
1. Introduction
The global mineral dust cycle is a key part of the climate system (An et al., 1991; Guo et al., 2002; Hovan 
et al., 1989; Lambert et al., 2008; Lamy et al., 2014; Liu, 1985; Maher et al., 2010; Mahowald et al., 2006; 
Martínez-García et al., 2011; Prospero et al., 2002; Rea, 1994; Rea et al, 1985, 1998; Shao et al., 2011). Dust 
changes the radiative properties of the atmosphere by scattering and absorbing solar and terrestrial radi-
ation, and influences climate both directly and through cloud-nucleation processes (Köhler et al., 2010; 
Lohmann & Feichter, 2005; Maher et al., 2010; Masson-Delmotte et al., 2010; Rohling et al., 2012). Dust 
deposition onto the ocean surface may also affect climate indirectly by supplying iron as a micronutri-
ent to Fe-limited waters, thereby fertilizing phytoplankton productivity, which results in atmospheric CO2 
drawdown (Jickells et al., 2005; Kohfeld & Harrison, 2001; Martin et al., 1991; Martínez-García et al., 2014; 
Moore et al., 2013; Shoenfelt et al., 2018, 2019; Tagliabue et al., 2017).

Global dust fluxes were generally greater (∼2–5 times) during glacials than during interglacials throughout 
most regions and varied spatially (e.g., Kohfeld & Harrison, 2001; Maher et al., 2010 and references therein). 
This makes it important to obtain atmospheric dust records for all of the world's major dust source regions 
over glacial-interglacial (G-IG) timescales to understand the role of the dust cycle in long-term climate 
forcing. Mid-latitude arid regions, such as the Sahara and Sahel, the Middle East, and the Asian interior 
in the Northern Hemisphere, and the Namib Desert, Patagonia, and Australian deserts in the Southern 
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Hemisphere, are major eolian dust source areas. Based on model results 
using modern data (1979–2013), Neff and Bertler (2015) found that Pata-
gonian dust dominates the Atlantic and Indian sectors of the Southern 
Ocean and that New Zealand, like Australia, is a potentially significant 
dust source to the Pacific sector of the Southern Ocean (Figure S1). The 
largest dust emissions are often simulated from Australia and Pata-
gonia (Albani et al., 2012; Ginoux et al., 2001; Li et al., 2008; Wagener 
et al., 2008). Joussaume (1993), and Li et al. (2008) argued that Australia 
is the largest Southern Hemisphere dust source, and geochemical data 
indicate that Australian dust has been deposited in Antarctica (De Deck-
ker et al., 2010; Revel-Rolland et al., 2006; Vallelonga et al., 2002). Other 
authors have argued that Patagonia is the dominant Southern Hemi-
sphere dust source (Delmonte et al., 2004; Grousset et al., 1992; McCon-
nell et al., 2007). Furthermore, Patagonia possibly contributed more dust 
during glacial periods due to the expanded continental shelf around the 
Falkland Plateau during glacial sea level lowstands (Basile et al., 1997; 
Lunt & Valdes, 2002; Walter et al., 2000).

There is a lack of consensus between observations and model simula-
tions about the relative importance of these dust sources in terms of 
temporal and spatial dust production variations. This produces major 
uncertainties and gaps in understanding of the response and role of dust 
in global climate change, particularly from Southern Hemisphere dust 
sources, which limits modeling of the role of dust in climate change (Li 
et al., 2008). In a review of airborne dust, global climate, and ocean bio-
geochemistry, Maher et al. (2010) concluded that much of the Southern 
Hemisphere is severely under-represented with respect to knowledge of 
dust inputs for both terrestrial and marine settings and that Southern 
Ocean data are sparse. We here present grain-size and high-resolution 
scanning X-ray fluorescence (XRF) records for a marine sediment core 
from east of New Zealand to investigate potential dust inputs from New 
Zealand into the Southern Ocean over several G-IG cycles.

2. Methods
We studied piston core PS75/100-4 (Figure  1; 45°45.41′S, 177°8.93′E; 
2,498 m water depth; 14.77 m in length). This core was retrieved during 
RV Polarstern cruise ANT-XXVI/2 in 2010 from the southern Chatham 
Rise, east of South Island, New Zealand (Gersonde, 2011).

2.1. XRF Scanning Count

Continuous U-channel samples (2  ×  2  cm square cross-section and 
length from 50 to 100 cm; Weeks et al. [1993]) were obtained from the 
archive halves of the core and were subjected to XRF core scanning using 
an Avaatech XRF scanner at the Australian National University (ANU) 
at 5-mm stratigraphic intervals (corresponding to sampling at an average 
∼140-years interval) with a down-core slit size of 5 mm and a counting 
time of 30 s per position. U-channel samples were covered with Ultrafine 
film and were measured at 10 kV with a 0.5 mA current and no filter, 
then at 30 kV and 0.2 mA with a thin Pd filter, and finally at 50 kV with a 
0.5 mA current and Cu filter.
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Figure 1. Location maps for studied sediment core PS75/100-4 (red 
circle). (a) Black circles mark core sites discussed in the text: Southern 
Ocean Pacific Sector cores PS75/76-2 (55°31.71′S, 156°8.39′W; 3,742 m 
water depth) and PS75/59-2 (54°12.90S, 125°25.53′W; 3,613 m water 
depth); Antarctic EDC ice core (76°6′S, 123°21′E); (b) Deep Sea Drilling 
Project (DSDP) Site 594 (45°31.41′S, 174°56.88′E; 1,204 m water depth); 
core MD97-2120 (45°32.06′S, 174°55.85′E; 1,210 m water depth), as a 
reoccupation of DSDP Site 594; Ocean Drilling Program (ODP) Site 
1119 (44°45.332′S, 172°23.598′E; 396 m water depth); ODP Site 1122 
(46°34.781′S, 177°23.610′W; 4,432 m water depth), located on Bounty 
Fan (indicated by the gray zone); ODP Site 1123 (41°47.2′S, 171°29.9′W; 
3,290 m water depth); core CHAT 16K (42°32.00′S, 178°29.92′E; 1,408 m 
water depth); and Tasman Sea core E26.1 (28 cm in length; 40°17′S, 
168°20′E; 910 m water depth). Black lines in (b) indicate locations of the 
main submarine channels (Solander, Bounty, and Hikurangi Channels) 
through which sediment is transported around New Zealand. “Can” 
and “Ota” indicate the Canterbury and Otago regions of South Island, 
New Zealand, respectively. The paths of the deep western boundary 
current (DWBC, black dashed lines) and the Antarctic Circumpolar 
Current (ACC), which flow east of New Zealand, are modified from Hall 
et al. (2001). The red belt in (b) represents flow along the Subtropical 
Front (STF). Dust can be carried to the studied core site by westerly winds 
from potential source areas in New Zealand and Australia. The maps were 
produced using www.geomapapp.org.
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2.2. Elemental Concentrations

Further quantitative elemental analysis was undertaken to convert the high-resolution XRF scanning reso-
lution records to elemental mass concentrations. A total of 39 discrete samples (average ∼40 cm sampling 
interval) from archive core halves were divided into two groups and were measured using a Jena Plasma 
Quant inductively coupled plasma mass spectrometer (ICP-MS) at the Guangzhou Tuoyan Testing Technol-
ogy Co., Ltd., and using an ICP optical emission spectrometer (ICP-OES, Agilent 720) at the Guangzhou 
Institute of Geochemistry, Chinese Academy of Sciences (CAS), respectively. For trace element measure-
ments, ∼0.05 g of powdered sample was placed in a laboratory-made PTFE bomb (Qi et al.,  2000), and 
0.6 ml of HF and 3 ml of HNO3 were added. The sealed bombs were then placed in an electric oven and 
heated to 185°C for about 36 h. After cooling, the bombs were heated on a hot plate to evaporate and dry. Rh 
(200 ng) was added as an internal standard, and then 2 ml of HNO3 and 4 ml of de-ionized water were add-
ed. The bomb was again sealed and placed in an oven at 135 °C for about 5 h to dissolve the residue. ICP-MS 
analytical accuracy is estimated to be better than 5%–10% for Rb, Sr, Zr, Ba, and Th in this study. For major 
element measurements, the sample pretreatment procedure is the same as for trace elements measured by 
ICP-OES. Analytical precisions are estimated to be better than 2% for Al, Si, K, Ca, Ti, Mn, and Fe in this 
study. Additional major element geochemical fingerprinting of volcanic glass shards was undertaken using 
a JEOL JXA-8230 Electron Probe Microanalyser housed at Victoria University of Wellington, New Zealand, 
using the analytical procedures described by Rees et al. (2019).

2.3. Grain Size Distributions

Powder samples were collected for grain size analyses at 10-cm sampling intervals. All samples (n = 156, 
including 8 duplicates) were treated in a water bath with excess 15% H2O2 at 60 °C for 2 h to remove organic 
matter and then with excess 10% CH3COOH at 60°C for 2 h to remove carbonate. The sediment solution was 
then rinsed and centrifuged until near-neutral pH was reached, and was then treated with 2M Na2CO3 at 
85°C in a water bath for 5 h to remove biogenic opal (see McCave et al. [1995]). Modern Bounty Trough and 
Chatham Rise sediments generally contain low opaline silica concentrations of <5% (Thiede et al., 1997). To 
confirm the removal efficiency of biogenic silica, smear slides from two samples from core depths of ∼3  and 
12 m were examined under optical micoscope before and after alkali treatment. Finally, the sample solution 
was deflocculated in a 5% Calgon solution and was ultrasonicated for 1 min before measurement. Measure-
ments were made three times for each sample using a Malvern Mastersizer 2000 with Hydro MU at the Key 
Laboratory of Ocean and Marginal Sea Geology, CAS. An average spectrum of the three measurements for 
each sample was obtained to represent the respective grain size distributions. Duplicate analyses of eight 
pairs of sister samples demonstrated the reproducibility of grain size distributions.

2.4. Age Model

The age model for the uppermost part of core PS75/100-4 (from the top to ∼33 ka) is supported by 11 14C 
ages from Ronge et al. [2016]; data available at Pangaea: https://doi.org/10.1594/PANGAEA.861425). To 
develop an age model for the 33–340 ka interval, we tuned our highly resolved scanning XRF Sr record 
to another scanning XRF Sr record from nearby core MD97-2120 (Ronge et  al.,  2016; data available at: 
https://doi.pangaea.de/10.1594/PANGAEA.877303) (Figure 2) using the QAnalySeries software (Kotov & 
Pälike, 2018) (this is an upgraded version of the AnalySeries software of Paillard et al. [1996]). The core 
sites are located close to each other in the Bounty Trough (Figure 1), so we assume that Sr variations in 
cores PS75/100-4 and MD97-2120 evolved approximately parallel to each other. However, the MD97-2120 
Sr record does not extend to older than ∼340 ka (Pahnke et al., 2003), so we tuned the oldest section of our 
PS75/100-4 Sr record to the Antarctic EPICA Dome C (EDC) ice core on its AICC2012 age scale (Bazin 
et al., 2013; Jouzel et al., 2007; Lambert et al., 2008; Veres et al., 2013), based on graphic correlation between 
EDC δD and both Sr records over major transitions (Figure 2). We avoid over-tuning by limiting our tie 
points to Termination IV, the MIS 10/11 boundary, and the MIS 11 peak. We note, however, that the oldest 
tie point at 407 ka is less well constrained, owing to the increasing Sr trend toward the base of the core. The 
base of the core is correlated to the MIS11 maximum in the EDC δD profile, which corresponds to an age of 
∼407 ka. This could be an over-estimate, although it is consistent with a maximum age of ≤0.44 Ma reported 
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for core PS75/100-4 based on shipboard calcareous nannofossil observations (Figure 7.6.1, Table 7.6.1 in 
Gersonde [2011]). All age-depth points are listed in Table 1.

The average sedimentation rate (SR) for core PS75/100-4 is approximately 3.6 cm/kyr, and SRs were fur-
ther calculated for each MIS using age/depth points for each MIS boundary (Figure 3). Glacial stages MIS 
6 and 8 have higher SRs than neighboring interglacial stages MIS 7 and 9. The average SR for MIS 2–4 is 
comparatively much higher, while the SR was also high in MIS 5. MIS 10 has an apparently high SR be-
cause two volcanic ash layers occur in the 12–13 m depth interval (at 12.14–12.26 m and 12.93–12.95 m). 
Super-eruptions from the Taupo Volcanic Zone (TVZ), North Island, New Zealand, produced significant 
ash thicknesses both onshore on the nearby Chatham Islands and in marine sediments from Chatham Rise 
(Carter et al., 1995; Holt et al., 2010; Vandergoes et al., 2013). The two largest and most widespread of these 
were the Kawakawa Tephra (which erupted in MIS2) and the Rangitawa Tephra, which erupted toward the 
end of MIS10 (Carter et al., 1995; Holt et al., 2010; Kohn et al., 1992; Pillans et al, 1993, 1996). Electron probe 
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Figure 2. Tuning of core PS75/100-4 to core MD97-2120 and to EPICA Dome C (EDC). (a) Scanning XRF Sr record 
from core MD97-2120 (Ronge et al., 2016; data are available from https://doi.pangaea.de/10.1594/PANGAEA.877303), 
which is used as a tuning target from ∼40 to 280 ka. (b) Scanning XRF Sr record and ICP-OES derived Sr content from 
core PS75/100-4 (this study; gray for raw data, and orange after 5-point smoothing from XRF scanning data; red dots 
for Sr contents), and (c) the Antarctic EDC ice core δD record (Bazin et al., 2013; Veres et al., 2013; data are available at: 
https://doi.pangaea.de/10.1594/PANGAEA.824894), which is used as a tuning target for the base of core PS75/100-4. 
Age control points are indicated along the lower axis: 14C ages (red; Ronge et al., 2016), and tie-points to core MD97-
2120 (green) and to EDC (blue) were transferred to core PS75/100-4. Marine isotope stages (MISs) are indicated by 
numbers in (b), and terminations are radiolabeled from TI to TV in (c).
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microanalyses on the ash layer at 12.93–12.95 m indicate that it represents the Rangitawa Tephra (Kohn 
et al., 1992), and not the Kawakawa Tephra (Figure S2; Table S1), which further supports our age model for 
core PS75/100-4.

3. Results
3.1. Grain Size Variations

Grain size analyses reveal that the sediment consists predominantly of very fine to coarse silt on the scale of 
Blott and Pye (2001). Most of the samples analyzed here have similar grain size distributions, with median 
grain sizes (Md) of ∼10–20 µm, which differ from those of sediments in neighboring areas, such as from 
New Zealand loess with Md of ∼8–40 µm, and Tasman Sea sediments with Md of ∼3–6 µm (Figure 4a). 
End-member (EM) modeling of the grain size data following Paterson and Heslop (2015) for core PS75/100-
4 suggests that a three-EM model provides an optimal fit that accounts for >99% of data variance with <5° 
angular deviation (Figures S3 and 4b). Down-core variations of the three EMs have distinct stratigraphic 
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Depth (m) Age (ka) Age control points References

0.02 3.41 0.02–1.03 m: 14C ages Ronge 
et al. (2016)0.12 8.56

0.24 10.98

0.26 13.16

0.36 15.15

0.54 15.63

0.62 16.87

0.68 19.51

0.72 21.59

0.74 23.26

1.03 30.83

2.00 46.02 2.00–10.28 m: Sr tuned to Sr of MD97-2120 Ronge 
et al. (2016)2.11 54.58

2.45 59.40

3.42 71.62

5.78 135.49

6.02 142.16

6.33 150.96

6.78 160.97

7.70 187.02

8.18 218.86

8.52 232.74

8.89 244.79

9.39 266.21

10.28 283.29

11.58 335.97 11.58–14.74 m: Sr tuned to δD of EDC Bazin 
et al. (2013); 

Veres 
et al. (2013)

12.17 343.50

14.17 389.39

14.74 406.92

Table 1 
Age Control Points for Core PS75/100-4
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patterns over G-IG timescales (Figures 4c–4e). Results for conventional 
grain size parameters are also shown in Figures  5a–5d and 6.

Bulk sediment Md undergoes small size variations throughout the core, 
except within two peaks in the 12–13 m interval, with ages of ∼344 ka 
and 361–363 ka (Figure 5a), which are due to volcanic ash layers. Apart 
from these peaks, Md values generally vary between 8 and 21 µm (∼98% 
of samples), within the medium to coarse silt range. Sand and clay con-
tents have inverse trends on G-IG timescales throughout the core (Fig-
ures 5b and 5d). Glacial and interglacial stages generally have contrasting 
clay contents, with interglacials generally preserving slightly smaller clay 
proportions (Figure 5d). Silt is the dominant component with an ∼89% 
average content (Figure  5c). As shown in Figure  6b, the four fine size 
fractions generally have a similar pattern over G-IG timescales, with rel-
atively high contents in glacials and low contents in interglacials. The 
four fine size fractions account for ∼25%–75% of samples, with a ∼57.3% 
average throughout the core. In contrast, except for the coarse silt frac-
tion (16–31 µm), the coarser fractions (Figure 6a) have an inverse G-IG 
variation pattern. EM variations (Figures 4c–4e) are consistent with these 
patterns (Figure 6), which demonstrates the comparability of results from 
different approaches. EM1 has the same variations as the three fine frac-
tions, while EM2 is more similar to the average signal. Coarse EM3 (Fig-
ure 4e) appears to be controlled by coarse volcanic ash shards in a few 
samples (outlier gray curves in Figure 4a), along with the very coarse silt 
and sand components (Figure 6a).

Two sortable silt size parameters, SS% and SS, are defined as the per-
centage of the 10–63  µm fraction within the <63  µm fraction and the 
10–63 µm geometric mean grain size, respectively, and are used to eval-
uate sediment sorting by paleocurrents (Bianchi et  al.,  1999; McCave 
et al., 1995; McCave & Andrews, 2019; McCave & Hall, 2006). These pa-
rameters can provide an estimate of flow speed along a current pathway 
if measured for a series of core sites (McCave, 2020; McCave et al., 2017). 

Profiles of these parameters have similar variations throughout core PS75/100-4; both have higher values 
during interglacials than within adjacent glacials (Figures 5e and 5f). However, the G-IG contrast is not 
prominent compared to the very coarse silt and sand fractions (Figure 6a). Linear correlation between SS% 
and SS (r = 0.86; Figure 7a) indicates a well-sorted sediment (McCave et al., 1995, 2017; McCave & An-
drews, 2019; McCave & Hall, 2006). Two silt peaks near the bottom of the core (Figures 5e and 5f) suggest 
that the tephra were not sorted by ocean currents. Interglacial SS values generally decrease toward the core 
top (Figure 5f). IRD% is the percentage of ice-rafted detritus estimated from the >240 µm to >550 µm frac-
tions (McCave & Andrews, 2019). Both fractions are small (<2%), with episodic jumps during interglacials 
(Figure 5g). Lack of correlation between SS and coarse IRD (Figures 7b and 7c) indicates that coarse IRD 
was not sorted by bottom currents (McCave & Andrews, 2019) and few coarse grains greater than 240 or 
550 µm are present in the core.

3.2. Geochemical Variations

Semi-quantitative (scanning XRF) elemental records from core PS75/100-4 are shown in Figure S4, along 
with weight concentration values from geochemical analyses of discrete samples for 11 of 13 elements. 
Linear relationships exist for the XRF scanning counts and respective elemental concentrations (Figure S5). 
Scanning XRF counts were converted into element concentrations using a multivariate log-ratio calibration 
(MLC), following Weltje et al. (2015). Cl and Br XRF counts were not calibrated because they are not detect-
able using ICP-OES and ICP-MS analyses in the instruments used for this study. Ca and Fe counts are an 
order of magnitude higher than those of the other elements and dominate interglacial and glacial periods, 
respectively. Al, Si, K, Ti, Mn, Rb, and Zr, and to a lesser extent Ba, have similar down-core variations as Fe. 
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Figure 3. Age-depth model for core PS75/100-4. (a) The 11 red crosses 
represent 14C dates for the upper 1.03 m of the core (inset in [b]) from 
Ronge et al. (2016); 14 green and 4 blue crosses represent age tie-points 
from core MD97-2120 (Pahnke et al., 2003; Ronge et al., 2016) and the 
Antarctic EDC ice core δD record (Bazin et al., 2013; Veres et al., 2013), 
respectively. Age points at MIS boundaries are used to calculate average 
sedimentation rates for each glacial/interglacial stage. Gray shading 
indicates even-numbered (glacial) MISs. Generally, glacial stages have 
higher mean sedimentation rates than surrounding interglacials (odd-
numbered MISs); MIS 10 has a relatively high apparent sedimentation rate 
because two volcanic ash layers occur in the 12–13 m interval.
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In contrast, Ca and Sr dominate in interglacials and interstadials (in calcareous oozes). These observations 
are confirmed by principal component analysis (PCA) (Table 2; Figure 8). Principal component 1 (PC1) 
accounts for 74% of the data variance and represents detrital versus biogenic inputs. These geochemical 
patterns (Figure 8) are consistent with sediment color and lithology, where glacial intervals are generally 
dark gray and rich in terrigenous sediment, while interglacial sediments are light gray and enriched in 
biogenic carbonate. Such variations also characterize other Southwest Pacific sites, where alternations are 
documented between predominant calcareous oozes during interglacials and siliceous oozes or siliciclastic 
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Figure 4. Sediment grain size distributions and their end-member modeling results for core PS75/100-4, compared 
with New Zealand loess, and Tasman Sea sediments. (a) Results for 148 samples (gray) from core PS75/100-4 (this 
study), five representative loess samples (green) from Dashing Rocks loess, New Zealand (Ma et al., 2013), and four 
samples (orange) from Tasman Sea core E26.1 (Hesse & McTainsh, 1999). (b) Three grain size components from core 
PS75/100-4 were unmixed using the AnalySize software (version 1.2.1) of Paterson and Heslop (2015); with additional 
modeling result comparisons shown in Figure S3. (c)–(e) Down-core variations of the three end-member contributions 
to the entire grain size data set.

0.01 0.1 1 10 100 1000
0

2

4

6

8

10

Grain size ( m)
0.01 0.1 1 10 100 1000
0

2

4

6

8
Frequency (vol. %)

Grain size ( m)

Frequency (vol. %)

EM 1

EM 3

EM 2

a b

0 50 100 150 200 250 300 350 400

15

30

45

0

40

80

0

25

50

EM
1
co
nt
rib
ut
io
n

(%
)

EM
2
co
nt
rib
ut
io
n

(%
)

EM
3
co
nt
rib
ut
io
n

(%
)

Age (ka)

0 50 100 150 200 250 300 350 400
Age (ka)

1 2-4 5 6 7 8 9 10 11

c

d

e

µ µ



Paleoceanography and Paleoclimatology

sediments during glacial intervals (e.g., Carter et al., 2000; Carter & Gammon, 2004; Lamy et al., 2014; Nel-
son et al., 1985).

Ca and Sr also contribute to PC2 (18% of the data set variance), although Cl and Br are dominant and tend 
to covary (Table 2; Figure 8b). Cl in deep-sea sediments is related to Na, and both can be enriched in marine 
sediments because of their presence in interstitial sea water (e.g., Turekian & Wedepohl, 1961), which is 
related to porosity. Similarly, Cl is used to infer water content in XRF-scanned sediment cores (Hennekam 
& De Lange, 2012), where Cl reflects both interstitial water and that trapped beneath the scanning XRF film. 
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Figure 5. Grain size variations for core PS75/100-4. Two grain size peaks in a-b and through e-g are marked as p1-p2 
in green vertical bars. Shown are the records of: (a) Md, the median grain size; (b) sand; (c) silt; (d) clay; (e) SS%; and (f) 
SS, sortable silt grain-size parameters (see text); and (g) IRD%, the percentage of ice rafted detritus. Sand, silt, and clay 
components represent the >63 µm, 2–63 µm, and <2 µm sediment fractions, respectively (Blott & Pye, 2001). A dashed 
line along the SS profile indicates a general decreasing trend toward the core top mainly for interglacials. A broken scale 
is used in the y-axes in (a–c) to better reveal whole-core variations by suppressing data points with extreme high/low 
values. Results for 148 analyses are shown in each profile for (a–g).
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Br can be an effective indicator of total organic carbon content in marine 
sediments (e.g., Hodell et al., 2013; Ziegler et al., 2008) and can also track 
porosity changes if they relate to organic content changes (Thomson 
et al., 2006). PC2 may, therefore, be a mixed productivity/porosity signal. 
Ba also contributes to PC2 (to a lesser extent and contributes equally to 
PC1; Table 2) and is a commonly used marine paleoproductivity proxy 
(Dymond et al., 1992). This lends support to an export productivity signal 
within PC2, but additional proxies would need to be measured to reveal 
an unambiguous record of past productivity changes at this site, which is 
not a major objective of this study. We also note that our PC2, Cl, and Br 
records lack a clear G-IG signal, in contrast to all other elements.

3.3. Sedimentation Variation

Late Quaternary sediment has accumulated in the Bounty Trough with 
a generally decreasing SR from west to east. At the head of the trough, 
offshore of the Canterbury region, regional SRs recorded in marine sedi-
ment cores fluctuate greatly, and are as high as ∼37 cm/kyr since 440 ka 
(Ding et al., 2017). To the east, core MD97-2120 records SRs that fluctuate 
between 15.5 cm/kyr during glacials and 6 cm/kyr during interglacials 
(Pahnke et al., 2003), which is much higher than those in core PS75/100-4 
(Figure 3). ODP Site 1122 has higher SRs, probably because it is located 
on the abyssal Bounty Fan, which receives material transported through 
the long Bounty Channel (Carter et al., 1999; Figure 1). These observa-
tions indicate a much-diminished fluvial sediment supply to the site of 
core PS75/100-4 compared to sites located closer to shore and along the 
Bounty Channel. For example, the Rangitawa Tephra (∼350 ka) occurs at 
a down-core depth of ∼140 m at Site 1122 (Carter et al., 1999), which is 
much deeper than in core PS75/100-4 (12.93–12.95 m).

3.4. Lithogenic Flux Calibration

Mass accumulation rate (MAR) results for Fe and lithogenic contents can 
be calculated as follows (e.g., Carter et al., 2000):

MAR  =  mass concentration of a component (in dry bulk sediment) × 
SR × DBD, where DBD is the dry bulk density, which was determined 
following Dadey et  al.  (1992) using processed fractional porosity (FP) 
data from direct shipboard measurement of fresh sediments. A standard 
quartz density value (2.65 g/cm3) is used for “grain density”:

DBD = (1-FP) × grain density.

The MAR calculation relies on a good linear relationship between XRF scanning results and elemental 
contents (Figure S5). 232This used as a normalizer to quantify lithogenic contents by assuming the average 
concentration (∼10.7 ppm) of upper continental crust (Taylor et al., 1995). This approach has been adopted 
widely to approximate lithogenic fluxes in deep-sea sediments (e.g., Lamy et  al.,  2014; Martínez-García 
et al., 2009). Other normalizers can also be used. For example, 230Th could be a better normalizer (to ∼330 
ka, due to the half-life of 230Th; Costa et al. [2020]), but such data are not available. We compare here re-
constructed MARs with other relevant records. Our 232Th lithogenic and Fe weight contents have a linear 
relationship before (r = 0.71) and after (r = 0.98) removal of outliers (Figure 9). Based on this relationship, 
a high-resolution lithogenic MAR record is determined for core PS75/100-4 (Figure 10), which has a wide 
of range of values (∼0.01–0.69 g/cm2/kyr), with an average of ∼0.20 g/cm2/kyr. Glacial averages are approx-
imately 3–4 times larger than in interglacials. This prominent difference is unlikely to be ascribed to the 
sorting effect of paleocurrent circulation during interglacials for which SS indicates much enhanced flow 
speeds compared to glacials (Figure 5f) because there is no evident difference of correlations between the 
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Figure 6. Variations of grain size fractions with age for core PS75/100-
4. For the 2–63 µm grain size interval (i.e., silt content in Figure 5), five 
fractions are shown: very fine, fine, medium, coarse, and very coarse silt 
following the terminology of Blott and Pye (2001). Results for 148 analyses 
are shown in each profile in (a and b).
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two sortable size proxes on G-IG timescales (Figure 7a). The record fol-
lows the variation pattern of PC1 (Figure 8) and has distinct similarities 
with Antarctic and Southern Ocean dust records (Figure 10) over G-IG 
timescales. The marine sediment records generally have the same order 
of magnitude Fe contents and lithogenic MAR. Together, these features 
indicate large-scale climatic modulation of sedimentation in time and 
space over G-IG timescales.

4. Discussion
4.1. Riverine Inputs to the Core Site

Sediment transport through the Otago and South Canterbury regions of 
South Island, New Zealand, by large eastward-draining rivers generates 
a high proportion of suspended load that is abraded to silt and finer sizes 
(Adams, 1980; Carter et al., 2000; Gibb & Adams, 1982; Land et al., 2010; 
Nelson et  al.,  1985). This sediment is supplied to submarine channels 
and into the path of the deep western boundary current that then trans-
ports sediment along southern Chatham Rise (Carter et al., 1996; Carter 
& Wilkin, 1999, Figure 1). Carter et al. (1996) found that all submarine 
channels offshore of eastern New Zealand were active and emptied into 
the Pacific deep western boundary current during glacials (Figure 1). The 
broader continental shelf width during glacial sea level low stands (Fig-
ures 1a and 1b) is likely to have assisted fine riverine sediment delivery, 
and, thus, to have enhanced offshore deep-water mud deposition (Nelson 
et al., 1985).

Grain size analysis reveals a current-sorted silt fraction in core PS75/100-
4 (Figure 7; see Section 3.1). As a proxy for evaluating flow speed varia-
tions (McCave & Hall, 2006; McCave et al., 2017), SS in core PS75/100-4 
has clear G-IG contrasts over the past 410 kyr, with lower values in gla-
cials and higher values in interglacials (Figure 10c). In contrast, ODP Site 
1123, which is located northeast of Chatham Rise (Figure 1), generally 
has higher SS values in glacials versus interglacials over the past 1.2 mil-
lion years (Hall et al., 2001). From that site, Hall et al. (2001) identified 
intensified deep Pacific Ocean inflow from the Southern Ocean through 
the Pacific deep western boundary current (DWBC), which ventilated 
bottom waters during Pleistocene glacials. SS values also have clear dif-
ferences between the two cores; in core PS75/100-4, they range from ∼19 
to 30 µm with an average of ∼22 µm, while for Site 1123 they range from 
∼12 to 19 µm with an average of ∼16 µm (Figures 10c and 10d). This 

indicates generally stronger flow speeds at the core PS75/100-4 site over the past 410 kyr. Furthermore, the 
sortable silt proxy appears to have recorded a decreasing long-term flow speed over the most recent inter-
glacials in our core (Figure 10c, this study), which is not evident at ODP Site 1123. Rather, there appears to 
be an increasing long-term flow speed over recent glacials (Figure 10d). The different indication from core 
PS75/100-4 is not likely to be a DWBC signal, which is linked to the Antarctic Circumpolar Current because 
core PS75/100-4 is located at a much shallower depth in Bounty Trough (Figure 1), away from the DWBC 
pathway (Carter et al., 1996; Carter & Wilkin, 1999). Paleoflow at these two core sites appears to have had 
opposite patterns on G-IG timescales over the last ∼250 kyr (Figures 10c and 10d).

By analyzing short sediment cores around Chatham Rise, McCave et al. (2008) reported no clear indication 
of faster glacial DWBC flow as indicated at ODP 1123. Some core sites studied by McCave et al. (2008) are 
located above or away from DWBC pathways. For example, on the north of Chatham Rise core CHAT 16K 
(Figure 1) seems to have recorded relatively faster flow during interglacials since MIS 6 (Figure 12 in Mc-
Cave et al., 2008), which provides a similar indication as our SS records.
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Figure 7. Plots of (a) SS versus SS%, (b) SS versus IRD% (>240 µm), and 
(c) SS versus IRD% (>550 µm).
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4.2. Riverine versus Eolian Sources

To further distinguish between possible eolian versus fluvial inputs to 
core PS75/100-4, we first focus on our Fe record. It does not evidently re-
flect diagenetic Fe remobilization because Fe covaries with other detrital 
elements (Figure 8a), which implies that our Fe record is a detrital signal. 
As noted above, Fe in core PS75/100-4 has variable but high abundances 
in glacial stages and much lower abundances in interglacial stages. Fur-
thermore, our Fe content and reconstructed lithogenic MAR records re-
semble the structure of dust content changes in the EDC ice core and Fe 
and lithogenic MAR fluctuations in subantarctic marine sediment cores 
from the Pacific sector of the Southern Ocean (Figures 1 and 10). Four 
fine sediment fractions (Figure 6b) share a similar trend on G-IG times-
cales. These observations suggest that the fine components (Figure 6b) 
in core PS75/100-4 represent an eolian dust record from Australia, New 
Zealand, or both, which presumably reveal a common response to west-
erly wind intensity (see grain-size discussion below).

Despite the observations indicated above, we cannot yet rule out a river-
ine source for the core PS75/100-4 Fe content. Ti/Al can be used to recon-
struct eolian versus fluvial sedimentary inputs (e.g., Lourens et al., 2001) 
and to indicate terrigenous sediment content and grain-size variations 
(e.g., Peterson et  al.,  2000). However, Ti/Al does not undergo distinct 
G-IG variations in core PS75/100-4 and is of no use for this purpose (Fig-
ure S6). Additionally, a minor IRD contribution (<2%) is evident. Carter 
et al. (2002) found that Campbell Plateau was traversed by icebergs over 

the past 200 ka. Our IRD% records reveal a few jumps during interglacials (Figure 5g), when warmer cli-
mates and elevated sea levels (Figures 10a and 10b) might cause icebergs to drift to the core location, which 
is close to the northern limit of iceberg dispersal (Carter et al., 2002; Tournadre et al., 2016). The core loca-
tion might have received IRD input; however, it has only a small coarse IRD fraction.

Particle size analysis provides an additional constraint on the sediment source in core PS75/100-4. Sediment 
particle size distributions at ODP Site 1119 have a similar silt-dominated (>70%) pattern as documented 
here for core PS75/100-4, albeit using a slightly different sample pre-treatment procedure, with a ∼15% 
clay (<4 µm) content over the same period recorded in core PS75/100-4 (Land et al., 2010). In contrast, 
core PS75/100-4 samples have <4 µm content of 7.5%–27.8% (∼16.2% average), which make a minor con-
tribution of ∼22.0%–27.5% (∼28.2% average) to the four fine fraction components (Figure 6b). The Dashing 
Rocks loess in eastern South Island (Ma et al., 2013) also has similar particle size distributions as sediment 
from core PS75/100-4 with Md values of 10–20 µm (Figure 4a). The varying clay content with distance from 
South Island and the dominance of silt sizes similar to onshore eolian deposits suggest that sedimentation 
in core PS75/100-4 was dominated by eolian rather than marine transportation.

Both Australia and New Zealand are potential dust sources to the core location (Figure  S1). Jaeschke 
et al. (2017) demonstrated using biomarkers that surface sediments from the Pacific sector of the Southern 
Ocean are indicative of Australian and New Zealand lithogenic sources with a likely eolian source. However, 
dust deposited in the Tasman Sea to the west of New Zealand, which was transported from inland Australia 
(Hesse, 1994; Hesse & McTainsh, 1999), is finer-grained than the Dashing Rocks loess and core PS75/100-4, 
where core E26.1 sediments have Md values of 4–6 µm (Figure 4). The SRs of bulk sediments are also clear-
ly higher in core PS75/100-4 (Figure 3) than in Tasman Sea core E26.1 (Figure 5b in Hesse, 1994) during 
most glacial and interglacial periods. Furthermore, surficial seafloor sediments from east of South Island 
record lithogenic fluxes between 2.05 and 0.27 g/cm2/kyr (nine locations from 44.09°S, 174.10°E to 45.76°S, 
177.15°E, see Figure S7; Table 1 in Wengler et al. [2019]). For comparison, core PS75/100-4 has an average 
lithogenic MAR of ∼0.20 g/cm2/kyr through the past ∼410 kyr, with much higher glacial (3–4 times) com-
pared to interglacial lithogenic fluxes over the past 410 kyr. In contrast, Tasman Sea core E26.1 records dust 
fluxes of ∼0.1 g/cm2/kyr during interglacials and stadials (Figure 5d in Hesse [1994]). The modal coarse 
component diameter in core E26.1 is ∼19–23 µm, which is close to that of core PS75/100-4 and New Zealand 
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PC1 PC2

Al 0.32 0.07

Si 0.31 0.1

Cl −0.07 0.62

K 0.32 0.04

Ca −0.27 0.34

Ti 0.32 0.02

Mn 0.31 0.01

Fe 0.31 0.01

Br 0.17 0.5

Rb 0.31 −0.04

Sr −0.23 0.42

Zr 0.31 0.05

Ba 0.24 0.25

Two principal components are identified, PC1 and PC2, which account 
for 74% and 18% of the data variance, respectively. Loadings for PC1 and 
PC2 are listed above for the 13 elements analyzed.

Table 2 
Results of a Standardized principal Component Analysis (PCA) on the 
Scanning XRF Dataset for Core PS75/100-4
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loess (Figure 4). Core E26.1 is located far from New Zealand (Figure 1), although its coarse component 
could have a volcanic soil contribution from western North Island, New Zealand (Hesse & McTainsh, 1999). 
We suggest that the fine fractions indicated in Figure 6b, including the medium silt component (8–16 µm) 
and much of the fine silt component (4–8 µm), are dominated by New Zealand-sourced dust because their 
size distributions are intermediate between those of Tasman sea sediments and New Zealand loess (Fig-
ure 4a). Trudgill et al. (2020) studied sediment cores from the Southwest Pacific Ocean and suggested that 
a ∼0.5–12.5 µm sediment component represents dust, which had higher fluxes during the last glacial max-
imum compared to the Holocene. This is broadly consistent with our records over G-IG timescales. Our 
observations suggest that core PS75/100-4 sediments were derived dominantly from a more proximal source 
than Australia. We, thus, exclude Australia as the source of at least the coarse-grained component in core 
PS75/100-4, whose source area must be New Zealand.
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Figure 8. Down-core variations of two principal components with related element counts (5-point moving average 
for each) and concentrations. (a) PC1, (b) PC2. Glacial stages (gray shading) and MIS 1–11 (blue text) are indicated. 
Continuous lines represent XRF core scanning data and red dots represent elemental concentrations from discrete 
sample measurements.
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The oldest loess in the Dashing Rocks profile is estimated to be  >400 
ka, while other boreholes (e.g., Darling Holes) preserve older loess (Ma 
et al., 2013) with ages <773 ka (Pillans, unpublished paleomagnetic re-
sults cited by Berger et al.  [2001]). This implies that New Zealand has 
been a long-term dust source with transportation by southern mid-lat-
itude Westerlies. Given the various lines of evidence presented here, 
we conclude that Fe variations in core PS76/100-4 reflect an eolian dust 
signal.

4.3. New Zealand as a Significant Dust Source

During the last glacial maximum, the Southern Alps, South Island, New 
Zealand, were glaciated by large valley glaciers (Nelson et  al.,  1985; 
Shulmeister et  al.,  2019), and the environment was dusty because of 
increased glacial, fluvial, and wind erosion of mountain ranges (Carter 
et al., 2000; Stewart & Neall, 1984). Glacial loess sequences were deposit-
ed in eastern South Island (Berger et al., 2001; Eden & Hammond, 2003; 
McCraw,  1975; Raeside,  1964), which is located beneath the Southern 
Hemisphere westerly maximum (Alloway et  al.,  2007; Li et  al.,  2008; 
Shulmeister et al., 2004). Given its position within the Roaring Forties 
westerly wind belt, New Zealand can contribute eolian sediment to the 
open ocean (Stewart & Neall, 1984; Thiede, 1979). Paleodata reveal that 
during glacials, Southern Hemisphere westerly winds likely intensified 
over an increased latitudinal range (Kohfeld et al., 2013) with shifts in 
latitude and intensity and divergent climatic effects on land and on the 
ocean (e.g., McGlone et  al.,  2010). Such changes will have transported 
dust widely from Southern Hemisphere sources, although details of shifts 
in intensity and position of the westerly winds on G-IG timescales re-
main controversial (Russell et  al.,  2006; Sime et  al.,  2013). Glaciers in 
the New Zealand Southern Alps advanced and retreated (e.g., Putnam 
et al., 2010, 2013) and northward/southward oceanic Subtropical Front 
shifts occurred on G-IG timescales (Figure 1). These factors likely con-
tributed to significant dust delivery to the studied core site.

In addition to being transported to the sea, silts and clays that were de-
flated from extensive glacial and river outwash surfaces now mantle the 

landscape as loess deposits with thicknesses mostly between 1 and ∼11 m in coastal eastern South Island 
(e.g., Berger et al., 2001; Eden & Hammond, 2003; Ma et al., 2013; McCraw, 1975; Raeside, 1964). The thick-
est Pleistocene loess deposits have thicknesses up to 20 m near Timaru, which overlie unconformably the 
2.5 Ma Timaru basalt, on the east coast of South Island (Pillans, 2003). Such sediments would also have 
been deposited on the exposed continental shelf during glacial sea level low stands (Browne & Naish, 2003; 
Carter et al., 2000; Raeside, 1964). Nelson et al. (1985) suggested that a significant proportion of terrigenous 
silt in hemipelagic sediments from DSDP Site 594, which is located about halfway between core PS75/100-4 
and the South Island coastline (Figure 1), would have been transported by wind from these outwash surfac-
es to offshore locations by prevailing and intensified westerlies. Loess deposits that formed during sea-level 
low stand on the exposed continental shelf would have also been eroded and transported elsewhere during 
subsequent sea-level transgressions. In core PS75/100-4, terrestrial inputs dominate sediment geochemical 
signals (Table 2; Figure 8).

Antarctic ice core records (Lambert et al., 2008; Petit et al., 1990) can help to elucidate Southern Hemi-
sphere eolian dust transportation history. We here interpret our record (Figure 10) as a dust-dominated 
signal because the overall pattern of dust content variations is similar among dust records from Antarctic 
ice (Lambert et al., 2008) and in sediment cores (Lamy et al., 2014; Martínez-García et al., 2009) from differ-
ent parts of the Southern Ocean (Figure 10). Different sectors of the Southern Ocean have similar dust or 
dust-dominated records, which suggests that dust generation from different regions and/or dust deposition 
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Figure 9. Linear regressions between (a), (b) Fe concentrations and 
232Th-based total lithogenic content. A higher regression coefficient is 
obtained in (b) after removal of outliers (values > 10 ppm). wt-% = weight 
percentage concentration.
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has common features on G-IG timescales. Terrestrial (dust-dominated) inputs to the Southern Ocean are 
clearly in pace with the timing and pattern of G-IG climate oscillations (Figure 10). The general similarity 
of dust records throughout the Southern Ocean, regardless of proximity to known dust sources, makes it 
increasingly important to understand the signatures associated with each significant dust source, although 
there are also significant differences in parts of the records (Figure 10). This makes it equally important 
to understand temporal and spatial differences in signatures associated with each significant dust source. 
The evidence provided here indicates that New Zealand is a significant and long-lived dust source to the 
Southwest Pacific sector of the Southern Ocean. Along with recent atmospheric trajectory model results 
that reveal New Zealand as a potential modern Southern Hemisphere dust source (Neff & Bertler, 2015), the 
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Figure 10. Core PS75/100-4 results compared with other climatic proxy records. (a) Global stack of benthic δ18O 
(Lisiecki & Raymo, 2005), (b) global stack of relative sea level change (Spratt & Lisiecki, 2016), (c–d) SS (sortable silt 
mean grain size) for (c) core PS75/100-4 (this study) and (d) ODP Site 1123 (Hall et al., 2001), (e–g) Fe content and 
lithogenic MAR records for (e) core PS75/100-4 (this study) and (f) Southern Ocean Pacific Sector cores PS75/76-2 and 
(g) PS75/59-2 (Lamy et al., 2014; locations see Figure 1a), and (h) dust content (black) and MAR variations (blue) in 
the EDC Antarctic ice core (Lambert et al., 2008) on the AICC2012 chronology (Bazin et al., 2013; Veres et al., 2013). 
Data in (d) were redrawn from Figure 21 in McCave and Hall (2006), as originally published in Hall et al. (2001). Gray 
shading indicates glacial stages.
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dust record presented here provides a highly resolved signal to understand temporal dust variations from 
southern New Zealand to the Southwest Pacific Ocean. Atmospheric model simulations of volcanic ash 
transportation from New Zealand's North Island indicate that ash clouds from super-eruptions can be dis-
persed radially and swept ultimately into the polar jet so that ash can be deposited throughout the Southern 
Hemisphere with trace deposition in Antarctica (Dunbar et al., 2017). Thus, although New Zealand is one of 
several Southern Hemisphere dust sources and is a relatively small source area compared to Australia and 
Patagonia, the potential for extensive dispersion of any such dust source makes it important to consider all 
potential dust sources in dust model simulations.

We note that, based on isotopic and rare earth element data from modern seafloor sediments from east and 
southeast of New Zealand, Wengler et al. (2019) suggested that New Zealand can be effectively ruled out as a 
dust source area to the South Pacific Ocean. Their focus on seafloor sediments raises the question of wheth-
er this conclusion remains applicable during glacials given the widely reported significant dust increase 
during glacials compared to interglacials. From isotopic analyses of the <5 µm size fraction of mid-latitude 
South Pacific Ocean sediments, Struve et al. (2020) reported that during the last glacial maximum Central 
South America (rather than Australia) made a dominant dust contribution to the South Pacific Subantarctic 
Zone with possibly significant dust changes across the study area on G-IG timescales. From geochemical 
and isotopic analyses of the <5 µm sediment fraction from New Zealand and southern Australia, Koffman 
et al. (2021) reported that the South Island, New Zealand, could be a geochemically distinguishable dust 
source to the Pacific sector of the Southern Ocean, but not a significant contributor to East Antarctica. It is, 
thus, possible that dust source areas with relatively small sizes, such as New Zealand, have been under-esti-
mated in previous studies with regard to the vast open ocean areas to which dust is transported (Grousset & 
Biscaye, 2005). While Australian dust has been demonstrated to reach New Zealand (Marx et al., 2005), its 
concentration was likely to have been small (∼28.2% on average) compared to that derived from the locally 
dusty glacial environment, as estimated from our grain size record from core PS75/100-4.

5. Conclusions
The importance of dust as a product and agent of climate change, particularly in the Southern Ocean, 
makes the understanding of long-term dust emission patterns from different sources an integral part of 
understanding climate variability and for constraining global dust cycle models. We demonstrate here that 
New Zealand has likely been an important and long-lived dust source to the Southwest Pacific sector of the 
Southern Ocean with clear climatic control over G-IG timescales. The similarity of dust records through-
out the Southern Ocean regardless of proximity to known sources makes it increasingly important to un-
derstand the signatures associated with each significant dust source over G-IG timescales. Moreover, our 
grain size records reveal progressively decreasing interglacial paleocurrent circulation in the studied part 
of Bounty Trough, south of Chatham Rise, that is possibly related to a more complex paleoceanographic 
sediment transportation system than was recognized previously.
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