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a b s t r a c t

Oceanic anoxic events are clues to ocean processes and are correlation datums. In North America only
OAE 1a and 2 are well documented. Based on a low-resolution sampling program, a multi-proxy
geochemical approach constrained by a biostratigraphic framework was utilized to identify OAE 1d in
the upper part of the upper Albian Mesilla Valley Formation near El Paso, Texas. Chronostratigraphic and
biostratigraphic evidence indicate that the OAE 1d event in the Mesilla Valley section is located in the
lower part of the upper AlbianeCenomanian Ovoidinium verrucosum zone, which correlates with the
uppermost Albian Parathalmanninella appenninica and Stoliczkaia dispar zones. The chronostratigraphic
age of the geochemical event in the Mesilla Valley Formation is uppermost Albian (97.39e97.30 Ma).

The classic geochemical signatures for OAEs are enriched total organic carbon (TOC) concentrations
and coupled positive d13C excursions. OAE 1d at this location records TOC values ranging from 0.25 to
0.69 wt.% throughout the Mesilla Valley Formation, where TOC increases during the OAE (21.0e40.0 m)
to more than 0.40 wt.%. Interestingly, the organic matter in the Mesilla Valley is dominantly type III,
which indicates a pervasive terrigenous source. Although marine organic matter is abundant from the
base into the middle of the proposed OAE interval, it is progressively replaced by terrestrial material
above the OAE section during progradation. The d13Corganic values record a positive d13C shift of þ1.6&
from �26.41 to �24.80& across the stratigraphic interval from 21.0 to 40.0 m, which correlates with
OAE 1d.

Mn and Fe geochemistry suggest the depositional conditions of the Mesilla Valley Formation were
dominated by anoxic and possibly Fe-rich bottom waters, specifically during the time period associated
with the OAE 1d event. This interpretation is supported by the presence of Fe enrichment recorded by
FeTotal/Al and FeHighly Reactive/FeT with the lack of Fepyrite/FeHighly Reactive associated with Mn depletion.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

During Cretaceous oceanic anoxic events (OAEs) widespread
black, organic-rich shale was deposited in deep oceans and mar-
ginal basins. These strata represent short-term changes in marine
productivity, burial and preservation of organic matter (Broecker
and Peng, 1982). Six major Cretaceous events were discovered in
deep-sea drilling records: early Aptian OAE 1a, Albian OAE 1b, 1c
and 1d, CenomanianeTuronian OAE 2, and Santonian OAE 3
(Schlanger and Jenkyns, 1976; Arthur et al., 1985, 1990; Jenkyns

and Wilson, 1999; Leckie et al., 2002). Deposition of these
organic-rich beds was initially proposed to be related to high sea
level and anaerobic ocean conditions (Arthur et al., 1985). The
flooding of marginal shelf and exposed continental shelves stim-
ulated primary production (Arthur et al., 1990; Erbacher et al.,
1996). Erba (1994) and Jenkyns (2010) suggested that a change
in oceanic productivity from calcareous planktic foraminifera and
nannoplankton to organic-walled dinoflagellates and siliceous
radiolaria was related to oceanic anoxic events when near-surface
ocean nutrients increased. Hallam (1985) and Price (1999) also
recognized the oscillation between arid and humid climates dur-
ing the Cretaceous. During the humid periods enhanced weath-
ering delivered increased clastic material and nutrients to the
coastal regions while also promoting density stratification
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between the freshwater run-off and underlying marine water.
These periods were also characterized by enhanced oceanic cir-
culation further expanding upwelling and promoting primary
production (Föllmi, 2012). In addition to oxygen depletion and
stratification, the arid periods are characterized by reduced
weathering and nutrient delivery (Föllmi, 2012). External mecha-
nisms may have also promoted the establishment of OAEs. These
include the formation of large igneous provinces (Arthur et al.,
1990; Larson and Erba, 1999; Tejada et al., 2009), and clathrate
destabilization and other methane sources, such as peatlands
(Jahren et al., 2001; Emeis and Weissert, 2009). Föllmi (2012)
provides an extensive review of these mechanisms. It is
apparent that the presence of OAEs indicates the combination of
many processes as a trigger. Recognizing these processes in the
geologic record provides important information regarding the
feedbacks, initiation, maintenance and termination of OAEs.

Isotope stratigraphy traditionally has been one of the proxies
utilized to recognize and correlate OAEs. Conventionally, OAEs have
been identified by a positive d13C shift of 1.5& or greater in organic
and inorganic carbon (Jenkyns, 2010; Herrle et al., 2004). Carbon
isotopic shifts have also been used as chronostratigraphic tools
(Scholle and Arthur, 1980). However, certain OAEs (e.g., 1c;
Erbacher et al., 1999), do not exhibit such diagnostic d13C excur-
sions. Coupling isotope excursions with inorganic geochemical
proxies aid in the reconstruction of depositional conditions and
highlight the occurrence of OAE events when traditional signals
may not be as apparent. Analyses of iron mineral speciation (e.g.,
Lyons and Severmann, 2006; Gill et al., 2011) and shifts in trace
metal concentrations (e.g., Cruse and Lyons, 2004; Tribovillard
et al., 2006; Gill et al., 2011) have been used to reconstruct paleo-
redox conditions during other periods of black shale deposition in
Earth’s history. When integrated in the proper biostratigraphic and
isotopic context, the trace metal and sequential iron signatures can
constrain the presence of an OAE that may not be apparent by
utilizing more traditional approaches.

Recognition of Cretaceous OAE records in the Gulf Coast region
of North America has been limited. At Peregrina Canyon, Tam-
aulipas, Mexico, both d13C and total organic carbon curves span
from the Jurassic/Cretaceous boundary to the Campanian (Scholle
and Arthur, 1980) and record OAE 1a and 1b (Bralower et al.,
1999). In the North Texas outcrop section a thin d13C negative
shift of nearly 1.5& at the top of the Pawpaw Formation was
correlated with the Breistroffer interval in France (Reichelt, 2005).
Near the AptianeAlbian Comanchean shelf margin in the South
Texas subsurface OAEs 1a, 1b, and possibly 1d and 2 are identified
in cores by carbon isotopes (Phelps, 2011), although in some cores
biostratigraphic data is non-diagnostic. Phelps (2011) related
these carbon isotope shifts to maximum flooding of shelf se-
quences and repeated drowning of the platform. In certain loca-
tions outside of the Gulf Coast, events such as the late Albian OAE
1c and in black shales from the AptianeAlbian boundary, strong
d13C excursions in both inorganic and organic carbon are absent
and the organic matter is dominantly terrestrial (Pratt and King,
1986; Erbacher et al., 1996). Similar geochemical signatures may
be present throughout the Gulf Coast region, making it easy to
overlook the presence of an OAE if d13C records are the primary
line of evidence. The absence of the traditional isotope excursion
requires additional geochemical evidence to constrain the pres-
ence of OAE 1d in the Gulf Coast region of the United States.

The objective of this study is to provide a stratigraphic frame-
work and evidence of an OAE in the upper Albian Mesilla Valley
Formation at Cerro de Cristo Rey, in Doña Ana County,
southeastern-most New Mexico (Fig. 1). Based on a low resolution
sampling program, an integrated geochemical approach, including
d13C and d18O, total organic and inorganic carbon concentrations,

iron mineral speciation, and manganese concentrations, were
measured to constrain the depositional environment. These data
are integrated with chronostratigraphic data to correlate the
Mesilla Valley with standard upper Albian zonal schemes. Com-
bined, these data constrain the presence of OAE 1d in the Mesilla
Valley Formation in the Gulf Coast region.

2. Geologic setting

During the Cretaceous Period, global sea level fluctuatedwith an
overall long-term rise that peaked in the Late Cretaceous (Skelton
et al., 2003). By late Albian the Western Interior of North America
was covered by an inland sea that periodically connected the
Comanche Shelf in the subtropical Caribbean Province with the
Boreal Province of the Arctic Ocean in the north. The Comanche
Shelf formed the southern margin of North America during the
Cretaceous; on its southwestern border in northern Chihuahua,
Mexico, the Chihuahua Trough trends northwestesoutheast (Scott,
2003; Fig. 2).

Cerro de Cristo Rey is on the northeastern shoulder of the
Chihuahua Trough and at the entrance to the western side of the
Western Interior Sea is (Fig. 2). It is an andesitic laccolith emplaced
during the Eocene Epoch (Strain, 1968; Lovejoy, 1976) (Fig. 1). Late
Albian to early Cenomanian strata are exposed on the northeast
flank of Cerro de Cristo Rey. Upper Albian strata are up to 230 m
thick. Sediment deposition occurred on an open shelf below or near
wave base during periods of variable siliciclastic influx (Lucas et al.,
2010). These strata grade southesoutheast into upper Albian shale
and calcarenite of the Benevides Formation and nodular limestone
of the Loma Plata Formation in the Chihuahua Trough, which
together are up to 260 m thick (Monreal and Longoria, 1999). The
Mesilla Valley Formation is the candidate for an oceanic anoxic
event because it comprises dark gray shale (suggestive of organic
carbon enrichment) in the uppermost part of the upper Albian
section at Cerro de Cristo Rey. It is overlain by the Mojado Forma-
tion, which in turn is overlain by basal lower Cenomanian Del Rio
Formation.

Samples for whole-rock geochemical analysis were collected
from two Mesilla Valley Formation outcrops along the NE flank of
Cerro de Cristo Rey [N 31� 47.432, W 106� 32.162 (Kmv1) and N 31�

47.911, W 106� 32.318 (Kmv2)] (Fig. 1) (Rush, 2012). Samples from
locations 1 and 2 are identified with the prefixes Kmv 1 and Kmv 2,
respectively.

3. Stratigraphy of Cerro de Cristo Rey section

3.1. Lithostratigraphy

Cretaceous stratigraphic units exposed at Cerro de Cristo Rey
were described by Böse (1910), formalized by Strain (1976) and
Lovejoy (1976) and reviewed by Lucas et al. (2010) (Fig. 3). The
Mesilla Valley Formation is a gray to grayish black, slope-forming
shale containing thin (1e15 cm) sandstone lenses, oyster beds,
and siderite beds. It is named for Mesilla Valley north of Cerro de
Cristo Rey. A range of thicknesses has been reported for the for-
mation at Cerro de Cristo Rey. This study measured a total thick-
ness of 51 m, however Lucas et al. (2010) reported 65 m, Strain
(1976) reported 64 m, Norland (1986) reported 60 m, and
Lovejoy (1976) and Belle (1987) reported 55 m. Lovejoy (1976)
recognized that the Mesilla Valley is faulted in some locations,
which may account for the reported thickness variations. Lovejoy
(1976) did not identify faults at the locations sampled for this
study.

The Mesilla Valley Formation conformably overlies the upper-
most limestone bed of the Muleros Formation and grades up into
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the Mojado Formation (synonym of Anapra Formation) by the
addition of sandstone beds (Fig. 3). Lucas et al. (2010) reviewed the
lithostratigraphy and sedimentary petrography of the Cretaceous
strata at Cerro de Cristo Rey and proposed six unconformity-
bounded depositional cycles that correlate with upper Albian
depositional cycles in the North Texas reference section (Scott et al.,
2001, 2003). The Mesilla Valley was correlated with the Weno and
Pawpaw formations in north-central Texas. However, new paly-
nostratigraphic data suggests that the Mesilla Valley correlates
mainly with the Pawpaw Formation.

3.2. Biostratigraphy

The Order Ammonoidea is the principal fossil group that sub-
divides the Albian into zones and subzones (Reboulet et al., 2011).
Important complementary fossil groups calibrated to Albian
Tethyan ammonite zones are nannofossils (Bown et al., 1998),
planktic and benthic foraminifera (Arnaud-Vanneau and Bilotte,
1998; Leckie et al., 2002), and dinoflagellates (Foucher and
Monteil, 1998). Gulf Coast Lower Cretaceous ammonite biostratig-
raphy is correlated with the standard zones by both cosmopolitan

Fig. 1. Location of measured sections and outcrop samples of the Mesilla Valley Formation. Geologic map is from Lucas et al. (2010). Outcrop areas of sample locations Kmv 1 (south)
and Kmv 2 (north) are outlined.
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and endemic species that are documented in the North Texas
reference section of the Fredericksburg andWashita Groups (Fig. 3)
(Young, 1986; Kennedy et al., 1999, 2005; Scott et al., 2003). In the
Cristo Rey section molluscan biostratigraphy is based on ammo-
noids and bivalves (Böse, 1910; Strain, 1976; Young, 1986; Lucas
et al., 2010). However few of these zones correlate with the stan-
dard zones because of facies exclusion (Lucas et al., 2010). A
detailed local biostratigraphy of the Cristo Rey section includes
ammonites, bivalves, foraminifera, and dinoflagellate cysts (see
online in Supplementary Information), and new palynological an-
alyses of this study focused on the Mesilla Valley Formation.

The Mesilla Valley Formation is indirectly correlated with the
European Mortoniceras rostratum and Stoliczkaia dispar zones by
oysters and dinoflagellate cysts, which occur with Gulf Coast am-
monites in the North Texas section (Fig. 3) (Young, 1986; Scott et al.,
2003). Thin sandstone beds of the Mesilla Valley Formation yield
the oyster, Peilinia quadriplicata (Shumard) and the benthic fora-
minifer, Cribratina texana (Conrad). In the underlying Muleros
Formation the uppermost Albian Texigryphaea washitaensis (Hill) is
abundant, and in the overlying Del Rio formation basal Cenomanian
oysters are Ilmatogyra arietina (Roemer) and Gyrostrea whitneyi
(Böse). These guide fossils indirectly correlate the Mesilla Valley
with the Pawpaw Formation in North Texas and the Mortoniceras
wintoni (Adkins) and the Drakeoceras drakei Young ammonoid
zones. These zones correlate biostratigraphically with the upper
Albian Mortoniceras rostratum Subzone of the Stoliczkaia dispar
Zone in Europe (Fig. 3; Scott et al., 2003; Kennedy et al., 2005; Lucas
et al., 2010).

This correlation is supported by the discovery of the dinofla-
gellate cyst, Ovoidinium verrucosum (Cookson and Hughes), in the

Mesilla Valley Formation; this distinctive microfossil is reported in
the S. dispar Zone (Foucher and Monteil, 1998). Although the
Mojado Formation has not yielded age-diagnostic fossils, it is
overlain by the lower Cenomanian Del Rio Formation and the
Graysonites adkinsi Zone, which correlates with the basal Cen-
omanian Mantelliceras mantelli Zone (Young, 1986; Kennedy et al.,
2005).

3.3. Depositional environment and sequence stratigraphy

The Mesilla Valley Formation was deposited on a nearshore,
muddy marine shelf below wave base (Lucas et al., 2010). Deposi-
tion shoaled up section from relatively deeper water represented
by shale beds with rare thin sandstone lenses to shallower water
with interbedded ripple-laminated sandstones and ferruginous
sandstone beds (Strain, 1976; Lucas et al., 2010). The thin sandstone
and oyster beds are interpreted as storm deposits (Lucas et al.,
2010) similar to upper Albian density current sands of the Wash-
ita Group in North Texas (Scott et al., 1975).

The Lower Cretaceous units of the Cerro de Cristo Rey section
correlate with depositional cycles defined in the North Texas sec-
tion (Fig. 3) (Scott et al., 2003; Lucas et al., 2010). The six trans-
gressive shoaling-up intervals are separated by sharp contacts
between shallower- and deeper-water marine facies. The Mesilla
Valley Formation and the lower part of the Mojado Formation
together represent one deepening-shallowing depositional cycle
and correlate with Al Wa 5 cycle defined by the middle and upper
shale-limestone succession of the Pawpaw Formation (Scott et al.,
2001, 2003; Lucas et al., 2010). The transgressive basal contact of
the Mesilla Valley with the underlying Muleros Formation is Al TS
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WA 5. This cycle is calibrated at 98.75e97.03 Ma by graphic cor-
relation with the Cretaceous Chronostratigraphic Database (Scott
et al., 2000; Scott, 2009; CRETCSDB at precisionstratigraphy.com)
(Fig. 4).

4. Geochemical methods

In order to limit the influence of post-depositional weathering,
shale samples were collected by trenching into the slope of the
outcrop to expose the more pristine portions of the formation.
Samples from the two sample sites were integrated into a complete
stratigraphic section for this study (Fig. 5). Kmv 1 samples were
collected approximately every 3 m, beginning at the contact be-
tween the Muleros and Mesilla Valley formations and continuing
up to the contact between the Mesilla Valley and the Mojado For-
mation. About fifteen meters of section were covered between
samples Kmv 1-11 and Kmv 1-12, which was sampled at the second
locality. Samples from measured section Kmv 2 were correlated
into the measured interval Kmv 1 using the contact between the
Mesilla Valley and the Mojado as the stratigraphic datum for cor-
relation. In total 17 shale samples were collected from the Mesilla
Valley Formation.

4.1. Total organic and inorganic carbon concentrations

Total carbon (TC) and total organic carbon (TOC) measurements
were performed using a Carlo Erba NC500 elemental analyzer. The
TOC samples were pretreated with HCl to remove carbonate pha-
ses. Total inorganic carbon (TIC) was determined as the difference
between TC and TOC.

4.2. Carbon and oxygen isotope (d13Ccarb, d
18Ocarb) measurement of

carbonates

Carbon and oxygen isotope analyses of carbonates were per-
formed at the University of Arkansas Stable Isotope Laboratory.
Approximately 0.5 mg of powdered sample was reacted with 105%
H3PO4 at 25 �C for 18 h to ensure complete reaction of the carbonate
and CO2 headspace equilibration. Samples were then measured
using a Thermo Finnigan Delta Plus isotope ratio mass spectrom-
eter coupled to a Thermo Finnigan Conflo-III gas bench. The pre-
cision on replicate samples is �0.1&.

4.3. Carbon isotope (d13Corg) measurement of organic carbon

Powdered samples were analyzed using a Carlo Erba NC 2500
elemental analyzer interfaced to a Thermo Finnigan Delta Plus
isotope ratio mass spectrometer. Samples were referenced to a
working pure gas, also introduced through the open split. Raw
isotope values were normalized to respective scales by the use of
certified and in-house standards. Data was further corrected for
instrumental drift using standards throughout the run. Three
different standards were used for each sample sequence.

4.4. Pyrite sulfur

Determination of the pyrite concentrations, specifically pyrite
sulfur (Spy), was accomplished through the use of a standard
chromium reduction method (Canfield et al., 1986). Briefly, a
chromous chloride solution was used to liberate H2S that is
precipitated as zinc sulfide (ZnS), and pyrite concentrations were
quantified by micro-titration (Canfield et al., 1986). The titration
results quantify Spy and Fepy is calculated based on the stoichio-
metric conversion of pyrite (FeS2).

4.5. Sequential iron extraction

Sequential iron extractions were performed according to the
procedure developed by Poulton and Canfield (2005). The
sequential extraction differentiates between iron carbonate min-
erals (Fecarb), iron oxides (Feox), and magnetite (Femag). For the
sequential iron extraction, the first step is to extract the iron car-
bonate minerals (Fecarb), such as siderite and ankerite, by reacting
the powdered sample with a sodium acetate solution for 48 h.
During the second step the remaining sample residue was extrac-
ted with sodium dithionite for 2 h to extract iron oxide phases
(Feox). This was followed by the final extraction step where the
residue was extracted with an ammonium oxalate and oxalic acid
solution for 24 h to extract magnetite (Femag). In between each
extraction step, the aliquot solution was diluted with trace-metal-
grade 2% HNO3 and measured on an Agilent 7500ce Inductively
Coupled Plasma Mass Spectrometer (ICP-MS).

Highly reactive iron (FeHR) is calculated by adding the totals
from each extraction step to the pyrite iron fraction (Fepy), similar
to Poulton and Canfield (2005) and Gill et al. (2011). FeHR is
calculated by summing Fecarb, Feox, Femag, and Fepy.

4.6. Metal concentrations

Samples were extracted using a multi-acid digestion of trace-
metal-clean HNO3/HCl/HF. Following each digestion step the ali-
quots were combined and evaporated. The samples were then re-
dissolved to approximately 5 mL in 2% HNO3. This solution was
then diluted and analyzed for major (Al, Fe) and minor (Mn) ele-
ments on an Agilent 7500ce ICP-MS. Most samples were measured
using two isotopes in the optimal mode for that element and an-
alyses had an error of less than 5%. Standard reference materials
(USGS SDO-1 and SCO-1 shales) were digested and analyzed with
each set of extractions and were within reported errors.

4.7. X-ray diffractometry

X-ray diffraction (XRD) analyses were performed at the Uni-
versity of Tulsa using a Scintag Pad V X-ray Diffractometer and
DMSNT controlling software. Powdered samples were scanned
from 4 to 65 degrees two-theta, using 0.04-degree steps, and
counted for 2.5 s/step. Data were modeled using the Rietveld
method and MDI’s RIQAS program. Mineral concentrations are
normalized to 100%.

5. Results

The geochemical results are reported relative to the depth above
the contact between the Muleros and Mesilla Valley formations.
The samples were collected at sections 300e800m northeast of the
laccolith contact (Fig. 1) where the thermal alteration index is 3-2
(Norland, 1986, fig. 11). In addition, newly collected in-situ paly-
nomorphs are brown not black, indicating that the shale has not
been significantly thermally altered.

5.1. Total organic and inorganic carbon

Total organic carbon (TOC) concentrations range from 0.25 to
0.69 wt.% from the base of the Mesilla Valley Formation to near the
top of formation (Table 1, Fig. 5). Two trends of increasing con-
centration are from the base of the section at 0 m to a first
maximum at 12.0 m. At a depth of 21.0 m TOC decreases to
0.29 wt.% directly below a sandstone lens. Above this position the
most significant increase in TOC throughout the section is up to

R.W. Scott et al. / Cretaceous Research 46 (2013) 136e150 141
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Fig. 4. Chronostratigraphic plot of the Cerro de Cristo Rey Cretaceous section with the global CRET2 Database (Scott, 2009). First appearances are rectangles; last occurrences are plus signs. Solid horizontal lines are depositional
contacts; dashed lines are unconformities; dotted lines are correlation hypotheses. Red polygons are boundaries of Washita Group depositional cycles defined in the North Texas section (Scott et al., 2003). The vertical gray bands project
into the Cristo Rey section OAEs 1c and 1d defined in deep sea cores and European outcrops. The numerical age model is from Scott (2009) and Scott et al. (2000, 2009; database available at precisionstratigraphy.com). List of key taxa:
F1 e Dictyoconus walnutensis; F2 e Cribratina texana; Am 1 e Adkinsites bravoensis; Am 2 e Mortoniceras equidistans; Am 3 e Turrilites acutus; Am 4 e Acanthoceras amphibolum; Bi 1 e Protocardia texana; Bi 2 e Lopha carinata; Bi 3 e

Pelinia quadriplicata; Bi 4 e Ilmatogyra arietina; Bi 5 e Exogyra whitneyi; Bi 6 e Lopha subovata; Bi 7 e Inoceramus arvanus; Bi 8 e Ostrea beloiti; Di 1 e Hapsocysta dictyota; Di 2 e Ovoidinium verrucosum; Di 3 e Hystrichosphaeridium
tubifera. (For interpretation of the references to color in this figure legend, the reader referred to the web version of this article.)
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0.40 wt.% from 21.0 to 40.0 m, which is the interval of the proposed
OAE.

The d13Corganic values are reported relative to V-PDB. Values are
relatively consistent throughout the section and range from�26.41
to �24.80& (Table 1, Fig. 5). These enriched values occur in a
specific stratigraphic zone from approximately 21.0 to 40.0 m and
represent a positive d13C shift of þ1.6&.

Total inorganic carbon (TIC) concentrations decrease from
2.16 wt.% to 0.09 wt.% over the depth interval from 0.0 to 18.0 m,
however, at 12.0 and 15.0 m depths concentrations of TIC were not
measureable (Table 1, Fig. 5). TIC increases to a maximum con-
centration of 1.14 wt.% at 24.0 m, followed by an abrupt decrease to
concentrations between 0.06 and 0.11 wt.%. The increase between
18.0 and 24.0 m corresponds to a decrease in TOC followed by an
increase. Concentrations are below the detection limit above
34.0 m.

The d13Cinorganic values are reported relative to V-PDB and range
from �2.91 to �1.80& (Table 1, Fig. 5). A positive d13C shift of
approximately þ0.7& is from 21.0 to 30.0 m, followed by a deple-
tion and negative �1.1& shift from 30.0 to 34.0 m. Above 34.0 m
d13C could not be measured.

The d18Ocarbonate ranges from �9.22& to �1.16& relative to V-
PDB from the base of the Mesilla Valley Formation to the top
sample at 34.0 m (Table 1, Fig. 5). Due to the coarse resolution of
samples, a result of the low TIC concentrations, it is not possible to
determine detailed isotope trends. However, two regions of 18O
enrichments occur from 3.0 to 18.0 m (þ4.56&) and from 27.0 to
34.0 m (þ6.41&). At approximately 21.0 m a negative excursion is
from �4.66& to �7.63&.

5.2. Pyrite concentrations

Pyrite-S (Spy) concentrations are low and range from 0.003 to
0.023 wt.% in the Mesilla Valley (Table 1, Fig. 6). Three concentra-
tionmaxima are located at 9.0, 27.0 and 50.4mwith concentrations
reaching 0.023 wt.%. Between these maxima are extended periods

of background Spy concentrations that are relatively constant and
lower, ranging between 0.003 and 0.010 wt.% Spy. Overall, the
maximum Spy concentrations are low throughout the Mesilla
Valley.

5.3. Sequential iron extractions

The sequential iron extraction data show that Fecarb concen-
trations are low throughout the entire section and do not exceed
0.12 wt.% (Table 1, Fig. 6). Feox concentrations range from 0.39 to
1.74 wt.% with maximum concentrations occurring from 6.0 to
9.0 m and 24.0 to 34.0 m. Femag concentrations are also relatively
low with the majority of sample concentrations ranging from 0.05
to 0.24 except for a maximum value of 1.27 wt.% at 27.0 m.

Concentrations of FeHR are determined by taking the sum of
Fepy þ Fecarb þ Feox þ Femag as previously described. These con-
centrations range from 0.40 to 2.61 wt.% throughout the Mesilla
Valley Formation. Maximum concentrations occur between 6.0e
12.0 m and 24.0e34.0 m.

Total Fe, FeT, concentrations range from 1.84 to 5.86 wt.% in the
Mesilla Valley. Concentrations of FeT are higher between the depths
from 0.0 to 43.0 m than above, with maxima values of 4.84 wt.% at
6.0 m and 5.86 wt.% at 27.0 m. Values tend to remain elevated
between 18 m and 27 m, culminating in the maximum at 27.0 m.
These concentrations decrease above this horizon and lower con-
centrations are measured in the upper section of the Mesilla Valley.

Low ratios of Fepy/FeHR occur throughout the section. FeT/Al
ratios tend to remain below Post-Archaean Average Australian
Shale values (PAAS) of 0.5 except at 6.0 and 27.0 m, where values
show minor iron enrichments. FeHR/FeT ratios exceed the 0.38
threshold for anoxic conditions (Anderson and Raiswell, 2004;
März et al., 2008) at 6.0, 9.0, 27.0 and 30.0 m depths. Two enrich-
ments trends precede these elevated values. The first begins at the
base of the Mesilla Valley Formation and the second begins at
18.0 m. Coupled to the FeHR/FeT ratios, the Fepy/FeHR ratios are all
very low (0.00e0.03) throughout the entire Mesilla Valley.

Table 1
Geochemical data and sample name.

Sample # Location TOC TIC d13CTIC-VPDB d13CTOC-VPDB d18OVPDB Ntotal C/N Spy Fepy FeTotal FeHCl Fecarb Feox Femag FeHR Al Mn

m wt% wt% & & & wt% molar wt% wt% wt% wt% wt% wt% wt% wt% wt% ppm

Kmv 1-14 50.4 0.67 �25.40 0.07 10.55 0.021 0.018 1.91 0.67 0.01 0.58 0.02 0.64 11.33 23.29
Kmv 1-13 49.5 0.61 �24.86 0.08 8.80 0.006 0.005 1.84 0.82 0.01 0.39 0.40 12.18 15.66
Kmv 1-12 48.0
Kmv 2-5 43.0 0.59 �25.36 0.09 7.76 0.006 0.005 2.08 0.78 0.02 0.52 0.02 0.55 11.10 58.97
Kmv 2-4 40.0 0.69 �24.80 0.09 8.97 0.004 0.003 2.64 1.18 0.01 0.82 0.06 0.90 10.97 14.08
Kmv 2-3 37.0 0.69 �25.67 0.08 9.81 0.003 0.003 2.82 1.31 0.02 0.55 0.08 0.65 11.32 120.11
Kmv 2-2 34.0 0.63 0.09 �2.91 �25.46 �1.16 0.12 6.19 0.007 0.006 4.13 2.46 0.04 0.94 0.24 1.23 11.10 335.71
Kmv 2-1 31.0 0.51 0.11 �2.35 �25.74 �2.60 0.08 7.86 0.006 0.005 3.41 1.88 0.04 1.04 0.16 1.24 10.33 159.79
Kmv 1-11 30.0 0.63 0.06 �1.80 �25.51 �2.82 0.07 10.99 0.006 0.005 3.51 3.28 0.05 1.25 0.14 1.44 11.03 113.91
Kmv 1-10 27.0 0.52 0.8 �2.37 �25.74 �7.57 0.08 7.43 0.019 0.016 2.43 4.56 0.07 1.26 1.27 2.61 8.95 17.70
Kmv 1-9 24.0 0.38 1.14 �2.49 �25.63 �7.27 0.08 5.78 0.009 0.008 4.10 3.26 0.06 1.01 0.21 1.28 8.64 188.35
Kmv 1-8 21.0 0.29 0.69 �2.48 �26.41 �7.63 0.07 4.83 0.007 0.006 1.98 0.09 0.46 0.24 0.79
Kmv 1-7 18.0 0.50 0.09 �2.05 �26.09 �4.66 0.09 6.53 0.006 0.005 3.16 1.87 0.05 0.66 0.05 0.76 10.45 72.98
Kmv 1-6 15.0
Kmv 1-5 12.0 0.55 �26.16 0.08 8.05 0.010 0.009 4.27 2.66 0.07 0.92 0.22 1.22 10.06 131.07
Kmv 1-4 9.0 0.55 0.35 �2.08 �25.87 �6.95 0.08 7.89 0.023 0.020 3.47 2.46 0.08 1.28 0.15 1.53 10.84 133.55
Kmv 1-3 6.0 0.50 1.02 �2.19 �26.13 �8.04 0.07 8.21 0.010 0.008 4.84 3.70 0.07 1.74 0.16 1.99 8.49 249.01
Kmv 1-2 3.0 0.42 1.25 �2.57 �25.67 �9.22 0.06 8.22 0.009 0.008 2.75 2.08 0.12 0.79 0.05 0.96 6.87 260.68
Kmv 1-1 0.0 0.25 2.16 �2.23 �26.37 �8.10 0.05 6.17 0.005 0.004 2.52 1.86 0.12 0.61 0.05 0.78 5.56 161.63

TOC ¼ total organic carbon.
TIC ¼ total inorganic carbon.
HCl ¼ unsulfidized reactive iron.
carb ¼ iron carbonate minerals.
ox ¼ iron oxides (goethite, hematite, etc.).
mag ¼ magnetite.
HR ¼ highly reactive iron.
FeHR ¼ Fepy þ Fecarb þ Feox þ Femag (Gill et al., 2011).
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Fig. 5. Total organic carbon (TOC) and inorganic carbon (TIC) concentration and d13C and d18O results. The identified OAE 1d section is outlined by the gray box and occurs approximately between 21 and 40 m.
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Fig. 6. Sequential iron data, pyrite concentrations (Spy) and manganese concentrations. The identified OAE 1d section is outlined by the gray box and occurs approximately between 21 and 40 m.
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5.4. Major and minor elements

A suite of major andminor elements was measured in this study
and of particular interest are the concentrations of Fe, Al and Mn.
Manganese concentrations range between 17.7 and 335.7 ppm
throughout the section (Table 1, Fig. 6). These values are below the
average crustal PAAS value of 850 ppm (Taylor and McLennan,
1985) and the North American Shale Composite (NASC) average
of 465 ppm (Gromet et al., 1984). Overall, there were no major
observed enrichments in other trace metals. Total iron concentra-
tion results are provided in Section 5.3.

6. Discussion

6.1. Definition of OAE 1d interval in the Mesilla Valley Formation

A multi-proxy geochemical study based on low-resolution
sampling and constrained by a biostratigraphic framework was
utilized to identify OAE 1d in the upper part of the Mesilla Valley
Formation. Geochemical signatures of OAEs are enrichment in TOC
concentrations coupled with positive d13C excursions (e.g.
Schlanger and Jenkyns, 1976; Scholle and Arthur, 1980; Jenkyns and
Wilson, 1999; Kuypers et al., 2002; Herrle et al., 2004; Jenkyns,
2010). The carbon isotope shift of major Cretaceous OAEs is on
the order ofþ1.5& or greater (Herrle et al., 2004; Bornemann et al.,
2005). TOC concentrations of the Mesilla Valley range from a low of
0.25 wt.% at the base of the formation to a maximum of 0.69 wt.% at
the top. Specifically from 21.0 m to 40.0 m TOC increases to
approximately 0.40 wt.%. In this same stratigraphic interval the
d13Corg positive excursion is þ1.6& (Fig. 5).

The organic matter in the Mesilla Valley Formation is type III,
indicating a terrigenous source (Belle, 1987). Consistent with this
previous work, the d13Corg values range from �26.4 to �24.8&,
which are close to the average end-member of C3 plants at�27.0&.
Modern marine organic matter averages �20.0&. On average, the
source of the organic matter, based on these results, is terrestrial
with varying amounts of marine organic matter. Although the
natural variability in the d13Corg precludes a more precise deter-
mination of the relative amounts of terrestrial or marine organic
matter, C/N ratios and palynomorph data more accurately track the
variations in source. The C/N molar ratios are also clues to the
depositional dynamics and organic matter sources (Meyers, 1994;
Gilhooly et al., 2008). C/N ratios of marine organic matter are
typically lower (4e10) than that of terrestrial organic matter (>20)
(Emerson and Hedges, 1988; Meyers, 1997; Bouloubassi et al.,
1999). Following the approach of Gilhooly et al. (2008), we uti-
lized a simple mass balance calculation to quantify the variability in
terrestrial and marine organic matter inputs. For our calculations
the C/N ratio end-member for marine organic matter is 4.8, close to
the Gilhooly et al. (2008) value and within the values presented by
Meyers (1994). The terrestrial end-member C/N ratio for the
calculation is 20. Results are compared with palynomorph data
(Fig. 5). Both the C/N isotope mass balance and the palynomorph
data show increasing deposition and/or preservation of marine
organic matter up section from 0.0 to 21.0 m. Above 21 m the
amount of terrestrial organic matter increases up-section. The
enrichment also corresponds to the slight enrichment in d13Corg,
which would be expected with increased marine organic matter
inputs, but the bulk d13Corg values remain indicative of a domi-
nantly terrestrial source of organic matter. Overall, these data show
that marine organic matter increases up to the middle part of the
section and in the upper part it was overwhelmed by terrestrial
input.

Associated with the start of the positive d13Corg excursion above
21 m is a negative excursion in d13CTIC and d18OTIC. Both d13CTIC and

d18OTIC exhibit a positive excursion in the middle of the assigned
OAE 1d event (Fig. 5). The utility of this isotope record is dependent
on the level of post-depositional diagenetic alteration. A simple
plot of d13CTIC vs d18OTIC indicates no correlation (R2 ¼ 0.002) sug-
gesting no major post-depositional diagenetic, thermal or tectonic
overprint of these carbonates. This conclusion is supported by
positive carbon and negative oxygen isotope values of limestone in
the underlying Finlay Formation that are similar to values of coeval
subsurface formations, and that do not plot as “inverted J” or
“inverted T” patterns indicative of exposure to meteoric waters
(Railsback et al., 2003; Rush, 2012). In addition, carbonate matrix
petrography shows little diagenetic effects although fractures are
filled with secondary calcite. Carbonate minerals in the Mesilla
Valley Formation are less than ten percent, and the negative inor-
ganic carbon isotope values of �1.7 to �3& suggest minor diage-
netic effects. The negative d18OTIC values are in the range of typical
Lower Cretaceous limestone in the Gulf coast that has not been
exposed to meteoric conditions (Rush, 2012).

Also, concurrent with the d13C positive excursions is a negative
d18O excursion in the TIC. It has been suggested that OAEs can be
related to thermal maxima (Jenkyns et al., 1994; Wilson and Norris,
2001; Voigt et al., 2006; Jenkyns, 2010). The sample at 21.0 m in the
Mesilla Valley section shows an abrupt negative excursion. This
could indicate an increase in water temperature (Friedman and
O’Neil, 1977), which may be recorded in the inorganic carbon
pool. The d13CTIC may be recording an initial shift in the carbon
isotope fraction associated with the re-mineralization of more 13C-
depleted organic matter, followed by enrichment in d13CTIC as
organic carbon burial increased. Similar temporal divergence be-
tween d13CTIC and d13Corg has been observed in other Cretaceous
OAE sections, specifically the early Albian (Menegatti et al., 1998).
The continued enrichment in 18O during the 1d event may be
indicative of a sea-level fall (for review see Föllmi, 2012). Relative
sea-level fall is also indicated by the gradation of the Mesilla Valley
shale into shoreface sandstone of theMojado Formation.When this
is considered, the data are in concert with TOC and d13CTOC en-
richments indicative of OAE 1d.

6.2. Iron geochemistry and Mn results

Iron geochemical proxies provide a fingerprint to distinguish
paleoredox conditions (Fig. 6). Overall, reactive iron is typically
enriched under protracted anoxic, and particularly euxinic, condi-
tions. These enrichments are recorded as elevated FeHR/FeT and FeT/
Al ratios (Lyons and Severmann, 2006). FeT/Al ratios for average
continental crust are approximately 0.5 (Taylor and McLennan,
1985) and enrichments above this value indicate a degree of iron-
enrichment in the sediments. Pulses of mild iron enrichments are
seen at depths of 6.0 and 27.0 m; the latter is associated with the
assigned OAE 1d horizon in the Mesilla Valley Formation (Fig. 6). Fe
enrichment mechanisms can be highlighted with additional iron
ratios. The generalized FeHR/FeT threshold for anoxia is 0.38
(Raiswell and Canfield, 1998; Poulton and Raiswell, 2002). Four
depths, 6.0, 9.0, 27.0 and 30.0 m, exhibit enrichments greater than
this 0.38 threshold suggesting these samples were deposited under
anoxic conditions. Themajority of the remaining depths have ratios
that fall between 0.22 and 0.38, indicative of sediments deposited
under ‘normal’ marine conditions, but when considered with
additional geochemical data, suggest that anoxic or low oxygen
conditions were plausible (see discussion below). The samples at
27.0 and 30.0 m correspond with the OAE at this section.

Poulton and Raiswell (2002) also determined that on average,
ancient sediments that have been deposited under oxic conditions
have FeHR/FeT of 0.14 � 0.08, which are lower than the anoxic
threshold used in this study and the majority of the data. In
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addition, when using the most elevated oxic FeHR/FeT ratio �0.22 it
is possible to categorize FeHR/FeT values between 0.22 and 0.38, as
likely anoxic deposition. While a majority of the FeHR/FeT values do
fall in the intermediate range, deposition was likely in anoxic wa-
ters with water column iron enrichments being masked by rapid
sedimentation (Raiswell and Canfield, 1998). Based on a total for-
mation thickness of 51 m deposited over 1.2 myr, the average
sedimentation accumulation rate for the Mesilla Valley Formation
was extremely rapid and approximately 42.5 m/myr. These condi-
tions could have muted further enrichment of the FeHR/FeT ratios
due to dilution by increased terrestrial sedimentation, whichwould
retard a possible Fe shuttle. Werne et al. (2002) reported a similar
mechanism from the Middle Devonian Oatka Creek Formation.

The use of FeHR/FeT ratios can indicate anoxic conditions but
cannot distinguish between euxinic or ferruginous conditions.
However, the Fepy/FeT ratio is effective at defining these conditions.
The ratios of FeHR/FeT of four samples plot within the anoxic zone.
All other samples from the Mesilla Valley Formation plot within
Fepy/FeHR ratios indicative of ferruginous conditions (Fepy/
FeHR< 0.7; Fig. 6), indicating an iron-rich depositional environment
inwhich unsulfidized iron is present as ferric (oxyhydr) oxides (e.g.
ferrihydrite) and/or ferrous carbonates (e.g., siderite).

Pyrite is scarce throughout the section, further corroborating
the persistence of ferruginous and anoxic conditions and that
euxinic conditions were rare, or non-existent, during OAE 1d at this
site. The slight enrichments in FeT/Al and FeHR/FeT, along with no
enrichments in Fepy/FeHR indicate that the interval associated with
OAE 1d in the Mesilla Valley Formation was deposited in an iron-
rich, anoxic environment, nearly devoid of dissolved sulfide. The
relationships among the Fe species are consistent with the
expansion of low-oxygen conditions in shallow marine environ-
ments with high sedimentation rates that may dilute organic car-
bon enrichment and suppress elevated sulfate reduction rates (and
therefore the availability of sulfide). This environment also provides
a consistent source of clastic detrital iron minerals. Additionally, if
these sediments remain dysoxic, they may be a source of dissolved
iron to the overlying water-column or to other sediments
(Severmann et al., 2008; Lyons et al., 2009).

In addition to carbon-iron geochemical signatures, manganese
trace metal concentrations in the Mesilla Valley Formation also
provide insights regarding the depositional redox conditions. The
concentrations of sedimentary Mn are often depleted under dys-
oxic and anoxic conditions. Mn-reduction in the sediments results
in a flux of dissolved Mn out of the sediments into the overlying
low-O2 water (Calvert and Pedersen, 1992; Morford and Emerson,
1999). Mn concentrations in the entire Mesilla Valley section are
depleted below the Post-Archaean Average Shale (PAAS) baseline of
850 ppm (Taylor and McLennan, 1985) and below the North
American Shale Composite (NASC) average of 465 ppm (Gromet
et al., 1984) (Fig. 6). The strongest depletions are associated with
the onset and termination of the OAE 1d in this section. The pale-
oredox conditions during the deposition of the Mesilla Valley, and
specifically OAE 1d, must have been dysoxic to anoxic. This is
consistent with the lack of sulfide minerals and measured Mn
concentrations in this section. The presence of Fe enrichments
recorded in FeT/Al and FeHR/FeT, with the lack of Fepy/FeHR and
pyrite enrichments, associated with the Mn depletions suggests
that the Mesilla Valley was dominated by anoxic and Fe-rich con-
ditions during the time period associated with OAE 1d.

6.3. Definitions of Late Albian OAEs and correlation of Mesilla
Valley with OAE 1d

Cretaceous oceanic anoxic events resulted from the interaction
of multiple factors including warming temperatures due to abrupt

rise of atmospheric CO2, more intense continental weathering, high
runoff, and greater nutrient input, which together with upwelling
increased marine productivity (Jenkyns, 2010).

Two widespread late Albian anoxic events, OAE 1c and OAE 1d,
are defined by sets of thin black, organic-rich shale interbedded
with marl and by positive carbon isotope excursions (Leckie et al.,
2002; Ogg et al., 2004; Coccioni et al., 2012). Oceanic Anoxic
Event 1c is an early late Albian event spanning the Biticinensis
breggiensis Zone/Thalmanninella praeticinensis to Pseudo-
thalmanninella subticinensis Subzones and Axopodorhabdus albianus
Zone NC9B (Bralower et al., 1993; Leckie et al., 2002; Coccioni et al.,
2012). The Amadeus segment of the Scisti a Fucoidi Formation in
central Italy is part of OAE 1c (Coccioni and Galeotti, 1993; Galeotti
et al., 2003). The Toolebuc Formation in NE Australia also records
OAE 1c (Haig and Lynch, 1993). Bralower et al. (1993) assigned OAE
1c to TOC peaks at DSDP Site 370 in the Morroco Basin, Site 258 in
the Naturaliste Plateau, Indian Ocean, and Site 400 in the Bay of
Biscay. Terrestrial organic matter resulting from high sedimenta-
tion during maximum sea-level fall dominates OAE 1c black shales
(Haq et al., 1987; Erbacher et al., 1996; Erbacher and Thurow, 1997).
No pelagic extinction event was associated with OAE 1c (Erbacher
and Thurow, 1997; Leckie et al., 2002).

Oceanic Anoxic Event 1d is a latest late Albian event spanning
the Parathalmanninella appenninica/Planomalina buxtorfi Zone and
the Eiffellithus turriseiffelii Zone NC10 (Leckie et al., 2002; Ogg et al.,
2012; Coccioni et al., 2012). The typical black organic-rich shale
interval is the Breistroffer bed in southern France (Bréhéret and
Delamette, 1989; Bréhéret, 1997; Erbacher et al., 1996; Wilson
and Norris, 2001; Leckie et al., 2002). OAE 1d is composed of up
to 3.5% marine organic matter associated with a carbon isotope
shift of 0.5e2& and pelagic biotic turnover events (Leckie et al.,
2002). This event has been identified at ODP Site 1052 in the
western Atlantic Blake Nose, at DSDP Site 545 offshore Morocco, at
the Mont Risou Cenomanian GSSP section in southern France
(Herrle et al., 2004; Kennedy et al., 2004; Gale et al., 2011), and at
Roter Sattel, Switzerland (Strasser et al., 2001) as well as in the
southern Indian and eastern Pacific oceans (Leckie et al., 2002). OAE
1d is associated with planktic extinction and radiation events
(Erbacher et al., 1996; Leckie et al., 2002) that suggest major oceanic
environmental changes such as collapse of the water mass
stratification.

At Mont Risou, France, OAE 1d is recorded in the Breistroffer
bed, which is a set of thin, organic-rich beds interbedded with
pelagic marl (Gale et al., 1996, 2011). Four positive shifts of about
0.5& in d13Ccarb compose the AlbianeCenomanian boundary event
(Jarvis et al., 2006; Gale et al., 2011). This event apparently was
driven by climatic cycles that increased marine productivity; it is
associated with high turnover in marine biota. In contrast to these
oceanic pelagic basins, the organic-rich, anoxic signal in the Mesilla
Valley Formation was deposited close to shore and was strongly
affected by terrigenous runoff and high rates of sediment accu-
mulation (w40 m/myr). This is approximately four times faster
than average oceanic pelagic deposits (Scott, 2009).

Chronostratigraphic and biostratigraphic evidence supports
the interpretation of the presence and timing of OAE 1d in the
Mesilla Valley Formation. The chronostratigraphic age of the
geochemical event in the Mesilla Valley Formation is latest Albian
97.39e97.30 Ma (Fig. 4). This age is derived by comparing the
biostratigraphic and sequence stratigraphic events at Cerro de
Cristo Rey with these events in the global CRET2 database (Scott
et al., 2001; the next developmental stage is CRETCSDB1, which
spans all Cretaceous stages documented at: precisionstratigraphy.
com). Published ages of OAE 1d/Breistroffer bed vary; Leckie et al.
(2002) estimated the age at w99.5 Ma and Ogg et al. (2012, fig.
27.6) projected the age at 101 Ma. Ages of the CRETCSDB1 global
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database are projected into the Cerro de Cristo Rey section by the
line of correlation (LOC), which is constrained by the first and last
occurrences (FO-rectangles; LO-plus signs) of ammonites, bi-
valves, dinoflagellates, and depositional cycle boundaries (Fig. 4).
The FOs of Ovoidinium verrucosum (99.70e95.95 Ma) and Hapso-
cysta dictyota Davey (101.11e94.64 Ma) are above the LOC because
the lower part of the section has not been sampled for di-
noflagellates. A cluster of LOs of bivalves and dinoflagellates in the
upper part of the Mesilla Valley brackets the LOC. The bases of
shale-limestone depositional cycles defined in the North Texas
section (Scott et al., 2003) also constrain the LOC. Transgressive-
regressive cycle Al WA5 is the base of the dark gray shale
Pawpaw Formation that underlies the prograding Main Street
Formation in North Texas and correlates with the base of the
Mesilla Valley. The two late Albian OAEs, 1c and 1d, are positioned
into the CRET2 and CRETCSDB1 from oceanic cores and outcrop
reference sections (DSDP 386, 400A, 545, and outcrop sections at
Gubbio, Italy, Mont Risou, France, Roter Satel, Switzerland, and
Coppa Nuvolla, Italy). As defined in these sections OAE 1c is dated
at 102.35e101.39 Ma, which correlates with the Biticinella breg-
giensis and Mortoniceras inflatum zones, and OAE 1d is dated at
97.38e96.98 Ma, which correlates with the Parathalmanninella
appenninica and the Stoliczkaia dispar zones. When integrated
with biostratigraphic and temporal graphic correlation, the
geochemical event in the Mesilla Valley is latest Albian and can be
identified as OAE 1d.

7. Conclusions

The Mesilla Valley Formation was deposited on a prograding
terrigenous shelf close to land during shore progradation. Terres-
trial kerogens, moderate isotope excursions and geochemical
trends suggest that OAE 1d is recorded in the Mesilla Valley and
was influenced by high detrital input similar to the Detrital-OAE
model (Erbacher et al., 1996) in contrast to oceanic pelagic de-
posits of OAE 1d. The geochemical data suggest that bottomwaters
would have been dysaerobic to anoxic, but not euxinic, and ferru-
ginous conditions were consistent with a reduced oxygen mini-
mum zone (OMZ). Enriched iron ratios that temporally correlate
with Mn depletions and other traditional geochemical evidence of
OAEs, including increasing TOC concentrations and carbon isotope
excursions, provide a systematic framework to recognize OAE 1d in
the Mesilla Valley section. The Mesilla Valley geochemical event is
latest Albian and can be identified as OAE 1d.

Chronostratigraphic and biostratigraphic evidence confirms
that the Mesilla Valley Formation is the appropriate age to have
been deposited during OAE 1d. Enrichments in d13CTOC, the pres-
ence of Fe enrichments recorded in FeT/Al and FeHR/FeT with the
lack of Fepy/FeHR and degree-of-pyritization enrichments associ-
ated with Mn depletions suggest that the Mesilla Valley sediments
were deposited under low oxygen to anoxic and at times Fe-rich,
conditions during deposition. In addition, the combination of
these data suggests that OAE 1d in this basin was deposited under
high rates of terrigenous sediment input during shoreline pro-
gradation. This detrital-dominated OAE in anoxic bottom waters
differs from records of OAE 1d in the Atlantic and Mediterranean
basins, which are dominated by high marine productivity and
anoxia. The differences between these depositional regimes are
recorded by the geochemical signatures preserved in the Mesilla
Valley section. Thus, by integrating these independent lines of ev-
idence we have been able to recognize this type of OAE. A more
closely spaced sampling program would define the isotope excur-
sions and geochemical trends with greater confidence.
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