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Abstract Atmospheric dust is a primary source of iron (Fe) to the open ocean, and its ﬂux is particularly
important in the high nutrient, low chlorophyll (HNLC) Southern Ocean where Fe currently limits
productivity. Alleviation of this Fe limitation in the Subantarctic Zone of the Atlantic by increased
dust‐borne Fe supply during glacial periods has been shown to increase primary productivity. However,
previous work has found no such increase in productivity in the Paciﬁc sector. In order to constrain the
relative importance of Southern Ocean Fe fertilization on glacial‐interglacial carbon cycles, records of
dust ﬂuxes outside of the Atlantic sector of the Southern Ocean at the Last Glacial Maximum (LGM) are
required. Here we use grain size and U‐series analyses to reconstruct lithogenic and CaCO3 ﬂuxes and Nd,
Sr, and Pb isotopes to ascertain the provenance of terrigenous material delivered to four deep water
cores in the SW Paciﬁc Ocean over the last ~30 kyr. We ﬁnd evidence for an increase in the relative
proportion of ﬁne‐grained (0.5–12 μm) terrigenous sediment and higher detrital ﬂuxes during the LGM
compared to the Holocene. The provenance of the LGM dust varied spatially, with an older, more
“continental” signature (low εNd, high 87Sr/86Sr) sourced from Australia in the northern cores, and a
younger, more volcanogenic source in the southern cores (high εNd, low 87Sr/86Sr), likely sourced locally
from New Zealand. Given this increase in lithogenic ﬂux to the HNLC subantarctic Paciﬁc Southern Ocean
during the LGM, factors besides Fe supply must have regulated the biological productivity here.
1. Introduction
An 80–100 ppm change in atmospheric CO2 is observed during late Pleistocene glacial‐interglacial cycles
(Bereiter et al., 2015), with numerous lines of evidence pointing toward a mechanism that involves a change
in the size of the deep ocean carbon reservoir (e.g., Archer et al., 2000; Kohfeld & Ridgwell, 2009). One such
mechanism thought to play an important role is the iron (Fe) fertilization hypothesis (Martin et al., 1994).
The lack of this important micronutrient limits primary productivity in High Nutrient Low Chlorophyll
(HNLC) regions of the ocean today, in particular the Southern Ocean (Martin et al., 1994). An enhanced supply of dust‐borne Fe to the Southern Ocean during glacial periods would stimulate productivity, strengthening the biological pump and drawing down atmospheric CO2 (Martin et al., 1994). While increased
productivity is observed in the Atlantic sector of the Southern Ocean associated with increased Fe ﬂux
(Martínez‐García et al., 2014), no such change in productivity is observed in other sectors of the Southern
Ocean, such as the SW Paciﬁc (Chase et al., 2003; Durand et al., 2017). However, it remains unclear if this
lack of increased primary productivity during the Last Glacial Maximum (LGM) in this region is attributable
to a diminished dust input or other limiting factors.
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Supply of the micronutrient Fe to the Southern Ocean is thought to have increased during the LGM
(De Angelis et al., 1987; Kumar et al., 1995). Dust is a dominant external source of Fe to the open ocean
(Jickells et al., 2005), although there is a growing body of literature surrounding the importance of glaciers
in providing bioavailable Fe to near coastal environments (Bhatia et al., 2013; Hawkings et al., 2014, 2018),
and recent work has suggested that upwelling, hydrothermal activity, and resuspension of sediments on continental shelves also represent signiﬁcant Fe sources (Ardyna et al., 2019; Tagliabue et al., 2017). Dust supply
increased during glacial periods through a number of processes linked to a weakened hydrological cycle,
enhanced aridity, and increased wind strength and gustiness (Mahowald et al., 2005; McGee et al., 2010;
1 of 17

Paleoceanography and Paleoclimatology

10.1029/2020PA003869

Table 1
Summary of Cores Used in This Study

P71
MD97‐2121
TAN1106‐28
TAN1106‐43

Latitude

Longitude

Water depth (m)

33°51′18.0°S
40°22′56.1°S
48°22′19.2 S
50°26′56.4°S

174°41′36.0°E
177°59′40.8°E
165°39′32.4°E
164°52′40.8°E

1,919
2,314
2,798
3,670

Water mass

Average sedimentation rate (cm/kyr)

Age model

1.12
37.09
7.34
6.66

Duncan et al. (2016)
Carter et al. (2008)
Bostock et al. (2015)
Bostock et al. (2015)

STW
STW
STF
SAW

Note. Water masses are subtropical waters (STW), subtropical front (STF), and subantarctic waters (SAW).

Winckler et al., 2008). First, a decrease in global mean rainfall led to a decline in vegetation and the
expansion of deserts, while strengthened winds increased the entrainment of ﬁne sediment particles
(Mahowald et al., 2005; Werner et al., 2002; Winckler et al., 2008). Second, an increased temperature
gradient between the pole and the equator during the glacial period led to an increase in wind gustiness,
which in turn may have led to increased dust emissions (McGee et al., 2010). Third, increased glacial
activity resulted in an increased supply of dust from easily mobilized ﬁne grained material from glacial
outwash plains (Bullard et al., 2016; Delmonte et al., 2017; Lamy et al., 2014; Marx et al., 2018; Shoenfelt
et al., 2018; Sugden et al., 2009) which can also be transported in glacial runoff to the open ocean (Bhatia
et al., 2013; Hawkings et al., 2014, 2018). This glacially derived Fe is thought to be more bioavailable than
Fe in lithogenic material produced by arid weathering regimes, as it has undergone less chemical
weathering so comprises more leachable, bioavailable Fe (II) (Hawkings et al., 2018; Schroth et al., 2009;
Shoenfelt et al., 2017, 2019).
Three major dust source regions have previously been proposed for the Southern Ocean in atmospheric
transport models: South America, South Africa, and Australia (Albani et al., 2012; Lamy et al., 2014;
Li et al., 2008). In these models, the SW Paciﬁc region is predominantly inﬂuenced by an Australian source
of dust (Albani et al., 2012; Lamy et al., 2014; Li et al., 2008). Indeed, there is evidence for Australian dust
making it to Antarctica during the Holocene (Aarons et al., 2017; De Deckker, 2019). Although New
Zealand is often not considered a major dust source region in most model simulations, when dust trajectories
are considered, it is apparent that dust produced in New Zealand is widely dispersed (Neff & Bertler, 2015).
Models all show an increase in dust ﬂux to the SW Paciﬁc at the LGM compared to the Holocene. However,
the magnitude of this difference varies between models. Mahowald et al. (2006) and Werner et al. (2002) ﬁnd
relatively small differences between the LGM and Holocene (between 1 and 4 times larger at the LGM),
whereas Albani et al. (2012) ﬁnd ﬂuxes that are up to 9 times higher at the LGM. The absolute ﬂuxes in
SW Paciﬁc also vary between the models by an order of magnitude (Albani et al., 2012; Mahowald
et al., 2006; Werner et al., 2002).
This study combines records of lithogenic ﬂuxes, carbonate productivity, and sediment provenance to determine the extent to which increased glacial supply of the micronutrient Fe increased biological productivity
in the SW Paciﬁc, a region where few estimates currently exist. To this end, we analyzed the abundance of
ﬁne grained lithogenic material (0.5–12 μm particle diameter, mean 1.8 μm), the sediment isotopic composition, and the ﬂux of CaCO3 in four cores from the SW Paciﬁc sector of the Southern Ocean during the
Holocene and LGM (30 ka to present, Table 1 and Figure 1). The four cores form a transect from subtropical
waters in the north (33°S) to subantarctic waters in the south (50°S; Figure 1). Previous records of dust ﬂux
changes between the LGM and Holocene show higher ﬂuxes at the LGM at a regional scale (Hesse, 1994;
Hesse & McTainsh, 1999; Thiede, 1979). However, south of New Zealand within the Subantarctic Zone, data
are scarce (Durand et al., 2017; Hesse, 1994; Hesse & McTainsh, 1999; Kohfeld et al., 2013; Thiede, 1979), and
the only constraints on the provenance of the dust in this region are limited to surface sediments (Graham
et al., 1997; Marx et al., 2005; Molina‐Kescher et al., 2014; Wengler et al., 2019). We ﬁrst quantiﬁed the proportion of different grain size end members in the bulk sediment by end member modeling to deﬁne and
quantify the proportion of ﬁne grained (0.5–12 μm particle diameter, mean 1.8 μm) lithogenic material present. This is similar to previous dust size ranges for this region and across the Paciﬁc from Rea (1994). Due to
the proximal location of our cores to New Zealand, this ﬁne‐grained material is likely a combination of ﬂuvially delivered material and atmospherically delivered dust, but regardless of its mode of transport, it
TRUDGILL ET AL.
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Figure 1. Major dust source locations and wind vectors across the Southern Ocean. (a) Sr, Nd, and Pb isotopic compositions of major Southern Hemisphere dust
sources shown by mean value ± 2σ. (b) Average January surface wind vectors (black arrows) and speeds (blue shading, darker colors represent higher wind
speeds) relative to location of cores used in this study. Average isotope values for source regions after Basile et al. (1997, 2001), Blakowski et al. (2016), Delmonte
et al. (2004a), Gili et al. (2016, 2017), Grousset et al. (1992), Pichat et al. (2014), Revel‐Rolland et al. (2006), Vallelonga et al. (2010), and references therein.
Wind vector data set from http://www.esrl.noaa.gov/psd, Kalnay et al. (1996). Dust source region shapes based on Basile et al. (1997). Latitudinal transect of
Figure 6 shown by dashed line.

remains a potential source of Fe to the currently Fe‐limited surface water. We estimated the total detrital and
dust ﬂux and CaCO3 ﬂux (a proxy of productivity) using uranium series isotopes and thorium normalization
to remove the effects of lateral sediment transport on the seaﬂoor (Costa et al., 2020; Henderson &
Anderson, 2003; McGee et al., 2007). Finally, changes in the provenance of the sediment were determined
by comparing their neodymium (Nd), strontium (Sr), and lead (Pb) isotopic composition with previous
studies from potential dust source regions around the Southern Hemisphere (Figure 1, e.g., Delmonte
et al., 2004a; Vallelonga et al., 2010), determining the changing source of lithogenic ﬂuxes to the SW
Paciﬁc over the last 30 kyr.

2. Materials and Methods
2.1. Core Location, Sampling, and Grain Size Analysis
Samples were collected from the following cores: P71, MD97‐2121, TAN1106‐28, and TAN1106‐43 (Table 1
and Figure 1), which form a latitudinal transect from 33–50°S. The cores had signiﬁcantly different sedimentation rates (Table 1) and the number of samples analyzed varied by technique (for numbers; see
Table S1 in the supporting information). The age models of cores TAN1106‐28 and TAN1106‐43 are based
on tuning the deglacial trends observed in the δ18OG.bulloides record to the Lisiecki and Raymo (2005) benthic
stack and are complemented by three radiocarbon ages in each core measured on a mixed planktic foraminifera assemblage (Bostock et al., 2015). Core P71's age model is based on comparison of the δ18OU. peregrina to
the Lisiecki and Raymo (2005) benthic stack (Duncan et al., 2016). The core chronology for MD97‐2121 is
based on 9 tephra dates and 20 Accelerator Mass Spectrometry (AMS) 14C dates of planktic foraminifera of
mixed assemblage (Carter et al., 2008). For cores MD97‐2121, TAN1106‐43, and P71, Holocene and LGM
age, we used freeze dried <63 μm sediment samples, which had been previously separated by sieving.
TRUDGILL ET AL.
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Additionally, a time series of freeze‐dried bulk sediment from TAN1106‐28 was taken every ~5 kyr from
2–17 ka and every ~2 kyr from 17–25 ka. In the time series from TAN1106‐28, samples are classiﬁed based
on age as Holocene (<12 ka), deglacial (12–18 ka), LGM (18–27 ka), and glacial (>27 ka).
The grain size of the <63 μm fraction of sediment for the cores TAN1106‐28, TAN1106‐43, and MD97‐2121
was analyzed by laser diffraction using the Coulter LS130 at the University of Southampton. Samples were
decarbonated by leaching in 10% acetic acid overnight (Organic carbon content of the samples was very low
[<1%] and assumed to be minimal in these samples; opal content was low [<5%] and not removed but may
have had a small inﬂuence on grain size distributions, as discussed below; Bostock et al., 2019; Carter &
Manighetti, 2006). Samples were disaggregated prior to analysis using Calgon solution (5%) at a ratio of
1:10 (Calgon: sample; Blott et al., 2004). Three replicates were taken for each sample, and the arithmetic
mean was taken and used in all subsequent data analysis. For grain size analysis, either freeze dried
<63 μm (MD97‐2121 and TAN1106‐28) or wet bulk sediment (TAN1106‐43 and TAN1106‐28) was used.
Where bulk sediment was used, only the <63 μm component was used to calculate relative proportions.
End member analysis was performed on the <63 μm component using the AnalySize software in MATLAB
(version 1.1.0, Paterson & Heslop, 2015). End members were ﬁtted parametrically with a General Weibull
distribution. To evaluate the number of end members in the grain size distributions, 1–10 end members were
ﬁtted to the data set as a whole. The coefﬁcient of determination (R2) and angular deviation for each of these
ﬁts were assessed to determine how many end members best describe the data.
2.2. Isotopic Analysis
Bulk sample digest and analyses of Sr, Nd, and Pb were undertaken in clean chemistry laboratories
(Class 100) at the University of Southampton. Nitric and hydrochloric acids used in sample preparation were
puriﬁed by subboiling distillation using Savillex DST‐1000 Teﬂon stills. Approximately 75 mg of sediment for
each sample was digested on a hot plate using Savillex Teﬂon vials that had been acid cleaned in hot 50% HCl
and hot 50% HNO3 overnight. First, 5 ml of aqua regia freshly prepared from subboiled acids was added and
left overnight to remove reactive organics. This was followed by dissolution in a 2.5 ml HNO3, 3 ml HF
(Romil SpA grade) mix. Finally, 2 ml HClO4 (Fisher Trace element grade) was added and samples were completely dried down again. They were then redissolved in 10 ml of 6 M HCl. The concentrations of Pb, Sr, and
Nd were determined on a ThermoFisher Scientiﬁc XSeries2 ICP‐MS at the University of Southampton on
diluted subsamples using synthetic standards to calibrate. Based on the concentration results, the bulk sample was split into separate subsamples that contained at least 300 ng Pb, 1 μg Sr, and 200 ng Nd which were
dried down prior to column chemistry. For the U‐series analyses, a ﬁnal subsample representing approximately 15 mg of original sediment (~ 20%) was taken.
2.2.1. Strontium
Strontium (Sr) was separated using ~50 μl TrisKem Sr Resin columns with a 3 M HNO3 elution acid (Lang
et al., 2014). High levels of barium in some samples caused poor recovery and/or poor ionization. These samples were rerun from the bulk digest using the same method but using 8 M HNO3 as the eluant.
The dried down samples were loaded onto tantalum (Ta) ﬁlaments with a Ta activator solution and measured on the ThermoScientiﬁc Triton Plus thermal ionization mass spectrometer (TIMS) at the University
of Southampton, using a static procedure with ampliﬁer rotation with an 88Sr beam of ~2 V. Fractionation
was corrected using an exponential correction (Russel et al., 1978) normalized to 86Sr/88Sr = 0.1194
(Nier, 1938). NIST 987 (0.710249; Yobregat et al., 2017) was run as a reference standard, and its long‐term
average on this instrument is 0.710249 ± 0.000022 (2σ) on 70 analyses. Analysis of the BHVO2 reference
material using the same column procedure gave 0.703476 ± 0.000012 (2SE) compared to the expected value
0.703478 ± 0.000034 (1sd) from the GeoReM database (Jochum et al., 2007).
2.2.2. Neodymium
Neodymium (Nd) was separated using a two column procedure modiﬁed from Scher and Delaney (2010):
ﬁrst, a 200 μl Bio‐Rad AG50 X8 (200–400 mesh) was used to isolate the REE from the major cations, and then
a 300 μl TrisKem Ln resin (50–100 μm) was used to isolate the Nd, eluting with 0.25 M HCl. The ﬁnal collected fractions were dried down and redissolved in 3% HNO3 to give a Nd concentration of 50 ppb and were
measured on a ThermoScientiﬁc Neptune multicollector inductively coupled plasma mass spectrometer
(MC‐ICPMS) at the University of Southampton. The method is based on Vance and Thirlwall (2002)
TRUDGILL ET AL.
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through adjustment to a 146Nd/144Nd ratio of 0.7219 and a secondary normalization to 142Nd/
144
Nd = 1.141876. Measurements of the JNdi‐1 reference standard (0.512115 ± 0.000007; Tanaka et al., 2000)
gave 143Nd/144Nd ratio of 0.512115 ± 0.000006 (2σ) across six analysis sessions over a 2 year period. BHVO2
through the same chemistry procedure gave 0.512999 ± 0.000006 (2SE) compared to the expected value of
0.512979 ± 0.000014 (1sd) from GeoRem database (Jochum et al., 2007). These ratios are reported relative
to the 143Nd/144Nd ratio of the chondritic uniform reservoir (CHUR, 0.512638, Jacobsen & Wasserburg,
1980) using the epsilon notation:
2143 

Nd
Nd sample

6
εNd ¼ 4 143 
144

Nd
144
Nd CHUR

3
7
− 15 × 10; 000

(1)

2.2.3. Lead
The lead (Pb) was isolated using a column of precleaned Bio‐Rad AG‐1 X8 (200–400 mesh) using HBr and
HCl to elute (Brown et al., 2020). The collected fractions were dried down before being redissolved in 3%
HNO3. The sample was split into two fractions to give a ﬁnal concentration of 20 ppb in each. One fraction
was run unspiked, while the other was spiked with the SBL74 double spike (Taylor et al., 2015) to allow correction of instrumental mass fractionation. The natural and double spiked fractions were run during separate analytical sessions on the ThermoScientiﬁc Neptune MC‐ICPMS at the University of Southampton.
NIST981 was run during the analyses and the long‐term averages for the method are 206Pb/204Pb
16.94 ± 0.0023 (2σ), 207Pb/204Pb 15.496 ± 0.0026 (2σ), and 208Pb/204Pb 36.7124 ± 0.0076 (2σ) on >100 analyses compared to the deﬁned values of 206Pb/204Pb 16.9412 ± 0.0003 (2σ), 207Pb/204Pb 15.4988 ± 0.0006
(2σ), and 208Pb/204Pb 36.7233 ± 0.0013 (2σ) (Taylor et al., 2015).
2.2.4. U‐Series
The U‐series subsample was spiked with a mixed 236U‐229Th standard in the STAiG Labs at the University of
St Andrews. The Th and U fractions were separated on 500 μl UTEVA resin columns (Nita, 2012). The dried
down fractions were taken up in 2% HCl and analyzed using a Neptune Plus MC‐ICPMS at the University of
St Andrews following the procedure outlined in Hoffmann et al. (2007) to determine the 230Th, 232Th, 234U,
and 238U activities. External reproducibility of the 230Th, 232Th, 234U, and 238U activities on two complete
replicates was <1.5%.
2.3. Source Region Compilation
A compilation of the Sr, Nd, and Pb isotopic compositions of the major dust source regions in the Southern
Hemisphere was compiled from Basile et al. (1997, 2001), Blakowski et al. (2016), Delmonte et al. (2004a),
Gili et al. (2016, 2017), Grousset et al. (1992), Pichat et al. (2014), Revel‐Rolland et al. (2006), Vallelonga
et al. (2010), and references therein. These data represent the Sr, Nd, and Pb isotopic compositions of the
<5 μm or bulk fraction of aeolian dust deposits and material in regions determined to be sources of atmospheric dust in the present day and/or at the LGM taken from dried lake beds, loess, and regolith deposits,
glacial drift, and suspended dust captured directly from dust storms (summarized in Figure 1).

3. Results
3.1. Grain Size Distribution
The grain size distributions for all samples show a polymodal distribution with a modal peak around 9 μm
(Figure 2). The parametric ﬁtting of the grain size distributions with a General Weibull distribution assuming from 1–10 end members shows that the coefﬁcient of determination (R2) and angular deviation reach a
plateau at three end members, suggesting that a three end member model best describes the data. With
three end members, R2 values are typically above 0.9, with the lowest value (0.77) from 219–220 cm in
TAN1106‐28 (Figure S1 and Table S2). Thus, three end members were modeled for all sites and time periods.
The ﬁnest (End Member 1) has a mean particle diameter of 1.8 μm and is interpreted to be atmospheric dust
(Maher et al., 2010; Rea, 1994), with the caveat that due to the proximal nature of our cores it may also contain a ﬂuvial contribution. Although the patterns are broadly similar between the Holocene and LGM, the
proportion of EM1 of 6.6% in MD97‐2121, 10.1% in TAN1106‐43, and 14.9% in TAN1106‐28 was proportionally higher at the LGM relative to the Holocene. End Member 2 has a mean particle diameter of 9.4 μm. The
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larger mean particle diameter observed in End Member 2 represents the
primary grain size fraction in the cores studied, averaging 47% of the
<63 μm material. In all the cores we studied the proportion of material
in End Member 2 is lower at the LGM, by 6.6%, 13.5%, and 5.6% for
MD97‐2121, TAN1106‐43, and TAN1106‐28, respectively. This fraction is
interpreted to be of ﬂuvial origin. There is also a third end member
which displays a variable peak with a median particle size of 39 μm.
This third end member shows no difference on average between LGM
and Holocene age samples in MD97‐2121 and TAN1106‐43, but in
TAN1106‐28 it represents 9.3% more of the total sample in Holocene age
samples than in LGM age samples. The <63 μm fraction measured here
represents most of the sediment from these cores (~93% average).
Opal was not removed from these samples prior to grain size analysis as it
represents a low proportion of material in the cores studied (<5%, Bostock
et al., 2019; Carter & Manighetti, 2006), and either shows no trend
through time or a slight increase in the deglacial (Bostock et al., 2019;
Carter & Manighetti, 2006). Diatoms are typically in the 10–50 μm size
fraction (Pugh & McCave, 2011) so would contribute to either End
Member 2 or 3. To check if changes in opal content affect our grain size
records, we calculated the proportion of opal in each sample after the carbonate fraction was removed and then used these to recalculate the End
Member 1 proportion and ﬂux assuming the diatoms contributed to End
Member 2 or 3 (Figure S2). These analyses show very little change in pattern or value from our initial results, indicating that opal had little impact
on the interpretation of our grain size records.
3.2.

232

Th Flux and CaCO3 Flux

230

Figure 2. (a–c) Grain size and end member (EM) distributions of <63 μm
fraction of sediment. Average grain size distribution of <63 μm fraction
of cores TAN1106‐43, TAN1106‐28, and MD97‐2121 for Holocene (0–12 ka,
solid) and LGM (18–27 ka, dashed) age samples.

End member flux ¼ 230

Th is produced by decay of 234U in the ocean at a constant rate
and immediately adsorbed onto settling particles (Henderson &
Anderson, 2003). The ratio of the activity of this scavenged 230Th to the
theoretical production rate of 230Th in the water column gives the vertical
ﬂux of material, and multiplying by the measured 232Th (assumed to be
entirely continentally derived) yields a proxy for the ﬂux of continental
material. This 232Th ﬂux can then be converted to a detrital ﬂux by assuming a 10.7 ppm concentration of 232Th in any continental material delivered (McGee et al., 2007; Taylor & McLennan, 1985). This continental
material is a combination of dust delivered to the ocean atmospherically
and sediments transported ﬂuvially. This detrital ﬂux, determined from
232
Th ﬂux, was higher at MD97‐2121, TAN1106‐28, and TAN1106‐43 during the LGM than during the Holocene (Figure 3b). Little change was
observed at P71; however, this site was sampled slightly before the
LGM, due to the low sedimentation rates in this core (Table 1) and
changes are small enough to be considered within error (0.2 g/m2/year
lower during the glacial than during the Holocene). Multiplying these detrital ﬂuxes by the proportion of material in each end member gives an estimate of their ﬂux:

β×z
× 232 Thmeasured × 232 Thaverage continental × End member proportion
Th0scavenged

(2)

where β is the production rate of 230Th in the water column (β = 0.0267 dpm m−3 year−1, Henderson &
Anderson, 2003) and z is water depth (m). 230Th0scavenged, the original activity of 230Th produced by the
decay of 234U and scavenged onto sinking particles, is determined by calculating the activity of 230Th produced by other sources (authigenic and detrital, for further details see Costa et al., 2020; Henderson &
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Anderson, 2003), subtracting them from the measured 230Th activity and
correcting for decay of 230Th since deposition. Although proportionally
there are variations between the different end members through time,
the ﬂuxes of all three decrease during the deglacial (Figure 3), though
most strongly in End Member 1, as it proportionally also decreases during the deglacial. The ﬂux of End Member 1 is higher at the LGM than
in the Holocene by 20.5 g/m2/year in MD97‐2121, by 14.1 g/m2/year in
TAN1106‐28 and by 17.3 g/m2/year in TAN1106‐3 (Figure 3).
We can also use our 230Th normalized burial ﬂux to reconstruct CaCO3
ﬂux by multiplying it by published records of %CaCO3 (Bostock et al., 2015;
Carter & Manighetti, 2006; Duncan et al., 2016) using the equation:
CaCO3 flux ¼ 230

β×z
× %CaCO3
Th0scavenged

(3)

CaCO3 ﬂux has been used extensively in other studies as a proxy for
productivity in this region (Carter et al., 2000; Chase et al., 2003;
Durand et al., 2017). Although in some regions it can reﬂect a dissolution signal, around New Zealand it is in agreement with other records
of palaeo‐productivity (Corg, excess Ba and opal mass accumulation
rates, Zn/Si ratios of sponge spicules; Carter et al., 2000; Chase
et al., 2003; Durand et al., 2017; Ellwood et al., 2005). In TAN1106‐28,
TAN1106‐43, and P71, CaCO3 ﬂuxes show an increase from the glacial
into the Holocene from 4.7 to 9.6, 3.7 to 6.1 and 3.2 to 6.2 g/m2/year,
respectively (Figure 3). In contrast, in MD97‐2121 there is a decrease
in CaCO3 ﬂux from the LGM to Holocene from 6.2 to 3.7 g/m2/year
(Figure 3).
3.3. Provenance

232

Figure 3. Detrital ﬂux (from
Th ﬂuxes), proportion of material in End
Member 1 (EM1) in the lithogenic fraction of sediment, the ﬂuxes of End
Members 1–3 (EM1, EM2, and EM3) through time, and CaCO3 ﬂux with
232
Th ﬂuxes, normalized
respect to time. (a) Detrital ﬂux; calculated from
230
Th to correct for potential sediment focusing. (b) Proportion of
using
material in End Member 1 (see Figure 2). (c–e) Flux of End Members 1, 2,
and 3 through time; calculated by multiplying the proportion of material in
230
each end member by the detrital ﬂux (Equation 2). (f)
Th normalized
CaCO3 ﬂux, calculated by multiplying the %CaCO3 (Bostock et al., 2015;
230
Th normalized
Carter & Manighetti, 2006; Duncan et al., 2016) by the
vertical ﬂux of material. Measurements for other cores are shown in gray
(Chase et al., 2003; Durand et al., 2017), all core locations shown in Figure S3.
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Pb, Nd, and Sr isotopic composition of the <63 μm fraction of sediment
varies between the LGM and Holocene in all four cores examined in this
study. In cores MD97‐2121 and P71, the 87Sr/86Sr ratio is slightly higher at
the LGM (0.70965 and 0.70908) compared to the Holocene (0.70960 and
0.70906, respectively) and εNd is slightly more negative in the LGM
(−3.80 and −2.48) compared to the Holocene (−3.45 and −2.23, respectively) (Figure 4). In TAN1106‐28 and TAN1106‐43 the opposite occurs,
and glacial samples have a lower 87Sr/86Sr ratio (0.70819 and 0.70861 average at the LGM vs 0.70870 and 0.709073 average in the Holocene for each
core, respectively) and more positive εNd values (−4.44 and −4.37 average
at the LGM vs. −4.79 and −5.22 average in the Holocene for each core
respectively, Figure 4). Note that for both TAN cores, this change is significantly larger compared to the two northern cores (the difference between
glacial and interglacial Sr ratios is 13 times larger, and the difference in
εNd values is 2 times larger in TAN cores than the two northern cores).

4. Discussion
4.1. Sources of Different End Members
We ﬁnd evidence for three end members in our grain size distributions
(Figure 2). Long traveled atmospheric dust is typically ﬁne grained
(between 1.5 and 3 μm, e.g., Delmonte et al., 2004b; Maher et al., 2010),
whereas more proximal dust is coarser grained, clustering around 5 μm
(Maher et al., 2010), and in some cases is much coarser (e.g., 20–50 μm;
Muhs et al., 2007). Indeed, grain size analysis on sediment cores in the
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204

Figure 4. (a, b) Sr/ Sr, εNd and (c, d)
Pb/ Pb and
Pb/ Pb isotope changes through time in TAN1106‐28 (dark blue circles), TAN1106‐43 (light blue
squares), MD97‐2121 (light green triangles), and P71 (dark green diamonds) compared to Southern Hemisphere potential dust source areas: Australia (gray),
New Zealand (brown), South Africa (blue), Antarctic dry valleys (green), and South America (yellow), compiled from Basile et al. (1997, 2001), Blakowski
et al. (2016), Delmonte et al. (2004a), Gili et al. (2016, 2017), Grousset et al. (1992), Pichat et al. (2014), Revel‐Rolland et al. (2006), Vallelonga et al. (2010), and
references therein. Holocene ages samples shown by inﬁlled symbols, deglacial by hatched symbols, and LGM by empty symbols. Errors shown are the
larger value of the internal or external measured error; where not shown, error is smaller than symbol size.

Tasman Sea and the Paciﬁc ocean ﬁnd a dust mode in this region with a peak between 2 and 4 μm (Hesse &
McTainsh, 1999; Rea, 1994), with a second dust mode found in the Tasman Sea with peak around 19–23 μm
(Hesse & McTainsh, 1999). Estimates of the grain size of ﬂuvial sediment ﬁnd a median grain size between
6.1 and 9.1 μm in Fiordland, the closest region of New Zealand to TAN1106‐28 and TAN1106‐43 (Ramirez
et al., 2016), and similar grain size estimates, or coarser, are measured and modeled for other coastal regions
around New Zealand (Haddadchi et al., 2017). We therefore attribute our End Member 1 (0.5–12.5 μm,
modal diameter 1.8 μm) to atmospheric dust. End Member 2 (2.7–33.9 μm, modal diameter 9.5 μm) ﬁts
the grain size of ﬂuvial sediments from New Zealand and could also include the second coarser dust peak
from the Tasman Sea. As the grain size better ﬁts the range found for ﬂuvial sediments, it seems likely
that this end member is largely ﬂuvially derived, though may have a small dust component. End Member
3 (10.4–64.2 μm, modal diameter 38.9 μm) could also include this second dust peak or could be ﬂuvially
sourced. As End Member 1 is the only end member we can conﬁdently attribute to be dust we use the ﬂux
of End Member 1 through time as a proxy for dust ﬂux. However, all three end member ﬂuxes show similar
trends through time, with higher ﬂuxes in the glacial compared to the Holocene, so any uncertainty
surrounding the attribution of a dust end member has little impact on our interpretations.
4.2. Pb‐Nd‐Sr Evidence for Spatial Variations in Dust Sources
The sediment from the LGM in these cores is characterized by a higher detrital ﬂux with a greater proportion
of the ﬁne grained End Member 1 (Figures 3 and 5) relative to the Holocene. These observations are indicative of an LGM‐aged increase in the supply of atmospheric dust or ﬁne‐grained material from glacial
TRUDGILL ET AL.
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Figure 5. (a) Dust ﬂux at EPICA Dome C (Lambert et al., 2012) compared to sedimentary records from TAN1106‐28
(b–i). (b) Dust ﬂux (calculated from detrital ﬂux multiplied by the proportion of sediment in EM1). (c) Proportion of
87
86
206
204
207
204
material in End Member 1 (EM1). (d) εNd. (e) Sr/ Sr. (f)
Pb/ Pb. (g)
Pb/ Pb with the maximum source
region value measured for New Zealand indicated by a dotted line (Vallelonga et al., 2010), maximum values for
87
86
206
204
230
Pb/ Pb are well above those measured here for New Zealand and Australia. (h)
Th
εNd, Sr/ Sr, and
2
230
normalized CaCO3 ﬂux (g/m /yr); %CaCO3 (Bostock et al., 2015) multiplied by
Th normalized vertical ﬂux. (i) G.
18
bulloides δ O (Bostock et al., 2015). Age model is from Bostock et al. (2015). Indicated in vertical gray bars are the
Holocene (0–12 ka), deglacial (12–18 ka), LGM (18–27 ka), and glacial (27–30 ka) periods. Errors shown for Sr, Nd, and
Pb isotopic data are the larger value of the internal or external measured error, and if not shown, the error is
smaller than symbol size.

outwash plains. In general, the combined Pb‐Sr‐Nd data agree with the composition of Australian and New
Zealand sources (Figure 4), although there are differences between cores and between LGM and Holocene
samples. The most northern core (P71) has isotopic compositions that are consistent with an Australian
TRUDGILL ET AL.
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source, whereas most of the samples from core TAN1106‐28 are more consistent with a New Zealand source
(with the exception of a single deglacial sample whose Pb composition suggests a shift to an Australian
source). Cores MD97‐2121 and TAN1106‐43 have isotopic compositions that are consistent with both an
Australian source and a New Zealand source. Although our samples also have Pb‐Sr‐Nd isotopic compositions consistent with a South American source, in atmospheric transport models there is never a signiﬁcant
ﬂux of South American dust to the South Paciﬁc in the Holocene or at the LGM; in both cases the South
Paciﬁc is dominated by Australian dust sources (Albani et al., 2012; Li et al., 2008), and thus, it seems likely
that any South American contribution to our cores would be minimal. Source regions are generally well
sampled for Sr‐Nd isotopes, though for Pb isotopes New Zealand and South Africa are poorly sampled (both
have only three measurements). As our Sr‐Nd and Pb isotope data are in agreement with each other this does
not appear to affect our interpretations.
Within a given core there are substantive differences between the isotopic composition in LGM and
Holocene sediment. Based on the Nd and Sr isotopic data, the two northernmost cores in our transect
(MD97‐2121 and P71) have a more continental‐like source region (higher 87Sr/86Sr and lower εNd values)
at the LGM relative to the Holocene (Figure 4). In MD97‐2121 the higher proportion of ﬁne‐grained material
and higher detrital ﬂux during the LGM, together with the more continental‐like provenance of material,
suggests a larger glacial dust ﬂux of Australian origin relative to the Holocene. An increase in Australian
dust at the LGM has also been found in sediment cores in the Tasman Sea (De Deckker et al., 2010;
Hesse, 1994; Hesse & McTainsh, 2003; Kohfeld et al., 2013; Thiede, 1979) and ice cores recovered from
Antarctica (Gili et al., 2016; Revel‐Rolland et al., 2006). These studies suggest weakened monsoon rains
and expansion of the desert terrains led to an increase in the ﬂux of Australian dust to the SW Paciﬁc at
the LGM (Hesse & McTainsh, 2003). In P71 grain size was not measured, but detrital ﬂux from 232Th is
slightly lower in the glacial relative to the Holocene (Figure 3). However, P71 was inadvertently sampled
prior to the LGM, so this study may not have captured the maximum ﬂux at this site.
In contrast, the glacial sediments in the two southernmost cores, TAN1106‐28 and TAN1106‐43, have lower
87
Sr/86Sr and higher εNd which indicates a greater proportion of material from a younger, more volcanogenic, source (or a lower proportion of older, more continental material) at the LGM. The Pb isotope results
also show that in contrast to the LGM samples, the isotopic composition of Holocene sediments in
TAN1106‐43 and a deglacial sample from TAN1106‐28 are more consistent with Australian sources. These
results, combined with the higher dust ﬂux at the LGM (Figure 3), are interpreted as an increase in local,
ﬁne‐grained material delivered atmospherically or ﬂuvially, from New Zealand at the LGM compared to
the Holocene. This higher ﬂux of ﬁne grained material from New Zealand is likely related to greater glacial
activity which produced large amounts of very ﬁne glacial till at the LGM (Barrell, 2011). Glaciers in New
Zealand were extensive over the South Island at the LGM, but not on the North Island (Barrell, 2011),
explaining the different changes in provenance across the latitudinal transect.
In the Atlantic sector of the Southern Ocean and in Antarctic ice cores, the ﬂux of Patagonian dust is substantially higher at the LGM relative to the Holocene (Aarons et al., 2017; Albani et al., 2012; Basile
et al., 1997; Delmonte et al., 2017; Neff & Bertler, 2015; Revel‐Rolland et al., 2006). These higher dust ﬂuxes
in the Atlantic sector of the Southern Ocean are hypothesized to be due to the presence of large glaciers in
South America. Glaciers produce vast quantities of very ﬁne grained particles which are transported to their
outwash plains where the lack of vegetation and high proportion of ﬁne‐grained particles means they are
easily mobilized by winds (Bullard et al., 2016; Sugden et al., 2009; Winckler et al., 2008). During the
LGM, glaciers covered a large portion of the South Island of New Zealand but were not extensive on the
North Island (Barrell, 2011; McGlone et al., 2010). Thus, we propose the same mechanism for the increase
in ﬁne‐grained material at sites TAN1106‐28 and TAN1106‐43 at the LGM from New Zealand, albeit to a lesser extent due to the smaller area covered by the glaciers of the New Zealand Southern Alps (Barrell, 2011).
This scenario also has implications for the bioavailability of Fe delivered to the South West Paciﬁc at the
LGM. The speciation of Fe varies between products of different weathering regimes, leading to a difference
in Fe solubility and bioavailability (Schroth et al., 2009). Glacial sources have been found to have a higher Fe
solubility and bioavailability, so dust produced by glacial activity in New Zealand could alleviate Fe limitation more effectively than dust produced in arid regimes like Australia (Schroth et al., 2009; Shoenfelt
et al., 2018; Yamamoto et al., 2019).
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232

Figure 6. Comparison of average dust ﬂux measured from
Th ﬂux in SW Paciﬁc cores in Holocene (a) and LGM
(b) age samples to latitudinal transect of modeled dust during the Holocene and LGM at 172°E (Albani et al., 2012;
Mahowald et al., 2006; Werner et al., 2002) and other proxy based dust estimates for the SW Paciﬁc (Chase et al.,
2003; Durand et al., 2017; Kohfeld et al., 2013; Lambert et al., 2012; Lamy et al., 2014; Marx et al., 2009; Measures &
Vink, 2000; Sayles et al., 2001). Transect indicated in Figure 1 by dashed line.

4.3. Discrepancies Between Modeled and Measured Dust Fluxes
Dust ﬂux has previously been modeled for the Holocene and LGM (Albani et al., 2012; Mahowald et al., 2006;
Werner et al., 2002). By taking a latitudinal transect at 172°E for the Holocene and LGM from these models
and comparing to the latitudinal variation in dust ﬂux measured in the SW Paciﬁc cores in this study, we
observe a similar shaped proﬁle (Figure 6). The major difference between modeled and measured dust ﬂuxes
is that our observed ﬂuxes are ~25 times higher. Other studies measuring detrital ﬂux from U‐series isotopes
in the SW Paciﬁc also ﬁnd higher dust ﬂuxes than those found in models (Anderson et al., 2009; Bradtmiller
et al., 2009; Chase et al., 2003; Kohfeld et al., 2013; Lamy et al., 2014), though by less than 1 order of
magnitude. This discrepancy between our estimates of dust ﬂux and other measurements of detrital ﬂux is
likely because the cores of this study are more proximal to New Zealand, whereas the other studies used
cores that are more distal in the Paciﬁc or in the Tasman Sea (Kohfeld et al., 2013; Lamy et al., 2014). As
a result, our dust ﬂuxes may also contain a contribution from ﬂuvially delivered material and are not best
placed to validate models in the region. Nonetheless, our provenance data still provide useful insights into
the origin of this data‐model mismatch in that our provenance data indicate an increase in local material
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from New Zealand, some of which was likely atmospherically delivered. If New Zealand were an additional,
under considered source of dust at the LGM, it may help to explain why models underestimate dust ﬂux at
the LGM in this region.
4.4. Timing of Changes
The Sr and Nd isotopes in TAN1106‐28 indicate that the changes in provenance occur at the start of the deglaciation, from a more volcanic source at the LGM (average LGM 87Sr/86Sr: 0.70819, εNd: −4.44) to a more continental source during the deglaciation after ~19 ka (average Holocene 87Sr/86Sr: 0.70870, εNd: −4.79,
Figure 5). This change in provenance may be related to the rapid retreat of the New Zealand glaciers at the
end of the LGM and start of the deglaciation (Bostock et al., 2015; Putnam et al., 2010). The change in provenance occurs prior to the decline in the dust ﬂux, which is more gradual (over ~10 kyr, compared to over
~2 kyr); therefore, it is probable that the changes in provenance were driven by more than simply a change
in the relative proportions of the different modes of sediment delivery. The transitional decline in dust ﬂux
negatively correlates with the δ18O record of the core (Figure 5; Bostock et al., 2015) and matches the record
of dust ﬂux in the EPICA Dome C ice core (Figure 5, Lambert et al., 2012). The dust in the Antarctic ice cores
is thought to be primarily glacial dust from Patagonia (Albani et al., 2012; Basile et al., 1997; Delmonte
et al., 2017; Neff & Bertler, 2015; Revel‐Rolland et al., 2006), which, as discussed previously, is not likely to
reach our cores. However, the consistent timing of dust ﬂux changes supports a similar forcing mechanism,
where dust supply is shut off as glaciers retreat and terminate into lakes and fjords instead of transporting
material to outwash plains where material is easily mobilized (Sugden et al., 2009). The detrital ﬂuxes in
TAN1106‐28 reach Holocene levels at ~15 ka, which is slightly earlier than those calculated from 232Th ﬂuxes
by Durand et al. (2017). However, this difference may be due to the low temporal resolution of this study or
uncertainties in the age model. Although the lower sampling resolution for MD97‐2121, TAN1106‐43, and
P71 precludes such inferences for these sites, they show the same overall trends as TAN1106‐28 and support
that this reﬂects a regional rather than a local signal.
4.5. Impact on Primary Productivity
A higher dust ﬂux at the LGM has been suggested to stimulate primary productivity by alleviating Fe limitation in HNLC zones (Martin et al., 1994), with glacially derived dust more bioavailable than other dust
sources (Schroth et al., 2009; Shoenfelt et al., 2018, 2019). Although we ﬁnd an increase in ﬁne‐grained dust,
or glacial outwash, delivered to our cores at the LGM, we ﬁnd no evidence for an associated increase in biological productivity (Figure 3). While at MD97‐2121 CaCO3 ﬂuxes are higher at the LGM than in the
Holocene, this is likely driven by the northward migration of the highly productive subtropical front at
the LGM, which is thought to have led to incursions of macronutrient‐rich, Fe‐poor subantarctic water mixing with the macronutrient‐poor Fe‐rich subtropical waters at MD97‐2121 (Bostock et al., 2015; Carter &
Manighetti, 2006; Nelson et al., 2000). At P71, TAN1106‐28, and TAN1106‐43, our CaCO3 ﬂux records show
lower productivity at the LGM compared to the Holocene (Figure 3). This ﬁts with the trend seen in other
productivity records from the SW Paciﬁc (Corg, excess Ba and opal mass accumulation rates, Zn/Si ratios
of sponge spicules; Figure 3, Carter et al., 2000; Chase et al., 2003; Durand et al., 2017; Ellwood et al., 2005),
where the only evidence for increased productivity at the LGM is associated with the migration of the highly
productive subtropical front (Bostock et al., 2015; Carter & Manighetti, 2006; Durand et al., 2017; Kowalski &
Meyers, 1997).
During the LGM and early deglacial, the subtropical front was positioned further north, and thus,
TAN1106‐28 would have been situated in subantarctic waters, which today are Fe poor and macronutrient
rich (Bostock et al., 2015; Carter & Manighetti, 2006). Our record of dust ﬂux from TAN1106‐28 shows a
decrease by almost a factor of 2 between the LGM and the early deglacial (19–17 ka), but our productivity
record (CaCO3 ﬂux) over this time interval remains constant (Figure 3). Alternatively, carbonate ﬂux may
not reﬂect changes in other types of productivity. However, as stated previously there is also little change
in the opal ﬂux between the Holocene and LGM (Bostock et al., 2015; Carter & Manighetti, 2006; Durand
et al., 2017). Thus, the higher dust ﬂuxes at the LGM do not appear to stimulate productivity in this region,
suggesting either the Fe in the lithogenic material was not readily bioavailable or Fe was not the only limiting factor on primary productivity in the Subantarctic Zone of the SW Paciﬁc at the LGM. For instance, the
major nutrient content, for example, Si, of the SW Paciﬁc Subantarctic Zone may have been limiting during
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the LGM (Boyd et al., 1999; Durand et al., 2017; Moore et al., 2013). Previous work has investigated whether
dust might be an important source of Si to the oceans, but as the supply of Si from dust is relatively small
compared to riverine and upwelling of deep waters, the changes in dust ﬂux would not contribute much
to the Si budget in this region (Tréguer & De La Rocha, 2013). The increased terrestrial ﬂux to the SW
Paciﬁc found here without a concomitant increase in biological productivity has implications for the glacial
Fe‐fertilization hypothesis, indicating that the impact of increased dust on biological productivity was
heterogeneous across the Southern Ocean. As a consequence, models that suggest a uniform increase in
biological activity likely signiﬁcantly overestimate the magnitude of CO2 drawdown by this mechanism.

5. Conclusions
We found a higher ﬂux of ﬁne grained terrestrial material at the LGM compared to the Holocene in four
cores from the SW Paciﬁc. In the two most northern cores, the εNd and 87Sr/86Sr ratios show a more continental signature at the LGM, indicating the glacial increase in lithogenic material came from Australia.
The southern cores show a younger, more volcanogenic isotopic signature at the LGM, suggesting that the
increase in terrestrial ﬂux is likely driven by more local material derived from New Zealand. We suggest that
this increase in local ﬁne‐grained material from New Zealand at the LGM is due to the enhanced physical
erosion from glacial advance, which provides an additional source of ﬁne‐grained, unconsolidated sediment,
easily mobilized by wind.
Our ﬁnding that Australia provided the increased glacial dust ﬂux to the more northerly MD97‐2121 and P71
cores, whereas the glacial increase in the proportion of dust size particles to the more southerly TAN1106‐28
and TAN1106‐43 cores was from local ﬁne‐grained glacial material from New Zealand, highlights the spatial
differences in the sources that appear to have nearly ubiquitously enhanced the dust ﬂux throughout the
Southern Ocean during the LGM. Consideration of this heterogeneity in dust sources is needed to more
accurately model the changes in dust ﬂux in the past. Despite the increase in glacial‐induced terrestrial
material to the subantarctic SW Paciﬁc, we ﬁnd little evidence for this leading to increased productivity
(e.g., increased biogenic carbonate or opal) in our sites or elsewhere, which indicates that other factors were
limiting productivity here at the LGM. This suggests current modeled estimates of the impact of glacial
Fe‐fertilization of the Southern Ocean on atmospheric CO2 drawdown are likely maxima.

Data Availability Statement
Data sets are available in the repository PANGAEA (https://doi.pangaea.de/10.1594/PANGAEA.924765).
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