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The International Ocean Discovery Program (IODP) Expedition 349 recovered Miocene
oceanic red beds overlying the basaltic basement in the South China Sea. The
occurrence of oceanic red beds provides an opportunity to understand the deep-sea
redox conditions when the South China Sea was open to the western Pacific during the
Miocene. Here, we investigated iron oxide mineral contents along with major element
compositions of the oceanic red beds at Site U1433 to reveal the Miocene deep-sea
oxidation environment of the South China Sea and its interaction with the western Pacific.
The results show that these samples contain 0.20–1.48% hematite (average 0.50%) and
0.30–2.98% goethite (average 1.20%). Their contents have good linear correlations with
color reflectance a* (red) and b* (yellow), respectively, implying that the reddish-brown
color of the Miocene oceanic red beds resulted from a mixture of hematite and goethite.
Compared to other oceanic red beds worldwide, the occurrence of hematite and
goethite in the South China Sea is considered to form under an oxic bottom water
environment with an extremely low sedimentation rate. The (hematite + goethite)/
(100%—Al2O3) ratio is adopted to reconstruct the evolution of bottom water
oxidation during the Early–Middle Miocene. A continuously decreased oxidation trend
from 18.4 to 11.6 Ma, along with two strengthened oxidation events occurring at around
15 Ma and 14 Ma, is observed to dominate the environment evolution of the abyssal
South China Sea. We infer that this long-term decreased oxidation trend was caused by
the gradual blocking of oxygen-rich bottomwater from the western Pacific since the Early
Miocene, while the two oxidation events were likely attributed to the rapid thermal
subsidence of the South China Sea and the global cooling during the Middle Miocene
climate transition, respectively.
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INTRODUCTION

Oceanic red beds are marine sedimentary layers that are
predominantly red in color and deposited in pelagic or
hemipelagic deep-water environment (Franke and Paul, 1980;
Wang et al., 2009). The oceanic red beds usually stand for oxic
and oligotrophic deep-water conditions and therefore have been
used to trace paleoenvironment and paleoclimate evolution since
the 1970s (Walker, 1967; Wang et al., 2004; Hu et al., 2005; Wang
et al., 2005). Oceanic red beds are common in global oceans and
widespread throughout the geological history from the middle
Ediacaran to the whole Phanerozoic (Song et al., 2017). Previous
investigations mainly focus on the Cretaceous oceanic red beds,
and there are few studies on the Cenozoic oceanic red beds. Due
to the change in the sedimentary environment, it is difficult to
analogize the origins of the Cretaceous oceanic red beds to those
of the Cenozoic directly. In addition, earlier studies emphasized
an oxidation environment in which oceanic red beds were
produced, although the mechanism to form red color in
oceanic red beds remains uncertain (Cai et al., 2012; Hu et al.,
2012). Therefore, it is necessary to carry out relevant studies on
the Cenozoic oceanic red beds.

Trace element geochemistry and iron oxide mineralogy are
common and effective tools to characterize the sedimentary
conditions and formation mechanism of oceanic red beds
(Jamal et al., 2017). However, trace elements are easily affected
by numerous factors, for example, salinity, pH, temperature, and
hydrothermal inputs (Li et al., 2011; Neuhuber and Wagreich,
2011; Hu et al., 2012). In comparison, iron oxide mineralogy is
less affected by these external factors. Even so, contents of iron
oxide minerals (mainly hematite and goethite) are difficult to be
determined quantitatively in marine sediments due to their low
levels and similar mineralogical features. X-ray diffraction (XRD)
was usually used to identify the mineral contents. However, the
detection limit of XRD for minerals is ~1% (Deaton and Balsam,
1991). As a result, XRD is not suitable for measuring the contents
of iron oxide minerals as hematite and goethite commonly occur
at levels less than 1% in marine sediments. Although Mossbauer
spectrometry can also be used to detect the contents of hematite
and goethite, it only gives the relative proportion of Fe phases,
and the analysis is time-consuming (Walden et al., 2000; Ji et al.,
2002). In addition, magnetic proxies for the hematite content are
also considered because of the magnetization of hematite, while
the weak magnetization of hematite and often significant
superparamagnetic nanoparticle concentrations make
quantification difficult (Roberts et al., 2020). Despite all these,
diffuse reflectance spectroscopy (DRS) is capable of detecting and
quantifying iron oxide minerals in sediments with analytical
levels as low as ~0.01% (Scheinost et al., 1998; Scheinost and
Schwertmann, 1999; Ji et al., 2002). Furthermore, Li et al. (2011)
successfully quantified the contents of iron oxide minerals for the
oceanic red beds by using the DRS method. Therefore, the DRS
method potentially provides an opportunity to achieve the
composition of iron oxide minerals with high accuracy to
understand the formation of oceanic red beds. Percent
reflectance spectrums at different bands and derivatives (first
and second derivatives) of DRS all have been used for the

quantitative determination of hematite and goethite (Deaton
and Balsam, 1991; Scheinost et al., 1998; Ji et al., 2002). In
derivative plots, the characteristic peaks (435 and 535 nm) of
goethite may be masked by hematite (about 565 nm) and
minerals (440 nm) (e.g., illite and chlorite) (Balsam and
Damuth, 2000; Ji et al., 2006). Also the heights of peaks in
derivative plots for different minerals do not mean the
difference in content as they can be affected by the matrix
effect during analysis (Ji et al., 2002). Considering the
aforementioned two reasons, we chose using the percent
reflectance spectrums at different bands to calculate hematite
and goethite contents in this study.

The lower–middle Miocene oceanic red beds were first
recovered in the South China Sea (SCS) during the
International Ocean Discovery Program (IODP) Expedition
349, especially at Site U1433, where the most continuous
sedimentary record has been well preserved (Figure 1A).
Onboard preliminary investigation suggested that the oceanic
red beds at Site U1433 are reminiscent of the deep-water red clays
in the central Pacific, but the exact mechanism of formation needs
further study (Li et al., 2015). The Miocene oceanic red beds are
considered the only sedimentary record in the abyssal basin of the
SCS during the Early–Middle Miocene. Early studies of Miocene
sediments in the SCS were few and conducted mainly on the
northern continental slope (Wan et al., 2007; Liu et al., 2013).
There was lack of deep-sea drilling holes in the central basin. As
the largest marginal sea in the western Pacific, the deep-water
mass of the SCS is always from the Pacific (Tian et al., 2006). In
particular, the SCS was directly connected to the western Pacific
in the Miocene (Hall, 2002). Thus, although the study area
certainly has local characteristics, the results reflect the
scenario of the western Pacific in the Miocene.

In this study, we used the DRS method to quantitatively
determine the contents of hematite and goethite of the oceanic
red beds at Site U1433. Major elemental compositions were also
analyzed together to study the deep-sea oxidation environment
evolution of the SCS during the period when the Miocene oceanic
red beds developed. This is the first study to report the
identification and composition of hematite and goethite in the
Miocene oceanic red beds of the world’s oceans and then to
discuss their application on the evolution history of deep-sea
oxidation of the western Pacific. Therefore, we highlight that the
deep-sea oxidation history recorded from iron oxide minerals in
the Miocene oceanic red beds in this study is of regional or global
Miocene evolutionary scientific significance.

MATERIAL AND METHODS

Site U1433 (12°55.13′N, 115°2.85′E, water depth 4379 m) is
located in the abyssal basin of the SCS (Figure 1A). The site
was drilled 857.48 m deep below the seafloor during the IODP
Expedition 349 in 2014 (Li et al., 2015). The lithology consists of
the upper sediment unit (0–796.67 m) and the lower basalt
basement (796.67–857.48 m). The Miocene oceanic red beds
lie directly above the oceanic basalt at a depth range of
754.18–796.67 m, with a total thickness of 42.49 m
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(Figure 1B). They are composed of reddish-brown (reflectance a*
>2) clay stone and clay stone with minimal millimeter-scale silt
intervals. A total of 96 samples from the red beds were collected at
an interval of ~50 cm (equivalent to 80 ka temporal resolution)
for this study. All samples were analyzed for iron oxide
mineralogy and major element geochemistry. Seven of these
samples were selected, most from the oceanic red bed section
for picking fossil fish teeth for 87Sr/86Sr stratigraphy construction.

87Sr/86Sr of fossil fish teeth were measured by using a Thermo
Scientific NeptunePlus Multicollector Inductively Coupled Plasma
Mass Spectrometer (MC-ICP-MS) at the Laboratoire des Sciences
du Climat et de l’Environnement (LSCE) in Gif-sur-Yvette,
following the method described by Colin et al. (2014). For
each sample, 30 mg fish teeth/debris with sizes larger than
150 μm were handpicked under a binocular microscope. All
the fossil fish teeth were then ultrasonicated for 1 min 3 times
in ultrapure water. The cleaned fish teeth were dissolved in 6 N
HCl. The sample solution was then loaded into a column filled
with AG50-X8 cation resin. The Sr fraction was de-trapped from
the column using 2N HCl. Then, the Sr fraction was purified on a
20-μl SrSpec® column consisting of a polyethylene syringe with a
4-mm ∅ Millex® filter. During the analytical sessions, every two
samples were bracketed with analyses of appropriate Sr standard
solution NIST SRM987 (87Sr/86Sr≈0.710250 ± 000,016) (Lugmair

et al., 1983). Sample and standard concentrations were matched
at 25 ppb. The Sr and Nd isotope ratios were corrected frommass
bias according to the exponential law relative to 84Sr/86Sr =
0.1194. The analytical error for each sample analysis was taken
as the external reproducibility of the NIST SRM987 standard
unless the internal error was larger.

Iron oxide minerals were quantitatively analyzed using a
PerkinElmer Lambda 6 Spectrophotometer with a diffuse
reflectance attachment at the Institute of Surficial Geochemistry
(Nanjing University). Sample preparation and analysis followed
the procedures described by Ji et al. (2002) and Zhang et al. (2007).
In brief, the samples were made into a slurry on a glass microslide
with distilled water, smoothed, and dried slowly at room
temperature (< 40°C). During measurement, we used the visible
spectrum (400–700 nm) that is the most sensitive to iron oxides
(Deaton and Balsam, 1991) at 2-nm intervals to obtain reflectance
data. The reflectance data were further converted into percent
reflectance in standard color bands (Judd and Wyszecki, 1975),
that is, violet = 400–450 nm, blue = 450–490 nm, green =
490–560 nm, yellow = 560–590 nm, orange = 590–630 nm, and
red = 630–700 nm. Percent reflectance in standard color bands was
determined by dividing the percentage of reflectance in a given
color band by the total visible wavelength reflectance in a sample
(Balsam et al., 1999). The total reflectance of a sample or brightness

FIGURE 1 | Early Miocene paleogeographic map of the South China Sea (SCS) and development of the Miocene oceanic red beds at IODP Site U1433. (A)
Reconstructed SCS paleogeographic map at 18 Ma (Hall, 2002) showing the location of Site U1433 (red dot). (B) Lithology and color reflectances a* (red) and b* (yellow)
(10-point running average) of the lower part of Site U1433 (data from Li et al., 2015). Shaded area represents the Miocene oceanic red beds, spanning from 18.4 to
11.6 Ma.
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was calculated by summing the reflectance values from 400 to
700 nm. Brightness and percent reflectance spectrums of violet,
blue, green, yellow, orange, and red were used as independent
variables to calculate hematite and goethite contents according to
transfer functions. The transfer functions for this study were
obtained by adding a series of known quantities of pigment-
grade synthetic hematite and goethite to the matrix material
treated using the citrate–bicarbonate–dithionite (CBD)
procedure, following the method described by Ji et al. (2002),
which is summarized in Supplementary Appendix A1. The
transfer functions are as follows:

Hematite(%) � −4.025 + 0.115pgreen(%) + 0.241pred(%)
− 0.435pyellow(%), (1)

Goethite(%) � 63.672 + 1.073pyellow(%) − 0.947pgreen(%)
− 1.292pviolet(%) − 2.436porange(%).

(2)
The correlation coefficients of these formulas are 0.989 for

hematite and 0.980 for goethite, respectively. To further assess the

accuracy of our quantitative estimates of hematite and goethite
contents, nine samples were selected randomly for analyzing
extractable iron contents after the CBD procedure. The CBD
procedure can fully extract iron oxide phases of iron oxide
minerals (mainly hematite and goethite in this study) without
affecting other minerals (Raiswell et al., 1994). Samples were
extracted twice with sodium dithionite in hot (75°C) sodium
citrate and sodium bicarbonate solution to ensure the complete
removal of iron oxides. Then, the extractable iron content of the
CBD extractable solution was measured on a UV-2100
spectrophotometer to calculate the percentage of iron oxides
extracted. The calibration samples for this study are the same
as those of previous studies (Li et al., 2011).

Major elements were measured on bulk sediments by using the
X-ray fluorescence (XRF) method using a PANalytical AxiosmAX

spectrometer at the State Key Laboratory of Marine Geology
(Tongji University). The samples were dried and ground to a fine
powder using an agate mortar and pestle. About 4 g of the powder
was mixed with H3BO3 as a substrate in a set of cylinder mold and
then compressed under 40 MPa to obtain a pellet for analysis.
Sediment standards GSR-6 and GSD-15 were used to monitor the
analytical precision and accuracy. The data were reported as
major element oxides. The analytical precision for major
elements is greater than 2%.

RESULTS

Age Model
The age model of this site was established using planktonic
foraminifera, calcareous nannofossil, radiolarian, and magnetic
stratigraphy from proceedings of Expedition 349 (Li et al., 2015),
and deep-tow magnetic anomaly from Li et al. (2014)
(Supplementary Appendix A2). Li et al. (2014) carried out an
in situ measurement of the basalt basement age in the SCS by
using deep-tow magnetic anomaly and found that the age of
basalt at Site U1433 is 18.4 Ma. The Miocene oceanic red beds lie
directly above the basalt basement, so we adopted 18.4 Ma as the
starting age of the oceanic red bed. Therefore, the age points of the
oceanic red beds at this site are a magnetic stratigraphic age point
(11.06 Ma), two radiolarian age points (15 Ma, 15.03 Ma), and the
deep-towmagnetic anomaly age point (18.4 Ma) (Table 1). Based

TABLE 1 | Age model points of the oceanic red beds at IODP Site U1433 in the SCS.

Points Depth (m) Age (Ma) Proxy Event Source

1 750 11.06 Magnetostratigraphy C5r.1r/C5r.1n Li et al. (2015)
2 753.12 11.49 87Sr/86Sr stratigraphy Fish tooth-tuned age This study
3 767.72 12.96 87Sr/86Sr stratigraphy Fish tooth-tuned age This study
4 776.42 13.97 87Sr/86Sr stratigraphy Fish tooth-tuned age This study
5 779.22 15 Radiolarian T Calocycletta costata Li et al. (2015)
6 783.3 14.95 87Sr/86Sr stratigraphy Fish tooth-tuned age This study
7 785.09 15.03 Radiolarian B Dorcadospyris alata Li et al. (2015)
8 788.75 15.85 87Sr/86Sr stratigraphy Fish tooth-tuned age This study
9 789.73 16.01 87Sr/86Sr stratigraphy Fish tooth-tuned age This study
10 792.33 16.91 87Sr/86Sr stratigraphy Fish tooth-tuned age This study
11 796.67 18.4 Deep-tow magnetic anomaly C5En Li et al. (2014)

FIGURE 2 | 87Sr/86Sr stratigraphy reconstructed from fossil fish teeth of
the Miocene oceanic red beds at Sites U1433 and its correlation with global
seawater (Veizer et al., 1999).
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on this low-resolution age model for the oceanic red beds, we
obtained seven age points from 87Sr/86Sr stratigraphy. The deep-
tow magnetic anomaly, the biostratigraphic, and paleomagnetic
data limited the fish tooth-tuned age to 11.06–18.4 Ma. But the
87Sr/86Sr of fossil fish teeth vary between 0.708812 and 0.708943,
which were higher than 87Sr/86Sr of seawater from global oceans
(about 0.708600–0.708900) during the same period (Veizer et al.,
1999). The Sr isotope of seawater was a mixture of Sr input from
continental flux and mantle flux (Palmer and Elderfield, 1985).
The SCS as a marginal sea may receive higher 87Sr/86Sr
continental input from rivers than from the oceans (Palmer
and Edmond, 1989). So, there should be an offset of 87Sr/86Sr
of seawater between the SCS and global oceans. We roughly used
the mean value of 87Sr/86Sr of seawater from the SCS (0.708849)
and global oceans (0.708755) to calculate the offset (0.000094) in
the oceanic red beds. After deviation correction, the fish tooth-
tuned age of the Miocene oceanic red beds at the IODP Site
U1433 was refined by 87Sr/86Sr of fossil fish teeth to the seawater
87Sr/86Sr stratigraphy of the global seawater (Figure 2, Table 1)
(Veizer et al., 1999). The 87Sr/86Sr stratigraphy compensates for
the lack of biostratigraphic age points in the Miocene oceanic red
beds. Totally 60 age points were used for fitting the age model of
Site U1433 (Figure 3, Supplementary Appendix A2), including
planktonic foraminifera, calcareous nannofossil, radiolarian, and
magnetic stratigraphy from the proceedings of Expedition 349 (Li
et al., 2015), deep-tow magnetic anomaly from Li et al. (2014),
and 87Sr/86Sr stratigraphy from this study. The age model result
shows that the development of the oceanic red beds at Site U1433
started at 18.4 Ma and ended at 11.6 Ma, with an average
sedimentation rate of 0.60 cm/ka.

Iron Oxide Minerals
The DRS data suggest that the oceanic red beds at Site U1433
contain both hematite and goethite. All samples have three first

derivative peaks for hematite (565 nm) and goethite (435 and
525 nm) in the first derivatives of DRS data (Figure 4A). For
goethite, the 435 nm peak is more significant because the 525 nm
peak is commonly overlapped by the 565 nm peak of hematite
(Balsam and Wolhart, 1993). Peaks of hematite in most samples
are higher than those of goethite. However, the heights of peaks
for different minerals do not mean the difference in contents as
they can be affected by the matrix effect during analysis (Ji et al.,
2002). Distribution of hematite and goethite over time is further
present in the plot of DRS data versus age (Figure 4B). Time
series color difference between the wavelengths demonstrates that
the first derivatives at 435 and 565 nm show peaks at most
periods, while the first derivative at 525 nm shows a peak only
at certain periods. Meanwhile, the first derivative values at
435 nm are higher than those at 525 nm.

Based on regression Eqs 1, 2, the contents of hematite and
goethite can be calculated quantitatively. Results show that the

FIGURE 3 | Age–depth plot of the Miocene oceanic red beds at Site
U1433 in the SCS. Shaded area shows the Miocene oceanic red beds
section.

FIGURE 4 | First derivatives of the diffuse reflectance spectrometry
(DRS) data for the Miocene oceanic red beds of Site U1433. (A) Spectrum
distribution of DRS first derivatives of all samples at Site U1433. (B) Time
series variations of DRS first derivatives of samples during Early–Middle
Miocene. The wavelength ranges from 400 to 700 nm. It is noteworthy that the
peaks at 435 and 525 nm represent the signals of goethite, and the peak at
565 nm represents the signal of hematite.
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FIGURE 5 | Time series variations of hematite and goethite contents and color reflectances a* and b* (10-point running average) of the Miocene oceanic red beds at
Site U1433. Reflectances a* and b* data are from proceedings of Expedition 349 (Li et al., 2015). Shaded area shows that the hematite content was constant, while
goethite content first increased and then decreased upward.

FIGURE 6 | Time series variations of major elements of the Miocene oceanic red beds at Site U1433, indicating a strong change at around 15.5 Ma for all major
element contents.
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samples contain 0.20–1.48% hematite (average 0.50%) and
0.30–2.98% goethite (average 1.20%) (Figure 5,
Supplementary Appendix A3). Temporal variations of
hematite and goethite contents show a similar decreasing
trend from 18.4 to 11.6 Ma, with a sudden increase at
15.2 Ma. The only difference in their content variations
occurred during 13.2–14.8 Ma, in which the hematite content
suddenly decreased and was constant, while the goethite content
first increased and then decreased upward. Meanwhile,
reflectances a* and b* also have a similar trend, with the only
difference occurring in this period. The reflectance a* was
constant, while the reflectance b* showed a tendency to rise
and fall and rise again during 13.2–14.8 Ma. Time series
variations of the hematite content and reflectance a* have the
same trend when the hematite content is below 1.0% after
17.8 Ma.

Major Elements
Major element compositions are characterized by high SiO2

(52.60–63.80%), Al2O3 (13.54–19.92%), and Fe2O3

(6.57–13.12%), with low MgO (2.21–3.97%), K2O
(2.15–3.61%), CaO (0.34–1.22%), Na2O (1.37–2.01%), TiO2

(0.53–0.75%), and MnO (0.04–2.52%) (Figure 6,
Supplementary Appendix A4). In temporal variation, the
Al2O3 content stabilized at ~14% during the 18.4–15.5 Ma
period, then gradually increased to 19.5% at 12 Ma, and finally
slightly decreased to ~17% at 11.6 Ma. This variation pattern
occurred also in the K2O content. However, the opposite pattern
of variation was obtained in CaO and Na2O contents. In
comparison, the Fe2O3 content shows a gradually decreasing
trend from ~13% at 18.4 Ma to ~7% at 11.6 Ma. Such a
decreasing pattern is also observed from MgO and MnO
contents.

DISCUSSION

Reliability of Quantitative Analysis of Iron
Oxide Minerals
We added a series of known quantities of hematite and goethite
to the matrix material when we obtained the regression
equations (see details in Supplementary Appendix A1).
The actual hematite and goethite contents mixed into the
samples are compared with the estimated contents of
hematite and goethite to evaluate the reliability of
regression equations. For hematite from 0 to 1.0%, the R2 of
the regression line is 0.978. For goethite from 0 to 2.5%, R2 =
0.961. The good correlations between the estimated contents
and the actual contents of iron oxide minerals can confirm the
accuracy of calibration equations and the reliability of
quantitative analysis in this study. For a few samples with
hematite and goethite contents out of the constrained ranges,
we excluded them in the following discussion since their
accuracy cannot be ensured in our calculation. In addition,
these samples are located at the bottom of the Miocene oceanic
red beds sequence (>18 Ma), and their exclusion will not affect
the overall evolution trend.

To further assess the accuracy of the quantitative estimates, we
compared the calculated iron from estimated contents of
hematite and goethite with the CBD extractable iron contents
from the samples (Figure 7). The CBD extractable iron is used to
estimate the amount of free iron oxides in sediments. In marine
sediments, the free iron oxides are mainly composed of hematite
and goethite with a small amount of maghemite and magnetite
(Li et al., 2011). Therefore, the calculated Fe contents based on
estimated contents of hematite and goethite should be close to or
slightly less than the contents of CBD extractable iron. In this
study, the strong linear relationship (R2 = 0.934) between the
estimated iron contents and the CBD extractable iron contents,
lying near the line Y = X (Figure 7), further supports the
reliability of the quantitative estimates of iron oxide minerals.

Formation of Reddish-Brown Color for the
Miocene Oceanic Red Beds
The oceanic red beds are in reddish-brown color, which is a key
indicator for identifying their existence in nature. Hematite,
goethite, and rhodochrosite (Mn2+ bearing calcite) were all
considered as the possibilities to account for the reddish-
brown color of oceanic red beds (Nagao and Nakashima,
1992; Hu et al., 2012). The other iron or manganese minerals
reserved in the oxidation environment are black. Nonetheless, the
characteristic peak of rhodochrosite, which is 577 nm in the first
derivation spectrum of DRS (Cai et al., 2008), is not observed
from our samples. Thus, we proposed that the existence of
hematite and goethite should be the main reason to interpret
the formation of reddish-brown color in this study. We tested this
inference by the CBD procedure, as shown in Supplementary
Appendix A1. Before the CBD procedure, all samples were
brownish and characterized by the prominent first derivative

FIGURE 7 | Linear relationship between estimated iron from hematite
and goethite contents and the CBD extractable free iron of selected Miocene
oceanic red beds samples at Site U1433. Solid line: fitted line, dashed line:
Y = X.
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peaks of hematite and goethite. After the CBD procedure, all
samples changed colors from brownish to greenish or grayish,
and the characteristic peaks of hematite and goethite disappeared.
After adding standard minerals of hematite and goethite to the
matrix materials, the samples returned to brownish again and the
characteristic peaks of hematite and goethite reappeared.

The role of hematite and goethite in forming the color of
sediments is different. In theory, hematite is bloodred in color
(3.5R–4.1 YR, Munsell hue) and imparts a red color to sediments,
while goethite is bright yellow in color (8.1YR–1.6Y,Munsell hue)
and imparts a bright yellow color to sediments (Deaton and
Balsam, 1991). To identify the role of hematite and goethite in this
study, we correlated the hematite content to reflectance a* and the
goethite content to reflectance b*, wherein a* indicates the degree
of red color and b* indicates the degree of yellow color. Results
show that the hematite content has a strong linear correlation
with reflectance a* (R2 = 0.76) and the goethite content has a
relatively strong linear correlation with reflectance b* (R2 = 0.44)
(Figure 8). Although the correlation coefficient between
reflectance b* and goethite content is smaller than that
between reflectance a* and hematite, the positive correlation is
clear to indicate that goethite could have implications for forming
yellow color for the Miocene oceanic red beds. This confirms that
hematite plays the main role in forming red color and goethite
could have an impact on forming yellow color for the Miocene
oceanic red beds at Site U1433. In addition, there is no special
characteristic peak of other pigment minerals shown in the first
derivation spectrum of DRS. Therefore, we concluded that the
reddish-brown color of the Miocene oceanic red beds was
resulted from the mixture of hematite and goethite.

Hematite and goethite in marine sediments can be terrigenous
(Abrajevitch et al., 2009; Chen et al., 2017). However, we consider
that hematite and goethite in the oceanic red beds of the SCS were
authigenic, which can be supported by 1) the mineral crystallinity
deduced from the DRS data and 2) the relationship between iron
oxide minerals and major elements. First, genesis of iron oxide
can be identified by the mineral crystallinity, and first derivative
peaks can be used to indicate the crystallinity of hematite and

goethite. With the decrease in hematite and goethite crystallinity,
their first derivative peaks move toward the short wavelength (Cai
et al., 2008). Well-crystalline hematite from the Cretaceous
oceanic red beds is characterized by the peak centered at
575 nm (Hu et al., 2006). In comparison, hematite from this
study is characterized by the peak centered at 565 nm, which
shows a weak crystalline characteristic. Goethite in this study also
shows the same weak crystalline characteristic because the
characteristic peak of goethite in this study is 525 nm, which
is less than 535 nm as characterized by well-crystalline goethite
(Figure 4A). In general, hematite from the terrigenous inputs is
well crystalline, while authigenic hematite is poor in
crystallization (Li and Cai, 2014). Therefore, it is likely to
reveal that the hematite and goethite in this study were
authigenic.

Second, the variation of Al2O3 can be used as a proxy to
indicate terrigenous inputs of red beds because Al2O3 is mainly
derived from clay minerals which come from terrigenous inputs
in marine sediments (Boyle, 1983; Turgeon and Brumsack, 2006).
The different evolution trends between Al2O3 and Fe2O3

(Figure 6) reveal that the source of Fe2O3 was not terrigenous
inputs, at least not entirely. Although the variations of hematite
and goethite contents show a similar trend (Figure 5), their
positive correlation shows three distinct stages: 11.6–13.2 Ma,
13.2–14.8 Ma, and 14.8–17.8 Ma (Figure 9A). The stages of
11.6–13.2 Ma and 14.8–17.8 Ma show a strong and same
correlation (R2 = 0.75), while the stage of 13.2–14.8 Ma
indicates a relatively weak correlation (R2 = 0.24) and a
marked deviation from the trend of other two stages
(Figure 9A). This may imply a weak formation of hematite
during 13.2–14.8 Ma, as shown in Figure 5. Generally, the
hematite and goethite contents are negatively correlated with
the Al2O3 content, respectively (Figures 9B,C). However, unlike
the relatively strong correlation of the goethite content with the
Al2O3 content (R

2 = 0.51), the correlation of the hematite content
with the Al2O3 content is quite weak due to the shift of the
decreased hematite content during the stage of 13.2–14.8 Ma.
Therefore, we believe that the decrease of the hematite content at

FIGURE 8 | Correlations of hematite and goethite contents with color reflectances a* and b* of the Miocene oceanic red beds at Site U1433, respectively. (A)
Hematite versus reflectance a*. (B) Goethite versus reflectance b*. Data of color reflectances a* and b* are from proceedings of Expedition 349 (Li et al., 2015).
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this stage leads to the low correlation between the hematite
content and Al2O3 content. As for the reasons for the decrease
in the hematite content, we infer that the environmental change
at that stage prevented the transformation of goethite to hematite
or the direct formation of hematite. Such a strong negative
correlation between hematite and goethite contents and Al2O3

content further indicates that hematite and goethite of the
Miocene oceanic red beds at Site U1433 are authigenic.

The authigenic hematite and goethite are directly derived from
a syn-depositional oxidation environment which allows free iron
to settle in the form of trivalence from seawater (Hu et al., 2009).
The redox condition at the sediment–water interface was
determined by two factors, the concentration of dissolved
oxygen and the accumulation rate of organic matter (Morford
and Emerson, 1999). Therefore, formation of authigenic hematite
and goethite in the Miocene oceanic red beds can result in two
mechanisms: sedimentation in an oxygen-rich condition, for
example, Cretaceous oceanic red beds (Clauer et al., 1982;
Wagreich and Krenmayr, 2005), and sedimentation with
oxygen in an extremely low sedimentation rate, for example,
modern oceanic red clay of the Pacific (Glasby, 1991). The
average sedimentation rate of the red beds at Site U1433 is
0.60 cm/ka, which is higher than the that of modern oceanic
red clay (<0.1 cm/ka, Dunlea et al., 2015) but lower than that of
the Cretaceous oceanic red beds (1–2 cm/ka, Hu et al., 2012).

Therefore, the oxidation degree of the Miocene oceanic red beds
sediment environment was relatively stronger than that of the
modern oceanic red clay. The concentration of dissolved oxygen
of the deep water in the modern SCS is around 2.5 ml/L, which is
still in an oxidation environment (Li and Qu, 2006). Nonetheless,
the development of oceanic red beds of the SCS disappeared after
the Middle Miocene (12 Ma), when the sedimentation rate
experienced a sudden increase to 6.22 cm/ka on average
(Figure 3). Considering that the SCS basin was open to the
western Pacific and the oxygen-rich bottom water of the Pacific
flowed directly into the SCS in the Early-Middle Miocene (Hall,
2002), we proposed that the formation of the authigenic hematite
and goethite in the SCS should be affected by both the oxygen-
rich condition and the low sedimentation rate.

Implications for the Evolution of Abyssal
Sedimentary Environment
The formation of authigenic hematite and goethite can be used
to indicate the redox condition of the depositional environment.
Here, we selected the (hematite + goethite)/(100%—Al2O3) ratio
as a redox proxy to reflect the syn-depositional environment by
ruling out the dilution influence of terrigenous input. The result
shows that the degree of oxidation gradually weakened from the
Early to Middle Miocene, with two slightly strengthening at

FIGURE 9 |Correlations of hematite, goethite, and Al2O3 contents of the Miocene oceanic red beds at Site U1433. (A) Plot of hematite versus goethite content. (B)
Plot of hematite versus Al2O3 content. (C) Plot of goethite versus Al2O3 content.
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around 15 Ma and 14 Ma (Figure 10B). The continuous
decreasing trend of oxidation degree in the SCS might be
caused by the decreased oxidation degree of the bottom
water mass in the western Pacific. However, the global
climate cooling event significantly increased dissolved oxygen
concentration in seawater during the Early-Middle Miocene
(Figure 10C) (Zachos et al., 2001). The expansion of the
Antarctic ice sheet at the same time increased the dissolved
oxygen concentration of bottom water in the western Pacific due
to the recharge of the oxygen-rich bottom water from the
Antarctic (Woodruff and Douglas, 1981; Ramsay et al.,
1994). Thus, the possibility of the oxidation degree of the
bottom water in the western Pacific should be ruled out. In
previous studies, the strong deviation of benthic foraminifera
δ13C of the SCS from the global ocean marks the birth of a local
deep water due to the closure of the SCS since 16 Ma
(Figure 10D) (Li et al., 2007; Wang and Li, 2009). The
gradual closure of the SCS blocked the intrusion of the
oxygen-rich bottom water from the western Pacific.
Therefore, the gradual closure of the SCS could be the
plausible reason causing the gradual decrease of oxidation
degree of the bottom water in the abyssal basin of the SCS.

For the two strengthened oxidation events (Figure 10B), it
could happen for different reasons. The oxidation event I

occurred at about 15 Ma when the SCS experienced a rapid
thermal subsidence at the end of expansion (Li et al., 2014;
Ding et al., 2016), allowing the intrusion of more oxygen-rich
bottom water from the western Pacific (Beaty et al., 2017).
Such a shift to the bottom water activity could have reinforced
the formation of a more oxidized sedimentary environment in
the SCS. Oxidation event II occurred at around 14 Ma and
might be caused by the global cooling during the Middle
Miocene Climate Transition (MMCT, 14.2–13.8 Ma)
(Shevenell et al., 2004). The cooling global climate can lead
to the increase in the dissolved oxygen concentration in
seawater (Zachos et al., 2001). Hence, we consider that the
rapid subsidence of the SCS at about 15 Ma and the global
cooling during the MMCT around 14 Ma led to the occurrence
of two strengthened oxidation events. Similar to the fact that
the Oxidation Event II was caused by global cooling, the
Oxidation Event I also might be affected by relative cooling
conditions at around 15 Ma. According to the benthic δ18O,
there was no very significant cooling event at around 15 Ma
like the global cooling during the MMCT. Also, the first
oxidation event was significantly stronger than the second
event. Thus, we suggest that the rapid subsidence of the SCS
was the main contribution to the first oxidation event and the
cooling played a secondary role.

FIGURE 10 | Time series variations of hematite + goethite and (hematite + goethite)/(100%—Al2O3) of the Miocene oceanic red beds at Site U1433. δ18O and δ13C
of ODP Site 1148 in the SCS (Tian et al., 2002) and combined δ18O and δ13C in the global oceans (Zachos et al., 2001) of benthic foraminifera are plotted for comparison.
Shaded areas show two oxidation events occurred at around 15 Ma and 14 Ma. TheMiddle Miocene climate transition (MMCT) at 13.8 Ma (Shevenell et al., 2004) is also
indicated.
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CONCLUSION

In this study, we quantitatively analyzed the hematite and
goethite contents in the Miocene oceanic red beds at IODP
Site U1433 and revealed their chromogenic reason of reddish-
brown color.We finally applied these results to the reconstruction
of the deep-sea oxidation environment evolution of the SCS
abyssal basin during the Early-Middle Miocene. The following
conclusions were obtained:

1) The quantitative analysis result shows that the Miocene
oceanic red beds contain 0.20–1.48% hematite (average
0.50%) and 0.30–2.98% goethite (average 1.20%). The
hematite and goethite contents have strong positive
correlations with reflectance a* (red) and b* (yellow),
respectively, indicating that the combined action of
hematite and goethite is the reason for the reddish-brown
color of the samples.

2) Hematite and goethite in the Miocene oceanic red beds are
poor in crystallization, and their contents are negatively
correlated with the Al2O3 content, indicating that they are
mainly authigenic minerals, formed in the oxygen-rich
bottom water and extremely low sedimentation rate
sedimentary environment.

3) The (hematite + goethite)/(100%—Al2O3) ratio indicates the
gradually decreased oxidation evolution of the bottom water in
the SCS abyssal basin from the Early to Middle Miocene, with
two strengthened oxidation events occurring at around 15Ma
and 14Ma. The long-term decreasing trend might be caused by
the gradual blocking of oxygen-rich bottom water from the
western Pacific since the earlyMiocene, while the two oxidation
events could be led by the thermal subsidence of the SCS and
the global cooling during the MMCT, respectively.
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