











Figure 9- 4. Wavelet analysis (using Morlet wavelength with a window size of 10) of: A) total
organic carbon (TOC wt %) and B) total carbonate (CaCO3 wt %). Gray scales indicate the
magnitude of the wavelet in 24 tones. Numbers in the scalogram indicate the wavelengths that are
representative for the variability within the data sample. The more continuous wavelengths are
close to 10 ka and 20 ka; while the ones with more spectral power are those close to 2,700 and
5,000 years.

analysis were carried out in three thin sections from different intervals of the Indidura

Formation applying compacted sedimentation rates of 6.2 ka for sample MX-239, and
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10.1 ka for samples MX-01 and MX-08, respectively. The results shown here correspond
to gray scale intensity (GSI) and lamina counting (LC). GSI analysis for MX-01 (Figure

9 - 5B) shows a cyclicity band between 10 to 13 years that is more prominent toward the

Figure 9- 5. Wavelet analysis of sample MX-01 (using Morlet wavelength with a window
size of 10). A) Lamina counting (LC) and B) gray scale intensity (GSI) of laminae. Gray
scales indicate the magnitude of the wavelet in 24 tones. Numbers in the scalogram
indicate the wavelengths that are representative for the variability within the data sample.
Only one prominent wavelength in the LC (A) is found close to the 9 to 10 years
periodicity, while the GSI (B) reveals other wavelengths at 20, 35 and 83 years.
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middle part of the thin section analyzed; there is also a strong peak cycle around 20 years
in the lower part of the thin section. These cycles are concurrent with an attenuated signal

peak close to 35 years followed by a continuous and strong cycle near 83 years

Figure 9- 6. Wavelet analysis of sample MX-08 (using Morlet wavelength with a window size of
10). A) Lamina counting (LC) and B) gray scale intensity (GSI) of laminae. Gray scales indicate
the magnitude of the wavelet in 24 tones. Numbers in the scalogram indicate the wavelengths that
are representative for the variability within the data sample. Only one prominent wavelength in
the LC (A) is found close to the 9 to 10 years periodicity, while the GSI (B) reveals other
wavelengths at 20, 30 to 35 and 70 to 83 years.
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throughout the sample analyzed. In contrast to the GSI, the LC (Figure 9 - 5A) analysis
signal is centered, and focus on a small but continuous cyclicity interval approximately 9

to 10 years, which exhibits stronger amplitude toward the upper part of MX-01.

Figure 9- 7. Wavelet analysis of sample MX-239 (using Morlet wavelength with a window size of
10). A) Lamina counting (LC) and B) gray scale intensity (GSI) of laminae. Gray scales indicate
the magnitude of the wavelet in 24 tones. Numbers in the scalogram indicate the wavelengths that
are representative for the variability within the data sample. Only one prominent wavelength in
the LC (A) is found close to the 10 to 12 years periodicity, while the GSI (B) reveals other
wavelengths at 20, 35 to 40 and 70 years.
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MX-08 GSI analysis (Figure 9 - 6B) shows a strong cyclicity concentrated close to 9 —10
and 13 years, although manifested only in the lower and upper parts of the thin section. A
continuous cyclicity band is also observed around 30 to 35 years, followed by another
one closest to 80 years; both signals extend throughout the sample. In contrast to the
distribution pattern of the GSI, the LC analysis (Figure 9 - 6A) shows a solid cyclicity

band near 9 to 10 years.

Sample MX-239 shows the most variation in the GSI (Figure 9 - 7B), with an ample band
that has cycles with peaks from around 8 to 13 years, with the latter showing an almost
continuous band. The succeeding peak is centered at about 20 year cycles with strong
amplitude in the middle part of the sample. The next order cycle is a continuous band
between 35 and 40 years. Another cyclicity band is observed from 70 to 80 years. LC
analysis for MX-239 (Figure 9 - 7A) shows a strong and continuous signal that centers

near 10-12 year cycle.

9.7  Discussion of results

Continuous wavelet analysis (CWA) of laminae count (LC) based on sediment color or
gray scale intensity values (GSI), integrated with total organic carbon (TOC) and
carbonate (CaCOs3) derived from field samples and thin sections of the Upper
Cenomanian/Middle Turonian Indidura Formation of NE Mexico shows a wide and
variable spectrum of both stationary and non-stationary cycles that range from decadal to

millennial scales.
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9.7.1 Millennial Scale

At the field scale centimeter to decimeter-thick interbeds in the middle part of the
stratigraphic section of the Indidura Formation at Parras de la Fuente are compatible to
regional and global climatic changes with periodicity around 20 ka (Figure 9 - 4). The
CWA results also show signals at 2.7, 5 and 10 ka (Figure 9 - 4), which are below the
resolution of the Milankovitch cycles, and are harmonics of the precession cycle. The 20
ka cycle is exhibited in both the CWA for TOC and CaCOs, which implies that common
forcing factors contributed to the preservation of the organic matter as well as the
carbonate components, thus leading to the formation of intervals either rich or poor in

TOC/CaCO;.

Similar cyclicity has been demonstrated in other Tethyan and peri-Tethyan
Cenomanian/Turonian sequences (Meyers et al., 2001; Sageman et al., 2006; Negri et al.,
2003). Computer simulations for the Cretaceous Western Interior Seaway (KWIS) and
Africa for the Cenomanian/Turonian time interval (Floegel et al., 2005; Floegel and
Wagner, 2006) show that earth’s precessional cycles with an approximate period of

21 ka were the controlling factors in the formation of bedding couplets. Such models are
in agreement with the results of our analyses of the sedimentary sequence of the Indidura
Formation, which further corroborate similar studies (Meyers et al., 2001; Pratt, 1984) on
rock sequences deposited in the KWIS during the Cenomanian/Turonian. One marked
difference between our dataset and these studies (Meyers et al., 2001; Pratt, 1984) is that
the Parras sequence does not show higher-order eccentricity and obliquity cycles. The

discrepancy may be related to the expanded section at Parras de La Fuente where
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sedimentation rates were higher. Although results from climate system modeling (Floegel
et al., 2005) indicate that couplets related to precession cycles should be less likely in
sequences near Texas and Mexico, but results based on field studies and direct sample
analyses (Zhou and Longoria, 1996) show that a periodicity of approximately 20 ka is
recorded in northeastern Mexico. Our data further suggest a greater similarity with the
Cretaceous Western Interior Seaway than previously predicted. Thus, comparable
environmental conditions must have prevailed long enough in the northeastern Mexico
basin to allow the formation of similar sedimentary patterns as the result of global
climatic perturbations induced by earth’s precession. These cyclic fluctuations are indeed
recorded in the preservation and productivity of TOC and CaCOs; in the Indidura and

Agua Nueva Formations of NE Mexico.

The sedimentary cycles of the Indidura Formation show that layers rich in carbonate are
devoid of regular planktonic microfossils (planktonic foraminifera, radiolaria) and
enriched in cyanobacterial microspheroids (Duque-Botero and Maurrasse, 2005);
whereas carbonate poor beds show regular planktonic microfossils and less
cyanobacterial microspheroids. Periodic dominance of cyanobacteria at the exclusion of
other microorganisms is compatible with previous models (Pratt, 1984; Floegel et al.,
2005) that imply overall climatic conditions conducive to the development of a stratified
water column with a thin layer of fresh water at the surface. Such conditions would
exclude regular plankton while benefiting cyanobacterial blooms, and cause oxygen

depletion of the bottom waters.
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9.7.2 Decadal Scale

Continuous wavelet analysis (CWA) of individual beds (Lamina counting) of laminated
sediments from the Indidura Formation show the presence of very fine laminae (Figure 5,
6, 7) that are found regularly at a periodicity of 9 to 10 years, and their harmonics at
approximately 20, 30 and 70 to 90 years (Figures 5, 6, 7), which are known in the present
as modulations of the Schwabe sunspot cycle. Comparable high-frequency records have
been described in modern marine sequences with conditions of deposition characterized
by oxygen deficiency or anoxia that have allowed the preservation of yearly fluctuations
in productivity (Pilskaln and Pike, 2001; Patterson et al., 2004b; Cotillon et al., 2000).
Such record in the hemipelagic sediments of the Indidura Formation at Parras de la
Fuente was enhanced because of the elevated rate of sedimentation (6.2 to 10.1 cm/ka of

compacted sedimentation rate).

Similar laminated pattern has also been documented in Jurassic marine sediments of the
white stone band of the Kimmeridge Clay Formation, where micrometer scale laminae
are believed to be the result of interannual changes in the productivity of calcareous
nannofossils (Pearson et al., 2004). The La Luna Formation (Cenomanian/Turonian) in
northeastern South America also includes micrometer scale laminae interpreted to be the
result of 6, 10-12 and 20-24 year cycles (Cotillon et al., 2000). Likewise, our dataset
derived from petrological observations is indicative of significant yearly paleo-

productivity variations controlled by decadal cycles that correlate with solar activity.
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Thus, microlaminae of the Indidura Formation at Parras de La Fuente were generated by
rhythmical variation in the abundance of calcareous cyanobacterial microspheroids,
following a decadal cycle analogous to the processes suggested for the coeval Cretaceous
Interior Seaway (Floegel et al., 2005; Floegel and Wagner, 2006) where the main
controlling mechanism is related to solar Schwabe cycles that affected atmospheric
pressure cells and precipitation patterns and intensities, as documented in stable isotopes
and clays in the KWIS area (Pratt, 1984; Arthur et al., 1985), and strontium isotopes in
the Mediterranean sapropels (Krom et al., 2002). In addition to low surface water salinity
that enhanced stratification in the water column, the overall greenhouse conditions in the
Cretaceous must have further exacerbated oxygen depletion and intensified anoxia in
subsurface waters of the oceans. In fact, an important feature of the sedimentary record of
the Indidura Formation at Parras de la Fuente is that despite evidence of oxygenic
primary productivity in the upper water column (nannoplanktons, rare planktonic
foraminifera and radiolaria), the absence of macro and micro bioturbation indicates
dysoxic / anoxic conditions at the bottom. However, a few intervals show macroscopic

trace fossils.

The fact that laminae commonly occur in an even-parallel to wavy-parallel arrangement
also implies extremely low-energy hydrodynamic conditions remained constant during
sedimentation. Intermittent absence of planktonic organisms such as planktonic
foraminifera and radiolaria further supports our interpretation that periodical freshwater
input affected surface waters by excluding the stenohaline groups, while enhancing

cyanobacteria/bacterial productivity. Such mechanism explains why microspheroid-rich
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laminae are devoid of eukaryotic microfossils, and the opposite occurs in microspheroid-

poor laminae.

9.8  Conclusions

Stratification patterns of the Indidura Formation near Parras de la Fuente in northeastern
Mexico show meter-scale to micrometer-scale recurrent variations attributable to global
climatic forcing factors recorded as microspheroid rich/poor sediments throughout the

Upper Cenomanian to the Middle Turonian.

Large-scale fluctuations are correlated with global climatic changes related to astronomic
forcing of precession cycles with a periodicity around 20 ka. Such variations shifted
trends of pluviosity that generated perennial conditions favorable to sustained blooms of
cyanobacteria-induced calcareous microspheroids. High bacterial productivity further
decreased the oxygen levels and helped maintain dysoxic/anoxic waters, as recorded in

these sediments over more than four million years.

High-frequency fluctuations recorded at the micrometer scale are characterized by
microspheroid-rich/poor laminae, which developed in response to short-term global
climatic variations that correlate with Schwabe solar cycles that created decadal periods

of increased pluviosity.

The net effect of global climatic forcing in Cenomanian-Turonian deposits in the Parras

de la Fuente area was the creation of an environmental setting where at least the

161



sediment/water interphase was anoxic during most of that time. These conditions further
contributed to periodic exclusion of stenohaline eukaryotic microorganisms while

allowing almost continuous production of calcareous cyanobacterial microspheroids.

9.9 Acknowledgment

This work was partially funded by the Dissertation Year Fellowship of Florida
International University, awarded to Fabian Duque-Botero; the Glenn A. Goodfriend
Memorial funds, and other private funding sources. The authors of this paper are deeply
grateful Mr. Ignacio Chacon and to the people of Parras who collaborated during the field
excursions. This is contribution No. 06-02 of the Sedimentology and Stratigraphy group

at FIU.

162



9.10 References

Anderson, R.Y., 1996, Seasonal sedimentation: a framework for reconstructing climatic
and environmental change, in Kemp, A.E.S., ed., Palaeoclimatology and
palaeooceanography from laminated sediments: London, Geological Society, p. 1-
15.

Arthur, M.A., Dean, W.E., Pollastro, R.M., Claypool, G.E., and Scholle, P.A., 1985,
Comparative geochemical and mineralogical studies of two cyclic transgressive
pelagic limestone units, Cretaceous Western Interior Basin, U.S, in Pratt, L.M.,
Kauffman, E.G., and Zelt, F.B., eds., Fine-grained deposits and biofacies of the
Cretaceous Western Interior Seaway; evidence of cyclic sedimentary processes:
Tulsa, Society of Economic Paleontologists and Mineralogists, p. 16-27.

Carslaw, K.S., Harrison, R.G., and Kirkby, J., 2002, Cosmic Rays, Clouds, and Climate:
Science, v. 298, p. 1732-1737.

Cotillon, P., Picard, A., and Tribovillard, N., 2000, Compared cyclicity and diagenesis of
two anoxic deposits in the Caribbean domain: The Pleistocene-Holocene of
Cariaco Basin (Site 1002) and the Upper Cretaceous La Luna-Querecual
formation (north Venezuela): Proceedings of the Ocean Drilling Program:
Scientific Results, v. 165, p. 125-140.

Duque-Botero, F., 2006, Paleoenvironmental Variations of the Indidura Formation
(Cenomanian /Turonian), Northeastern Mexico: A High Resolution Stratigraphic
Study, Ph.D. Dissertation, Miami: Florida International University, p. 172.

Duque-Botero, F. and Maurrasse, F.J.-M.R., 2005, Cyanobacterial productivity,
variations in the organic matter and facies of the Indidura Formation
(Cenomanian-Turonian), Northeastern Mexico: Journal of Iberian Geology, v. 31,
p. 87-100.

Einsele, G. and Ricken, W., 1991, Limestone-marl alternations; an overview, in Einsele,
G., Ricken, W., and Seilacher, A., eds., Cycles and events in stratigraphy: Berlin,
Springer Verlag, p. 23-47.

Floegel, S., Hay, W.W., DeConto, R.M., and Balukhovsky, A.N., 2005, Formation of
sedimentary bedding couplets in the Western Interior Seaway of North America--
implications from climate system modeling: Palacogeography, Palaeoclimatology,
Palaeoecology, v. 218, p. 125-143.

Floegel, S. and Wagner, T., 2006, Insolation-control on the Late Cretaceous hydrological
cycle and tropical African climate--global climate modelling linked to marine
climate records: Palacogeography, Palacoclimatology, Palacoecology, v. 235, p.
288-304.

163



Forchheimer, S., 1972, Scanning electron microscope study of Cretaceous coccoliths:
Lund, Lunds University, PhD Dissertation, p. -141.

Fourier, J.B.J., 1822, Theorie analytique de la chaleur: Paris, F. Didot, p. 639.

Friis-Christensen, E. and Lassen, K., 1991, Length of the solar cycle: an indicator of solar
activity closely associated with climate: Science, v. 254, p. 698-700.

Gale, A.S., Hardenbol, J., Hathway, B., James Kennedy, W., Young, J.R., and
Phansalkar, V., 2002, Global correlation of Cenomanian (Upper Cretaceous)

sequences: Evidence for Milankovitch control on sea level: Geology, v. 30, p.
291-294.

Garcia, A. and Mouradin, Z., 1998, The Gleissberg Cycle of minima: Solar Physics, v.
180, p. 495-498.

Gleissberg, W., 1958, The eighty-year sunspot cycle: Journal of British Astronomical
Association, v. 68, p. 1148-1152.

Graps, A., 1995, An Introduction to Wavelets: IEEE Computational Science and
Engineering, v. 2, p. 50-61.

Hays, J.D., Imbrie, J., and Shackleton, N.J., 1976, Variations in the Earth's Orbit:
Pacemaker of the Ice Ages: Science, v. 194, p. 1121-1132.

Jenkyns, H.C., 1980, Cretaceous anoxic events; from continents to oceans: Journal of the
Geological Society of London, v. 137, p. 171-188.

Jones, P.D., Osborn, T.J., and Briffa, K.R., 2001, The Evolution of Climate Over the Last
Millennium: Science, v. 292, p. 662-667.

Kelly, W.A., 1936, Evolution of the Coahuila Peninsula, Mexico; Part 2, Geology of the
mountains bordering the valleys of Acatita and Las Delicias: Geological Society
of America Bulletin, v. 47, p. 1009-1038.

Kemp, A.E.S., 2003, Evidence for abrupt climate changes in annual laminated marine
sediments: Philosophical Transactions - Royal Society.Mathematical, Physical
and Engineering Sciences, v. 361, p. 1851-1870.

Krom, M.D., Stanley, J.D., Cliff, R.A., and Woodward, J.C., 2002, Nile River sediment
fluctuations over the past 7000 yr and their key role in sapropel development:
Geology, v. 30, p. 71-74.

Manivit, H., Perch-Nielsen, K., Prins, B., and Verbeek, J.W., 1977, Mid Cretaceous
calcareous nannofossil biostratigraphy: Proceedings of the Koninklijke
Nederlandse Akademie van Wetenschappen, v. 80, p. 169-181.

164



Meyers, S.R., Sageman, B.B., and Hinnov, L.A., 2001, Integrated quantitative
stratigraphy of the Cenomanian-Turonian Bridge Creek Limestone Member using
evolutive harmonic analysis and stratigraphic modeling: Journal of Sedimentary
Research, v. 71, p. 628-644.

Negri, A., Cobianchi, M., Luciani, V., Fraboni, R., Milani, A., and Claps, M., 2003,
Tethyan Cenomanian pelagic rhythmic sedimentation and Pleistocene
Mediterranean sapropels: is the biotic signal comparable?: Palacogeography,
Palaecoclimatology, Palacoecology, v. 190, p. 373-397.

Patterson, D.T., Prokoph, A., Wright, C., Chang, A.S., Thomson, R.E., and Ware, D.M.,
2004a, Holocene Solar Variability and Pelagic Fish Productivity in the NE Pacfic:
Palaeontologia Electronica, v. 7, p. 17-http://palaeo-
electronica.org/2004 1/fish2/issuel 04.htm.

Patterson, R.T., Prokoph, A., and Chang, A., 2004b, Late Holocene sedimentary response
to solar and cosmic ray activity influenced climate variability in the NE Pacific:
Sedimentary Geology, v. 172, p. 67-84.

Pearson, S.J., Marshall, J.E.A., and Kemp, A.E.S., 2004, The White Stone Band of the
Kimmeridge Clay Formation, an integrated high-resolution approach to

understanding environmental change: Journal of the Geological Society, v. 161, p.
675-683.

Pilskaln, C.H. and Pike, J., 2001, Formation of Holocene sedimentary laminae in the
Black Sea and the role of the benthic flocculent layer: Paleoceanography, v. 16, p.
1-19.

Pratt, L.M., 1984, Influence of paleoenvironmental factors on preservation of organic
matter in Middle Cretaceous Greenhorn Formation, Pueblo, Colorado: AAPG
Bulletin, v. 68, p. 1146-1159.

Reinhardt, P., 1966, Zur Taxionomie und Biostratigraphie des fossilen Nannoplanktons
aus dem Malm, der Kreide und dem Alttertiaer Mitteleuropas. Taxonomy and
biostratigraphy of Malm, Cretaceous, and early Tertiary nannoplanktonic faunas
of central Europe: Freiberger Forschungshefte, Reihe C: Geowissenschaften,
Mineralogie-Geochemie, v. 196, p. 5-61.

Sageman, B.B., Meyers, S.R., and Arthur, M.A., 2006, Orbital time scale and new C-
isotope record for Cenomanian-Turonian boundary stratotype: Geology, v. 34, p.
125-128.

Schwarzacher, W., 1993, Cyclostratigraphy and the Milankovitch Theory: Amsterdam,
Elsevier, p. 225.

165



Sissingh, W., 1977, Biostratigraphy of Cretaceous calcareous nannoplankton: Geologie
en Minjbouw, v. 56, p. 37-65.

Weedon, G.P., 2003, Time-series Analysis and Cyclostratigraphy: examining the
stratigraphic record of environmental cycles: Cambridge, Cambridge University
Press, p. 259.

Zhou, L. and Longoria, J.F., 1996, Milankovitch cyclicity in the Agua Nueva Formation
(Cretaceous) of Northeast Mexico; a review of methodology, procedures and
practice in cyclostratigraphy: Boletin del Departamento de Geologia Uni-Son, v.
13, p. 35-96.

166



CHAPTER X

GENERAL CONCLUSIONS

The major objective of this work was to understand the stratigraphy of the Indidura
Formation through the use of petrography, geochemistry and biostratigraphy. The results
also contribute to further our understanding of the controlling mechanisms of the various
orders of sedimentary cycles in the sequence, as well as the paleoenvironmental

conditions conducive to Core-rich events.

Thus, the present work includes the following achievements:

¢ [ have demonstrated for the first time that cyanobacterial induced microspheroids are
major contributors to a sedimentary sequence of the Cenomanian/Turonian at Parras
de la Fuente, in northeastern Mexico. I described and characterized the morphology
of these bacterial remains thru the use of Scanning Electron Microscopy (SEM) and

standard petrographic techniques.

e In addition, I have also correlated the primary sedimentary structures found in the
highly laminated marly calcilutites of the Indidura Formation with recurring perennial
blooms of calcifying cyanobacteria that prevailed throughout the sequence over a
period of about 4 million years. Furthermore, biomarker analysis indicates that low
molecular weight n-alkanes are the predominant compounds found in the organic

matter, which implies that the bulk of the organic matter had a prokaryotic origin.
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