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Abstract

This study of Tepexi de Rodrı́guez (Puebla, Mexico), a mid-Cretaceous (Aptian?) locality with exceptional fossil preservation,

combines statistically based microfacies-transition analysis with spectral analysis of depth-series measurements, in an attempt to
constrain the paleoenvironmental setting. Tepexi de Rodrı́guez (Tepexi) is largely composed of laminated micrites, and presents
a complex amalgam of primary and diagenetically altered fabrics. Modified Markov analysis of microfacies successions was used to

assess repetitive patterns among primary microfacies. The reconstructed microfacies succession indicates recurring upward-fining
sequences. Spectral analysis of depth-series measurements of magnetic susceptibility and RGB visible color (redness) reveals
a pattern of repetition in the sedimentary sequence that is concordant with patterns of Milankovitch cyclicity. Strong eccentricity,

obliquity, and semi-precessional signals are inferred. This suite of Milankovitch cyclicities is attributed to double-monsoon
influences on Tepexi from both the northern and southern hemispheres, and implies an average rock accumulation rate of 2.0 cm/
kyr. Previous reconstructions of Tepexi (e.g. a variety of back-reef lagoonal settings) do not match the observations reported here.
Likewise, tidally influenced deposition is ruled out. Tepexi de Rodrı́guez appears to have been an open marine basin with storm-

dominated sedimentation and bottom waters with restricted circulation. The fossil biota has a strong terrestrial influence, indicating
that land was close by.
� 2003 Elsevier Ltd. All rights reserved.

Resumen

Este estudio de Tepexi de Rodrı́guez (Puebla, México), localidad cretácica media (Aptiana?) con una conservación de fósiles
excepcional, combina análisis estadı́sticos basados en la transición de microfacies con análisis espectral de medidas de series de
profundidad, en un intento por determinar el escenario paleoambiental. Tepexi de Rodrı́guez (Tepexi) está principalmente

compuesto de micritas laminadas, y presenta una amalgama compleja de texturas primarias y alteradas diagenéticamente. Análisis
de Markov modificados de sucesiones de microfacies fueron utilizados para determinar patrones repetitivos entre las microfacies
primarias. La sucesión de microfacies reconstruida indica secuencias repetitivas de adelgazamiento hacia arriba. El análisis espectral

de medidas de series de profundidad de susceptibilidad magnética y RGB color visible revela un patrón de repetición en la secuencia
sedimentaria que es concordante con los patrones de los ciclos de Milankovitch. Se infieren Señales fuertes de oblicuidad,
excentricidad y semi-precesión. El conjunto de ciclos de Milankovitch en Tepexi, se atribuye a la influencia de doble-monzón de

ambos hemisferios, norte y sur, e indica un promedio de la tasa de acumulación de roca de 2.0 cm/ka. Reconstructions previas de
Tepexi (p.e. una variedad del escenario lagunar post-arrecifal) no concuerda con las observaciones reportadas aquı́. También se
descarta el depósito por la influencia de mareas. Tepexi de Rodrı́guez parece haber sido una cuenca marina abierta con una
sedimentación dominada por tormentas y las aguas del fondo con circulación restringida. La biota fósil tiene una influencia terrestre

fuerte indicando que la tierra estaba cerca.
� 2003 Elsevier Ltd. All rights reserved.

* doi of original articles: 10.1016/S0195-6671(03)00052-1, 10.1016/j.cretres.2003.11.001
) Corresponding author. Present address: Department of Earth and Planetary Science, Graduate School of Science, TheUniversity of Tokyo, 7-3-1

Hongo, Bunkyo, Tokyo 113-0033, Japan.

E-mail address: chiro@eps.s.u-tokyo.ac.jp (Y. Kashiyama).
0195-6671/$ - see front matter � 2003 Elsevier Ltd. All rights reserved.

doi:10.1016/j.cretres.2003.11.002

http://www.elsevier.com/locate/jnlabr/ycres
mailto:chiro@eps.s.u-tokyo.ac.jp


154 Y. Kashiyama et al. / Cretaceous Research 25 (2004) 153e177
Keywords: Exceptional fossil preservation; Lagerstätte; Mid-Cretaceous; Limestone; Mexico; Transition analysis; Magnetic susceptibility; Depth-

series; Spectral analysis; Milankovitch cycles; Multiple linear regression
1. Introduction

This is a study of the paleoenvironments of Tepexi de
Rodrı́guez (Tepexi), Puebla, Mexico, a group of closely
clustered commercial limestone quarries which expose
rocks of mid-Cretaceous age that preserve an excep-
tionally rich biota. This biota includes foraminifera,
sponges, gorgonians, gastropods, ammonoids (Cantú-
Chapa, 1987), belemnoids (Seibertz, 1986; Seibertz and
Buitrón, 1987a,b), bivalves, arthropods (Buitrón-
Sanchez et al., 1993; González-Rodrı́guez and Vega-
Vera, 1993; Feldmann et al., 1995, 1998), echinoids,
asteroids, holothurians (Buitrón-Sanchez et al., 1995;
Applegate et al., 1996), ophiuroids, fishes (Applegate,
1988, 1992, 1996; Espinosa-Arrubarrena and Applegate,
1990; Applegate and Espinosa-Arrubarrena, 1992;
Espinosa-Arrubarrena et al., 1996; Alvarado-Ortega,
1998; González-Rodrı́guez and Martinez-Hernandez,
1998), terrestrial reptiles (lizards, crocodiles, turtles;
Espinosa-Arrubarrena and Applegate, 1990; Reynoso,
1998a,b, 2000), pterosaurs (Cabral-Perdomo and
Applegate, 1994), plesiosaurs, algae, and terrestrial
plants (gymnosperms) (summaries of the Tepexi fossil
assemblage are given by Applegate, 1987; Applegate and
Cabral-Perdomo, 1994; Applegate et al., 2000). While
the diversity and type of marine fauna generally indicate
some type of marine environment for Tepexi, the setting
evidently also experienced strong terrestrial influence.

Several previous attempts have been made to un-
derstand the paleoenvironmental and post-depositional
conditions that produced the remarkable preservation
found at Tepexi (Martill, 1989; Applegate, 1987;
Malpica-Cruz et al., 1989; Pantoja-Alor, 1992; Espinosa-
Arrubarrena and Applegate, 1996). Most of these in-
volved the comparison of Tepexi with the better-known
Upper Jurassic Solnhofen Lagerstätte, a laminated car-
bonate mudstone with exceptional fossil preservation
(Barthel et al., 1990). By analogy to Solnhofen, Tepexi
was interpreted as a quiet lagoon (Espinosa-Arrubarrena
and Applegate, 1996). Detailed examination of the litho-
logies preserved at Tepexi suggests, however, that the
two localities are not strictly comparable. As we shall see
below, poor exposures at Tepexi preclude facile charac-
terization of the paleoenvironments. Here, therefore, we
report the results of a sedimentologic and petrographic
study of Tepexi, as a step towards constraining the
paleoenvironmental context for this extraordinary fossil
assemblage.
2. Geologic setting

Tepexi consists of a series of active limestone quarries
in the valley of Tlayúa, near Tepexi de Rodrı́guez,
Puebla, Mexico (Figs. 1, 2). These quarries expose the
Middle Member of the Tlayúa Formation, one of
several sequences of mid-Cretaceous limestone in the
region within Puebla (Pantoja-Alor et al., 1989; Pantoja-
Alor, 1992). The base of the formation is not exposed,
and the top is truncated and is now covered by the Pie
de Vaca (Pliocene) and Agua de Luna (Pleistocene)
Formations. The total thickness of this exposed
sequence is approximately 300 m (Pantoja-Alor, 1992).

The Middle Member (Fig. 3), exclusively composed
of the material being quarried (Fig. 1), consists of

Fig. 1. Location of quarry complex indicated in southeast corner of

map. Quarries consist of main quarry (I) and two subsidiary quarries

(II and III). A fault runs through the river valley making the

relationships between rocks south of the river and north of the river

difficult to interpret.
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Fig. 2. Panoramic view of the Tepexi main quarry (Middle Member, Tlayúa Formation), facing north. Scale bar represents 50 m.
a sequence of finely laminated, hematite-stained, honey-
colored purely (or nearly so) micritic limestones sparsely
interbedded with lenses of chert and a few thin (ca.
20 cm) layers of red mudstone (Fig. 4). Lamination
dominates the rock, and confers a platy quality to the
fabric; hence, this unit has been quarried extensively for
building facings and flagstones. Individual laminae (e.g.
laminaeO 1 mm thick) are continuous and can be
physically traced throughout the entire quarry expo-
sures. Contacts between laminae are not absolutely
linear, and a wavy component to many of these contacts
suggests that some pressure solution occurred during
diagenesis at laminar boundaries. An unpublished
sequential zonation has been applied to quarry rocks
(Fig. 3), based upon small-scale differences between
packages of laminated rock. Because of the continuity of
the laminations, this lithostratigraphic zonation has
been used over the past 20 years by paleontologists to
record the provenance of fossils from the quarry.

Currently, the main quarry exposes an area about
1 km long and a sequence that is between 48 and 50 m
thick (Fig. 2). Outcrops appear across the valley to the
south (Fig. 1; Quarry III), but disappear under
vegetation within a very short distance to the east and
west. Pantoja-Alor (1992) reconstructed Tepexi as an
isolated, laterally fault-bounded block.

Some ambiguity exists regarding the age of the Tepexi
biota. Tepexi outcrops were previously considered upper
Albian, based on a poorly preserved ammonoid specimen
(Cantú-Chapa, 1987) and some belemnoids (Seibertz and
Buitrón, 1987a,b). During the course of this study,
however, the benthic foraminifera Spiroloculina cretacea
Reuss, Trochamminoides coronus Loeblich & Tappan,
Derventina filipescui Neagu, Sabaudia minuta Hofker,
Rumanoloculina robusta Neagu, Valvulineria sp., Ear-
landia? conradi Arnaud-Vanneau, probable Praechrysa-
lidina infracretacea Luperto-Sinni, and Nautiloculina sp.
were identified in thin sections (A. Mancinelli, pers.
comm., 2000; D. M. Leckie, pers. comm., 2001). This
association is typical of lower Aptian inner shelf sedi-
ments in the Apennines (Chiocchini et al., 1994) as well
as the West Alps-Vercors, and Chartreuse regions
(Chiocchini et al., 1994; A. Mancinelli, pers. comm.,
2000). The age discrepancy is thus as much as 10 million
years (e.g. Gradstein et al., 1995).

3. This study

The objectives of this study are to understand the
paleoenvironmental setting and its dynamics. Study of
the Middle Member of the Tlayúa Formation was
greatly facilitated by access to an extraordinary, 26-m-
long, continuous, wedge-shaped vertical sample (effec-
tively, a core), cut by a hand-held rock saw from the
quarry face. Because it is clear that most of the
laminations can be physically traced across the entire
distance of the outcrop, we view the core as a legitimate
representation of the complete sequence exposed at
Tepexi. Study of the core allowed us to apply the
methods discussed below, and thus the core is the source
of most of the data reported here.

Two distinct approaches were applied: (1) microfacies
analysis by optical petrography and statistical facies-
transition analysis, to reconstruct an idealized sequence
of microfacies transitions, and (2) spectral analysis of
depth-series measurements of magnetic susceptibility
and RedeGreeneBlue (RGB) color imaging, to explore
the nature of any repetitive signal in the limestone. The
relationship between the facies-transition analysis and
the depth-series measurements was tested by linear
regression.

4. Facies analysis

4.1. Methods

Microscopic texture and fabric were observed in
thin sections and acetate peels using 10! and
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Fig. 3. Columnar section of the Middle Member of the Tlayúa Formation measured from the core cut out of main quarry face. Unpublished zona

at locality. Units labelled ‘‘Clay-rich Layer’’ are bright red, hematitic, siliciclastic mudstone.
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Fig. 4. High-resolution images of the polished core surface created by the GEOSCAN II, showing typical mm-scale laminations of the Tepexi

limestone. The polished surface reproduced here is Section 1 (see location in Fig. 3). The transition analysis based upon Section 1 is given in Fig. 7.

Scale in cm.
20! magnification on an Olympus BX-2 petrographic
microscope. Acetate peels proved to be an efficient and
satisfactory means for observing fabrics. Accordingly,
acetate peels were produced to obtain continuous cover-
age of two different sections [Section 1: 1.7 m (in Fig. 3,
from 11.30e13.0 m, Zones 27e29) and Section 2: 1.25 m
(in Fig. 3, from 18.30e19.55 m, Zones 14e15)] of the
more regularly laminated intervals of the core. Congru-
ence of results between these two sections affirms the
robustness of the facies model derived from the analysis.
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4.2. Microfacies identification

Tepexi is characterized by finely laminated micrite
and microsparite. Residual non-carbonates comprise
less than 5% (by weight) of the rock. Tepexi preserves:
(1) complex laminations of various lithologies encom-
passing primary sedimentary fabrics and diagenetically
altered fabrics, and (2) numerous serrate stylolites. The
rocks are stained by hematite, which is almost exclu-
sively concentrated at lamina and stylolite boundaries.
This observation, as well as the presence of sequential
hematite wetting fronts (liesegang bands) on bedding
planes, indicates that the hematite is largely secondary
and has been mobilized through textural discontinuities
(e.g. lamina boundaries) during diagenesis. The thick-
ness of most of the primary microfacies ranges from 0.5
to 5 mm when bounded by primary contacts (see below)
and does not exceed 20 mm.

Acetate peels reveal a complex amalgam of primary
and secondary textures resulting from extensive carbon-
ate recrystallization/dissolution throughout the section.
Primary and secondary laminae as well as primary and
secondary contacts between primary laminae were
recognized. Secondary textures within laminae consist
of neomorphic microspar (Fig. 5A), recognizable be-
cause of its larger, equant carbonate crystals.

Six primary textures, termed microfacies, were
identified (Fig. 5BeG, Table 1A). These consist of: (1)
a bioclastic grainstone microfacies, consisting of abun-
dant, poorly sorted foraminifera and micritic peloids
(Fig. 5B); (2) a peloidal grainstone microfacies consist-
ing of very well-sorted micritic peloids; occasionally
fining-upward grading is observed (Fig. 5C); (3) a wacke-
stone/packstone microfacies consisting of well-sorted
micritic peloids in a micritic matrix, co-occurring with
rare foraminifera tests (Fig. 5D); (4) a textured mud-
stone microfacies (Fig. 5E); (5) a massive mudstone
(Fig. 5F); and (6) a finely laminated mudstone (Fig. 5G).
Secondary textures are recorded in Table 1B.

Primary and secondary contacts between microfacies
were also recognized (Table 1C; Fig. 6). A primary
contact was recognized between two adjacent primary
microfacies. Such a contact appears as a sharp de-
marcation or a gradation between two microfacies.
Secondary contacts between two adjacent primary
microfacies were identified when the two units are
separated by an interval of secondary microfacies or,
alternatively, bounded by a serrate stylolite contact,
indicating that their proximate relationship may not be
original. The serrate stylolites occur as small-scale, bed-
parallel, features, which are very common throughout
the laminated rock unit (Fig. 5H). These stylolitic
boundaries commonly appear to the naked eye as
reddish lines due to hematite staining. The pattern of
occurrence of the serrate stylolites is apparently in-
dependent of surrounding texture (they are found in
both primary and secondary textures). Likewise, frag-
mentary and non-serrate microscopic pressure-solution
features, visibly distinct from the serrate stylolites, are
ubiquitous among secondary microfacies (Fig. 5A).

The complicated suite of observations described
above contrasts markedly with published descriptions
of Tepexi limestones. In these, the layering has been
interpreted as binary laminations involving ‘‘slab[s] of
nearly pure limestone’’ interbedded with thin ‘‘fissile,
shelly layers’’ (Espinosa-Arrubarrena and Applegate,
1996, p. 542), said to correspond to flinz and fäule,
respectively, of the Solnhofen limestone (Applegate,
1987; Barthel et al., 1990).

5. Transition analysis

Diagenetic alteration prevents the straightforward
recognition of the sequence of primary microfacies.
Thus, a generalized pattern of primary microfacies
succession had to be reconstructed statistically among
fragmentary sequences. Transition analysis, or modified
Markov analysis (Carr, 1982; Fienberg, 1980), was used
to estimate the likelihood that a given (primary)
microfacies would be succeeded by another (primary)
microfacies.

5.1. Methods

A modified Markov transition analysis (Carr, 1982;
Fienberg, 1980) was performed on microfacies preserved
in two disparate sections of the core as representative of
the entire core. Section 1 and Section 2 (above and
Fig. 3) were arbitrarily selected as representatives of the
entire core. Each interval was continuously sampled
using 43 and 37 acetate peels, respectively. We recorded
(1) microfacies type, and (2) contact type as a function
of stratigraphic position at a resolution within 0.1 mm.

To determine if there is a preferred transition in the
original succession (before diagenetic modification), we
analyzed: (1) preferred transition(s) among primary
microfacies, and (2) occurrences of secondary features
in relation to the adjacent primary microfacies (Fig. 6).
The latter is important because preferred transitions in
the primary microfacies could be the consequence of
preferred diagenetic alterations. Such preferences would
be artifacts that would need to be excluded.

To estimate preferences at both primary and second-
ary contacts simultaneously, the counts of transitions
were expressed in a three-dimensional contingency
matrix, in which the dimensions were microfacies pre-
contact, microfacies post-contact, and contact type
(Tables 2A, 3A). Since self-transitions at primary
contacts are not recognizable, these (e.g. the diagonal
cells in the contingency matrix) were treated as
structural zeros (Fienberg, 1980).



Fig. 5. Photomicrograph of primary microfacies (BeG) and secondary microfacies (A and H). A, typical appearance of secondary texture, with

microspar and wavy pressure-solution features. B, bioclastic grainstone microfacies. C, peloidal grainstone microfacies. D, wackestone/packstone

microfacies. E, textured mudstone microfacies; this consists of a delicate network of sparry calcite crystals traversing micritic peloids with diameters

of !20 mm. F, mudstone microfacies. G, finely laminated mudstone microfacies. H, microscopic serrate stylolites. All scale bars represent 1 mm.
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The three-dimensional quasi-independent model used
in this study is analogous to the two-dimensional quasi-
independent model of Carr (1982). He introduced log-
linear modeling in Markov analysis as a means of
obtaining appropriate quasi-independent estimates for
incomplete two-dimensional contingency matrices, such

Table 1

A, classification of primary microfacies; B, secondary microfacies (see

Table 4)

Texture (Sub-feature) Symbol

A. Primary microfacies

Mudstone

Massive M

Fine mosaic-textured M-f

Laminated M-l

Wackestone/packstone W

Peloidal grainstone P

Bioclastic grainstone B

B. Secondary microfacies

Parallel pressure-solution features Sp

Alternation of pressure

solution and microspars

Small microspars Sa-ms

Medium microspars Sa-mm

Large microspars Sa-ml

Massive microspars Sm

Fig. 6. Schematic example of original section with mixed primary and

secondary microfacies and contacts to reconstructed sequence of

primary microfacies. To left: ‘‘observed’’ succession of mixed primary

and secondary microfacies and contacts; to right: transition analysis-

based reconstruction of succession of primary microfacies and

contacts.
as are commonly found in geological sections. Fienberg
(1980) provides a general discussion of log-linear model-
ing using contingency tables of greater than two
dimensions.

Observed preferred transitions were identified by
deviations from a hypothetical transition frequency
estimate predicted by a log-linear model of quasi-
independence (Tables 2B, 3B; Appendix; also see
Fienberg, 1980 and Carr, 1982). A Pearson’s c2-test of
goodness-of-fit gave statistical inferences of significant
transitions (including positively and negatively preferred
transitions; Tables 2C, 3C). The test first determined
that a significant subset of transitions existed. Next, that
subset was identified by a stepwise selection procedure
(Brown, 1974; Carr, 1982). Transitions were considered
preferred if they deviated positively from the quasi-
independent estimates.

5.2. Results and interpretation

Transitions are summarized in Fig. 7A. In Section 1, 11
transitions were significant at the 90% confidence level by
a stepwise procedure (Table 2D). Four of the 11 are self-
transitions on secondary contacts. The rest of the signifi-
cant transitions were preferred transitions at primary
contacts. The absence of any preferred transitions among
secondary transitions (other than self-transitions) indi-
cates that the preferred transitions observed are unlikely
to be due to diagenesis, and that all the preferred
transitions are inherent in the original lithology.

In Section 2, eight transitions were significant at the
90% confidence level (Table 3D). Of these, six are
preferred transitions between primary contacts and two
are self-transitions on secondary contacts (Table 3D).
Again, the absence of any preferred transitions among
secondary transitions (other than self-transitions) in-
dicates that all the preferred transitions are inherent in
the original lithology.

Despite some apparent differences observed under the
microscope (e.g. Section 1 is more intensively modified
by diagenesis than Section 2), microfacies successions
from the two sections are not identical, but very similar
(Fig. 7A). This affirms our field-based supposition that
before diagenesis, the core consisted of repetitive
sequences, and that two arbitrarily selected sections
that we used to identify the microfacies succession are
representative of the entire core.

Transition analysis identifies the following primary
microfacies succession within the Tepexi laminated
limestone: wackestone/packstone (W) to textured mud-
stone (M-f) to mudstone (M); peloidal grainstone (P) to
textured mudstone (M-f) to mudstone (M); and,
textured mudstone (M-f) to mudstone (M; Fig. 7B).
The position of the bioclastic grainstone is uncertain in
the inferred sedimentary sequence, but the probability of
an observed transition involving this microfacies implies
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Table 2

Transition analysis of Section 1. (A) Frequency matrix of observed transitions. (B) Frequency matrix of quasi-independent transitions. Because the

values of many cells of the quasi-independent matrix had values smaller than 5 at the preliminary calculation, 1/2 was added to each cell of observed

transition matrix, and quasi-independent estimates were re-calculated in order to improve robustness of the c2 statistic (following the procedure of

Brown, 1974). (C) Difference matrix; positive values (bold face) indicate possible preference at transitions. (D) Expected frequency after stepwise

selection of 11 significant (90% confidence interval; Brown, 1974) cells (bold-face type in parentheses indicates order of selection)

A. Frequency matrix of observed transition

Primary contacts Secondary contacts

B P W M-f M M-l Totals B P W M-f M M-l Totals Row totals

B e 1 3 3 4 2 13 B 13 3 6 8 13 5 48 61

P 0 e 4 4 6 1 15 P 1 2 2 1 2 0 8 23

W 0 3 e 11 7 4 25 W 6 2 16 11 8 1 44 69

M-f 2 2 1 e 54 5 64 M-f 9 3 6 15 15 9 57 121

M 2 0 3 13 e 8 26 M 19 5 21 39 104 16 204 230

M-l 5 2 6 9 10 e 32 M-l 4 0 1 7 7 11 30 62

Totals 9 8 17 40 81 20 175 Totals 52 15 52 81 149 42 391

Column totals 61 23 69 121 230 62 Grand total: 566

B. Frequency matrix of quasi-independent transition

Primary contacts Secondary contacts

B P W M-f M M-l Totals B P W M-f M M-l Totals Row totals

B e 1.2 3.1 5.5 11.3 2.8 23.9 B 4.4 1.9 5.0 8.8 18.0 4.5 42.6 66.5

P 1.2 e 1.3 2.3 4.7 1.2 10.7 P 1.9 0.8 2.1 3.7 7.5 1.9 17.8 28.5

W 3.1 1.3 e 6.2 12.7 3.2 26.5 W 5.0 2.1 5.6 9.9 20.3 5.1 48.0 74.5

M-f 5.5 2.3 6.2 e 22.4 5.6 42.0 M-f 8.8 3.7 9.9 17.4 35.7 8.9 84.5 126.5

M 11.3 4.7 12.7 22.4 e 11.5 62.6 M 18.0 7.5 20.3 35.7 73.1 18.3 172.9 235.5

M-l 2.8 1.2 3.2 5.6 11.5 e 24.2 M-l 4.5 1.9 5.1 8.9 18.3 4.6 43.3 67.5

Totals 23.9 10.7 26.5 42.0 62.6 24.2 190.0 Totals 42.6 17.8 48.0 84.5 172.9 43.3 409.0

Column totals 66.5 28.5 74.5 126.5 235.5 67.5 Grand total: 599.0

c2 ¼ 223:18 d.f. 54

C. Difference matrix

Primary contacts Secondary contacts

B P W M-f M M-l B P W M-f M M-l

B e 0.31 0.21 �0.86 �2.02 �0.19 B 4.31 1.21 0.67 �0.10 �1.06 0.47

P �0.61 e 2.79 1.44 0.82 0.29 P �0.26 1.96 0.28 �1.14 �1.83 �1.01

W �1.49 1.91 e 2.12 �1.46 0.74 W 0.67 0.28 4.59 0.51 �2.62 �1.59

M-f �1.28 0.13 �1.89 e 6.79 �0.04 M-f 0.24 �0.09 �1.08 �0.47 �3.38 0.19

M �2.62 �1.94 �2.58 �1.88 e �0.88 M 0.35 �0.74 0.27 0.63 3.67 �0.42

M-l 1.59 1.21 1.86 1.65 �0.28 e M-l 0.00 �1.01 �1.59 �0.48 �2.52 3.24

D. Expected frequency after stepwise selection of significant cells (maximum Kd K)

Primary contacts Secondary contacts

B P W M-f M M-l B P W M-f M M-l

B e 1.0 2.4 5.2 5.4 3.0 B (4) 2.1 5.1 11.0 11.5 6.3

P 0.6 e (5) (10) (6) 0.7 P 1.3 (9) 1.2 2.6 2.7 1.5

W 2.3 (8) e (7) 4.9 2.7 W 4.9 2.0 (3) 10.0 10.5 5.7

M-f 3.7 1.4 3.4 e (1) 4.2 M-f 7.8 3.1 7.2 15.7 16.4 9.0

M 7.6 3.0 7.1 15.4 e 8.8 M 16.1 6.4 15.1 32.8 (2) 18.7

M-l 2.8 1.1 (11) 5.7 5.9 e M-l 5.9 2.4 5.6 12.1 12.6 6.9

c2 ¼ 53:74 d.f.: 43
that it is unlikely to come in the middle of the sequence.
Likewise, the exact significance, in terms of sequence, of
the laminated mudstone is unclear. Its relationship to
the five other types of microfacies does not suggest any
particular sequence, even though some preferred tran-
sitions are recognized. This might indicate a diagenetic
origin for this facies and suggest that it occurs randomly
within the pre-existing primary sequence.
The microfacies exhibit fining-upward sequences;
therefore, the lithologies imply repetitive upward-de-
creasing levels of water energy within the sedimentary
environment. Rare thicker layers preserved in the
sequence (see Fig. 3) also show a fining-upward fabric,
indicating episodic influxes of sediment into the basin.
The fining-upward laminations suggest deposition by
suspension settling.



162 Y. Kashiyama et al. / Cretaceous Research 25 (2004) 153e177
Table 3

Transition analysis of Section 2; formatting details as in Table 2. (A) Frequency matrix of observed transitions. (B) Frequency matrix of quasi-

independent transitions. (C) Difference matrix. (D) Expected frequency after stepwise selection of eight significant (90% confidence interval; Brown,

1974) cells

A. Frequency matrix of observed transition

Primary contacts Secondary contacts

B P W M-f M M-l Totals B P W M-f M M-l Totals Row totals

B e 2 2 2 0 2 8 B 3 2 2 9 4 2 22 30

P 0 e 3 15 5 0 23 P 2 4 1 3 0 0 10 33

W 1 5 e 4 5 1 16 W 2 0 1 4 4 3 14 30

M-f 1 2 0 e 36 7 46 M-f 4 2 4 15 12 7 44 90

M 0 3 1 6 e 3 13 M 12 7 8 24 20 13 84 97

M-l 2 2 5 7 8 e 24 M-l 3 4 3 2 2 19 33 57

Totals 4 14 11 34 54 13 130 Totals 26 19 19 57 42 44 207

Column totals 30 33 30 91 96 57 Grand total: 337

B. Frequency matrix of quasi-independent transition

Primary contacts Secondary contacts

B P W M-f M M-l Totals B P W M-f M M-l Totals Row totals

B e 1.6 1.5 4.5 4.7 2.7 15.1 B 1.9 2.0 1.9 5.5 5.8 3.4 20.4 35.5

P 1.6 e 1.6 4.9 5.2 3.0 16.3 P 2.0 2.2 2.0 6.0 6.3 3.7 22.2 38.5

W 1.5 1.6 e 4.5 4.7 2.7 15.1 W 1.9 2.0 1.9 5.5 5.8 3.4 20.4 35.5

M-f 4.4 4.8 4.4 e 13.9 8.1 35.6 M-f 5.4 5.9 5.4 16.1 17.1 9.9 59.9 95.5

M 4.8 5.2 4.8 14.2 e 8.7 37.7 M 5.9 6.4 5.9 17.4 18.5 10.7 64.8 102.5

M-l 2.7 3.0 2.7 8.1 8.7 e 25.3 M-l 3.4 3.7 3.4 10.0 10.6 6.2 37.2 62.5

Totals 15.1 16.3 15.1 36.1 37.2 25.3 145.0 Totals 20.4 22.2 20.4 60.4 64.3 37.2 225.0

Column totals 35.5 38.5 35.5 96.5 101.5 62.5 Grand total: 370.0

c2 ¼ 180:68 d.f: 54

C. Difference matrix

Primary contacts Secondary contacts

B P W M-f M M-l B P W M-f M M-l

B e 0.67 0.81 �0.93 �1.95 �0.15 B 1.21 0.34 0.48 1.72 �0.55 �0.48

P �0.89 e 1.45 4.83 0.15 �1.44 P 0.34 1.56 �0.36 �1.01 �2.32 �1.66

W 0.00 3.02 e 0.02 0.35 �0.75 W 0.48 �1.07 �0.26 �0.42 �0.55 0.07

M-f �1.39 �1.05 �1.86 e 6.06 �0.20 M-f �0.40 �1.40 �0.40 �0.15 �1.11 �0.77

M �1.96 �0.75 �1.50 �2.04 e �1.77 M 2.73 0.43 1.08 1.70 0.46 0.85

M-l �0.15 �0.28 1.66 �0.22 �0.05 e M-l 0.07 0.43 0.07 �2.37 �2.50 5.37

D. Expected frequency after stepwise selection of significant cells (maximum Kd K)

Primary contacts Secondary contacts

B P W M-f M M-l B P W M-f M M-l

B e 1.3 1.5 0.3 2.1 0.1 B 0.1 0.0 0.0 0.9 0.3 0.5

P 0.0 e (6) (2) (7) 0.1 P 1.9 (8) 0.5 0.3 1.3 0.6

W 0.0 (4) e 0.6 3.1 0.0 W 0.0 1.2 0.1 0.4 0.1 0.0

M-f 0.7 0.0 1.4 e (1) 3.2 M-f 0.2 1.0 0.0 0.3 0.1 0.0

M 3.5 0.0 1.2 1.7 e 1.1 M 1.6 0.0 0.3 0.6 0.4 0.2

M-l 0.2 0.6 (5) 2.0 5.8 e M-l 0.0 0.7 0.1 4.5 3.3 (3)

c2 ¼ 52:43 d.f.: 46
6. Spectral analysis

The repetitive succession of microfacies in Tepexi
limestones suggested that the analysis of depth-series
measurements might highlight and quantify repetitive
patterns in the sedimentation. Accordingly, we carried
out spectral analyses of two different depth-series:
magnetic susceptibility (MS) and RGB visible color
(Fig. 8). Only the depth-series of magnetic susceptibility
and redness (RGB) are presented here because, as might
be expected in dominantly red, pink and white rock, the
blue and green signals showed no significant patterns.
Fig. 9 shows the power spectra for each depth-series
measurement, explained below.

6.1. Methods

The depth-series measurements reported here were
taken from approximately 9 m of well-laminated and
only slightly disturbed section (3.80e13.90 m; Zones
27e38; see Fig. 3). Both types of depth-series measure-
ments were obtained utilizing a GEOTEK Multi-Sensor
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Fig. 7. A, transition diagram based on statistical inference of transition analysis. Solid arrows indicate preferred primary transitions; dashed arrows

indicate observed primary transitions but statistically insignificant. The size of the arrow indicates frequency of observation. B, reconstructed,

idealized columnar section, before diagenetic alteration. The finely laminated mudstone is not incorporated because its position is uncertain.
Core Logger (MSCL; Fig. 8). Magnetic susceptibility
was measured with a point sensor capable of sampling at
1 cm intervals; thus, each measurement is the averaged
magnetic susceptibility over 1 cm on the cut surface of
the core. High-resolution images of the polished core
surface were created by the GEOSCAN II, a calibrated
color core imaging system that works on GEOTEK
MSCL and collects digital images using a linescan
camera. The data were then analyzed in terms of
redness, greenness, and blueness, expressed as relative
values of red, green and blue. The sampling resolution
again was 1 cm, over which values were averaged.

Multi-Taper method (MTM) power spectra were
estimated on both of the depth-series measurements
(Thomson, 1982) and compared to red-noise significance
levels of 50, 90, 95, and 99% (Mann and Lees, 1996).
Prior to the analysis, outlier values in the depth-series
were eliminated to avoid artifacts (e.g. at 340 cm; see
Fig. 8).

6.2. Results of depth-series measurements

MTM power spectra for the magnetic susceptibility
and redness depth-series are shown in Fig. 9. The data
are presented to a frequency of 0.15 cycles/cm because
although the full (0.5 cycles/cm) spectrum is possible to
display, the lower frequencies are where Milankovitch
cyclicity should appear, barring extraordinarily low
(!0.67 cm/1000 yr) sedimentation rates. Moreover, in
the higher frequencies, small changes in sedimentation
rate would obscure the signal. Our interpretation,
therefore, rests on the more robust low frequency peaks.
Within this range, four significant cycles in common
between the magnetic susceptibility and redness depth-
series are recognized at the 90% significance level; these
cycles have wavelengths of 243 cm (0.0040 cycles/cm),
74 cm (0.0135 cycles/cm), 12 cm (0.0833 cycles/cm), and
7 cm (0.1441 cycles/cm).

Moreover, there are several significant peaks in the
susceptibility spectrum not shared between the two
spectra. Within the magnetic susceptibility spectrum,
these include 43 cm (0.0234 cycles/cm), 23 cm (0.0435
cycles/cm), and 14 cm (0.0723 cycles/cm), to name the
most significant. Within the redness spectrum, these
include 16 cm (0.0625 cycles/cm) and 9 cm (0.1104
cycles/cm).

Although the two depth-series measurements exhibit
common frequency peaks in their power spectra, some



164 Y. Kashiyama et al. / Cretaceous Research 25 (2004) 153e177
-2
-1
0
1
2
3
4
5

0 100 200 300 400 500 600 700 800 900
Depth (cm)

A

M
ag

ne
tic

 S
us

ce
pt

ib
ili

ty
 (

SI
)

0.36

0.38

0.4

0.42

0.44

0.46

0 100 200 300 400 500 600 700 800 900
Depth (cm)

B

R
G

B
 R

ed
ne

ss
 R

at
io

Fig. 8. Untreated depth-series measurements of (A) magnetic susceptibility and (B) redness (RGB). Measurements taken from 3.80e13.90 m; Zones

27e38 (Fig. 3). Sampling at 1 cm intervals. Depth measurements renumbered 0e900 cm for ease in identifying and calculating peaks.
differences exist. To separate the three significant peaks
from other signals, the magnetic susceptibility and
redness raw data were low-pass filtered (Gaussian filter)
with a frequency cutoff of 0.05 cycles/cm, which is
slightly higher than the frequency of the highest-
frequency peak (Fig. 10). The correlation coefficient of
the filtered depth-series was 0.121, indicating that the
two low-passed depth-series are quite dissimilar. The
need for the two filters affirms that despite sharing
identical significant peaks, certain fundamental differ-
ences exist between the magnetic susceptibility and
redness spectra (Fig. 10).

Some of the dissimilarity between the redness and the
magnetic susceptibility spectra is attributable to noise.
Kashiyama (2001) sequentially introduced random noise
into sample time-series of known frequency, reproduc-
ing offsets between the filtered spectra similar to the type
observed here.

Nonetheless, the differences between the filtered
redness and magnetic susceptibility spectra may repre-
sent legitimate variations in different depositional
parameters in the rock. To fully interpret the meaning
of the different spectra, therefore, we need to deter-
mine if the spectra can be linked with lithological
variation(s).

We postulate two types of variation within these
sedimentary rocks: visible and invisible. Visible varia-
tions include changes in texture and fabric, which can be
seen as laminae, bedding, or changing lithofacies. Minor
changes in mineralogy or chemistry that could occur
through the stratigraphic unit independent of apparent
lithology, might be invisible.

Clearly, redness is a visual measurement. On the
other hand, magnetic susceptibility possibly reflects
invisible lithologic variations, such as variations in
sedimentation rates. We therefore used multiple linear
regression analysis to estimate the degree of association
of the two depth-series (magnetic susceptibility and
redness) to the stratigraphic distribution of different
types of microfacies.

6.3. Multiple linear regression analysis

If each microfacies uniquely contributes to each
depth-series measurement of stratigraphic position, then
each must linearly contribute to the depth-series
depending on its thickness (redness) or volume (mag-
netic susceptibility). Thus, variations in the depth-series
must have some relationship to variations in these
parameters of different microfacies within any given
interval of measurement (Fig. 11).

For the multiple regression analysis, the average
value in each 5-cm interval of the depth-series measure-
ment was set as the dependent variable. Independent
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Fig. 9. Multiple-taper power spectra of magnetic susceptibility (upper spectrum) and redness (lower spectrum) with significance levels of 50, 90, 95,

and 99%. Three 2p tapers were used. Peaks discussed in text are highlighted. Numbers at the top are wavelengths (cm) of significant cycles. Data

were de-trended and outliers discarded before generation of power spectra.
variables are thickness or volume of different microfa-
cies and the number of serrate stylolites in the same
5-cm interval. Serrate stylolite frequency is incorporated
because serrate stylolites are common features through-
out the rock unit and possibly associated with both
magnetic susceptibility (by concentration of magnetic
minerals along stylolite planes) and redness (by their
reddish appearance due to hematite staining; Fig. 11).
The regression model is written as:

MðdÞ ¼ b0Cb1!v1ðdÞCb2!v2ðdÞC/Cbn

!vnðdÞCbnC1!fðdÞCeðdÞ
¼ b0C

X
i¼1

bi!viðdÞCbnC1!fðdÞCeðdÞ

whereM(d ) is depth-series measurement at depth d, vi(d )
is the thickness of microfacies i and f(d ) is the frequency
of serrate stylolites in the interval at depth d, bi is the
regression parameter, and e(d) is the error component at
depth d. An R2-value calculated from the regression for
each depth-series indicates the degree of fit to the model
(Table 4). The thickness of microfacies and stylolite
frequency were taken from the 1.75 m micro-columnar
section (Section 1) used in the transition analysis.

The results (Table 4) suggest that the two depth-series
measurements represent different signals in the rock
unit. More than 60% of the variation of redness is
explained by variation in the lamination, whereas mag-
netic susceptibility variation is poorly associated with
the microfacies. Therefore, the depth-series of magnetic
susceptibility is likely to be associated to invisible
variation, such as sedimentation rate, within the rock.

It would seem as if the magnetic susceptibility
measurements tracked hematite staining within the
limestones. Kashiyama (2001) analyzed first the magne-
tization intensity of canted antiferromagnetic minerals
in samples from various horizons (the so-called H
parameter, that is an approximation of hematite
concentration; see King and Channell, 1991) and
second, magnetic susceptibility. These two parameters
are not systematically related in Tepexi samples, in-
dicating that hematite concentration is not a major
controlling factor of magnetic susceptibility at Tepexi.

7. Discussion

7.1. Interpretation of the cyclicity

We inferred that in a time-averaged sense, sedimen-
tation was constant and that diagenesis, in the form of
stratigraphic condensation, affected most parts of the
Tepexi limestones equally. These are reasonable as-
sumptions based upon the macroscopic lithological
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Fig. 10. Low-pass filtered (Gaussian filter) depth-series measurements of magnetic susceptibility and redness. All values normalized for comparison.
repetition preserved at Tepexi (and the microscopic
facies analysis carried out during the course of this
study). These assumptions enable us to treat the two
depth-series as a (relative) time-series. Thus, even in the
absence of external time indicators (such as absolute
ages), any unique combination of observable repetitive
patterns, unique frequency ratios, or ratios of cycles that
we observe could imply unique, recognizable, external
forcing mechanisms (e.g. tides, seasonality, sunspot
cycles, or Milankovitch forcing). Identification of
a unique forcing mechanism would constrain the time
involved in the sequence, and hence, sedimentation rate.
Thus, spectral analysis has a reasonable potential for the
reconstruction of sedimentary environments even in the
absence of absolute ages.

The cyclicity discerned from the depth-series analyses
may be primary or secondary; however, we have shown

Fig. 11. Schematic diagram showing correspondence between spectral

values, and microfacies successions and stylolite contacts, tested in

5 cm increments. Left side of diagram reflects averaged spectral value

(either magnetic susceptibility or redness) for each 5-cm interval. Right

side of diagram indicates proportion of microfacies types and number

of stylolite contacts for corresponding 5-cm interval. In regression

analysis, averaged spectral values were treated as dependent variables;

averaged microfacies compositions and stylolite contacts treated as

independent variables.
that a diagenetic origin of the cyclicity is unlikely. If
diagenetic fabrics were randomly distributed, they
would cause random noise in the spectral data but
would not modify pre-existing cyclicity. Even if the
distribution of diagenetic fabrics had a repetitive pattern
in its distribution, it should reflect the primary pattern
because the fabric of the original rock would have likely
guided their distribution (e.g. Bathurst, 1975). For
example, the precipitation of, and consequent staining
by, hematite is a possible contribution to both redness
and magnetic susceptibility, but its distribution is clearly
controlled by pre-existing primary lithology. Thus, we
look to some primary mechanism, reflective of sedimen-
tation, as driving the repetitive signals.

Milankovitch cyclicity. The ratio of cycles (i.e. inverse
of frequencies; l ¼ 1=f ) of the cyclic components
identified in this core is concordant to the ratio of
Milankovitch orbital signals. Berger et al. (1989) esti-
mates Milankovitch cyclicities for six Phanerozoic time
intervals. We used his data to linearly interpolate values
for the mid-Cretaceous Milankovitch cyclicity values
applied here (Appendix, section 2). With eccentricity
effectively unchanged on these timescales (Berger et al,
1989), these values are, for obliquity, 38.5 kyr and for
precession, 22 and 18.5 kyr. Two attributions of the peak
frequencies to Milankovitch cyclicity are reasonable.

Interpretation 1. If the 243 cm and 74 cm cycles are
interpreted as reflecting, respectively, the 400 kyr and
123 kyr cycles of eccentricity, the 12 cm cycle can be
attributed to precession (18.5 kyr), and 7 cm cycle would
represent the semi-precession signal (11 kyr), a signal
that is well-known in equatorial regions (Short et al.,
1991; Crowley et al., 1992; Park et al., 1993; Hagelberg
et al., 1994; Rutherford and D’Hondt, 2000). The 23 cm
cycle, one of the most significant cycles in the suscep-
tibility depth-series, would be attributable to obliquity
(38.5 kyr). A number of cycles present in the core, how-
ever, such as 14 cm, 10.5 cm, and 8 cm cycles in magnetic
susceptibility spectrum and 16 cm and 9 cm cycles in
redness spectrum, cannot be explained in terms of
Milankovitch cyclicity in this interpretation. Moreover,



Table 4

Results of multiple line microfacies and stylolite frequencies. The independent variables that were not

statistically associated to ll possible independent variables, the variable with largest P-value is eliminated,

and regression was re-ca associated to the dependent variable at 90% confidence

A. Magnetic susceptibili

N ¼ 35 R R R2 Std. error

0.5 0.80155 0.64248 3.97E�03

(Corrected R)/ (0.4 )/ (0.71678) (0.51377)

Indep. variable Co ble Coefficient 95% Conf. Std. error T-value Prob: > KTK

B �8 �7.40E�02 3.42E�02 1.66E�02 �4.45658 0.00015

P e �4.25E�02 3.87E�02 1.88E�02 �2.26036 3.28E�02

W e �7.43E�02 3.69E�02 1.79E�02 �4.14613 3.40E�04

M-f �7 �2.45E�02 2.80E�02 1.36E�02 �1.79934 0.08404

M e e e e e e

M-l e �3.48E�02 3.75E�02 1.82E�02 �1.90964 6.77E�02

Sp e �3.39E�02 3.49E�02 1.70E�02 �1.99724 5.68E�02

Sa-ms e e e e e e
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Sm e �2.76E�02 2.61E�02 1.27E�02 �2.17771 3.91E�02

Serrate stylolite 1.2 lite e e e e e

(Const.) �1 0.4242

(Analysis of variance) variance)

Sum Sum of squares d.f. Mean SS F-value Prob: > F

Regression 1.5 7.07E�04 9 7.86E�05 4.99184 6.75E�04

Residual 4.3 3.93E�04 25 1.57E�05

Total 5.8 1.10E�03 34 3.24E�05

1
6
7

Y
.
K
a
sh
iy
a
m
a
et

a
l./

C
reta

ceo
u
s
R
esea

rch
2
5
(
2
0
0
4
)
1
5
3e

1
7
7

ar regressions of (A) magnetic susceptibility and (B) redness on thickness or volume of

the dependent variable were excluded from the multiple regressions. After regressing on a

lculated. This procedure was repeated until all the remaining independent variables were

ty B. Redness

R2 Std. error N ¼ 35
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Fig. 12. Mid-Cretaceous paleogeography after Hay et al. (1999). Arrows indicate possible monsoon influence to the equatorial oceans.
this interpretation requires a sediment-accumulation
rate of about 0.6 cm/kyr, which is an unusually low
value for a non-abyssal basin (Conglio and Dix, 1992).

Interpretation 2. Alternatively, if the 243 cm cycle is
interpreted as eccentricity (123 kyr) and the 74 cm cycle
is attributed to obliquity (38.5 kyr), then the 43 cm and
23 cm cycles of within the magnetic susceptibility
spectrum are well-correlated with precession (22 kyr)
and semi-precession (11 kyr). Here, all significant cycles
shorter than 23 cm are difficult to interpret. This inter-
pretation gives a sediment-accumulation rate of 2.0 cm/
kyr. We prefer this interpretation because (1) only the
four lowest frequency peaks that are significant (90%)
are used for the argument. With no age control in the
package, these low-frequency cycles are robust given the
possibility of variations in sedimentation rate; (2) among
them, the two lowest peaks (0.0040 and 0.0135 cycles/
cm) are sharp and give a particularly good fit; and (3)
this interpretation yields a reasonable rock accumula-
tion rate. In the absence of other means of dating, these
sedimentary laminae, sedimentation rates are the best
criteria available to constrain interpretations.

7.2. Model for Tepexi Milankovitch cyclicity

Sedimentation is an episodic process, and largely
takes place during storm events (e.g. Dott, 1983). The
variation of major storm frequency is a function of
seasonality, which can be a straightforward consequence
of variations in global insolation driven by Milanko-
vitch cyclicity (Crowley and North, 1991). The absence
of a strong precessional signal in the Tepexi sedimentary
sequence, however, is unusual compared to records from
Pleistocene sediments attributed to Milankovitch forc-
ing (e.g. Imbrie et al., 1993). Thus, our observations at
Tepexi require explanation.

7.3. Paleogeography

The Cretaceous paleogeography of Tepexi is the key
for understanding the signals (Fig. 12). Two large masses
of continents characterized mid-Cretaceous paleogeog-
raphy: North AmericaeEurasia and South Americae
Africa. Those continents were distributed symmetrically
around the equator (Hay et al., 1999), and consequently,
Tepexi was located equatorially, approximately between
the two. Because those continents occupied large areas in
middle-to-high latitudes, they should have significantly
influenced monsoons at their equatorial margins. Milan-
kovitch effects are known to cause periodic variations in
seasonal temperature in continents spanning equatorial
to middle-to-high latitudes, resulting in Milankovitch-
driven monsoon intensities (Crowley and North, 1991).

In the case of Tepexi, the seaway between the con-
tinents was so narrow (Hay et al., 1999) that the equato-
rial region could have experienced monsoons from both
of the continents. Milankovitch-driven fluctuations in
monsoonal wind, rain, and temperatures would have
been transmitted to the tropical region from higher
(continental) latitudes, and monsoonal intensities would
have been maximized by temperature differentials be-
tween, for example Northern Hemisphere summers and
Southern Hemisphere winters (and vice versa). Because
storm-induced sedimentation should be affected by
monsoonal variations, we postulate below how the
depth-series signals obtained at Tepexi can be explained
by this process.
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Fig. 13. Monsoon intensity driven by precessional forcing. Offset precessional cycles (dashed and dotted lines) combine to produce an apparent semi-

precessional cyclicity (thick, gray line).
7.4. Milankovitch signals

Eccentricity signal. The signal attributed to eccentric-
ity may be enhanced by the modulation of precession by
eccentricity (Short et al., 1991; Crowley et al., 1992;
Rutherford and D’Hondt, 2000). The unusual paleo-
geographic setting of Tepexi and the potential double-
monsoon could amplify the eccentricity signal at Tepexi.

Obliquity signal. The impact of obliquity on seasonal
insolation is larger in higher latitudes and varies
synchronously in the Northern and Southern Hemi-
spheres; the amplitude of seasonal temperature variation
is greater in higher latitudes of both hemispheres when
the obliquity is greater, and vice versa.

The strong obliquity signal observed is consistent
with a double-monsoon climatic response in tropical
regions. The monsoon is partially driven by heating at
higher latitudes where obliquity (modifying insolation)
has the most impact. By contrast, this signal has little
impact in equatorial regions. Because the climatic
variation attributable to obliquity would have been
synchronous between the Northern and Southern Hemi-
spheres, at Tepexi the obliquity signal would have been
amplified via the double-monsoons.

Precessional and semi-precessional signals. Semi-
precessional signals in equatorial regions have conven-
tionally been attributed to the alignment of both
equinoxes with perihelion over one precessional cycle.
The preservation of such semi-precessional cyclicity in
the sediment may be a consequence of semi-annual
cycles of insolation caused by the twice-yearly passage
of the sun across the equator (Short et al., 1991; Crowley
et al., 1992; Berger and Loutre, 1997). Such semi-annual
cycles are observed in modern equatorial oceans that
undergo semi-annual sea-level variations (Meyers, 1982;
Molfino and McIntyre, 1990) and/or semi-annual heat-
storage variations (Merle, 1980), both of which can be
affected by precessional forcing.

Precession is associated with seasonal changes and,
therefore, its effects, such as maximum temperature
range, are 180( out of phase between the Northern and
Southern Hemispheres (Short et al., 1991). Seasonal
temperature response is more significant on the con-
tinents, especially in the case of precession-driven changes
(Short et al., 1991).

The precessional signal differs dramatically from the
obliquity signal. Precession strongly influences monsoon
fluctuations, and naturally a strong signal should affect
the equatorial region in the form of variations in the
magnitude of monsoons through time. The annual cycle
of monsoons from the northern continent and southern
continent are shifted by a half-year. Because the impacts
of precession on the two continents are opposite, the
strongest monsoon on a continent comes one half-
precession-period after the strongest influence from the
other continent (Fig. 13). Therefore, monsoonal varia-
tions under conditions of the double-monsoon should
produce an apparent semi-precessional cyclicity, in
reality composed of two precessional cycles. This unique
situation would give the appearance of the absence of
a (conventional) single precessional cycle.

8. Constraining Tepexi paleoenvironments

8.1. Previous models

Several authors have attempted to interpret the paleo-
environments of Tepexi. Martill (1989) interpreted the
lamination as possible micro-turbidite deposits during
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storms, comparable to the lagoonal setting proposed for
the Solnhofen limestone (Barthel, 1970, 1972). The
paleoenvironmental model of Applegate (1987) was also
based on comparison to Solnhofen. He suggested a small
basin with a closed embayment in a nearshore environ-
ment, with water depths ranging from 10 m to 50 m.
Based upon the occurrence of fish of presumed reef
origin, Malpica-Cruz et al. (1989) and Pantoja-Alor
(1992) proposed that Tepexi represents a lagoonal
intertidal zone behind a barrier reef, connected to the
open sea. Finally, Espinosa-Arrubarrena and Applegate
(1996) presented an updated model of Applegate (1987).
They proposed a double-enclosed lagoon behind the
barrier reef in which the sedimentary environment of
Tepexi was regarded as an extremely shallow (2 m),
closed lagoon with stagnant, anaerobic, and hypersaline
water. This lagoon was presumed to have been bounded
on one side by semi-arid land and on the other side by
a barrier bordering a deeper, better-oxygenated lagoon
with high biodiversity (e.g. the ‘‘bio-rich lagoon’’ of
Espinosa-Arrubarrena and Applegate, 1996, p. 548).

None of these models adequately explains the
deposits at Tepexi; in most cases, our detailed observa-
tions do not corroborate those of previous authors. All
of the models are rooted in the bimodal Solnhofen flinz
and fäule paradigm. In the Solnhofen flinz and fäule
model, fäule (clay-rich micrite) and flinz (pure micrite)
were deposited in couplets reflecting times of land-
originated clay and allochthonous carbonate mud
deposition, storms, and stagnation with salinity strati-
fication (Barthel, 1970, 1972). The microfacies analysis
shows that the flinz and fäule couplets that form the
basis of the Solnhofen model do not occur at Tepexi,
where the laminations do not occur as couplets and
a fäule-like lithology does not exist.

Furthermore, all these models call for relatively
shallow basins, ranging from 50 (Applegate, 1987) to
2 m (Espinosa-Arrubarrena and Applegate, 1996), an
interpretation in part based upon the observation of
supposed desiccation cracks (Malpica-Cruz et al., 1989;
Pantoja-Alor, 1992). We do not see convincing evidence
of desiccation cracks (e.g. polygonal structures in plan
view; thin, isolated clay layers that curl at the edges);
rather, the cracks that we observe are more likely
synaeresis cracks resulting from dewatering during early
diagenesis (e.g. Tucker, 2001). Pantoja-Alor (1992) also
recorded the presence of caliche, an observation that we
could not duplicate. Seibertz and Buitrón (1987b) and
Applegate (1987) interpreted thin reddish clayey ‘‘lami-
nae’’ as algal mats.We observed no evidence of algal mats
or subaerial exposure, and suggest that perhaps these
authors were interpreting the hematite-stained, serrate
stylolites as algal mats. Finally, Espinosa-Arrubarrena
and Applegate (1996) interpreted the basin as shallow
because of the partial disarticulation of a crocodilian.
However, a variety of factors, biotic and abiotic, might
cause partial disarticulation. Indeed, the claim that the
‘‘lagoon’’ was at once anaerobic and extremely shallow
(Espinosa-Arrubarrena and Applegate, 1996) appears
antithetical. The absence of sedimentary structures
attributable to traction transport requires that these
features were deposited below storm wave base.

Although Espinosa-Arrubarrena and Applegate
(1996) paid attention to the mixing of assemblages from
different environments, their model does not reasonably
explain the origin and transportation of some assemb-
lages. Presumably pelagic species of ammonites, belemn-
ites, Sargassum-like algae, free-living crinoids and fishes
of O30 cm in length (Espinosa-Arrubarrena and Apple-
gate, 1996; Applegate, 1996) are not negligible in weight,
and their transportation across a barrier into a shallow
double-bounded lagoon without disturbance of the bot-
tom sediment is not plausible. The absence of traction
transport-based sedimentary structures at Tepexi sug-
gests that either the deposit occurred below wave base
(e.g. it was not particularly shallow) or it was not subject
to waves that could move large fishes, crocodilians, and
pterosaurs.

Finally, from a taphonomic standpoint, a very
shallow Tepexi sedimentary environment (ca. 2 m)
would be unlikely to preserve intact fossils of vertebrates
under conditions of slow, lagoonal sedimentation as
reconstructed for Solnhofen (Barthel et al., 1990). In
basins shallower than 8 m or warmer than 16 (C
(conditions which would apply in the case of the
Espinosa-Arrubarrena and Applegate, 1996 model),
dead bodies of vertebrates commonly float as a result
of gases from decay and eventually rupture (Elder, 1985;
Elder and Smith, 1988), a process that prevents
preservation of complete specimens. Therefore, Tepexi
must have involved either a rapid sedimentation or
a basin environment well below wave base.

8.2. Potential environmental models for Tepexi:
Breaking away from the Solnhofen model

Fine-grained sediments with small-scale (laminated)
fining-upward sequences, such as we observe at Tepexi,
are commonly associated with localities showing excep-
tional fossil preservation (i.e. the so-called ‘‘Konservat
Fossil-Lagerstätten’’ of Seilacher, 1970; see Feldman
et al., 1993). As noted by Feldman et al. (1993),
however, fining-upwards laminations are not uniquely
diagnostic for a particular environment. Nonetheless,
the potential range of environments that can preserve
fining-upwards laminations is comparatively limited.
These include (1) tide-influenced shallow water environ-
ments (Feldman et al., 1993); (2) offshore shelf environ-
ments, which may produce storm-induced suspension
deposits (the ‘‘rhythmites’’ of Reineck and Singh, 1972);
and (3) environments that produce fining-upwards
laminations on a yearly basis (e.g. varves). Below, we
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examine these three classes of deposits in the context of
what we now know about Tepexi.

Tidal deposits. Feldman et al. (1993) discussed in
detail exceptional fossil preservation in deposits that
they reconstructed as shallow water and tidally influ-
enced. In their model, the fining-upwards laminae
formed under tidal influence in the relatively shallow
waters of a variety of coastal or estuarine environments.
Sediments are carried into the basin by each tide (ebb,
flood, or both), and thus, optimally, every tidal event
forms a lamina (Feldman et al., 1993). Fossil preserva-
tion would have been enhanced by extremely high
sedimentation rates. A number of extraordinary Car-
boniferous fossil localities have been characterized in
this way, including Mazon Creek and related locales, the
Hamilton Quarry of Kansas, the Kinney Brick Com-
pany Quarry of New Mexico (Nitecki, 1979; Baird et al.,
1984, 1986; Kues and Lucas, 1992; Lorenz et al., 1992;
Zidek, 1992; Feldman et al., 1993; Archer et al., 1996;
see also Babcock et al., 1998).

As noted by Feldman et al. (1993), tidal laminations
are characterized by diagnostic features including: (1)
thickethin pairs resulting from either ebbeflood cycles
or daily inequality in a semi-diurnal system; (2) gradual
thickening and thinning of laminae resulting from
neapespring cycles, with either a period of approxi-
mately 15 laminae in a diurnal system or 30 laminae in
a semi-diurnal system (Feldman et al., 1993; see also
Brenner et al., 2000).

This model, while superficially very attractive for
Tepexi, does not match our observations. Thickethin
laminated couplets were not observed by us, nor have
ever been reported by others from Tepexi; regardless, the
ubiquitous evidence of dissolution suggests that inter-
pretations based upon thickness alone are not robust in
the Tepexi sequence. Neapespring cycles recorded in the
sediment could have been detected by the spectral
analysis. For example, because 26e30 neapespring
cycles are expected in a year (Feldman et al., 1993), if
some annual cycle was preserved, we would expect two
cyclicities whose frequency ratios are 1:26e30. However,
such significant cyclicity as is observed in the Tepexi
sequence is not concordant with that ratio.

Another problem with this model arises with the
calculation of sedimentation rates. If the hypothesis that
Milankovitch cyclicity as reflected in this sedimentary
record is accepted, then it allows an estimation of a rock
accumulation rate for the interval studied. Using the
frequency of obliquity, which is empirically known to be
the most constant among Milankovitch signals (Imbrie
et al., 1993), an average of 2 cm of rock thickness per
thousand years is suggested. The actual sedimentation
rate must have been greater than this, given the ubiquity
of stylolites and other pressure-solution indicators in
this rock. Even recognizing that actual sedimentation
rates must have been higher, our calculated rock accu-
mulation rate is too small for formation of tidal lami-
nation (O1 cm/week in sedimentation rate; Feldman
et al., 1993). Considered in another way, it would take
orders of magnitude greater thickness than we have
observed to reveal peaks on Milankovitch timescales, if
tidal sedimentation rates were operative at Tepexi.

Nonetheless, some characteristics of tidal deposits
suggested by Feldman et al. (1993) coincide with the
fossil preservation of Tepexi very well. Tidal deposits
generally contain both terrestrial and marine assemb-
lages. Feldman et al. (1993) suggested that rapid
sedimentation rates may have allowed preservation of
soft as well as hard tissues, by inhibiting benthic
scavenging due to high sedimentation rate, the potential
for high salinity fluctuations, and pore-water anoxia.
Indeed, there is some anecdotal evidence that the Tepexi
invertebrate and fish fauna is a relatively low-diversity
and high-abundance fauna, suggesting stressed bottom
conditions (Applegate et al., 2000). This observation is
potentially an area for fruitful further investigation.

Finally, we should note that the lack of distinctive
rhythmic sedimentation diagnostic of tidally driven
deposition does not necessarily preclude the possibility
of tidal influence on the sedimentation of Tepexi. In
fact, published descriptions of tidal deposits suggest that
such sections commonly lack rhythmicity, and that
interpretations are based upon very limited outcrops
(Kuecher et al., 1990; Feldman et al., 1993).

Storm-induced suspension deposits. Fining-upwards
laminae are also reported among muddy sediments in
shelf environments deeper and more offshore than the
tidally influenced environments described above (Hayes,
1967; Reineck et al., 1967, 1968; Gadow and Reineck,
1969; Reineck and Singh, 1971). Reineck and Singh
(1972) provided examples of fining-upwards silt-sand
laminae (which they termed ‘‘rhythmites’’) and sandy
laminae, from the modern siliciclastic shelf environments
and suggested that these arose from suspension settling
due to retreating, storm-generated currents. These
laminations may thus be seen as an offshore or deeper
extension of hummocky cross stratification, though
resulting from mechanically distinct processes (Dott and
Bourgeois, 1982). Suspension-settling after the retreat of
storm-generated currents could operate along distal
shelves, in deep oceanic basins, and in intracratonic seas.

In modern carbonate environments, alternating layers
of thinly bedded, fine-grained turbidities and carbonate
ooze are reported from basins adjacent to carbonate
slopes in the Bahamas (Conglio and Dix, 1992). Like-
wise, Conglio and Dix (1992) reported a distal slope
setting that includes intermixed platform-derived and
pelagic carbonate muds (‘‘periplatform ooze’’). These
muds lack distinct bedding, possibly as a result of
extensive bioturbation (Conglio and Dix, 1992).
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Sedimentation rates in slopeebasin settings are
relatively low. Sedimentation rates of 1e3 cm/kyr (but
up to 60 cm/kyr in Tongue of Ocean) have been
reported (Conglio and Dix, 1992). In this regard, the
rock accumulation rate calculated for Tepexi is a reason-
able fit. Because the thickness of most of the laminae of
Tepexi range between 0.5 and 2 cm (in a condensed
section), sedimentation must have been episodic and
induced only by major storms.

If Tepexi corresponds to a distal-shelf-to-basin, or
intracratonic environment, the sedimentation rate may
have been so low that environmental stress (different
from that found in tidally produced deposits) may have
caused the extraordinary fossil preservation. Establish-
ment of anaerobic or dysaerobic conditions in deep
water could be a possible explanation. Davis and Byers
(1989) ascribed the preservation of millimeter- to
centimeter-scale graded sandstone beds in the Lower
Cretaceous Mowry Shale of Wyoming, to oxygen-
depleted bottom conditions that prevented bioturbation
by benthic organisms. From this standpoint, the
preservation of laminae themselves may indicate stress-
ful conditions that inhibited bioturbation even over
relatively long timescales. The Mowry Shale formed in
an intracratonic sea, a setting that cannot be ruled out
for Tepexi, because other aspects of the geological
setting are so poorly constrained.

The most significant problem with explaining Tepexi
via storm-induced suspension deposits in the distal parts
of shelves, oceanic basins, or in intracratonic seas (below
wave base) is a lack of any reasonable explanation for
transportation of terrestrial organisms into such a distal
offshore environment without significant disarticulation.
However, proximity to the coast cannot be predicted
and in modern settings, distal-shelf and basin sedimen-
tation is usually located more than 10 km from the
coastline (Conglio and Dix, 1992). This observation
makes the abundance of terrestrial organisms at Tepexi
difficult to explain via this model.

One can imagine a carbonate depositional environ-
ment developing over re-inundated, rough karst topog-
raphy (Backshall et al., 1979; Dill et al., 1998). A basin
trapping storm-induced suspension deposits fairly close
to a terrestrial source could occur. A deep and steep
depression in proximity to a coastal environment would
receive only occasional storm-induced suspended sedi-
ments and form laminae in the bottom of the de-
pression. If the relict topography were extreme enough,
then the basin could have been protected from physical
disturbance of deposits and the formation of sedimen-
tary structures due to traction transport. Because under
these conditions the basin would have been enclosed,
bottom water might have been poorly mixed, leading to
dysaerobic or anaerobic conditions. These could in turn
have inhibited biological activity and enhanced excep-
tional fossil preservation. Such a basin could have
received a variety of organisms from various environ-
ments including reefs or lands (islands), which poten-
tially could have been adjacent to the basin. Tepexi,
however, shows no evidence of subaerial carbonate
weathering or paleosol development, features typically
associated with significant karst development.

Varves. While varves, annual laminations (Kemp,
1996), are commonly associated with lacustrine environ-
ments, they have also been reported from relatively deep,
oxygen-depleted marine environments (e.g. Christensen
et al., 1994; Pike and Kemp, 1996; Schimmelmann and
Lange, 1996). Oxygen-depletion may enhance preserva-
tion in these basins. However, the internal fabric of
laminations in such locations is not very similar to that
observed at Tepexi. Moreover, there is no evidence in
Tepexi of any bacterial contribution (e.g. stromatolites,
birdseye fabric, vughs, ‘‘crinkly’’ laminated mats com-
monly ascribed to bacteria; see Bathurst, 1975) to the
laminae. The varve model is problematical because if the
preservation of Milankovitch cyclicities in Tepexi is
true, the suggested rock accumulation rate (2.0 cm/kyr)
is too low for varves (0.5e2 cm/yr) if each layer
represents a year).

9. Conclusion

Our study of Tepexi de Rodrı́guez leads us to an
interpretation of the paleoenvironments that differ
significantly from those previously entertained. The
petrologic and transition analyses reported here reveal
recurring upward-fining sequences. Significantly, such
sequences are typically composed of grainstones at the
base, grading into mudstones, suggesting that each
lamina was deposited under decreasing levels of water
energy within the sedimentary basin. A repetitive,
episodic, depositional setting is thus indicated.

Spectral analysis of depth-series measurements sug-
gests that there are three variations of cyclic signals
preserved in the rock, and an interpretation of
Milankovitch cyclicity is concordant with these. A
consequence of this, however, is the suggestion that
Tepexi sedimentation occurred quite slowly.

We reject the idea that Tepexi represents a lagoon as
has been proposed for Solnhofen, because, among other
reasons, our observations in Tepexi simply do not match
the descriptions of Solnhofen lithologies. Likewise,
despite superficially attractive lithologic similarities
between Tepexi and the (predominantly) Carboniferous
paleoenvironments reconstructed as tidally influenced
(e.g. Feldman et al., 1993; Archer et al., 1996), the
preservation of Milankovitch cyclicity at Tepexi pre-
cludes tidal sedimentation rates. A basin with deep
depressions in a carbonate environment such as might
develop over inundated karst topography could be
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indicated; however, there is no evidence for subaerial
exposure in Tepexi (e.g. Estaban and Klappa, 1983). It
remains conceivable, but not demonstrable, however,
that the entire Tepexi Basin formed within a depression
in a karst terrain. If true, Tepexi limestones would be
a highly localized deposit.

All evidence suggests that Tepexi was once a fully
marine depositional basin that never underwent sub-
aerial exposure. While the Tepexi environment must
have been one of almost exclusive carbonate production
and/or sedimentation, the very few intercalated clay-
rich layers (e.g. Fig. 3) may, as noted by Espinosa-
Arrubarrena and Applegate (1996), have weathered
from nearby highlands and been deposited into the
Tepexi Basin during particularly intense storms.

The absence of sedimentary structures indicating
traction transport indicates that the bottom of the basin
was well below wave base. If low sedimentation rates are
indeed called for, then absence of significant bioturba-
tion as well as the superb, articulated preservation of the
fossils, suggests that biotic degradation was inhibited
(Elder, 1985; Elder and Smith, 1988) and that the
bottom waters may have been dysaerobic, anaerobic, or
possibly hypersaline (a conclusion also reached by
Espinosa-Arrubarrena and Applegate, 1996).

All these lines of evidence suggest a localized marine
environment below wave base. Candidates might include
regions along a shelf, or perhaps in an intracratonic sea,
that receive storm-induced suspended sediment. Based
upon the rich fossil biota, however, land was nearby, and
by a quirk of geography that we may never be able to
reconstruct, the location was such that a terrestrial biota
had access to the depositional basin.
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Appendix

1. The transition analysis used here is analogous to
ordinary Markov analysis in sedimentary succession
(Carr, 1982), but involves an extra dimension: contact
types between successive units. The additional term
requires that the succession needs to be analyzed in
a three-dimensional matrix rather than two (cf. Carr,
1982). Because transitions from one primary microfacies
to the same primary microfacies with a primary contact
are impossible (they could not be observed), the three-
dimensional matrices used here contain structural zeros.
For this reason, a log-linear model is required to
calculate the matrices for random transitions (i.e.
a model of quasi-independence; Tables 2B, 3B; Carr,
1982). Deviation from the model of quasi-independence
suggests non-random (e.g. ordered) sequences. The
observed matrices (Tables 2A, 3A) are then tested in
a stepwise manner using chi-square statistics against the
theoretically generated quasi-independent matrices (i.e.
Tables 2C, D and 3C, D; Brown, 1974; Carr, 1982) to
obtain statistically significant transitions.

Elaboration of multi-dimensional models of quasi-
independence is found in Fienberg (1980). Below is an
explanation for the specific model used in this study.
Terminology and notations used here are after Fienberg
(1980).

Quasi-independent log-linear model
The general log-linear model for a three-dimensional

contingency matrix is stated as:

log mijk ¼ uCu1ðiÞCu2ðjÞCu3ðkÞCu12ðijÞ

Cu13ðikÞCu23ðjkÞCu123ðijkÞ
ðaÞ

where

mijk: expected cell value in I!J!K contingency matrix

X
d
ð23Þ
i !u1ðiÞ ¼ / ¼

X
d
ð3Þ
ij !u12ðijÞ

¼ / ¼
X

dijk!u123ðijkÞ ¼ 0
ðbÞ
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with

dijk ¼
1; if ði; j; kÞ˛S;

0; otherwise

(

d
ð3Þ
ij ¼

1; if dijk ¼ 1 for some k;

0; otherwise

(

d
ð23Þ
i ¼

1; if dijk ¼ 1 for some ð j; kÞ;

0; otherwise
; etc:

(
ðcÞ

u-terms in the equations above represent various
effects of grand total (‘‘u’’) and row, column, and layer
totals; for example, ‘‘ui’’ is the effect of row total; ‘‘uij’’ is
the interaction of row and column totals; and ‘‘uijk’’ is
the interaction of row, column, and layer totals. S
represents the cells with observed and expected values
(e.g. those values that do not include structural zeros).

Various log-linear models with unique conditions
(various degrees of quasi-independence) can be defined
by setting a set of u-terms in Eq. (a) equal to zero. Thus,
the log-linear model under the condition of complete
quasi-independence (all three variables are all indepen-
dent each other) can be defined by setting:

u12ðijÞ ¼ u13ðikÞ ¼ u23ðjkÞ ¼ u123ðijkÞ ¼ 0 ðdÞ
This is the right log-linear model for our quasi-
independent estimates because if there are no positively
or negatively preferred transitions (i.e. significant transi-
tion), all three dimensions (microfacies pre-contact,
microfacies post-contact, and type of contact) must be
independent of each other.

The maximum-likelihood estimates of the expected
cell values are thus given by setting parameters as:

miCC ¼ xiCC; mCjC ¼ xCjC; mCCk ¼ xCCk ðeÞ
where miCC, mCjC, and mCCk are row, column and
layer totals of estimated frequencies, respectively; xiCC,
xCjC, and xCCk are row, column and layer totals of
observed frequencies, respectively. Solutions for Eq. (e)
are computed by the following iterative fitting procedure
that is modification of the procedure found in Fienberg
(1980):

m
ð0Þ
ijk ¼ dijk; dijk defined by Eq: ðcÞ ðfÞ

m
ð3vC1Þ
ijk ¼ ðxiCC=m

ð3vÞ
iCCÞm

ð3vÞ
ijk ðgÞ

m
ð3vC2Þ
ijk ¼ ðxCjC=m

ð3vC1Þ
CjC Þmð3vC1Þ

ijk ðhÞ

m
ð3vC3Þ
ijk ¼ ðxCCk=m

ð3vC2Þ
CCk Þmð3vC2Þ

ijk ðiÞ

The cycle in Eqs. (f)e(i) is repeated until the differences
of calculated values in two succeeding cycles become
sufficiently small.
The degree of freedom for the test of the goodness-
of-fit of incomplete I!J!K contingency matrix is
calculated as:

I!J!K� I� J� KC2� e ðjÞ

where e is the number of cells with structural zero.
2. Because Milankovitch cyclicity undergoes minor

secular changes in over geological timescales, mid-
Cretaceous peaks are best matched to mid-Cretaceous
cycles. Berger et al. (1989) provides obliquity and
precessional periods for epochs including Holocene,
Upper Cretaceous, and Lower Permian. From these,
we graphically interpolated mid-Cretaceous astronom-
ical periods for these two cycles. Fig. 14 demonstrates
the technique.
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Tepexi de Rodrı́guez, Puebla, México. In: Arratia, G., Viohl, G.

(Eds.), Mesozoic FishesdSystematics and Paleoecology. Verlag

Dr. Friedrich Pfeil, München, Germany.

Espinosa-Arrubarrena, L., Applegate, S.P., González-Rodrı́guez, K.,
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