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The palaeoceanographic studies are largely limited by poor carbonate preservation in high-latitude regions. To improve our knowledge in this key area, we studied a sediment core (ANT32-RA05C) in terms of paleomagnetic and 230Th dating and geochemical properties, collected from the continental slope of the Ross Sea, Antarctica. The two major results are as follows: 1) the sedimentation rate based on 230Th isotopes is 1.37 cm/kyr, agreeing well with the correlation of the relative paleomagnetic intensity of the core ANT32-RA05C to changes in Earth’s magnetic intensity and 2) the sediments contain ice-rafted debris (IRD) over 30%, with a considerable contribution of siliceous deposits. Integrating geochronological and geochemical properties of the studied core, a correlation of the regional paleoenvironmental process to the EPICA Dome C (EDC) Antarctic temperature is established, inferring that the IRD input and primary productivity are both enhanced in a warm climate. Moreover, a leading phase of biogenic processes to changes in the ice sheet in the Ross Ice Shelf is observed, highlighting a dominant role of the oceanic circulation in the ice-sheet retreat during the last deglaciation. Overall, the sedimentary record in the Ross Sea documents some key features of the paleoenvironmental processes in the Late Pleistocene, which could be correlated with large-scale changes in Antarctica and thus are worthy of further investigation in the future.
Keywords: Ross Sea, Late Pleistocene, paleomagnetism, 230Th dating, ice-rafted debris, biogenic silica
INTRODUCTION
The Ross Sea with the Ross Ice Shelf is the second largest bay in Antarctica and has the largest ice shelf on Earth, whose size is extremely sensitive to the global climatic change (Mckay et al., 2008; Wilson et al., 2012; Brachfeld et al., 2013; Rignot et al., 2013; Ohneiser et al., 2019). Because of this, climate change and environmental evolution in the Ross Sea attracted great attention in the past decades, such as palaeoceanographic, glacial (ice sheets/sea ice), and climatic processes since the late Quaternary (Domack et al., 1999; Shipp et al., 1999; Bart and Cone, 2012; Anderson et al., 2014; Yokoyama et al., 2016). For example, Domack et al. (1999) and Mckay et al. (2008) studied the sediments from till to glacimarine and identified a progressive retreat of the ice shelf during the last deglaciation. Mosola and Anderson (2006) investigated several cores including terrigenous glacimarine sediments from the eastern Ross Sea and found that the absence of the upper diatomaceous facies could be attributed to the sea-ice cover. Based on the ice-rafted debris (IRD) records, Li et al. (2021) investigated changes in the ice shelf and the iceberg discharge since the marine isotope stage (MIS) 13 and reported a shift in the terrigenous sources.
Because of the limited dating materials and large uncertainties in dating organic carbon (Sikes et al., 2000; Pugh et al., 2009; Skinner et al., 2010; Xiao et al., 2016), chronological works based on AMS 14C dating and oxygen isotope stratigraphy are usually not suitable in such high-latitude regions, causing lots of unknowns of the past changes in the sedimentary and palaeoceanographic processes in the Ross Sea. Recently, several comprehensive records of the relative paleomagnetic intensity (RPI) have been established (Guyodo and Valet, 1999; Sagnotti et al., 2001; Stoner et al., 2002; Macrì et al., 2005; Jovane et al., 2008; Channell et al., 2009; Lisé-Pronovost et al., 2013), providing an opportunity to precise the dating of sediments without carbonate materials, and this method has been successfully applied in various paleoenvironmental studies in the Southern Ocean (Sagnotti et al., 2001; Branchfeld et al., 2003; Macrì et al., 2005; Macrì et al., 2006; Collins et al., 2012; Xiao et al., 2016). Therefore, in this study, based on the sediment core ANT32-RA05C from the continental slope of the Ross Sea, paleomagnetic and 230Th dating are used to determine the age model, and the geochemical properties are carried out to provide a reconstruction of the climatic and oceanic evolution in the Ross Sea since the Late Pleistocene.
REGIONAL SETTING
The Ross Sea is a marginal sea, with the Victoria Land to the west and the Marie Byrd Land to the east (Figure 1). The Ross Sea Shelf has a typical glacial topography shaped by ice streams (Mosola and Anderson, 2006; Anderson et al., 2014), with an average depth of ∼530 m and rapidly increasing to 3000 m in the shelf margin (Smith et al., 2012). In cold seasons (from March to November), the Ross Sea Shelf is generally frozen, and the sea ice extends to the outer region near 60°S, while in warm seasons (December to February), the sea ice melts and most of the bedrocks nearshore are exposed (Anderson et al., 2014). The oceanic circulation in the Ross Sea is mainly composed of the Antarctic Circumpolar Current driven by the westerly winds, the Antarctic Slope Current driven by the polar easterly winds, and the clockwise Ross Gyre sandwiched between them (Carter et al., 2008; Dotto et al., 2018; Li et al., 2021).
[image: Figure 1]FIGURE 1 | Schematic map of the study area. The red star represents the core ANT32-RA05C in this study, and the yellow dots represent the cores nearby the study area. EDC, EPICA Dome C ice core (Jouzel et al., 2007); WLK, Wilkes Land Basin cores (Macrì et al., 2005); and Eltanin, Eltanin cores (Jovane et al., 2008). Oceanic circulation was modified from Carter et al. (2008), Dotto et al. (2018); Cook et al. (2017), and Li et al. (2021).
The melting process of the Ross Ice Shelf is characterized by the collapse and detachment of icebergs and large ice masses, which are driven by the ocean currents and surface winds that unload large amounts of ice-rafted debris onto the continental shelf and open ocean. Since the Late Pleistocene, the Ross Ice Shelf expanded and retreated several times (Naish et al., 2009), and the grounding line migrated northward further onto the Ross Sea Shelf in the Last Glacial Maximum (LGM) (Domack et al., 1999; Shipp et al., 1999; Anderson et al., 2014).
MATERIALS AND METHODS
The sediment core ANT32-RA05C (176.02°W, 74.95°S, 1878 m water depth) was collected in the central continental slope of the Ross Sea, during the 32nd Chinese Antarctic Research Expedition (Figure 1). The length of the core is 280 cm and was cut and scanned after photographing and description by X-ray fluorescence (XRF) with a scanning interval of 0.5 cm.
For paleomagnetic dating, the samples were collected from the core using the U-channel tubes (2 cm × 2 cm × 150 cm), which were then subjected to alternating field (AF) demagnetization up to 90 mT. Magnetic susceptibility (MS) was measured using a Bartington MS2 meter. Anhysteretic remanent magnetization (ARM) was imparted to the samples using a peak AF of 100 mT and a direct biasing field of 0.05 mT using a 2G Enterprises SQUID magnetometer with inline AF coils. The isothermal remanent magnetization was produced with a 2G Enterprises model 660 pulse magnetizer successively in the pulsed fields of 1 T (saturated isothermal remanent magnetization, SIRM) and −0.3 T (IRM300mT) fields. All the magnetic measurements were conducted at the Institute of Earth Environment, Chinese Academy of Sciences.
For the IRDs, major elements, and biogenic silica content, the core was sampled for each 2 cm, and 140 subsamples in total were obtained. The procedure for the IRDs is as follows: after removing the organic matter with H2O2, it was sieved through a 63 μm standard sieve. The dried residuals were then shifted through a standard sieve of 250 μm. The biogenic silica in the sediments was extracted by sodium carbonate solution and reacted with ammonium molybdate to generate silico-molybdenum yellow, which was measured by using a spectrophotometer (Unico UV2802PC) in the Laboratory of Element and Isotope Analysis, Ocean University of China. The major elements were determined by an inductively coupled plasma–optical emission spectrometry (ICP–OES) Icap6300 at the Key Laboratory of Marine Geology and Metallogeny, First Institute of Oceanography, Ministry of Natural Resources of China, and before the measurement, the samples were dried and ground, and digested by nitric acid and hydrofluoric acid (Bi et al., 2021), with the standard substance GSD-9 for quality tests. For 230Th dating, the sediments were measured by using a multichannel α-spectrometer OCTETE-PLUS, AMETEK, following the methods listed in Knight et al. (2014) in the Key Laboratory of Cenozoic Geology and Environment, Institute of Geology and Geophysics, Chinese Academy of Sciences.
RESULTS
IRD Changes
Glacial diamictons are broadly found in the sediments across the Ross Sea (Domack et al., 1999), mainly containing terrigenous fine silt and clay, biogenic siliceous materials, and IRDs (Anderson et al., 1984). The sand component (grain-size > 63 μm) is commonly used as an indicator of IRD (Reimnitz et al., 1998; Wang et al., 2009), for which the seasonal sea ice carries relatively finer particles (<250 μm) and large ice chunks and icebergs transport coarser ones (>250 μm) (Darby and Paula, 2008; Phillips and Grantz, 2010). Combining the IRD data and lithological characteristics, the core ANT32-RA05C can be divided into three sections (Figure 2) and described as follows.
[image: Figure 2]FIGURE 2 | Changes in IRDs with various grain-sized classes of the core ANT32-RA05C.
1) Section-1, above 16 cm in depth. This section is the coarsest layer, rich in sands and gravels. The average IRD (>63 μm and >250 μm) contents are about 44 and 32%, respectively. The maximum diameter of the gravels is ∼8 cm found at 3–8 cm in depth. 2) Section-2, 16–52 cm in depth. The sediments are brownish clay and silt, which are relatively fine, with only 10% IRDs (>63 μm). 3) Section-3, below 52 cm in depth. This section contains olive and gray clay and silt, and the grainsize changes are small. The average IRD (>63 μm and >250 μm) contents are about 32 and 19%, respectively, and the diameter of gravels ranges from 0.5 to 4 cm.
Geochemical Characteristics
The chemical composition of 70 sediment samples is determined for the core ANT32-RA05C, and the average content of SiO2 is 66.9%, followed by 11.2% Al2O3 and 4.3% Fe2O3. For stratigraphic changes (Figure 3), the SiO2 content is higher in coarse-grained sediments, and Al2O3 and Fe2O3 have an opposite pattern.
[image: Figure 3]FIGURE 3 | Changes in the major elements of the core ANT32-RA05C. From left to right, the relative content of element Si by XRF scanning, the quantitative contents of major elements in oxides, and the chemical index of alteration (CIA).
There are two main sources of element Si, namely, terrigenous and biogenic sources, and the former is from the quartz debris and clay minerals, while the latter is biogenic, such as diatom frustules and sponge spicules. A correlation analysis can reveal the relationship between the different sources, and as a result (Table 1), SiO2 is positively correlated with the IRD, biogenic silica, and CaO but negatively correlated with the rest. The positive relationship between biogenic silica, CaO, and element Si indicates a close relationship between them, likely relating to marine productivity changes. Previous studies show that over 90% of minerals in coarse sediments of the Ross Sea are feldspathic quartz (Li et al., 2021), which are strongly resistant to physical weathering (Cook et al., 2017; Hobbs et al., 2016), as observed in the range of the chemical index of alteration (CIA, 47–67) in the core ANT32-RA05C. Considering the negative relationship between SiO2 and Al2O3, it is inferred that the terrigenous debris with element Si is mainly from quartz.
TABLE 1 | Pearson correlation matrix of major elements, biogenic silica (BSi), and IRD contents in the core sediments.
[image: Table 1]Magnetic Results
Subjected to the alternating field demagnetization, characteristic remanence can be separated between 15 and 60 mT (Figure 4), and all the samples obtain reliable results using 4–11 steps with a maximum angular deviation (MAD) of <15°. The remanence intensity of the samples changes little from the bottom to top (Figure 5), with three peaks at 236–242 cm, 207–217 cm, and 13–58 cm. The magnetic inclination is mainly reversed, consistent with the geographic location of the core.
[image: Figure 4]FIGURE 4 | Alternating field demagnetization of the representative samples. The diagram on the left is an orthogonal vector projection, the center diagram shows changes in a normalized remanence intensity, and the upper one shows stereographic projection.
[image: Figure 5]FIGURE 5 | Paleomagnetic results of the core ANT32-RA05C. Intensity, magnetic intensity; log Intensity, logarithmic scale; color lines, NRMs subject to 10, 15, 30, 40, 60, and 80 mT alternating field demagnetization from right to left, respectively; Inc, magnetic inclination; MAD, maximum angle deviation; MS, magnetic susceptibility; ARM, anhysteretic remanent magnetization; IRM, isothermal remanent magnetization; SIRM, saturation isothermal remanent magnetization.
The magnetic parameters can reveal the changes in magnetic minerals and/or magnetic domains. For example, ARM is usually sensitive to single-domain (SD) grains (Maher, 1988; Duan et al., 2012), and SIRM can be used to infer magnetic particles excluding the influence of superparamagnetic (SP) grains (Evans and Heller, 2003). Inferred from the magnetic parameters (Figure 5), magnetic minerals are concentrated at 236–242 cm, 207–217 cm, and 13–58 cm, consistent with the intervals of high remanence intensity. All these findings suggest a relatively stable process, which can be employed to establish an RPI curve for comparison.
230Th Results
The U and Th isotopes are listed in Table 2, in which the values are similar and the 230Th content gradually decreased to the bottom, generally fulfilling the base of 230Th-excess dating (Osmond, 1979; Xia, 1989; Edwards et al., 2003). Assuming that 230Thex flux is constant over the time of deposition, 230Thex decays exponentially with the depths, and the slope coefficient of the regression represents the sedimentation rate (Scholten et al., 1994). The calculation is as follows:
[image: image]
where 230Thex (h) and 230Thex (0) are the excess radioactivity of 230Th at depth “h” and the surface, respectively. λ is the 230Th decay constant, 9.21738 × 10−6, and the curve with −λ/V indicates the slope. Based on the estimates shown in Figure 6, the average sedimentation rate is 1.37 cm/kyr.
[image: Figure 6]FIGURE 6 | 230Thex activity (logarithmic coordinates) variation with depth.
TABLE 2 | U-Th content and isotope analytical data of the core ANT32-RA05C.
[image: Table 2]DISCUSSION
Establishing the Age Model
Dating sediments in polar seas is much more difficult than that in other areas (Wang et al., 2009), and an integrated result of various dating methods is commonly used. According to an average sedimentation rate of 1.37 cm/kyr from the 230Th method, the bottom age of the core ANT32-RA05C is about 200 ka, offering a preliminary constraint for RPIs.
To refine the age model, RPI is employed, as suggested in previous studies (Sagnotti et al., 2001; Branchfeld et al., 2003; Macrì et al., 2005; Macrì et al., 2006; Collins et al., 2012; Xiao et al., 2016). However, NRMs are sensitive to changes in magnetic minerals, and to remove this potential influence, various normalizations have been proposed (King et al., 1983; Meynadier et al., 1992; Tauxe, 1993), including MS, ARM, and IRMs. Accordingly, the RPIs of the core ANT32-RA05C can be obtained, and all the curves show a similar pattern (Figure 7). Subsequently, the derived RPIs are correlated with the SINT800 RPI curve (Guyodo and Valet, 1999), to obtain additional age controls. Specifically, the low RPI at 274 cm could be correlated with the magnetic excursion of Jamaica/Pringle Falls at ∼191 ka (Guyodo and Valet, 1999), and other constraints are listed in Table 3. Based on this correlation, there is a high consistency between ANT32-RA05C RPI and SINT800, yielding an average sedimentation rate within 66–274 cm in depth as 1.34 cm/kyr and 1.42 cm/kyr within 66–246 cm in depth. This estimate is close to the 230Th result (1.37 cm/kyr), confirming the reliability of the age model of the studied core in the Ross Sea.
[image: Figure 7]FIGURE 7 | Changes in the RPI of the core ANT32-RA05C and its correlation with SINT800.
TABLE 3 | Age model of the core ANT32-RA05C.
[image: Table 3]Paleoenvironmental Processes
Based on the age model from 230Th dating and RPI changes, the paleoenvironmental processes in the study area since MIS 7 can be recovered (Figure 8). The changes in IRD, biogenic silica, and element Si are selected as the paleoenvironmental proxies, indicating ice-sheet melting and marine productivity, respectively, as aforementioned. For comparison, the temperature reconstruction of the well-studied EDC ice core is displayed for reference (Jouzel et al., 2007). However, because of the little consistency between the magnetic parameters and the Antarctic temperature and other proxies of the core ANT32-RA05C (Figure 8), magnetic properties are not included in this discussion.
[image: Figure 8]FIGURE 8 | Comparison between the various paleoenvironmental proxies. The Antarctic temperature data are from Jouzel et al. (2007); MIS, marine isotope stage.
As shown in Figure 8, element Si can be well correlated with the changes in the Antarctic temperature. Specifically, the Si content fluctuated during MIS 6, increased sharply at the MIS 6/5 boundary, decreased slowly during MIS 3, and increased again since ∼20 ka. It is then inferred that the marine productivity in the Ross Sea covaried with the Antarctic temperature changes on the glacial-interglacial timescales, agreeing well with the previous studies in Antarctica (Pudsey and Howe, 1998; Diekmann, 2007; Anderson et al., 2009; Xiao et al., 2016). During the LGM, the Antarctic temperature declined to a much low level, and sea ice largely expanded, causing a significant decrease of the IRD transport and thus the fine-grained sediments. However, the regional environment within this key interval may be unstable since all the proxies changed greatly and frequently (Figure 8). After the LGM, the Antarctic temperature increased rapidly, icebergs collapsed, and IRD increased. Meanwhile, the warming led to an increase in marine productivity, inferred from biogenic silica content of the core ANT32-RA05C. Moreover, the changes in IRD and biogenic silica are not synchronous, while IRD changes are consistent with element Si, indicating that biogenic processes may precede changes in the ice sheet in the Ross Ice Shelf during the last deglaciation, thus highlighting the role of oceanic circulation in ice-sheet retreat (Hillenbrand et al., 2009; Williams et al., 2019). In the Holocene, the Antarctic temperature rises as high as present, and IRD increased significantly to the highest level (up to 54%) over the past 200 kyr, suggesting that ice sheet, regional temperature, and marine productivity are coupled again as similar in other intervals.
As an important proxy of iceberg drift and ice sheet evolution, IRD has been broadly used in the palaeoceanographic research in the Arctic and Antarctic regions (Darby and Paula, 2008; Wang et al., 2009), representing a climatic transition from cold to warm. In the core ANT32-RA05C, three intervals with evident IRDs are recognized: 29–32 ka, 15–17 ka, and 5 ka to present. However, IRDs did not exactly covary with the temperature changes, such as inconsistent cases in 29–32 ka and MIS6/5 boundary. The difference between the IRDs of the core ANT32-RRA05C and Antarctic temperature might be caused by proxy sensitivity or a different mechanism during climatic transitions. For example, IRD events could be influenced by factors such as ice shelf stability, sea-level changes, regional sedimentary dynamics, sea surface temperature, and shelf topography (Teitler, 2010; Patterson et al., 2014; Li et al., 2021). Considering the similarity of change patterns of the Antarctic temperature between different intervals, it is inferred that the ice shelf stability could be a major reason in the diverse IRD records, which are worthy of further investigation in the future.
CONCLUSION
By studying the sediment core ANT32-RA05C, which was collected from the continental slope of the Ross Sea, the geochronology and paleoenvironmental processes in the study area are documented since the Late Pleistocene. Paleomagnetic and 230Th dating are integrated to establish the age model, and IRD, element Si, and biogenic silica proxies are employed for research on paleoenvironmental changes. Based on these pieces of evidence, our conclusions are as follows.
1) Depending upon 230Th isotopes, the average sedimentation rate is 1.37 cm/kyr, agreeing well with the results (1.34 cm/kyr and 1.42 cm/kyr) of the correlation between the relative paleomagnetic intensity recorded in the core ANT32-RA05C and changes in the Earth’s magnetic intensity.
2) IRDs are the major component in the sediments of the studied core in the past 200 kyr, and siliceous deposits are also evident, indicating the influence of marine productivity.
3) Ice-sheet melting and marine productivity in the Ross Sea generally covaried in the Late Pleistocene, while a leading phase of biogenic silica to IRD changes is observed in the last deglaciation.
Combining these findings, a close correlation of regional paleoenvironmental processes to changes in the Antarctic temperature is revealed, inferring that both the IRD input and primary productivity were likely enhanced in a warm climate. Therefore, it is proposed that the sedimentary records in the Ross Sea document a major role of oceanic circulation in the ice-sheet evolution in the last deglaciation, which is worthy of further investigation.
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