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ABSTRACT: Periodicities of 15 cyclic sections of the Cisco Group are
tested through gamma and spectral analyses. The sections are com-
posed of marine and nonmarine carbonate and siliciclastic rocks de-
posited on the Eastern Shelf, north-central Texas, in Late Pennsylva-
nian and Early Permian time. Gamma analysis generates facies-depen-
dent thickness–time conversion factors (g’s) to construct g-corrected
time series, which are more realistic than the uncorrected series ob-
tained by proportional conversion. Positive and stable g’s and im-
proved resolution of the corrected spectra indicate successful g tuning.
On the Cisco spectra, a short-eccentricity peak (95–131 ky) is the most
prominent and persistent; long-eccentricity (413 ky) and obliquity (34
and 43 ky) peaks are persistent, and precessional index peaks (17 and
21 ky) are less persistent. A persistent peak of period ; 50–80 ky may
be a combination tone between obliquity and precessional index cycles.
Non-Milankovitch peaks are sporadic. The validity of gamma and
spectral results is indicated by consistent g-estimated ages among the
Cisco sections and reasonable effective sedimentation rates calculated
on the basis of Milankovitch spectral calibrations. The results, com-
bined with geologic evidence, suggest that the Cisco cyclicity was con-
trolled dominantly by Milankovitch climatic forcing.

INTRODUCTION

Meter-scale depositional cycles are common in the geologic record (e.g.,
Gilbert 1895; Barrell 1917; Wanless and Shepard 1936; Fisher 1964; Grot-
zinger 1986; Goldhammer et al. 1994). High-frequency eustasy has been
demonstrated as an important control on shallow marine and marginal ma-
rine cyclic sedimentation, and are commonly inferred to be related to Mil-
ankovitch climatic cycles (e.g., Fisher 1964; Wilson 1967; Heckel 1986;
Goldhammer et al. 1990). The inference is drawn from Plio-Pleistocene
analogs, which are closely related to Milankovitch cycles (Mesolella et al.
1969; Hays et al. 1976; Kominz and Pisias 1979; Cronin 1983; Imbrie et
al. 1984; Chappell and Shackleton 1986; Berger 1988).

Average cycle period and cycle bundling similar to those of Milanko-
vitch cycles have been used to suggest a Milankovitch origin for high-
frequency eustasy and meter-scale cyclicity (e.g., Fischer 1964; Heckel
1986; Goldhammer et al. 1990). Spectra of cyclic sections that resemble
the Milankovitch spectrum also provide strong support because Milankov-
itch climatic series have unique signatures in time and frequency (e.g.,
Olsen 1986; Hinnov and Goldhammer 1991).

However, a Milankovitch origin for depositional cyclicity remains de-
batable because of the assumptions in these tests, such as a constant sed-
imentation rate for different lithofacies, perfect chronostratigraphic time
scales, equal duration for all cycles, and stratigraphic completeness. Com-
monly, tuning of time series and spectra is also required (e.g., Park and
Herbert 1987; Kominz and Bond 1990; Kominz et al. 1991; Bond et al.
1991; Bond et al. 1993; Herbert 1992; Yang et al. 1995). Moreover, rig-
orous quantitative tests of multiple cyclic sections distributed regionally
and formed in a period of extensive continental glaciation similar to the
Pleistocene have not yet been reported.

This study tests whether Milankovitch signals are present in 15 Cisco
sections. The Cisco cycles were formed by the interplay among high-fre-

quency eustasy and many other autogenic and allogenic processes in Late
Pennsylvanian and Early Permian time when continental glaciation was
active (e.g., Lee 1938; Galloway 1971; Harrison 1973; Crowell 1978;
Veevers and Powell 1987; Boardman and Heckel 1989; Brown et al. 1990;
Yang 1995, 1996; Yang et al. 1998). The Cisco Group is an excellent
record to test for a Milankovitch origin of depositional cyclicity and to
evaluate the roles of various processes in modifying and destroying the
Milankovitch signals, if present, during cyclic sedimentation.

GEOLOGY

Depositional Cyclicity of the Cisco Group

Nonmarine and marine siliciclastic and carbonate rocks of the Cisco
Group were deposited on the Eastern Shelf of Midland Basin in the pa-
leo–equatorial belt (Figs. 1, 2). The shelf dipped gently to the WNW and
was surrounded by structural uplifts in the other directions (Fig. 1B;
Wermund and Jenkins 1969; Brown et al. 1987). The shelf edge aggraded
400 m and prograded 200 km during the Cisco time (Fig. 1C; Brown et
al. 1990).

The study area is ; 300 km by 40 km in the outcrop belt, and ; 100
km by 30 km in the subsurface (Fig. 3). 34 to 43 transgressive–regressive
cycles are delineated on three composite outcrop sections, which are con-
structed from 88 measured sections along three traverses (Figs. 3, 4A, 5;
Yang 1995). Transgressive deposits include delta-plain, marginal marine,
shelf, and basin-slope siliciclastics, and shallow-marine carbonates. Re-
gressive deposits include paleosols, fluvial, deltaic, and shelf siliciclastics,
and subtidal to supratidal carbonates (Fig. 4A; Yang 1996). In the subsur-
face, 68 cycles are delineated in 71 wells on six cross sections (Figs. 3,
4B, 6; Yang et al. 1998). The component lithofacies are similar to those
in the outcrop.

In addition to component lithofacies, Cisco cycles are characterized by
thickness, magnitude, and stacking patterns (Yang 1996; Yang et al. 1998).
Cycle magnitude is defined as the maximum facies shift in a cycle, indi-
cating the extent of marine transgression (Fig. 4A). Three orders of cycles,
termed minor, intermediate, and major, are identified. A major cycle con-
tains one to several intermediate cycles, each of which contains one to
several minor cycles (Fig. 7). In a major cycle, a minor cycle has the
smallest magnitude and the major cycle has the largest magnitude. There-
fore, a minor cycle has shorter duration than the intermediate cycle, which
has shorter duration than the major cycle. Lateral correlation indicates that
minor cycles represent transgressive–regressive events of short duration and
variable areal extent, whereas major cycles represent events of long dura-
tion and shelf-wide extent (e.g., Fig. 6; Yang et al. 1998).

Cisco cyclicity varies along depositional strike and dip. In the outcrop,
cycle continuity is poor because of the proximity to siliciclastic sources.
Cycle abundance is high in the Brazos traverse, where frequent pulses of
local fault-induced subsidence and clastic influx from northern source areas
caused local transgressions and regressions. Cycles are more persistent in
the Colorado traverse, where tectonic stability increases and variability of
clastic influx decreases (Fig. 5; Yang 1995).

Subsurface cycles are well developed, and cycle continuity and abun-
dance are high (Fig. 6; Yang et al. 1998). In the up-dip part, minor cycles
are discontinuous and vary greatly in thickness, and many intermediate
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FIG. 1.—A) Approximate paleogeographic location of Eastern Shelf (hachured area) in the humid zone north of the paleo-equator in the western U.S. during Missourian
and Virgilian time. Land areas (stippled) and continental margins during maximum marine onlap are schematic. Simplified from Witzke (1990). B) Regional tectonic
elements surrounding the Eastern Shelf of Midland Basin, Texas. Outcrop (stippled) and subsurface (hachured) study areas are shown. C) Simplified dip cross section D–
D9 of Brown et al. (1987) showing the stratigraphic architecture of Cisco Group and approximate cross-sectional area of this study.

cycles are fragmentary as a result of fluvial erosion and siliciclastic sup-
pression of carbonate deposition, suggesting dominant autogenic influences.
In the down-dip part, cycles are continuous and consistent in thickness,
indicating diminishing autogenic influences (Fig. 6).

A variety of autogenic and allogenic processes are interpreted through
correlation of cycle character and stacking patterns, and analysis of cycle
symmetry (Yang 1995, 1996; Yang et al. 1998). Cycle absence and ir-
regular variations of cycle character were controlled by local topography,
local fault-induced subsidence, depositional locus switching, and differ-
ential compaction. In contrast, regional cycle continuity and systematic
variations of cycle character were controlled by: (1) high-frequency eus-
tasy controlling the extent and order of regional transgression and re-
gression, (2) regional topography controlling sediment distribution, (3)
timing, type, and amount of sediment supply controlling cycle thickness
and component lithofacies, (4) climatic changes controlling sediment
yield in the source areas, and (5) shelf subsidence controlling cycle pres-
ervation. In summary, high-frequency eustasy was a major control on

cycle formation, although autogenic and allogenic signals are mixed in
the Cisco record (Yang 1996; Yang et al. 1998). Here we present quan-
titative tests for the periodicity of depositional cyclicity and the origin of
high-frequency eustasy.

Three composite outcrop sections and 12 wells are analyzed in our tests
(Figs. 3, 5, 7). Eleven wells penetrate the entire Cisco Group except Well
24. Environmental interpretations are shown as facies curves on a grid with
its vertical axis as thickness and its horizontal axis as environments (Figs.
4, 7). The environments are coded and facies curves are digitized to facil-
itate numerical data processing.

GAMMA ANALYSIS AND SPECTRAL ANALYSIS

The origin of Cisco cyclicity is tested by comparing the periods and
relative magnitudes of Cisco spectral peaks with those of major late Pa-
leozoic Milankovitch peaks predicted by Berger et al. (1992). The multi-
window prolate spectral analysis method of Thomson (1982) is used to
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FIG. 2.—Formal and operational nomenclature,
Virgilian and Wolfcampian Series, Eastern Shelf,
north-central Texas. No vertical scale intended.
Depositional sequences bounded by
unconformities of Brown et al. (1990) are
shown. Modified from Brown et al. (1990).

calculate the Cisco spectra. This method, when applied to the Milankovitch
climatic series of the last 1.3 My, produced Milankovitch peaks of periods
of a wider range than theoretically predicted (Yang et al. 1995). This lim-
itation is important in spectral interpretation.

More importantly, stratigraphic incompleteness and inaccuracy in thick-
ness–time conversion affect spectral analysis. Stratigraphic records in thick-
ness contain erosional and nondepositional surfaces that represent time in-
tervals (Fig. 8A, B). As a result, spectral analysis of a stratigraphic record
in time, with hiatuses, is actually performed on a modified time series,

where the hiatuses are ignored and segments represented by rocks are
pieced together (Fig. 8C).

Thickness-to-time conversion is necessary because Milankovitch cycles
are characterized in time, whereas Cisco cycles are waves in space. The
conversion can be done proportionally by applying a constant sedimenta-
tion rate for the entire section (Fig. 8A, B). The spectrum of the resulting
time series may or may not show indications of Milankovitch signals (e.g.,
Olsen 1986; Hardie et al. 1991; Yang et al. 1995). Nevertheless, because
lithofacies have different sedimentation rates, the true time series of a strati-
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FIG. 3.—Location of outcrop sections in three traverses and wells in six cross sections on the Eastern Shelf. See Figure 1B for study areas.

graphic record will be different from the spatial series and, thus, the spec-
trum of the time series will also be modified (Fig. 8A, B). Although exact
sedimentation rates are difficult to obtain, serious efforts have been made
to achieve a more realistic thickness–time conversion (e.g., Park and Her-
bert 1987; Hinnov and Park 1998).

Gamma analysis of Kominz and Bond (1990) is such an effort (see also
Bond et al. 1991; Kominz et al. 1991). It calculates a conversion factor,
g, for each lithofacies, which is the reciprocal of effective sedimentation
rate that takes into account effects of compaction and diagenesis (Fig. 8).
Assuming that the effective sedimentation rate of a lithofacies is constant
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in all cycles, and that all cycles in a section have equal duration, a group
of linear equations are established to calculate the g’s of individual litho-
facies in a cycle:

n

T 5 g · c j 5 1, 2, . . . , m (1)Ocy i i,j
i51

where m 5 number of cycles, n 5 number of facies in a cycle, i 5 facies
number, j 5 cycle number, Tcy 5 cycle period, c 5 facies thickness, and
in reality, m is usually larger than n.

Unconstrained least-squares regression is used to solve the overconstrai-
ned linear problem in Eq 1. First, the best-fit g’s of the n facies are cal-
culated using all m cycles. Best-fit g’s are those that minimize the varia-
tions in Tcy. Second, the best-fit g’s are substituted into Eq 1 to calculate
the periods of the m cycles, which are different because they are calculated
using fixed, best-fit g’s. ‘‘The cycle with the largest difference from Tcy is
removed, and the entire analysis is repeated using all the remaining cycles
to calculate g values. This procedure is continued until the number of
cycles remaining is equal to the number of facies present’’ (Kominz et al.
1991). In least-squares regression, both gamma assumptions are applied to
calculate the best-fit g’s, but in the removal of cycles, the assumption that
all cycles have equal duration is not applied. The best-fit g’s minimize the
variations in period among all m cycles, but do not produce constant-period
cycles (Kominz and Bond 1992).

The best-fit g’s commonly stabilize after removal of several cycles. The
stabilized g values are then used to calculate the duration of facies i in the
jth cycle:

t 5 g · c (2)i,j i i,j

and the duration of the entire cyclic section (T) is

m n

T 5 g · c (3)O O i i,j
j51 i51

T includes hiatuses associated with incomplete facies in a cycle, but not
hiatuses represented by entirely missed cycles (Sadler 1994).

A facies-dependent (i.e., g-corrected) time series is converted from a
section in thickness by use of Eq 2. A g-uncorrected series is produced by
applying an average g for all lithofacies, which is calculated by dividing
T in Eq 3 by the thickness of the section. Spectra of g-corrected and
uncorrected series are calculated to determine periodicity of the section and
are compared with each other to determine the effects of tuning via the
selected g’s.

Meaningful g’s are identified by two criteria (Bond et al. 1993). First,
all g’s of all the facies must be positive at each iteration of least-squares
regression. Unconstrained least-squares regression can produce negative
and null g’s. They indicate failure of gamma analysis because sedimen-
tation rates of a rock interval cannot be zero or negative, and suggest that
either or both assumptions in gamma analysis are violated. That is, in-
dividual lithofacies constituting the cycles do not have approximately
constant sedimentation rates, and/or the periods of cycles vary over a
wide range. Thus, no positive best-fit g’s can be found to minimize the
difference in duration among all the cycles. Second, a Milankovitch spec-
trum must be generated from the g-corrected time series because a Mil-
ankovitch spectrum without any non-Milankovitch peaks is unique. For
ancient records, in which the presence of Milankovitch signals is un-
known, this criterion is replaced by less restrictive criteria (see ‘‘DIS-
CUSSION’’) .

Gamma analysis has been applied to carbonate and siliciclastic cycles
throughout the Phanerozoic (e.g., Kominz and Bond 1990; Kominz et
al. 1991; Bond et al. 1991; Bond et al. 1993; Yang et al. 1995). It is
effective in tuning the spectra of some cyclic strata. This study is the
first application of gamma analysis to cycles composed of nonmarine

to marine, mixed carbonate and siliciclastic rocks deposited during an
ice-house period.

GAMMA AND SPECTRAL ANALYSES OF THE CISCO GROUP

Pre-Processing Procedures in Gamma Analysis

Two procedures are used prior to gamma analysis in this study. First,
the seven facies are combined into two or three facies. For example, fluvial
and delta-plain facies are combined with strandline facies as a nonmarine–
marginal marine facies (Table 1). The thickness of the combined facies is
the sum of the thicknesses of individual facies. Combination of facies is
necessary to obtain positive and stable g’s, because many cycles do not
contain all seven facies. In some cases, more than one combination scheme
produces positive and stable g’s. The g results reported here are those
resulting in a maximum number of Milankovitch peaks on g-corrected
spectra.

Second, in some cases, best-fit g’s are not stable even after facies
combination, and g-corrected spectra have low resolution. This may be
caused by the failure to minimize the variations in duration among all
the cycles (e.g., Yang et al. 1995). The three orders of Cisco cycles
probably have durations of discrete ranges (Fig. 7; Yang et al. 1998).
Therefore, it is logical to group shorter-duration cycles into longer-du-
ration cycles to minimize the difference in cycle duration before gamma
analysis. Cycle grouping is somewhat arbitrary in some cases because
different orders of cycles cannot always be clearly differentiated and even
cycles of the same order are not of equal duration (Figs. 5, 7; Yang et
al. 1998), but it does reduce variations in cycle duration. g-corrected
spectra with cycle grouping commonly display low-frequency peaks that
are not present or are poorly defined on spectra without grouping. Spec-
tral results with and without cycle grouping are compared and synthesized
to delineate significant signals.

Period Calibration of Spectral Peaks

Spectral peaks are calibrated to match the Milankovitch periods. Only
statistically significant peaks that coincide with peaks of the lower 90%
confidence limit are calibrated. Initially, a peak is arbitrarily chosen as a
Milankovitch peak, and the periods of other peaks are calibrated to it. The
calibration scheme that results in a maximum number of Milankovitch
peaks is achieved by trial and error, and is reported here. The calibration
schemes for g-corrected spectra with and without cycle grouping are dif-
ferent because the g values are different, whereas g-uncorrected spectra
with and without cycle grouping differ only by a shift in the frequency
axis, and thus their calibration schemes are the same or similar. Few ex-
ceptions exist, resulting from the effort in calibrating a maximum number
of Milankovitch peaks and the fact that the uncorrected spectra with and
without cycle grouping are in some cases somewhat different because of
different sampling intervals in the time series.

Gamma and Spectral Results for the Outcrop Cisco Group

Spectral Results.—Five to nine peaks are calibrated on six g-corrected
spectra with and without cycle grouping (Fig. 9; Table 2). Three spectra
have peaks all related to Milankovitch cycles. Two spectra have one non-
Milankovitch peak. Only one spectrum has two non-Milankovitch peaks.
The short-eccentricity peak is the most prominent and persistent. The short
and long-obliquity peaks and the short and long-precessional index peaks
are persistent. The long-eccentricity peak is the least persistent.

A peak of a period of ; 50–80 ky is present on five corrected spectra
(Fig. 9). It may represent a combination tone between obliquity and pre-
cessional index cycles (see ‘‘DISCUSSION’’). The 164–222 ky peak on
the corrected spectrum, with grouping, of the Colorado section may rep-
resent the long-eccentricity peak, half of which was eroded or not depos-
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FIG. 5.—Composite outcrop sections along three traverses (Fig. 3). A composite section includes all local and regional cycles in a traverse and, thus, contains the
maximum number of cycles in a traverse. If a cycle exists on several measured sections, the one in the longest section or with the largest thickness is used. Facies curves
are used in quantitative analysis.

←

FIG. 4.—Cycle delineation in A) outcrop and B) subsurface. Subsurface facies interpretation and cycle delineation are based on outcrop anologs and about 5000 ft core
calibration of wireline logs. Environmental interpretations are displayed as facies curves on a grid. Cycle magnitude and thickness are also defined.

ited. The non-Milankovitch peaks are sporadic high-frequency peaks of the
Colorado and southern Brazos sections (Fig. 9; Table 2).

Spectral peaks shift to higher frequency from south to north (Fig. 9).
For example, the long-eccentricity peak of the Colorado section is weak in
the southern Brazos section and is absent in the Brazos traverse. The shift
may be related to northward increase in subsidence and sediment supply
(Figs. 1, 5). Subsidence increased accommodation space, improving sedi-
ment preservation; large sediment supply recorded local transgressive–re-
gressive events. Both factors increase stratigraphic resolution, as indicated
by the large number of cycles in the Brazos section and a shift of spectral
peaks toward higher frequency on all Brazos spectra.

In the least-squares regression, Tcy in Eq 1 is assumed to be one and

has an unknown (or g) time unit. The absolute time of a g time unit is
calculated on the basis of the Milankovitch calibration of the corrected
spectra. It ranges from 33.8 to 55.3 ky (Table 3). Effective sedimentation
rates are the reciprocals of g’s, and range from 7.0 to 90.1 cm/ky (Table
1). A trend of larger rates for nonmarine facies and smaller rates for marine
facies agrees with the subsurface results presented later, but is disrupted
by the largest rates of deep-marine facies in three records (Table 1). The
large rates of deep-marine facies consisting of maximum transgressive core
shale and associated deposits may be caused by continuous deposition in
an offshore environment. But the large variations of gamma-derived rates
for this and other facies indicate that the rates may not be regarded as true
sedimentation rates because of variable schemes of facies combination and
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FIG. 6.—Simplified dip stratigraphic cross section A–A9 showing shelf configuration and systematic changes of cycle abundance, continuity, and thickness. See Figure
3 for location.

cycle grouping, and the relative magnitude of these rates should be em-
phasized instead. Moreover, the duration of each record (T) is calculated
from Eqs 2 and 3, ranging from 1007 to 1532 ky (Table 3). The average
effective sedimentation rate of a section is calculated by dividing the total
thickness by T (Table 1). It ranges from 23.7 to 44.0 cm/ky.

The duration of the Cisco Group is also estimated as 14 My and 17 My
using the time scales of Klein (1990) and Harland et al. (1989), respec-
tively, assuming that the thickness of Cisco Group is proportional to the
duration of the Virgilian and Wolfcampian series (Yang 1995). If the g-
estimated duration is represented by rocks and the chronostratigraphic es-
timates are correct, only ; 6 to 11% of the Cisco time is represented by
rocks. Assuming that the 16 regional unconformities in the Cisco Group
represent the missing time, their average duration ranges from ; 780 to
1000 ky (Fig. 2; Brown et al. 1990). Finally, the Brazos section, which is
the thickest and contains the largest number of cycles among the three
sections, has the shortest depositional duration (Fig. 5; Table 3). This is
probably because of the large amount of nonmarine and shallow-marine
siliciclastic facies and the small amount of carbonate and deep-marine fa-
cies in this section (Lee 1938; Brown et al. 1990; Yang 1995, 1996). The
nonmarine and shallow-marine siliciclastic facies generally have higher
sedimentation rates, and thus represent less time per unit of thickness than
the carbonate and deep-marine facies, as indicated by the large average
effective sedimentation rate of this section (Table 1). As a result, the Brazos
section, although thicker than the Colorado and Southern Brazos sections,
has the shortest depositional duration.

Gamma and Spectral Results of the Subsurface Cisco Group

Spectral Results.—Five to nine peaks are calibrated on 24 g-corrected
spectra with and without cycle grouping (Fig. 10A, B; Table 2). Twelve
spectra have peaks all related to Milankovitch cycles. Nine spectra have
one non-Milankovitch peak. Only three spectra have two non-Milankovitch
peaks. The Salem School cycle is excluded in gamma and spectral analyses,
because it is extremely thick and contains deep marine anoxic shale, which
is absent in the other cycles (Fig. 7; Brown et al. 1990).

The short-eccentricity peak is the most prominent and persistent. The
long-eccentricity peak is persistent and is prominent on some spectra, but
is absent on six spectra without cycle grouping. The wide period range of
this peak is caused, at least partially, by the low precision at the low-
frequency band, because only few long-period cycles are present in the
series.

The short-obliquity and long-obliquity peaks (34.3 ky and 42.9 ky) are
persistent. In some cases, the long-obliquity peak has higher magnitude
than the short-obliquity peak. This could be caused by (1) the increase of
red noise toward low frequency, such as in section B–B9, or (2) a tendency
for the long-obliquity peak to merge with an adjacent lower-frequency
peak, resulting in higher magnitude, such as in some spectra of section C–
C9 (Fig. 10A, B).

The precessional index peaks are calibrated on 12 spectra and are less
persistent than the eccentricity and obliquity peaks. They are more common
in the up-dip sections (e.g., section C–C9). This is unexpected because of
the relatively low stratigraphic resolution in the up-dip sections (Figs. 6,
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FIG. 8.—Diagram showing thickness-to-time
conversion [(A) to (B)]. The conversion is
proportional (A to B, upper part) or facies
dependent (A to B, lower part). Intervals
represented by rocks are pieced together to
construct time series for spectral analysis (C).

7; Yang et al. 1998). Moreover, commonly a precessional index peak is
calibrated on the spectrum without cycle grouping but not on that with
cycle grouping.

Other possible Milankovitch-related peaks include those of a period
varying from 50 to 80 ky and those of a period of ; 200 ky. The former
is persistent but not well defined. It is, in some cases, well defined and
prominent on g-corrected spectra without cycle grouping (Fig. 10A, B).

The 200 ky peak is poorly to moderately defined and not persistent (Fig.
10A, B).

Non-Milankovitch peaks are sporadic and poorly defined. The low-
frequency ones have periods varying from 600 to 1700 ky. The high-
frequency ones have periods of ; 25 ky or smaller than 16 ky, and are
present only on g-corrected spectra without cycle grouping. Some may
represent poorly tuned short-precessional index peaks (e.g., Well 47).
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TABLE 1.—Selected best-fit g’s (g time/m in outcrop, g time/ft in subsurface), effective sedimentation rates of various facies, and average effective sedimentation rates of
the Cisco sections.

* Wells 68 and 115 of strike section 3-39 are listed in dip sections B-B9 and C-C9.

The non-Milankovitch peaks likely represent random components in the
Cisco records.

The g-uncorrected spectra contain relatively low-magnitude peaks (Fig.
10C, D). Many peaks could be noise and, thus, period calibration is un-
certain at best. Nevertheless, many statistically significant peaks have pe-
riods similar to those on the g-corrected spectra.

Gamma Results and Sedimentation Rates.—g’s of the combined fa-
cies have consistent relative magnitude, and are more stable than those of
the outcrop cycles (Fig. 11A, B; Table 1). g-estimated effective sedimen-
tation rates show some consistent trends: (1) nonmarine facies and com-
bined nonmarine and marginal-marine facies have higher rates than com-
bined shallow-marine facies and deep-marine facies, and other individual
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→

FIG. 9.—g and spectral results of outcrop composite sections displayed in three columns. A, B) g results with and without cycle grouping. C–F) Spectral results with
and without grouping for g-corrected and -uncorrected series. Thick lines are the spectra; thin lines are the lower 90% confidence limits; numbers above peaks are periods
in ky; bold italic numbers are initial calibration periods; horizontal bar above a peak indicates the period range; vertical bars on the frequency axes are Milankovitch line
spectra at 300 Ma. fn is the Nyquist frequency. See text for discussion.

facies, (2) deep-marine facies and, in most cases, combined deep-marine
and shallow-marine facies have lower rates than other individual and com-
bined facies, and (3) marginal-marine facies have very low rates. These
trends also exist in many trials not reported here. Sedimentation rates of
individual facies range from 8.8 to 540.0 cm/ky, and average sedimentation
rates range from 19.0 to 44.3 cm/ky (Table 1).

The absolute time of a g time unit (i.e., Tcy) ranges from 38.5 to 69.1
ky without cycle grouping, and from 55.3 to 114.3 ky with grouping (Table
3). Least-squares regression minimizes the difference in duration among
all the cycles. Therefore, the time of a g time unit represents, to some
degree, the least-squares mean duration of the cycles. Cycle grouping in-
creases the mean duration and, thus, the unity of g time. The wide range
is caused by variable calibration frequencies of g-corrected spectra with
and without grouping for wells distributed over a large area.

g-Estimated Duration.—The duration of Cisco records increases sys-
tematically from 798 to 2658 ky in the down-dip direction (Table 3). The
down-dip sections represent about twice as much time as the up-dip ones,
although they are not much thicker (Fig. 7). The down-dip increase in
duration is probably caused by down-dip increase of cycle abundance and
thickness of marine facies (Figs. 6, 7; Yang et al. 1998). Marine facies
generally have lower sedimentation rates and represent more time than
nonmarine facies, as indicated by overall decrease of effective sedimenta-
tion rates in down-dip sections (Table 1).

The duration of entire Cisco Group including the Salem School cycle
ranges from 1479 to 3440 ky (Table 3). The duration of the Salem School
cycle is calculated using the average sedimentation rate. The ratio of the
g-estimated duration to the chronostratigraphic estimates indicates that only
; 7 to 25% of the Cisco time is represented by rocks.

DISCUSSION

Validity of Gamma Results of the Cisco Group

Thickness–time conversion by g’s generated more realistic time series
and spectra. This is indicated by: (1) the positive and stable g’s, (2) the
consistency of relative magnitude of g’s of various facies, and (3) the
improved resolution and Milankovitch calibration of g-corrected spectra.

Positive g’s in all 30 gamma analyses indicate that gamma analysis
and the procedures of facies combination and cycle grouping are reason-
able. In most cases, g’s stabilize after removal of a few anomalous cycles.
This indicates that the assumption that facies have unique sedimentation
rates is not violated, and that variations in duration among cycles used
in gamma analysis are small enough to be minimized through least-
squares regression.

g values of various facies display consistent trends in the study area
(Fig. 4; Table 1), and effective sedimentation rates agree with those of
many ancient and modern sediments (Enos 1991; Wilkinson et al. 1992;
Sadler 1994). In general, gamma analysis has obtained different sedimen-
tation rates for different facies. Therefore, the g-corrected time series
should be more realistic than the uncorrected ones.

The validity of g conversion is further supported by improved resolution
of g-corrected spectra. g tuning commonly splits a broad peak on the
uncorrected spectrum into two or more distinct peaks. In few cases, g
tuning eliminates Milankovitch peaks on the uncorrected spectra (e.g., the
spectra without grouping of Well 65), or produces non-Milankovitch peaks
not present on the uncorrected spectra (e.g., the spectra without grouping
of Well 24 and the southern Brazos spectra) (Figs. 9, 10A, C). In general,

however, g tuning makes major Milankovitch-related peaks more distinct
and greatly reduces the background noise (Fig. 10). This is most evident
in down-dip wells.

Lastly, forward modeling of a Plio-Pleistocene deep-sea gray-scale rec-
ord suggests that successful g tuning should produce a spectrum with more
precisely defined Milankovitch peaks in an orbitally controlled record
(Kominz 1996). In this study, the improved resolution produces more Mil-
ankovitch-related peaks on g-corrected spectra than on the uncorrected
spectra, suggesting successful g tuning (Figs. 9, 10).

Validity of the Spectral Results of the Cisco Group

The validity of spectral results is indirectly indicated by: (1) systematic
down-dip increase of g-estimated duration of the Cisco Group, (2) similar
Milankovitch peaks calibrated on both g-corrected and g-uncorrected
spectra of a record, and (3) reasonable and consistent sedimentation rates.

The g-estimated Cisco duration increases systematically in the down-dip
direction over a distance of ; 100 km on the shelf (Fig. 3; Table 3). This
is in accordance with the down-dip increase in cycle abundance and thick-
ness of marine facies (Fig. 6; Yang et al. 1998). In addition, the durations
of a series with and without grouping are similar, although calibration
schemes are different. Furthermore, series along depositional strike have
similar duration (Table 3). The above facts indicate that the simple and
arbitrary gamma assumptions and calibration schemes are consistent with
geological expectations.

Similar Milankovitch peaks are commonly calibrated on corresponding
g-corrected and uncorrected spectra. Generally, the spectra have different
configurations, and peaks on the uncorrected spectra are poorly defined.
However, the similar periods of many prominent and/or persistent peaks
on both spectra suggest that the Milankovitch calibration is not artificial.

Finally, the sedimentation rates calculated on the basis of the Milanko-
vitch calibration are comparable with those of many ancient and Recent
analogs, suggesting that the Milankovitch calibration of gamma time scales
is reasonable.

Possible Miscalibration of the Cisco Spectra

Milankovitch calibration of the Cisco spectra may be inappropriate, as
indicated by: (1) some inconsistency in facies combination and some ar-
bitrariness in cycle grouping, (2) presence of non-Milankovitch peaks on
g-corrected spectra, and (3) discrepancy between g-estimated and chrono-
stratigraphic duration of the Cisco Group.

Five schemes of facies combination are used to produce positive and
stable g’s. The schemes for some sections with and without cycle grouping
are different. Cycle grouping uses variable cutoffs, although efforts are
made to group minor cycles into intermediate cycles (Figs. 5, 7). Strong
white noise is indicated by numerous high-frequency to medium-frequency
peaks on the spectra without grouping of wells 97 and 100 (Fig. 10A). g
tuning with grouping reduces white noise by eliminating some high-fre-
quency peaks but increases the red noise (e.g., Brazos section, wells 97
and 100; Figs. 9, 10A, B). Red noise makes calibration difficult for some
peaks (e.g., the 103–137 ky peak on the spectrum with grouping of Well
51; Fig. 10B).

However, statistically significant peaks are readily identified. Given the
complex facies variations and the presence of three orders of cycles, the
effective sedimentation rates are reasonably consistent and within the range
of many ancient and Recent analogs. The corrected spectra have much
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TABLE 3.—Duration of the unit of g time scales, duration of the Cisco records
used in gamma and spectral analyses, duration of the Salem School cycle, and

duration of the entire Cisco Group.

higher resolution than the uncorrected spectra, which increases in down-
dip wells, corresponding to the increase in stratigraphic resolution (Fig.
10A, B). The above evidence suggests that the inconsistencies in facies
combination and cycle grouping are secondary.

The presence of non-Milankovitch peaks on corrected spectra suggests
that some other calibration schemes could produce other sets of non-Mil-
ankovitch and Milankovitch peaks. But any other schemes generate fewer
Milankovitch peaks, which commonly have peculiar magnitude relations
irreconcilable with the theoretically predicted relations, such as a prominent
long-obliquity peak and a weak short-eccentricity peak (Berger 1988).
More significantly, the adapted schemes result in consistent age relations
among all sections and reasonable sedimentation rates, suggesting optimal
choices.

Finally, the ratio between the g-derived and the chronostratigraphic
duration of the Cisco Group suggests that ; 75–94% of the Cisco time
is not represented by rocks. The amount of time is significant but pos-
sible (e.g., Wilkinson et al. 1992; Yang et al. 1995). The 16 unconfor-
mities across the shelf may well represent the missing time. The du-
ration of sea-level lowstand deposits basinward of the shelf edge is
estimated on the basis of the progradational thickness of these deposits
and the average sedimentation rate of the shelf deposits (Fig. 1C). It is
approximately equal to the missing time of the Cisco Group on the
shelf, indicating that the g-derived duration is a reasonable estimate of
the depositional duration on the shelf.

Origin of Depositional Cyclicity of the Cisco Group

The dominance of Milankovitch-related peaks on the Cisco spectra sug-
gests that the Cisco cyclicity is closely related to Milankovitch climatic
cycles. The predominance of the short-eccentricity peak and the persistence
of long-eccentricity and short-obliquity peaks suggest that they are more
robust than precessional index cycles (Figs. 9, 10A, B; Table 2). Short-
eccentricity cycles probably exerted the dominant control on Cisco cycles;
the influence of long-eccentricity and obliquity cycles was also significant,
whereas that of precessional index cycles was minor.

Results of geologic analysis of the Cisco Group support the above
interpretation. Average cycle period and stacking patterns of the outcrop
cycles suggest an ambiguous but possible match with eccentricity and
obliquity cycles (Yang 1995). Analysis of cycle symmetry suggested ma-
jor eustatic control on accommodation space and major climatic control
on sediment yield and supply (Yang 1996). Cycle correlation identified
three orders of cycles (Yang et al. 1998). Regional ordered transgressive–
regressive events and systematic changes of cycle character indicate that
Milankovitch climatically controlled eustasy was the major control on
cyclic sedimentation of nonmarine and marine carbonate and siliciclastic
facies.

Late Paleozoic time was a period of active continental glaciation sim-
ilar to that of the Plio-Pleistocene (Crowell 1978; Imbrie and Imbrie
1979; Berger 1988; Veevers and Powell 1987). Many studies of Late
Paleozoic cycles in North America have suggested Milankovitch-related
eustasy as the dominant control on cycle formation (e.g., Wanless and
Shepard 1936; Wilson 1967; Heckel 1977, 1986; Connolly and Stanton
1992; Goldhammer et al. 1994; Soreghan 1994). High-frequency eustatic
control has also been suggested for the Cisco cycles (e.g., Lee 1938;
Harrison 1973; Boardman and Malinky 1985; Boardman and Heckel
1989; Brown et al. 1990; Yancey 1991). The results of this study strongly
support these speculations.

Subtropical and tropical African paleoclimatic changes of the last 5 My
are interpreted from wind-borne dust variability in offshore West and East
Africa (deMenocal 1995) and are analogous to those in the Eastern Shelf
region in Virgilian and Wolfcampian time (Fig. 3). African terrestrial cli-
mate variability has shifted in accordance with changes in high-latitude
glacial climate (deMenocal 1995). Before 2.8 Ma African climate varied
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FIG. 11.—g results of subsurface sections without and with cycle grouping [(A) and (B)]. See text for discussion.

primarily at precessional index periodicities. After 2.8 Ma, 41 ky variance
increased markedly, coincident with the onset of bipolar glaciation. The
dominance of 41 ky eolian variance after 1.6 Ma paralleled the develop-
ment of enhanced 41 ky high-latitude glacial climate cycles. After 1 Ma
eolian variability is dominated by 100 ky periodicity, coincident with
marked increase of glacial climate extremes of a dominant 100 ky period
(deMenocal 1995).

Glacio-eustasy and terrestrial climatic changes were the major controls
on Cisco cyclicity (Yang 1996; Yang et al. 1998). The Cisco cycles were
probably formed during glacial and terrestrial climate extremes on the gen-
tle Eastern Shelf. Deglaciation-induced sea-level rises flooded the shelf,
and large terrestrial climatic variations, such as monsoon intensity and trop-
ical river outflow, caused large variations in sediment yield and supply
(Yang 1996).

The dominance of 100 ky variance in the Cisco records probably reflects
extreme glacial and terrestrial climatic conditions in Virgilian and Wolf-
campian time. If the Cisco cycles were indeed deposited mainly during
climate extremes, deposition would have been very limited, and erosion
and nondeposition would have been extensive. As a result, a large amount
of Cisco time is represented by unconformities, as suggested by the g-
estimated duration of the Cisco Group.

Cyclic sedimentation, however, was also controlled by other pro-
cesses (Yang 1996; Yang et al. 1998; see also Brown 1969; Brown et
al. 1990; Galloway 1971). The non-Milankovitch peaks may be the

signatures of some of these processes. For example, the moderately
consistent and well defined 25 ky peak may represent a non-Milankov-
itch allogenic process.

The 50–80 ky peak may have a Milankovitch orbital origin. In modeling
a nonlinear climatic oscillator considering atmospheric, oceanic, cryospher-
ic, crustal, and mantle interactions, LeTreut and Ghil (1983) predicted that
the nonlinearly resonant response of the oscillator to Milankovitch astro-
nomical forcings would lead to large changes in global temperature and
ice volume, and the nonlinear character of the response also leads to linear
combinations of the forcing frequencies. A combination tone,
(f3-f11f2), has a modern period of 66 ky, where f1, f2, and f3 are the fre-
quencies of short and long precessional index and short obliquity cycles.
LeTreut and Ghil (1983) suspected that this peak, which is broadened by
the rising chaotic background around it, accounts for the hump between 40
ky and 100 ky in the isotopic spectra of deep-sea cores V28–238 and
RC11–209 (Imbrie and Imbrie 1980; Imbrie 1982).

The same combination tone has a period of 55 ky at 300 Ma and may
correspond to the broadly defined but persistent 50–80 ky peak (Table
2). Combination tones, especially those between precessional index cy-
cles, are commonly detected on spectra of ancient records (e.g., Bond et
al. 1991, Kominz et al. 1991, Yang et al. 1995). They should be expected
considering nonlinear interactions among various climatic and geologic
processes.

This study suggests that the Cisco Group recorded dominant Milanko-
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FIG. 11.—Continued.

vitch climatic cycles and other insignificant non-Milankovitch cycles. This
supports the conclusions of geologic analysis: (1) an apparently autocyclic
record does not imply the absence of allogenic processes, (2) a dominantly
allogenic record may contain many autogenic imprints, and (3) no allogenic
or autogenic process alone generated the Cisco cyclicity (Yang 1996; Yang
et al. 1998).

SUMMARY

1. Positive and stable g’s of various facies of 30 sections provide a
realistic thickness–time conversion to construct g-corrected time series. g-
corrected spectra have higher resolution than uncorrected spectra and con-
tain a maximum number of Milankovitch peaks.

2. Milankovitch peaks include a prominent and persistent short-eccen-
tricity peak, persistent long-eccentricity and obliquity peaks, and nonper-
sistent precessional index peaks. A persistent 50–80 ky peak may be a
combination tone of obliquity and precessional index cycles. Non-Milan-
kovitch peaks include a fairly persistent 24–28 ky peak and other sporadic
peaks.

3. Consistent age relations among the Cisco sections and reasonable sed-
imentation rates of various facies indicate the validity of gamma and spec-
tral results.

4. Assuming that the g-estimated Cisco duration is represented by rocks
and that the chronostratigraphic duration is correct, only ; 6–25% of the
Cisco time is recorded by rocks.

5. The Cisco cyclicity was controlled dominantly by Milankovitch cli-
matic forcing and less significantly by other allogenic and autogenic pro-
cesses. The mixed origin indicates that allogenic and autogenic processes
combined to generate the Cisco cyclicity.
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