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ABSTRACT

Diffuse reflectance spectra measured during shipboard core description with a hand-held Minolta spectrophotometer are
reliable data for interpreting sediment composition. Factor analysis of these spectra indicates that only Glad Cling Wrap, a
polyethylene food wrap, should be used to cover wet cores during measurement because it introduces substantially less noise
into the spectra than other brands of plastic food wrap. This validates our previous recommendation that only Glad Cling
Wrap should be used to cover wet core surfaces before spectral analysis on board ship. Factor analysis also indicates that the
red end of the spectrum was a little noisy; however, it is unclear if this noise was produced by the Glad Cling Wrap, by the
Minolta instrument, or by the sediment being analyzed when wet (water tends to affect the red end of the spectrum more than
the violet). Comparison of spectra taken directly from wet cores on board ship with the Minolta CM-2002 to those taken from
dried, prepared samples with our shore-based Perkin-Elmer Lambda 6 spectrophotometer indicates that water mutes the spec-
tral signal. Although factor analysis of the Perkin-Elmer data produced five factors, four of those factors are the same as the fac-
tors extracted from the wet core data with the Minolta. This suggests that the water content in the wet cores was not high
enough to seriously hinder interpretation of sediment composition. These four common factors are interpreted as carbonate,
chlorite or glauconite, organic matter, and iron oxides (probably a mixture of hematite and goethite). The presence of hematite
can be attributed to hematite-rich sediment derived from the Canadian Maritime provinces, which has been transported south-
ward by the Western Boundary Undercurrent (WBUC) along North American continental margin. Based on the distribution of
hematite down the Leg 164 holes, the WBUC apparently has washed over the Leg 164 sites on the crest of the Blake Ridge only
during the Holocene and very latest Pleistocene.
INTRODUCTION

Marine geologists have used color to describe marine sediment
cores for many years. Color is the human eye’s perception of reflect-
ed radiation in the visible region of the electromagnetic spectrum
(400–700 nm). Sediment color is usually determined visually by
comparison to a color chart like the Geological Society of America
Rock Color Chart (Goddard et al., 1948), which is a derivative of the
Munsell Color Chart. However, such color-chart analysis is inexact
because no two observers have the same color perception. Color also
tends to obscure differences in visible spectra because similar colors
may result from the mixing of different spectral wavelengths, a con-
dition termed metamerism. Many of the problems related to qualita-
tive color analysis can be overcome by using diffuse-reflectance
spectrophotometry, a technique in which light reflected from a sam-
ple is collected in a reflectance sphere and compared to light reflected
from a pure white standard throughout the wavelength range being
analyzed. The data produced by this technique are reflectance as a
function of wavelength relative to a standard. 

Attempts to use reflectance spectra without respect to color to
interpret marine cores dates back to the mid-1960s (e.g., Chester and
Elderfield, 1966, 1968; Chester and Green, 1968); however, a con-
certed effort to exploit near ultraviolet (NUV), visible (VIS), and near
infrared (NIR) spectral reflectance as a marine geological research
tool has only recently been undertaken. Deaton (1987) quantified
Munsell color-chart chips with a reflectance spectrophotometer in an
attempt to help geologists relate color to spectra. Although such
analysis of color chips makes the determination of color more pre-
cise, it does not alleviate the problems associated with the scientific

1Paull, C.K., Matsumoto, R., Wallace, P.J., and Dillon, W.P. (Eds.), 2000. Proc.
ODP, Sci. Results, 164: College Station, TX (Ocean Drilling Program).

2Department of Geology, P.O. Box 19049, University of Texas at Arlington, Arling-
ton, TX 76019, U.S.A. Correspondence author: balsam@uta.edu
use of color. Studies by Barranco et al. (1989), Deaton and Balsam
(1991), Balsam and Deaton (1991, 1996), Balsam et al. (1998), Her-
bert et al. (1992), and Mix et al. (1992) have shown that many marine
sediment components have distinctive spectral signatures. VIS re-
flectance spectra have been used to identify the iron oxide and oxy-
hydroxide minerals hematite and goethite, the clay minerals illite,
montmorillonite and chlorite, calcite, and sediment organic content
(Deaton and Balsam, 1991; Balsam and Deaton, 1991; Balsam et al.,
1998). Balsam and Deaton (1996) obtained quantitative estimates of
carbonate, opal, and organic content by applying regression tech-
niques to NUV/VIS/NIR spectra. Herbert et al. (1992) used infrared
reflectance spectra from a Fourier Transform Infrared Spectropho-
tometer (FTIR) to quantify the abundances of a number of minerals
including calcite, quartz, and various clay minerals. 

Both the reflectance spectrophotometer used by Balsam and
Deaton (1991, 1996) and the FTIR used by Herbert et al. (1992) an-
alyze only one sample at a time and each sample then has to be
changed manually. Both machines take about 60 s to analyze a sam-
ple; the FTIR actually performs a single analysis in 5 s, but uses nu-
merous stacked analyses to remove noise. Mix et al. (1992; 1995) de-
veloped a VIS/NIR scanning spectrophotometer that can be deployed
at sea. This instrument has been utilized to scan cores on board the
JOIDES Resolution and is capable of analyzing a small area of a
core’s surface (about a 2-cm circle) in 5 s, then automatically advanc-
ing down the core and making subsequent measurements. More re-
cently, compact, hand-held spectrophotometers, such as the Minolta
CM-2002, which was used in the present study (see below) have be-
come available. During the past 5 years, a Minolta CM-2002 hand-
held spectrophotometer has also been routinely used to measure color
spectra of sediments during routine core description and processing
on several Ocean Drilling Program (ODP) legs (e.g. Schneider et al.,
1995), including Leg 164.

Leg 155 was the first ODP leg where sediment cores were ana-
lyzed by both a hand-held spectrophotometer (Minolta CM-2002) on
board the JOIDES Resolution and a shore-based, research-grade
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spectrophotometer (Perkin-Elmer Lambda 6) at the University of
Texas at Arlington (Balsam et al., 1997). Comparable databases were
assembled using both of these shipboard and shore-based instruments
to address the following objectives: (1) determine if measurements
obtained with both the shore-based and shipboard instruments are
comparable, and, if not, how and why do they differ; (2) improve the
techniques used to gather data on board ship with the Minolta spec-
trophotometer to provide data comparable to that of the shore-based
spectrophotometer; and (3) determine information about the compo-
sition and mineralogy of the terrigenous Amazon Fan sediment using
spectral analysis. Comparison of spectra from wet cores measured on
board ship during Leg 155 with the Minolta instrument to spectra
measured from comparable Leg 155 core samples using a shore-
based Perkin-Elmer Lambda 6 spectrophotometer showed that
although the spectral signal is muted in the percent-reflectance curves
from the wet shipboard sediments compared to curves generated
from dry core samples onshore, both sets of reflectance curves are
quite similar when processed using a first-derivative transformation.
This observation is further supported by factor analysis of parallel
(shipboard vs. shore-based) data sets (400–700 nm) produced by the
two instruments (Balsam et al., 1997). The Amazon-Fan sediments
analyzed represented a rigorous test of the spectral technique because
most of the sediments are dark and show little variation in the visible
region of the electromagnetic spectrum (Schneider et al., 1995).
However, Balsam et al. (1997) demonstrated that it is possible to ex-
tract compositional information from these spectra. This study also
led us to make important recommendations for using the Minolta
CM-2002 spectrophotometer at sea, including the use of only one
specific brand of clear polyethylene plastic food wrap, Glad Cling
Wrap, to cover wet cores during measurement so as not to distort
the spectra of the sediments, and setting the Minolta instrument to
exclude the specular component (SCE setting) for all measurements
(Balsam et al., 1997). 

Participation during ODP Leg 164 to the Blake Ridge on the con-
tinental margin off the Carolinas, U.S.A. (Fig. 1) allowed us to collect
additional shipboard spectral data with the Minolta 2002 and to con-
tinue our investigations of the usefulness of shipboard spectral analy-
sis for determining sediment composition, mineralogy, and stratigra-
phy. The basic objectives of our investigations of Leg 164 sediments
are (1) to establish a lithostratigraphic framework for the interpreta-
tion of chemical and mineralogical changes in Blake Ridge sediments
using downhole changes in carbonate content, supplemented by min-
eralogic markers such as hematite, which reflects transport of sedi-
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Figure 1. Index map of the study area showing the location of Leg 164 drill
sites. Bathymetric contours in meters.
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ment (e.g., brick-red lutite) from the Cabot Straits southward to the
Blake Ridge by the WBUC (Barranco et al., 1989); and (2) continue
to compare shipboard vs. shore-based spectrophotometer measure-
ments and techniques begun during Leg 155 studies (Balsam et al.,
1997) to document the similarities and differences of the data extract-
ed by each method to provide guidelines for optimizing spectral read-
ings taken on board the JOIDES Resolution and other ships so that
maximum information is obtained. In addition, shipboard analyses
are restricted to measuring wet cores; however, the effects of various
states of wetness on spectra have not been investigated. Therefore,
we investigated the effects of wetness on spectral readings taken on
samples from Leg 164 sediments, as well as other piston cores, in
controlled wetness experiments (Balsam et al., 1998). We are also
presently conducting a study (Balsam et al., unpubl. data) to evaluate
the increasingly popular technique of using sediment lightness mea-
sured down cores as a proxy for carbonate content (e.g. Bond et al.,
1992; Hagelberg et al., 1994; Cortijo et al., 1995) by comparing ac-
tual carbonate values from selected Leg 164 cores and other piston
cores with gray-scale values measured from photographs and spectra
values measured with the both the Minolta and laboratory spectro-
photometers. 

STUDY AREA 

Seven sites (991–997; Fig. 1) on the Carolina continental margin
were drilled during Leg 164 to refine understanding of the in situ
characteristics and amounts of natural gas hydrates stored in sedi-
ments. Three sites on the Blake Ridge (Sites 994, 995, 997) were
drilled to 750-m depths and extend through the zone where the gas
hydrate is stable to the sedimentary section below. Short holes (50 m)
were drilled at the other four sites on the crests of two diapirs on the
Carolina rise, where the intrusion of the diapirs has disturbed the gas-
hydrate–bearing sections (Paull, Matsumoto, Wallace et al., 1996).
Cores from the three >700-m-deep sites on the Blake Ridge (994,
995, and 997; Fig. 1) contain continuous upper Miocene to Holocene
sections of hemipelagic mud, which appear to record changes in min-
eral composition and possibly paleoclimate. Sediments in the upper
150 mbsf of these holes consist of light greenish gray hemipelagic
foraminifer-bearing nannofossil-rich clays, with widely varying car-
bonate contents (~8%–65%); whereas sediments below ~150 mbsf
consist of dark greenish gray diatom- and nannofossil-bearing clays
and claystones with low carbonate contents (~6%–30%) (Paull, Mat-
sumoto, Wallace, et al., 1996). Cores from the diapirs (Sites 991–993
and 996) show widely varying lithologies ranging from gray silty
clays to limestones as a result of diapirism, mass-wasting, and growth
of chemosynthetic communities (Paull, Matsumoto, Wallace, et al.,
1996). Shipboard scientists recorded spectral readings from all Leg
164 cores at 10 to 30 cm intervals down each core. In addition, we
collected ~1350 core samples for carbonate and spectral analyses in
the laboratory at the University of Texas at Arlington (UTA). 

METHODS AND MATERIALS AVAILABLE
FOR ANALYSIS 

Carbonate Analysis

We used the vacuum-gasometric technique of Jones and Kaiteris
(1983) to determine weight percent calcium carbonate content. With
this technique a small sample, ~0.25 g, is digested in concentrated
phosphoric acid under vacuum and the pressure generated by the
release of CO2 recorded on a vacuum gauge. Percent CaCO3 is calcu-
lated by relating the pressure increase in the sample to the pressure
increase in reagent carbonate after correcting for temperature and
pressure. The Jones and Kaiteris (1983) technique has an accuracy of
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about ±1%. As with most techniques used to determine percent car-
bonate, the Jones and Kaiteris (1983) technique lumps together both
polymorphs of CaCO3, calcite and aragonite, as well as carbonate
from biogenic and nonbiogenic sources.

Spectral Analysis

Two types of diffuse reflectance spectrophotometers were used to
obtain spectral data; a Perkin-Elmer Lambda 6 was used at UTA for
laboratory-based measurements, whereas a Minolta CM-2002 was
used on the JOIDES Resolution for the shipboard measurements. Re-
flectance spectrophotometers are designed to scan different wave-
lengths of light reflected from a sample’s surface and record the
intensity of that reflected light relative to a white standard (e.g., bar-
ium sulfate). The Perkin-Elmer Lambda 6 spectrophotometer we use
is equipped with a diffuse reflectance attachment, a reflectance
sphere, to allow total reflectance measurements to be made. The
Lambda 6 contains two light sources (a tungsten lamp for the VIS and
NIR, and a deuterium lamp for the NUV), a moving grating (to sep-
arate light into different wavelengths), and a photomultiplier tube (to
measure the intensity of light reflected from the sample surface).
Data from the spectrophotometer are recorded directly on a floppy
disk at 1-nm intervals from 250–850 nm, the analytical range of the
Lambda 6 in the reflectance mode. Samples were analyzed using a
slit width of 2 nm and scanned at 600 nm/min. The actual time per
analysis, including changing samples, is 2–3 min.

The Minolta CM-2002 spectrophotometer is a portable, hand-
held, instrument capable of analyzing a sample in 3 s. The spectro-
photometer uses a Xenon arc light source that is diffused inside an in-
tegrating sphere to provide even illumination of the sample’s surface;
the measurement area is 8 mm in diameter, although the area illumi-
nated is 11 mm. The CM-2002 uses a double-beam feedback system
with two photodiode arrays. Light reflected from the sample’s sur-
face enters an optical fiber cable and is transmitted to one array. At
the same time, light inside the integrating sphere is transmitted to a
second spectral sensor array by an optical fiber cable. By determining
both the intensity of the source illuminant and the light reflected from
a sample, variations in spectral characteristics and intensity of illumi-
nation can be ameliorated. Before the light is measured, it is
separated by filters at a 10-nm wavelength pitch. The silicon photo-
diode spectral sensors in the array then measure the intensity of the
light at these 10-nm intervals from 400–700 nm by converting the re-
ceived light into electrical currents that are proportional to light in-
tensity. The CM-2002 also allows the specular component to be
included (SCI setting on the instrument) or excluded (SCE setting).
Including the specular component essentially takes into account glare
and provides a better estimate of color as seen by the human eye.
However, glare does not contribute to the spectrum and, therefore, in-
cluding the specular component (SCI setting) makes comparison to
data from a laboratory spectrophotometer difficult because most of
these instruments read only diffuse reflectance. Thus, all our mea-
surements were taken with the SCE setting to produce data consistent
with previous spectral studies (Balsam and Deaton, 1991; Balsam et
al., 1995). Unlike the Lambda 6, in which the sample must be held
vertically, the Minolta CM-2002 can be used in any orientation.

As with previous studies using a Perkin-Elmer Lambda 6 spectro-
photometer (Balsam and Deaton, 1991; Deaton and Balsam, 1991), a
white BaSO4 plate was used to set the 100% reflectance level. On
board the JOIDES Resolution, the Minolta instrument was calibrated
with a white ceramic tile cap attachment, the normal method for cal-
ibrating this instrument. The cap itself does not set the 100% level;
rather, the cap is a ceramic transfer standard that is physically cali-
brated against a primary BaSO4 standard. The absolute reflectance of
this primary BaSO4 standard, as determined at the National Physical
Laboratory in the United Kingdom, is used for reference. This pri-
mary standard is a pressed BaSO4 plate formed according to ISO
7724/2. The absolute reflectance values relative to the primary
BaSO4 standard at 31 wavelengths (400–700 nm at 10-nm intervals)
for the ceramic tile cap are stored on the memory card of the Minolta.
When a white calibration is performed, the instrument sets the reflec-
tance at each wavelength to its stored value relative to the ISO stan-
dard (Balsam et al., 1997). The Minolta CM-2002 used on board the
JOIDES Resolution was calibrated using this white tile transfer stan-
dard.

For the Perkin-Elmer Lambda 6 spectrophotometer, where the
sample has to be held vertically, sample preparation followed the pro-
cedures described by Balsam and Deaton (1991). That is, samples
were ground to <38µ, made into a thick slurry on a glass microslide
with distilled water, and slowly dried either in air or on the warm set-
ting of a hot plate. Shipboard data gathered with the Minolta CM-
2002 spectrophotometer were taken directly from a split core surface.
Because core surfaces were wet, they were covered with Glad Cling
Wrap, to protect the instrument. No attempt was made to control
the degree of water saturation before the shipboard samples were
analyzed. Actual water saturation is a function of the original satura-
tion of the sample and the length of time the sample was exposed to
the atmosphere before being analyzed.

RESULTS

Carbonate Content

Carbonate content was determined on selected samples from each
site. At Sites 994, 995, and 997 carbonate content was determined for
only the upper ~200 mbsf of each site because below this depth car-
bonate concentrations are very low and show very little fluctuation
(Fig. 2; Table 1). Several generalizations can be extracted from the
downhole patterns of changing carbonate content (Fig. 2). The high-
est carbonate values are present in upper Pleistocene sections. Not
only are these late Pleistocene carbonate values high, but the frequen-
cy of carbonate variation also tends to be highest in the upper Pleis-
tocene section. Early Pleistocene values are also high, but not as high
as in the upper Pleistocene section, and they exhibit high frequency
variations. These variations are well displayed in the lower Pleis-
tocene sediments of Hole 994C and, if a more detailed stratigraphy
can eventually be established, may prove to be cyclic (Fig. 2). The
upper Pleistocene section in the three holes with long records (Holes
994C, 995A, and 997A) ranges from 35–40 m in length. The lower
Pleistocene section, unlike the upper Pleistocene section, is much less
consistent in length and is either eroded or compressed in Hole 997A. 

Pliocene carbonate values in Holes 991A, 994C, 995A, and 997A
differ from Pleistocene values because they are lower, generally
around 10% or less, and show less high-frequency variation. In Holes
994C and 997A, late Pliocene carbonate values are somewhat higher
and exhibit higher frequency variations than early Pliocene samples.

Table 1. Carbonate values.

This is a sample of the table that appears on the volume CD-ROM.

Depth
(mbsf)

%
carbonate

Hole 991A:
0.52 37.3
2.02 33.7
3.52 23.1
5.02 43.5
6.52 38.0
8.02 45.3
9.62 45.7

11.12 38.4
12.62 26.6
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In this respect, the late Pliocene carbonate values in these holes are
similar to the Pleistocene carbonate values.

Hematite

Red- to rose-colored, hematite-rich sediments on the continental
margin off eastern North America have been described in several
studies (Ericson et al., 1961; Heezen et al., 1966; Conolly et al., 1967;
Schneider et al., 1967; Needham et al., 1969; Hollister and Heezen,
1972). The mapped distribution of these “brick-red and rose-colored
lutites” was a major piece of evidence that documented the existence
of contour currents, in particular the WBUC, which flows southward
parallel to the contours of the continental rise of the western North
Atlantic and has formed the huge sediment drift deposits of the
Blake-Bahama Outer Ridge (Heezen et al., 1966). This reddish clay
was derived from the erosion of Permian–Carboniferous rocks in the
Canadian Maritime provinces and was transported to the marine
environment by icebergs and proglacial streams during late glacial
times. The presence of this unique, point-sourced sediment in high
concentrations is easily determined visually by its distinctive reddish
color. However, visual examination cannot identify low concentra-
tions of hematite, which is sensitive to masking by other minerals.
Barranco et al. (1989) employed a diffuse reflectance spectrophotom-
eter to identify the presence of hematite in brick red lutites, especially
at low concentrations. In particular, the height of the first-derivative
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Figure 2. Downhole changes in wt% calcium carbonate as determined by the vacuum gasometric technique (Jones and Kaiteris, 1983). See Table 1 for values.
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peak at 565 nm appears to be especially sensitive to hematite in con-
centrations typical of these red sediments (Deaton and Balsam,
1991). First-derivative peak height for hematite is a function of both
the hematite concentration and the mineral composition of the matrix
containing the hematite. In a dark matrix, like that of the Leg 164 sed-
iments, hematite can be identified at concentrations as low 0.03 wt%;
whereas in a white matrix, hematite can be identified at concentra-
tions as low as 0.01 wt%. Regardless of the matrix, diffuse reflec-
tance spectrophotometry is an order of magnitude more sensitive to
the presence of hematite than visual observation.

In most of the Leg 164 holes, the first-derivative peak height at
565 nm is very low except in the top 2 m, indicating that hematite is
not a common sediment component except in the very uppermost
Pleistocene and Holocene sections (Figs. 3–5). Holes 993A and 994C
both show modest increases in hematite content in the top 0.2 m of
the holes (Fig. 4). Although Holes 995A, 996E, and 997A all show
slight increases at the very top of the hole, they also exhibit a substan-
tial hematite peak between 1.2 and 1.9 m (Fig. 4). Shipboard spectral
data gathered with the Minolta are more closely spaced, about every
0.2 m in Hole 994C and 0.1 m in Holes 995A and 997A (Fig. 5).
Downhole variations in the first-derivative value at 565 nm exhibits
patterns similar to those gathered with the Perkin-Elmer spectropho-
tometer where the samples are further apart. The main difference
between the curves is the smaller variation present in the Minolta data
as a result both of measuring wet samples and subsequent muting of
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the spectral signal and the presence of a 565-nm peak at ~5 m in Hole
994C that is not present in the Perkin-Elmer data. The peak at ~5 m
probably is the result of the closer sampling interval for the Minolta
data. It is important to note that even though this peak is further
downhole than the 565-nm peaks in other holes, it probably is late
Pleistocene or early Holocene in age, based on the thickness of the
carbonate high near the top of the hole. 

Both the Perkin-Elmer and Minolta results are consistent with the
grain-size studies of Ledbetter and Balsam (1985), which showed
that during the last 25,000 yr, the WBUC reached the shallowest
depth between 14–5 ka, during the latest Pleistocene and early Ho-
locene. In an analysis of cores from the Blake Outer Ridge, Haskell
et al. (1991) also observed coarse silt mean grain sizes in the upper
Pleistocene sediments, suggesting a shallower WBUC. The absence
of hematite in the holes below about 2 m indicates that since the latest
Pleistocene, the WBUC (or at least one arm of the WBUC) is the
shallowest on the South Carolina margin and the crest of the Blake
Outer Ridge as it has ever been.

Spectral Analysis

Investigation of several important questions concerning the ship-
board gathering of spectral data by Balsam et al. (1997) revealed that
more thorough studies were required to answer these questions. Out-
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Figure 3. Downhole variations in the first-derivative value at 565 nm from
the shore-based Perkin-Elmer spectral data set. First-derivative peak height
at this wavelength is primarily a function of hematite content (Deaton and
Balsam, 1991) and, therefore, can be used as a proxy for the presence of
hematite. Note that high values indicative of hematite are found only near the
very top of the holes.
standing questions include concerns about the reliability of shipboard
spectral data gathered from the wet, split core surfaces. This problem
has been addressed in another paper (Balsam et al., 1998) and the re-
sults suggest that: (1) spectra derived from wet core samples are dark-
er than dry samples and may contain less information about sample
mineralogy and composition, (2) the degree of darkening depends on
both water content and sediment grain size (darkening increases with
increasing water content and decreasing grain size), (3) in sediments
with a water content higher than about 5%, the reflectance decrease
is greater at the red end of the spectrum than at the violet, thereby
muting and distorting the spectral signal, (4) when sediment water
content is less than 5%, spectral curves are somewhat darker than
curves from dried sediment, but are of similar shape, and (5) more
spectral information is contained in powdered samples that have been
dried than in wet samples. These findings make it especially impor-
tant to assess the reliability of shipboard spectral data because chang-
ing water content may affect not only reliability, but also the shape of
spectral curves. Because changes in the shape of spectral curves can
be related to changes in mineralogy, the presence of water has the po-
tential to hamper mineralogic interpretation based on spectra. In the
present study, we attempt to determine, what, if any, mineralogical
information is lost during spectral analysis of wet cores, and if addi-
tional information is gained by analyzing dry, prepared samples. 

Factor analysis was used to examine the structure of both the ship-
board (wet) and shore-based (dry) spectral data; that is, to determine
if the variability in the data is contained in the same covarying wave-
lengths. To answer these questions we prepared three data sets from
measurements and samples down Holes 994C, 995A, and 997A be-
cause these holes recovered long continuous sections. First, we pre-
pared a data set of all shipboard Minolta spectra from the three holes.
This data set consisted of 6766 spectra after problem spectra had been
deleted. We then prepared a second data set from core samples
(which were ground, made into a slurry, and dried onto a glass mi-
croslide) and analyzed them with the Perkin-Elmer Lambda 6 spec-
trophotometer. This data set contains 1190 samples taken at ~1.5 m
intervals (i.e., 1 sample per section) on cores from Holes 994C, 995A,
and 997A. A third data set was constructed from a subset of the Mi-
nolta spectral measurements that correspond to the same intervals in
the cores as the Perkin-Elmer samples in the second data set. (Note:
we considered a shipboard measurement that was within 20 cm of a
core sample to be at identical depths). 

The Minolta data sets are limited to the visible region of the elec-
tromagnetic spectrum, 400–700 nm. The shore-based, Perkin-Elmer
data set, on the other hand, contains spectral values from 250–850
nm. We expected the large Minolta data set to encompass the full
range of sedimentologic variability in the three holes. The Perkin-
Elmer data set, while more limited in sample spacing, has a larger
spectral range and was expected to indicate the presence of a wider
variety of minerals. Comparison of both these data sets to the reduced
Minolta data set was intended to provide information on the effect of
using fewer samples and a smaller wavelength range. 

Untransformed percent reflectance curves are difficult to compare
because they are smooth and change gradually. Typically, reflectance
curves from marine sediments increase slowly from 400 to 700 nm
and contain few peaks or valleys (e.g., Balsam and Deaton, 1991;
Balsam and Wolhart, 1993; Balsam et al., 1997). One method fre-
quently used to make spectra easier to analyze is to take the ratio of
various color or wavelength bands (e.g., Mix et al., 1992, 1995). Ra-
tios, however, fail to take into account that reflectance in a particular
band can be influenced by any number of similar minerals. For exam-
ple, both chlorite and glauconite would increase reflectance in the
green wavelengths. Hence, ratios are not usually indicative of miner-
alogy. As noted by Barranco et al. (1989), Balsam and Deaton
(1991), and Deaton and Balsam (1991), changes in the slope of the
reflectance curve (that is, the first derivative of the percent reflec-
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tance curve) are more indicative of sediment mineralogy and compo-
sition. First-derivative values are high where the slope of the percent
reflectance curve changes rapidly. We calculated first-derivative val-
ues at 10-nm sample intervals for both the shore-based and shipboard
spectra. For the shipboard data, these calculations resulted in 30 val-
ues for each spectral analysis, each of which was then plotted at the
midpoint of each 10-nm interval (i.e., the 400 to 410 value is plotted
at 405, etc.) and are expressed as %/nm. For the shore-based data, 60
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Figure 5. Variations in the first-derivative value at 565 m (Minolta data set)
as a proxy for hematite content in the top 5 m of selected holes. Even though
the sampling is denser with the shipboard Minolta data set, the high hematite
still occurs at about the same depth as in the Perkin-Elmer data set. Note that,
compared to the Perkin-Elmer data shown in Figure 4, the spectral values are
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first-derivative values were calculated from 250–850 nm. Typically,
first-derivative curves contain more peaks than reflectance curves
(see Barranco et al., 1989; Balsam and Deaton, 1991, for examples). 

One conclusion was immediately obvious from analysis of both
the full and partial shipboard Minolta data sets. Our previous recom-
mendation use only Glad Cling Wrap brand polyethylene food
wrap, as opposed to other plastic food wraps of various compositions
(such as Saran Wrap) to cover the wet cores during spectral mea-
surements (Balsam et al., 1997), eliminates a substantial amount of
noise and extends the useful wavelength range of the instrument. Bal-
sam et al. (1997) noted that in cores covered with Saran Wrap,
some wavelengths were difficult to explain with a reasonable number
of factors. Communality is a measure that describes how well a par-
ticular variable, in this case wavelength, is explained by the factors.
Specifically, in the Leg 155 data set, the wavelengths from 405–435
nm and 695 nm had low communalities (<0.7) and could not be easily
explained with factors that contained more than one percent of the
variance. As Balsam et al. (1997) pointed out, the low communalities
of these wavelengths indicated they were dominated by noise. For
both the full and partial Leg 164 shipboard Minolta data sets the low-
est prior communality (that is, communality before rotation) is 0.76.
In the full Minolta data set, only three wavelengths had communali-
ties less than 0.80, and, in the partial Minolta data set, only two wave-
lengths had communalities less than 0.78. Two of the wavelengths
with low communalities were mainly at the red end of the spectrum,
685 nm and 695 nm, and in the full data set, 535 nm also had a low
communality. Significantly, in the samples covered with Glad Cling
Wrap communalities at the violet end of the spectrum were all
high. In contrast, violet wave-length communalities from the Leg 155
data covered with Saran Wrap were low. The slightly lower com-
munalities at the red end of the spectrum observed in the Leg 164 data
set appear to be a function of the limits of resolution of the instru-
ment, because we have observed similar communalities from data
sets that were not covered with any type of plastic wrap. These data
confirm our previous findings (Balsam et al., 1997) that the use of
Glad Cling Wrap reduces noises and improves the resolution of the
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Minolta spectra taken on wet cores. Thus, we continue to recommend
that only Glad Cling Wrap be used to cover wet cores during ship-
board measurement. 

Factor analysis of the full and reduced Minolta data sets using the
principal factors method revealed that four factors could explain
97.8% and 97.6% percent of the variance, respectively. In both data
sets this variance is explained in four factors; the factors are nearly
identical in both data sets (Figs. 6, 7). These factors explain approxi-
mately 55%, 29%, 7%, and 6%, respectively. All factors greater than
four explain less than one percent of the variance of the data set. The
similarities of these factor analysis results is surprising, especially
considering that the full Minolta shipboard data set contains about 5.5
times more samples than the Minolta data set reduced to match the
Perkin-Elmer data set. One conclusion that can be drawn from these
results is that broad sediment characterization can be accomplished
with approximately one sample per section. Clearly, this strategy will
miss events between the ~1.5-m sample, but should be sufficient to
define long-term trends. 

Factor interpretation is not straightforward. Balsam and Deaton
(1991) presented a thorough discussion of factor interpretation as
applied to spectra. Factors are interpreted by comparison to the data
from which they were derived, in this case first-derivative values. For
most factors, the factor pattern curves (Figs. 6, 7), which describe
how important each wavelength is in each factor, should be similar to
the first-derivative curve of a sediment component or mineral present
in the sample. First-derivative curves for various minerals and sedi-
ment components have been published in Barranco et al. (1989), Bal-
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Figure 6. Factor-pattern curves (describing how important each wavelength
is in each factor) derived from analyzing the full Minolta spectral data set.
This data set contains 6766 samples and, for each sample, there are 30 first-
derivative values calculated at the midpoint of the 10-nm sample interval
from 400–700 nm. A varimax rotation was used before factor extraction and
factors are listed in order of decreasing variance explained.
sam and Deaton (1991), Deaton and Balsam (1991), Balsam and
Wolhart (1993), and Balsam et al. (1997). However, because factors
are covarying combinations of wavelengths, they may include more
than one mineral or sediment component, which makes them difficult
to interpret. Two other methods are sometimes useful for interpreting
factors. First, if the data set being analyzed is geographically distrib-
uted, the factors can be mapped and the maps compared to the distri-
bution of a known sediment component. This is the method Balsam
and Deaton (1991) used to identify the carbonate and organic factors,
which are sediment components whose signal is muted (e.g., carbon-
ate) or highly variable (e.g., organic matter). Second, factor scores,
which describe how important each factor is in each sample, may be
compared to known sediment components. Because marine sedi-
ments are complex mixtures of components and because spectra
don’t necessarily respond in proportion to a component’s weight, this
last method may produce misleading results. For example, 0.05 wt%
hematite may have a major effect on spectra (Deaton and Balsam,
1991), but is beyond the analytical limits of other techniques com-
monly employed for mineral identification (e.g., XRD). 

The four factors identified in the shipboard Minolta data from the
Leg 164 holes (Figs. 6, 7) are interpreted as (1) carbonate, (2) either
chlorite, glauconite, or a mixture of the two, (3) iron oxides, probably
a mixture of hematite and goethite, and (4) organic matter. Factor 1
is interpreted as a carbonate factor because its shape is similar to that
of the carbonate factor identified by Balsam and Deaton (1991).

Factor 1 

Wavelength (nm)

400 450 500 550 600 650 700

Lo
ad

in
g

-0.5

0.0

0.5

1.0

Factor 2

Wavelength (nm)

400 450 500 550 600 650 700

-0.5

0.0

0.5

1.0

Factor 3

Wavelength (nm)

400 450 500 550 600 650 700

Lo
ad

in
g

-0.5

0.0

0.5

1.0

Factor 4

Wavelength (nm)

400 450 500 550 600 650 700

-0.5

0.0

0.5

1.0

Minolta Data Set
reduced to match shore-based data set

Figure 7. Factor-pattern curves derived from analyzing the Minolta data set
with a reduced number of samples designed to be equivalent to the shore-
based Perkin-Elmer data set. This reduced data set contains the first-deriva-
tive values from 1190 samples. Note that even though the number of samples
per section was reduced from about 5.5 per section in the full data set to
about 1 per section in this data set, the factors are nearly identical. This sug-
gests that closely spaced spectral sampling is unnecessary if the primary goal
is to characterize sediment composition.
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Based on comparison to first-derivative curves (Fig. 8), factor 2 is
interpreted as chlorite, glauconite, or a mixture of chlorite and glau-
conite. Both chlorite and glauconite exhibit high first-derivative val-
ues between about 425 and 505 nm, the same range where factor 2
exhibits high values. In addition, like factor 2, both glauconite and
ripidolite (Fig. 8) exhibit strong negative values from about 575 to
645 nm. The position of this valley extending into the red wave-
lengths suggests some clinochlore is present, but in the VIS wave-
length range analyzed by the Minolta spectrophotometer, no clear
determination between glauconite and the specific type of chlorite
present is possible. We emphasize that all the samples shown on Fig-
ure 8 are natural samples and substantial compositional and spectral
variability is likely. 

Factor 3 is interpreted as a combination of iron oxides containing
hematite, goethite, and possibly other oxides and oxyhydroxides. The
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Figure 8. First-derivative curves for two types of chlorite, clinochlore (top)
and ripidolite (middle), and glauconite (bottom). The clinochlore is from
Calaveras, CA and was purchased from Wards Natural Science Establish-
ment. The ripidolite is Clay Mineral Repository sample CCA-2 from El
Dorado, CA. Glauconite is from ODP Leg 174, 1072A 27R 1W 005. The
analytical wavelength range for the Minolta Spectrophotometer is 400–700
nm and, for the Perkin-Elmer Lambda 6 spectrophotometer, 250–850 nm.
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first-derivative curve for hematite exhibits a peak at 575 nm, whereas
goethite exhibits peaks at 535–545 nm and 435 nm (Fig. 9). When
these two minerals occur mixed, as is typical in nature, their spectral
curves are additive and have the net effects of shifting the hematite
peak toward shorter wavelengths, broadening the area under the peak
and producing a shoulder at 525–535 nm. 

Characterizing organic material spectrally is difficult because the
composition and color of organic material is highly variable. Balsam
and Deaton (1991) and Balsam and Wolhart (1993) previously iden-
tified first-derivative values that increase toward the red end of the
spectrum as typical organic material. Our factor 4, however, exhibits
high first-derivative values at the violet end and low values at the red
end of the spectrum. The precise pattern produced by organic matter
is a function of the type of organic material and its concentration. Pre-
vious models of sediment organic material included a slight amount
of lignite, which causes absorption through most of the VIS region of
the spectrum (Balsam and Wolhart, 1993). In these Leg 164 samples,
there appears to be very little refractory organic material (lignite, for
example), and the factor pattern curve (Figs. 6, 7) is similar to the
first-derivative curve produced by combining organic matter (1 wt%
cow manure) with calcite (Fig. 10). It is also important to note that
low–weight percent organic matter, because of its light weight, may
represent a substantially higher volume percentage.

To further assess the quality of the shipboard Minolta data, we
took the shore-based Perkin-Elmer data and factor analyzed it from
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Figure 9. First-derivative curves for 1 wt% hematite in calcium carbonate
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the first-derivative curves from these manufactured samples to hematite- and
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of natural materials. The analytical wavelength range for the Minolta Spec-
trophotometer is 400–700 nm and, for the Perkin-Elmer Lambda 6 spectro-
photometer, 250–850 nm.
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400–700 nm, the same wavelength range as the Minolta data. The
Perkin-Elmer data differs from the Minolta in that (1) the Perkin-
Elmer spectrophotometer has a better signal-to-noise ratio and
records data at a 1-nm interval, as opposed to the 10-nm interval of
the Minolta, (2) the samples were not covered during analysis, and
(3) the samples were ground, made into a slurry, and allowed to dry
on a glass microslide. These differences suggest the Perkin-Elmer
should produce higher quality data. This assumption was verified by
the high communalities, all >0.9, of the first-derivative wavelengths,
which suggest that all wavelengths were well explained by the factor
analysis. Unlike the shipboard Minolta data, which contains four fac-
tors, the Perkin-Elmer data contains five factors explaining more than
one percent (Fig. 11). These five factors explain ~61%, 25%, 10%,
2%, and 1% respectively. Although the number of factors and their
relatively importance differs, the four Minolta factors are easily rec-
ognizable in the Perkin-Elmer data set (Fig. 11). Factor 1, carbonate,
is similar in both the Minolta and Perkin-Elmer data sets. Factor 2 in
the Minolta data set is similar, but different in some important as-
pects, to factor 2 in the Perkin-Elmer data set and is discussed below.
Factor 3 in the Minolta data set, iron oxides, is similar to factor 4 in
the Perkin-Elmer data set, and the Minolta factor 4, organic matter, is
similar to factor 3 in the Perkin-Elmer data set. The Perkin-Elmer
data set clarifies the interpretation of the iron-oxide factor which,
based on the 565-nm peak, is clearly dominated by hematite. Deaton
and Balsam (1991) indicate that as hematite content decreases, the
position of the main hematite peak shifts toward shorter wavelengths,
which suggests a hematite content of <1% in these samples. The Per-
kin-Elmer data also clarify the interpretation of the chlorite-glauco-
nite factor. In the 400–700-nm Perkin-Elmer data, the peak in factor
2 shifts to shorter wavelengths, which suggests the presence of cli-
nochlore. In addition, the fifth factor appears to be either glauconite
or ripidolite, which, because of their similar spectral patterns in the
VIS (Fig. 8), cannot be distinguished. In conclusion, although the
Perkin-Elmer is clearly better at discriminating between different
minerals, the shipboard data taken with the Minolta do a remarkably
good job distinguishing different sediment components. 

To determine if additional compositional information could be
obtained by analyzing a broader spectral range, we factor analyzed
the shore-based Perkin-Elmer data from 250–850 nm (Fig. 12). In
factor analyzing this large data set, 60 first-derivative variables by
1190 samples, we deleted first-derivative wavelengths with commu-
nalities less than 0.75 and stopped factor extraction when the vari-
ance explained was less than 1%. In addition, if a factor produced
high-frequency variation (that is, noise) it was not included in the
analysis. Using these criteria, our factor analysis included wave-
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Figure 10. First-derivative curve for 1 wt% cow manure mixed with reagent-
grade calcium carbonate. The analytical wavelength range for the Minolta
Spectrophotometer is 400–700 nm and, for the Perkin-Elmer Lambda 6 spec-
trophotometer, 250–850 nm.
lengths from 265–725 nm and extracted six factors explaining 97%
of the cumulative variance. Compared to the wavelength range avail-
able, the reduced spectral range used in the factor analysis suggests
that the portion of the spectrum from 730–850 nm is not particularly
useful for determining the composition of these marine sediments.
Balsam et al. (1997) came to a similar conclusion and suggested that
spectral instruments designed to scan marine core surfaces should be
limited to wavelengths shorter than about 730 nm. The results of the
present study support this conclusion. 

The six factors (Fig. 12) extracted from analyzing the Perkin-
Elmer data from 265–725 nm are interpreted as iron oxides (factor 1),
illite (factor 2), chlorite and glauconite (factor 3), organic material
(factor 4), montmorillonite(?) (factor 5), and carbonate (factor 6). Of
these factors, the illite and montmorillonite factors require further
discussion. Factor 2 exhibits generally high values from 300–400
nm; a similar pattern is exhibited by the first-derivative curve for il-
lite (Fig. 13). We are aware of no other mineral that consistently ex-
hibits high values throughout this range. It is important to note that
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Figure 11. Factor-pattern curves from analyzing the shore-based Perkin-
Elmer data set. This data set contains 1190 samples. The data were limited to
400–700 nm so that the extracted factors could be compared to similar data
generated by the Minolta CM-2002 (Fig. 7), which is limited to this wave-
length range.
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the significant peaks for interpreting illite’s spectral signal are
present in the NUV and hence not available to instruments like the
Minolta that analyze only the VIS. Factor 5 appears to be montmoril-
lonite, specifically Fe-rich montmorillonite or nontronite (Fig. 14).
Factor 5 (Fig. 12) and the first-derivative curve for nontronite (Fig.
14) both exhibit 685- and 535-nm peaks. A nontronite factor would
not be expected to exhibit the 475-nm peak found in the nontronite
curve, because that peak overlaps with the chlorite-glauconite factor.
However, the peak at 395–405 nm is probably also indicative of non-
tronite. It is important to note that the addition of iron substantially
changes the spectral pattern of montmorillonite (Fig. 14) and thus
demonstrates how difficult interpretation natural materials can be.
These data suggest that the extended wavelength range provides ad-
ditional information.
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Figure 12. Factor-pattern curves from analyzing the shore-based Perkin-
Elmer data set. This data set contains 1190 samples. Initially, the entire
wavelength range of the Perkin-Elmer spectrophotometer was used, and
wavelengths with low communalities deleted from the analysis. This resulted
in a data set of first-derivative values from 260–730 nm. Although more fac-
tors were extracted, they were more difficult to interpret.
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CONCLUSIONS

1. The carbonate content of Upper Pleistocene sediments in all the
holes was moderate, ranging from about 10% to 50% and averaging
about 25%; carbonate values in the lower Pleistocene sediments are
lower, averaging about 15%. Carbonate values in the Pliocene are
generally low, averaging about 10%, and decline downhole in older
sediments. Pliocene carbonate variations are muted, especially com-
pared to the upper Pleistocene, which exhibits high-frequency car-
bonate variations probably related to glacial events.

2. Sites 994, 995, and 997 on the crest of the Blake Ridge are on
the upslope depositional boundary of the WBUC. “Brick-red lutites”
derived from Permian–Carboniferous rocks in the Maritime Provinces
of Canada are one indicator of WBUC deposition. We used VIS spec-
tra to identify the hematite signature typical of these brick-red sedi-
ments downhole at these sites. Significant quantities of hematite are
present only in the top 2 m of the sediment column, which suggests
that the WBUC was as shallow as these holes only during the Ho-
locene and very latest Pleistocene.

3. Glad Cling Wrap, a brand of plastic food wrap, appears by far
to be the best choice for covering wet cores during shipboard spectral
analysis. Other brands of food wrap previously used (Balsam et al.,
1997) distorted the violet end of the spectra. In contrast, Glad Cling
Wrap was used to cover Leg 164 cores and did not appear to effect
the violet end of the spectrum. However, the red end of the spectrum
was still noisy, as evidenced by lower communalities for these wave-
lengths. We were not able to determine if this noise was the result of
the plastic wrap, the nature of the sediment being analyzed, or inher-
ent in the Minolta instrument. We thus continue to recommend the
use of only Glad Cling Wrap to cover wet cores during spectral
measurements.

4. Comparison of data gathered by the shipboard and laboratory-
based spectrophotometers demonstrate that both produce very simi-
lar, reliable data. These observations indicate that the Minolta instru-
ment can be used on wet cores on board ship to obtain very high-
quality spectral data.

5. Water content does not appear to have a significant effect on
spectra. Water content was low enough, probably <5%, that spectra
were not significantly muted and thus did not significantly affect in-
terpretation of sediment composition.

6. Comparison of factor analyses of the shipboard and shore-
based data sets indicates that additional information can be gained by
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analyzing dry (shore-based) instead of wet (shipboard) samples and
by extending the wavelength range analyzed, especially into the
NUV. Shipboard factors are interpreted to be carbonate, chlorite and/
or glauconite, iron oxides, and organic material. When dry samples
from the same depths were analyzed with the shore-based spectro-
photometer, and restricted to the same wavelength range as the ship-
board instrument, iron oxide proved to be dominantly hematite, and
an extra factor was extracted, which appears to be glauconite. Using
the full spectral range of the shore-based spectrophotometer pro-
duced six factors, interpreted as iron oxides, illite, chlorite and glau-
conite, organic material, montmorillonite, and carbonate.
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