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Abstract Understanding how the Intertropical Convergence Zone (ITCZ) responds to abrupt climate
change is essential for reconstructing large‐scale atmospheric circulation across climate transitions.
However, key differences between dynamical models and observational constraints on ITCZ movement
remain unresolved. Here, we examine the Pb and Nd radiogenic isotope signatures of dust deposited in the
central equatorial Pacific (CEP) from 160 to 105 kyr. We quantified the relative contributions of Northern
Hemisphere‐ and Southern Hemisphere‐sourced dust to the CEP. In contrast with previous model estimates,
we demonstrate that South America is an important source of dust to the CEP during glacial periods.
Our new observations provide a critical data set for verifying dynamical arguments about tropical
hydroclimate. We infer that the southernmost position of the ITCZ precipitation centroid occurs between
136 and 131 kyr, coincident with the timing of North Atlantic Heinrich Stadial Event 11 (136 to 129 kyr).

Plain Language Summary In this study we investigate the changes in dust origin to the Central
Equatorial Pacific that happened between 160 and 105 kyr before present. This time period is interesting
because it includes the end of an ice age which terminated between 136 and 129 kyr. This transitional period
was long enough to allow us to look at changes in dust sources as the ice age was ending. We used changes in
the chemistry of the dust fraction found in marine sediments and calculated what percentage of this dust
originated in the Northern and the Southern Hemispheres. We found that more dust originated in South
America than was previously thought. We also found that the dust pattern deposited across out sites suggests
that the dominant tropical hydroclimate feature, coincident with the thermal equator, was south of its
modern position during the ice age and that it traveled further south during the transition from cold to warm
conditions, finally settling near its modern position once the climate transition was complete.

1. Introduction

The position of the Intertropical Convergence Zone (ITCZ) is associated with a zonally heterogeneous tropi-
cal precipitation maximum that affects the lives of billions across the globe. The annual mean position of the
ITCZ varies depending on the location of maximum insolation and the thermal equator (McGee et al., 2014;
Schneider et al., 2014). Although bothmodels (Chiang & Bitz, 2005; Donohoe et al., 2013; McGee et al., 2014)
and paleoclimate reconstructions suggest that the ITCZ migrates on orbital timescales, they fail to reach a
consensus on the magnitude of the movement. Disparities could be due to differences in proxy sensitivities
and in the aspects of the ITCZ system being modeled/measured (McGee et al., 2018). A southern ITCZ mer-
idional shift is part of the mechanism hypothesized to translate the collapse of the Northern Hemisphere
(NH) ice sheets into a global deglaciation (Chiang & Friedman, 2012). The ITCZ is also connected to the
Southern Hemisphere (SH) subtropical jet and westerly winds, which may exert control on Southern
Ocean upwelling and ventilation (and, therefore, the carbon cycle) during deglaciation (Anderson et al.,
2009; Ceppi et al., 2013).

Traditionally, paleo‐ITCZ migration has been tracked by documenting precipitation changes in speleothem
records (Wang et al., 2004), changes in river discharge (Mulitza et al., 2017; Peterson & Haug, 2006), or
changes in ocean salinity and temperature gradients (Arbuszewski et al., 2013; Koutavas & Lynch‐Stieglitz,
2004). Here, we use measurements of the Pb and Nd isotope ratios of sedimentary dust (Figure S2 in the
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supporting information), which enable us to distinguish between the key heterogeneous dust sources to the
CEP, be they derived from the NH or SH (Gaiero et al., 2007; Grousset & Biscaye, 2005; Pichat et al., 2014a;
Y.‐X. Wang et al., 2007). The ITCZ is thought to be a barrier to interhemispheric dust transport, such that
changes in dust provenance through time reflect, in part, movement of the ITCZ precipitation centroid.
Previous studies have used dust provenance to track ITCZ position over glacial‐interglacial timescales
(Abouchami et al., 2013; Abouchami & Zabel, 2003; Xie & Marcantonio, 2012). In the CEP, the ITCZ was
found to be further south during the last glacial period than during the Holocene (Reimi & Marcantonio,
2016). Here, we are able to resolve dust provenance changes during the penultimate termination, consistent
with the timing of Heinrich Stadial 11 (HS11) and consider whether these changes are due tomovement of the
ITCZ precipitation centroid (i.e., changes in the position of the interhemispheric dust transport barrier) or to
decreases in the convective intensity of the ITCZ (which would allow interhemispheric leakage of dust).

There have been several studies which have determined changes in dust fluxes to the equatorial Pacific
through the last climate cycles (e.g., Anderson et al., 2006; Costa et al., 2016; Kienast et al., 2016; Loveley
et al., 2017; McGee et al., 2007; Pichat et al., 2014a; Winckler et al., 2008). Some have used this information
to reconstruct movements of the ITCZ on millennial (Jacobel et al., 2016; Loveley et al., 2017) and glacial‐
interglacial timescales (Jacobel, McManus, et al., 2017), but few studies combine equatorial Pacific flux esti-
mates with radiogenic isotope data, which can highlight possible dust sources (Pichat et al., 2014a; Xie &
Marcantonio, 2012). Here, that approach allows us to evaluate changes in the provenance of dust delivered
to the CEP at 158°W along a transect from 0.48°N to 7.04°N. Dust flux estimates on these same cores, pre-
sented here and elsewhere (Jacobel et al., 2016), allow us to evaluate if and how differences in dust prove-
nance relate to changes in dust flux. We suggest that the southernmost sites are dominated by South
American dust but receive a significant amount of Chinese Loess during the stadial event. The two northern-
most cores receive most of their dust from Chinese Loess but receive some south American dust, especially
during the interglacial. We explore how these changes in dust provenance relate to changes in the ITCZ.

2. Materials and Methods
2.1. Isotope Analysis

Analyses were conducted in five cores collected during the ML1208 cruise to the Line Islands (Figure S1). Pb
and Nd isotope ratios were measured via Thermal Ionization Mass Spectrometry at Texas A&M University
(Table S1). The operationally defined detrital fraction of the sediment was isolated by sequential leaching
following the procedure outlined in Reimi and Marcantonio (2016; see supporting information Text S1).
The data have been corrected with a 0.1%/amu linear fractionation correction based on multiple runs of
the NIST981 Pb standard. The procedural Pb blank, analyzed with a 205Pb spike, was found to be less than
50 pg, and no blank corrections on the measured ratios were necessary. A Nd standard, JNdi‐1, was run
throughout this study and gave a mean value of 143Nd/144Nd = 0.5121009 ± 6.6 ppm (1σ, n= 67). No further
corrections were made to the Nd data in this study. 143Nd/144Nd ratios in this study are expressed as εNd
values by normalizing to (143Nd/144Nd)CHUR = 0.512638.

U and Th isotope work for cores 20BB and 28BB were analyzed by isotope dilution on a HR‐ICP‐MS at Texas
A&M (Table S1), following the methodology of Loveley et al. (2017). External reproducibilities of 238U,
230Th, and 232Th analyses were approximately 6% during the course of this study. Procedural blanks were
measured for 238U (0.3 ng), 230Th (0.08 ng), and 232Th (3.6 ng) and were such that no blank corrections
were necessary.

The 232Th fluxes were determined by normalizing to excess 230Th concentrations (e.g., see Francois et al.,
2004, for a review of the 230Th technique used to measure sediment mass accumulation rates). To calculate
dust fluxes, we assumed that the average concentration of Th in the dust extracted from our sediments was
10.7 ppm (average upper crustal value; Taylor & McLennan, 1985). Due to the isolation of our sites, far from
continental margins, we expect the detrital 232Th to be entirely eolian in origin. (See supporting information
Text S2 regarding our stable isotopes measurements and our age model.)

2.2. Quantitative Analysis of Potential Dust Sources

Previous work determined that the four most dominant sources of dust to the Line Islands were three South
American volcanic regions and Chinese Loess (Reimi & Marcantonio, 2016). The most northern South
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American source is the North Central Volcanic Zone (N‐CVZ), between 14.5°S and 19.5°S, as defined by
Pichat et al. (2014a). Further south the South Central Volcanic Zone (S‐CVZ) lies between 22°S and
27.5°S, and furthest to the south the South Volcanic Zone (SVZ) ranges in latitude from 33°S to 43°S.

To quantify the percentage of dust contributed by different sources, we created two independent three‐
component mixing models based on the compiled geochemical data for the four possible source areas
(PSAs). Given the uncertainties in the true signal of dust from the three South American PSAs (see support-
ing information Text S3), we use these models as a context within which to better evaluate the temporal and
spatial variations in the data.

3. Results
3.1. Radiogenic Isotope Results

At first order, the Nd isotopic composition of the detrital material shows a latitudinal gradient (Figures 1d
and 2). All cores show a slight radiogenic enrichment, higher 143Nd/144Nd ratios, between the glacial and

Figure 1. Paleo‐proxy records during the penultimate deglaciation. The oxygen isotope data for cores 17PC, 31BB, and 37
are from Lynch‐Stieglitz et al. (2015), while the dust flux for those same cores are from Jacobel et al. (2016). (a) Sanbao
cave δ18O time series (SB11—cyan; SB23—light blue; SB25—blue; SB25‐2—dark blue); see references for errors (Cheng
et al., 2009; Y. Wang et al., 2008). (b) G. ruber δ18O stratigraphy (17PC—0.48°N, blue circles; 20BB—1.27°N, pink
pentagons; 28BB—2.97 °N, orange crosses; 31BB—4.68°N, red squares; and 37BB—7.04°N, green triangles). Errors are
1‐sigma standard deviations (c). The 230Th‐normalized dust flux, using 232Th as the proxy for dust and assuming an
average crustal 232Th concentration of 10.7 ppm (Taylor &McLennan, 1985). The 20BB and 28BB errors are standard error
for 17PC, 31BB, and 37BB errors Jacobel et al. (2016). Symbols as in panel (b). (d) Nd isotope ratios, expressed as εNd.
Symbols as in panel (b). Green shading represents Heinrich Stadial 11. Error bars are standard error.
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interglacial samples. Over the HS11 interval the record at 17PC contains
detrital Nd isotope compositions that are ~2.5 εNd units more negative
than those that occur after and ~2 εNd units more negative than those that
occur before the interval (Figure 1d). In Pb space, during Marine Isotope
Stage (MIS) 6, Pb isotopes have an expanded range of values relative to
MIS 5 (Figure 2). During the glacial period the most radiogenic Pb iso-
topes values occur at 37BB, while the least radiogenic values occur at
20BB. In contrast, during MIS 5, sites 17PC, 20BB, and 28BB, all exhibit
similar Pb isotope values, and only core 37BB is distinctively more radio-
genic Pb relative to 204Pb.

3.2. Dust Fluxes

We calculated dust fluxes for cores 20BB and 28BB based on the 230Th‐
derived 232Th flux (Figure 1c). At these sites, MIS 6 dust fluxes are more
than twice as large as MIS 5 dust fluxes, generally matching the
glacial/interglacial pattern previously found in this transect (Jacobel
et al., 2016). The largest dust flux is found at 20BB during the onset of
HS11, where dust flux peaks at 135 kyr. Dust fluxes at both 28BB and
20BB in general decrease during HS11, and the lowest dust fluxes happen
during the interglacial period. The dust fluxes measured at 20BB and
28BB are slightly greater than 31BB, to the north, and 17PC, to the
south (Figure 4).

3.3. Mixing Model Results

An examination of provenance, based on Nd and Pb isotope ratios, sug-
gests that between 160 and 136 kyr (middle‐ to late‐MIS 6), there was little
to no NH dust reaching site 17PC at 0.48°N, whereas at sites 20BB and
28BB the dust signal has up to 40% of a NH component (Figure 3). Even
further north, at the site of core 31BB, the percentage of NH dust is higher
and ranges between 40% and 80% (though there is no record from 160 to
141 kyr; Figure 3). Furthest north, at the site of core 37BB, NH dust makes
up 80–100% of the dust signal between 155 and 136 kyr (Figure 3). The
most remarkable feature of the data occurs in the southernmost core at
the onset of HS11 (~136 kyr). Here, between 136 and 130 kyr, approxi-

mately 20–27% of the dust flux delivered to this equatorial site is derived from a Chinese loess source
(Figure 3). From ~130 to 105 kyr, that is, into MIS 5, the percentage of NH dust is significantly diminished
at all sites from 0.48°N to 7°N.

4. Discussion
4.1. Abrupt changes in dust provenance and ITCZ shifts

Influxes of meltwater to the north Atlantic have been linked to a slowdown of Atlantic Overturning
Meridional Circulation during HS11 (~136 to 129 kyr; Böhm et al., 2015), which may have reduced the heat
flux into the NH. At these same time, evidence from Antarctica's EPICA Dome C (EDC) ice core (Marino
et al., 2015) suggests that Antarctica experienced a temperature rise. The origin of the initial climate signal
(in the NH or SH) is a hotly debated topic (e.g., He et al., 2013; Stott et al., 2007), but both hypotheses suggest
that the migration of the ITCZ is an important mechanism for connecting these high‐latitude climate
changes (Chiang & Bitz, 2005; Schneider et al., 2014).

Asian speleothems (Cheng et al., 2009) currently provide the highest resolution and most accurately dated
information on North Atlantic HS events as they relate to the Asian Monsoon. Comparing our Nd isotope
records to the accurately dated Sanbao cave record, from central China, we find during HS11 the Nd isotope
ratios of dust in sediment core 17PC (at 0.48°N) to be the most negative. Nd isotope ratios are the most nega-
tive for Northern Hemisphere sources and the least negative for Southern Hemisphere sources (i.e., Chinese
Loess vs. South American volcanics, discussed below). In models and modern observations, NH cooling

Figure 2. 206Pb/204Pb versus εNd for all sites. (17PC—0.48°N, blue circles;
20BB—1.27°N, pink pentagons; 28BB—2.9°N, orange crosses; 31BB—
4.68°N, red squares; and 37BB—7.04°N, green triangles). The error bars
represent standard errors. Filled symbols are interglacial samples (MIS 5),
and open symbols are glacial samples (MIS 6). The circles around each
endmember represent the distribution of each potential endmember as
outlined in supporting information Text S3 with the star location being the
average composition (N‐CVZ—dark blue, S‐CVZ—blue, SVZ—light blue,
and Chinese Loess—red). Mixing lines show the theoretical mixing hyper-
bolas between each endmember pairing. Nd and Pb concentration data
for South America based on GEOROC “Andean Arc” data set, Nd and Pb
concentration data for Chinese Loess is in Table S2. N‐CVZ = North Central
Volcanic Zone; S‐CVZ = South Central Volcanic Zone.
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results in increased precipitation in the SH tropics and a decrease in pre-
cipitation in the NH tropics, resulting in a southward shift in the latitude
of the ITCZ precipitation centroid (Donohoe et al., 2013). The negative
shift in Nd isotope ratios, in the southernmost cores, between 136 and
131 kyr, consistent with the timing of HS11 (Figure 1d), implies more
northerly derived dust and suggests weaker convection and rainout under
the ITCZ in the northern tropics. Our interpretation of the Nd isotope
record of dust in equatorial core 17PC suggests that an abrupt stadial
event at the end of MIS 6 (i.e., HS11), linked to a reduction in the strength
of global ocean circulation (Böhm et al., 2015), is also associated with a
southward migration of the average ITCZ precipitation centroid.

4.2. Possible Dust Sources to the CEP

Our case that a northern component of dust is seen as far south as the
equator during HS11 is made stronger by combining our Nd isotope data
with the Pb isotope data from the same samples. A two‐isotope plot (Nd in
conjunction with Pb isotope ratios) reduces the ambiguity of dust sources
with similar isotopic values and allows us to account for the relative con-
tribution of dust from variable SH sources and the NH source (Figure 2).
This provides the opportunity to quantify changes in dust provenance
once possible endmembers associated with NH (Chinese Loess; Nakai
et al., 1993) or SH (South American volcanic regions; Pichat et al.,
2014a) sources are identified (Figure 2).

The more southern cores (28BB, 2.97°N; 20BB, 1.27°N; and 17PC, 0.48°N)
have variable Nd and Pb isotope ratios that are consistent with a mostly
South American dust provenance (Figure 2). The range of Nd and Pb iso-
tope values can be largely explained by a three‐component mixing system
of dust transported from different South American volcanic sources,
ranging from Northern Peru to Chile (Mamani et al., 2008, 2010; Pichat
et al., 2014b). The isotope ratios of the dust fraction in sediment from

the northernmost core (37BB, 7.04°N) and those in sediment from 31BB (4.68°N) deposited during glacial
MIS 6, on the other hand, seem to have signatures that suggest a predominant Chinese Loess provenance
(Figure 2). For core 31BB, the dust fraction in sediment deposited during interglacial MIS 5 has Nd isotope
ratios, which suggest an increase in the proportion of dust delivered with a South American
provenance (Figure 2).

4.3. Quantifying Source Area Contributions

We combine and plot our dust provenance calculations (Figure 4) in conjunction with new and previously
published (Jacobel et al., 2016; Jacobel, McManus, et al., 2017) high‐resolution dust flux profiles
(Figure 1c), estimated using 230Th‐derived 232Th fluxes. MIS 6 is nearly 2 times dustier than MIS 5 across
all five cores (Figure 1c). This pattern agrees with previous reconstructions (Jacobel et al., 2016; Jacobel,
McManus, et al., 2017) and model estimates showing a dustier glacial world (Mahowald et al., 2011).
However, this model underestimates the contribution of South American sources to the CEP (less than
50%) and overestimates the North African fraction (up to 50%; Mahowald et al., 2011) while our records
show a dominant South American signal in the sources to the three southern cores (up to 90%) and a negli-
gible amount of North African dust (supporting information Text S3 and Figure S3). By combiningmeasured
dust flux with the estimates of each PSA, we can quantify the dust flux contribution of each PSA (Figure 4).
This allows us to isolate and examine both changes in dust flux and dust provenance along the 7°
CEP transect.

A pronounced increase in dust flux to site 17PC, in the absence of a similar dust increase in the EDC ice core,
was previously interpreted as an increase in NH dust to site 17PC (Jacobel et al., 2016) and a southward
migration of the ITCZ to below 0.48°N. However, while the EDC ice core dust record showed a depressed
dust flux signal during HS11 (Lambert et al., 2008), here we show that in the CEP the SH was still the

Figure 3. Chinese Loess provenance change over time. All data points are
marked along the dashed lines representing the core latitude. Samples for
which there are only Nd data are represented by triangles. Samples for
which there are only Pb data are represented by circles. Samples for which
there exist both Pb and Nd data are represented by squares. Each square is
shaded as seen in the figure “Provenance” legend. When only one isotope
system is available (either Nd or Pb), data has been shown as followed:
Chinese Loess (red), N‐CVZ (dark blue), S‐CVZ (blue), SVZ (light blue). If
the most likely provenance could not be determined, the data was marked as
undefined (striped grey circles). The top pink line indicates the modern
annual mean location of the ITCZ over the CEP, as recorded by the monthly
annual mean precipitation in NOAA's GPCP Version 2.3. ITCZ =
Intertropical Convergence Zone; N‐CVZ = North Central Volcanic Zone;
S‐CVZ = South Central Volcanic Zone.
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dominant source of dust to the more southern cores during HS11 (contributing 75% of the dust; Figure 4).
The EDC ice core receives most of its dust from Patagonia east of the Andes (Delmonte et al., 2008),
whereas our sites are dominated by dust from South American volcanic regions west of the Andes.

During the late Pleistocene, glacial times are globally more dusty than interglacial times (Kohfeld &
Harrison, 2001), but this increased dustiness is not distributed homogenously around the globe
(Mahowald et al., 2011). During both glacial and interglacial times the NH is modeled to be dustier than
the SH (Mahowald et al., 2011). However, our transect of study sites in the Line Islands received remarkably
similar amounts of dust (Jacobel et al., 2016) during any given time period, even while receiving dust from
different hemispheres (Figure 4). Combining the dust flux and provenance data together reveals that (1)
during MIS 6, there is a waning of dust derived from northern sources as one moves southward from
7.04°N to 0.48°N (Figure 4a); (2) during MIS 5, there is virtually no northern‐sourced dust south of
2.97°N, that is, dust fluxes are explained solely by South American sources (Figure 4); (3) during MIS 6,
for cores from the equator to 2.97°N (17PC‐28BB), the majority of the increased glacial dust flux is linked
to an increased flux from SH sources, and there is a greater proportion of dust flux derived from the most
northern South American PSA (i.e., the N‐CVZ) as one moves northward from the equator (Figure 4b);

Figure 4. Dust contributions over time. Colored circles represent the dust flux from each endmember for each sample
containing both Pb and Nd isotopes (see supporting information Table S3); see also Figure 2. The gray line is dust
fluxes for all samples measured as presented in Figure 1c (Jacobel et al., 2016). (a) Northern Hemisphere dust source:
Chinese Loess—red. (b). Cumulative Southern Hemisphere dust sources: North Central Volcanic Zone, N‐CVZ—dark
blue; South Central Volcanic Zone, S‐CVZ—blue; South Volcanic Zone, SVZ—light blue. The error bars represent the
total measurement error (see section 2).
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(4) dust supplied to the equatorial core, irrespective of timing (i.e., MIS 5 or MIS 6), is almost always entirely
derived from South American sources (Figure 4b), except for the interval consistent with the timing of HS11
(~136 to 131 kyr), during which approximately 25% of the total dust flux (~0.1 g·m−2·year−1) is delivered
from a northern source (i.e., Chinese Loess; Figure 4a).

4.4. Tracking the Changes in ITCZ Position Over Time

Our analysis of Nd and Pb isotope ratio variability, in conjunction with 230Thxs,0‐derived dust fluxes and
previously published work (Jacobel et al., 2016; Lynch‐Stieglitz et al., 2015), allows us to interpret ITCZ
changes and potential movements during the penultimate transition from full glacial to interglacial condi-
tions. In the earliest parts of the record (between ~150 and 137 kyr) the large percentages of NH dust in
37BB and 31BB suggest that the ITCZ precipitation centroid is close to 7.04°N (37BB). At the onset of
HS11 (at 136 kyr) the detrital material at 17PC (at 0.48°N) has more negative Nd and radiogenic Pb isotope
ratios (εNd = −6.34, 206Pb/208Pb = 18.810 at 131 kyr; Figures 2 and 3), suggesting a significant NH dust
component in the sediments. As HS11 begins (at 136 ka), there is an increase in NH‐sourced dust from
the equatorial core to 4.68°N (Figure 4a), suggesting a southward shift in ITCZ precipitation centroid.
During interglacial MIS 5, however, the Nd isotope ratios for all cores are more positive (Figure 1d), suggest-
ing an increased influence of SH sources of dust. At the beginning of MIS 5 (~130 kyr), the percentage of NH
dust at site 31BB rapidly drops from more than 60% to less 20% at 120 kyr (Figures 3 and 4a), signifying a
potential northward shift of the precipitation centroid of the ITCZ.

Such significant and abrupt southward (HS11) and northward shifts (MIS 5), up to 7°, greatly exceed those
estimated in dynamical models (Donohoe et al., 2013; McGee et al., 2014), which suggest that meridional
shifts greater than 1° are difficult to achieve given thermodynamic constraints. One way to reconcile our
results with the dynamical models is to call upon a weakening of the convective intensity (McGee et al.,
2007) rather than a meridional shift, of the ITCZ during HS11 (MIS 5). A weakening of the convective
intensity, which does not require a change in the position of the ITCZ, would decrease the scavenging effi-
ciency such that there is greater interhemispheric transport of NH‐sourced dust south of the precipitation
maximum. Conversely, a strengthening of convective intensity would increase the scavenging efficiency at
the site of the ITCZ precipitation centroid with little interhemispheric transport of dust.

Whether due to a convective intensity change or a shift of the position of the ITCZ centroid, there is a major
offset in the dust deposition pattern at the onset of HS11 (at about 136 kyr). There is a significant, though not
dominant, NH component to the 17PC dust flux (Figures 3 and 4). We cannot quantitatively estimate the
magnitude of ITCZ convective changes using dust provenance data. However, without a latitudinal shift
of the precipitation centroid, ITCZ convection would have had to weaken enough to allow at least
~0.1 g·m−2·year−1 of NH dust to reach each of the southernmost sites (Table S3 and Figure 4a) during
HS11, while no NH dust reaches all three sites before or after HS11. As this scenario is unlikely, we conclude
that the ITCZ precipitation centroid must have also shifted southward during HS11.
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