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ABSTRACT: Chemostratigraphic signals are becoming common tools in chronostratigraphic correlations. Specifically total organic and
carbonate carbon percentages (TOCorg/carb) and carbon isotope curves are diagnostic in Cretaceous Aptian-Albian-Cenomanian strata.
Cretaceous carbon isotope signals define oceanic anoxic events (OAEs) and have been subdivided into successive segments. These segments are used as correlation markers because they represent oceanographic and depositional conditions, and hence, incur time significance. Although the segments have been integrated with biovents in key sections, numerical ages of the segments have yet to be calibrated.
Because direct correlation of these segments of carbon isotope curves with interbedded radiometrically dated beds is not possible currently, other methods must be applied to interpolate numerical ages. Graphic plots of five sections successfully integrate carbon isotope
segments with established numerically dated chronostratigraphic markers. Carbon isotope segments were first defined in European Tethys
Cismon and Rotter Sattel Barremian-Albian sections. The Aptian segments were subsequently identified in the Mexican Santa Rosa Canyon section where the lower Albian segments were defined. Each section has well documented microfossils and magnetochrons that relate
the segments to biozones. These bioevents and chronozones enable the carbon segments to be integrated with a comprehensive Cretaceous
time scale, the CRECSDB42. Ages assigned to the segments enable them to be used in sections where local fossil zones are recorded such
as in the Chihuahua basin in northern Mexico. The age calibration of carbon isotope segments measures the durations of the oceanic isotopic excursions. The durations fluctuate up to and after OAE 1a at irregular frequencies different from climatic cycles. Changing durations
of carbon isotope segments may be clues to changes in processes or the effects of the process that altered the ocean carbon reservoir in addition to climatic changes.
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INTRODUCTION

Chemostratigraphic signals have become common, widespread
tools in chronostratigraphic correlations (Jarvis et al. 2006;
Jenkyns 2010; Di Lucia et al. 2012) because they are “linked directly to the biosphere and the global carbon cycle” (Saltzman
and Thomas 2014). If chemostratigraphy is integrated with
chronostratigraphic data from biostratigraphy and magnetostratigraphy, it becomes a reliable tool for correlation (Weissert
et al. 2008). The two most widely used chemostratigraphic signals are those of total organic carbon (TOC) and the d13C ppm
of bulk carbonate. Total organic carbon percentages in organic-rich sedimentary rocks (TOCorg/carb) are named lithostratigraphic units, such as “Livello Selli” in the Italian
Apennines (Menegatti et al. 1998). One hypothesis posits that
such deposits represent ‘biocalcification crises’, which were
“times of reduced calcification rates…causing widespread carbonate platform collapse…” (Weissert and Erba 2004). These
events affected the global carbon isotope budget. As a result,
the d13C signal of both pelagic and shelf limestone fluctuated.
An alternative hypothesis is that orbitally-induced climate
changes controlled sea level and terrestrial erosion so that alternating organic-rich deposits were dominated by either oceanic
or terrestrial organic matter (Erbacher et al. 1996).
During much of the Albian, carbon isotope fluctuations corresponded to the ~400 kyr orbital cycle recorded in pelagic

mudstones of the Marne a Fucoidi Formation, Central Apennines,
Italy (Giorgioni et al. 2012). These researchers proposed that carbon isotope fluctuations were related to periods of stronger and
weaker contrasting monsoon seasons. Lower d13C measurements
correspond to greater seasonal contrasts and higher isotope peaks
relate to eccentricity minima with weaker climate contrast. Cretaceous ocean circulation may have been driven by deep eddies that
influenced seasonal monsoons (Hay 2007). Stronger ocean eddies
and stronger monsoon seasons may have reduced the rate of organic carbon burial thus decreasing oceanic carbon isotope composition. Stronger monsoons would increase weathering and
erosion resulting increased influx of light carbon from continental plants. Weaker eddies and monsoonal seasons would increase
burial rates of organic carbon and decrease erosion resulting in
increased in d13C. For example black shale with high terrestrial
matter correspond with eccentricity maxima and pelagic marine
red beds, which reflect oxygenated bottom waters (Hu et al.
2012) correspond with eccentricity minima (Giorgioni et al.
2012, fig. 4).
The isotopic variations of total bulk inorganic carbon in carbonate strata have been divided into successive carbon isotope segments (C). Carbon and oxygen isotope curves are now
documented in many pelagic and shelf Cretaceous sections
(Jenkyns et al. 1994; Leckie et al. 2002; Weissert and Erba 2004;
Herrle et al. 2004; Wissler et al. 2003; Stein et al. 2011; Di Lucia
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et al. 2012; Giorgioni et al. 2012; Saltzman and Thomas et al.
2012; Gamacorta et al. 2015). These segments are used as correlation markers because they represent oceanographic and
depositional conditions, and hence, incur time significance
(Menegatti et al. 1998; Wissler et al. 2002; Wissler et al. 2003;
Föllmi et al. 2006; Burla et al. 2008). The most dramatic isotope peaks were initially identified in organic-rich black shale
deposits and define oceanic anoxic events (OAEs). The proportions of 13C and 12C in marine waters vary by photosynthesis, deposition of organic matter, weathering rates, and
submarine volcanism (Kump and Arthur 1999; Saltzman and
Thomas 2014). Marine algae concentrate 12C in organic matter
thereby increasing d13C in ocean water and in carbonate minerals. The resulting sediments are black shale depleted in 13C and
limestone depleted in 12C. The carbon isotope amount is affected by a complex set of interacting factors (Leckie et al.
2002; Saltzman and Thomas 2014) and during the Cretaceous
fluctuated greatly (Veizer et al. 1999) even as the amount of
modeled atmosphere CO2 declined (Berner and Kothavala
1999).
Several challenges emerge with the use of geochemical signals
as chronostratigraphic markers. First is that the shape and precision of the curves are related to sample density. The sample
spacing varies depending on the rate of sediment accumulation;
closer spacing is required in thinner intervals deposited at
slower rates. A second issue is unraveling the effects of
diagenesis from the original deposition signal. Verifying that an
original depositional signal is recorded is based on multiple
analyses, which have been clearly outlined by various authors
(Menegatti et al. 1998; Bralower et al. 1999; Wendler et al.
2009; Jenkyns 2010; Wendler 2013). A third challenge is to define consistently and objectively the segment boundaries in the
curve. Many geochemical curves are asymmetric and the curve
trends are irregular and of different magnitudes; some curve
shifts are abrupt and some are gradual. Placement of a boundary
may be at the acme or the nadir, or at the beginning or ending or
mid-point of the inflection, or part way along a gradually declining slope. A fourth challenge in using chemostratigraphic
curves as chronostratigraphic markers is the lack of uniqueness
of curve segments, so the segments must be integrated with precise biostratigraphic or magnetostratigraphic events. However
carbon and oxygen isotope curves of strata younger than about
5 Ma seem to have distinctive characteristics that represent the
400 kyr eccentricity orbital cycles (Berggren and Burckle 1997;
Wang et al. 2010).
These issues have been well addressed by studies of numerous
Cretaceous Tethyan hemipelagic sections (text-fig. 1), in which
the carbon isotope signal of bulk carbonate and of organic matter have been subdivided into discrete segments. Eight carbon
isotope segments were initially defined in the Roter Sattel section, Switzerland, and the Cismon core, Italy (Menegatti et al.
1998). Subsequently segments C9 to C15 were defined in the
upper Aptian-lower Albian pelagic section in Santa Rosa Canyon, Mexico (Bralower et al. 1999) (text-fig. 1). These segments are identified here in the high-resolution isotope curve of
the core on Resolution Guyot (Jenkyns 1995; Jenkyns and Wilson 1999). Barremian carbon isotope segments B1-8 were first
defined in the Cismon core and correlated with sections in the
Swiss Alps, which were based on bulk rock samples of carbonate ramp limestone and marl (Wissler et al. 2002).
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Subsequently carbon isotope segments were defined in a composite set of carbonate sections in southeastern France (Huck et
al. 2013; 2014) and offshore Morocco in DSDP 545, which
were given a different nomenclature (Herrle et al. 2004). The
segments of Herrle et al. (2004) have been identified in Sonora
(Madhavaraju et al. 2013). In the Pyrenees of Spain Barremian-Aptian segments are also described (Sanchez-Hernandez, Y. and Maurrasse 2014a, 2014b). Further examination of
carbon isotope increment C7 resulted in dividing it into four
subunits (Nuñez-Useche et al. 2014).
Upon shallow-water Tethyan carbonate platforms in the Mediterranean area, Barremian-Albian metric-scale shoaling-up cycles are defined by exposure contacts (d’Argenio et al. 2004;
Wissler et al. 2004). Cyclostratigraphic analysis of lithostratigraphic cycles relates these to ~400 kyr-long eccentricity
frequency. The carbon isotope signal in these platform sections
is correlative with pelagic curves where constrained by
magnetostratigraphic and biostratigraphic data.
The first purpose of this note is to calibrate numerical ages of
Barremian-Albian carbon isotope segments defined by Menegatti et al. (1998), Bralower et al. (1999) and Wissler et al.
(2002) and to integrate these segments with other biostratigraphic events. The integration of carbon isotope segments with
biostratigraphic events in CRETCSDB4 (Scott 2014) has the
potential to correlate stage boundaries of reference sections
with signals in other sections. Second, precise numerical ages of
Barremian-Albian carbon isotope segments will provide rates of
change of processes that altered the oceanic carbon cycle.
METHOD OF INTEGRATION
The Cretaceous Chronostratigraphic Database CRETCSDB4
was constructed by graphic correlation, which is a transparent,
testable method that integrates stratigraphic data. Graphic correlation is a quantitative but non-statistical technique that enables stratigraphic correlation experiments between two
sections by comparing the ranges of event records in both sections (Edwards 1989; Carney and Pierce 1995). A graph of any
pair of sections is an X/Y plot of the FOs (first appearances) and
LOs (last appearances) of taxa found in both sections. To propose coeval relationships between sections, the interpreter
places a line of correlation (LOC) through the tops and bases
that are at their maximum range in both sections. This LOC is
the most constrained hypothesis of synchroneity between the
two sections and adjusts the ranges of the fewest bioevents. The
LOC also accounts for hiatuses or faults at stratal discontinuities
indicated by the lithostratigraphic record. The position of the
LOC is defined by the equation for a regression line. Carney
and Pierce (1995) explained the process and provided examples
of the graphic technique.
A species range database such as CRETCSDB4 is compiled by
iteratively graphing successive measured sections or cores and
integrating ranges of all sections. Because the software
GraphCor, a DOS-based system, has a limited storage capacity,
sets of sections are grouped into subprojects of up to fifty sections of composited ranges that are then saved separate databases. The progressive subprojects that compose CRETCSDB4
are MIDK3, MIDK4, MIDK 41, MIDK45, CRET1, CRET2,
and CRETFIX (Scott 2014). If a section in a preceding
subproject is plotted to the next project, the plot will be a
straight line because the data of the section is already in the
composited dataset. The accuracy of these ranges depends on
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TEXT-FIGURE 1
Cretaceous geologic time scale calibrated by Gradstein et al. (2012) and Scott (2014) with composited carbon isotope curve of Weissert and Erba (2004),
Jarvis et al. (2006) as presented by Steuber et al. (2015). Anoxic segments from Jenkyns (2010). Ma = megaannums. OAE = oceanic anoxic event.
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TEXT-FIGURE 2
Cretaceous paleogeography about 90 Ma as Mollweide projection showing relative locations of the Roter Sattel section (1), the Cismon core (2) and the
Santa Rosa Canyon section (3) (red pentagon symbols). From Dr. Ron Blakey website: <http://jan.ucc.nau.edu/~rcb7/>.

the number of sections, preservation and correct identification
of the species. Event sequences and ages compiled by graphic
correlation can be tested and fully evaluated because the
sources of the data are available. In addition, the order of segments in different basins can be compared.
CRETCSDB4 is a compilation of more than 3500 taxa and
marker beds in more than 295 published sections calibrated to a
mega-annum scale (Scott 2014). The database spans the Jurassic/Cretaceous and the Cretaceous/Paleogene boundaries. Construction of CRETCSDB4 began by plotting bioevents in the
Kalaat Senan, Tunisia, Cenomanian-Turonian section to the
1989 time scale (Harland et al. 1990), which was subsequently
adjusted to the 2004 time scale (Gradstein et al. 2004, 2012).
The sedimentology, sequence stratigraphy, and biostratigraphy
of the Kalaat Senan section were precisely documented and
stage boundaries defined biostratigraphically (Robaszynski et
al. 1993). Non-biotic data such as chemostratigraphic curves
and sequence boundaries were incorporated into the database
by including these segments with associated fossils in key reference sections (Edwards 1989). Groups of sections were combined into the database in successive subprojects, including the
MIDK3, MIDK4, MIDK41, MIDK45, CRET1, and CRET2 databases that combine to compose CRETCSDB4. Additional
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sections with radiometrically dated beds were graphed to constrain the accuracy of the numerical scale. Ranges of first and
last occurrences are calibrated to mega-annums of Cretaceous
stages defined by GSSPs or reference sections. This database
serves as a look-up table for interpolation and age calibration of
other stratigraphic sections. The age ranges of some taxa and
marker beds are preliminary and may be extended as new sections are added to the database.
CARBON ISOTOPE SECTION DATA

Barremian-Aptian carbon isotope segments were first identified
in three Aptian basinal hemipelagic sections; two are in a rifted
basin on the European side of the Tethys Ocean, at Cismon, Italy
and Roter Sattel, Switzerland, and one section is in the Gulf of
Mexico at Santa Rosa Canyon, Mexico (text-fig. 2; Appendix 1).
Planktic foraminifera and nannoplankton are well preserved in
each section and provide biostratigraphic control. The Cismon
120m-thick cored section is in the Venetian Alps of Northern Italy (Erba and Larson 1998; Erba et al. 1999; Wissler et al. 2002;
Channell et al. 1979; 2000); a nearby outcrop section confirms
the biostratigraphy (Bralower 1987). Magnetochrons M3r to M0r
are identified in the Cismon cored section. The Roter Sattel section is in the Swiss Préalpes Médianes Plastiques and a
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TEXT-FIGURE 3
Graphic plots of Cismon core (A) and Roter Sattel section (B) compared to the Cretaceous composited database. Square symbols = first occurrence or base
of event; + = last occurrence or top of event; bases of geochemical segments are red squares; B1-6 and C1-8 are the bases of geochemical segments. A.
Cismon core with line of correlation constrained by magnetochrons and Aptian bioevents. A slight disconformity or condensed interval is present at -25m
at the base of the Livello Selli black shale. This plot first projects geochemical segments B-1-8 and C-1-8 into the numerical database; isotope curve from
Erba et al. (1999) and Wissler et al. (2002, 2003). B. Roter Sattel outcrop section with line of correlation of Aptian interval constrained by OAE 1a and Selli
bed. Base of C8 is above correlation line and LO of Leupoldina cabri by 2.9m, which is 2.18m higher than in Cismon core, which suggests that the boundary may be placed too high at Roter Sattel. At base of section C2 segment may define alternative LOC.

25

R. W. Scott: Barremian-Aptian-Albian carbon isotope segments as chronostratigraphic signals: Numerical age calibration and durations

TEXT-FIGURE 4
Graphic plot of Santa Rosa Canyon section compared to the Cretaceous composited database (Symbols as in text-figure 3). Santa Rosa Canyon Aptian
section line of correlation constrained by magnetochron M0R, OAE 1a and carbon segments set at Cismon and Roter Sattel. Numerical ages of Carbon
isotope segments 9 through 15 calibrated to numerical ages by projecting metric position (red arrow) into upper Aptian-Albian interval by correlation
line constrained by Niveau Jacob black shale, OAE 1b and bioevents.

bed-by-bed description documents the foraminifers and carbonate carbon isotope (Strasser et al. 2001). The Aptian-Albian interval is about 38m thick. The Santa Rosa Canyon outcrop
section, Nuevo Leon, Mexico, is in the Sierra Madre Oriental and
is 220m thick spanning basal Aptian to lower Albian.
At the Cismon cored section, bulk carbonate and organic carbon
isotopes were measured on samples at a spacing of six to seven
per meter (text-fig. 3A). These were divided into eight Aptian
and five Barremian segments based on mean d13Ccarb and d13Corg
values (Menegatti et al. 1998; Erba et al. 1999; Wissler et al.
2002). Subsequently Wissler et al. (2003) further divided the
upper Barremian and basal Aptian at Cismon into segments B6
to B8 and A1 to A4; segments B8 through A4 overlap segments
C2 to C4 of Menegatti et al. (1998). The maximum differences
in the curve are up to 3.8‰; some changes are abrupt and some
gradational and boundaries are close to the inflections points of
the shifts (Menegatti et al. 1998, figs. 2, 3; Erba et al. 1999, fig.
7). The Cismon section was plotted to the MIDK4 project,
which is an early substage of CRECSDB4 (text-fig. 3A). The
line of correlation is defined by magnetochrons, nannofossils
and planktic foraminifera. The numerical ages of the bases of
B1 to B8 and C to C8 were first projected into the database by
this LOC.
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Carbonate carbon isotope data in the Rotter Sattel section
(text-fig. 3B) were derived from a spacing of six samples per meter (Menegatti et al. 1998, fig. 2). Some boundaries are very
abrupt and others are at slopes between peaks. Planktic
foraminifer biostratigraphy constrained the positions of the LOC.
The boundaries of the d13Ccarb and d13Corg curve segments plot on
the LOC consistently as defined in the Cismon section. The base
of C1 was not included because the section was not logged below
the event base. C8 is left of the LOC and is higher in the section
compared to its position and age in Cismon section; this suggests
that its base was picked at different points on the curves in the
two sections. The C7— C8 boundary in the Roter Sattel section is
more gradational than in the Cismon section.
In the Roter Sattel section the Aptian-Albian unconformity at
32.25m is slightly above the base of C8 and no higher segments
were noted by Menegatti et al. (1998, fig. 2). The graphic plot to
the subproject MIDK41 of CRETCSDB4 suggests either a brief
hiatus at the base of OAE 1a between C2 and C3 or a condensed
interval (text-fig. 3B). An Aptian/Albian unconformity in both
the Roter Sattel and Cismon sections limits the sequence of geochemical segments.
In the Santa Rosa Canyon section, Nuevo Leon, Mexico
(text-fig. 4), samples were collected one meter apart and the or-
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TEXT-FIGURE 5
Event ranges in Santa Rosa Canyon section compared to event ranges in Roter Sattel section showing that these segments are the same age in both sections.
Line of correlation in Aptian interval is constrained by carbon isotope segments. Symbols as in text-figure 3. Unconformities (solid lines) are similar ages
and conformable time lines (dashed lines) in Roter Sattel correlate with unconformities in Santa Rosa section.

ganic carbon of carbonate was measured. The total organic carbon content of the samples was generally less than 0.5%. The
d13Corg values extend across unconformities into the Upper
Albian Eiffellithus turriseiffellii and Biticinella breggiensis
zones; bulk carbonate was not analyzed (Bralower et al. 1999,
fig. 7). In addition to identifying C1 through C8, younger carbon segments C9 through C15 were defined. The boundary positions of the segments are on the inflection slopes between
peaks or on the peaks themselves. Some segments correspond
to peaks of total organic carbon and of CaCO3%. Because curve
segments are not unique, biostratigraphy was used to identify
the older carbon segments. Nannofossil biostratigraphy (Bralower et al. 1999, fig. 3) was supplemented by planktic
foraminifera, calpionellids and nannoconids (Longoria 1974,
1998; Ice and McNulty 1980; Sliter 1992). The chronostratigraphic interpretation of the section is constrained by
magnetochron M0R at the base and the normal succession of
nannofossil and planktic foraminifer zones up to basal Upper
Albian (text-fig. 4).

The graphic plot of the Santa Rosa data to the Cretaceous
Chronostratigraphic database (text-fig. 4) suggests discontinuities in the record of deposition based on offsets in the lines of
correlation. These unconformities or condensed intervals had not
been identified in Santa Rosa section previously. In the upper part
of the La Peña Formation an unconformity is postulated at about
192m in the Globigerinelloides algerianus Zone above the base
of segment C8, which is dated at 122.12 Ma. This level is the base
of a 2‰ negative d13Corg shift and a 2.5% TOC peak, which is inferred to be the Niveau Jacob black shale bed projected at 115.13
Ma. This organic-rich bed is overlain by the Tamaulipas Limestone with OAE 1b in its basal part dated at 112.09 Ma. A second
unconformity or condensed interval is proposed in the uppermost
part of the La Peña at 210m between the LO of G. algerianus and
the FO of Colomiella recta. Segments C9 and C10 are within this
interval, which determines the projected age of these carbon isotope shifts. A higher unconformity at about 300m is between the
Tamulipas and Cuesta Del Cura formations at a thin shale bed that
overlies base of segment C15 and underlies the first occurrences
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TEXT-FIGURE 6
Graphic plot of Resolution Guyot carbon isotope data relative to events in the advanced CRETFIX Database with the FOs positions of four planktic
foraminifera projected by their relative positions with isotope events in the Cismon section by Jenkyns (1995). The base of the Aptian defined by the base
of magnetochron M0R is at the base of carbon segment B8/C2 at -1100/-1080 mbsf. The base of the Albian as defined here by the FO of Leymeriella
tardefurcata falls between the FOs of C10 and C11 -400 to -330 mbsf. Planktic foraminifers were not identified in the shallow shelf facies.

of Upper Albian Eiffelithus turriseiffelii and Biticinella breggiensis. The hiatus at this unconformity was correlated with a
regional unconformity on the shelf interior of North Texas between the Fredericksburg and Washita groups Albian sequence
boundary Al Wa 1 (Scott et al. 1988, fig. 4; Scott et al. 2003).
The carbon segments in the Aptian portion of the Santa Rosa
section correlate well with those in the Roter Sattel section
(text-fig. 5). In both sections an unconformity is plotted above
the base of C8, although deposition persisted longer during
event C8 at Roter Sattel than at Santa Rosa. This plot supports
the correlation of Aptian carbon curve segments at Santa Rosa
with those at Roter Sattel.
The Albian carbon isotope data is quite complex and not readily
subdivided into unique segments. A rich dataset of deep benthic
foraminifers from five different basins has a 4‰ spread of d13C
without distinct segments (Friedrich et al. 2014, fig. 2). Furthermore, in the Albian Marne a Fucoid Formation at Mont Petrano,
Italy, the amplitude of the cycles diminishes from about 0.75

28

ppm to 0.4 ppm (Giorgioni et al. 2014). These datasets suggest
that oceanic processes shifted during the Albian (Giorgioni et
al. 2014; Friedrich et al. 2014).
In order to test the correlation potential of Albian carbon isotope
segments C9 to C14 the high resolution carbon isotope dataset
of the Resolution Guyot core (Jenkyns 1995; Jenkyns and Wilson 1999) was graphed with the data at Santa Rosa Canyon in
the CRETFIX database (text-fig. 6). This Mid-Pacific section
spans a nearly 1600m-thick Barremian-Albian interval. This
subtidal-intertidal carbonate section was deposited upon a basaltic edifice dated at 127.6±2.1 Ma (Jenkyns 1995) and re-calibrated to 123.63±0.9 Ma (Pringle in Larson and Erba 1999) so
the oldest carbonate deposition was early Barremian, which began about 130 Ma (Ogg et al. 2012; Scott 2014). Supplementary
chronostratigraphic control is limited in this section. The Selli
marker bed was identified as a sixty meter thick interval of cyclic packstone-wackestone and algal laminite with clay and organic-rich laminae from 860m to 800m and a strongly negative
carbon isotope peak (Jenkyns 1995) identified here as C3. The
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TEXT-FIGURE 7
Chemostratigraphic correlation of five key Tethyan carbonate sections that span the Barremian to Albian stages and that define the chronostratigraphic order of Carbon Isotope segments B1 to C15. Data for the Angles section from Wissler et al. (2002); for the Cismon section from Erba et al. (1999, fig. 7) and
Menegatti et al. (1998, figs. 2, 3); for the Roter Sattel section from (Strasser et al. 2001; Menegatti et al. (1998, figs. 2, 3); and for the Santa Rosa section
from Bralower et al. (1999, figs. 3, 7). Ammonite zonation of the Angles section is by Wissler et al. (2009): Av=Ancycloceras vandenheckei;
Dt=Deshayesites tuarkyricus; Dw=Deshayesites weissi; Gs=Gerhardtia sartousiana; Hc=Holcodiscus caillaudianus; Hf=Hemihoplites feraudianus;
Ig=Imerites giraudi; Kn=Kotetishvilia nicklesi; Ms=Martelites sarasini; Sh= Spitidiscus hugii [=Th=Taveraidiscus hugii]; Sn=Subpuchellia nicklesi;
Tv=Toxancyloceras vandenheckii.

first occurrences of key Aptian planktic foraminifera were projected into the section by relating them to carbon isotope peaks
in sections where the fossils are present (Larson and Erba
1999). Direct paleontological evidence of the Aptian age of the
Resolution carbonates is the presence of the rudist bivalve,
Conchemipora skeltoni Chartrousse and Masse (1998) at 917.0
mbsf. In the absence of other fossil data in the core, the
Albian/Aptian boundary was approximated by 87Sr/86Sr curve
(Jenkyns and Wilson 1999, fig. 5).
Identification of the carbon isotope segments defined in the
Mediterranean and Mexican sections (text-fig. 6) is derived by
comparing the curve parts below and above the strong negative
peak C3. The first trial to identify lower Aptian-Barremian segments below C3 was to assume that basal Barremian B1 was the
basal segment and segments were partitioned up to C3. However, the interval below C3 is too thin to accommodate segments B6-8. The second trial was to identify segments
downward from C3 ending with B4 at the base. This resulted in
a graphic interpretation (text-fig. 6) that projects the
Barremian-Aptian contact near the base of C2 at about 930m.
Carbon isotope segments above C3 match the placement of the
segments in the Santa Rosa section up to C14, which on Resolution Guyot is truncated by a drowning unconformity marked by
a manganese hardground. Within the interval 450 to 300m calcrete contacts are numerous and the carbon isotopes segments

are thin, which is consistent with numerous brief hiatuses of
subaerial exposure.
Wissler et al. (2002) first defined Barremian segments in the
Cismon core data of Erba et al. (1999) and in the Angles, France
section. The B1 to B5 and A1 to A4 segments were projected into
the CRETCSDB4 by graphing these sections (text-fig. 3B). Subsequently Barremian-lower Aptian carbon isotope data were documented in two Swiss outcrop sections, Alvier and Churfirsten.
Carbon isotope data were measured on bulk samples of limestone
and marl (Wissler et al. 2003). The Barremian-lower Aptian interval at Alvier is about 440m thick and the Churfirsten section is
200m thick; at both sections sample spacing was about 2m.
These two Swiss carbonate sections are bounded by a basal
transgressive disconformity with Hauterivian-lower Barremian
ammonites and by Upper Aptian ammonites above the topmost
disconformity. The inclusion of these two sections confirmed the
age interpolation of these isotope curves and their plots are not illustrated.
INTEGRATION WITH BIOEVENTS AND
MAGNETOCHRONS

Foraminiferal zones are documented in two of the three key
Aptian sections based on the first occurrance datum (FO) (Table
1). Segments C1 through C6 are within the Globigerinelloides
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TEXT-FIGURE 8
Plot of carbon isotope segment durations versus time in mega-annums based on Table 1. Segments below unconformities and Wissler segments B8, A1,
A2, and A3 that overlap C1, C2 segments are not included. Barremian durations fluctuate decreasing into OAE 1a, which is followed by a long period C7.
Complete segment C8 is not shown because it is cut by a regional unconformity. Upper Aptian carbon isotope segment fluctuate decreasing into OAE 1b,
which is followed by long segments C11 and C14. Leenhardt and Urbino black shale beds were deposited during isotope segment C11 and C12.

blowi Zone at the base of the Cismon and Rotter Sattel sections.
The base of C7 is just below the base of the Leupoldia cabri
Zone and ranges to the top of this zone. Segment C8 extends
through the overlying Globigerinelloides ferreolensis and
Globigerinelloides algerianus zones at Roter Sattel and is overlain by the Aptian-Albian unconformity in both sections
(Menegatti et al. 1998; Strasser et al. 2001). At Santa Rosa thin
C9 is in the uppermost part of the Globigerinelloides algerianus
Zone and C10 begins in the Hedberella planispira-Ticinella
bejaouaensis Zone and C11-12 span to the top of this zone. C13
and C14 span the Ticinella primula Zone. A disconformity separates C14 from C15, which spans part of the Biticinella
breggiensis Zone.
Nannofossil zones are documented in the Cismon core and the
Santa Rosa outcrop. Segment C1 begins in the lower part of the
Chiastozygus litterarius Zone NC6 identified by the first occurrence (FO) of Rucinolithus irregularis (Bralower et al. 1999)
(Table 1). Segments C4 through C10 range through the
Ragodiscus angustus Zone NC7 identified at Santa Rosa Canyon by the FO of Eprolithus floralis. Segments C11 through
C14 are within the Prediscosphaera columnata Zone NC8 and
the Axopodorhabdus albianus Zone NC9, which are undifferentiated at Santa Rosa Canyon.
In the Cismon cored section magnetochrons M0R to M9R (Erba
et al. 1999) are integrated with nannofossils and carbon isotope
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segments (Menegatti et al. 1998). Segment C1 corresponds with
Chron CM1R and C2 overlaps with Chron CM0R (text-fig. 2).
However in the Santa Rosa Canyon section C1 extends across
CM0R and C2 is younger beginning above CM0R. A comparison of the carbon isotope curves by Menegatti et al. (1998, fig.
3) with curves by Erba et al. (1999, fig. 7) and by Bralower et al.
(1999, fig. 7) indicate that the base of C2 is defined at different
places on the curves.
The base of carbon segment C3 is slightly younger than the onset of the nannoconid crisis and the base of C5 is virtually the
same age as the beginning of OAE 1a in these sections (Table
1). In the younger part of the late Aptian-early Albian, carbon
segments C9 to C12 in Santa Rosa section correlate in part with
black shale beds defined in Italian sections although the beginning ages are not coincident.
No ammonites were recorded at the three sections but ammonite
first occurrences can be correlated with the carbon isotope segments by the integration of ammonites from other sections that
also yield nannofossils and planktic foraminifers (Table 1). The
FO of the basal Aptian Deshayesites oglanlensis is in C2. The
FO of Epicheloniceras martini in the Upper Aptian Substage is
within C7. The lowermost Albian Leymeriella tardefurcata and
Leymeriella schrammeni schrammeni dated at 112.46 Ma correlate within C10. One well preserved rudist specimen in the Res-
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TABLE 1

Numerical ages of carbon isotope events compared to bioevent ages. The age of the base of a segment defines the age of the top of the preceding segment so
the age of the top is redundant. Most last occurrences of taxa and magnetochrons do not constrain the line of correlation and most zones are defined by the
FO, so only the ages of the FO of carbon segments are compared to FO of bioevents. Ages from CRETCSDB4 (Scott 2014; precisionstratigraphy.com).

olution core is the Aptian Conchemipora skeltoni at 917.0 mbsf
(Chartrousse and Masse 1998) in the lower part of segment C2.

heckii in the Angles and Cismon sections falls in the upper part of
isotope event B2.

Because the carbon isotope segments are defined in hemipelagic basin sections, correlation of carbon segments with
shelf sections where short-term hiatuses are numerous is uncertain (Quesne and Ferry 1995; Di Lucia et al. 2012). However,
where shelf cycles are integrated with magnetochrons and
OAEs, and carbon isotope curves are similar to nearby basin
curves, there sea-level segments can be correlated with basin
successions (d’Argenio et al. 2004; Wissler et al. 2004).

The Barremian-Aptian boundary can be consistently identified in
all five sections. In the absence of a GSSP, this stage boundary is
positioned approximately at the base of Magnetochron M0R and
the first occurrence of the ammonite, Deshayesites oglanlensis or
the alternative species at Angles, Deshayesites tuarkyricus. In the
Cismon section the boundary is within carbon event C2
(Menegatti et al. 1998) and at the contact of B8 and A1 (Wissler
et al. 2002, 2003). At Roter Sattel, Switzerland Menegatti et al.
(1998) placed the base Aptian at the contact of C1 and C2. However, C1 was defined by four points at the base of the section so
that no clear definition of the C1-C2 boundary is recorded. Also
in the Santa Rosa, Mexico, section the basal data points were
identified as C1 (Bralower et al. 1999) but could also be part of
C2.

GLOBAL CORRELATION POTENTIAL

To be used as a chronostratigraphic tool carbon isotope curve
segments must be related to independent criteria such as species
FO or LO or magnetochrons; they must be consistently identified and represent segments of widespread oceanic changes.
The carbon isotope datasets of five outcrop and cored sections
in southern Europe, North America and the Pacific Ocean are
integrated with independent chronostratigraphic markers and
their curve shapes are relatively consistent and identifiable
among the sections (text-fig. 7).
Lower Barremian strata at the Angles and Cismon sections conformably overlie Hauterivian sedimentary strata and span the
Taveraidiscus hugii and Kotestishvilia nicklesi zones (Wissler
et al. 2009). Carbon isotope event B1 spans these zones and the
boundary with B2 is within Magnetocrhon CM3R at Cismon
(Menegatti et al. 1998). The lower-upper Barremian boundary
defined by the first occurrence of Toxancycloceras vanden-

In the Lower Aptian, the sharp light carbon isotope peak C3 is the
same age as the base of the Selli bed and slightly younger than the
isotope inflection point used to define the beginning of OAE 1a.
The closely spaced isotope segments C4-C6 are within OAE 1a.
The positive peak used to define C7 approximates the end of the
anoxic event.
Until a global section and stratal point is picked for the base of the
Albian Stage, multiple criteria have been proposed: first occurrence of Microhedbergella rischi/renilaevis at 113.32 Ma,
Leymeriella schrammeni anterior at 113.51 Ma and Leymeriella
tardefurcata at 112.68 Ma (Petrizzo et al. 2012; Kennedy et al.
2014). These bioevents fall within carbon isotope event C10,
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which spans 114.55-111.74 Ma. Carbon event C10 is a relatively positive interval bounded below and above by sharp light
peaks in the Santa Rosa and Resolution Guyot sections. In the
Cismon and Roter Sattel sections the Aptian-Albian boundary
is an unconformity.

DURATIONS OF CARBON ISOTOPE SEGMENTS

The age calibration of carbon isotope segment bases measures
the durations of the oceanic isotopic excursions (table 1,
text-fig. 8). The age-duration plot shows fluctuating but gradually shorter carbon isotope segments leading to OAE 1a, which
is followed by three very brief segments C4, 5, 6. This was followed by long C7 and C8, which was truncated by submarine
unconformities in Cismon, Roter Sattel and Santa Rosa sections; the maximum duration of this hiatus was from 120 to
115.2 Ma. This hiatus was followed by short-term carbon burial
segments represented by black shale beds Jacob, Kilian,
Paquier, Leenhardt, and Urbino that clustered around OAE 1b.
Long-period segments followed through the Early and Middle
Albian Age. Changing durations of carbon isotope segments
may be clues to changes in processes or the effects of the process that altered the ocean carbon reservoir. During the
Barremian-Aptian interval, d13C spiked from 1 to 3.5‰ (Veizer
et al. 1999, fig. 10), even as atmospheric CO2 declined steeply
(Berner and Kothavala 1999, fig. 13). Associated increased marine productivity and carbon burial suggest “widespread
changes in the ocean-climate system” (Leckie et al. 2002). The
very negative carbon isotope shift C3 is found in many Lower
Aptian shelf-slope-basin sections. Aptian sea-floor spreading
rates increased significantly (Seton et al. 2009). Beginning in
Late Barremian crustal production increased by 44% from
about 18 to 26 km3/yr-1 and during early-middle Aptian production increased further 35% to 35 km3/yr-1 (Leckie et al. 2002;
Kelley 2003, fig. 7.16). Increased crustal production accounts
for emplacement of the large igneous provinces (LIP) Ontong
Java I-Mannihiki and Kerguelen I. Carbon isotope shifts in sedimentary strata may be related to one or more of three processes
(Leckie et al. 2002): 1) increased upwelling of nutrient-rich and
12
C-rich waters (Menegatti et al. 1998); 2) increased weathering
rates related to increased CO2 and warmer atmosphere
(Menegatti et al. 1998); and 3) injection of light mantle-derived
CO2 by LIP eruption followed by OAE 1a carbon burial
(Larson and Erba 1999).
The mean duration of the twenty-one Barremian-early Albian
segments is 587 kyr, which differs from the climatic cycle frequencies. However light and dark marl beds of the Selli Level
in the Cismon core record eccentricity, (400 kyr), obliquity (36
kyr) and precession (20 kyr) (Huang et al. 2010). In the Central
Apennines, Italy, carbon isotope of bulk carbonate of Albian
marl records the 400 kyr cycle (Giorgioni et al. 2012). These
authors conclude “that the cyclic pattern in the d13C curve reflects changes in the isotopic composition of the dissolved inorganic carbon in the photic zone of the Tethys during the Albian”
(Giorgioni et al. 2012). These regular lithological cycles reflect
the ocean-atmosphere climatic interaction. The irregular carbon isotope segments of the Barremian-early Albian may have
responded to other processes such as submarine volcanic eruptions or changes in sea floor spreading rates or they could be divided more finely. The durations of the carbon isotope
segments suggest that fractionation rates of light carbon from
13
C were abrupt.
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CONCLUSIONS

Carbon isotope curve segments are integrated within the Cretaceous Chronostratigraphic Database by plots of the Roter Sattel,
Cismon and Santa Rosa Canyon sections based on shared
bioevents and magnetochrons. The bases of these carbon isotope segments acquire numerical ages by these correlations
(table 1). These ages then are compared with the ages of the FOs
of ammonites, planktic foraminifer and calcareous nannofossils
that define the standard Aptian-Albian zones. Thus these geochemical records are correlated with criteria that define the suggested stage and substage boundaries (Reboulet et al. 2011),
although no GSSPs have been yet ratified. The base of the
Aptian as defined by Chron CM0R is within segment C1 or if
the stage is defined by the FO of Deshayesites oglanlensis the
base is in C2. If the base of the Upper Aptian Substage is defined by the FO of Epicheloniceras martini, the boundary is
within C7. In 2000 the base of the Albian was defined by the FO
of Leymeriella tardefurcata or Leymeriella schrammeni
schrammeni (Kennedy et al. 2000) dated at 112.46 Ma, which is
within C10. However new data from the pré-Guitard section in
southern France places the base Albian at the first appearance of
the planktic foraminifer Microhedbergella renilaevis Huber and
Leckie 2011 (Kennedy et al. 2014), which is in the middle of
Niveau Kilian. In CRETCSDB4 the FO of M. renilaevis is
113.29 Ma and Niveau Kilian is 113.36-113.24 Ma. The age of
carbon isotope stage 10 is 114.55-111.74 Ma.
The durations of the oceanic isotopic segments are measured by
the numerical age calibrations of the base of each carbon isotope event. The mean duration of 587 kyr is longer than the 400
kyr eccentricity cycle. The durations of the carbon isotope segments suggest that processes in addition to climate may have
been a driver of these segments. It should be noted that the longer segments could likely be subdivided by further refinement
of the carbon isotope curve with closer spaced samples. Increasing the number of segments could produce a cycle frequency
nearer 400 kyr.
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Data Files of chemostratigraphic sections. ‘Morph’is a sorting code. Asterix denotes lines not used by GraphCor in the plotting or compositing steps.
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