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Abstract Sediment color reﬂectance contains important information on paleoenvironmental changes.
Such data are routinely measured on sediment cores from the Southern Ocean. Their usefulness, however,
is undervalued. Here for the ﬁrst time, color reﬂectance of an ~520‐kyr sediment core retrieved off Prydz Bay
(East Antarctica) was intensively investigated to correlate sediment color changes to changes in sediment
compositions. Total carbon, total organic carbon, X‐ray ﬂuorescence‐derived Fe/Ti and Br/Ti ratios, water
content and mineral composition of sediment from this core, and color reﬂectance of another two sediment
cores retrieved nearby were analyzed in this study. The raw reﬂectance data were transformed into their
ﬁrst‐order derivatives and subjected to factor analysis algorithms. A four‐factor model was selected to unmix
the data set, explaining >80% of the total data variance. Its robustness is supported by similar factor analysis
results from the other two cores. The four factors represent (from Factors 1–4) pulses of sedimentary Mn
enrichment and Fe3+/Fe2+ changes in clay minerals, relative content changes of colorless components,
hematite and goethite, and water, respectively. Scores of Factor 1 show high spikes at glacial terminations,
recording enhanced deglacial ventilation in the abyssal Southern Ocean. Scores of Factor 2 mainly reﬂect
biogenic components and chlorite but are further complicated by refractory terrigenous organic carbon and
Mn‐oxides/‐hydroxides. Higher Scores of Factor 3 occur mainly at peak interglacial intervals, associated
with enhanced transport of sediment of Antarctic origin by oceanic currents. Water content (Factor 4) in the
core sediment was signiﬁcantly inﬂuenced by opal content and sediment grain size compositions.

1. Introduction
Color is the most conspicuous characteristic of sediment and has diagnostic values of sediment composition,
texture, and structure (Balsam & Deaton, 1996; Debret et al., 2011; Weber et al., 2010). Using diffuse reﬂectance spectrophotometry (DRS) method on visible light band (i.e., 400–700 nm), color data can be cheaply,
rapidly, quantitatively, and nondestructively obtained from sediment (Mix et al., 1992). The DRS technique
produces a set of reﬂectance data on the visible light band and automatically transfers them into coordinates
of color in CIE La*b* chromaticity space (Nagao & Nakashima, 1992). The CIE La*b* chromaticity space is a
three‐dimensional color space that approximates a cylinder (Billmeyer & Saltzman, 1981). Its vertical axis L
refers to lightness, while a* (i.e., from green to red) and b* (i.e., from blue to yellow) are the Cartesian coordinates that deﬁne a quasi‐circular hue‐chroma space (i.e., a normal section of the cylinder) at any given L
(Debret et al., 2011).
The L, a*, and b* values obtained from sediment color reﬂectance are useful as alternative indicators of various physical and geochemical parameters in paleoenvironmental studies, especially in the case of high‐
resolution analyses (Giosan et al., 2002; Heslop et al., 2007; Ji et al., 2005; Rein & Sirocko, 2002).
Speciﬁcally, L value often highly correlates with biogenic carbonate content of sediments in low‐latitude
oceans (e.g., Balsam et al., 1999). Sometimes, b* value can be used to reﬂect the distribution pattern of diatom export production in high‐latitude oceans (e.g., Debret et al., 2006; Weber et al., 2012), while a* value
has been considered as a proxy for relative changes in concentrations of iron oxide/oxy‐hydroxide minerals,
and by inference, weathering intensity of loess deposits (e.g., Ji et al., 2005; Yang & Ding, 2003). In particular,
some sedimentary components at very low concentrations that cannot be readily determined can be estimated via color reﬂectance data. For instance, hematite and goethite have been identiﬁed using the DRS
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technique, even at concentrations as low as 0.01% by weight (Balsam et al., 2014; Cong et al., 2018; Deaton &
Balsam, 1991; Ji et al., 2002; Lu et al., 2017).
Downcore analysis of the raw reﬂectance spectral data with appropriate mathematical methods can provide
even more valuable information with respect to paleoenvironmental reconstructions (e.g., Balsam &
Wolhart, 1993; Giosan et al., 2002; Heslop et al., 2007; Lu et al., 2017; Pan et al., 2014). The algorithms
designed to deconvolve raw reﬂectance spectrum data include factor analysis (Balsam et al., 1995; Balsam
& Wolhart, 1993), multiple regression (Balsam & Deaton, 1996; Pan & Chen, 2013), cluster analysis
(Balsam et al., 2007), and nonnegative matrix factorization (Heslop et al., 2007). During recent decades, these
methods have been widely applied in different environmental settings, such as the North Atlantic (Giosan
et al., 2002), the tropical Atlantic (Balsam et al., 1995), the Mediterranean Sea (Heslop et al., 2007), the
Argentine Basin (Balsam & Wolhart, 1993), the Amazon Fan (Balsam et al., 1997), the Blake Ridge
(Balsam & Damuth, 2000), the Gulf of Mexico (Balsam & Beeson, 2003), the East Paciﬁc Rise (Balsam &
Deaton, 1996), the South China Sea (Pan et al., 2014; Pan & Chen, 2013), and the Lake El'gygytgyn, East
Russia (Wei et al., 2014). In these studies, information on sedimentary composition, including carbonate,
hematite/goethite, speciﬁc species of clay minerals (e.g., kaolinite and chlorite), organic matter, and even
speciﬁc species of foraminifera were obtained by unmixing color reﬂectance data to infer
paleoevironmental/paleoclimatic evolution (Balsam et al., 1997; Balsam & Damuth, 2000; Balsam &
Deaton, 1996; Balsam & Wolhart, 1993; Giosan et al., 2002; Heslop et al., 2007; Pan et al., 2014; Wei et al.,
2014). In the Southern Ocean, however, except for a few studies mentioned color reﬂectance as auxiliary
data (e.g., Grützner et al., 2003; Weber et al., 2012), almost no work focusing on sediment color exists so
far. The Southern Ocean is a key area in global marine carbon cycling (Anderson et al., 2009; Jaccard
et al., 2013, 2016) but has relatively few paleoenvironmental records. Studies of sediment color reﬂectance
will enrich paleoenvironmental proxies that can be used in this key region.
In this study, we present color reﬂectance data from a well‐dated sediment core ANT30/P1‐02 retrieved
from Prydz Bay, East Antarctica. Based on a novel factor analysis, we investigate the associations between
sediment color and sediment compositions in the study area and to further link changes in sediment color
to changes in local and regional paleoenvironment. To achieve this goal, we also present a suite of data
from this core, including X‐ray diffraction (XRD)‐derived bulk sediment mineral composition, total
carbon (TC, to estimate calcium carbonate content), total organic carbon (TOC), X‐ray ﬂuorescence
(XRF)‐scanning‐derived Fe/Ti and Br/Ti (a proxy for organic carbon in marine sediment; Mayer et al.,
2007; Ziegler et al., 2013) count ratios, and water content. Previous studies have suggested that these
materials/components play important roles in affecting sediment colors (Balsam et al., 1998, 1999,
2014; Balsam & Deaton, 1991; Cong et al., 2018; Giosan et al., 2002; Lu et al., 2017; Lyle, 1983;
Reynolds et al., 2014). For example, chlorite (Heslop et al., 2007), carbonate/opal (Balsam et al., 1999),
organic matter (Balsam & Deaton, 1991), and water content (Balsam et al., 1998; Balsam & Deaton,
1991) affect lightness of sediment signiﬁcantly, while Fe oxides/oxy‐hydroxides determine the hue of
sediment in most cases (Deaton & Balsam, 1991; Giosan et al., 2002; Ji et al., 2002; Lyle, 1983). Previous
sedimentological and geochemical analyses on this core have generated a robust age model (Wu et al.,
2017) and provided robust proxies for global climate change (Wu et al., 2017, 2018). In addition to the data
set from core ANT30/P1‐02, color reﬂectance data of two other sediment cores ANT30/P1‐03 and
ANT29/P4‐01 were also included to support this study.
In summary, this work is designed as a case study to investigate the correlation between color and sediment
composition and to understand the impact of paleoevironmental changes on the color of marine sediment
from the Southern Ocean. To our knowledge, this is the ﬁrst study focusing on color reﬂectance data from
Late Quaternary sediment collected from high latitudes of the Southern Ocean.

2. Regional Environmental Setting
Prydz Bay is the third largest embayment around Antarctica with an area of ~80,000 km2 (Figure 1). It is situated between 65°E and 80°E facing the southern Indian Ocean. The bay is at the seaward terminus of a major
Mesozoic (or even older) graben structure—the Lambert Graben—which is currently occupied by the
Lambert Glacier and the Amery Ice Shelf system (Passchier et al., 2003).
WU ET AL.
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Figure 1. Map of the study area, showing the location of studied sediment cores ANT30/P1‐02 (P1‐2, as a red ﬁlled pentagram), ANT30/P1‐03, and ANT29/P 4‐01 (P1‐2 and P4‐1, as red ﬁlled circles). The tracks of IRD (i.e., ice‐rafted debris) and
oceanic currents are after Cooper and O'Brien (2004), Forsberg et al. (2008), and Meijers et al. (2010): CoC (Antarctic
Coastal Current), PG: Prydz Gyre. ASC: Antarctic Slope Current. ADZ: Antarctic Divergence Zone. ACC: Antarctic
Circumpolar Current. The zoom‐out view on the upper right shows the Prydz Bay area (black box) in the Southern Ocean.
Arrows with red, purple, and blue colors indicate major ﬂow paths of AABW of Ross Sea and Adele Land, Prydz Bay, and
Weddell Sea origins, respectively, according to Williams et al. (2008) and Meijers et al. (2010). The red‐ﬁlled pentagram
EDC shows the site of EPICA Dome C ice core (EPICA‐Community‐Members, 2004). The blue‐shaded area denotes the
modern Antarctic Polar Front zone (APF) modiﬁed after Röthlisberger et al. (2010).

Around Prydz Bay, the oceanic current system is composed of ﬁve branches (Bindoff et al., 2000; Cooper &
O'Brien, 2004; Nunes Vaz & Lennon, 1996). The Antarctic Coastal Current (CoC) ﬂows westward, bringing
in cold waters from the east. The Antarctic Slope Current (ASC) driven by the Southern Easterly Wind
(SEW) also ﬂows from east to west but over the continental slope (Mathiot et al., 2011). Between the CoC
and the ASC, the clockwise rotating Prydz Gyre (PG) mainly ﬂows over the continental shelf. North of the
ASC, the cyclonic Antarctic Divergence Zone (ADZ) represents a series of mesoscale eddies forming under
the shear stress of the Southern Westerly Wind (SWW) and the SEW. It can intrude onto the shelf and brings
up the relatively warm and salty Antarctic Deep Water (Yabuki et al., 2006). Farther offshore, the northern
Antarctic Circumpolar Current (ACC) ﬂows eastward and connects Southern Ocean with other oceans.

3. Materials and Methods
3.1. Sediment Cores and Age Model
Sediment cores ANT29/P4‐01 (P4‐1), ANT30/P1‐02 (P1‐2), and ANT30/P1‐03 (P1‐3) were retrieved off Prydz
Bay during the 29th and 30th Chinese Antarctica Expedition on board R/V Xuelong in 2013 and 2014, respectively (Table 1). The color of the cores varies between grey and brown, showing distinct changes with depth.
Sediments mainly consist of massive clayey silt or silty clay with minor sand (63–2,000 μm) and a few randomly distributed dropstones (>2 mm). No sign of signiﬁcant bioturbation was observed throughout
these cores.
Age models with orbital timescale resolution of these cores were established by Wu et al. (2017) through tuning their export production records to LR04‐delta18O stack, given that there are not enough foraminifera in
the sediment. The age models are supported by Relative Paleo‐Intensity data from the same sediment cores
(Wu et al., 2017). These cores span the last ~500 kyr, with average sedimentation rates ranging from 0.9 to
1.19 cm/kyr (Table 1). Core P1‐2 is our major focus of this study,
3.2. Methods
The analytical methods used in this study include color reﬂectance measurements and subsequent First‐
order Derivative Spectrum (FDS) and Factor Analyses, TC, TOC, and water content measurements, XRD
bulk sediment mineral compositions, and Fe/Ti count ratio measurement. All the analyses and
WU ET AL.
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Table 1
Information of Sediment Cores Used in This Study
a

Site

Longitude (°E)

Latitude (°S)

Water depth (m)

Core length (cm)

Age span (kyr)

Average LSR (cm/kyr)

P1‐3
P1‐2
P4‐1

73.02
72.94
70.69

65.99
65.01
64.92

2,542
2,860
3,162

599
624
421

510
523
495

1.17
1.19
0.85

a

LSR: linear sedimentation rate.

measurements were conducted on core P1‐2, while only color reﬂectance was measured on cores P1‐3 and
P4‐1. All these analyses and measurements were carried out at the State Key Laboratory of Marine
Geology, Tongji University.
3.2.1. Color Reﬂectance Analyses
Color reﬂectance was measured using a Minolta spectrophotometer CM‐2002 at 1‐cm increment as follows:
The cores were tightly sealed and stored under −2 °C conditions (for less than a month) immediately after
collection to prevent oxidation until color reﬂectance measurements were made. Cores were then split into
two equal halves. The working half was covered by a transparent ﬁlm, which was adjusted to tightly ﬁt the
smooth split core surface. Color reﬂectance was measured on the ﬁlm‐covered surface after each core
reached room temperature.
Minolta spectrophotometer CM‐2002 provides quantitative measurements of the visible light spectrum from
400 to 700 nm and automatically transfers it into the CIE La*b* color space (Nagao & Nakashima, 1992). All
spectra were measured relative to a black background and a standard white plate made with barium sulfate
under a standard illumination condition.
The Hue is deﬁned by the angle between the coordinates b* and a* as follows (Giosan et al., 2002; Wei et al.,
2014):
 
b
Hue ¼ atan 
(1)
a
where atan() refers to the arctan function. The unit of the resulted hue is given as radian (Loesdau et al.,
2014).
The raw reﬂectance spectra of the core sediments are smooth and featureless. To increase their variance, the
FDS (i.e., First‐order Derivative Spectrum) was computed, because several characteristic peaks are known to
be related to speciﬁc mineralogical components in the FDS (e.g., Balsam & Deaton, 1991; Balsam & Wolhart,
1993; Giosan et al., 2002). The FDS was calculated as follows:
FDS ¼ Rn −Rðn−1Þ
10

(2)

where Rn and R(n‐1) are the nth and (n − 1)th raw reﬂectance data, respectively. The denominator 10 refers to
the reﬂectance data measurements at a wavelength step of 10 nm (Balsam & Beeson, 2003). To better understand the paleoceanographic implications of the FDS data set, factor analysis algorithms were applied to the
FDS using SPSS software (v. 12). Factor analysis takes m variables and reduces them to n factors. Ideally, n
will be substantially less than m. Factor analysis can thus be thought of as summarizing the information in
the original variables by combining them into a few weighted averages, which are referred to as factors
(Balsam & Wolhart, 1993).
3.2.2. Geochemical Analyses
TC (i.e., total carbon) and TOC (i.e., total organic carbon) measurements were performed on 0.10‐ and 0.15‐g
dry bulk sediments sampled at 2‐cm intervals. Prior to analysis, the sediments were treated with 40‐ml 1.0 N
HCl to remove carbonates for TOC and 40‐ml distilled water for TC, and then both rinsed with distilled
water, dried, and ground. The absolute TOC contents were recalculated to restore the carbonate content
using the following equation (Yang et al., 2011):
TOC% ¼ ð12−TC%Þ=ð12−TOCm %Þ×TOCm %

(3)

where TOCm represents the measured results. Replicate analyses (n = 30) of standards of crystine and
WU ET AL.
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sulphanilamide and unknown sediment samples yielded a mean precision of about 0.2% for both TC and
TOC tests.
The distribution of Fe, Br, and Ti was determined by an AVAATECH XRF Core Scanner on the split core
surface (Wu et al., 2013). Each core segment was covered with a spex certiprep 3525 Ultralens foil (4 μm
thick) to protect the probe of the scanner from contamination and was scanned at 1 mA and tube voltages
of 10 and 30 kV with counting time of 30 s. The analysis was performed with a sample spot of 1 cm × 1 cm
in size and in 1‐cm increment. The results are presented as ratios of Fe/Ti, Br/Ti.
3.2.3. Water Content Measurement
Water content was measured immediately after color reﬂectance measurement at 2‐cm intervals as follows:
25–35‐g sample taken from the freshly split core was weighed and then dried at 65 °C for 5−7 days. The dried
sample was weighed again. Water content was then calculated as follows:
Water content ðwt:%Þ ¼ ðMw −Md −Ms Þ=Mw ×100%

(4)

where Mw and Md refer to the weights of wet and dried samples, respectively, and Ms is the weight of salt
dissolved in the pore water. Ms is assumed to be proportional to the weight of pore water (35:1,000–35)
and can be estimated by
Ms ¼ ðMw −Md Þ×35=ð1; 000–35Þ

(5)

3.2.4. Mineral Analyses
Four Mn‐rich samples from intervals of 198–200, 308–310, 392–394, and 496–498 cm representing deglacial
deposits were selected to analyze their mineral compositions. Analyses were performed on packed powder
mounts of ground, dry bulk sediments using a PANalytical X'Pert PRO diffractometer with CuKa radiation
and Ni ﬁlter, under a voltage of 45 kV and an intensity of 40 mA. The mounts were scanned continuously
from 5° to 70° 2θ with a step size of 0.04 2θ and a count time of 2 s. Identiﬁcation of mineral species was
based on multiple peaks on the derived XRD spectral diagrams.

4. Results
4.1. Mn‐Rich Sediment Mineral Composition
Quartz, feldspar, albite, and muscovite are common minerals in the bulk Mn‐rich sediments (Figure S1 in
the supporting information). Peaks of Mn‐bearing mineral phases on the XRD spectral diagrams are also signiﬁcant, indicating the presence of (amorphormous) Mn‐oxides/‐hydroxides. No (Mn‐bearing) carbonates
were detected.

4.2. Downcore Distribution Data
All downcore data from core P1‐2 are plotted in Figures 2, 3 against age. According to the core age model,
sedimentation rates are variable (Figure 2h), resulting in an uneven distribution of measurements over
the past ~520 kyr.
4.2.1. Geochemical Composition
TC content (Figure 2a) is <0.4 wt.% before MIS 6 and varies between 0.4 and 1.8 wt.% thereafter, showing
three wide and prominent peaks at MIS 6, late MIS 5, and MIS 3, respectively. TOC content (Figure 2b)
varies between 0.2 and 0.6 wt.%. It remains generally low (<0.3 wt.%) before MIS 5 and increases gradually thereafter, lacking a glacial‐interglacial variability. A few TOC data points are below the
detection limit.
Br/Ti count ratio (Figure 2c) varies between 0.02 and 0.08, with relatively higher values at early MIS 9, MIS 7,
and MIS 5. Generally, it lacks variability and shows a slightly increasing trend with decreasing age.
Fe/Ti count ratio (Figure 2d) varies signiﬁcantly between 9 and 12.5. Higher values occur mainly during
glacial periods, particularly during MIS 12, MIS 10, and MIS 2. During interglacial periods, although some
small peaks are present, such as during MIS 7 and MIS 5, the ratio generally oscillates near the
background level.
WU ET AL.
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Figure 2. Core P1‐2 records over the past 523 ka. (a) Total carbon (TC) content, (b) total organic carbon (TOC) content,
(c) X‐ray ﬂuorescence (XRF)‐scanning‐derived Br/Ti count ratio, (d) XRF‐scanning‐derived Fe/Ti count ratio,
(e) Water content, (f) Lightness (L*), (g‐a) a*, (g‐b) b*, (g‐c) Hue, and (h) linear sedimentation rate (LSR). The MIS
(i.e., marine isotope stage) are indicated according to Lisiecki and Raymo (2005).

Water content varies cyclically between ~40 and 60 wt.% (Figure 2e). It changes independently against the
glacial‐interglacial climate cycles shown in the LR04‐δ18O stack (Lisiecki & Raymo, 2005) and presents a
slightly decreasing trend with increasing age, possibly due to compaction.
4.2.2. Color Data
The Lightness (L*) in core P1‐2 varies between 45 and 60 (Figure 2f). Generally, the L* values are higher
before MIS 4 and gradually decrease to the present. Five additional low spikes occur on the L* record near
MIS 2/1, MIS 6/5, MIS 8/7, MIS 10/9, and MIS 12/11 boundaries.
The a* (Figure 2g‐a) generally ranges from 0 to 2, showing higher values mainly at peak interglacial periods,
except for during MIS 12, where it also presents higher values. The b* (Figure 2g‐b) varies between 6 and 12,
showing more variability than the a* record. The hue (Figure 2g‐c) generally falls between 0.1 and 0.2,
within the red sector of the hue‐chroma space (Loesdau et al., 2014). This distribution closely follows the
a* record.
The raw reﬂectance spectra and the FDSs are shown in Figure 3. Generally, the raw reﬂectance is relatively
low at the short‐wavelength end and high at the long‐wavelength end (Figure 3b). The FDSs, in contrast, are
higher at the short‐wavelength band and lower at the long‐wavelength band (Figure 3c). Extremely low raw
reﬂectance values occur every ~100 kyr near each glacial‐to‐interglacial transition zone (Figure 3b), roughly
corresponding to the presence of dark brown layers within the core (Figure 3a), and narrow bands of elevated ﬁrst‐order derivatives (Figure 3c).
WU ET AL.
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Figure 3. Color reﬂectance spectra of core P1‐2. (a) Photo of the split‐core surface, overlapped with the record of LR04
18
δ O stack (Lisiecki & Raymo, 2005; yellow curve). (b) Spectra of the raw color reﬂectance. (c) First‐order Derivative
Spectra (FDS) of the sediment color reﬂectance. Red arrows indicate the dark layers clearly observed in core P1‐2. Note
that the depth scale of core photo is converted to age scale by interpolation. The MIS (i.e., marine isotope stage) are
indicated according to Lisiecki and Raymo (2005).

4.3. Factor Analyses on the FDSs.
The min, max, and mean spectra of the color reﬂectance of the P1‐2 sediments are relatively smooth
(Figure 4a). Although different in absolute reﬂectance levels, they share a similar distribution pattern
against the wavelength, with a gradually increasing trend from 400 to 575 nm and a relatively stable interval
between 575 to 700 nm. The FDSs show greater variance than the raw reﬂectance spectra, with two plateaus
and generally higher values between 400 and 550 nm, a sharp drop between 550 and 600 nm, and low values
thereafter (Figure 4b).
To determine the major factors controlling the sediment color reﬂectance, we conducted Factor Analyses
on the FDS data set. Plot of the communality against the wavelength (Figure 4c) indicates that the 405,
495, and 685–695‐nm bands cannot be sufﬁciently explained with a two‐ or three‐factor model (with communalities <0.6). In a four‐factor model instead, these bands are well reproduced (communalities >0.6),
while the communalities do not signiﬁcantly increase further in a ﬁve‐factor or more factor model. The
four factors in the four‐factor model all have eigenvalues >1, indicating that each component explains
more data variance than any single raw variable within the FDS data set. A cumulative variance of
>80% is explained by the four factors (Table S1 and Figure 4d). The goodness‐of‐ﬁt statistics thus demonstrate that the four‐factor model provides the best compromise between the number of factors and
the communalities.
After a VARIMAX rotation, the four factors explain 28.5, 25.1, 22.2, and 4.65% of the data variance, respectively (Table S1 and Figure 4d). Loadings for Factor 1 show values gradually increasing from 405 to 585 nm
and remaining relatively high thereafter (Figure 4e). Factor 2, in contrast, shows higher values at shorter‐
wavelength bands and lower values at longer‐wavelength bands. Factor 3 shows a major plateau centered
WU ET AL.
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Figure 4. Factor analyses on the color reﬂectance data set (n = 624) of core P1‐2. (a) Summary of the raw spectra of the
color reﬂectance data, including the maximum, mean, and minimum distributions at each wavelength of visible light.
(b) Summary of First‐order Derivative Spectrum (FDS) of the color reﬂectance, including the maximum, mean, and
minimum distributions at each wavelength of visible light. (c) Communalities of models with 2–10 factors at each
wavelength of visible light. The goodness‐of‐ﬁt statistics suggest that the four‐factor model is an adequately reliable choice
to accommodate the FDS and thus highlighted (red curve). (d) Cumulative variance explained with increasing factors
(2–10). Black curve and circles indicate the original (i.e., unrotated) solutions. Red curve and circles represent the
four‐factor solution after the VARIMAX rotation. (e) Distribution of factor loadings for the selected model (i.e., four‐factor
model). (f) Distribution of cumulative factor loadings of the four‐factor model. Note that an arbitral reﬂectance scale is
used to simulate the distribution patterns of raw reﬂectance spectra for the four factors.

at 555 nm and a subsidiary peak at ~445 nm. Factor 4 shows a trough at 445 nm, with the absolute values of
the remaining loadings generally <0.4. The reconstructed unscaled reﬂectance spectra of the four factors are
shown in Figure 4f. Factors 1–3 generally show increasing reﬂectance values as wavelength increases
although the slopes are variable. Factor 4, in contrast, shows constantly low reﬂectance values across the
entire range of visible wavelength.
WU ET AL.
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Figure 5. Distributions of the factor loadings of core P1‐2 from the selected four‐factor model; the data are plotted versus
wavelength band of visible light. The factor loadings of known materials are also shown for purpose of verifying our
3+
2+
interpretations on the four factors: Fe /Fe in clays (Giosan et al., 2002) organic matter (Heslop et al., 2007) in (a);
carbonate (Giosan et al., 2002), illite and chlorite (Heslop et al., 2007), opal (Clark et al., 2007), organic carbon (Heslop
et al., 2007) in (b); and hematite and goethite (0.5 wt. % in a matrix of synthetic Gulf of Mexico sediment; Deaton & Balsam,
1991) in (c). A combination of goethite and hematite FDS curves using a goethite to hematite ratio of 1.5:1 was also shown.
Background shades depict the wavelength range of each visible light band.

5. Discussion
This section focuses mainly on interpreting the four extracted color factors from core P1‐2 and their associations with paleoceanographic changes in the Southern Ocean. This was approached based mainly on comparing the factor loadings and/or scores with the FDS and/or the temporal changes of already known
synthetic or natural materials and sedimentary records. In some cases, however, sediment components do
not always inﬂuence the color reﬂectance in a precisely linear way (e.g., Barranco et al., 1989). This is mainly
because (1) characteristic peaks on ﬁrst‐order derivative curves of some mineral species (e.g., hematite and
goethite) may be offset by varying matrix mineralogy and their concentrations (Balsam & Wolhart, 1993;
Deaton & Balsam, 1991) and (2) different mineral species may have similar color reﬂectance patterns that
cannot be distinguished mathematically on their FDS curves (e.g., calcite and opal; Balsam et al., 1999;
Giosan et al., 2002). Despite these disadvantages, comparing factor loadings/scores to ﬁrst‐order derivative
values and temporal changes of mineral/sediment components is the primary and widely used method for
interpreting color factors (e.g., Balsam et al., 2014; Balsam & Wolhart, 1993; Cong et al., 2018; Giosan
et al., 2002; Lu et al., 2017; Pan et al., 2014).
5.1. Factor 1 Versus Mn Enrichment and Fe3+/Fe2+ Ratio in Clay Minerals
Factor 1 explains 28.5% of the color reﬂectance data variance (Table S1). We observe higher loadings in the
orange to red waveband (600–700 nm) and lower loadings in the purple to blue band (400–500 nm; Figure 5a).
Previous studies interpreted FDS components with this distribution pattern to reﬂect the relative concentrations of organic matter (Balsam & Deaton, 1991), carbonate content (e.g., Balsam et al., 1999), terrigenous
content (Harris & Mix, 1999), and Fe3+/Fe2+ ratio of the structural iron in clay minerals (Giosan et al., 2002).
In this study, the temporal distribution of the Scores of Factor 1 (SF1) is higher during deglacial periods
(Figure 6a). We observe a close coupling between the SF1 and the Mn enrichment records (Figure 6b; Wu
et al., 2018). Mn enrichment usually gives the sediment a dark brown color (e.g., Jakobsson et al., 2000).
This implies that at least part of the variability of Factor 1 is related to Mn enrichment in the sediment.
WU ET AL.

2816

Geochemistry, Geophysics, Geosystems

10.1029/2019GC008212

Figure 6. Records used to verify the interpretation on Factor 1. (a) Score of Factor 1 (SF1); (b) Mn enrichment factors (Wu
et al., 2018); (c) carbonates content, calculated using (TC‐TOC) × 8.33 (wt.%); and (d) TOC content. The dashed line
indicates the lower limit of TOC measurement for this study. (e) Terrigenous fraction (wt.%), calculated as 100–Opal
18
(wt.%)–Calcium carbonate (wt.%). Opal data are cited from Wu et al. (2017). (f) LR04 δ O stack (Lisiecki & Raymo, 2005).
The MIS (i.e., marine isotope stage) are indicated according to Lisiecki and Raymo (2005).

Common Mn‐bearing minerals in marine sediments include Mn‐oxides/‐hydroxides and (Mnn, Ca1‐n)CO3 (0
< n < 1; Reitz et al., 2006). XRD results from deglacial Mn‐rich sediments indicate that Mn‐bearing mineral
phases are (amorphous) Mn‐oxides/‐hydroxids. In deep‐sea environments, formation of Mn‐oxides/‐
hydroxides must be associated with increased dissolved oxygen. Increased supply of dissolved oxygen results
in Mn2+ previously dissolved in abyssal waters or sediment pore waters to precipitate at the sediment‐water
interface (or in sediment at shallow depth below seaﬂoor due to penetration of dissolved oxygen into the
sediment; Reitz et al., 2006; Jaccard et al., 2016; Wu et al., 2018). Thus, XRD data support the Mn enrichment
record mainly reﬂecting enhanced abyssal ventilation of the Southern Ocean during recent deglacial periods
(Wu et al., 2018), and in turn these deglacial ventilation events have been recorded in the sediment
color data.
On the other hand, the distribution pattern of SF1 is basically different from those of the carbonate content (Figure 6c), TOC (Figure 6d), and the terrigenous fraction of the sediment in core P1‐2 (Figure 6e),
indicating that neither of the above signiﬁcantly contributes to Factor 1 although their FDSs are similar.
Nonetheless, we cannot exclude changes of Fe3+/Fe2+ ratio in clays as another chromophore of Factor 1.
In fact, elevated oxygen supply to the abyssal waters might also have oxidized part of Fe2+‐bearing clay
minerals, leading to an increase in the Fe3+/Fe2+ ratio in those clays (Giosan et al., 2002). Thus,
Factor 1 is interpreted to reﬂect the integrated signal of relative abundance of Mn enrichment and possibly Fe3+/Fe2+ ratio in clays, recording enhanced abyssal ventilation in the Southern Ocean during recent
deglacial periods.
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Figure 7. Records used to verify the interpretation on Factor 2. (a) Score of Factor 2 (SF2); (b) L*; (c) biogenic components,
calculated using carbonates + opal (wt.%); (d) Chlorite; (e‐a) Br/Ti count ratio; (e‐b) TOC (wt. %); and (f) Mn enrichment
factor. Records in (b–e) are compared with SF2 shown as soft pink curves. The MIS (i.e., marine isotope stage) are indicated according to Lisiecki and Raymo (2005).

5.2. Factor 2 and Colorless Components
Factor 2 (Figure 5b) explains 25.1% of the total data variance (Table S1). It has higher loadings in the purple
to blue band (400–480 nm) and lower loadings in the orange to red band (650–700 nm), showing a distribution pattern inverse to that of Factor 1. Previous studies interpreted this loading distribution pattern as
reﬂecting the presence of carbonates (Giosan et al., 2002), opal (Balsam et al., 1999), illite, chlorite
(Heslop et al., 2007), and/or organic matter (Wei et al., 2014) in sediment. Generally, these components
are all visually colorless (or lightly colored) and strongly inﬂuence sediment lightness (Balsam et al.,
1999). Indeed, the score of Factor 2 (SF2; Figure 7a) presents a temporal distribution pattern similar to that
of the L* record (Figure 7b). To identify the chromophores controlling Factor 2, we thus compared SF2 to
components that might signiﬁcantly inﬂuence the lightness of the sediment.
In low‐latitude oceans, biogenic carbonate is often the dominant factor affecting lightness of marine sediment. In polar regions where preservation of biogenic carbonate is poor, biogenic silica (opal) usually dominates biogenic component in sediment. In P1‐2 core sediment, both the carbonate and opal records are
positively correlated with SF2 (Table S2), implying that part of the variability of Factor 2 can be explained
by content changes in the biogenic components (biogenic carbonate + opal, Figure 7c). A good positive correlation between SF2 and the chlorite percentage record (<2‐μm fraction; Figure 7d; Wu, 2017) was observed
as well (Table S2), indicating that chlorite may be another important factor explaining Factor 2. However,
the correlation between SF2 and illite, which also has a FDS of Factor 2 style (Heslop et al., 2007), is insigniﬁcant (Table S2).
Chlorite and illite are respectively the most subordinate (with a mean of ~8%) and the most abundant (~57%)
clay mineral species in the core sediment (Wu, 2017). Their disproportional contributions to Factor 2
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indicate that sediment color is not necessarily determined by components with high abundance. This is also
well reﬂected in the correlation between the TOC (Figure 7b) and SF2.
We suggest that organic carbon is likely responsible for part of SF2 variability as well, as a so‐called volume
effect exists for organic carbon in marine sediments (Balsam et al., 1999). This occurs because density of
organic matter is so low that even a small weight percent fraction of organic matter can occupy a relatively
large area on the sediment surface, thereby reducing reﬂectance of sediment (Balsam & Wolhart, 1993; Wei
et al., 2014).
This volume effect may also exist in our records. We notice that although TOC content (Figure 7e‐b) is generally low, the gradual increase in TOC after late MIS 5 is well coupled with the decrease in SF2. This provides complementary explanation for the decrease in values of SF2 during this time period when the
coupling between biogenic components/chlorite and SF2 is reduced.
It is also noteworthy that Br/Ti record (Figure 7e‐a) does not covary with TOC record in this study. In fact,
TOC record reﬂects organic carbon content of both marine and terrigenous origins, while Br/Ti only reﬂects
that of marine origin (Mayer et al., 2007; Ziegler et al., 2013). In particular, during late MIS 5 to MIS 1, TOC is
signiﬁcantly higher than Br/Ti, which generally ﬂuctuates in its background level, implying that terrigenous
organic carbon dominates the sedimentary TOC during this interval.
Low TOC in our core sediment throughout glacial‐interglacial changes is consistent with low TOC records
from Ocean Drilling Program (ODP) sites 1167 and 1165 drilled in Prydz Bay area (Shipboard‐Scientiﬁc‐
Party, 2000) and may be because (1) bottom water in the study area is oxygen rich, especially during interglacial periods, leading to high rate of remineralization of organic carbon (Pilskaln et al., 2004) and (2)
low sedimentation (~1 cm/kyr) prolongs exposure of organic carbon at sediment‐water interface. In any
case, the environmental setting allows only the refractory fraction of organic carbon being preserved. The
coupling between TOC and SF2 after MIS 5 thus indicates that SF2 is signiﬁcantly inﬂuenced by refractory
organic carbon of terrigenous origin.
Besides the above, we also suggest that Mn‐oxides/‐hydroxides (Figure 7f) may inﬂuence Factor 2 as well due
to its dark brown color (Deaton & Balsam, 1991), because we observed that low SF2 values correspond well
with high Mn enrichment factors near MIS 12/11, MIS 10/9, and MIS 8/7 boundaries when the values of Mn
enrichment peaks exceed ~3.
Therefore, Factor 2 is a complex factor that mainly reﬂects relative changes in total biogenic components
and chlorite percentage but might be also inﬂuenced by other colorless components in the sediment, such
as refractory terrigenous organic carbon and Mn‐oxides/‐hydroxides.
5.3. Factor 3 and Hematite and Goethite
Factor 3 explains 22.2% of the data variance (Table S1). Its loading curve is bimodal, with a high plateau
between 505 and 605 nm and a second peak between 405 and 495 nm (Figure 5c). This distribution pattern
is similar to goethite and hematite curves, which are common minerals in variable environmental settings
(e.g., Balsam et al., 2014; Barranco et al., 1989; Deaton & Balsam, 1991; Pan et al., 2014; Wei et al., 2014).
The FDS curve of goethite is characterized by a major peak centered at 535 nm and a second peak at ~435
nm, while that of hematite is unimodal, with only one peak centered at 565–575 nm (Balsam et al., 2014;
Deaton & Balsam, 1991). The combination of goethite plus hematite FDS curves reproduces the characteristic peaks on the loading curve of Factor 3 very well (in this case, using a goethite to hematite ratio of
1.5:1). Factor 3 thus was interpreted as mainly representing the relative abundance of hematite and goethite
assemblage in the sediments. Higher (lower) SF3 values (Figure 8a) indicate higher (lower) relative concentrations of hematite plus goethite assemblage (respectively). The interpretation is supported by the correspondence between the SF3 and the Hue (Figure 8B) records, because hematite and goethite are rich in
Fe3+ and are the common minerals that contribute a reddish hue to sediments (e.g., Balsam & Wolhart,
1993; Cong et al., 2018; Giosan et al., 2002; Heslop et al., 2007; Lu et al., 2017; Pan et al., 2014; Reynolds
et al., 2014; Wei et al., 2014; Yang & Ding, 2003).
The SF3 displays some similarities with the Fe/Ti record (Figure 8d) as well. The Fe/Ti record is used here to
characterize the excess Fe that is not associated with aluminosilicates, for example, hematite, goethite, and
magnetite etc (Martínez‐Garcia et al., 2011). The similarities between the SF3 and the Fe/Ti might result
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Figure 8. Records used to support the interpretation on Factor 3. (a) Scores of Factor 3; (b) Hue; (c) Mn enrichments (Wu
et al., 2018); (d) XRF core‐scanner‐derived Fe/Ti ratio; and (e‐a) grain size inferred local currents (Wu et al., 2018). Higher
(lower) values indicate stronger (weaker) current (respectively). S1 and S2 refer to sensitive grain size classes 1 and 2,
respectively; (e‐b) > 63‐μm fraction of the nonbiogenic sediments (Wu et al., 2018). It was measured by Laser Particle Sizer
+
and used here to indicate IRD delivery to the core site. (f) EDC ssNa , representative of past winter sea ice extent around
2+
Antarctica. Higher (lower) values indicate more narrow (wider) sea ice extent (respectively). (g) EDC nssCa , representative of past dust ﬂux to the Antarctic region. (h) LSR, linear sedimentation rate of core P1‐2. Bio. LSR and Ter. LSR
refer to partial sedimentation rate of biogenic components and nonbiogenic components, respectively. Bio. LSR = LSR ×
(Opal wt.% + carbonates wt.%) and Ter. LSR = LSR × (1‐Bio. LSR). The MIS (i.e., marine isotope stage) are indicated
according to Lisiecki and Raymo (2005).

from the relative concentration changes in hematite plus goethite assemblage that are consistent with the
Fe‐related interpretation of Factor 3. However, the Fe/Ti record may have also been complicated by
changes in other Fe‐bearing minerals. For example, there are a series of glacial peaks on the Fe/Ti curve
that are not shown on the SF3 curve, such as those during MIS 12, MIS 10, and MIS 2. These peaks might
be more consistent with contemporarily elevated dust ﬂux to the Antarctic region (EPICA‐Community‐
Members, 2004; Figure 8g).
However, our study area is close to the Antarctic continent and terrigenous input is dominated by proximal
sources (e.g., Ehrmann et al., 1992; Passchier, 2011; Borchers et al., 2011). In addition, the Prydz Bay region
is located far from sources of dust from Patagonia, South America (Li et al., 2008). Therefore, dust deposits at
our core site should be minimal and diluted by terrigenous sediments from the Antarctic continent. This is
supported by differences in clay mineralogy between the Prydz Bay region and the Patagonia dust source
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area. Clay minerals from the Patagonia dust source area are dominated by smectite and chlorite (Diekmann
et al., 1996, 1999; Gaiero et al., 2004). In our study area, previous studies show that the clay mineral assemblage is dominated by illite, with only minor chlorite (~8%) and signiﬁcant kaolinite/smectite reworked from
old successions on Antarctica during cold periods when dust input was high (Ehrmann et al., 2003; Junttila
et al., 2005; Borchers et al., 2011, 2016; Wu, 2017). Thus, the additional Fe/Ti peaks during glacial periods are
more likely introduced from the Antarctica continent.
Hematite and goethite in abyssal ocean sediments are derived ultimately from adjacent continents (Balsam
et al., 1995; Barranco et al., 1989; Giosan et al., 2002), because these minerals primarily form under subaerial
conditions (Ao et al., 2011; Balsam & Wolhart, 1993). Hematite forms in a warm and dry environment, while
a cold and humid climate favors formation of goethite (Ao et al., 2011; Reynolds et al., 2014). The hematite to
goethite ratio is frequently used as an indicator of climate alternations (Ao et al., 2011; Balsam & Wolhart,
1993). The two minerals possess different FDS distributions (Barranco et al., 1989; Deaton & Balsam,
1991; Wei et al., 2014). In our records, however, these two minerals cannot be mathematically separated
using the factor analysis technique, suggesting that their concentrations were not controlled by production
under different climate regimes but likely by redistribution from old successions containing both minerals.
SF3 generally shows higher values during peak interglacial intervals after peaks in Mn enrichment
(Figure 8c) when strength of local currents (Figure 8e‐a) was strong (Wu et al., 2018), but ice‐rafted debris
(IRD) delivery (Figure 8e‐b; Wu et al., 2018), sea ice extent (Figure 8f), and dust input (Figure 8g; EPICA‐
Community‐Members, 2004) were generally low. This suggests that transportation by currents might be
responsible for the hematite and goethite assemblage in the core sediments, while IRD delivery, sea ice
entrainment, and dust input might have played an insigniﬁcant role. This is further supported by the close
coupling between the SF3 record (Figure 8a) and the tuned sedimentation rate record (Figure 8h).
The total sedimentation rate can be divided into the biogenic and the terrigenous parts. Calculations indicate
that elevated export production only accounts for a small fraction of elevated total sedimentation rate during
deglacial and early interglacial periods, and the major part of the total sedimentation rate must be contributed from the terrigenous input, which likely corresponds to higher sediment transport efﬁciency from the
adjacent continent (e.g., Borchers et al., 2011; Ehrmann et al., 1992; Passchier, 2011). The high peak in SF3
during MIS 12, however, might result from a provenance change for reasons that need to be studied further.

5.4. Factor 4 and Water Content
Factor 4 (Figure 5d) only accounts for a small fraction of the data variance (~4%, Table S1). It has a low and
ﬂat distribution pattern of factor loadings. This factor was seldom found in previous work. Here we correlate
it attentively to water content in the core sediments because (1) the integrated loadings of this factor show a
low (relative to other factors) and ﬂat pattern generally parallel with the wavelength axis (Figure 4f), suggesting that the reﬂectance is evenly distributed and generally low against the whole band of visible light, and
this feature is similar to impact of water on sediment reﬂectance; that is, adding water to sediments will signiﬁcantly reduce reﬂectance of the sediments on the whole visible light band (Balsam et al., 1998).
Particularly, the unscaled reﬂectance of Factor 4 is generally lower at the red (right) end than at the violet
(left) end (Figure 4f), consistent with observations that the greatest amount of darkening takes place at
the red end of reﬂectance spectrum when water is added to sediments (Balsam et al., 1998); (2) the temporal
change of the Scores of Factor 4 (SF4, Figure 9a) is very similar to that of measured water content in the sediments (Figure 9b and Table S3).
Water in sediments can occur as interstitial water, absorbed water, interlayer water, structure water, and
bound water (e.g., Bauer & Vennemann, 2014; Klute, 1986). In this study, under a heating temperature of
65 °C, only the mobile waters were removed. Therefore, the water content measurements (Figure 9b) and
Factor 4 only record the loss of these mobile waters.
In the Southern Ocean, previous studies showed that water content records of diatom‐rich sediments display
similar temporal changes with their opal content record (e.g., Hillenbrand et al., 2009; Huang, 2017; Weber
et al., 2012), because diatom remains dominate the water‐bearing components of those sediments
(SiO2•nH2O). In our record, a low but signiﬁcant positive correlation exists between the content records
of opal (Figure 9c) and water (Table S3), conﬁrming the inﬂuence of opal deposits on the sediment‐water
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Figure 9. Records used to support the interpretation of Factor 4. (a) Scores of Factor 4 (SF4), (b) water content, and (c)
opal content (Wu et al., 2017), (d–f) sand, silt, and clay volume fractions of the nonbiogenic sediments derived from
18
Laser Particle Sizer (Wu et al., 2018). The MIS (i.e., marine isotope stage) are indicated, shown with the LR04 δ O stack
(Lisiecki & Raymo, 2005).

content. However, opal content is generally low, varying between 3.21 and 21.3 wt.% with a mean of 9.7 wt. %
(Wu et al., 2017), resulting in the low correlation with the water content.
We also notice that the water content is negatively correlated with the sand fraction (Figure 9d) and positively correlated with the clay fraction (Figure 9f and Table S3). We suggest three reasons for this observation: (1) The sand fraction is dominated by quartz, dark minerals, and rock fragments that are all dense
materials with little water content. Clay‐sized sediments, in contrast, contain large fraction of layered,
water‐bearing clay minerals (Klute, 1986). (2) The porosity of clay‐rich sediment is higher than that of sand,
although the space of an individual pore between sand‐sized grains is larger than that between clay‐sized
grains. (3) Pore space between clay‐sized grains is ﬁlled mainly by pore water, while pore space between
sand‐sized grains is ﬁlled mostly by ﬁne sediments that may be water free. (3) Larger pore space between
sand‐sized grains also results in higher dewatering rate in sand‐rich layer than in clay‐rich layer during coring, splitting, and sampling. Within the silt fraction (Figure 9f), correlation to water content is insigniﬁcant
(Table S3) because of its intermediate grain size between sand and clay, thus incorporating both water‐
bearing and water‐free factors within this grain size range.
5.5. Robustness of the Color Factors
The four factors derived from sediment color reﬂectance data of core P1‐2 can be correlated to real sediment
components, thus containing useful information on paleoceanographic evolution of the Southern Ocean.
However, to be cautious, the robustness of these color factors still need to be evaluated as no similar work
done previously in the Southern Ocean.
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For this purpose, we applied the same FDS and factor analysis algorithms on sediment cores P1‐3 and P4‐1 as
on core P1‐2. Generally, the three cores were retrieved from the same sedimentary environment and are
expected to record identical information on regional paleoenvironmental change (Wu et al., 2017). Thus,
results of factor analysis on color reﬂectance data from these cores are also expected to be similar if those
color factors are robust statistically.
The factor analysis results show that four‐factor models are the best for cores P1‐3 and P4‐1 as well
(Figures 2a and 2b). Further, intercore comparisons indicate that changes of color factors in the three cores
are rather consistent. Namely, not only factor loading distributions (Figures S2c–S2f) but also temporal
change patterns of factor scores of the four factors (Figure S3) are respectively similar in the three cores.
Although minor difference exists possibly due to difference of local environment and/or uncertainties of calculation, the general consistency of the factor analysis results between the three cores supports the statistical
robustness of these derived color factors.
In summary, this study demonstrates that visible light reﬂectance of sediments from the Southern Ocean
might register useful and possibly important information on local paleoenvironmental evolution and thus
worth to be studied and applied in future work. Speciﬁcally, Factor 1 in this study, with information on abyssal ventilation, is expected to be found in sediments from much wider Antarctic marginal seas, because
enhanced abyssal ventilation is one of the most prominent features of the deglacial Southern Ocean, directly
linking to past changes in atmospheric CO2 (Jaccard et al., 2016). More work should be involved to further
conﬁrm the validity and applicability of such color factor. Such work is especially beneﬁcial for studies on
those long sedimentary archives (e.g., International Ocean Discovery Program cores), as easy‐to‐be‐
obtained, inexpensive, high‐resolution, and informative proxies are extremely attractive.

6. Conclusions
We investigated the color reﬂectance data of sediment cores ANT30/P1‐02, ANT30/P1‐03, and ANT29/P4‐01
retrieved off Prydz Bay, East Antarctica, using FDS and factor analysis algorithms to understand the correlations between the sediment color and the sediment compositions. TC content, TOC content, water content,
XRD mineral compositions, and XRF‐scanning‐derived Fe/Ti and Br/Ti count ratios of core P1‐2 sediments
were measured to support this study. Major conclusions are drawn as follows:
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1. The FDS data calculated from the raw color reﬂectance data of the studied core sediments can be
adequately explained by a four‐factor model using factor analysis algorithms. The four factors explain
>80% of total data variance. These factors are robust and can be correlated to real compositions of the
core sediments and thus provide useful core parameters and paleoenvironmental proxies.
2. Factor 1 explains the Mn enrichments and possibly Fe3+/Fe2+ ratio of the structural iron in clay
minerals, recording enhanced abyssal ventilation during recent deglacial periods in the Southern Ocean.
3. Factor 2 is a complex factor mainly reﬂecting reﬂectance of the biogenic components plus chlorite in the
core sediment. But refractory organic carbon and Mn‐oxides/‐hydroxides may also signiﬁcantly
contribute to this factor.
4. Factor 3 explains the relative concentration changes of hematite and goethite assemblage in the
sediment. It shows generally higher values during interglacial periods and lower ones during glacial
periods, generally coupled with temporal changes in the sedimentation rate. Interglacial enrichment of
hematite and goethite assemblage is due to enhanced transport and deposition of sediment of local origin
by oceanic currents.
5. Factor 4 was correlated to water content of the core sediment. Opal content and clay‐sized fraction are
positively correlated with the water content, while sand‐sized and silt‐sized fractions are either negatively
correlated or noncorrelated with the water content, suggesting that opal content and sediment grain size
compositions affect the sediment‐water content signiﬁcantly.
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