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Abstract
The Upper Cretaceous Cenomanian/Turonian (C/T) boundary represents the most significant thermal climatic event in the Mesozoic, and it has
been well-studied. Here we present a relatively new approach for providing both independent, climate-based cyclostratigraphic analysis and
correlation among C/T sections. We have collected samples for bulk (initial) low-field magnetic susceptibility (MS) measurement and highresolution inorganic geochemical analyses from two C/T sequences: (1) the well-defined, C/T Global boundary Stratotype Section and Point
(GSSP) located at Lake Pueblo, Colorado, and deposited in the Upper Cretaceous Western Interior Seaway of North America, and (2) the wellstudied marlstone and limestone USGS#1 Portland Core, drilled at Portland, Colorado, ∼ 40 km to the west of the C/T GSSP. Comparing the
lithostratigraphy, chemostratigraphy, and magnetostratigraphic susceptibility (developed from magnetic susceptibility (MS) data) indicates that the
USGS#1 Portland Core closely compares with the C/T GSSP sequence using any of the three measures, demonstrating that intervals collected and
sampled from these two sequences are highly correlated. A preliminary magnetostratigraphic susceptibility zonation for the C/T boundary is
presented to which other MS work can be compared. Fourier Transform (FT) analysis of the MS data from the GSSP, when compared with
previous FT work using geochemical analysis of Portland core samples shows close similarities to the GSSP, with Milankovitch eccentricity,
obliquity and precession bands well-defined in both data sets. Using this result, we assign relative ages to the intervals sampled and evaluate
changes in absolute sediment accumulation rates through the C/T boundary interval. We show that while sediment accumulation rate is relatively
high in the upper Cenomanian, a change toward lower accumulation rates in the GSSP section at the C/T boundary is due to reduced productivity
following the C/T extinction events that resulted from global warming associated with Oceanic Anoxic Event 2 (OAE2) that began in the
uppermost Cenomanian.
© 2008 Elsevier B.V. All rights reserved.
Keywords: Magnetic susceptibility; GSSP; Cenomanian/Turonian; Chemostratigraphy; Stratigraphic correlation; Milankovitch; Floating point time scale

1. Introduction
The Cenomanian/Turonian (C/T) boundary interval marks a
period of significant global temperature increase resulting in a
global, latest Cenomanian, Oceanic Anoxic Event (OAE2;
⁎ Corresponding author.
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Schlanger and Jenkyns, 1976) that impacted ocean biota and
caused major extinctions and speciation, especially in ammonoid, Molluscan and planktonic assemblages (Barnes et al.,
1996; Voigt et al., 2004). The timing of this event is an important
parameter used in climate modeling (Arthur et al., 1988; Keller
et al., 2004; Bowman and Bralower, 2005; Sageman et al.,
2006). The C/T boundary is typical of other important
boundaries, in that dating of the associated OAE2 climatic
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event is made imprecise by the difficulties inherent in geologic
outcrop correlation. Biostratigraphy is the most useful tool we
have for estimating the geological ages of lithified marine
sequences, but its use is often limited by a number of factors,
such as poor time resolution, facies differences, variable fossil
preservation quality, incomplete exposure, changes in evolutionary rates, pseudo-extinctions, and sectionally diachronous
taxa occurrences. As a result, large uncertainties may exist when
correlating among sections to determine the magnitude and
extent of regional and global events found in the rock record.
To better establish correlation precision, the International
Union of Geological Sciences (IUGS), International Commission
on Stratigraphy (ICS) has defined a system of Global boundary
Stratotype Section and Points (GSSPs; Salvador, 1996) that will
eventually define all geological stage boundaries within the
Phanerozoic and Neoproterozoic. A compilation of the GSSPs
ratified through 2004 can be found in The Geologic Time Scale
2004 (Gradstein et al., 2004), and these are updated on the ICS
web site (http:www.stratigraphy.org-gssp.htm). Bounded stages
can thus be defined by tying them directly to the bounding GSSPs,
providing an age framework that it is hoped will eventually link
both marine and non-marine sequences all over the world and
provide greater correlation potential.
Independently verifying the accuracy of correlations among
GSSPs and associated sections necessitates the use of alternative correlation methods that are independent of the fossil
record. A promising technique that makes use of the bulk
(initial) low-field magnetic susceptibility (MS) pattern recorded
in marine sedimentary sequences is one such independent
method, where MS responds to variations in detrital fluxes into
the marine environment (Ellwood et al., 2000). It is now wellestablished that MS in marine sequences often records Milankovitch cyclicity (Mead et al., 1986; Hartl et al., 1995; Weedon
et al., 1997; Shackleton et al., 1999a,b; Weedon et al., 1999;
Crick et al., 2001; Ellwood et al., 2007b), and the cyclostratigraphy of these sequences is so robust that it is now being used
for astronomical calibration of geologic time scales (Shackleton
et al., 1999a,b; van Dobeneck and Schmieder, 1999; Weedon
et al., 1999).
In addition to its utility in paleoclimatic studies, magnetostratigraphic susceptibility can be used for high-resolution correlation among marine sedimentary rocks of broadly differing
facies with regional and global extent (Crick et al., 1997; Ellwood
et al., 1999; Crick et al., 2000; Ellwood et al., 2000, 2006a,
2007b). The MS method provides a robust data set to
independently evaluate and adjust stratigraphic position among
geological sequences. It requires reasonable biostratigraphic control to initially develop a chronostratigraphic framework where
distinctive MS zones can be directly correlated with high
precision among sections, even when biostratigraphic uncertainties or slight unconformities are known to exist within sections
(Ellwood et al., 2006a). The MS method is particularly useful for
independent age control because it can extract data from sections
that are not amenable to other magnetostratigraphic techniques,
such as remanent magnetization (RM) (Berggren et al., 1995;
Gradstein et al., 2004), as it does not require that the rock or
sediment analyzed be consolidated or orientated.

Another technique that has become widely used for highresolution correlation between relatively closely spaced wellbore sections is chemostratigraphy, or chemical stratigraphy
(Pearce et al., 2005b, Ratcliffe et al., 2006). Chemostratigraphy,
sensu this publication, being the discipline of characterizing and
subdividing sequences based on changes in their whole-rock
inorganic geochemical composition. Because the whole-rock
inorganic composition of a carbonate will reflect the amount of
non-carbonate, detrital material, the methods of MS and chemostratigraphy should be complimentary, but need the additional
testing provided here.
In this paper we present high-resolution correlation using
MS, lithologic and geochemical data from two stratigraphic
sequences deposited in the Western Interior Seaway during the
Cenomanian and Turonian, (1) the C/T GSSP (Kennedy et al.,
2005) located at Lake Pueblo, Colorado, and (2) the C/T
boundary interval from the USGS#1 Portland Core (Sageman
et al., 1997, 1998; Dean and Arthur, 1998; Meyers and
Sageman, 2004; Sageman et al., 2006) drilled 40 km from the
GSSP in Portland, Colorado, by the United States Geological
Survey (Fig. 1). The C/T GSSP was ratified in 2003 (Gradstein
et al., 2004) and is placed near the western end of the Denver
and Rio Grande Railroad cut where the C/T boundary is
exposed as part of the Rock Canyon Anticline, just outside Lake
Pueblo State Park, west of Pueblo, Colorado (Kennedy et al.,
2005). The base of the Turonian Stage is defined by the first
occurrence of the ammonite Watinoceras devonense (Gradstein
et al., 2004; Kennedy et al., 2005), and begins at the termination
of OAE2, resulting in significant extinctions of planktonic taxa,
as well as ammonites, gastropods and bivalves (Barnes et al.,
1996). Using the MS method we show here (1) the correlation
potential of MS data sets, (2) test these results using the wellestablished lithology and geochemical data sets, (3) provide
time series results from Fourier Transform (FT) methods using
MS data from the C/T boundary interval collected from the
GSSP, (4) compare these results to previous work on the
USGS#1 Portland Core by Meyers and Sageman (2004),
(5) establish a floating point time scale for the boundary interval
from the FT data, and (6) derive and interpret sediment accumulation rates for the sequences reported here.
2. Methods
2.1. Magnetic susceptibility (MS): general comments
All mineral grains are “susceptible” to becoming magnetized
in the presence of a magnetic field, and MS is an indicator of the
strength of this transient magnetism within a material sample.
MS is very different from RM, the intrinsic magnetization that
accounts for the magnetic polarity of materials. MS in sediments is generally considered to be an indicator of iron, ferromagnesian or clay mineral concentration, and can be quickly
and easily measured on small samples. In the very low inducing
magnetic fields that are generally applied, MS is largely a
function of the concentration and composition of the magnetizable material in a sample. MS is much less susceptible to
remagnetization than is the remanent magnetization in rocks
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Fig. 1. Railroad outcrop exposure of the Cenomanian/Turonian GSSP location along the Arkansas River of the GSSP (Pueblo) and USGS#1 Portland Core (PT) in
Colorado.

and can be measured on small, irregular lithic fragments and
on highly friable material that is difficult to sample for RM
measurement.
Magnetizable materials in sediments include not only the
ferrimagnetic minerals such as the iron oxide minerals magnetite and maghemite, and iron sulfide and sulfate minerals,
including pyrrhotite and greigite, that may acquire an RM
(required for reversal magnetostratigraphy), but also any other
less magnetic compounds, including paramagnetic compounds.
The important paramagnetic minerals in sediments include the
clays, particularly chlorite, smectite and illite, ferromagnesian
silicates such as biotite, pyroxene and amphiboles, iron sulfides
including pyrite and marcasite, iron carbonates such as siderite
and ankerite, and other iron and magnesium bearing minerals.
In addition to the ferrimagnetic and paramagnetic minerals in
sediments, calcite and/or quartz may also be abundant, as are
organic compounds. These compounds typically acquire a very
weak negative MS when placed in inducing magnetic fields,
that is, their acquired MS is opposed to the low magnetic field
that is applied. The presence of these diamagnetic minerals
reduces the MS in a sample. Therefore, factors such as changes
in biological productivity or organic carbon accumulation rates

may cause slight variability in MS values, although because the
MS magnitude in diamagnetic minerals is so weak, relative to
paramagnetic and ferrimagnetic minerals, the diamagnetic contribution is generally negligible (Febo et al., 2007).
Low-field MS, as used in most reported studies, is defined as
the ratio of the induced moment (Mi or Ji) to the strength of an
applied, very low-intensity magnetic field (Hj), where


density specific
ð1Þ
Ji ¼ vij Hj
or
Mi ¼ kij Hj

−




volume specific :

−

ð2Þ

In these expressions, MS in SI units is parameterized as k,
indicating that the measurement is relative to a one cubic meter
volume (m3) and therefore is dimensionless; MS parameterized
as χ indicates measurement relative to a mass of one kg, and is
given in units of m3/kg. Both k and χ have anisotropy. Here we
use χ to characterize this bulk (initial) low-field MS.
Very high-frequency variations in the raw MS data, that
appear to be anomalous, may be due to weathering, secondary
alteration and metamorphism in sedimentary sequences.
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Cyclic trends in these data sets have been shown to result from
climate-controlled fluxes of detrital sediments into the marine
environment (Weedon et al., 1999; Ellwood et al., 2000), and
this is supported by identification of climate cycles in the MS
data sets reported here. Longer-term MS trends are due to
factors such as eustasy.

(Kennedy et al., 2005). Second we report results from the
USGS#1 Core (MS data and lithologic bed numbers are
reported in Fig. 3) drilled at Portland, Colorado, ∼ 40 km to the
west of Pueblo (Fig. 1; Dean and Arthur, 1998). The core is
curated at the Federal Center in Denver, Colorado.
2.4. Laboratory: MS measurements

2.2. Chemostratigraphy: general comments
The application of whole-rock geochemical data to solving
correlation problems is commonly referred to as chemostratigraphy, or chemical stratigraphy. Strictly, however, chemostratigraphic characterization is the zonation of a sequence in
terms of its chemical characteristics, whereas chemostratigraphic correlation is the extension of this zonation from one
geographic location to another. In this paper, the chemostratigraphic characterization of the two approximately coeval sequences is used to provide a high-resolution chemostratigraphic
correlation and support the correlation based on lithostratigraphic and MS stratigraphy. The technique of chemostratigraphy is extensively used in the oil industry to define
chemostratigraphic correlation frameworks between well-bore
sections, commonly providing an interwell correlation with
higher resolution than provided by other stratigraphic techniques (Ehrenberg and Siring, 1992; Racey et al., 1995; Preston
et al., 1998; Wray, 1999; Pearce et al., 1999; Ratcliffe et al.,
2004; Pearce et al., 2005a,b; Ratcliffe et al., 2006).
The whole-rock inorganic geochemistry of a bulk rock
sample is determined by its component mineralogy, (Pearce
et al., 1999; Ratcliffe et al., 2004, 2006). As such, it is primarily
a high-resolution lithostratigraphic tool and is therefore ideally
suited to providing high-resolution correlations between relatively closely spaced sequences. However, the technique as used
here is neither a global correlation tool, nor a chronostratigraphic
tool. By combining the technique with MS, as is the case here,
high resolution, local correlations can be integrated with correlations that are potentially regional (Ellwood et al., 2006a,
2007b) or even global (Crick et al., 2002).
Although not vital to the application of chemostratigraphy,
understanding the changes in mineralogy that are controlling
variations in whole-rock inorganic geochemistry add confidence to any correlation scheme proposed. In order to better
understand the mineralogical controls on the whole-rock geochemistry, samples were analysed by X-ray diffraction (XRD)
and those data compared to the whole-rock geochemical data.
Furthermore, by providing the means to determine which
elements are controlled by non-detrital carbonate, the XRD data
provide an independent means to link the whole-rock inorganic
geochemical data sets to the MS data.
2.3. Field sampling
Samples were collected at ∼ 5 cm intervals from two wellstudied sequences. First we report results from the Cenomanian/
Turonian GSSP (MS data and lithologic bed numbers are
reported in Fig. 2), located at the western end of the Denver and
Rio Grande roadcut near the northern edge of Lake Pueblo

MS measurements were performed using the susceptibility
bridge at LSU. It is calibrated using standard salts for which
values are reported in the Handbook of Physics and Chemistry
and by Swartzendruber (1992). We report MS in terms of
sample mass because it is much easier and faster to measure
with high precision than is volume (Ellwood et al., 1988).
Thermomagnetic susceptibility measurements (heating/cooling and MS measurement to 700 °C in air) were also performed
on samples from the GSSP using a KLY 3S Kappa Bridge
manufactured by AGICO, Czech Republic. Results are given in
SI and are dimensionless. Paramagnetic minerals show a
parabolic-shaped MS decay at very low temperatures (30 to
100 °C) during thermomagnetic measurement because the MS
in these samples is inversely proportional to temperature of
measurement (Hrouda, 1994). Identification of the paramagnetic vs. ferrimagnetic contribution to the MS of individual
samples was performed using the software provided with the
KLY 3S unit by AGICO and using a sloped correction (Hrouda,
personal communication).
2.5. Presentation of MS data from lithified sequences
Here, raw MS data from the two studied sequences (dotted
curve in Figs. 2 and 3) are smoothed using splines to hold the
data points at their stratigraphic height (solid curve in Figs. 2
and 3). For presentation purposes and inter-data-set comparisons, we use the bar-log format because it emphasizes major
changes in MS across the section. MS data are shown in
logarithmic plots to accommodate the range of MS values
encountered. The following bar-log plot convention is used; if
splined MS cyclic trends increase or decrease by a factor of two
or more, and if the change is represented by two or more data
points, then this change is assumed to be significant and the
highs and lows associated with these cycles are differentiated by
filled (high MS) or open (low MS) bar-logs (shown in Figs. 2
and 3). Differences in MS magnitude due to variations in detrital
input between localities, or a change in detrital sediment source
are resolved by developing and comparing bar-logs between
different localities.
2.6. Laboratory: whole-rock inorganic geochemical measurements
Element concentrations were determined using pressed pellet
preparation on a Bruker S4 wavelength dispersive X-ray fluorescence (WD-XRF) instrument (Ahmedali, 1989). Preparation
and analytical methods resulted in determination of 10 major
elements (Al2O3, SiO2, TiO2, Fe2O3, MnO, MgO, CaO, K2O,
Na2O and P2O5) reported at weight percentage oxides and 25
trace elements (S, Cl, As, Ba, Co, Cr, Cs, Cu, Ga, Hf, La, Mo,
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Fig. 2. MS data and MS zonation from the Cenomanian/Turonian GSSP (Fig. 1) covering most, but not all of the Bridge Creek Limestone Member of the Greenhorn
Formation. Raw MS data are dashed; smoothed data using splines are represented by the solid curve; MS zones (with labels) are presented as bar-logs and methods are
explained in text; filled symbols represent higher MS values; open symbols are lower MS values. The Cenomanian/Turonian boundary location is indicated at base of
Bed 86. Bed numbers (far left) are from Kennedy et al. (2005). MS zones CeU, CeW, Tu3, Tu9 and Tu15 are deemed to represent MS zones because there is a better fit
to the USGS#1 Portland Core where these MS zones are better defined (Fig. 3).

Nb, Ni, Pb, Rb, Sc, Sr, Ta, Th, U, V, Y, Zn and Zr) reported
as ppm.
3. Sampling and results
3.1. Cenomanian/Turonian GSSP at Pueblo Lake, Colorado
We collected 8 m of section (Fig. 2; N = 161; ∼ 5 cm sample
intervals) at Lake Pueblo, on the western side of Pueblo,
Colorado (Fig. 1). Lithologies collected are interbedded limestone and marlstone within the Bridge Creek Limestone and
very top of the Hartland Shale members (Fig. 1) of the
Greenhorn Limestone Formation (Eicher, 1969). Bed numbers
used here are from Kennedy et al. (2005). Within the section,

the boundary is placed at the base of limestone Bed 86
(Kennedy et al., 2005), as shown in Fig. 2. Several bentonite
beds are present in the section, and one, Bed 69, has been
identified by bed number (Kennedy et al., 2005). Turonian MS
zones are labeled sequentially upward from Tu1 to Tu17, with
MS zone Tu17 representing the last portion of the section
sampled, at the crest of the outcrop. Above this level the section
has been truncated by erosion. Tu1 begins at the base of Bed 86
in the GSSP section. Below the C/T boundary, MS zones within
the Cenomanian are labeled sequentially downward from CeZ
to CeN, at the base of the sampled sequence, ending in the
Hartland Shale. MS values within the Hartland Shale are higher
than in the Bridge Creek Limestone (beginning of trend
observed here in Fig. 2; unpublished data), indicating that a
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Fig. 3. MS data and MS zonation for the Bridge Creek Limestone Member of the Greenhorn Formation recovered from the USGS#1 Portland Core, Portland Colorado
(Fig. 1). Symbols and labels as in Fig. 2. MS zones CeQ and Tu10 are adjusted to fit the GSSP MS zonation where these MS zones are better defined (Fig. 2).

transgression phase of a T/R cycle is represented by the Bridge
Creek Limestone (Crick et al., 1997; Ellwood et al., 1999).
The outcrop exhibited some zones that were heavily
weathered. For this reason, identification of Bed 80 was
difficult and its position in the section is problematic. All other
beds identified by Kennedy et al. (2005) are identified by us
and labeled in Fig. 2. The shales within the boundary interval
were also somewhat weathered, while limestone Bed 86, the
boundary limestone bed, was not. In spite of some weathering
effects in the section, resulting in some anomalous results in the
unsmoothed MS data set, we believe that the smoothed MS data
reflect well the true MS character of the section.
3.2. Cenomanian/Turonian USGS#1 Core from Portland,
Colorado
We report here 14 m of the USGS#1 Portland Core (Fig. 3;
N = 276; ∼ 5 cm sample intervals). That portion of the core for

which data are reported covers the interval from the top of the
Hartland Shale Member, through the Bridge Creek Limestone
Member of the Greenhorn Limestone Formation, and into the
lower Fairport Chalky Shale of the overlying Carlisle Shale
Formation (Dean and Arthur, 1998). This includes equivalent
rocks to those exposed at the C/T GSSP. Bed numbers and
lithologies were identified by us and independently by Sageman
et al. (1997, 1998). Beds 69 (bentonite) and 80 are not labeled
by Sageman et al. (1997, 1998). As was the case for the GSSP,
the boundary in the USGS#1 Portland Core is placed at the base
of Bed 86 (Fig. 3) and identified using calcareous nannofossil
assemblages in the core (Burns and Bralower, 1998). An MS
zonation was developed from the smoothed MS data and
assigned labels equivalent to those in the GSSP. In the core, the
Turonian MS zonation extends upward from MS zone Tu1 to
Tu22, and downward from CeZ to CeN (Fig. 3). Samples from
the core are not weathered, but the MS variability is greater than
that observed for GSSP outcrop samples, perhaps reflecting

Please cite this article as: Ellwood, B.B., et al., High-resolution magnetic susceptibility and geochemistry for the Cenomanian/Turonian boundary GSSP with
correlation to time equivalent core, Palaeogeography, Palaeoclimatology, Palaeoecology (2008), doi:10.1016/j.palaeo.2008.01.005

ARTICLE IN PRESS
B.B. Ellwood et al. / Palaeogeography, Palaeoclimatology, Palaeoecology xx (2008) xxx–xxx

Fig. 4. Chemostratigraphic characterization and correlation of the Pueblo GSSP and the USGS#1 Portland Core. Key chemical logs are displayed, each square representing the location of a sample.
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some contamination during drilling. This is also reflected in
three anomalous geochemical samples with very high iron
values. However, as was the case for GSSP samples, we believe
that the smoothed MS data reflect the true MS character for the
section. As observed for the GSSP, MS values within the
Hartland Shale below and in the Fairport Chalky Shale above,
are higher than in the Bridge Creek Limestone (beginning of
trends observed here in Fig. 3; unpublished data), again indicating that a transgression phase of a T/R cycle is represented
by the Bridge Creek Limestone (Crick et al., 1997; Ellwood
et al., 1999).
3.3. Geochemical results
XRF and XRD data have been acquired for half of the
samples from the GSSP for which MS data were measured
(Fig. 2), and from half of the collected samples the 139–149 m
interval in the USGS#1 Portland Core (Fig. 3). The chemostratigraphic correlation of the two sections together with
chemical logs used to define the correlation is displayed in
Fig. 4. Although a wide spectrum of element concentrations are
acquired, typically 6–10 elements and ratios devised from those
elements are used for geochemical characterization and
correlation (for example see Ratcliffe et al., 2004; Pearce
et al., 2005a; Ratcliffe et al., 2006). Chemostratigraphy, like
lithostratigraphy, is a hierarchical characterization tool and
therefore six 1st order units, termed “chemostratigraphic
packages” are defined and correlated, each of which is further
subdivided into 2nd order units, termed “Geochemical Units”.
The key geochemical features that differentiate the chemostratigraphic packages from one another and the features that allow
their component units to be characterized are summarized in
Table 1.

Table 1
Key geochemical features that characterize chemostratigraphic packages and
chemostratigraphic units
Chemostratigraphic
package

Key features

Geochemical
unit

Tu3
Tu2

High P/Y
Low K/Rb
Low P/Y
Low Cr/Ti
Low Cr/Al

No units
No units

Tu1

Ce4

High K/Rb
Upward increasing P/Y

Ce3

Low K/Rb
Intermediate Cr/Ti
Intermediate Cr/Al
High Cr/Ti
High Cr/Al

Ce2

Ce1

Low Cr/Ti
High P/Y

Key feature

Tu1.3
Tu1.2
Tu1.1
Ce4.3
Ce4.2
Ce4.1
Ce3.2
Ce3.1

High Cr/Al
Low Cr/Al
High P/Y
High P/Y
Low K/Rb
High K/Rb
Low P/Y
High P/Y

Ce2.3
Ce2.2
Ce2.1
Ce1.3
Ce1.2
Ce1.1

High P/Y
High Cr/Al
High Cr/Ti
Low K/Rb
High Cr/Al
Low Cr/Al

4. Discussion
4.1. Controls on whole-rock geochemistry
In order to characterize the mineralogical controls on the key
element ratios used to define the chemostratigraphic correlation,
a subset of samples (177) analyzed for whole-rock geochemistry was mineralogically analyzed using XRD. While it is
possible to compare each mineralogical variable with each
element to determine which element is exerting a control on
each element, using principal component analysis (PCA)
provides a rapid and pragmatic means to determine the broad
element controls on all 35 measured elements. PCA reduces the
total variation in a data set, that in this case includes the 35
element concentrations together with bulk rock and clay
fraction mineral abundances, to a smaller number of variables,
termed principal components (PC). For the data set considered
here, PC1, 2 and 3 account for approximately 77% of the total
variation.
The principal component score assigned to each sample is
determined by representative eigenvalues (EV) and associated
vectors, with EV1 N EV2 N EV3 in magnitude. When multiple
sample set scores are cross-plotted with each other, the closer
the variables (elements and minerals) plot to one another, the
more closely associated they are to one another in the sediments
(Pearce et al., 1999). Fig. 5 displays all variables plotted on EV1
vs. EV2 and EV2 vs. EV3. In this figure, SiO2 and quartz plot in
close proximity to one another, thereby confirming that the
amount of quartz in the sediment is the primary control on the
percentage of SiO2. Furthermore, the magnitude of the
eigenvalue, irrespective of its polarity, indicates the amount of
control exerted on the data set by a given variable. For example,
in Fig. 5a, kaolinite has high EV1 values, whereas quartz has
relatively low EV1 values, implying that kaolinite exerts a
stronger control in the EV1 dimension than does quartz.
Conversely, the high negative EV2 value for quartz and low
negative EV2 value for kaolinite implies that in the second
dimension, quartz exerts a greater control than does kaolinite.
Fig. 5a indicates that the primary control on the entire data
set is the amount of calcite (high negative EV1 values) vs. the
amount of siliciclastic material, such as quartz, feldspar and clay
minerals (high positive EV1 values). It is not surprising that
CaO plots in close proximity to calcite, indicating that in these
sediments, CaO can be used to directly model the amount of
calcite in a sample. A wide array of elements plot in a group that
includes kaolinite, mixed layer clays (illite/smectite and illite/
mica) and feldspar, implying that these three non-carbonate
compounds exert a strong control on the elements that plot
within the brown shaded box in Fig. 5a. Pyrite has low EV1
values and high EV2 values, indicating that it exerts a strong
influence in the second dimension and is therefore a lesser
control than are the calcite and clay/feldspar minerals. The fact
that Fe2O3, Mo and As plot in proximity to pyrite implies that
these elements are strongly influenced by the mineral.
Fig. 5b reiterates the strong influence of pyrite in the second
dimension. The low EV2 and EV3 values displayed by the
majority of variables demonstrate that calcite, clay minerals and
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Fig. 5. Eigenvalue (EV) plots for XRF and XRD data sets. Black squares are variables determined by XRF and black circles are variables determined by XRD. EV1, 2
and 3 are cross-plotted, the associated principal components 1, 2 and 3 accounting for approximately 70% of the variation in the entire dataset.

feldspar (and associated elements) have little influence on the
data set in the second and third dimensions. However, Zr, Th
and U plot in a cluster with high negative EV3 scores, and Ti,
Cr, Cu, Ni and Sc plot in a cluster with high positive EV3
scores. Neither of these element clusters is associated with a
mineral determined from XRD analysis. In the first dimension,
all of these elements plot in association with the broad siliclastic
group represented by the brown shaded box. Zr, associated with
U and Th, is probably related to zircons found in the bentonite
layers sampled, and the association of Cr, Ti, Ni, Sc and Cu

typically results from the influence of heavy minerals from an
igneous provenance, e.g. Cr-spinel (Ratcliffe et al., in press).
The fact that these two clusters oppose one another on EV3,
implies two distinct heavy mineral igneous suites, one zircondominated (intermediate composition volcanic ashes) and the
other a more basic Cr-spinel-dominated igneous source. While
the influence on EV3 warrants further investigation it is outside
the scope required for this paper because the total amount of
variance related to PC3 is only 7%, as opposed to the 55% and
15% variance accounted for by PC1 and PC2, respectively.
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4.2. Controls on MS variations
We use MS as a measure of the detrital component in marine
sediments because MS arises from all the magnetic constituents,
paramagnetic, ferrimagnetic and diamagnetic, contained in a
sediment sample. This is not true for RM measurements, such as
anhysteretic (ARM) or isothermal (IRM) that only arise from
extremely small amounts of ferrimagnetic grains that are present
in almost all sediments. In many cases, measurement using
these relatively high, imposed-field techniques will produce an
RM signature even when the MS may be so low that diamagnetic minerals dominate. For example, in measurements of
surface samples collected throughout the Gulf of Mexico
(GOM), regions dominated by carbonate oozes yield a coherent
diamagnetic MS pattern that can be easily differentiated from

areas elsewhere in the GOM where the MS is higher and
dominated by detrital fluxes (Ellwood et al., 2006b). In contrast,
GOM carbonate oozes exhibit an ARM indicative of the
presence of fine ferrimagnetic grains, but these regions are
indistinguishable from a number of other areas in the GOM with
similar ARM values but very different genetic characteristics.
Because of the large range in MS values observed in marine
sediments, and the comprehensive characterization of the
constituents measured, we believe that MS provides a better
tool for evaluating sediment variability and provenance.
In another example, 124 samples from a relatively pure
calcite, ∼ 3 m long core drilled from a standing speleothem in
Carlsbad Cavern, yielded diamagnetic MS values for all but 8
samples, while 24 samples exhibited a relatively stable RM due
to the presence of extremely fine-grained magnetite (Brook

Fig. 6. Bed numbers, MS zones (Fig. 2), and MS and selected geochemical data from the Cenomanian/Turonian GSSP (Fig. 1). Every other sample was used for
geochemical analysis. Bed numbers are interpreted from Kennedy et al. (2005).
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et al., 2006). In both examples reported above, the presence of
extremely small ferrimagnetic grains had little effect on the
measured MS values and was a better indicator of the genetic
character of the sediment in samples analyzed.
4.2.1. The question of secondary alteration on MS values
There are several ways to evaluate if post-diagenetic
(secondary) alteration has affected the measured MS. For C/T
boundary results reported here, these include the following six
observations:
(1) In Figs. 6 and 7 we compare the MS and geochemical data
from the GSSP and USGS#1 Portland Core, respectively,
for those samples for which both geochemical and MS
analyses were performed. Comparisons are for dominantly detrital components, including clay elements in
each sample, TiO2, Al2O3, and K2O. In addition, bentonite layers are identified by shading. MS variations
show high positive correlation with detrital minerals (Ti,
feldspar and clay minerals) and negative regression
coefficients with CaO. This is illustrated in Table 2, for
all the elements analyzed, indicating that MS is highly
correlated, in both sequences sampled (GSSP and Core),
with Th, Sr, Fe2O3, TiO2, Al2O3, SiO2, and MgO, all of
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which are detrital mineral indicators. Most of the minerals
associated with these elements are resistant to low levels
of secondary alteration. MS is inversely proportional to
carbonate (CaO), the result of dilution of the extremely
weakly diamagnetic carbonate by magnetically stronger
paramagnetic detrital components in individual samples.
This is supported by examination of the EV scores in
Fig. 5; again leading to the conclusion that those elements
associated with the detrital components show positive
regression coefficients with MS trends. If MS variations
were the result of secondary alteration effects, then there
would not have been the strong correlation of MS with the
many geochemical indicators in these sediments that are
known to represent a detrital origin (Table 2), and only
with these constituents.
(2) Measurements of experimental and natural sedimentary
samples have shown that primary MS values observed for
lithified marine sediment samples generally lie within a
range from 1 × 10− 9 to 2 × 10− 7 m3/kg (Ellwood et al.,
2000). This work demonstrated that such values could be
produced exclusively by the paramagnetic constituents
that were found in these samples. MS values measured for
all samples from both the Cenomanian/Turonian GSSP
and correlated USGS#1 Portland Core fall within the mid

Fig. 7. Bed numbers, MS zones (Fig. 3), and MS and selected geochemical data from the USGS#1 Portland Core (Fig. 1), covering the interval from Bed 63 to Bed 113
in Fig. 3. Every other sample was used for geochemical analysis. Symbols and notations as in Fig. 6. Bed numbers are interpreted from Kennedy et al. (2005) and are
consistent with assignments by Sageman et al. (1998, 2006) for the core, with the exception that Bed 87 and Bed 89 are not labeled here.
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Table 2
Regression analyses for geochemical and MS parameters measured for the
GSSP and USGS#1 Portland Core sequences
ID

Regressed variables

r2 for GSSP —
N = 79

r2 for Core —
N = 97

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

Al2O3 vs. MS
SiO2 vs. MS
TiO2 vs. MS
Fe2O3 vs. MS
MnO vs. MS
MgO vs. MS
CaO vs. MS
Na2O vs. MS
K2O vs. MS
P2O5 vs. MS
S vs. MS
Cl vs. MS
Ba vs. MS
Ce vs. MS
Co vs. MS
Cr vs. MS
Cs vs. MS
Cu vs. MS
Ga vs. MS
Hf vs. MS
La vs. MS
Mo vs. MS
Nb vs. MS
Ni vs. MS
Pb vs. MS
Rb vs. MS
Sc vs. MS
Sr vs. MS
Ta vs. MS
Th vs. MS
U vs. MS
V vs. MS
Y vs. MS
Zn vs. MS
Zr vs. MS
Zn vs. Fe2O3
Zn vs. TiO2
TiO2 vs. Fe2O3

0.557
0.295
0.710
0.766
− 0.167
0.512
− 0.468
0.160
0.537
− 0.004
0.148
− 0.019
0.019
0.020
0.295
0.553
− 0.007
0.402
0.628
0.203
0.304
0.209
0.567
0.613
0.552
0.636
0.470
− 0.210
− 0.128
0.244
0.151
0.343
0.010
0.730
0.519
0.834
0.610
0.655

0.522
0.389
0.471
0.476 a
− 0.058
0.490
− 0.513
0.477
0.521
0.005
− 0.010
0.009
0.081
− 0.001
0.183
0.278
No data
0.121
0.526
0.355
0.124
− 0.012
0.308
0.146
0.329
0.552
0.153
− 0.040
− 0.020
No data
0.104
0.266
0.045
0.293
0.509
0.569 a
0.473
0.548 a

a

Fig. 8. Thermomagnetic susceptibility heating curves for 5 limestone (light
lines) and 5 marl (dark lines) samples form the Cenomanian/Turonian GSSP.

Less three anomalous Fe2O3 values.

range of these natural and experimental values. The
production of post-diagenetic iron oxides would have
pushed MS values much higher.
(3) Thermomagnetic susceptibility measurements from the
GSSP show that most samples are dominated by
paramagnetic constituents at the low temperatures (30–
100 °C; Fig. 8). However, thermomagnetic susceptibility
curves show the release of iron during heating of these
samples above 100 °C, and the breakdown of stable, lowtemperature mineral constituents that at higher temperatures, when measured in air, oxidize to produce secondary
iron oxides that exhibit much higher MS values during
cooling (Fig. 9). For example, the clay mineral illite,
common in sedimentary rocks and observed in the samples analyzed here, breaks down at temperatures above
200 °C to an iron oxide that results upon further heating in
the large MS increases like those observed in Fig. 8
(Ellwood et al., 2007a). Cooling curves then exhibit much

Fig. 9. Thermomagnetic susceptibility heating and cooling curves for marl and a
limestone sample from the GSSP.
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sponding LOCs were well-defined, with the MS bar-logs
producing a slightly better correlation discussed below. If
secondary alteration of these sequences was responsible
for the MS observed, then there would not have been such
a close correlation among sequences for both a secondary
MS and a primary lithology, and the LOCs would have
been different.
(6) The sequences presented here show clear cyclicity, and FT
results exhibit well-defined cyclicities that are consistent
with Milankovitch bands (Fig. 11). Because secondary
alteration effects are not driven by climate, and because
statistically significant FT cyclicities require a relatively
stable sediment accumulation rate, if secondary alteration
had changed the MS signature, then the GSSP would not
have exhibited significant cyclic peaks representing
Milankovitch bands, nor would this result have shown
the same cyclicity as previously observed for geochemical
studies in the Core (Meyers and Sageman, 2004).
Fig. 10. Plot illustrating the contribution of paramagnetic vs. ferrimagnetic
constituents to the MS in 10 samples measured (5 marl; 5 limestone). Initial
thermomagnetic results given in Fig. 8.

higher MS values as these new ferrimagnetic constituents
acquire a magnetization (Fig. 9). Previous secondary
alteration (pre-sampling) would have oxidized these
samples to produce secondary iron oxides, and the effect
would have been that all of the samples would have been
dominated by the newly produced secondary ferrimagnetic components with much higher initial MS values.
This argues against secondary alteration effects in these
sediments following initial diagenesis. In addition,
calculation of the contribution of paramagnetic to
ferrimagnetic constituents to the MS for samples from
the GSSP shows that paramagnetic constituents dominate
the MS in most of the samples measured (Fig. 10).
However, because ferrimagnetic grains are part of the
detrital component and are common, it is expected that
such minerals will occasionally dominate the MS in some
samples, and this is true in two cases presented here
(Fig. 10).
(4) The Cenomanian/Turonian sediments sampled here (outcrop in Fig. 1) are part of an extensive system of
sediments deposited in the Western Interior Seaway of
North America during the Upper Cretaceous and remain
today as relatively undeformed, flat-lying sequences that
can be traced for thousands of kilometers. Other than
surficial weathering effects, there is no significant
tectonic disruption or discernable secondary alteration
of these sediments in outcrop or in core.
(5) Graphic comparison of the two sequences studied here,
GSSP and Core, separated by ∼40 km, was done in two
ways. The lithologic boundaries (limestone to marl–shale
contacts; marl–shale to bentonite contacts) for numbered and well-defined beds, as well as the MS bar-log
variations (MS zone contacts) were both graphically
compared between sequences. In both cases, the corre-

4.3. Correlation using chemostratigraphy
Fig. 4 displays the proposed correlation and Table 1 summarizes the key whole-rock geochemical features used for
characterization. Although much of the whole-rock geochemical data are related to subtle changes in lithology, as demonstrated by the variable on EV1 (Fig. 5a), the elemental ratios
used for correlation (Fig. 4) reflect mineralogical changes, not
lithological changes. The two Cr ratios used (Cr/Al and Cr/Ti)
both probably reflect very subtle changes in the amount of Crspinel present in the samples studied. These ratios do not show a
close relationship to Si/Al values, suggesting that the heavy
minerals are not present as fine sand, i.e. washed in from the
land. Bentonites are identified in both sections and it is probable

Fig. 11. Spectral analysis using the Fourier Transform (FT) method of the raw
MS data from the Pueblo GSSP (Fig. 2). The vertical bars labeled E2
(eccentricity at ∼ 100 kyr), O1 (obliquity at ∼ 39 kyr) and P1/2 (precession at
∼19 and ∼22 kyr) frequencies (cycles/m) represent Milankovitch corrected
periods (Berger et al., 1992) and correspond closely to frequencies published by
Meyers and Sageman (2004) for the USGS#1 Portland Core and assigned ages
by them of E = 94.78, O = 38.94, and P = 22.34 kyr.
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that the Cr/Al and Cr/Nb values are recording subtle changes in
the amount and composition of dilute air fall tuff within the
carbonates. Ratcliffe et al. (2004, 2006) demonstrated that K/Rb
ratios commonly model subtle changes in the amount of siltgrade K feldspar in sediments. The amount of K feldspar in the
C/T sequences here is very small, commonly being reported as
trace or absent by XRD analyses. However, chemostratigraphic
Unit Ce4.1 has high K/Rb (Fig. 4) and also has 1–1.5% K
feldspar, reported from XRD analyses, confirming that this ratio
is modeling the abundance of K feldspar.
4.4. Correlation among sections using lithologic and MS
graphic comparisons
Graphic comparison using two independent measures, lithologic beds and MS, contrasts the GSSP and USGS#1 Portland Core (Fig. 12). First we plotted bottoms and tops of
numbered limestone and bentonite beds that are common to
both sections (course stippled squares; thickness and bed num-

ber of each bed is represented in Fig. 12). For comparison, we
then plotted the bottoms and tops of corresponding MS zones
on this diagram (fine-stippled circles in Fig. 12) and then drew a
Line of Correlation (LOC) through straight-line segments of
these data points. There are several well-defined LOC segments
fit to these data. These begin with an excellent fit below Bed 69,
represented by LOC1, and is followed above Bed 73 by a
second, slightly steeper line segment, LOC2, the change in
slope resulting from an apparent change in sediment accumulation rate between the two sequences. Here is the only place in
the diagram where the lithology and MS data sets diverge a bit,
and it is clear from examination of the bed thicknesses and
position in the two sections (Figs. 2 and 3) that the deviation
is due to small changes in sediment accumulation, adjusting
the bed locations slightly between these sequences. All
LOC segments are similar with only slight variations, and
above LOC2 there is excellent agreement between LOC segments defined by either the MS or lithologic bed locations. In
LOC segments LOC4 and LOC5, representing the end of the

Fig. 12. Graphic comparison of the Pueblo GSSP to the USGS#1 Portland Core data set (see text). Coarse-stippled squares represent correlation points of
corresponding lithologic beds, while fine-stippled circles represent correlation points between MS zone boundaries from Figs. 2 and 3 between the two sections. Solid
lines are Line of Correlation (LOC) segments fit to the data. The C/T boundary, at the base of Bed 86, is identified within LOC4. Projections of the USGS#1 Portland
Core data for MS zones Tu19 through Tu22 into the GSSP (dashed lines, open squares, and arrows) to extend the GSSP zonation and to begin building a MS composite
reference section (MS CRZ).
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Cenomanian and all of the Turonian sampled, the relative
change in sediment accumulation rate appears to be abrupt,
slight, and real, because the MS zonation, which is independent
of bed number assignment, records the same change in rate seen
in the lithostratigraphy.
Given that LOC5 (Fig. 12) represents a well-defined line
segment that appears to represent similar sediment accumulation rates in both sequences examined, we have graphically
extended LOC5 and projected MS zones Tu19 to Tu22 from the
USGS#1 Portland Core (Fig. 3), through LOC5 and into the C/T
GSSP (course dashed lines in Fig. 12). This then extends the
GSSP MS zonation and represents the early stages of a MS
composite reference zonation (MS CRZ), to which other C/T
sections from elsewhere can be compared.
4.5. Times series analysis using the Fourier Transform (FT)
method
Fourier Transform (FT) methods were used to determine
the characteristic frequencies of the GSSP MS data set
(unsmoothed [raw] data in Fig. 2). We first assumed that the
distance between samples is linearly related with time, i.e., Δx
is proportional to Δt, so that the FT method could be used. The
more this assumption is violated, the greater the amount of noise
that will be produced in the spectral graph. The data were then
leveled and detrended, a process that reduces distortion in the
final plot due to drift in the data (Jenkins and Watts, 1968). If we
assign Milankovitch eccentricity (E2, ∼ 100 kyr) to the peak
observed between 1 and 2 cycles/m in Fig. 11, then the obliquity
(O1, ∼ 39,000) and precession (P1/2; ∼ 19 and 22 kyr)
cyclicities (as reported by Berger et al., 1992 for the late
Cretaceous) coincide with regions of higher spectral power at
∼ 3.2 and 6.1–7.5, respectively (Fig. 11). The SSA-MTM
toolkit (Dettinger et al., 1995) was used to test for statistical
significance in the spectral peaks highlighted in Fig. 11. The
data were subjected to an F-test (where the null hypothesis is
that the MS data are the result of a red-noise distribution) by
employing the multi-taper method (Ghil et al., 2002). The only
statistically significant peak (to the 95% confidence level) is
that observed between 1 and 2 cycles per meter (E2). The other
peaks are not statistically significant, so the coincident position
of regions of high spectral power and the independently posited
positions of the O1 and P1/2 bands are suggestive but not
conclusive (Fig. 11). However, our FT result also shows good
correspondence with the equivalent Milankovitch bands shown
by Meyers and Sageman (2004) for geochemical data sets
developed from the USGS#1 Portland Core. In addition, cycles
representing MS zones observed in the GSSP data set
(∼ 1.6 cycles/m, Fig. 2 from the smoothed MS data set) also
fall within the E2 eccentricity band illustrated in Fig. 11.
4.6. Evaluating GSSP sedimentation
Because the MS zonation appears to represent Milankovitch
climate-controlled pulses, then, on a geological time scale, these
pulses must be relatively uniform, and therefore, if other factors
responsible for producing the MS data are muted, each MS zone
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should be, more or less, equal in thickness. To test this we use
graphic comparison to evaluate the deviation from a Milankovitch model, using the eccentricity cyclicity identified in
Fig. 11. To do this we construct a MS standardized reference
zonation (SRZ) floating point time scale by building a set of
equal length zones for the climate cyclicity represented in the
GSSP sequence, and compared these with the equivalent GSSP
MS CRZ (derived graphically in Fig. 12) in Fig. 13. This time
scale yields an age range of ∼1.5 Ma for the GSSP section, in
close agreement with work by Sageman et al. (2006) for the
equivalent interval in the USGS#1 Core.
Deviation from the Milankovitch model represents changes
in absolute lithified sediment accumulation rates (SARs) in the
section. The SRA for an LOC segment represents the end
product of three factors, the amount of sediment accumulating, compaction of these sediments, and condensation during
diagenesis and lithification. There are a number of changes
in rate over the ∼ 1.5 Ma period represented by the GSSP
segment sampled, and again we have represented these as
LOC line segments in Fig. 13. Straight-line segments
represent relatively constant rates. Overall, there is a generally
constant SAR for the sequence, but in detail there are six
fairly well-defined LOC segments represented for the section
(Table 3), with two additional, very short-term pulses of high
SARs, labeled A and B in Fig. 13. These occur during
deposition of MS zones CeV and CeZ, the last MS zone
before the Turonian begins.
4.7. Evaluating USGS#1 Portland Core sedimentation
We make a similar comparison for the USGS#1 Portland
Core with the MS SRZ floating point time scale in Fig. 14. This
time scale yields an age range of ∼1.75 Ma for the Core
sequence, also in close agreement with work by Sageman et al.
(2006). There are four, well-defined LOC segments represented
in the section, with one additional, very short-term pulse of high
SAR labeled A in Fig. 14. In the main, with the exception of
LOC4, there is a generally uniform SAR, and therefore the
sediment accumulation record for the USGS#1 Portland Core
appears to exhibit a somewhat more stable SAR record than
does the GSSP (Table 4). The SAR value represented by LOC4
(Table 4) indicates a high SAR at the end of Bridge Creek
Limestone deposition and into the transition to shale deposition
during onset of accumulation of the Fairport Chalky Shale.
Similarly, the end of Harland Shale deposition also indicates
slightly higher SARs in that shale (LOC1 in Fig. 13; beginning
segment of LOC1 in Fig. 14) vs. Bridge Creek Limestone
accumulation rates.
Meyers and Sageman (2004), using harmonic analysis, have
identified a hiatus in sediment accumulation between beds 77
and 79 of ∼17,000 years in the USGS#1 Portland Core. This
hiatus does not significantly affect the MS data presented in
Fig. 14, because such a short interval (b 20 kyr) is averaged out
in the more robust, longer-term eccentricity cycles represented
by the MS zonation. Consequently, LOC1 in Fig. 14, covering
the interval containing beds 77 to 79, does not appear to have
been impacted by this hiatus.

Please cite this article as: Ellwood, B.B., et al., High-resolution magnetic susceptibility and geochemistry for the Cenomanian/Turonian boundary GSSP with
correlation to time equivalent core, Palaeogeography, Palaeoclimatology, Palaeoecology (2008), doi:10.1016/j.palaeo.2008.01.005

ARTICLE IN PRESS
19

B.B. Ellwood et al. / Palaeogeography, Palaeoclimatology, Palaeoecology xx (2008) xxx–xxx

Fig. 13. Graphic comparison to the time standardized MS SRZ (from Fig. 12) floating point time scale for the Cenomanian/Turonian GSSP boundary interval. Full
cycles represent Milankovitch E2 uniform cyclicities (see text) and are assigned ages determined from the FT analysis presented in Fig. 11. Stippled circles represent
MS zone comparison points to MS SRZ zones. Open circle represents the C/T boundary correlation point. Solid lines are Line of Correlation (LOC) segments fit to the
data. ‘A’ and ‘B’ are short LOC segments representing higher sediment accumulation rates. Diagram illustrates correspondence/departure from a uniform varying
100 kyr cyclicity.

4.8. Comparing absolute lithified sediment accumulation rates
(SAR)
Comparison of absolute lithified SARs between the two
sequences sampled is now possible using the data presented in
Figs. 13 and 14, and calculated SARs presented in Tables 3 and
4. The SAR for LOC1 in the Core (Fig. 14), covering most of
the Cenomanian sampled, is relatively steady at 0.67 cm/kyr
(Table 4), while the GSSP shows overall lower (∼ 0.55 cm/kyr,
an average for LOC1 to 3) and somewhat varying rates through
the same interval (Table 3, Fig. 13). These rates are similar but a
bit lower than those reported by Mort et al. (2007) for the latest
Cenomanian, their data also for a Pueblo section located ∼1 km
from the GSSP. Common to both the GSSP and USGS#1 Core
is an abrupt increase in SAR over the last ∼ 50 kyr at the end
Cenomanian (A in Fig. 13; B in Fig. 14), but rates in the
USGS#1 Core for this interval are almost double that at the
GSSP ∼ 40 km further to the east (Tables 3 and 4).

During the Turonian, both the GSSP and Core exhibit relatively constant and similar SARs through most of the interval
sampled. In the case of the Core, SARs through the equivalent
interval sampled at the GSSP average ∼ 0.58 cm/kyr, rates in the
Table 3
Lithified sediment accumulation rates (SAR, see text) for the GSSP section.
Data derived from Figs. 2 and 13)
LOC

LOC1
LOC2
LOC-A
LOC3
LOC-B
LOC4
LOC5
LOC6

MS zones

CeN–CeR
CeS–CeU
CeV
CeW–CeY
CeZ
Tu1–Tu11
Tu12–Tu14
Tu15–Tu17

Time

Thickness

SAR

(kyr)

(m)

(cm/kyr)

250
150
50
150
50
550
150
150

1.50
0.45
0.50
0.83
0.72
2.17
1.43
0.40

0.60
0.30
1.00
0.55
1.44
0.39
0.95
0.27
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Fig. 14. Graphic comparison to the time standardized MS SRZ (from Fig. 12) floating point time scale for the Cenomanian/Turonian USGS#1 Portland Core boundary
interval. Full cycles represent Milankovitch E2 uniform cyclicities (see text) and are assigned ages determined from the FT analysis presented in Fig. 11. Symbols as in
Fig. 13. Solid lines are Line of Correlation (LOC) segments fit to the data. ‘A’ is a short LOC segment representing a higher sediment accumulation rate. Diagram
illustrates correspondence/departure from a uniform varying 100 kyr cyclicity.

Core that are lower than in the Cenomanian, while the equivalent interval in the GSSP (LOC4–LOC6) exhibits an average
SAR of ∼ 0.53 cm/kyr. This rate is similar in the GSSP to that in
the Cenomanian, indicating that, for the GSSP, with the exception of LOC intervals A and B, rates for the entire GSSP,
while showing some local variability are similar through the
∼ 1.5 Ma sampled. In the uppermost portion of the Bridge Creek
Limestone Member sampled in the USGS#1 Portland Core (MS
zone Tu20–Tu22) there is a rapid increase in SAR, equivalent to
that observed for LOC-A in the Core. We interpret this increase
to result from the beginning of a major regression event at that
time that led to deposition of the Fairport Chalky Shale Member

Table 4
Lithified sediment accumulation rates (SAR, see text) for the USGS#1 Portland
Core. Data derived from Figs. 3 and 14)
LOC

MS zones

Time

Thickness

SAR

(kyr)

(m)

(cm/kyr)

LOC1
LOC-A
LOC2
LOC3
LOC4

CeN–CeY
CeZ
Tu1–Tu5
Tu6–Tu19
Tu20–Tu22

600
50
250
700
150

4.02
1.13
1.87
3.65
3.33

0.67
2.26
0.75
0.52
2.22

of the Carlisle Shale, which begins immediately above MS zone
Tu22 (Fig. 14).
5. Conclusions
(1) We have demonstrated that MS lithology and whole-rock
inorganic geochemical data for two Cenomanian/Turonian
boundary sections, the GSSP at Lake Pueblo and the
USGS#1 Portland Core drilled ∼40 km to the west, provide
a useful way to correlate among sequences, even when one
of those sequences (the GSSP) is slightly weathered in
some intervals. Because both the MS and chemostratigraphy method are relatively inexpensive, robust and broadly
applicable to the problem of correlating geological
sequences, they provide important and independent ways
to test other correlation methods or to provide correlations
when other methods cannot be employed.
(2) Mineralogical analyses of these samples show clearly that
it is the detrital component, primarily clay that is
responsible for the MS variability observed. Comparison
of the mineral and elemental data demonstrates which
elements are related to the detrital component of the
sediments, therefore allowing the elemental data to be
compared directly to the MS data.
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(3) Spectral analysis using a Fourier Transform (FT) method,
performed on raw (unsmoothed) MS data from samples
from the GSSP sequence, yields FT data with peaks comparable to published Milankovitch eccentricity (∼100 kyr),
obliquity (∼39 kyr) and precessional (19 and 22 kyr)
climate bands. Cyclicity represented by MS zonation,
developed from smoothed MS data corresponds with a
∼100 kyr cyclicity.
(4) By using the FT results and a Milankovitch climate model
to establish a MS floating point time scale (FPTS) with
zones of uniform length, and then comparing the MS
zonation for each sequence with this model, we estimate
that deposition of the sequences sampled took ∼ 1.5 Ma
for the GSSP and ∼ 1.75 Ma for the Core.
(5) Using the FPTS as a model, we have determined absolute
lithified sediment accumulation rates (SARs) for the
GSSP and the USGS#1 Portland Core. At the GSSP, rates
in the C/T interval sampled were generally lower than in
the Core located ∼ 40 km to the west (closer to a clastic
source), and less variable, with a pulse of high SAR
immediately before the C/T boundary in both sections. At
the end of the transgressive event represented by
deposition of the Bridge Creek Limestone Member of
the Greenhorn Formation, there is a pulse in SAR in the
Core that we attribute to increased continental erosion and
detrital flux into the Western Interior Seaway due to a
shift to regression at that time and beginning of deposition
of the Fairport Chalky Shale Member of the Carlisle Shale
Formation.
(6) Magnetostratigraphic susceptibility provides a means for
developing a detailed local zonation, as well as the
potential for global correlation, whereas chemostratigraphy, sensu this manuscript, provides a means for highresolution correlations between relatively closely spaced
wells/outcrops. Therefore, a combined stratigraphy utilizing these two rapid and inexpensive techniques has the
potential to provide correlation schemes on all scales.
This is especially useful when other potential high-resolution correlation methods fail.
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