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a b s t r a c t
Aptian–Albian sediments in Core 12X of Hole 1049C (ODP Leg 171B) are characterized by high-frequency
cycles that consist of alternating layers of red and green/white clayey chalk, and claystone. The ﬁrst
derivative curves of diffuse reﬂectance spectra (DRS) for samples of different colors reveal that red (brown
and orange) samples show clear peaks corresponding to hematite and goethite. Following treatment using
the CBD (citrate-bicarbonate-dithionite) procedure, the red samples lost their red color and corresponding
peaks in the ﬁrst derivative curve, and became greenish or whitish. Therefore, hematite and goethite are the
minerals responsible for the reddish change in sample color. However, these minerals behave differently
from each other in terms of determining the color of sediment: hematite imparts a red color, whereas
goethite imparts a yellow color. Therefore, a change in the proportions of hematite and goethite can cause a
change in sediment color from orange to brown. To obtain the absolute contents of iron oxides in these
sediments, we performed a quantitative analysis using DRS with multiple linear regression. The results
reveal that the Albian brown beds contain 0.13–0.82% hematite (average value, 0.51%) and 0.22–0.81%
goethite (average value, 0.58%). The Aptian orange beds contain 0.19–0.46% hematite (average value, 0.35%)
and 0.29–0.67% goethite (average value, 0.50%). X-ray diffraction analysis of the Aptian and Albian cycles
reveals no clear variations in mineral content with sediment color. It is suggested that hematite and goethite
were derived from oxic environments during the period of deposition and early diagenesis. The oxic
conditions were probably determined by the low accumulation rate of organic matter and the high content
of dissolved oxygen in bottom water.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
The Earth system experienced a greenhouse climate for most of the
Cretaceous (Tarduno et al., 1998). The sediments deposited in
response to this extreme climate included continental coal-bearing
sediment strata in polar regions, tropical carbonate platforms in lowlatitude regions, desert deposits in subtropical regions, and widespread organic-rich black shales (Skelton et al., 2003). In contrast to
the black shales associated with Oceanic Anoxic Events (OAEs), the
deposition of Cretaceous oceanic red beds (CORBs) indicates an
oxygen-rich marine environment (Hu et al., 2005; Wang et al., 2005).
An increasing number of CORBs have been identiﬁed worldwide since
they were ﬁrst described in the literature (Eren and Kadir, 2001; Hu et
al., 2006a; Melinte and Jipa, 2005; Neuhuber et al., 2007; Wagreich
and Krenmayr, 2005; Wang et al., 2009; Yilmaz, 2008).
With the strong progress of two international geosciences
programs (IGCP 463 and 494), the topics of paleoceanography and
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paleoclimatology of CORBs have received increasing attention in
recent years (Hu et al., 2005, 2006b; Wang et al., 2005). Nevertheless,
highly cyclic red beds have received less attention than long-duration
CORBs. In recent decades, high-frequency cycles consisting of CORBs
have been widely recognized in the mid- and low-latitude North
Atlantic, South Atlantic, mid- and high-latitude Indian Ocean, and
mid-latitude Paciﬁc. Studies of such cycles have become increasingly
feasible because of the extensive and improved downhole logging
undertaken as part of the Deep Sea Drilling Program (DSDP) and
Ocean Drilling Program (ODP) (Chen et al., 2007).
Previous studies of marine sediments have shown that diffuse
reﬂectance spectroscopy can be used to distinguish between
hematite, goethite, chlorite, organic matter, illite, and montmorillonite in sediments, being especially sensitive in distinguishing different
iron oxides (Balsam and Deaton, 1996; Barranco et al., 1989; Ji et al.,
2002). Using this approach, hematite and goethite can be detected at
concentrations as low as 0.01% by weight (Deaton and Balsam, 1991).
Previous studies have also shown that iron oxides are responsible for
the red color of CORBs (Channell et al., 1982; Eren and Kadir, 2001; Hu
et al., 2006b); however, there are no studies of absolute iron oxide
concentrations in CORBs because of their low contents and the
limitations of current detection methods.
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In the present study, we used diffuse reﬂectance spectroscopy to
determine the absolute concentrations of hematite and goethite in
high-frequency cyclic sediments in Core 12X of ODP Hole 1049C in the
North Atlantic, with the aim of gaining a better understanding of the
origin of high-frequency cyclic red beds. Based on these results, and
combined with quantitative X-ray diffraction (XRD) data and
geochemical data, we sought to identify the factors that control the
development of high-frequency cyclic red beds.

2. Geological setting
The Blake Nose, located in the western North Atlantic, is a salient
upon the eastern margin of the Blake Plateau (Fig. 1). The Blake
Plateau is generally b1000 m deep, but drops sharply to water depths
of N4000 m at the Blake Escarpment because of erosion of the
continental slope. In contrast, the Blake Nose is a gently sloping ramp
that reaches a maximum depth of about 2700 m at the Blake
Escarpment. The Blake Plateau and Blake Nose both consist of an
8 to 12-km-thick sequence of Jurassic and Lower Cretaceous
limestone capped by b1 km of Upper Cretaceous and Cenozoic
deposits (Benson et al., 1978).
According to the initial reports of ODP 171B (Norris et al., 1998),
the Cretaceous Blake Nose sediments span numerous events of
paleoceanographic and biological signiﬁcance, including the Cretaceous–Paleogene extinction and mid-Cretaceous anoxic events. These
events are associated with changes in the Earth's biota, biogeochemical cycling, and oceanographic circulation. ODP Leg 171B drilled ﬁve
holes along a transect along the Blake Nose in water depths of 1344–
2670 m (Fig. 1). Among the ﬁve drill holes, Site 1049 (30°8.5370′N,
76°06.7271′W) was located in the greatest water depths (2670 m).
According to a compilation of Cretaceous magnetic poles, Site 1049
was located at 23°N during the Cretaceous, in a sedimentary
environment of the pelagic slope above the carbonate compensation
depth (CCD) (Norris et al., 1998). The Cretaceous sediments
encountered in drill core at Site 1049 consist mainly of planktonic
foraminifers, quartz, and clasts of limestone, dolomite, chalk, chert,
and schist (Klaus et al., 2000). Planktonic and benthic species have
glassy shells with preserved surface ornamentation and without

Fig. 1. Bathymetric map of Blake Nose, showing the location of ODP Leg 171B Site 1049
and other sites. Bathymetry is in meters (simpliﬁed from Norris et al., 2001).

inﬁlling calcite, thereby indicating that the sediments are almost
unaffected by diagenesis (Erbacher et al., 2001).

3. Materials and methods
3.1. Materials
We studied 74 samples from Core 12X of Hole 1049C (Fig. 2),
obtained at sampling depths of 139.3–148.1 m below sea ﬂoor (mbsf)
at a sample interval of 10–15 cm. The sediments are lower Albian to
upper Aptian clayey calcareous nannofossil-bearing chalk and
claystone rich in planktonic foraminiferal assemblages, with highfrequency variations in color among red (brown/orange), white, and
green beds. These rhythmic alternations are interrupted by a 46-cmthick layer of laminated black shale that correlates with OAE 1b, a
black shale sequence known from European sections (Erbacher et al.,
2001).
According to Bellier et al. (2000), the planktonic foraminiferal
assemblages throughout all of Core 12X are indicative of the H.
planispira and H. rischi zone; however, recent analyses of planktonic
foraminifera (B. Huber, Smithsonian Institution, National Museum of
Natural History, personal communication) indicate the P. eubejaouaensis (replaced the T. bejaouaensis as suggested by PremoliSilva et al., 2009) and H. rischi zone, dated to Late Aptian–Early Albian
(Fig. 2). Therefore, the age of the core from 139.3 to 148.1 mbsf is Late
Aptian–Early Albian, with the Aptian–Albian boundary at 145.3 mbsf.

Fig. 2. Integrated stratigraphic log for Core 12X in ODP Hole 1049C, showing
sedimentary cycles and magnetic susceptibility (the latter is after Han et al., 2008).*
Replaced T bejaouaensis Zone by Premoli-Silva et al. (2009).
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3.2. Methods
3.2.1. Contents of CBD extractable iron
The red (brown and orange) samples were treated using the CBD
(citrate-bicarbonate-dithionite) procedure described by Mehra and
Jackson (1960). The contents of CBD extractable iron were determined using a UV-2100 spectrophotometer at the Institute of Surﬁcial
Geochemistry at Nanjing University, China. 1 ml of the CBD extractable iron solution was pipetted into a 25 ml colorimetric tube,
followed by adding two drops of 1 M hydrochloric acid and 1.25 ml of
2% (mass fraction) ascorbic acid solution. After 20 min of shaking the
tube, 2.5 ml of 0.2% (mass fraction) phenanthroline solution and 4 ml
of 25% (mass fraction) sodium acetate solution were added into the
tube successively, followed by shaking up again. Finally, the solution
was diluted to the deﬁned volume of 25 ml with distilled water.
Similarly, 6 calibration samples containing 0, 0.1, 0.2, 0.4, 0.8, 1.2 ml of
calibration solution (0.1 mg/ml Fe2O3) were prepared and diluted to
the deﬁned volume of 25 ml. The absorbance of these calibration
samples were determined in a 1-cm cell at 510 nm with the UV-2100
spectrophotometer and calculated the regression equation between
these absorbances and Fe2O3 contents. Subsequently, the absorbance
of CBD extractable iron solutions was determined in the same way
and calculated the Fe2O3 contents of the CBD extractable iron solution
by the regression equation.
3.2.2. Quantitative XRD analysis of components
XRD analyses were performed at the State Key Laboratory of
Mineral Deposits Research, Nanjing University, China, using a Rigaku
D/max IIIa diffractometer equipped with a Cu-target tube and a
curved graphite monochromator, operated at 37.5 kV and 20 mA. The
slit system was 1° (DS/SS), 0.3 mm RS. Samples were step-scanned
with a step size of 0.02° (2θ) from 3° to 100°; the preset time was 2 s/
step. XRD samples were prepared using the side-packing method
proposed by the National Bureau of Standards (USA). Quantitative
analyses of mineral phases and cell parameter reﬁnement were
performed by Whole Pattern Fitting using the software Topas (a
commercial software of Bruker Corporation). To better illustrate
relative changes in terrigenous components with depth in the core,
we calculated the mineral content in the non-carbonate fraction,
represented by the mineral content in the bulk sample divided by the
total mineral content except calcite.
3.2.3. Diffuse reﬂectance spectroscopy
Samples were analyzed using a Perkin-Elmer Lambda 6 spectrophotometer with a diffuse reﬂectance attachment, which is capable of
measuring sample reﬂectance from the near-ultraviolet (190–400 nm),
visible (400–700 nm), and near-infrared (700–2500 nm) bandwidths,
at the Institute of Surﬁcial Geochemistry at Nanjing University, China.
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Sample preparation and analysis followed the procedures described in
Balsam and Deaton (1991) and Ji et al. (2002). Ground samples were
made into a slurry on a glass microslide with distilled water, smoothed,
and dried slowly at b40 °C. Data are given as percent reﬂectance relative
to the Spectralon™ (reﬂectance% = 100%). Data processing was restricted to the visible spectrum (400–700 nm), which is the region of the
spectrum most sensitive to iron oxide minerals (Deaton and Balsam,
1991). Reﬂectance data were converted into percent reﬂectance in
standard color bands (Judd and Wyszecki, 1975); i.e., violet= 400–
450 nm, blue = 450–490 nm, green = 490–560 nm, yellow = 560–
590 nm, orange= 590–630 nm, red = 630–700 nm. These parameters
served as independent variables in a transfer function for calculating
hematite and goethite content. Percent reﬂectance in the color bands
was determined by dividing the percentage of reﬂectance in a given
color band by the total visible wavelength reﬂectance in the sample. The
total reﬂectance of each sample, or brightness (Balsam et al., 1999; Ji et
al., 2002), was calculated by summing the reﬂectance values from 400 to
700 nm. Spectral violet, blue, green, yellow, orange, and red were used
as independent variables to be related to hematite and goethite
concentration via stepwise multiple linear regression. Quantitative
measurements of hematite and goethite content followed the method
described by Ji et al. (2002), which is summarized in the four steps
below.
1) Sample selection
Previous studies have demonstrated that DRS in the visible region
is sensitive to iron oxides. Peaks in ﬁrst derivative curves have
been used to identify the presence of iron oxides, especially
hematite and goethite (Deaton and Balsam, 1991). Hematite has a
single prominent ﬁrst derivative peak centered at either 565 or
575 nm, whereas goethite has two ﬁrst derivative peaks: a
primary peak at 535 nm and a secondary peak at 435 nm. In
practice, the 435 nm peak is a better indicator of goethite because
the 535 nm peak is commonly obscured by hematite (Balsam and
Damuth, 2000; Balsam and Wolhart, 1993).Fig. 3a shows the ﬁrst
derivative curves obtained for samples of different color within
Core 12X. First derivative curves obtained for brown and orange
samples show clear peaks around 435 and 565 nm, corresponding
to the goethite and hematite peaks, respectively. These peaks are
not observed in any of the other samples; therefore, we selected
the orange samples for further analysis based on the following
points: (1) there were more orange samples than brown samples,
and (2) the orange and brown samples had similar mineralogy.
2) Obtaining matrix materials
The selected orange samples were treated using the CBD (citratebicarbonate-dithionite) procedure (Mehra and Jackson, 1960)
two times, to ensure the complete removal of iron oxides. The
resulting residues were taken to represent matrix materials from

Fig. 3. First derivative spectral patterns for samples from Core 12X in ODP Hole 1049C. (a) First derivative spectral patterns for black, orange, brown, green, and white samples. (b)
First derivative spectral patterns for an orange sample treated using the CBD procedure and subsequently iron oxides added.
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the samples. After CBD treatment, the samples lost their orange
color and became greenish, and no longer yielded peaks at 435
and 565 nm in the ﬁrst derivative curve (Fig. 3b).
3) Adding iron oxides to matrix materials to create a calibration
sample set
Based on CBD extractable iron data and a comparison of the
obtained ﬁrst derivative curves with those described in previous
studies (Deaton and Balsam, 1991; Harris and Mix, 1999; Ji et al.,
2002), we can estimate the content ranges of hematite and
goethite in the red (i.e., brown and orange) samples. Our
calibration set consisted of 21 samples (Table 1), obtained by
adding known quantities of pigment-grade synthetic hematite
and goethite to matrix materials, following Scheinost et al. (1998)
and Ji et al. (2002). For the hematite standard, we used Pﬁzer Inc.
R1559, a pure red Fe oxide; for goethite, we used Hoover Color
Corp. Synox HY610 Yellow. XRD analyses revealed that both
oxides have appropriate crystallography; that is, they are ﬁnegrained (micron- or sub-micro-sized powders), similar to the iron
oxides found in deep-sea sediments (Ji et al., 2002). Following
addition of the iron oxides, the samples became pale orange, and
the hematite and goethite peaks were again observed in the ﬁrst
derivative curves (Fig. 3b).
4) Multiple linear regression
Previous studies have demonstrated the effectiveness of multiple
linear regression for spectral characterization of sediment
composition (Balsam and Deaton, 1996; Ji et al., 2002). Known
contents of hematite/goethite served as dependent variables,
while independent variables were spectral violet, blue, green,
yellow, orange, and red of calibration samples. Stepwise multiple
linear regression was used to establish the calibration equation
among hematite/goethite contents and the six spectral bands
(Table 1). The choice of variables to include in the regression
equation was made by stepwise regression. The results are as
follows:
Hematite ð%Þ = 12:022  0:590 × Blue ð%Þ + 0:165

4. Results
4.1. Sedimentary cycles
The Aptian–Albian sediments encountered in Core 12X of Hole
1049C are characterized by high-frequency cycles consisting of
oceanic red and green/white clayey chalk, and claystone. We divided
the sediments within Core 12X into eight cycles of red–white beds,
based on color change and magnetic susceptibility (Fig. 2). The
thicknesses of the cycles (from top to bottom) were 580, 420, 650,
320, 310, 350, 380, and 330 mm. As shown in Leckie et al.'s (2002)
study on biochronology and Huber's (Smithsonian Institution,
National Museum of Natural History, personal communication)
analysis of fossil foraminifera, the ages of the top (145.3 mbsf) and
bottom (150 mbsf) of the P. eubejaouaenisis zone are 112.4 and
114.3 Ma, respectively. The corresponding sedimentation rate for the
4.7 m interval between these two boundaries is 2.47 mm/ka. The age
of the top of the G. algerianus zone (153.2 mbsf) is 115.2 Ma (Bellier et
al., 2000), yielding a sedimentation rate of 3.56 mm/ka over the 3.2 m
interval from this point to the bottom of the P. eubejaouaenisis zone.
Given that the top of the H. rischi zone is not exposed, we are unable to
calculate the sedimentation rate for this interval.
Previous studies of paleomagnetism and astronomical cycles have
reported sedimentation rates of 4 mm/ka (250 ky/m) during the Late
Aptian and 5.88 mm/ka during the Early Albian (Ogg and Bardot,
2001; Ogg et al., 1999), within an order of magnitude of the rates
calculated in the above studies. In this paper, we use Ogg et al.'s
(1999) data in calculating the sedimentation rates during the Early
Albian and Later Aptian, respectively. Based on these data, combined
with the thicknesses of each pair of cyclic red–white beds, we
calculated the duration of each cycle, yielding values of (from top to
bottom) 99, 71, 111, 54, 53, 88, 95, and 83 ka. The lowest of these
values are comparable to the 53.6 ka cycle of the weak obliquity of the
Earth's axis, and the highest are comparable to the 85–140 ka cycle of
the short eccentricity of Milankovitch cycles.

ð1Þ

× Green ð%Þ−0:819 × Yellow ð%Þ
4.2. Contents of CBD extractable iron
Goethite ð%Þ = −33:886 + 0:831 × Green ð%Þ−0:455
× Yellow ð%Þ + 1:323 × Orange ð%Þ

ð2Þ

Table 1
Hematite and goethite concentrations, and reﬂectance in various color bands for the
calibration sample set.
Sample Hematite Goethite
(%)
(%)

Violet
(%)

Blue
(%)

Green
(%)

Yellow
(%)

Orange
(%)

Red
(%)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

13.39
12.30
13.10
12.03
11.32
10.70
10.59
8.86
10.28
10.10
9.24
9.75
9.48
9.75
10.00
9.02
8.39
7.56
8.64
9.54
9.68

12.11
11.13
11.89
10.73
10.36
9.63
9.68
7.97
9.04
9.17
8.13
8.75
8.67
9.14
9.26
8.25
7.81
6.77
7.66
9.17
9.12

23.59
22.43
23.57
21.64
21.54
20.09
20.36
17.15
18.72
19.33
17.18
18.48
18.62
19.80
19.82
17.89
17.41
14.98
16.45
20.32
19.90

10.74
11.14
10.84
11.22
11.44
11.56
11.58
11.65
11.56
11.63
11.57
11.63
11.71
11.77
11.70
11.73
11.89
11.59
11.59
11.90
11.81

14.45
15.45
14.61
15.91
16.25
17.13
17.06
19.14
17.89
17.70
18.97
18.20
18.25
17.64
17.52
18.76
19.24
20.57
19.51
17.52
17.64

25.72
27.56
25.99
28.47
29.09
30.89
30.73
35.23
32.51
32.07
34.90
33.20
33.26
31.89
31.69
34.35
35.25
38.52
36.15
31.55
31.85

0.00
0.05
0.00
0.10
0.10
0.20
0.20
0.60
0.30
0.30
0.60
0.40
0.40
0.25
0.25
0.50
0.50
1.00
0.80
0.25
0.30

0.00
0.10
0.05
0.10
0.20
0.20
0.30
0.40
0.10
0.30
0.20
0.25
0.40
0.50
0.40
0.50
0.60
0.50
0.30
0.80
0.70

The analysis results of CBD extractable iron reveal that Albian
brown beds contain 0.52–1.96% (average value, 1.29%) Fe2O3, Aptian
orange beds contain 0.41–1.03% (average value, 0.74%) Fe2O3. The
contents of CBD extractable iron in Albian brown beds are generally
higher than those in Aptian orange beds. The contents of CBD
extractable iron in cycles 1, 2, 3 are higher than those either in other
Albian brown beds or in Aptian orange beds.

4.3. Quantitative XRD analysis
XRD analyses reveal that the samples consist mainly of quartz,
albite, and clay minerals. The clay fraction is mainly illite, with
subordinate chlorite and minor kaolinite. The contents of quartz show
peaks in cycles 1, 3, 4, 8 in the red beds, and the contents of quartz in
cycles 2, 7 in the red beds are lower than in the adjacent white beds.
The contents of albite in cycles 1 and 7 are higher in the red beds than
in the adjacent white beds, and also decrease from the white beds of
cycle 3 to red of cycle 2 followed by increasing from red of cycle 2 to
red of cycle 1. The contents of illite appear generally higher in the
Aptian cycles than in the Albian cycles. However, there are no obvious
relationship between the mineral variation patterns and sediment
color changes neither in the Albian cycles nor in the Aptian cycles
(Fig. 4). We also found that the contents of clay minerals do not show
systematic changes with depth, for example, illite and chlorite does
replace smectite with increasing burial depth. This indicates that the
sediments in ODP Hole 1049C were not inﬂuenced by late diagenesis.

X. Li et al. / Sedimentary Geology 235 (2011) 91–99

95

Fig. 4. Comparison of magnetic susceptibility with concentrations of quartz, albite, illite, chlorite, and kaolinite in non-carbonate fraction quantitatively analyzed by Whole Pattern
Fitting using software Topas. MS: magnetic susceptibility (data from Han et al., 2008).

4.4. Iron oxide concentrations

5. Discussion

Based on the above regression equations, we quantitatively
calculated the concentrations of hematite and goethite in the analyzed
samples. Albian brown beds contain 0.13–0.82% hematite (average
value, 0.51%) and 0.22–0.81% goethite (average value, 0.58%). Aptian
orange beds contain 0.19–0.46% hematite (average value, 0.35%) and
0.29–0.67% goethite (average value, 0.50%) (Fig. 5). The hematite and
goethite contents in Albian brown beds (cycles 1, 2, and 3) are
generally higher than those in Aptian orange beds. The white, green,
and black beds contain neither hematite nor goethite. Goethite shows
peaks in abundance in some samples adjacent to black beds.

5.1. Reliability of quantitative estimates of iron oxide concentrations
There are currently two effective methods of detecting low
concentrations of hematite and goethite: voltammetric analysis
(Grygar and van Oorschot, 2002) and visible light diffuse reﬂectance
spectrophotometry (Balsam and Deaton, 1991; Deaton and Balsam,
1991; Ji et al., 2002; Schwertmann, 1988; Torrent et al., 2006). The
detection limits of these methods are about 0.01%. Following the
method described by Ji et al. (2002), we obtained two regression
equations using diffuse reﬂectance spectroscopy with multiple linear

Fig. 5. Comparison of magnetic susceptibility, carbonate content, brightness, goethite content, and hematite content for Core 12X from ODP Hole 1049C (carbonate content data from
Han et al., 2008).
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Fig. 6. Comparison of added, known iron oxide contents in the calibration sample set with that estimated by the regression equations. Also showing are the Y = X regression line, the
square of the correlation coefﬁcient (R2), and the root mean square error (RMSE).

regression as mentioned above. In the regression equation for hematite,
spectral blue and yellow are negatively correlated with hematite
content, whereas spectral green shows a positive correlation. In the
regression equation for goethite, spectral yellow shows a negative
correlation with goethite content, whereas spectral green and orange
show a positive correlation. The hematite and goethite contents
estimated from these regression equations lie near the line Y = X
(Fig. 6), where X is the added, known content of hematite or goethite,
and Y is the hematite or goethite content estimated from the regression
equations. For the hematite estimates, R2 is 0.992, the root mean square
error (RMSE) is 0.0230, and the hematite content ranges from 0 to
1.00 wt.%. For the goethite estimates, R2 and RMSE are 0.960 and 0.0424,
respectively, and the goethite content ranges from 0 to 0.80 wt.%. Thus,
the calibration equations are satisfactory and the estimated hematite
and goethite contents are reliable for contents in the above ranges.
We calculated hematite and goethite contents using the regression
equations presented above. The calculated contents correspond well
to color changes: orange and brown beds are rich in hematite and
goethite, whereas yellow beds adjacent to black beds contain only
goethite. White and green beds contain no hematite or goethite
(Fig. 5). To assess the accuracy of our quantitative estimates of
hematite and goethite content, we compared the obtained values with
the concentrations of CBD extractable iron in the red (brown and
orange) samples. The CBD extractable iron has been used to estimate
the amount of free iron oxides (hydroxides) in sediments. In oceanic
sediments it is mainly composed of hematite and goethite with a
lesser amount of maghemite and magnetite. Ideally, the estimated
hematite plus goethite content will be close to or slightly less than the
contents of CBD extractable iron. In this study, our estimates were a
little less than the contents of CBD extractable iron in Albian brown
samples while our estimates are a little higher than the contents of
CBD extractable iron in Aptian orange samples. Nevertheless, there
are strong linear relationships between our estimates and the
contents of CBD extractable iron (Fig. 7). The R2 are 0.959 and 0.919
for Albian brown and Aptian orange samples, respectively, demonstrating that our estimates are realistic.

diffuse reﬂection show the characteristic peaks of hematite and
goethite in brown and orange samples, but not in white, green, or
black samples; (2) after treatment using the CBD procedure, the
brown and orange samples showed a change in color to greenish or
whitish, and the hematite and goethite peaks disappeared from the
ﬁrst derivative curves. Subsequently, after adding varying contents of
hematite and goethite to the treated samples, the characteristic peaks
re-appeared, and the samples reverted to their original brown and
orange colors.
However, hematite and goethite behave differently in terms of
determining the color of sediments. Hematite appears blood-red in
color (3.5R-4.1YR, Munsell hue), thereby imparting a red color to
sediment. In contrast, goethite is bright yellow (8.1YR-1.6Y, Munsell
hue), imparting a bright yellow color to sediment (Deaton and
Balsam, 1991; Torrent et al., 2006). When hematite alone was added
to calibration samples in the present study, the matrix became
reddish in color. When goethite alone was added, the matrix became

5.2. Controls on sediment color
5.2.1. Red color (brown and orange) samples
Hematite and goethite are ubiquitous in surface environments
upon Earth. These minerals are pigments, meaning that they play an
important role in determining the color of sediments. Previous studies
have shown that the reddish color of sediments is controlled by iron
oxides, especially hematite and goethite (Balsam and Deaton, 1991;
Balsam et al., 2004; Harris and Mix, 1999; Scheinost et al., 1998). The
color of oceanic red beds from ODP 1049C is mainly controlled by
hematite and goethite, as supported: (1) the ﬁrst derivative curves of

Fig. 7. Combined hematite–goethite concentration versus concentration of CBD
extractable iron: (a) for Albian brown samples; (b) for Aptian orange samples.
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yellowish. Furthermore, the matrix became orange when we added
less than 0.3% hematite combined with more than 0.5% goethite, and
it became brown when we added more than 0.5% hematite
combined with less than 0.8% goethite. We also found that the red
color of hematite has a strong masking effect on the yellow color of
goethite, as suggested by Torrent et al. (1983). This ﬁnding was
supported by our quantitative estimates of the amounts of hematite
and goethite: the brown layers contained a higher concentration of
hematite (average value, 0.51%) than that of the orange layers
(~ 0.35%), while concentrations of goethite are similar in both brown
and orange layers.
It is interesting to note that the Upper Cretaceous red pelagic
limestones from central Italy have a characteristic peak of hematite at
565 nm and lack the characteristic peaks of goethite at 435 nm
in the ﬁrst derivative curves of DRS (Hu et al., 2009). The red color of
these limestones has been explained by the presence of hematite
without goethite (Hu et al., 2009). We propose that goethite in
these rocks originally formed together with hematite, but was subsequently transformed to hematite during late diagenesis, based on the
observations that 1) the CORBs of central Italy and Blake Nose (North
Atlantic) have similar compositions and were deposited in similar
pelagic environments, and 2) the red limestones in Italy are lithiﬁed
and experienced considerable diagenesis (Arthur and Fischer, 1977),
whereas the red marls in Hole 1049C are largely unaffected by
diagenesis (Erbacher et al., 2001). The importance of the goethite–
hematite transition in red beds has also been emphasized in previous
studies (Channell et al., 1982; Gualtieri and Venturelli, 1999).
5.2.2. Green and white samples
The green samples contain no iron oxides. The color of these
samples is possibly controlled by Fe2+-bearing silicate clay minerals
(chlorite), as a high value of Fe2+/Fe3+ in the crystal structure of
silicate clay minerals can impart a green color to sediments (Giosan et
al., 2002a, 2002b; Lyle, 1983). In an analysis of chlorite, Ji et al. (2006)
reported two distinct absorption peaks of iron in the spectral region
between 800 and 1400 nm: one centered near 930 nm, due to Fe3+ in
six-fold coordination, and one centered at 1140 nm, due to Fe2+ in
six-fold coordination. Because the peak depth in a continuumremoved reﬂectance spectrum provides information on the mineral
content of sediments (Clark and Roush, 1984), it is useful to calculate
the ratio of the 1140 nm absorption peak depth to the 930 nm
absorption peak depth. This ratio represents the value of Fe2+/Fe3+ in
clay minerals. The green sample in our study shows these two peaks
(Fig. 8), and the peak depth of Fe2+ clearly exceeds that for Fe3+. Thus,
the green color of the sample may reﬂect a high proportion of Fe2+ (or
high value of Fe2+/Fe3+) in the chlorite structure. In fact, the orange
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samples do not show the two characteristic peaks of chlorite in DRS
curves. However, in the case that iron oxides are removed from the
orange sample using the CBD procedure, the 930 and 1140 nm peaks
appear, and the sample color changes to green (Fig. 8). This ﬁnding
indicates that orange samples contain chlorite, although not enough
to generate its two peaks in reﬂectance spectra, due to the masking
effect of iron oxides (see Balsam and Deaton, 1991; Giosan et al.,
2002a).
The white samples contain a high concentration of calcium
carbonate (average value, 69.5%; Han et al., 2008) and minor chlorite
(less than 5%). The reﬂection spectrum obtained for white samples
does not show the characteristic peaks for hematite or goethite, and it
is difﬁcult to identify the absorption peak of chlorite. The low
concentration of chlorite indicates that it has negligible inﬂuence on
the color of white samples (Fig. 8). Therefore, the color of white
samples mainly reﬂects the high content of calcium carbonate.
5.3. Factors inﬂuencing the formation of oceanic red beds
5.3.1. Terrigenous input
XRD analyses reveal that the terrigenous components in the
samples are mainly quartz, albite, and clay minerals. The clay fraction
is mainly illite and chlorite, with minor kaolinite. This clay assemblage
is typical of a dry and cold climate, with little rainfall in the source
area. In such environments, weathering occurs mainly via physical
processes or weak chemical processes, with little eluviation (Gingele
et al., 2001; Winkler et al., 2002).
In the cycles considered in the present study, the content ranges of
quartz, albite, clay minerals (e.g., illite, chlorite, and kaolinite) in the
sediments of Albian cycles and Aptian cycles are not obviously
different with depth. Apart from the magnetic susceptibility there are
also not obvious variations of mineral contents with sediment color,
neither in the Albian cycles nor in the Aptian cycles. The contents of
quartz and albite show similar variations in cycles 1, 2, 3 while illite
has the opposite variation pattern in the same cycles. It seems that the
minerals may follow a lower frequent cyclicity, possibly spanning 2 or
3 color cycles. The mineral variation and color changes might be
related to climate variability, but obviously on different cyclicities. A
previous chemical analysis of the same core (Cheng, 2008) revealed
strong positive correlations among Si, Al, Mg, Fe, Na, K, and Ti, which
represent terrestrial input, thereby providing further evidence of a
consistent source area during deposition of the sediments.
5.3.2. Paleoceanographic conditions
The stability of terrigenous input described above suggests that
iron oxides, which are responsible for change in sediment color, were

Fig. 8. Diffuse reﬂectance spectra (left) and continuum-removed reﬂectance spectra (right) of samples colored black, green, white, and orange. Also shown for comparison is a CBDtreated orange sample. The continuum-removal approach involved ﬁtting a straight line to the reﬂectance continuum using two continuum tie points, on either side of the
absorption feature (Clark and Roush, 1984).
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derived from syn-depositional oxidation and inﬂuenced by early
diagenesis rather than terrigenous clastics. The hematite and goethite
in brown and orange beds may represent oxic bottom conditions at
the time of their formation. The hematite and goethite contents of
Albian brown beds (average values, 0.51% and 0.58%, respectively) are
higher than those of orange beds (average values, 0.35% and 0.50%,
respectively), indicating relatively oxic bottom conditions during the
Albian. Trace element analyses of samples from Core 12X (see Cheng,
2008) also support an oxic environment during the deposition of
brown and orange beds. In the brown, orange, white, and black beds,
trace elements such as V, Co, Ni, U, and Cu, which are sensitive to
redox conditions, are depleted, depleted to weakly enriched, weakly
enriched, and highly enriched, respectively.
Which factors caused the postulated ﬂuctuations in redox
conditions? Morford and Emerson (1999) reported that the joint
effects of the accumulation rate of organic matter and dissolved
oxygen content in bottom waters directly determine the redox
condition at the sediment–water interface. Dissolved oxygen in
bottom waters acts as an oxidant, while organic matter acts as a
reducer. We speculate that the oxic environment recorded by Aptian–
Albian red beds resulted from either a high content of dissolved
oxygen or low accumulation rate of organic material. MacLeod et al.
(2001) investigated planktonic foraminifera and whole-rock stable
isotopes in Maastrichtian sediments from ODP Hole 1050C (adjacent
to the Hole 1049C of this study), and concluded that reddish layers
resulted from low primary productivity. However, existing data on the
studied samples from ODP 1049C do not enable us to calculate the
dissolved oxygen contents or accumulation rate of organic matter;
consequently, additional work is required in this regard.
The occurrence of iron oxides in the sediments can be also
inﬂuenced by early diagenetic processes. As mentioned above,
planktonic and benthic species have glassy shells with preserved
surface ornamentation and lack inﬁlling calcite which indicates that
the sediments are unconsolidated and did not undergo strongly
compaction. This may lead the sediments to retain higher sediment
porosity and higher oxygen exposure time, which determines the ﬂux
of oxygen into the pore water. In the early diagenetic processes, high
oxygen content in the pore water will favor the ﬁnal appearance of
iron oxides in the red sediments when the accumulation rate of
organic matter is at a low level.
6. Conclusions
(1) Visible light diffuse reﬂectance spectrophotometry proved to be a
rapid and precise method of quantifying the absolute concentrations of hematite and goethite in sediments from Core 12X, ODP
Hole 1049C, North Atlantic. The hematite and goethite contents
obtained using this method have been demonstrated to be
reliable.
(2) A quantitative analysis of iron oxide contents within Core 12X
reveals that Albian brown beds contain 0.13–0.82% hematite
(average value, 0.51%) and 0.22–0.81% goethite (average value,
0.58%). Aptian orange beds contain 0.19–0.46% hematite (average
value, 0.35%) and 0.29–0.67% goethite (average value, 0.50%).
(3) Hematite and goethite are responsible for the reddish color of the
examined samples. However, these minerals behave differently in
terms of determining the color of sediment: hematite imparts a
red color to sediment whereas goethite imparts a yellow color. A
change in the proportions of these minerals can cause a change in
sediment color from orange to brown.
(4) Hematite and goethite within the red beds formed in an oxic
environment during the period of deposition and early diagenesis. The oxic conditions were probably determined by the low
accumulation rate of organic matter and the high content of
dissolved oxygen in bottom water.
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