhs et al. 2007), sediment and eolian 

deposits from the Bodélé Depression in Chad (< 12 μm, n=1), the western Sahara coastal 

region (< 3 μm, n=1), southwest Niger (< 3 μm, n=1), the Hoggar Massif in Algeria (< 3 μm, 

n=1; all African data from Castillo et al., 2008) and from Patagonia (< 5 μm, n=7, McGee et 

al., 2016). See SPM dataset 1 for details.  
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Figure 2: Thorium-232 fluxes (0-4 ka) plotted against distance offshore for the a) full and b) 

screened database in units of µg/m
2
yr. Sites from latitudes more polar than 50° (Southern 

Ocean, North Atlantic) and 55° (North Pacific) are in shown in blue squares; sites for which 

corrections have been applied to isolate the eolian signal from other continental inputs in the 

original references are in red. Note gap in y-axis. See SPM for data sources.  
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Figure 3: Thorium-232 fluxes (0-4 ka) plotted against latitude for the a) full and b) screened 

database in units of µg/m
2
yr. See Figure 2 for symbol colors.  
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Figure 4: ThoroMap dust deposition (g/m
2
yr) in the late Holocene (0-4 ka, top) and the LGM 

(19-23 ka, middle). Note non-linear color bar. The position of the modern Polar Front (Orsi et 

al., 1995) is indicated in grey (top, middle) and has been shifted north by 5°(middle). 

LGM/late Holocene ratios are shown in the bottom panel.  
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Figure 5: ThoroMap dust deposition (g/m
2
yr) for the late Holocene (0-4 ka, top) compared to 

DIRTMAP-2 (0-10 ka, Kohfeld, 2002) and the observational database of modern dust 

deposition (≤ 10 μm) by Albani et al. 2014. The position of the modern Polar Front (Orsi et 

al., 1995) is indicated in grey. 
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Figure 6: ThoroMap dust deposition (g/m
2
yr) for the late Holocene (0-4 ka, top) compared to 

CCSM4 (case C4fn_2k; middle) and CCSM3 (case SMOB, bottom). Note non-linear color 

bar. The position of the modern Polar Front (Orsi et al., 1995) is indicated in grey (top). 

Zonal grey lines (top) delineate the regions discussed in text and Fig. 7. 



Confidential manuscript submitted to Global Biogeochemical Cycles 

 

© 2016 American Geophysical Union. All rights reserved. 
30 

 

Figure 7: ThoroMap (0-4 ka) plotted against CCSM4 (top) and CCSM3 (bottom). Symbols 

are color-coded according to latitude and ocean basin (see lines in Fig. 6 top). Subarctic sites 

originate from 40-50°N in the Atlantic and 40-55°N in the Pacific. Mid-latitude sites 

originate from 40-10°N and 40-10°S, tropical sites are from 10°S-10°N, Southern Ocean sites 

originate from 40-50°S. Sites that have used previously to tune the models are excluded.  
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Figure 8: ThoroMap (19-23 ka) plotted against CCSM4 (top) and CCSM3 (bottom). 

Symbols are color-coded according to latitude and ocean basin (see lines in Fig. 6 top, and 

Fig.7 caption). Sites that have been used previously to tune the models are excluded. 


