
INTRODUCTION

Ergs and erg margins are sensitive indicators of cli-
matic changes and preserve potential paleoclimatic prox-
ies within the sedimentologic and stratigraphic record.
Large, shifting and migrating dunes deposit foresets at the
front of the migrating dune.  This foreset structure is called
cross-bedding.  The purpose of this study is to document
the utility of harmonic and image analysis to evaluate pe-
riodicities within rhythmic and cyclic eolian cross-bed-
ding of the Jurassic Navajo Sandstone of Zion National
Park, southwestern Utah.

Rhythmic and cyclic eolian stratification is recognized
as repeated variations within the structure and/or texture

of cross-beds within a dune set.  Cyclic cross-bedding in
the Navajo Sandstone was originally recognized by Stokes
(1964).  Further study by Hunter and Rubin (1983) con-
cluded that the prominent repetitions represent annual cy-
cles based on regularity and cycle thickness (too thick to
be daily cycles) as well as on comparisons to modern rates
of dune movement.  However, initial analyses presented
here indicate the presence of additional bedform cycles
(herein interpreted as climatic oscillations/fluctuations of
flow) related to longer periodicities (for example, semian-
nual/seasonal to decadal-scale cycles).  Drivers for these
longer oscillations may be solar variability and/or season-
al changes.  

Although daily cycles and winter-summer (annual)
stratification changes are recognized in modern dunes of
the Oregon coast and Padres Island, Texas (for example,
Hunter and Richmond, 1988; Kocurek, 1996), there are cur-
rently no documented modern cyclicities with decadal-pe-
riodicities.   Despite the fact that modern dune mechanics
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are well understood, it is generally either too difficult or
too expensive to create the types of trenches that would be
necessary to study long records of modern deposition.
Thus, exposures of ancient eolian dunes can provide data
that has not been studied in the modern record.   Although
decadal cycles may be present in modern dunes, eolian
workers indicate that they haven’t really looked for such
cycles (N. Lancaster, verbal communication, 1997; G. Ko-
curek, verbal communication, 1998).  “Reverse uniformi-
tarianism, ” the concept of the ancient as the key to the
present or future, may prove fruitful for understanding
the modern record.

Recognition of these cycles may be useful in paleocli-
mate modeling and examining parameters (such as paleo-
geography) that could have accentuated climate shifts.
Cycles encoded in the Jurassic eolian rocks may show
prominent periodicities of Mesozoic paleoclimates that
can later be used to identify more subtle climatic signals in
modern or Holocene analogs.  Furthermore, identification
of the magnitude and frequency of these well-preserved
ancient cycles also help refine tools (image- and harmonic-
analysis methodologies) to use in interpreting proxy paleo-
climate signals.

GEOLOGIC SETTING AND 
STRATIGRAPHY

The Jurassic Navajo Sandstone and its related equiva-
lents form the largest erg deposit in North America (Peter-
son and Turner-Peterson, 1989).  This spectacular erg de-
posit is generally flat lying and well exposed in the Col-
orado Plateau.  The Navajo Sandstone is the uppermost
formation of the Glen Canyon Group (figure 1) that has
been regionally traced over the Colorado Plateau (Pipirin-
gos and O’Sullivan, 1978; Peterson and Pipringos, 1979).
The Navajo Sandstone is underlain by the Kayenta Forma-
tion of the Glen Canyon Group, and overlain uncon-
formably (J-1 surface) by the San Rafael Group.  Previous
work on this erg (for example, Blakey and others 1988; Pe-
terson 1988; Verlander 1995; Blakey and others 1996;  Ko-
curek 1999) provides the framework for the detailed ex-
amination of cyclic cross-beds presented here.  Jurassic
paleogeography and paleoclimatology is summarized in
Kocurek and Dott (1983), Blakey and others (1988), Chan-
dler and others (1992), Blakey (1994), Parrish and Peterson
(1988), and Peterson (1994).   In this study, a locality was
chosen along State Highway 9, 2.4 kilometers west of the
east gate in Zion National Park (figure 1) which provides
a thick series of cyclic cross-beds for evaluation.

CYCLIC CROSS-BEDDING

Expression of Cyclic Eolian Stratification

Cyclic cross-beds are distinguished by alternations of
eolian stratification types and fine internal structures orig-
inally delineated and defined by Hunter (1977, 1985).

These lee-face stratification types and structures include:
climbing-wind-ripple laminae, grainfall lamination, and
grainflow/sandflow or avalanche tongues.  In the lee face
of dunes, wind ripples occur where tractional processes
dominate.   Both grainfall (from salting grains passively
falling out of suspension) and grainflow (from grains that
exceed the angle of repose and avalanche down the slip-
face) occur where gravitational processes dominate.
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Figure 1.   (A) Study area (modified from Rubin and Hunter, 1987) and
(B) stratigraphic relationships of Jurassic Navajo Sandstone of the Zion
National Park and Kanab areas.  J-0 through J-2 indicate major uncon-
formities of Pipiringos and O'Sullivan (1978).  Stipple pattern indi-
cates Navajo exposures containing cyclic cross-bedding.  Measured lo-
cality is along State Highway 9, 2.4 kilometers west of the east gate in
Zion National Park.



The arrangement of internal stratification types within
the eolian foresets typically corresponds to how trans-
verse, oblique, or longitudinal the airflow is, with respect
to the incident angle of prevailing wind.  The shifts in the
incident angle appear to be seasonal wind patterns that are
most commonly recognized by the variations of the inter-
nal stratification.

(1)  Grainflow and grainfall strata.   Grainflow de-
posits show a tapering wedge and occur from
avalanching produced from the primary, trans-
verse flow patterns of large dunes (for example,
summer pattern).   Large, modern dune crests typ-
ically build up and avalanche about six to ten
times/year (G. Kocurek, verbal communication,
1996).  Grainfall strata are indistinctly laminated
and can also be deposited from primary, trans-
verse flow patterns.  These strata (either grainflow,
grainfall, or both together) indicate the dominance
of gravity-driven processes.  

(2)  Wind-ripple strata.   Traction deposits may repre-
sent seasonal (for example,winter) patterns with
an oblique incident angle of wind transport.  In-
ternally, the wind-ripple laminae are inversely
graded (Hunter, 1977; Kocurek,1996).   The bottom
dune set is reworked to give a wind ripple plinth
or apron at the base.  This can be a seasonal shift
in the wind direction, or could be the secondary
(dune-modified) flow, where along-slope wind
partly reworks bedforms and modifies the bottom
set, producing the fluctuating asymmetry.  

The differing stratification types in eolian deposits can
be commonly “coded” with respect to color variations as
well as weathering/cementation differences.  The wind-
ripple strata may additionally be better cemented having
retained its pervasive initial cements (resulting in positive
outcrop relief) in contrast to the more permeable grainflow
deposits which were more commonly flushed with diage-
netic waters (resulting in negative outcrop relief) (Chan-
dler and others, 1989).  These variations in cementation re-
sult in good delineation of the cyclic cross-beds in weath-
ered outcrops.  The grainflow deposits can be interspersed
with grainfall deposits, and are likely to represent the
long-term regional wind pattern established by summer
winds.   Stratification types can also be affected by position
on the dune; grainfall is common when the lee face is close
to the angle of repose and grainflows might start mid dune
and extend to the toe of the dune.  Secondary flow on the
lee face (particularly developed towards the base) is likely
to result in along-slope (or along-strike), traction transport
(Kocurek, 1996), perhaps dominant during winter.  Counts
and analyses of individual events (grainfall vs. wind-rip-
ple strata) within the annual cycles and examination of the
primary (transverse) vs. secondary (oblique) wind pat-
terns can provide information about frequency of chang-

ing energy flux on the scale of years and decades.
The interpretations and relations to potential paleocli-

mate proxies in this study are based on the assumption
that the cyclic grainfall and wind-ripple alternations are
annual cycles.  This yearly interpretation is based, in part,
on the scale of the cycles, which are too thick to be related
to diurnal wind-flow and directional changes.  The annu-
al cyclicity can be attributed to seasonal wind patterns and
moisture changes that can produce various internal fine
structures (figures 2 and 3).  We feel this is a reasonable hy-
pothesis from previous work of  Hunter and Rubin (1983)
in their examination of Navajo Sandstone cross-bedding,
including a portion of this same study area.  The concor-
dant nature of the cyclic cross-beds argues for  fluctuating
flow, dictated by climate changes that could in turn affect
migration speed and asymmetry, dune position, and/or
shifting wind patterns.

Hunter and Rubin (1983) define two end members of
cyclic cross-bedding: “concordant cyclic cross-bedding”
(CCC) where lamination within cycles are parallel to the
bounding surfaces of the cycle, or  “compound cross-bed-
ding” where the cross-beds composing a set are separated
by surfaces of erosion and are internally cross-bedded (fig-
ure 2).  The origins of the cyclic cross-bedding may be due
to either superimposed bedforms or fluctuating-flow con-
ditions, although there is not a one-to-one correlation be-
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Figure 2.   Cyclic cross-bedding from Hunter and Rubin (1983).  (A)
Concordant cyclic cross-beds (CCC), alternating stratification or grain
sizes with parallel bounding surfaces.  (B)  Compound cross-beds (with
foresets separated by erosional surfaces).  (C) Amplification of concor-
dant cyclic cross-beds (CCC, figure 2A) and alternating, internal eo-
lian stratification types for the study locality.  Dashed lines in bottom
portion of inset boxes represent grainfall laminae; solid lines in top por-
tion of inset boxes represent wind-ripple laminae. 
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Figure 3.   Measured annual cycles in the Jurassic Nava-
jo Sandstone eolian stratification (figure 4A) in Zion Na-
tional Park (1.5 miles or 2.4 kilometers west of east en-
trance station, Highway 9).  
(A) View (looking east) of cyclic cross-bedding in canyon
walls west of Checkboard Mesa.  Specific area of study
(B) is shown in the lower left of this photo. 
(B) Cross sectional view of migrating dune set (bracket-
ed).  Some decadal cyclicity is indicated by packages of
the thinner annual wind-ripple (AWR) dominated cycles
towards the toes, alternating with thicker annual grain-
fall  and grainflow (AGF) cycles.  Surface of exhumed top
is shown in (C). 
(C) Exhumed top of the same migrating dune form in (B)
showing repetitive annual cycles.  Wind-ripple portions
of the annual cycle marked at the tips of the arrow heads
(center part of picture), alternate with thicker grainfall
portions. 
(D) Close view of annual cycles on exhumed top.  Scale
card = 16.5 centimeters tall, with cyclic packages ~ 10-
15 centimeters thick (also shown by arrow length at left).
Arrow indicates direction of dune migration. 
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tween the type of cyclic cross-bedding and the origin.  Al-
though both types of cyclic cross-bedding occur in the
Navajo Sandstone, we focus on the best example of con-
cordant cyclic cross-bedding formed by fluctuating flow
(figure 2C).  This type yields the best potential for climatic
information because cyclicity is likely to be allocyclic (con-
trolled by change in the total energy or material input to
the system).  In other words, there does not seem to be a
change in dune shape, thus the differences in stratification
are likely a function of climate parameters such as avail-
able sediment, and/or wind variations.  In contrast, cyclic
cross-bedding developed from superimposed bedforms
(for example, Rubin, 1987) can be autocyclic (independent
of energy or material input to the system) and thus may
not yield useful proxy climate information. 

Data Collection

For this analysis we measured continuous series of
cyclic cross-beds within the Navajo Sandstone where an
exhumed dune top and a side transverse section contain
well-developed concordant cyclic cross-beds  (CCC).  Field
relationships of stratification types, bounding surfaces,
and interpreted airflow dynamics (see summary in Ko-
curek, 1996) are used in conjunction with the data gath-
ered by image analysis of outcrops.  This locality on the
eastern boundary of Zion National Park (figures 1 and 3)
was initially described by Hunter and Rubin (1983), and is
conducive to study with the preferential weathering that
distinguish grainfall and wind-ripple zones.  The cycles
here are parallel, relatively thin, concordant cyclic cross-

beds in a long series.  We could physically walk across the
top of an exhumed set which showed no major reactiva-
tions nor shifts in the bedform geometry.  From the strike
of the cross-beds and bounding surfaces, we could deter-
mine that the cyclicity of the bedding was produced by
cyclic fluctuating flows (cross-beds and bounding surfaces
with the same strike), and not the result of superimposed
bedforms where the cross-beds and bounding surfaces
may have different strikes (Rubin 1987).  Additionally, the
long series showed that the cyclic eolian stratification ap-
pears to occur on a variety of scales; the annual cycles and
then longer cyclicities composed of the annual cycles.
These conditions enabled measurement of the thicknesses
of the CCC.

The strike and dip of the foreset (295°, 24 to 26° south)
indicates a south-southwesterly paleoflow of 200 to 210°.
A continuous series consisting of 297 CCC (figure 3B) was
measured and did not exhibit significant reactivations.
The exhumed top allowed us to see our position along the
straight 65-meter strike length of the dune foreset (with no
visible major lateral migration of the dune).  The geometry
suggests this measured example is a transverse dune.   Fol-
lowing the interpretation that each CCC represents the
yearly migration of a dune, the series represents a large,
relatively straight-crested dune that marched forward for
some 297 annual seasonal (summer-winter) cycles (figures
4 and 5A).  Thus, this series of measurements provides pa-
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Figure 4.  (A) Annual foreset-thickness data from outcrop measure-
ments of exhumed top on concordant cycle cross-beds in the Navajo
Sandstone. (B) Foreset thickness from a similar data set near locality of
figure 3, obtained from digitizing graphic dune advance data of Hunter
and Rubin (1983, p. 439).

Figure 5.  Comparative analyses of foreset-thickness data from both
Navajo outcrop data sets as depicted in figure 4.  Time-series analyses
from both outcrops have been combined (stacked) in order to accentu-
ate similarities of encoded periodicities. 
(A) FFT (fast Fourier transform) power spectral density (PSD) ex-
hibiting periodicities of 118.6, 67.6, 53.7, and 27.4 foresets.
(B) MEM (maximum entropy method) spectrum exhibiting well-de-
veloped periodicities of 66.7 and 29.4 foresets.  
(C) Cross-correlation of foreset-thickness from data sets of figure 4.
The strongest correlations, which occur at 120, 55, and 29 foresets are
generally similar to both the FFT and MEM spectra.
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leoclimatic proxy for a window of nearly 300 years during
the early Mesozoic (late Triassic to early Jurassic).

Another set of similar data was obtained from Hunter
and Rubin (1983).  This second data set consists of a series
of 281 sequential cyclic foresets (figure 4B), also measured
in Zion National Park, but from a longitudinal section of a
different dune set.  This foreset-thickness series was re-
constructed from the original data by digitizing the graph-
ic depiction presented by Hunter and Rubin (1983, p. 439).
Comparative harmonic analyses of these two sets of data
(figure  4) are presented below and the extracted periodic-
ities are compared to known, climatically significant oscil-
lators.

Periodicities Within Cyclic Foresets

Several techniques were used to test for the presence
of periods within the Navajo foreset-thickness series.  The
fast Fourier transform (FFT) algorithm of Horne and Bali-
unas (1986) was applied to both data sets.  The resulting
spectra for both data sets were subsequently averaged.
This “stacking,” a standard geophysical technique, serves
to reduce the more random components while accentuat-
ing any similar periodicities occurring in both data sets.
The resultant spectrum (figure 5A) has a well-developed
periodicity of 118.6 foresets as well as broad spectral peak
suggesting a period ranging from about 68 to 54 fore-
sets/cycle.  Another significant period occurs at 27.4 fore-
sets/cycle.

Maximum-entropy method (MEM) of spectral estima-
tion was also applied to both data sets; this was based
upon algorithms of Press and others (1988).  The MEM ap-
proach presents a more averaged, less finely split spec-
trum.  Similar to the FFT techniques described above, re-
sults for each set of data were “stacked” in order to pro-
duce a composite spectral estimate (figure 5B).  This spec-
trum has peaks at 66.7 and  29.4 foresets/cycle.  Both the
MEM and FFT spectra indicate well-developed periodici-
ties in the 50 to 60 and 30 foreset/cycle.  The similarity of
periodicities extracted using these disparate techniques
and using data measured by different workers strongly
suggests that some type of allogenic oscillator was opera-
tive during dune deposition.  More data sets, however, are
needed to verify the statistical significance of these peri-
odicities.

As an additional test, the two data sets were cross-cor-
related using the algorithm described by Davis (1973).
This technique (figure 5C) corroborates the long-term pe-
riod of about 120 foresets/cycle also documented within
the FFT spectrum.  A somewhat weaker correlation occurs
at a lag offset of 55 foresets; this apparently correlates to
the 50-60 foreset cycles that are evident in both the FFT
and MEM spectra.  Higher frequency periods are not
strongly expressed, but there is a weak correlation at an
offset of 29 and this probably corresponds to the 27-30
foresets cycles evident in the FFT and MEM spectra.  

DISCUSSION

How can we be certain that cycles are allogenic and
therefore climatically controlled?  The continuous series of
concordant cyclic cross-beds without any major lateral
shifting of the dune suggests an allogenic origin.  In a tec-
tonically stable, non-marine regime of the Jurassic Navajo
system, the overriding allogenic control on deposition
would be climate.   Although dunes are inherently com-
plex, even if there were a systematic autogenic change in
the migration of the dune every 30 or 60 years, it would
likely be climatically induced (changing wind patterns to
affect dune migration).  If the cyclicity were a simple me-
chanical function of the way dunes form, perhaps build-
ing/migrating up to a point and then starting over, the
cyclicity should be much more prevalent in dunes of all
ages and detectable particularly in the modern record.
The lack of the cyclicity in most dune deposits (either
modern or ancient) seems to argue that well-preserved
cyclicity must be caused by factors other than just bedform
migration.  The presence of strong cyclicity suggests cli-
matic control, perhaps preserved only where there is
strong seasonality and an abundant sand supply to record
the climatic variability such as the Navajo erg.  However,
additional data sets are required before statistically signif-
icant conclusions can be made regarding the utility of such
paleoclimatic proxies.

In comparing the decadal periodicities of cyclic cross-
beds to known established decadal-scale climatic oscilla-
tors, there are a number of periodicities related to solar ac-
tivity.  The best documented sunspot cycles are at 11 years
and 22 years (double sunspot, termed the Hale Cycle).
These cycles (for example, Eddy, 1980) are supported by
oxygen isotope ratios (δ18) from tree rings (Libby, 1983)
and in several long-term fluvial hydrographs (Currie,
1994).   There are no well-defined Navajo foreset periods in
the range of the simple 10- to 11-year sunspot cycle,  al-
though there are weak, 8, 10, and 12-foreset periods.  These
weakly developed periodicities may relate to cycles of
sunspot activity, which over the past several hundred
years has been manifested as a quasi-periodic oscillator
with a considerable range of variance.

In general, decadal-scale cycles are expressed within
regional or local settings, but do not commonly seem to be
hemispheric or global in scale (Mörner, 1984).  Thus, such
cycles are considerably different in geographic range than
Milankovitch-scale orbital parameters.  However, these
decadal-scale cycles would contain important climatic in-
formation relevant to General Circulation Model (GCM)-
scale modeling.  Examples of decadal-scale climate change
include droughts in the Sahel with a periodicity of ap-
proximately 30 years (Charney, 1975; Charney and others,
1977).  Other modern studies of Kenya (Phillipson, 1975)
suggest 5, 10, 40, and 50 year drought cycles, with the 50-
year drought cycle being the most extreme.   If these types
of climate droughts occurred in the Jurassic, the response
might be reflected in the cyclic eolian stratification by
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thicker grainfall and/or grainflow strata, and correspon-
ding change in wind-ripple laminae thicknesses.

Although decadal-scale solar variability (Siscoe, 1980)
and other longer-term periods have been discussed in the
literature, they are controversial and typically rely upon
the relatively subjective, historical records of sunspot or
auroral activity.   Many of the various solar periods are ac-
tually quasi-cyclic trends and might be developed only
within parts of the longer-term records. 

The various techniques of periodicity analyses all
yielded cycles in the range of approximately 30
foresets/cycle, with values of 27.4, 29.4, and 29 for the FFT,
MEM, and cross-correlation analyses, respectively.  Thus,
this appears to be one of the most consistently developed
periodicities within the foreset series.  The relationship of
an approximately 30-year period to seasonal (for example,
drought or precipitation) cycles might be significant in the
understanding of fine-scale Jurassic climatic cyclicity.

A series of periodicities ranging from about 55 up
through 67 were extracted in the FFT, MEM, and cross-cor-
relational analyses.  Although additional data is required
in order to test the significance of these preliminary re-
sults, the analyses strongly suggest that periods of this
magnitude were operative during the deposition of the
Navajo dunes.  Analysis of a long, evaporitic varve series
from the Upper Jurassic Todilto Formation of New Mexico
indicated a number of periods, including a 60-year cycle
developed within parts of the sequence (Anderson and
Kirkland, 1960).  The development of these similar period-
icities in a greatly different type of depositional system
strongly suggests a well-developed, pervasive periodic os-
cillator that was affecting early Mesozoic climate in the
Western Interior of the U.S.

PALEOCLIMATE IMPLICATIONS

In determining time constraints for interpreting paleo-
climate, it is recognized that absolute ages are difficult to
obtain from the non-marine rocks described herein.   Al-
though there is a lack of chronometric time control for in-
dividual bounding sets, there is good control of annual cy-
cles.  The rock record still provides random “snapshots” in
time to tell us about decadal climatic variations.  In princi-
ple, sequence stratigraphy and boundaries tied to eustasy
could give additional time control, although the Jurassic
Page Sandstone is one of the few erg units with that level
of detailed stratigraphic analysis (for example, Blakey and
others, 1996).   The use of harmonic analyses can allow us
to test different time periodicities to see conceptually
whether or not the longer scales are coincident with ob-
served stratification, and expected scales from interpreta-
tions and comparisons of modern eolian annual cycles.

During the deposition of the Early Jurassic eolian
sandstones, the paleolatitude of the Navajo study example
was close to 20° N, within the northeast trade winds belt
(Parrish and Petersen, 1988; Chandler and others, 1992; Pe-
terson, 1994) (figure 6).   Resultant wind predictions and

measured paleocurrent patterns show a shift from the Tri-
assic to more northerly winds.  This appears to correspond
to predicted subtropical circulation as well as monsoonal
circulation, most pronounced in eastern portions of
Pangea (Parrish and Peterson, 1988; Kutzbach and Gal-
limore, 1989; Parrish, 1993).  General circulation models
(GCM) simulate warm surface-air temperatures and ex-
treme continental aridity in the low and middle latitudes
of western Pangea, as well as deep, low-pressure cells in
summer alternating seasonally with winter high-pressure
cells (Chandler and others, 1992).  Initial results from this
study suggest that this locality experienced decadal con-
trasts of wetter and drier periods during the Early Jurassic,
possibly influenced by the one large ocean at this time,
Panthalassa.   This paleogeography could have had strong
seasonal effects on precipitation, thus reflected in cyclic
changes in eolian stratification.   Outcrops of the Navajo
set (figure 3B) show periodicities within groups of annual
cycles (in other words, a group of thicker grainfall-domi-
nated annual cycles, followed by a group of thinner wind-
ripple-dominated annual cycles).  These relationships sug-
gest corroboration of seasonality interpretations for the
Jurassic.  Similarly, other workers (for example, Bell, 1986;
Richmond and Morris, 1998) suggest potential Upper
Jurassic Morrison Formation flood and drought cycles that
affected shallow lakes and vertebrate populations in the
Western Interior. 

There are noted Jurassic trends of summer winds
which were largely due south, and winter winds largely
due west (from northeast winds).  Dune crests are typical-
ly east-west with superimposed bedforms coming from
approximately the northeast quadrant.  More detailed pa-
leoclimatic reconstructions for the Jurassic forthcoming by
other workers may eventually allow distinction of mon-
soonal circulation (cyclicity) vs. subtropical flow patterns.
Conversely, if future studies can elucidate more of the re-
lationships between climate and dune cyclicity, the proxy
information could be an important component for evalu-
ating wind direction (for different seasons) and perhaps
even relative wind strength/velocity.  This in turn could
serve as input for GCM models (for specific time periods,
over certain areal extents). 

Why does cyclic cross-bedding occur within the Nava-
jo Sandstone?   We have seen localized cyclic cross-bed-
ding in a number of Permian through Jurassic erg deposits
on the Colorado Plateau.  However, cyclic cross-bedding
appears to be most prominent within the Navajo Sand-
stone.  This could be the result of several factors. 

(1) The Navajo Sandstone may have had all the right
conditions for a highly efficient system with a con-
stant sand supply, large dune forms, extreme arid-
ity, consistent wind patterns, perhaps the right
continental configuration, and correspondingly
the effect of a large ocean.  

(2) With the conditions previously stated in (1) above,
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the Navajo Sandstone may have thus been sensi-
tive to climate oscillators.  

(3) Given the nature of the Navajo erg, there was good
preservation potential to capture these snapshots
of time. 

POTENTIAL FOR FUTURE WORK

This study focussed primarily on one Jurassic Navajo
example that is well exposed and contains a long record.
Future work can take a number of different approaches to
refine the interpretations of cyclic stratification, including
a comparison of the exhumed dune top counts (figure 3C)
of this Zion locality with an independent evaluation of the
2-D side view cross sectional cross-bedding at the same lo-
cality (figure 3B).  In the field, it is generally rare to find an
exhumed top, thus if the side two-dimensional (2-D) cross-
sectional data (that was cross checked with the exhumed
top data) could be reliably correlated, then it might be pos-
sible to analyze and interpret counts where only 2-D cross-

sectional data is available.    Following this comparison, it
would also prove useful if mathematical relationships and
projections can be determined for relatively short 2-D sec-
tions where the number of annual cycles may be only half
or less as long as the Zion example of this paper.   

More data sets of different types, sizes, and forms of
cyclic cross-bedding could help distinguish new and/or
recurring periodicities, using both modern and ancient ex-
amples.   A variety of 2-D cross sections of eolian cross-
bedding exist within more exposures of the Navajo Sand-
stone (figure 7) and the Permian DeChelly Sandstone (fig-
ure 8).  Some of these would require more detailed exami-
nation in order to determine the bedform geometry and
whether these are annual cycles also, or a larger, longer pe-
riodicity.   A comparison of different-aged periodicities (for
example, Permian vs. Jurassic) might be able to distin-
guish paleoclimate proxies, and perhaps ultimate controls
of dune sizes and wind transport capacity, sand supply,
and sediment availability. 

Continued studies of air flow, as well as dune and bed-
form mechanics (for example, Werner and Kocurek, 1997,
1999) may also help further elucidate on the importance of

8

Figure 6.   Paleolatitude and predicted wind patterns (large arrows) from Early Jurassic eolian sandstones, after Peterson (1988) and Parrish and Pe-
terson (1988).
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Figure 7.    Spectacular sections of thick cyclic cross-bedding in the Jurassic Navajo Sandstone of the Coyote Buttes area, Paria Wilderness, Utah-
Arizona border, east of Kanab, Utah.  All cross-bedding is dipping towards the southwest.  The thickest parts of the cycles represent the grainflow
and grainfall portions, separated by the thinner, better-cemented basal plinths  of wind-ripple laminae.  (A)  In the dead-center portion of this Nava-
jo Sandstone panel, an indivdual cross-bed set is approximately  4 meters thick.  (B) The central cyclic set of this photo panel is estimated at 10 me-
ters thick.  Location in GPS coordinates:  36° 59’ 42 N, 112° 0’ 22 W.

Figure 8.   Cyclic cross-bedding in the Permian DeChelly Sandstone near Oljeto, Utah (far southeast corner of Utah).  Thick alternating grainflow
deposits are separated from thin, better-cemented wind-ripple laminae (wind-ripple laminae shown at arrows).  Foresets ~ 2 meters high. The stacked
sets at the right show truncations and reactivations, that warrant further study to interpret flow dynamics. 
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autocyclic vs. allocyclic effects on cyclic cross-bedding.  As
more is known about the bedform mechanics, these may
help explain the variability in size, and thicknesses of
cyclic cross-bedding.

Collaborative work with paleoclimate modelers who
can perform detailed comparisons of GCM wind and rain-
fall results will help refine the relationships of eolian
cyclicity with different geologic ages and predicted cli-
mate regimes.  This type of data can have strong predictive
capabilities in both ancient and modern dune settings.  As
the earth sciences are looking towards the integrative field
of global climate change, extraction of numerical values
from the ancient stratigraphic record will be important in
interpreting Quaternary paleoclimates and in evaluating
predictive climatic models.

SUMMARY

Eolian dune seas are particularly sensitive indicators
of climatic change and provide good proxy sedimentolog-
ic and stratigraphic evidence of paleoclimate. This study
focuses on a section of Jurassic Navajo Sandstone in the
eastern portion of Zion National Park where there is ex-
cellent three-dimensional exposure of cyclic cross-bedding
in the dune deposits.  Image- and harmonic-analysis are
useful methodologies to distinguish and numerically eval-
uate cyclicity within eolian cross-stratification. These
methods show distinction of individual small-scale and
stacked larger scale periodicities (particularly those at 30
and 60 years in this example) reflecting annual to seasonal
to decadal and longer oscillators that are interpreted to be
signals of solar variability and/or seasonality.  It is rare to
be able to find much control on time in non-marine de-
posits, however these rhythmic “snapshots” in time can
provide important paleoclimate information to help us un-
lock secrets of the past, and may also provide new keys to
search for in the modern record. 
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