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sential to determine the natural variability of climate and to place the current
climate change into its natural context. The current need is to generate the highest temporal resolution
paleoclimatic reconstructions possible in order to assess the natural variability of the climate system, but also
to test the ability of numerical models to simulate conditions different from the ones observed with the
relatively short instrumental records. In this paper, we show that CAT-scan analysis of sedimentary
sequences, with its 1 mm downcore resolution, can be used to identify millennial to seasonal cycles in
sedimentary sequences. In examples from the St. Lawrence Estuary, Eastern Canada, spectral analysis of the
CAT-scan data from Holocene postglacial sediments revealed millennial- to centennial-scale oscillations
possibly associated with either solar variability, changes in relative sea-level or tidal amplitude. Similarly,
spectral analysis of Holocene and Sangamonian glaciomarine sequences revealed decadal- to annual-scale
oscillations with periods close to the one previously associated with the North Atlantic Oscillation (NAO),
whereas spectral analysis of the CAT-scan data from the Sangamonian rhythmites possibly revealed seasonal
cycles.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Paleoclimate research is essential to determine the natural variability
of climate and to place the current climate change into its natural
context. The current need is to generate the highest temporal resolution
paleoclimatic reconstructions possible in order to determine the natural
variability of the climate system, but also to test the ability of numerical
models to simulate conditionsdifferent from theones observedwith the
relatively short instrumental records. Paleoclimatic reconstructions
with an annual to decadal resolution are now emerging from tree-ring
ring (e.g., D'Arrigo et al., 2003; Gray et al., 2004) and ice-core
chronologies (Appenzeller et al., 1998; Stenni et al., 2003; Vinther
et al., 2003), corals (Felis et al., 2000; Cobb et al., 2003), varved lacustrine
sediments (Pepper et al., 2004; Prasad et al., 2004) and speleothems
(Frisia et al., 2003; Lachniet et al., 2004; Tan et al., 2004). Unfortunately,
these types of records are not ubiquitous throughout theworld and their
analysis rather time consuming with traditional methods.

On the other hand, computerized axial tomography (CAT-scan)
allows the rapid visualization of both longitudinal and traversal sections
of sedimentary cores. This non-destructive and very high-resolution
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method (∼0.1 to 1 mm) has been previously used to identify
sedimentary structures (Holler and Kögler 1990; Orsi et al., 1994), to
determine the mode of sediment deposition (Crémer et al., 2002), to
characterize the benthic community (Mermillod-Blondin et al., 2003;
Michaud et al., 2003), to establish a high-resolution stratigraphy
(Boespflug et al., 1995) and to evaluate the physical properties of
sediments (Wellington and Vinegar 1987; Kantzas et al.,1992; Orsi et al.,
1994; Amos et al., 1996). In this paper, we will show how CAT-scan
analysis can be applied to sedimentary sequences to generate a
continuous ultrahigh-resolution paleoclimatic tool that can be used to
identify millennial- to seasonal-scale climatic oscillations.

2. Geological setting

In this paper, we will present examples from three sedimentary
sequences sampled in the St. Lawrence Estuary, Eastern Canada (Fig. 1).
Previouswork based on high-resolution seismo-stratigraphy and piston
cores has defined the tills, glaciomarine sediments and postglacialmuds
that comprise the regional stratigraphy of the area for the Late
Pleistocene to Holocene (Syvitski and Praeg, 1989; Josenhans and
Lehman, 1999). In addition, a detailed sedimentological and palynolo-
gical record drilled on shore at the Île-aux-Coudres (Occhietti et al.,
1995), in the middle estuary of the St. Lawrence Estuary, revealed the
presence of glacial Illinoian and interglacial Sangamonian sediments
(marine isotopic stage 6 to 5e, 130–80 kyr). In recent sediments, fine
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Fig. 1. Location of the sampling sites of cores 2220, 2221 and IAC in the St. Lawrence Estuary, Eastern Canada. Modified from Shaw et al. (2002).
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grained, greenish-grey muds are observed on the deep central parts of
the Laurentian Channel, whereas sandy muds are present on the sides
and lower slopes as well as on the headward parts of the Laurentian
Channel (Loring and Nota, 1973).

3. Materials

In theLower St. LawrenceEstuary (Fig.1), Calypsopiston coresMD99-
2220 (48°38.32′N/68°37.97′W, water depth: 320 m, length: 51.6 m) and
MD99-2221 (48°10.60′N/69°30.35′W, water depth: 212 m, length:
31.0 m) were raised from the Laurentian Channel, a long U-shaped
glaciated valley with depths between 200 and 540 m, during the 1999
IMAGES-V (International Marine Past Global Change Study) oceano-
graphic campaign on board the RV Marion Dufresne II. In the Middle
Estuary, core IAC was collected on shore in Île-aux-Coudres (Fig. 1).

4. Stratigraphy

4.1. Basic stratigraphy of cores MD99-2220 and MD99-2221

Detailed visual description of the coresMD99-2220 andMD99-2221
(hereinafter referred to as cores 2220 and 2221) along with the rock-
magnetic and mean grain size data allowed the identification of two
lithologic units (see St-Onge et al., 2003 for details). Unit 1 consists of
grey to dark grey laminated to massive clays and is observed from the
base to 1497 cm in core 2220 and from the base to 1353 cm in core 2221.
Unit 2 is composed of dark grey bioturbated silty clays and dark grey
bioturbated sandy mud in cores 2220 and 2221, respectively, and is
observed from 1497 cm to the top of core 2220 and from 1353 cm to the
topof core2221. The transition fromUnit 1 toUnit 2 ismarkedbyamajor
change of the sedimentation rates, from N33 m/ka to ∼1.5 m/ka, and
reflects the drastic transition from glaciomarine to postglacial environ-
ments (St-Onge et al., 2003). This transition is notably clearly visible on
the CAT-scan image of core 2221 (see Fig. 5 for example).
Using thirteen AMS 14C dates on mollusc shells and paleomagnetic
correlations with a nearby piston core, St-Onge et al. (2003)
established a chronology for core 2220 over the last ∼8500 cal BP,
with sedimentation rates varying from 0.15 to 0.42 cm/year. Using the
available 14C dates from the glaciomarine sediments (St-Onge et al.,
2003), we now extend this chronology to the base of the core (Fig. 2).
The whole sequence now covers the last ∼9400 cal BP.

4.2. Basic stratigraphy of core IAC

Core IAC is a 155-m long core that mainly corresponds to the
transition from glacial Illinoian sediments to interglacial Sangamonian
sediments. The first 58 m are composed of unconsolidated sediments
while an unconsolidated to consolidated transition zone is observed
between 58 and 79m. Sediments are completely consolidated from 79
to 150m. The core log presents the passage of ice-proximal deposits to
deltaic regressive successions overlain by a thin veneer of Holocene
material (Occhietti et al., 1995). In this paper, we will show examples
from samples U5, U6 and U7, centered at 102 m, and lying within the
centimeter-scale rhythmite succession of early Sangamonian age. This
succession is interpreted to have been deposited in a glaciomarine
environment similar to the one observed in cores 2220 and 2221
during the last deglaciation, with sedimentation rates in the order of
35 m/ka (Occhietti et al., 1995).

5. Methods

5.1. General principles

The CAT-scan uses a pixel intensity scale to quantify andmap X-ray
attenuation coefficients of the analyzed object on longitudinal
(topograms) or transversal (tomograms) images. The resulting images
are displayed on a grey scale, darker and lighter zones representing
lower and higher X-ray attenuation, respectively. Grey scale values are



Fig. 3. Examples of artefacts introduced by the examination table and the end-caps
along with the uncorrected (black) and corrected (blue) extracted CT numbers for cores
2220 and 2221. The blue area on the image represents the sampling area used to extract
the CT numbers (20 pixels in width or ∼2 cm). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. New composite age model for cores 2220 and 2221. Depths of the dated material
from core 2221 were transferred on core 2220 using the rock-magnetic, inclination and
declination correlations (see St-Onge et al., 2003 for details). A third order polynomial
fit was applied in the postglacial sediments, whereas a linear fit was used in the
glaciomarine sediments to construct the final age model. The black vertical line
illustrates the sharp change in sedimentation rates at the transition between
glaciomarine and postglacial sediments.
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expressed as CT numbers or Hounsfield units, obtained by comparing
the attenuation coefficient (µ) to that of water (µw):

CT HounsfieldUnitsð Þ ¼ c=cw−1ð Þ � 1000 ð1Þ

A CT number is a complex unit related to the bulk density of the
sediment, mineralogy, but also to the porosity (e.g., Boespflug et al.,
1995; Crémer et al., 2002).

5.2. CAT-scan analysis of cores MD99-2220 and MD99-2221

CAT-scan analysis of the two Calypso cores was performed on 1.5m
core sections using a medical GE 7590 K Hi-speed Advantage 2.X CT/i
CAT-scanner at the Centre Hospitalier Régional de Rimouski, Québec,
Canada in 1999. Longitudinal images were obtained using a source
radiation of 120 keV and 45 mA. The beam thickness was 1.5 mm.
These images illustrate the average of the integration of the linear
attenuation coefficients over the total thickness of the scanned object
(the core diameter: ∼11.5 cm) expressed in a plane view. Each
longitudinal image has a dimension of 512×296 pixels, corresponding
to a pixel resolution of 1.015 mm. For each core section, 5 images of
300 mm in length were thus acquired. A continuous image of both
Calypso cores was then constructed using the Igor™ software by
creating a matrix for each image and by incorporating each image
matrix into each core final matrix. Using the same software, a
continuous profile of the mean pixel intensity (CT number) on a width
of 20 pixels (∼2 cm) was then extracted from the newly constructed
image. An artefact associated with the examination table is apparent
on the first image of each core section and was only partially sampled
by our procedure (Fig. 3). Erroneous CT numbers associated with this
artefact were deleted from the continuous profile (Fig. 3). Because the
images were obtained in a clean hospital environment, the end-caps
of the different sections could not be removed and generated another
artefact, which slightly increased the CT numbers. We corrected each
core section for this small offset by visually adjusting the CT number
profiles (Fig. 3). Because of the CAT-scan medical software limitations,
the CT numbers obtained on the longitudinal images are not
Hounsfield Units (HU). A first-order empirical relationship between
the CT numbers of the longitudinal and transversal images (which are
in HU) at a common depth, was thus determined (Cagnat, 2004) for
both Calypso cores and is expressed below:

CTL ¼ 195 Ln CTT−1194; r2 ¼ 0:85 ð2Þ
where CTL is the CT number extracted from the longitudinal images
and CTT the CT number, in HU, extracted from the transverse image.

The relationship was then applied to the newly constructed
longitudinal profile of both cores to convert the CT numbers in
Hounsfield Units. Finally, to remove some of the noise induced by the
very high sampling resolution (1.015 mm), a 11-point running average
was applied to both cores CT number profiles.

5.3. CAT-scan analysis of core IAC

CAT-scan analysis of core IAC was realized on 0.9 m core sections
using a medical GE 9800 third generation CAT-scanner at the Centre
Hospitalier Régional de Rimouski, Québec, Canada in 1992. Longitudinal
images were obtained using a source radiation of 120 keV and 100mA.
The beam thickness was 1.5 mm. Again, these images illustrate the
average of the integration of the linear attenuation coefficients over
the total thickness of the scanned object (the core diameter: ∼9 cm)
expressed in a plane view. Each longitudinal image has a dimension of
512×700 pixels, corresponding to a pixel resolution of 0.69 mm. For
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each core section, 2 images were thus acquired. As opposed to cores
2220 and 2221, where a continuous image for each core was
constructed, a continuous image of each core section was only
constructed for core IAC. Using an in-house program, a continuous
profile of the mean pixel intensity (CT number) on a width of 10 pixels
(∼7 cm) was then extracted from selected core sections in the center
of the images. Finally, as opposed to themore recent CAT-scan used for
cores 2220 and 2221, the CT numbers obtained from the longitudinal
images were directly in Hounsfield Units.

6. The CT number profile as an ultrahigh-resolution
paleoclimatic proxy

The CT profiles of cores 2220 and 2221 are illustrated in Fig. 4 and
compared to bulk density profiles measured on board the RV Marion
Dufresne II using a GEOTEK Multi Sensor Core Logger (MSCL) at 2 cm
intervals. The overall good agreement between the density and CT
number profiles (r=0.9 for core 2220 and r=0.8 for core 2221)
indicates that the CT number profiles primarily reflect changes in bulk
density and can therefore be used as an ultrahigh-resolution proxy
(resolution of 1.015 mm) of sedimentological changes. A logarithmic
fit (upper red curves) and a linear trend (lower red curves) to the CT
number data are also illustrated and probably reflect the influence of
sediment consolidation on the sediment porosity and hence on the CT
numbers. In addition, the CAT-scan image along with the derived CT
number profile of core 2221 clearly highlights the drastic transition
between the glaciomarine and postglacial sediments (Fig. 5).

In order to identify any climatic oscillations that may have been
recorded in the CT number profiles, we performed spectral analysis on
Fig. 4. Longitudinal CAT-scan image and corrected extracted CT number profiles of cores A) 22
Dufresne IIwith aGEOTEKMulti Sensor Core Logger (MSCL) at 2 cm intervals. Postglacial sedimen
was applied to both cores CTnumber profiles. A logarithmicfit (upper red curve) and a linear tre
sandy layerat the base of core2221wasexcluded fromthe linearfit. The blueareaon the imageo
or ∼2 cm). (For interpretation of the references to color in this figure legend, the reader is refe
the Holocene postglacial and glaciomarine sediments of cores 2220, as
well as on the Sangamonian glaciomarine sediments of core IAC. Prior
to analysis, a cubic tendancy and the long-term trends associated with
sediment consolidationwere removed from the CT number profiles of
cores IAC and 2220, respectively.

6.1. Millennial to secular climatic oscillations

Figs. 6 illustrates the spectral analysis results for the postglacial
sediments of core 2220. Significant power is observed at periods of
∼400 and ∼1000 years. Some power close to the significant level is
also observed at ∼200 years. These periods are, for example, similar to
periods (220, 480 and 940 years) identified in submerged sea grass
from nearshore of the Baltic Sea (Yu, 2003) and in an Alaskan biogenic
silica lacustrine record (195, 435 and 950 years; Hu et al., 2003).
Periods between 200–300 were previously reported and associated
with changes in solar activity (Stuiver and Braziunas, 1993a,b; Yu and
Ito, 1999; Yu, 2003; Hu et al., 2003; Schimmelmann et al., 2003 and
references therein), relative sea-level (Aaby, 1976; Kunzendorf and
Larsen, 2002) and/or tidal amplitude (Yu, 2003). In addition, periods
close to ∼400 years were previously ascribed to solar variability (Yu
and Ito, 1999 and references therein), whereas periods of 550 and
480 years were associated with changes in North Atlantic Deep Water
circulation (Chapman and Shackleton, 2000) and/or changes in tidal
amplitude (Yu, 2003), respectively. Similarly, 1000–1100-year cycles
were previously associated with changes in thermohaline circulation
(Stuiver et al., 1995; Chapman and Shackleton, 2000; Langdon et al.,
2003) or relative sea-level (Fairbridge and Hillaire-Marcel, 1977;
Rampino and Sanders, 1981). Unfortunately, the identification of
20 and B) 2221 compared with bulk density measurements obtained on board theMarion
ts are inblack,whereas the glaciomarine sediments are inblue.A 11-point running average
nd (lower red curve) probablyassociatedwith sediment consolidation are also illustrated. A
fboth cores represents the samplingareaused to extract theCTnumbers (20pixels inwidth
rred to the web version of this article.)



Fig. 5. Glaciomarine to postglacial transition. The left image illustrates the CAT-scan image and derived CT number profile of core 2221, whereas a zoom at the drastic transition from
glaciomarine (lower blue curve) to postglacial (upper black curve) sediments is illustrated on the right. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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multiple periods with several possible causes indicate that further
analyses are required to pinpoint the exact mechanism responsible for
the CT number millennial- to centennial-scale variations. Never-
Fig. 6. Spectral analysis of core 2220 postglacial sediments (∼0–8500 cal BP). The power
spectrum was calculated with the Blackman–Tuckey method with a Bartlett window
using the Analyseries 1.6 software (Paillard et al., 1996). Prior to analysis, the long-term
logarithmic trend possibly associated with sediment consolidation was removed and
the data were smoothed using a 11-point running average. The vertical and horizontal
bars represent the 80% confidence level. BW = Bandwidth.
theless, the CAT-scan and following spectral analysis successfully
allow the rapid identification of cyclic variations that are most likely
associated with changes in the sediment bulk density.
Fig. 7. Spectral analysis of core 2220 glaciomarine sediments from ∼8600–8710 cal BP.
The power spectrumwas calculated with the Blackman–Tuckey method with a Bartlett
window using the Analyseries 1.6 software (Paillard et al., 1996). Prior to analysis, the
long-term linear trend probably associated with sediment consolidation was removed.
The vertical and horizontal bars represent the 80% confidence level. BW = Bandwidth.



Fig. 8. A) CT number profile and B) spectral analysis of samples U6, U7 and U8 from core
IAC Sangamonian glaciomarine sediments. The spectral analysis was performed with
the Blackman–Tuckey method. Prior to spectral analysis, a cubic tendency was
removed. Results are displayed after filtering the spectrum with a moving 7-point
average (see Boespflug et al., 1995 for details). From Boespflug et al. (1995).
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6.2. Decadal to annual climatic oscillations

Fig. 7 illustrates the power spectrum of the CT number profile from
the glaciomarine sediments of core 2220 from ∼8600–8710 cal BP.
Significant power is observed at periods around ∼2, 3, 7 and 15 years.
Similar cycles of 2–3 years (Cook, 2003), 5–7 years (Schöne et al., 2004),
7–25 years (Cook, 2003) were previously identified in instrumental and
proxy timeseries and associated with the North Atlantic Oscillation
(NAO). Under present climatic conditions, the NAO is now recognized as
the most prominent and recurrent pattern of winter atmospheric
variability over the middle and high latitudes of the Northern
Hemisphere, affecting both precipitations and temperatures (Hurrel
et al., 2003). The similarity of the periods found in the CT number
profiles of core 2220with the ones associatedwith theNAOmay imply a
relationship between the latter and the sediments of core 2220. Such a
link was also suggested for box-cored sediments sampled at the same
site as core 2220 (St-Onge, 2004).

6.3. Annual to seasonal climatic oscillations

Fig. 8 illustrates the CT number profile and spectral analysis results
for samples U5, U6 and U7 from core IAC. Apart from the annual cycle
identified both visually (Occhietti et al., 1995) and with these spectral
results (31 mm), significant power is observed at 400, 160 and 62 mm
(Boespflug et al., 1995). According to the annual bed thickness, these
cycles correspond to periods of 2, 5 and 12 years (Boespflug et al.,1995).
Similarly, periods of 3, 5 and 15 years were determined from the bed
thickness data (Boespflug et al., 1995). These periods are close to the
periods identified in core 2220 glaciomarine sediments. This similarity
suggests that both glaciomarine environments were influenced by a
similar climatic forcing and that the NAO may have operated at similar
periods during both the Holocene and Sangamonian. Furthermore, a
sub-annual periodicity is also observed (17 mm) and likely corresponds
to a seasonal cycle associated with the influence of alternating spring
and neap tides on the sediments (Occhietti et al., 1995).

7. Conclusions

In this paper, we have shown that CAT-scan analysis of sedimen-
tary sequences can be used to extract a continuous CT number profile
with a pixel resolution of about 1 mm. This CT number profile reflects
changes in bulk density, but is also affected by sediment consolidation.
The long-term effect of sediment consolidation can be removed from
the signal prior to spectral analysis. In examples from the St. Lawrence
Estuary, spectral analysis of the CT number profiles of Holocene
postglacial sediments revealed millennial- to centennial-scale oscilla-
tions possibly associated with either solar variability and changes in
relative sea-level or tidal amplitude. Similarly, spectral analysis of the
Holocene and Sangamonian glaciomarine sequences revealed dec-
adal- to annual-scale oscillations with periods close to the ones
previously associated with the NAO, whereas spectral analysis of the
CT number profile of samples from the Sangamonian rhythmites
possibly revealed seasonal cycles, illustrating the usefulness of this
rapid and non-destructive method to study millennial to seasonal-
scale climatic oscillations in sedimentary sequences. These sequences
could either be terrestrial, lacustrine or marine.
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