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Fig. 2. Coeval inner- and middle-shelf deposits of the upper Cupido (‘Cupidito’) Formation. Regionally correlative
datums (AP2, AP3 and AP4, see text) provide chronostratigraphic constraints, and exposure facies allow
lithostratigraphic correlation. Pie charts illustrate facies distribution across the platform and indicate that the inner-shelf
deposits at Garcia are dominated by peritidal facies and the middle-shelf deposits at Chico are dominated by

subtidal facies.

Lehrmann & Goldhammer 1999; Fig. 2). The bio-
stratigraphic controls on the La Pefia Formation are
ambiguous. At Santa Rosa Canyon (SW of the
study area), the La Pefia starts in the upper Globi-
gerinelloides blowi planktonic foraminifer zone
(Bralower et al. 1999), which places it below Ocea-
nic Anoxic Event la (OAEla, the ‘Selli’ event)
described by Schlanger & Jenkyns (1976), Coccioni
et al. (1987, 1989, 2012), and many others. How-
ever, in La Huasteca Canyon (south of the study
area), the La Pefia starts in the Dufrenoyia furcata
(YaDufrenoyia justinae Zone in Mexico) ammonite
zone (Barragan & Maurrasse 2008), which places
it above OAEla.

The Garcia and Chico sections have three
chronostratigraphically significant sequence bound-
aries in the upper Cupido Formation (Fig. 3).
These regionally correlative datums were originally
assumed to correspond to global sequence bound-
aries for AP2, AP3 and AP4 (Goldhammer 1999),
for which dates have been recently updated from
120.6 to 124.58 Ma, from 120.0 to 123.97 Ma

and from 117.07 to 121.0 Ma, respectively (Har-
denbol et al. 1998; updated by Snedden & Liu
2010). These sequence boundaries can be corre-
lated to biostratigraphically constrained sequence
boundaries in the northern Gulf of Mexico (Gold-
hammer 1999), guyots in the Western Pacific
(Rohl & Ogg 1998) and western European sedimen-
tary basins (Jacquin et al. 1998). Thus these datums
appear to represent global sea level changes.

However, new astrochronology of the Italian
Piobbico core indicates that OAEla starts at
124.55 Ma, and ends at 123.16 Ma (Huang et al.
2010). Thus, if the basal La Pefa pre-dates OAEla
(i.e. is older than 124.55 Ma, as indicated by fora-
minifera stratigraphy) then these datums may need
to be reassigned to older sequence boundaries, for
example, Barr6 (126.2 Ma), AP1 (125.0 Ma) and
AP2 (124.58 Ma). On the other hand, if the basal
La Pefia post-dates OAEla (i.e. is younger than
123.16 Ma, as indicated by ammonite stratigraphy),
then the presently assumed global sequence bound-
ary assignments may stand.
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Fig. 3. Fischer plot of the Cupidito carbonate cycle succession at Garcia Canyon. Arrows indicate sequence boundaries
as interpreted by Goldhammer (1999). The section duration is 3.58 or 1.62 myr (see text), which in turn indicates a
cycle duration of 73 or 33 kyr, and sequence durations of ¢. 730—900 or 330—407 kyrs. There are 10—12 cycles per

sequence, that is, no sustained 5:1 cycle bundling.

Data and methods
Sample collection

Samples were collected from the upper Cupido For-
mation at Garcia (inner-shelf) and Chico (middle-
shelf) canyons. The sample spacing was maintained
between 20 and 50 cm in order to sample each iden-
tified carbonate cycle at least four or five times. This
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resulted in a total of 297 samples at Garcia and 283
samples at Chico.

Rock magnetic analysis

Individual, unorientated samples were collected and
hand crushed to 2—4 mm size pieces and weighed
in individual, pre-weighed, 8 cm® plastic sample
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Fig. 4. Representative low-temperature magnetic measurements for inner (a) and middle (b), shelf deposits, indicating
a sharp transition (c. 100 K) upon cooling (black circles), suggesting Verwey transitions, and that the ARM signal is
probably controlled by ferromagnetic magnetite (e.g. Muxworthy 1999). From Latta (2005).
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boxes. Low-field bulk magnetic susceptibility was
measured on a Agico KLY-3s Kappabridge, while
ARM was acquired in a peak alternating field of
100 mT with a DC field of 0.1 mT and measured on
a 2G Enterprises, Inc. superconducting magneto-
meter. Both measurements were normalized for
mass and all were conducted at Lehigh University.

Variations in ARM can be caused by fluctuations
in primary ferromagnetic mineral concentrations
or from diagenetic processes. In order to further
characterize magnetic grain size and composition,
rock magnetic experiments were undertaken at the
Institute for Rock Magnetism, University of Minne-
sota. Ferromagnetic and paramagnetic grains were
characterized in 24 samples (11 from the inner-shelf
Garcia section and 13 from the middle-shelf Chico
section) using the superconducting susceptometer
(MPMS). After applying a 2.5 T field, the magnetic
moment of each sample was measured in a 0T
field at 5 K increments while heated from 20 to
300 K. A 2.5 T field was then again applied at 300 K
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Fig. 5. Experimental results showing hysteresis curves
of representative samples from each measured section,
with the diamagnetic component removed.

(a) Inner-shelf deposits exhibit two different grain size
distributions of the magnetic mineral, most likely
magnetite based on the low-temperature results, as
shown by the wasp-waisted hysteresis curves, indicating
a mixture of single domain and superparamagnetic
grains. (b) Middle-shelf deposits, indicates the presence
of a single low-coercivity ferromagnetic mineral
population, probably in the pseudo-single domain grain
size range.

L. A. HINNOV ET AL.

and the magnetic moment of each sample was again
measured in a 0T field at 5 K increments while
cooled back to 20 K.

The relative populations of magnetic grains,
based on variations in grain size and the mineralogy
of the ferromagnetic grains, were determined from
32 samples (16 from inner-shelf Garcia, and 16
from middle-shelf Chico) using the vibrating sam-
ple magnetometer (VSM1) where the field varied
between 1.0 and —1.0 T. In an additional experiment
to determine the magnetic mineralogy, isothermal
remanences (IRMs; Lowrie 1990) were imparted
to a single outer-shelf sample from La Boca Can-
yon that displayed relatively high ferromagnetic
mineral concentrations and were subsequently ther-
mally demagnetized (Latta et al. 2006). Finally,
scanning electron microscope/energy dispersive
X-ray microscopy images of magnetic grains col-
lected from HCl-insoluble residues of samples that
display hysteresis parameters characteristic of all
samples, were used to help elucidate ferromagnetic
grain morphology and size.

Time series methods

To study the frequency content of the ARM records
we used the multitaper spectral analysis function in
freeware Analyseries (Thomson 1982; Paillard et al.
1996). The ARM series were resampled to uniform
spacing using the linear interpolation in Analyseries.
The Garcia facies rank series was interpolated to
a uniform spacing using the ‘nearest neighbor’
option in Matlab’s interp1 function. Taner bandpass
filtering (Taner 2003) was applied in Matlab to
isolate the precession index signal in the 405 kyr
tuned Garcia ARM record. Amplitude envelope
analysis was performed in Matlab using Hilbert
transformation (Hinnov 2000).

Results
Magnetic mineralogy

The MPMS results indicate the presence of magne-
tite as the dominant magnetic mineralogy in the
Cupido Formation carbonates. The solid circles in
Figure 4 indicate the cooling cycle in the MPMS
measurements. The abrupt decrease in magnetic
intensity at about 100 K in the cooling curve is inter-
preted to be the Verwey transition of magnetite. The
presence of magnetite is important since it indicates
a primary depositional magnetic mineral carrying
the rock magnetic cyclostratigraphy in the Cupido
Formation.

The hysteresis curves (Fig. 5) for the two
sampled localities show a wasp-waisted loop for
the inner shelf (Garcia) and a narrow loop for
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Fig. 6. Magnetic granulometry at Garcia and Chico
canyons. This squareness diagram indicates that most of
the samples measured from Garcia (red circles) and
Chico (blue squares) are in the vortex to MD state,
suggesting grain sizes of 0.1—1 pum.

the middle shelf (Chico). The wasp-waisted loop
indicates a mixture of single domain and superpara-
magnetic ferromagnetic grains in the rocks (Tauxe
et al. 1996), suggesting a range of magnetic particle
sizes in the sub-micron range. The narrow hystere-
sis loop from the middle shelf indicates pseudo-
single domain grains. The squareness (M,/M;)
v. coercivity (H.) plot of the hysteresis parameters

(Fig. 6) suggests that the magnetic particle size
for the magnetite in the Cupido rocks is the vortex
magnetic state (Tauxe et al. 2002), suggesting
pseudo single domain grains with a grain size of
c. 0.115 pm, with slightly larger particles in the
outer shelf (Chico). Finally, anhysteretic remanent
magnetization/saturation isothermal remanence
magnetization values of 0.05-0.2 and Raf values
of 0.35-0.4, where Raf is the crossover point
between the IRM acquisition curve and the af
demagnetization curve of the SIRM, suggest that
no magnetosomes are present in the Cupido car-
bonates. Magnetosomes are produced by magneto-
tactic bacteria (Bazylinski et al. 1988).

The rock magnetic results, therefore, indicate
that the dominant magnetic mineral carrying the
rock magnetic cyclostratigraphy is primary, deposi-
tional inorganic magnetite grains. SEM/EDX
reveals numerous iron oxide grains ranging in size
from 1.5 to 12 pm, where nearly 50% of the
grains fall between 3.0 and 4.0 pm (Fig. 7). SEM
analyses further support the interpretation that the
ferromagnetic grains are detrital. The iron oxide
grains are observed to have quartz coatings, as
expected from weathered bedrock, and an absence
of textures consistent with diagenetic processes.

ARM cyclostratigraphy

The raw ARM measurements show a strong
decrease in magnitude upsection (Figs 8 & 9).
This trend corroborates facies observations of
increasing water depths (Fig. 2) and flooding of the

Frequency
E
T

Particle Size (um)

Fig. 7. Magnetite grain sizes analysed from HCl-insoluble residues by SEM/EDX. Average grain size 3.3 pm
(£ 1 wm) is consistent with that of far-travelled atmospheric dust particles. Inset background electron image is of an
iron-oxide grain from the Garcia section with quartz coatings, suggestive of original quartz cement and detrital origin.

From Latta (2005).
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Fig. 8. (a) Comparison of ARM values between inner- (Garcia) and middle- (Chico) shelf measured sections in the
upper Cupido Formation. The length of the sampled Garcia section is 136 m (7—143 m), and for the Chico section is
131 m (6—137 m). Up is to the left. (b) Detailed view of the upper 60 m; note the close correlation of ARM values

marked by representative peaks (A—I) From Latta (2005).

Cupido Platform and subsequent deposition of the
deep marine La Pefia Formation. The Garcia and
Chico records share numerous ARM peaks in strati-
graphic order (labelled A—Iin Fig. 8b), which attest
to a remarkable consistency in magnetic mineral
input between the two localities, which were sepa-
rated by c¢. 25km and had generally different
water depths.

Log transforming the ARM (‘log;(ARM’) dra-
matically improves our view of the ARM signal,
revealing strong ARM cyclicity at multiple scales

in both sections (Fig. 9). The fitted linear trends
show that ARM declines at the same rate in both
sections; the offset of the trends shows that Garcia
has a higher overall ARM throughout, presumably
owing to its shallower depositional site. Most spec-
tacularly the sections share a strong, phase-locked
c. 30m cycle. This cycle is also captured in the
Fischer plot of the Garcia section (Fig. 3). This
Fischer plot was used by Goldhammer (1999) to
interpret fourth-order sequence boundaries, which
coincide with the ARM maxima of the c¢. 30 m
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Fig. 9. Log;o transformed ARM record for Garcia (red) and Chico (blue). Up is to the right. Fourth-order sequence

boundaries are from Goldhammer (1999). The linear trend shows identical decline in ARM in both sections because of
the deepening depositional environment upsection. The Garcia trend is offset from Chico owing to Garcia’s deposition
in a shallower setting. The cross-correlation coefficient between the two records, assuming that the bases and tops (basal

contact of the La Pefia Formation) of the sections are time-correlative points, is 0.68.

cycle (Fig. 9). Finally, superimposed on this domi-
nant cycle are high-frequency variations that
persist through both sections.

Spectral analysis

Power spectral analysis of the Garcia and Chico
log;0)ARM records in the stratigraphic domain
(Fig. 10) confirm that the two records share impor-
tant spectral characteristics. The 33.3m cycle
dominates both spectra; the Chico spectrum has
high-power peaks at 14.9 and 11.4 m, whereas at
Garcia there is only one, low-power peak at 13.5 m.
Power declines rapidly in both spectra at higher
frequencies, where spectral peaks occur at differ-
ent frequencies. These mismatched peaks are due
to different sedimentation rates affecting the two
depositional environments. The Garcia spectrum,
with its greater loss of power at higher frequencies,
may reflect some abbreviation (condensation) of
the depositional record owing to the higher inci-
dence of subaerial exposure.

Discussion

Multiple sedimentological investigations have been
undertaken on the Garcia section (Goldhammer

et al. 1991; Goldhammer 1999; Foster 2003; Latta
2005) that recognize pronounced cyclicity and
intervals of subaerial exposure, thus providing evi-
dence for sea-level oscillations. Therefore, in this
discussion we focus on analysing the ARM record
at Garcia, seeking evidence for astronomical
forcing, and comparing it with the upward shallow-
ing carbonate cycles.

ARM as eolian dust proxy

The SEM/EDX analysis reveals that iron oxide
shapes probably represent detrital grains (Fig. 7).
This, together with the small sizes of the analysed
grains, is consistent with a far-travelled atmo-
spheric dust origin (e.g. Pye 1987). Early Cretac-
eous atmospheric circulation indicates easterly
trade winds affecting ancestral Mexico (e.g. Hase-
gawa et al. 2012). This could allow transport of
eolian material from ancestral Africa across the
widening Atlantic Ocean (Fig. 11), similar to what
occurs today (Goudie & Middleton 2006). In
support of our ARM evidence in Mexico, Deep
Sea Drilling Project Sites 387, 391C, and 367
from the North Atlantic Basin contain Lower Cre-
taceous eolian dust transported from northwestern
Africa (Dean & Arthur 1999). This eolian flux to
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Fig. 10. 27 Power spectrum of the Garcia log;(ARM (a) and Chico log;(ARM (b) records in the stratigraphic domain.
Labels indicate peak cyclicities in metres.
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Fig. 11. Lower Cretaceous (115 Ma) palacogeography, modified from Scotese et al. (1989), showing possible routes of

eolian dust from Africa to the depositional site in Mexico (black star). Dark grey, continents; light grey, shallow shelves;
white, ocean. From Latta et al. (2006).
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Mexico would therefore be expected to reflect cli-
matic forcing that affected low latitude atmospheric
circulation. At the 10*~10° year timescales resolved
by the Cupido carbonate cycles, evidence for
astronomical forcing of eolian processes should be
in sharp focus.

The ARM astronomical signal at Garcia
Canyon

The Garcia log;(ARM spectral peaks (Fig. 10a)
have a frequency distribution that is suggestive of
astronomical forcing (33.3:13.5:9.2:3.77:1.7 m is
close in ratio to 405:130:97:c. 40:20 kyr). There is
elevated power in the frequency band correspond-
ing to the precession index (1.7 m), but strong
peaks do not occur, possibly owing to variable sedi-
mentation rates changing the thickness of preces-
sion scale cycles through the section.

At present, there is not an accurate chronology
for these sections. Biostratigraphic evidence cannot
establish whether the top of the Cupidito (basal La
Pena) is pre-OAE1a or post-OAE]la in age; no geo-
chronology is directly tied to either section. The
global sequences AP2, AP3 and AP4 interpreted
by Goldhammer (1999) (Figs 2 & 3) indicate a dura-
tion of 3.58 myr for the section. Alternatively, if
these global sequences are instead Barr6, AP1 and

AP2, then the duration is 1.62 myr. Both of these
estimated durations have unknown certainties that
are probably in the half-million year range based
on radioisotope dating constraints (Ogg & Hinnov
2012).

We tested the hypothesis that the 33.3m
log;0ARM cycles were caused by 405 kyr orbital
eccentricity forcing by tuning the former to the
latter and assessing periodicity in the tuned spec-
trum. This timing corresponds to the alternative
Barr6-AP2 assignment discussed above. The results
(Fig. 12) show focusing of power in the 100, 44 and
20 kyr bands, as might be expected for an astro-
nomical signal. Strong forcing by the orbital eccen-
tricity, however, is a misnomer. The actual source
of eccentricity power in stratigraphy is from pre-
cession index forcing. The stratigraphic recording
process transfers power from precession index
cycling into the precession modulator, that is, the
eccentricity, in an effect known as ‘rectification’
(Weedon 2003). To examine whether there is a
direct connection between the recorded preces-
sion index and eccentricity, we filtered the preces-
sion band (see Data and Methods section) and
compared the amplitude envelope of the filtered
signal with the eccentricity as recorded in the
original tuned log;oARM signal. Filtered signal
amplitudes are high when 405 kyr cycles reach
their maxima, and low when the cycles are at
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Fig. 12. Garcia log;oARM record calibrated to 405 kyr cycles. (a) 405 kyr calibrated Garcia logARM time series. The
405 kyr intervals were defined at 122, 88, 58 and 32 m (sequence boundaries of Goldhammer 1999) in the Garcia
section. The total length of this time series is 1.84556 myr. (b) 27 Power spectrum of the 405 ky-calibrated Garcia
log;0ARM time series. The passband of the Taner filter (Taner 2003) applied to extract a precession index signal is
shown, where the cut-off frequencies are 0.035 and 0.055 cycles kyr !, and the centre frequency of the band is
0.045 cycles kyr~'. (¢) Taner-filtered precession index signal (red line, grey in print version; passband shown in b) and
amplitude envelope (black line) obtained through Hilbert transformation (Hinnov 2000). (d) 277 Power spectrum of the

amplitude envelope shown in (c).
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their minima (compare Fig. 12a, c), supporting the
hypothesis that the ¢. 1.7 m scale ARM cycles were
precession-driven.

ARM record v. depositional cyclicity

Comparison of the ARM signal and carbonate
cycles at Garcia reveals some surprises. The max-
ima of the ARM 33.3 m cycles correlate with thin-
ner and more subaerially exposed intervals (Fig.
13a). This suggests that, when sea level is low, high
ARM associated with increased windiness and
atmospheric dustiness is recorded in the Cupido
Platform. When sea level is high, low ARM is

L. A. HINNOV ET AL.

recorded as water depths are greater, resulting in
greater dispersion of eolian materials and dilution
by increased carbonate accumulation.

However, the individual carbonate cycles are not
matched by any of the high-frequency ARM cycles.
Instead, there are two or more ARM cycles per car-
bonate cycle (Fig. 13b). Thus there is a decoupling
between the sea-level oscillations forcing carbonate
cycle development and the eolian influx producing
the ARM signal. The strong astronomical signature
in the ARM signal is not matched by a comparable
one in carbonate cycling. The power spectra of the
two Garcia records (Fig. 14) show that they share
a common 405 kyr cycle, but at higher frequencies,
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Fig. 13. Decoupling of the log;oARM record v. depositional cycles at Garcia Canyon. (a) The entire section.

(b) Close-up of 70— 140 m, where the log;ARM record has been prewhitened to remove the linear trend and 33 m cycle.

Lithologic classes: 1, subaqueous gypsum; 2, laminites; 3, heterolithic thin beds; 4, thalassanoides burrowed

wackestones; 5, non-skeletal grainstones; 6, bedded requienids and chrondrodonts; 7, skeletal packstones; 8, rudistid

bioherms. (Adapted from Foster 2003.)
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Fig. 14. 27 Power spectra of the 405 kyr calibrated ARM time series (a) and facies rank series (b) shown in Figure 13a.

where the ARM displays astronomical frequencies
(spectral peaks at periods of 100, c¢. 44 and
20 kyr), the facies rank series spectrum has strong
spectral peaks at periods of 72 and 58 kyr, neither
of which is recognizable as an astronomical period.
However, since the two records share a strong
405 kyr cycle, the 72 and 58 kyr periods in the
facies spectrum may caused by of ‘missed beats’
in response to sea-level oscillations originating
from high latitude astronomically forced ice sheets.

Cupidito sequence stratigraphy

The fourth-order sequences (Fig. 3) are part of a
‘supersequence’ encompassing the entire Cupidito
section that progresses from a lowstand to a trans-
gressive systems tract (Goldhammer 1999). This
designation accounts for deepening trends in the
upper Cupido Formation (‘Cupidito’) and the La
Pefia drowning. The base of the Cupidito (the low-
stand) was originally assigned an age of 112 Ma;
the top of the Cupidito was assigned an age of

110 Ma. Later, the sequences were correlated into
the Hardenbol et al. (1998) global sequence frame-
work with AP2 at the base of the Cupidito and AP4
at the top (Lehmann er al. 2000). AP3 is assigned
to the sequence boundary within the Cupidito
associated with the most intense features of sub-
aerial exposure (Fig. 2). This framework, however,
does not account for two additional fourth-order
sequences within the Cupidito indicated by Gold-
hammer (1999) (Fig. 3). These sequence boundaries
coincide with ARM maxima of the 33.3 m cycles,
except at 32 m (Garcia) and 33 m (Chico) (Fig. 9).

The evidence presented above for a 405 kyr
(orbital eccentricity) timing of the Goldhammer
fourth-order sequences suggests that the Cupidito
section is 1.846 myr in duration (Fig. 12). This dur-
ation is close to the original time frame indicated by
Goldhammer (1999), and not the longer chronology
(3 myr) of the Hardenbol et al. (1998) global
sequence framework, or the updated chronology
(3.58 myr) by Snedden & Liu (2010). The ambigu-
ity imposed by biostratigraphy (La Pefa either
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pre- or post-OAEla) allows that the top of the
Cupidito may be pre-OAEla, which could indicate
a AP2 global sequence boundary with an age of
124.58 Ma. Proceeding downward for 1.846 myr
to 126.42 Ma brings us close to the Barr6 sequence
boundary age of 126.2 Ma. However, this still
leaves us with two extra sequences that are not
described in the global sequence framework. To
solve this problem we need new chronostratigra-
phic data. Specifically, carbon isotope stratigraphy,
which has a distinctive evolution through the
OAEla interval (Li et al. 2008; Malinverno et al.
2010), may help determine whether the Cupidito
carbonates are pre- or post-OAEla in age.

Conclusions

ARM of the upper Cupido (‘Cupidito’) Formation,
northeastern Mexico, was measured at two key sec-
tions at Garcia and Chico canyons to investigate the
origin of the metre-scale carbonate cyclicity. The
results uncovered an unexpectedly strong astronom-
ical signal hidden in the ARM stratigraphy. This
signal is common to both of the studied sections,
which were separated by 25 km, and accumulated
in different water depth conditions. ARM proved
to be a powerful tool for correlating these carbonate
sections at extremely high resolution (within a few
thousand years).

The source of the ARM in the carbonates was
traced to fine-grained detrital magnetite consistent
with eolian dust. Early Cretaceous models of atmos-
pheric circulation indicates that the most probable
source of this dust would have been from northeast-
ern Africa; easterly trade winds would have trans-
ported the dust across the North Atlantic Basin to
the depositional site in Mexico. Astronomical
forcing controlled the intensity and/or direction of
the winds, and/or aridity on the African continent,
modulating the amount of dust arriving at the
Cupido Platform.

While the astronomical signal in the Cupidito
ARM record is strong, the cyclic carbonate stratigra-
phy lacks a clear astronomical signal, although
it has some attributes associated with 405 kyr
orbital eccentricity forcing. This corroborates long-
standing suspicions that shallow marine carbonates
are imperfect recorders of astronomical forcing;
at the same time, the rock magnetism approach
offers a solution to this problem. Since the platform
recorded sea-level variations that had at least a pro-
minent 405 kyr cycling at Garcia, we can infer that
the sea-level oscillations had attributes of insola-
tion forcing that included a strong precessional
component.

In sum, in this study the carbonate facies cycli-
city is an ‘oceanic’ proxy, and the eolian dust

stored in the carbonates is an ‘atmospheric’ proxy.
Both are far-field proxies: sea-level changes origi-
nated from the dynamics of continental ice sheets
and other water reservoirs, as well as from local tec-
tonics, and eolian dust flux was controlled by
changes in continental aridity and global wind pat-
terns. We anticipate that, in the future, the develop-
ment of similar multiple proxies in shallow marine
carbonate sections such as the Cupido Forma-
tion will transform our understanding of the local
depositional conditions as well as the processes
that controlled deposition. Rock magnetic pro-
perties of carbonates in particular provide the
additional, very powerful, proxies for such studies.
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