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Abstract
Past bottom current velocities are usually determined from the sortable silt (SS) fraction of sedi-
ments. This method yields precise results, but the work associated with the preparation for and 
analysis of SS is very time consuming. Using data and samples from Site U1537, which was drilled 
during International Ocean Discovery Program (IODP) Expedition 382 (Iceberg Alley and Subant-
arctic Ice and Ocean Dynamics), we followed a method that allows for the reconstruction of bot-
tom current velocities on long and highly resolved sediment records, as typically recovered during 
an IODP expedition. Here, we present discrete measurements of SS from Site U1537 that were 
used to convert X-ray fluorescence (XRF) core scanner Zr/Rb data into SS and ultimately into bot-
tom current velocities. The use of XRF-derived SS data and current speeds allows us to generate a 
near-continuous high-resolution record for the past 200 ky. Because Site U1537 is located close to 
the Southern Antarctic Circumpolar Current Front (SACCF), this long-term reconstruction 
allows us to analyze and understand changes in the location of the SACCF.

1. Introduction
The sortable silt (SS) fraction of sediments is reliably used to reconstruct past bottom current 
velocities (McCave and Hall, 2006, 2017; Wu et al., 2021). However, the conventional method of 
measuring SS requires a lengthy sediment treatment, Atterberg settling, and measurements using 
laser counters or SediGraph. This involved process makes it difficult and rather time consuming to 
work with very long drill cores retrieved by the International Ocean Discovery Program (IODP). 
Measurements of X-ray fluorescence (XRF) have been routinely performed on conventional and 
IODP sediment cores (e.g., Ronge et al., 2016; Penkrot et al., 2017). Measuring XRF on sediment 
core sections requires minimal sample preparation, is nondestructive, and requires only between 
45 min and 2 h per section, depending on the scanner settings. Thus, an entire IODP splice record 
of several hundred meters can be analyzed in a reasonable time of a few days. The resulting ele-
ment count records and ratios can be used to answer a multitude of paleoceanographic questions, 
among them the reconstruction of sediment grain size and thus bottom current velocities.

To infer grain sizes, the ratio of zirconium (Zr) to rubidium (Rb) is of particular importance 
(Cuven et al., 2010). Because of the high resilience of zircon minerals (Zr[SiO4]), Zr tends to be 
enriched in coarser sediments. Rb, on the other hand, is predominantly associated with softer 
minerals, such as mica, clay minerals, or K-feldspars. This association leads to a relative enrich-
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ment of Rb in smaller grain sizes. Hence, the ratio of Zr and Rb can give us quick yet precise infor-
mation about the sediment grain size parameters (Cuven et al., 2010; Wu et al., 2020). The 
enormous advantage of the XRF method is not only the quick turnover rate but to a higher extent 
the fact that we will be able to generate continuous records for entire IODP cores.

Here, we apply this method to a sediment record retrieved in the Antarctic Iceberg Alley during 
IODP Expedition 382. First, we selected a sediment interval for discrete SS measurements to 
groundtruth the XRF measurements. Then we used these discrete data as well as an additional 
data set from Drake Passage (Wu et al., 2020) to calibrate the Zr/Rb XRF record to SS along the 
splice of Site U1537. Lastly, we converted the XRF-derived SS values into a continuous record of 
bottom current velocities for the last 200 ky.

2. Materials and methods

2.1. Drill site and setting
The samples and cores analyzed for our study were collected during Expedition 382 (Iceberg Alley 
and Subantarctic Ice and Ocean Dynamics). Site U1537 is located in the Antarctic Scotia Sea at 
59°6.65′S, 40°54.37′W about 280 km northeast of the South Orkney Islands (Figure F1). The site is 
located in the Dove Basin at 3713 meters below sea level (mbsl) and consists of a 1 km thick 
contourite drift (Weber et al., 2019). Site U1537 is situated 2° south of the Southern Antarctic 
Circumpolar Current Front (SACCF; Orsi et al., 1995), making it an interesting target for pale-
oceanographic studies of shifts in the Antarctic Circumpolar Current (ACC). Being under the 
influence of the Southern Westerly Winds and Iceberg Alley, the terrigenous fraction at Site 
U1537 consists of ice-rafted debris (IRD) and eolian dust (Weber et al., 2022). Thus, lateral advec-
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tion of sediment by bottom currents such as Antarctic Bottom Water (AABW) and Weddell Sea 
Deep Water (WSDW) (Maldonado et al., 2003) as well as grain size sorting as a function of current 
velocity are expected to be the characterizing factors, influenced by latitudinal shifts in the loca-
tion of the ACC. As shown in Figure F2, the prevailing water masses at Site U1537 from shallow to 
deep are Antarctic Intermediate Water, North Atlantic Deep Water, and AABW/WSDW 
(Gouretski and Koltermann, 2004). Throughout Antarctic winter, WSDW is formed in the coastal 
Weddell polynya (Paul et al., 2015), and winter sea ice extends up to the location of Site U1537 
(Gordon, 2009).

2.2. XRF core scanning
XRF scanning on all cores was conducted at the IODP Gulf Coast Repository in College Station, 
Texas (USA). Rubidium (Rb) and zirconium (Zr) analyses were performed on the split core surface 
of archive halves using an AVAATECH XRF core scanner at 30 kV and a step interval of 1 cm.

Because Rb is often associated with softer minerals such as K-feldspars, micas, and clay minerals 
and Zr is often associated with harder zircon (ZrSiO4) minerals (Dypvik and Harris, 2001), Rb 
tends to be relatively enriched in smaller grain sizes and Zr tends to be relatively enriched in 
coarser grain sizes. Thus, the elemental ratio of Zr/Rb can be used as a proxy for XRF-derived 
grain size analysis (Cuven et al., 2010) and can facilitate the rapid acquisition of grain size informa-
tion on long sediment cores (Croudace et al., 2019). Most studies using the Zr/Rb proxy for grain 
size interpretation are conducted on terrestrial loess-paleosol sequences (Chen et al., 2006), but 
there is a growing field of studies using it in the marine environment in Drake Passage west of our 
research area (Toyos et al., 2020; Wu et al., 2020).

Wu et al. (2020) successfully implemented this method on sediment records from Drake Passage 
upstream of Site U1537. We chose to use ln(Zr/Rb) rather than Zr/Rb because the log ratio pro-
vides a more readily interpretable signal of relative changes (Weltje and Tjallingii, 2008).

2.3. Sample processing
In a first step, the sand fraction >63 μm was separated from the silt (2–63 μm) and clay (<2 μm) 
fractions. After wet sieving, the silt and clay fractions were collected in 5 L beakers and settled 
over 5–7 days. Subsequently, the water was siphoned off, and the remaining sediment was dried in 
a freeze drier for 2–3 days.

2.4. Removal of organic material, calcium carbonate, and biogenic opal
The presence of organic and/or biogenic material carries species-specific sizes and might thus 
interfere with the grain size measurement of the terrigenous fraction attempted here (McCave and 
Hall, 2006). To remove any organic material, the samples were boiled in 200 mL of water, 10 mL of 
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35% H2O2 (until the reaction ceased), and subsequently 10 mL of 10% HCl for 1 min to remove any 
CaCO3 (Wengler et al., 2019).

Following the removal of organic material and CaCO3, biogenic opal was alkaline leached (van der 
Does et al., 2021). For 60 min, the samples were mixed with 200 mL of 20% sodium hydroxide 
(NaOH) and heated to 80°–85°C under constant stirring. After 1 h, cold deionized (DI) water was 
added to stop the reaction and cool down the suspension. The sediment-NaOH mixture was neu-
tralized by rinsing it with DI water and centrifuging it at 20°C and 5050 revolutions for 5 min. The 
overlying solution was tested for its pH and decanted. These steps were repeated until the overly-
ing solution had the same pH as the DI water used to neutralize it, usually 5 or 6 runs. Once neu-
tralized, the samples were transferred into beakers and placed in an oven at 50°C until most (but 
not all) of the overlying water evaporated. After evaporating most of the water, the samples were 
frozen and freeze-dried for 3 days.

Finally, the samples were checked under a microscope to check if the removal of organic material, 
CaCO3, and biogenic SiO2 was successful.

2.5. Size fraction separation
The clay fraction was separated from the terrigenous noncohesive SS (10–63 μm; McCave and 
Hall, 2006) using Atterberg settling. The samples were added into 5 L cylinders and brought into 
suspension with DI water and, to avoid coagulation, 0.1% sodium polyphosphate. Room tempera-
ture and fill height were measured and noted and used to calculate the time when the clay suspen-
sion had to be siphoned off the next day. The settling and siphoning procedures were repeated 
about 9–12 times in general until SS and clay had been completely separated.

2.6. Discrete grain size measurements
At the Alfred Wegener Institute in Bremerhaven (Germany), we used a Micromeritics SediGraph 
5100 for discrete grain size measurements. Instrument precision for known standards was 
±0.3% to 1.9%. After setting up the instrument (X-rays constant between 90,000 and 95,000 
counts/s; water temperature of 35°C), tetrasodium pyrophosphate (Na4P2O7) was added to sup-
press aggregate formation. Once setup was complete, the samples were inserted and individually 
measured. After each sample, the SediGraph was rinsed and cleaned several times to prevent 
cross-contamination.

The SediGraph’s measurements range 14.6φ–1.32φ (phi scale in 0.1φ steps), which corresponds to 
a grain size range of 0.04–2500 μm. After the size separation described above, the φ values of our 
samples range 4–9 (62.5–1.95 μm).

The SediGraph data were processed and corrected for sand and clay fractions to calculate SS and 
SS% for each sample (Tables T1, T2, T3, T4, T5) (McCave and Hall, 2006). SS% is calculated as the 
sum between 10 and 63 μm divided by the total fine fraction (percentage <63 μm) (McCave and 
Andrews, 2019).

The bottom current velocity was calculated as SS = 0.515U + 12.73 (where U = scalar flow speed), 
following the approach of McCave et al. (2017) for the Weddell-Scotia Sea sector.

Table T1. Conversion of measured φ into sortable silt data, Site U1537. Download table in CSV format.

Table T2. Step 1: Ordering all samples according to micrometers and φ, Site U1537. Download table in CSV format.

Table T3. Step 2: Transposition of φ values and samples, Site U1537. Download table in CSV format.

Table T4. Step 3: Calculation of grain size percentages from sand and clay corrected data (0.1φ steps), Site U1537. Down-
load table in CSV format.

Table T5. Step 4: Calculating percentage of SS (10–63 μm/4.05φ–6.65φ), Site U1537. Download table in CSV format.
82.201.2024 publications.iodp.org · 4
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3. Age model
We adjusted the shipboard age model (Weber et al., 2019) and the updated version (Weber et al., 
2022) by correlating the ln(Zr/Rb) data to the δ18O record of the EPICA Dronning Maud Land 
(EDML) ice core on the Antarctic ice core chronology (AICC) 2012 age scale (Bazin et al., 2013) 
back to 200 ka, using the correlation software AnalySeries (Paillard et al., 1996) (Figure F3). We 
furthermore correlated our ln(Zr/Rb) data to the δD record of the EPICA Dome C (EDC) ice core 
on the AICC2012 age scale (Jouzel et al., 2007) and the LR04 δ18O stack (Lisiecki and Raymo, 
2005). Although some Southern Ocean studies indicate a correlation between zonal current 
strength maxima and increasing atmospheric temperatures (Shi et al., 2021), the true phase rela-
tionship is unknown. Thus, it is possible that the age model used here has an error of several thou-
sand years. However, sediments at Site U1537 consist predominantly of biogenic opal with 
fractions ranging 5%–55% (Weber et al., 2019). The magnetic susceptibility (MS) of these sedi-
ments was assumed to be driven by changes in eolian dust input (Weber et al., 2022). However, 
maxima in biological productivity coincide with minima in MS (Weber et al., 2022). Hence, it is 
also possible that biological productivity (opal) is the dominant pacemaker for changes in MS in 
addition to changing dust fluxes. Being located in a major sediment drift, the lateral advection and 
grain size sorting of terrigenous sediment by bottom currents can potentially influence the silici-
clastic composition at Site U1537.

Nevertheless, no matter the age model used in this study, the correlation of XRF-derived Zr/Rb 
values and grain size remains robust.

E1

E3

E2

Figure F3. Age model, Site U1537. (A) Age-depth (core composite depth below seafloor scale) relationship based on ship-
board age model (light blue); based on age model by Weber et al. (2022; brown); and new age model (red, used for this 
study) based on correlation between XRF data and (C) benthic δ18O (Lisiecki and Raymo, 2005), (D) EDC deuterium (δD) ice 
core record (Jouzel et al., 2007), and (E) EDML (δ18O) ice core record (Bazin et al., 2013). B. XRF ln(Zr/Rb) current speed proxy 
(dark blue = tuned according to new age model, light blue = according to old age model). E1–E3 = potential IRD events.
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4. Results

4.1. X-ray fluorescence
Over the last 200 ky, the XRF record of Zr and Rb shows a significant variability between glacial 
and interglacial states (Figure F4), with both Zr and Rb higher during cold marine isotope stages 
(MISs), with only a short spike in MIS 2 that coincides with the Last Glacial Maximum. For most 
of the 200 ky record, Zr and Rb patterns show a strong correlation. However, a few intervals with a 
pronounced deviation from this correlation can be identified in the Zr/Rb and ln(Zr/Rb) records 
(Figure F4C, F4D). Three distinct events were identified where the ln(Zr/Rb) ratio increases dra-
matically over the background signal (we name them Events E1 [12 ka], E2 [55 ka], and E3 [85 ka]; 

Figure F4. Downcore data and current speed, Site U1537. A. XRF Zr counts. B. XRF Rb counts. Both Zr and Rb show similar 
temporal pattern with higher values during glacial period and lower values during interglacial period; although, based on 
the values, Zr concentration is larger than Rb concentration. C. XRF (Zr/Rb) ratio depicts glacial–interglacial variations with 
higher values during interglacial periods and lower values during glacial periods, indicating negative correlation between 
Zr and Rb intensities to the Zr/Rb ratio at the site. D. XRF ln(Zr/Rb). E. Current speed (U) derived from ln(Zr/Rb) based on 
positive correlation with SS using SS = 0.515U + 12.73 (McCave et al., 2017).
82.201.2024 publications.iodp.org · 6
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please note the offset the different age models have on the timing of Events E1–E3; Figure F3). 
Events E1–E3 mark deviations in the correlation of Zr and Rb. This sudden deviation could be the 
result of a change in the Zr/Rb ratio, which would indicate an IRD overprint. The visual core 
description and X-ray scans from Site U1537 (see Figure F1 from the Site U1537 chapter [Weber 
et al., 2021]) highlight that grains >2 mm occur at the intervals 8–9 and 12–16 m in Hole U1537A 
and at 6–20 m in Hole U1537D. These intervals correspond to peaks observed in the Zr/Rb sig-
nals, suggesting that the extreme spikes (Events E1–E3) might represent a potential bias in the 
XRF-based current speed interpretation during times of pronounced IRD input (Wu et al., 2020). 
Cold stages MISs 2, 4, and 6 are marked by lower ln(Zr/Rb) values than warm stages MISs 1, 5, and 
7. MIS 3 is only slightly elevated compared to the minima of MISs 2 and 4 (Figure F4D).

Both glacial Terminations TI and TII are characterized by a progressive increase in ln(Zr/Rb). 
Throughout Terminations TI and TII, ln(Zr/Rb) increases from 0.46 to 0.73 and from 0.49 to 0.81, 
respectively.

4.2. Sortable silt (10–63 μm)
In a regime sorted by bottom currents, the correlation between SS and SS% is positive, whereas no 
correlation is obvious in unsorted sediments (McCave and Hall, 2006). At Site U1537, the values 
measured show a significant positive correlation during MIS 6 (191–130 ka) and MIS 5 (130–119 
ka) (R = 0.8, N = 71; Figure F5A). SS ranges from 16.06 μm to a maximum of 21.47 μm, with SS% 
between 25.96% and 52.17%. Glacial values (blue dots in Figure F5A) are in general lower than 
interglacial values (red dots in Figure F5A). In the Drake Passage sediment Core PS97/085-3, a 
similar trend is observed, although both SS and SS% have higher values (Figure F5B; Wu et al., 
2021). A combination of both Site U1537 and Core PS97/085-3 data (Figure F5B) reveals that Site 
U1537 marks the lower energy end-member, with higher energies and bottom current speeds in 
Drake Passage marked by Core PS97/085-3. Combining both records significantly improves the 
correlation coefficient to R = 0.97 (N = 319).

To calculate the bottom current velocities, we used SS = 0.515U + 12.73 as defined for the Weddell 
and Scotia Seas (McCave et al., 2017). Glacial (MIS 6) bottom current velocities are lower than 
during the early interglacial of MIS 5, with 6–14.5 and 12–17 cm/s, respectively (Figure F5). To 
generate a high-resolution data set spanning the entire record, we used SS derived from ln(Zr/Rb) 
measurements.

4.3. ln(Zr/Rb)-derived SSXRF data

Correlation of the XRF ln(Zr/Rb) data with discrete SS measurements of Site U1537 results in a 
weak positive correlation of R = 0.62 (Figure F6A). However, as described above, the Site U1537 
data mark the low-energy end-member and thus yield a lower signal-to-noise ratio. Thus, we 

R = 0.8 N = 71 R = 0.97 N = 319

Figure F5. Reduced major axis regression between SS and SS% used to determine sorting of sediments. A. Site U1537 only. 
B. Combined data from Sites U1537 and PS97/085-3 (Wu et al., 2021).
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added the high energy data set of Core PS97/085-3 (Wu et al., 2021) to our calculation. This more 
complete data set significantly improves the correlation to R = 0.89 (Figure F6B). To calculate SS 
from paired ln(Zr/Rb) and SS data, we performed a reduced major axis regression analysis:

SS = 12.1244 ln(Zr/Rb) + 10.6401.

Ultimately, we used the SS values to calculate current speeds for the entire record presented here 
using the method described above (McCave et al., 2017). Over the past 200 ky, bottom current 
velocities range 2–27 cm/s (Figure F7). Glacial values are consistently lower than those through-
out the interglacials with pronounced increases marking Terminations TI and TII (Figure F7).

Y = 9.303X+13.022

N = 71 R =0.63

Y = 12.12X+10.64

N = 319 R =0.9

Figure F6. Reduced major axis regression between SS and ln(Zr/Rb). A. Site U1537 only. B. Combined data from Sites U1537 
and PS97/085-3 (Wu et al., 2021).

Figure F7. A. Site U1537 XRF ln(Zr/Rb). Penultimate Glacial Maximum (PGM) ln(Zr/Rb) average = 0.5, Last Glacial Maximum 
(LGM) ln(Zr/Rb) average = 0.45. B. XRF-derived current strength (U). MIS 5e U average = 14.9 cm/s, PGM U average = 7.5 
cm/s), Holocene U average = 13 cm/s, LGM U average = 6.8 cm/s.
82.201.2024 publications.iodp.org · 8
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The pattern observed in Figure F7 indicates that a southward shift of about 2° might have moved 
the SACCF closer to or above the location of Site U1537 (Figure F1), increasing bottom current 
velocities during peak interglacial conditions. However, more detailed analyses are needed to fully 
investigate this process.
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