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Foreword

The papers in this volume are contributions from National Biological
Service (NBS) scientists, university students, and resource managers throughout
the Colorado Plateau. The focus of all studies in this volume is on providing
baseline scientific information on the physical, cultural, and natural resources
of the Colorado Plateau. Support for these studies came from a myriad of federal,
state, and private partners concerned about the well-being of the Plateau’s
resources.

The rich variety of the 68 presentations given at the conference and the
16 papers included here reflects the diversity of science presently being carried
out on the Colorado Plateau. I applaud the effort of the contributors who, with
modest funding and a broad base of public and institutional support, have
pursued important lines of work in the four states that make up this vast
biogeographic region.

All across America, we face the prospect of extensive environmental
changes that will continue to affect the physical, cultural, and natural resources
on our federal lands. As the biological and ecological research branch of the
Department of the Interior, we in the NBS are committed to providing sound
scientific information that can be used by both public lands managers and private
landowners to conserve and manage natural resources.

National parks represent the best remaining examples of America’s
natural ecosystems and, as such, are baselines for measuring future change. To
protect parks and other federal lands, we must increase our efforts to inventory
and monitor their biological resources, to understand the factors, both natural
and human-induced, that threaten them, and to assist with the design of resource
management programs that will ensure that future generations can use and enjoy
them as we have.

In short, we must provide the sound science needed to conserve and
manage the natural resources that sustain us, inspire us, and represent our bio-
logical and environmental heritage.

H. RONALD PULLIAM

Director
National Biological Service
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Introduction to the Proceedings of the
Second Biennial Conference on Research in
Colorado Plateau National Parks

On 25-28 October 1993 in Flagstaff, Arizona, the National Biological
Service Colorado Plateau Research Station (formerly National Park Service
Cooperative Park Studies Unit) and Northern Arizona University hosted the
Second Biennial Conference of Research on the Colorado Plateau. The confer-
ence theme focused on research, inventory, and monitoring on federal, state,
and private lands in the Colorado Plateau biogeographic province.

This is the second volume (see Rowlands et al. 1993) of a planned series
of Colorado Plateau Research Station proceedings that highlights research and
resource management efforts related to physical, cultural, and natural resources
within the Colorado Plateau biogeographic province. The 16 papers in this
volume were selected from 68 posters and research papers presented at the
Second Biennial Conference. Each paper represents original research and has
been reviewed anonymously by three peers in that particular research discipline.
This volume of proceedings, like the products of other symposia centered
around particular themes, will focus attention on some of the salient research
being conducted within the Colorado Plateau. I expect this information to a
stimulate additional support for work on resources of the Colorado Plateau. If
the expectation is achieved, the organizational and editorial efforts of the past
several years will have paid dividends.

The papers naturally divide themselves into physical resources, cultural
resources, and biological resources.

Physical Resources

Hanging gardens are one unique aspect of the Colorado Plateau. May,
Fowler, and Stanton describe the geomorphology and community structure of
hanging gardens and point out that these gardens occur over sections of the
plateau because of unique geologic and hydrologic features. The hanging
gardens in each national park on the Colorado Plateau are identified, and a brief
classification is provided.

The second paper, by Netoff, Cooper, and Shroba, addresses weathering
pits (also known as tanks, caldrons, huecos, dew holes, potholes, water pockets,
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and tinajas) in sandstone substrate—another unique facet of the Colorado
Plateau. The authors discuss weathering pits in the Glen Canyon National
Recreation Area, specifically the series of pits near Cookie Jar Butte. The paper
focuses on causes of formation of the pits.

Brown and Davila provide, in the next paper, an insight into how a
large-scale mapping project can be beneficial to land managers on the Colorado
Plateau. The authors mapped geologic features of Great Basin National Park.
The integration of scientific expertise with management needs can benefit all
involved parties.

In the final paper of the first section, Dexter, Cluer, and Manone report
on the development of a method to monitor sandbar stability along rivers. This
research was part of the multimillion dollar Bureau of Reclamation—-Glen
Canyon Environmental Studies research effort to examine the potential effects
of fluctuating flows from Glen Canyon Dam on the down-river resources of
Grand Canyon National Park.

Cultural Resources

The four papers in this section were chosen to represent a cross section of
cultural and social research being carried out over the Colorado Plateau. The
topics presented span a time interval from the archaic (9000 BP) through the
Fremont culture (1000 BP) to historical fires in Mesa Verde and a 1993 tele-
phone survey of Arizona residents on perceptions about preservation of Grand
Canyon National Park. This section provides the reader with a representative
spectrum of research and management alternatives that cultural resource man-
agers can utilize to better know, protect, and preserve archeological, cultural,
and social resources over the Colorado Plateau.

One of the continuing controversies that exists on archaic occupation of
the Colorado Plateau is whether it has been continually occupied or if humans
have moved in and out of the region (e.g., see Berry 1982). The paper by Geib
presents an argument, through radiocarbon dating of artifacts, that the central
Colorado Plateau has been continuously occupied since 9000 BP.

Some of the most frequently encountered artifacts at archaeological sites
on the Colorado Plateau are ceramic potsherds (Colton and Hargrave 1937). In
many instances, archaic cultures have been identified as having unique ceramic
pottery styles, and the Fremont culture is no exception (Gunnerson 1957). In
the second paper of this section, Spurr presents an examination of the compo-
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sition of Emery Gray ceramics of the Fremont culture to support the contention
that the present classification is not adequate because of inaccurate and incon-
sistent temper designations.

The third paper provides an example of how research can cross disciplines.
Floyd-Hanna, Romme, Loy, and Hanna provide managers with a model that
predicts fires and, ultimately, their effects on cultural resources. Because no
trees with fire scars were present in their Mesa Verde study area, the authors
developed a technique with which to date vegetation recovery.

The fourth paper addresses social research on the Colorado Plateau. Solop
and Rodriquez present the results of a telephone survey of Arizona residents
that examines public attitudes toward protecting resources of Grand Canyon
National Park. Specifically, the authors attempted to gauge frequency of use,
levels of concern for protecting Grand Canyon resources, and finally at what
level people were willing to endure financial costs to support public policies of
park preservation.

Biological Resources

The final section addresses research that has been carried out on biological
resources across the Colorado Plateau. The section is subdivided into plant and
animal groupings. The plant papers encompass a vegetation scheme for the
Colorado Plateau, an analysis of hanging gardens, and a chapter on tissue culture
techniques for ponderosa pine (Pinus ponderosa). The animal papers are organ-
ized by taxonomic level, beginning with amphibian surveys and reptile body
temperatures as related to movement patterns, through several papers on birds,
and ending with a paper on a mammalian reproductive cycle.

The initial paper might ultimately prove to be one of the most important
of this volume. Spence, Romme, Floyd-Hanna, and Rowlands provide a vege-
tation classification scheme for scientists and managers on the Colorado Plateau.
This paper is an accumulation of several years of work by the Colorado Plateau
Vegetation Advisory Committee (CPVAC), whose charge was to construct a
standardized vegetation theme on the Colorado Plateau for managers.

The second paper revisits hanging gardens to address the endemicity of
plants. Fowler, Stanton, Hartman, and May examined 48 hanging gardens in
Zion and Capital Reef national parks and Glen Canyon National Recreation
Area to provide evidence of the importance of these plant species to hanging
gardens.
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Ponderosa pine is probably the most important economic tree species on
the Colorado Plateau. For this reason, silviculturists have paid considerable
attention to the production of young trees that would ultimately prove most
suitable for timber production. Lin and Wagner, in the third paper, discuss the
methodologies they developed to produce plantlets of ponderosa pine from
callus induction and differentiation.

The initial animal paper of this proceedings is by Drost and Sogge and
deals with a survey of northern leopard frogs (Rana pipiens) along the Colorado
River in Glen Canyon National Recreation Area. This paper is important
because of the serious declines of anuran amphibians throughout much of North
America (see the 1990 paper by Barinaga for a succinct overview of this
problem).

The fifth paper features reptiles: Graham, Persons, Schaedla, and Moore
relate a study of body temperature patterns of western rattlesnakes (Crotalus
viridis) at Natural Bridges National Monument. Twelve snakes were implanted
with temperature-sensitive radios that revealed lower body temperatures than
reported from other species of rattlesnakes.

Johnson and Sogge present the first paper on birds—about the influence
that livestock corrals and associated food items have on the abundance and
distribution of brown-headed cowbirds (Molothrus ater) in Grand Canyon
National Park. The authors examined five locations where livestock concentrate
in the park and found cowbirds frequenting three sites (two in Grand Canyon
village and one at Yaqui Point).

The second bird paper is from a 7-year study reporting on observations at
a great blue heron (Ardea herodias) colony adjacent to Curecanti National
Recreation Area in Gunnison, Colorado. Graham and Meyer documented the
gradual movement of heron nests west from Gunnison’s city borders as the
human population expanded and documented the expansion of the heron colony,
which doubled in 5 years.

The last paper pertains to the reproductive cycle of Abert’s squirrels
(Sciurus aberti). This mammal is, much like hanging gardens, a unique aspect
of the Colorado Plateau (Hoffmeister 1971). Pogany and Allred relate their
research in which, from 1992 through 1994, they collected squirrels killed on
roads in Grand Canyon National Park and Walnut Canyon National Monument.
Each specimen was examined histologically to determine the phenology of the
species’ reproductive cycle.
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Geomorphology of the Hanging Gardens of the
Colorado Plateau

Cathleen L. May'

Department of Integrative Biology
Museum of Paleontology
University of California
Berkeley, California 94720

James F. Fowler and Nancy L. Stanton

Department of Zoology and Physiology
University of Wyoming
Laramie, Wyoming 82071

Abstract. A roughly J-shaped archipelago of island habitats is distributed within
the drainage system of the Colorado Plateau from the Zion area at the southwest to the
canyons of the Green and Yampa rivers in the northeast. This is the hanging garden
habitat. Hanging gardens are isolated mesophytic communities physically and biologi-
cally distinct from surrounding xerophytic or riparian communities. Geologic and
hydrologic parameters control the existence, distribution, and physical attributes of the
hanging-garden habitat. Attributes vary with the sedimentologic type of the different
aquifer-bearing geologic formations in which gardens develop. Within a given forma-
tion, garden habitat attributes are relatively consistent. This observation allows a simple,
informative, and predictive model of garden geomorphology to be applied across the
geographic range of the system. The sandstone aquifers of the Colorado Plateau provide
the necessary condition for hanging garden development—a perennial, seep-delivered
water supply and an absence of significant fluvial processes. An erosional process called
groundwater sapping yields protective geomorphology that shields the habitat from the
aridity of the region as well as extrinsic erosional processes. Discharge rate and the
lithology of the seep-supplying geologic formation determine the size, shape, distribu-
tion, and abundance of microhabitats within a hanging garden. Colonization of micro-
habitats is determined by the ecological requirements and by the biogeographic and
evolutionary history of individual species making up the hanging-garden community.
Diversion of the seep supply and erosion of colluvial soil by human foot traffic and
livestock use affect garden ecology negatively. Hanging gardens should be protected

IPresent address: U.S. Forest Service, 740 Simms, Golden, Colorado 80401.



MAY ET AL.

from both activities. Local and regional alteration of patterns of aquifer flow may affect
the hanging-garden ecosystem.

Key words: Biogeography, ecology, groundwater sapping, hydrology, mesophytic
community.

The Colorado Plateau physiographic province of North America is charac-
terized by areally extensive sedimentary rocks of Paleozoic through Recent ages
that are generally flat-lying and are dissected by the Colorado River drainage
system. Several transmissive sandstone formations on the plateau, underlain by
relatively impermeable strata, are effective aquifers (Taylor and Hood 1988).
Large-scale geologic structures (e.g., the Waterpocket Fold monocline and San
Rafael Swell upwarp) yield broad dip planes and extensive joint systems within
sedimentary strata and control groundwater movement at local and regional scales
(Heath 1988). Subject to structural flow controls, groundwater exits from perched
aquifers as seeps and springs on the walls of the incised plateau drainage system.

Groundwater erosional processes are land-shaping agents on the arid Colo-
rado Plateau where bedrock is frequently exposed and soil cover is minimal over
large areas. For example, the familiar theatre-headed canyons with steep side
walls, arch-roofed alcoves, and hanging valleys found in plateau sandstones are
the result of a process called sapping (Laity and Malin 1985). Sapping occurs
where groundwater flow is concentrated and exits as a seep, eroding rock in that
zone and removing the basal support of overlying rock (Dunne 1990). Canyons
both widen and lengthen when the unsupported rock collapses. Until this collapse,
however, cliffward erosion at the seep zone produces a concave-inward geometry
that provides protection from sun and from surface erosion. The hanging gardens
of the Colorado Plateau are found in such concavities with active seeps.

The geographic distribution of aquifer sandstones and the drainages that
expose seeps control the distribution of the hanging-garden ecosystem. The
lithologic and structural character of the aquifer formation, flow dynamics at the
seep zone (Kochel et al. 1985), and extent of headward erosion determine which
of three basic microhabitats are present and the geomorphology of the whole
garden habitat. Our purpose in delimiting the fundamental parameters of garden
habitat development is to provide a context for ecological and biogeographic
research that distinguishes physical variability from biological variability in the
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hanging-garden ecosystem. This distinction will constrain that research to best
estimates of biological process and pattern.

Stanton et al. (1991*%, 1992a*, 1992b*) present preliminary results of the
community ecology research done on this system. Fowler (1995) discusses
endemism in the Zion-area and Glen Canyon hanging-garden communities. We
limit the following discussion to the physical character of the habitat of hanging
gardens for the purpose described above.

Literature Review

Welsh (1989) and Welsh and Toft (1972) list geologic formations in which
hanging gardens are found and classify garden types. Although descriptive and
internally consistent, their typing of gardens centers largely on an ontogenetic
description of garden development through time. Of course, a temporal component
to the geomorphic processes involved exists; however, we find the change is
almost entirely one of size. Size is related to the composition of the garden
community only by the addition of microhabitat types. Basic microhabitat types
are limited to three. Those that characterize a particular geomorphology are
determined very early in the erosional sequence; thereafter, size alone does not
significantly influence community composition or diversity (Stanton et al. 1992a*,
1992b*). Welsh and Toft (1972) also include both physical and taxonomic criteria
in their classification scheme. This does not suit our purpose, because bio-
geographic and ecologic research require a distinction between geomorphic and
biological processes. Where relevant in the following discussion, we correct some
geological misinterpretations and misidentifications found in Welsh (1989) and
Welsh and Toft (1972).

Little information dealing explicitly with geomorphic processes relating to
this unique habitat exists in the literature, though the work of Laity and Malin
(1985) describes canyon growth by groundwater sapping. Hamilton (1992) de-
scribes geologic processes in the Zion area thoroughly and with strong emphasis
on the geomorphology of hanging gardens.

The senior author reviewed pertinent geological literature including strati-
graphy, tectonics, sedimentology, geomorphology, and groundwater hydrology to

?Asterisk indicates unpublished material.
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provide a regional and site-specific context for the field study of the hanging-gar-
den system (e.g., Cooley 1965; Untermann and Untermann 1965; Huntoon 1982;
Doelling 1985; Laity and Malin 1985; Nations 1986; Billingsley et al. 1987;
Hamilton 1987; Hintze 1988; Taylor and Hood 1988; Blakey 1989; Bromley 1991;
Marzolf 1991; Patton et al. 1991; and others).

Field Methods

In addition to relating the distribution of the hanging-garden ecosystem to
the regional geology of the plateau, field study included three levels of analysis.
The most inclusive level comprised the geology surrounding that portion of the
drainage system containing gardens studied in each of the national parks involved
in the project. The intermediate level consisted of observations within individual
drainages—both those containing gardens and those where the appropriate geo-
morphology does not exist—to determine where and how garden development
occurs. The most detailed level comprised on-site characterization of the particular
geomorphology and lithologic and structural geology at each of the 75 hanging-
garden sites that were used for the data base on community ecology. Information
gathered and used to derive the following conclusions included location relative
to local geological structure, relative location within the drainage, identification
of aquifer and aquitard formations or intraformational facies, characterization of
the contact between the two, relative estimation of seep discharge, characterization
of weathering processes at the seep face and colluvial sedimentation below, and
determination of the lateral control on groundwater seepage. Measured parameters
included length of primary seep line and number of secondary seeps, dip of slope
beneath seep zone, size of microhabitats (i.e., size of vegetation patches used in
analysis of canopy coverage), and aspect of the axis perpendicular to the strike of
the seep. The information most pertinent to the community ecology and biogeogra-
phy of the system is in the 1993 annual report to the National Park Service and
will also be in future publications.

The following discussion, prospectus, and conclusions resulted from
9 months of field work on the hanging-garden system in 1991, 1992, and 1993 in
Zion National Park, Glen Canyon National Recreation Area, Capitol Reef National
Park, Natural Bridges National Monument, Arches National Park, Canyonlands
National Park, and Dinosaur National Monument.
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Discussion

We define the hanging-garden community by its assemblage of mesophytic
vascular plants—characterization is made at the community level (Stanton et al.
1991%*, 1992a*, 1992b*). Whereas the garden habitat may support some xero-
phytic and riparian species, the converse is less likely for most garden species—
that is, the garden community occupies a distinct habitat and, as a whole, may not
survive in either xeric or riparian conditions. We define this habitat by the extent
of the primary seep and seep-moistened colluvial soil as described below. The
garden habitat is the product of groundwater seepage. Seeps provide perennial,
drought-resistant localized water supplies. The associated sapping process creates
the protective geometry that allows for colluvial soil development and shields the
habitat from the general aridity of the region.

The seep is the necessary—though not sufficient—condition for hanging
garden development. Additional primary conditions include the absence of sig-
nificant fluvial processes and protection from excessive sun and wind in the driest
parts of the plateau. These few critical physical parameters determine whether
appropriate habitat develops and whether colonization by garden species will be
successful. The biogeographic history and dispersal and colonization charac-
teristics of garden species determine the community composition of individual
hanging gardens.

Groundwater Sapping and Garden Geomorphology

Sapping occurs where groundwater exits as a seep—not as a spring or point
source. At the seep line, water that has moved through the aquifer formation
encounters an impermeable layer that prevents its continued downward move-
ment. The impermeable layer, or aquitard, may be the contact with the underlying
formation or a stratigraphic facies of lower permeability within the aquifer
formation or simply a lense or lamina of lower permeability within the aquifer. A
seep zone develops above the aquitard; the rock at the cliff face is virtually
water-saturated in this zone, and groundwater exits at a regular rate. Chemical
weathering of the aquifer rock occurs in the seep zone, dissolving the cement that
consolidates the material. Mechanical weathering—such as expansion by ice
formation in colder areas and the precipitation of salt crystals whose growth further
deconsolidates aquifer rock—also occurs in the seep zone. The loosened material
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falls away from the weathering face. The cliffward erosion of rock at the seep line
creates overhead protection for as long as the overhanging rock remains in place,
and a concave-headward geometry develops on the strike axis of the seep.
Gravity-deposited material, or colluvium, accumulates where slope beneath the
seep line is less than the angle of repose of the colluvium and where it is sufficiently
protected overhead from precipitation and erosion by fluvial processes.

Seep delivery ensures that water cycles through the garden habitat at a
relatively slow rate. Discharge rate is a product of the hydraulic head or pressure
of the groundwater at the air—rock interface, the number of seep lines in the seep
zone, and the number of secondary seep lines at the site. Beyond a certain discharge
rate—the fluvial threshold—water is lost to runoff and may support riparian habitat
on alluvial soils beneath the garden.

The absence of significant fluvial processes means that most of the moisture
available to garden vegetation moves to root systems laterally and upward by
capillary action rather than downward by precipitation. Whereas precipitation and
surface water flow are not themselves detrimental to vegetation, they erode the
colluvial soil in which garden vegetation takes root.

Hanging-garden Microhabitats

We use microhabitat to distinguish specific kinds of places within gardens
from the whole hanging-garden habitat. We identify three microhabitats that may
exist singly or multiply within hanging gardens: seep-line, wet-wall, and collu-
vial-soil. The colluvial-soil microhabitat is further divided for increased precision
into soil slope and soil ledge in measuring canopy coverage and describing the
vascular community. We do not, however, employ the distinction in this paper.

Seep-line Microhabitat

The seep line is the fundamental microhabitat of a hanging garden—seep
occupied by garden species is defined as a garden, regardless of size or the presence
of other microhabitats. Drainages where groundwater sapping is the primary agent
of erosion may contain a large number of individual seep-line gardens. Where
these are stacked vertically at one site, we identify one garden with a primary seep
and one or more secondary seeps. Where the seep-line microhabitat exists without
the other microhabitats, discharge is relatively low, colluvium does not support
garden vegetation, and there is insufficient water to maintain a wet-wall micro-
habitat. Vascular plants root directly in the seep zone. Vegetation uses all water
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that is not lost to evaporation. Garden species that can tolerate the driest condi-
tions—~Petrophytum caespitosum, for example—tend to occupy seep-line gardens
with low discharge.

Where discharge rates are higher, the seep-line is but one of the two or three
microhabitats present. In these instances, garden species that are also found on
colluvial soil and the wet wall occupy the seep-line microhabitat, and the transition
into the colluvial-soil microhabitat can be continuous and without a distinct edge.

The seep-line microhabitat is linear. Some overhead protection, if only
centimeters deep, is associated with headward erosion by sapping. Orientation of
primary seep lines is generally horizontal, though they may exist at any angle—
including the vertical—when water movement through joints of the aquifer
sandstone is slow (i.e., not greater than the fluvial threshold). In eolian sandstone
aquifers like the Navajo and Entrada formations, the high-angle cross-bedding of
ancient dunes creates planes of differential permeability that can perch water long
enough for its exit as a seep. In these situations, garden vegetation occupies seeps
whose geometry mimics the slip-face angle of the original sand dune.

Wet-wall Microhabitat

Where there is sufficient discharge, water flows slowly across bare rock at
slopes too steep for the accumulation of colluvium. This is the wet-wall micro-
habitat, best exemplified by the giant weeping walls in Zion Canyon. The wet-wall
microhabitat supports the clinging vascular plants commonly associated with the
name and notion of a hanging garden as well as algal and bacterial colonies and
bryophytes. Vegetation roots directly in rock fractures or on small clumps of
colluvium that accumulate on the irregular wet-wall face.

The wet wall is a zone of active weathering of parent aquifer rock and,
because it is sparsely colonized, the erosional process of sapping is most visible
here. Wet walls exhibit a continuum of the weathering cycle from well indurated
rock (i.e., fresh shear surfaces) to unconsolidated sand that is saturated to depths
of several centimeters. Unconsolidated material is held at the face of the wet wall
by a gelatinous slime of colonial cyanobacteria. This mass eventually sloughs off
with increased weight and becomes part of the colluvial sediment below the seep
zone, leaving a fresh shear face on the wet wall. Mineral precipitates and evaporites
are common at the air-rock interface of the wet wall, especially on gardens whose
aquifer recharge area includes overlying limestones. Groundwater picks up addi-
tional mineral compounds that are not degraded before reaching the rock—air
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interface. Much of what Welsh (1989) describes as rufa precipitates, however, are
neither chemical precipitates nor evaporites. Rather, they are a dried crust made
up of the sand—cyanobacterial combination described above. These crusts can be
quite extensive on some gardens, especially in Zion where the wet-wall micro-
habitat is common. Broken apart, the alternating substrate and bacterial laminae
give the appearance of stromatolite. This crust is abrasive when dry, as is travertine.
Though this is a property of its sand content, it probably partly led to the
misinterpretation that it is a precipitate.

Wet walls are usually close to vertical in orientation and frequently are
super-vertical with either parallel concave or convex geometry relative to the cliff
face as a function of site-specific structure. Clinging species are able to take root
even on the underside of a garden roof, providing the seep zone continues
overhead. Wet-wall microhabitat may also exist at substantially lower slopes
though, when approaching the horizontal, water tends to flow faster, and fewer
plants are able to take root. This microhabitat is subject to perturbation by ice shear
in some areas.

Colluvial-soil Microhabitat

The colluvial-soil microhabitat supports both the greatest abundance and
the greatest diversity of hanging-garden vascular species (Stanton et al. 1992a).
Soil development on colluvium results from direct weathering of parent material.
Colluvial soils in the protective geometry of hanging gardens are moistened by
lateral and upward wicking of seep-delivered water. A drip line from overhanging
rock is a slow, steady supply in most instances and does not result in significant
erosion.

Species found on the seep line and wet wall also colonize the colluvial-soil
microhabitat, with the exception of the least mesophytic (e.g., P. caespitosum).
Additional forbs, grasses, sedges, and woody species colonize colluvial soil and
increase the diversity of gardens with this microhabitat. Those xerophytic and
riparian species that are able to colonize hanging gardens usually do so at the
corresponding edges of colluvial-soil vegetation patches. Edges with transitional
species are defined at either the point at which colluvium is no longer moist (in
the instance of a xeric edge) or where alluvial sediments begin and colluvial
sediments end (in the instance of a riparian edge).

The geometry of the colluvial-soil microhabitat may be triangular or tabular
(i.e., quadrilateral), depending on the structure of the aquifer formation. Gardens
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that form in eolian sandstones generally have triangular colluvial slopes, with the
broad edge high and extending the length of the primary seep line and tapering
inward downslope with the movement of water through the soil. Triangular shape
is associated with a concave-inward geometry on the axis perpendicular to the
strike of the seep. This is especially true for obvious reasons at the drainage head,
even in noneolian aquifer formations. Welsh and Toft’s (1972) classic alcoves
exhibit this geometry. Tabular shape is associated with near-shore marine and
fluvially deposited sandstones with strong horizontal bedding. The soil extends
downslope at relatively equal depths all along the lateral extent of the primary
seep. These slopes may also be concave-inward parallel to strike but not perpen-
dicularly, and they do not taper downslope.

Unlike the other two microhabitats, the colluvial-soil slope is located almost
entirely below the seep zone, developing largely in the aquitard formation or facies.
Aquitard facies are finer-grained sandstones, siltstones, or mudstones of fluvial or
lacustrine origin—hence their lower transmissivity and water-perching ability.
They are horizontally bedded and so weather into alternating slopes and ledges
above which colluvial sediments can accumulate. The colluvial soil that develops
on the aquitard is thus composed not only of weathered sandstone but also has a
component of the aquitard petrology as the result of in situ weathering of that parent
material. The higher the mudstone percentage composition of the aquitard, the
higher the clay content of colluvial soils that develop on it.

Colluvial soils on hanging gardens tend to be water saturated. Slopes are
frequently greater than 65°. Neither unconsolidated sand nor suspended clay is
particularly stable at steep slopes, so this microhabitat is exceptionally sensitive
to disturbance and may be easily eroded.

Hanging-garden Classification

Hanging gardens may be described in terms of their shape and geometry
and the microhabitats present. This specifies relative discharge rate of the seeps
and implies the overall geomorphology of the habitat and its sedimentological
origin. A classification built on microhabitats is descriptive and predictive, yet it
serves to minimize physical variability that does not relate to biological variation.
This is an important distinction for ecological research.
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Gardens are either simple or complex; that is, they consist of either the
seep-line microhabitat alone or that microhabitat plus either or both the wet-wall
and colluvial-soil microhabitats.

The overall shape and geometry of complex gardens is strongly associated
with the sedimentologic type of the aquifer formation. Those that are triangular
and strongly concave-inward perpendicular to strike are associated eolian sand-
stones such as the Navajo Sandstone (Ss). We refer to gardens with this overall
geometry as Navajo-type complexes. These generally exhibit strong lateral control
on the seep zone by either jointing or structural concentration of groundwater flow.
When headward erosion has undercut overlying rock that is still in place, these
gardens are roofed and correspond with Welsh’s classic alcove (Welsh and
Toft 1972.)

Tabular-shaped gardens are associated with sandstones that are strongly
horizontally bedded, like the Cedar Mesa Ss. The Cedar Mesa is of near-shore
marine and fluvial origin, with alternating facies of differential permeability.
Lateral control on the seep line is weak—groundwater is translated horizontally
forlong distances above aquitard facies. Colluvial-soil slopes are long and shallow
with slight strike-parallel concave-inward geometry, except at drainage headwalls.
We refer to gardens with this geometry as Cedar Mesa-type complexes.

Thus we describe gardens as one of four possible combinations of micro-
habitats in one of three categories as follows:

Navajo-type Cedar Mesa-type
Simple complex complex
(linear) (triangular) (tabular)
(1) seep-line (2) seep-line + wet-wall

(3) seep-line + colluvial-soil

(4) seep-line + colluvial-soil + wet-wall

Diversity of the garden community does not increase substantially with the
addition of the wet-wall microhabitat. The presence of the colluvial-soil microhabi-
tat does correlate, however, with increased diversity (Stanton et al. 1991%, 1992a%*,
1992b*). Multiple instances of different microhabitats within a single garden,
though a measure of increased physical complexity, do not correlate significantly
with diversity trends in the vegetative community (contra Welsh and Toft 1972).
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We do not distinguish gardens associated with plunge pools from those that
are not. Vegetation surrounding such pools is normally riparian and is not counted
in the garden community unless itis obviously on colluvial soil rather than alluvial.
Plunge pools are the geomorphic results of intense, periodic surface runoff.
Though both surface and groundwater tend to concentrate at the heads of drainages
(indeed, the topographic concentration creates the drainage), hanging gardens and
plunge pools at headwalls are coincidentally linked by location. Seeps are a
groundwater process—plunge pools are the product of surface flow.

Hanging Gardens in Colorado Plateau National Parks

The following is a general physical characterization of hanging gardens in
each of the seven national park jurisdictions included for research in this study.
Gardens in each are treated collectively. (Please see reports to the National Park
Service [Stanton et al. 1991*, 1992a*, 1992b*] for descriptions of individual
garden morphology and community ecology.)

Zion National Park

We studied hanging gardens in Zion National Park in 1991 and 1992. Pine
Creek Hanging Garden is developed in the Springdale Sandstone Member (Mbr)
of the Early Jurassic Moenave Formation, above the clay-rich mudstone of the
Whitmore Point Mbr. It is a complex Cedar Mesa-type hanging garden, with a
tabular colluvial-soil slope. The small wet-wall microhabitat is saturated up to
3 cm cliffward. Precipitates, evaporites, and dried cyanobacterial crust are preva-
lent at this garden and elsewhere at seep zones in Pine Creek.

All other gardens studied in Zion are developed in the Jurassic Navajo Ss.
The Navajo Ss reaches its greatest stratigraphic thickness here (more than 600 m)
and contains a large volume of groundwater. Gardens in Zion Canyon have surplus
discharge that runs off the garden and is frequently held in plunge pools below
(e.g., Upper Emerald Pool) before discharging into perennial tributaries to the
Virgin River. Amphitheatre-shaped bowls at the heads of these tributaries support
well developed hanging gardens. These are complexes of all three microhabitats,
which frequently exist in multiple. Gardens that develop on the sidewalls of Zion
Canyon and tributaries tend to have extensive wet walls. This is due partly to the
hydraulic head of groundwater in this thickest section of the Navajo Ss, which
results in large seep zones with high discharge rates. Frequently, however, a joint
in the Navajo Ss lies in a plane parallel to the canyon wall so that groundwater
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exiting high simply flows over the edge of the joint onto the cliff face (e.g.,
Weeping Rock Hanging Garden). Eventually the outer slab of suspended rock
spalls away from the face, exposing even more wet wall.

The base of the Navajo Ss is exposed throughout much of Zion Canyon, and
itis at this basal [gradational] contact with the underlying Kayenta Formation (Fm)
siltstones—mudstones that most primary seep microhabitats are located. The
wet-wall microhabitat above develops in the Navajo Ss and is supplied by higher
secondary seeps. The colluvial-soil microhabitat occupies slopes and ledges in the
Kayenta Fm below. The Emerald Pools in Heap’s Canyon are a curiosity in which
two Navajo—Kayenta couplets are vertically stacked. The Navajo and Kayenta
formations intertongue extensively in the southwest portion of the Colorado
Plateau (Blakey 1989). In this locality, a tongue of Navajo Ss separates the Kayenta
siltstone—mudstone into upper and lower aquitards (Hamilton 1992). The hanging
gardens above Upper and Lower Emerald pools develop at the base of the main
body and the tongue of the Navajo, respectively (contra Welsh 1989; the Spring-
dale Mbr of the Moenave Fm is not exposed in this portion of the canyon). Welsh
describes a boulder [hanging] garden between Upper and Lower Emerald pools;
we identify this habitat as riparian with colonization by some garden species and
do not recognize a Middle Emerald hanging garden.

Garden habitat along the Narrows Trail in Zion National Park is also a
complex of the three microhabitats. In this locality, the basal Navajo seep line
extends laterally for several hundred meters, and multiple patches of wet-wall and
colluvial-soil microhabitat are distributed where the seep follows an inward curve
of the canyon wall.

We also studied gardens found high up-section in the Navajo Ss on the
Overlook Trail at the east end of the highway tunnel. Seeps here are perched on
an intraformational horizontal bedding plane. Less groundwater is available this
high in the section—these gardens have lower relative discharge rates than
stratigraphically lower gardens. Interestingly, these drier gardens have higher
species-to-area ratios than the large, wet gardens in Zion Canyon and were our
first evidence for the inverse relation between overall wetness and diversity on
hanging gardens.

Glen Canyon National Recreation Area
We studied gardens on the Colorado River and on tributaries to the San Juan
and Escalante rivers of Glen Canyon in 1991 and 1992. These 27 gardens are all
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developed within the Navajo Ss, at its base, or within the 12-21-m-thick transi-
tional zone that exists between it and the underlying Kayenta Fm in some areas of
Glen Canyon (Cooley 1965). The Navajo Ss is between 120 and 245 m thick in
the Glen Canyon area and is largely flat-lying and exposed at its surface with little
soil development or vegetative cover. The contrast between the surrounding
slickrock and the hanging-garden community is striking in Glen Canyon. This area
is the hottest and most arid of those in this study, and protection from both sun and
drying wind is a critical geomorphic parameter. The shade line at midday in July
virtually prescribes the edge of the garden community. Gardens on sidewalls are
frequently developed in distinct, relatively compact alcoves with deep roofs—a
very protective geomorphology. Simple seep-line gardens of low diversity are
ubiquitous on those drainages growing by groundwater sapping. These exist
anywhere on canyon walls along cross-bed laminae and horizontal bedding planes.
Many are monospecific—inhabited only by Petrophytum caespitosum.

Gardens located in drainage headwalls exhibit the typical complex of three
microhabitats, concave-inward geometry on both axes, and triangular colluvial-
soil slopes. Secondary seep lines above the primary seep zone are common. The
wet-wall microhabitat in Glen Canyon is generally small relative to total garden
size and moist rather than covered with sheet flow. Plunge pools are common
below the garden. Their formation by periodic intense surface runoff from the
canyon rim above the garden is obvious here in the slickrock.

Although the thickness of the Navajo Ss here is half of that in Zion, it has
greater surface exposure to recharge. Runoff of excess water is common here as
well, extending seasonal persistence of intermittent streams below and providing
reproductive habitat for several amphibian species. Bufo punctatus, B. woodhousel,
Hyla arenicolor, and Rana pipiens utilize the plunge pool habitat below gardens
at a number of our Glen Canyon sites. Water loss to evaporation, however, is high
at all points in the cycle from seep to runoff and probably masks the true discharge
volume.

Capitol Reef National Park

Hall’s Creek and the east side of Waterpocket Fold were surveyed for
gardens in the 1992 and 1993 field seasons. This monoclinal structure largely
precludes the geomorphology necessary for hanging garden development. The
Navajo Ss dips at so strong an angle over the east side of Waterpocket Fold that
there is almost no low-angle exposure to charge the interstitial space of the
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sandstone. Water entering the sandstone at its upper exposure is quickly shunted
downward through the joints and fractures associated with the strong monocline.
Surface water flowing over the sandstone simply runs right over the slickrock fold.
During intense summer storms, this runoff shoots outward off the fold to free fall
almost 245 m into Hall’s Creek—a powerful sight from the bottom of the drainage.
Furthermore, the contact with the Kayenta aquitard is buried at the bottom of the
fold so that what groundwater does move through the sandstone does not encounter
an impermeable layer while exposed.

Nevertheless, some hanging garden development exists in Capitol Reef
National Park. At the bottom of the fold, in the Hall’s Creek Narrows, seep lines
just above the riparian zone support low-diversity gardens primarily composed of
Adiantum capillus-veneris. The seeps are intraformational on horizontal bedding
planes and cross-bed laminae within the Navajo Ss. The recharge is probably the
upstream water table of Hall’s Creek. One low garden, Sidewall Hanging Garden,
seems to be supplied by water moving down an extensive vertical joint and
charging laminar seeps above the garden.

We found two gardens higher in the Navajo Ss formed at intraformational
seep lines. These are small (long axis <10 m) with little colluvial soil development
and low discharge rates. The diversity-to-arearatio is high for one of these gardens.
This habitat also supported one canyon treefrog (H. arenicolor) far from any other
source of permanent moisture. The scarcity of hanging gardens in Capitol Reef
National Park makes those that are developed a rare and important resource.

Natural Bridges National Monument

White Canyon and its tributary drainages cut through the Permian Cedar
Mesa Formation in Natural Bridges. The Cedar Mesa Fm consists of fluvial and
nearshore marine dune sands interbedded with less permeable finer-grained
interdunal, lacustrine, and overbank facies. The sandstone facies are up to 10 m
thick, and the silty facies are usually less than 3 m thick in the outcrop area studied.
Low-angle cross-bedding and significant horizontal bedding characterize the
sandy facies, and horizontal structure is primary in the silty facies. This sedimen-
tology yields a different geomorphology than that seen in the eolian sandstones of
the plateau. Eolian sandstones are characterized by high-angle cross-bedding, little
horizontal structure, and relatively homogeneous, amorphous lithology. When
undercut, eolian rock masses spall off along curved planes that frequently corre-
spond to the angle of repose of the slip face of the original dune. This angle is
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harmoniously repeated all over the slickrock country of the plateau in alcoves,
arches, and other nonlinear landforms. Noneolian sandstones like the Cedar Mesa
do not exhibit this weathering pattern. The Cedar Mesa Fm is strongly structured
horizontally, is more heterogeneous in lithology, and weathers into steplike, linear,
laterally extensive geometries by both fluvial and groundwater processes.

The gardens that form in the Cedar Mesa Fm are long laterally and short
vertically. We estimated that one garden in Tuwa Canyon, while not included in
this study, extended laterally more than 500 m, but its width never exceeded about
10 m. Gardens are concentrated in the upper third of the Cedar Mesa section; most
groundwater volume is translated laterally before reaching the lower two-thirds of
the section.

The wet-wall microhabitat is not common on Cedar Mesa gardens. Bicar-
bonate is an abundant evaporite on colluvium. Except at drainage heads, the
colluvial-soil microhabitat is generally tabular shaped with slight, concave-inward
geometry parallel to strike. Overhanging ledges protect colluvial soils from erosion
by precipitation. These are higher-elevation gardens than those in Zion and Glen
Canyon, and shade seems to be less important to the garden community (deter-
mined by the correlation between aspect and vascular community attributes).
Gardens are concentrated on the east side of White Canyon because groundwater
follows the shallow west dip of the formation until it exits at the canyon
intersection.

Arches and Canyonlands National Parks

Gardens in these parks, studied in the 1993 field season, are treated collec-
tively here because there is no significant geomorphic difference between them.
The Jurassic Wingate, Navajo, and Entrada sandstones (the Glen Canyon group)
are all well exposed in this area. All are considered to be primarily eolian dune
deposits, though this interpretation for the Navajo further west has been debated
(e.g., Marzolf 1976). All are characterized by high-angle cross-stratification and
the weathering pattern described above. While the Wingate is a potential aquifer,
it is largely overlain by the Kayenta Fm and is seldom exposed to recharge at the
surface. May surveyed the top of the Chinle Fm (i.e., the base of the Wingate) in
1993 in the Upheaval Dome area of the Island in the Sky district and identified no
hanging gardens. The large alcove supporting garden species off the first switch-
back of the Schafer Trail reported by Welsh (1989) as forming in the Wingate is
actually in the Navajo Ss.
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The Navajo Ssis the primary garden-forming aquiferin this region. At Island
in the Sky in Canyonlands National Park, seeps on the Neck Springs Trail form at
the base of the Navajo (contra Welsh 1989) above a fairly distinct contact with the
underlying Kayenta Fm. The Navajo Ss is less than 100 m thick here, and the
recharge area at Island in the Sky is restricted, so seeps here are probably more
subject to seasonal fluctuations in discharge rate. Nevertheless, there is sufficient
flow through the aquifer to support gardens of moderate to large size with excess
runoff. These are typical Navajo-type gardens, much like those found in Glen
Canyon.

Navajo-type hanging gardens develop in the eolian Entrada Ss in Arches
National Park as well. We sampled gardens developed on south-facing walls on
the north side of the Salt Valley in the Delicate Arch vicinity. Vertical displacement
on amore or less west—east trending fault creates two slickrock benches that expose
the contact between the Moab Tongue Mbr above and the Slickrock Mbr (below)
of the Entrada Fm. The seep line runs much of the length of this contact on both
benches. Navajo-type gardens form in the drainage nickpoints of a series of joints
that run perpendicular to the fault line. The seep line in between these larger
gardens supports laterally extensive gardens that grade outward from complex to
simple.

Dinosaur National Monument

We studied gardens on the Green and Yampa rivers and tributary canyons
in the 1993 field season. The primary garden-forming aquifer in this region is the
Pennsylvanian—Permian Weber Ss. The Weber exhibits variable facies lithologies.
Gardens high in the section (e.g., up Bull, Johnson, and Red Rock canyons and up
Ely Creek) are of the Cedar Mesa-type geomorphology. Signature Cave hanging
garden, however, developed at the base of the Weber Ss beneath a deep classic
alcove. It is a Navajo-type garden with a triangular colluvial-soil slope and
pronounced strike-perpendicular concave-inward geometry. The seep seems to
exit from the base of the Weber at its contact with the underlying Morgan Fm,
though the seep line itself is largely obscured by colluvium. This far north on the
plateau, and at this elevation, shade becomes relatively unimportant.

An anomalous situation exists at Limestone Hanging Garden up Limestone
Draw on the Green River. Groundwater moves down through about 245 m of
Morgan Fm and Round Valley Limestone and is slowed at the top of the
Mississippian Doughnut shale. It exits and flows over the sloping Doughnut Fm
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and the sandier Humbug Fm. The groundwater exit at this site is laterally small,
yet a large volume of water is discharged onto a narrow, deep, vegetated slope.
Close to the seep line, the garden is typically concave-inward, with a wet-wall
microhabitat, secondary seeps, and a protected triangular colluvial-soil slope.
Below the seep zone, however, are several vegetated slopes that are fully exposed
to fluvial processes. These slopes support hanging-garden species, though a
channel through the larger slope contains running water and supports riparian
species. In this instance only, the authors disagree on how to delimit the garden.
One of us (J.F.F.) defines the anomalous slopes as in-garden based on the presence
of the hanging-garden plant community. The senior author (C.L.M.) cannot
distinguish a sedimentologic difference between these slopes and the surrounding
talus slopes with which they are continuous (other than their colonization by
garden vegetation) and would limit this garden to the edge of typical fine-grained,
well sorted colluvial sedimentation and protective geomorphology. This site
includes point-source flow in addition to seepage and accompanying alluvial
sedimentation on the talus beneath the colluvial slope.

Aquifers on the Colorado Plateau and the
Age of the Hanging-garden Ecosystem

The sandstones of the Colorado Plateau are the region’s major aquifers. The
Early Jurassic Glen Canyon group in particular is both laterally and strati-
graphically extensive. In fact, the Navajo Sandstone is the largest eolian unit of
the Earth’s rock record. These aquifers hold an immense volume of water.
However, due to fine grain size, alteration of mineralogy during diagenesis,
overburden loading, and secondary infilling of joints and fractures, the primary
permeability of these sandstones is minimal (Hood and Patterson 1984; Taylor and
Hood 1988). Furthermore, the Colorado Plateau—Wyoming Basins hydrologic
region has the lowest recharge rate on the North American continent (Heath 1988).
Considering, then, that these formations are not easily charged with groundwater,
how is it that they are such effective aquifers? Logically, if recharge is slow, then
asignificant amount of time is required to account for the present volume of water
stored in these sandstones. Likewise, the rate of discharge must not have signifi-
cantly exceeded recharge rate during the time elapsed since downcutting exposed
perched aquifers.
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Downcutting on the Colorado Plateau began with its initial uplift as early
as the middle Eocene (+43 million years ago [m.y.a.]). The Colorado River and
its tributaries seem to have evolved separately in individual areas and at slightly
different times (Patton et al. 1997). The modern Colorado drainage was established
between 11 and 5 m.y.a. (Larson et al. 1975a, 1975b; Lucchitta and Young 1986;
Lucchitta 1990). Given the Recent arid climate regime on the Colorado Plateau,
it seems likely that aquifers exposed to surface recharge during Pleistocene wet
cycles were fully charged at that time and that recharge has more or less kept up
with discharge to maintain the current volume for about 1.8 million years.

The age of the hanging-garden ecosystem is not known. We may parsimo-
niously assume that as soon as downcutting exposed perched aquifers, the pro-
cesses that develop garden geomorphology could proceed. Based on estimated
ages of paleodrainages, it is conceivable that appropriate garden geomorphology
has existed in some areas for as long as 15 million years. A safer assumption, based
on the estimated age of the modern drainage system, would allow garden geomor-
phology since about 5 m.y.a. Certainly the process of groundwater sapping on the
Colorado Plateau was well under way by the early Pleistocene (~1.8 m.y.a.).
Quaternary paleontologists and paleoecologists use fossil data collected in dry
alcoves and caves formed by this geomorphic process to reconstruct post-Pleisto-
cene climate and ecosystem history.

The presence of the appropriate geomorphology, however, does not neces-
sarily imply the historical presence of hanging gardens. A strong possibility exists
that discharge rates from perched aquifers before the current arid regime were too
high to allow colluvial sediments to accumulate. The garden community is
supported by slow-delivery seeps—not by springs. Furthermore, we do not know
whether the early vegetation that occupied this geomorphic habitat was similar to
the modern assemblages. Direct evidence is unavailable because the saturated soils
of the garden habitat do not preserve plant megafossils. Palynomorph analysis of
sediments from dry alcoves or fossil evidence from packrat (Neotoma spp.)
middens can tell us what the vegetation of the region was like at a particular time,
but that does not necessarily inform us of the community composition of a hanging
garden from the same stratigraphic horizon. Certainly the modern garden commu-
nity is dissimilar from its surrounding flora. Also, alcoves and caves in the canyon
system of the plateau are formed by fluvial processes as well as groundwater
processes. As downcutting proceeds, channel widening performs the same re-
moval of basal support as the seep does on a canyon wall or headwall. So even
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evidence from dry alcoves at the same stratigraphic level does not assure the
historical presence of a hanging garden (contra Welsh 1989; gardens are conse-
quent on their geomorphology, not the converse).

We may deduce only that the distinct ecosystem we identify as hanging
gardens on the basis of the vegetative community is maximally as old as charged
aquifers exposed by downcutting and likely no older than the current arid climate
regime (i.e., the system probably dates from the Pleistocene). The senior author
further postulates that a significant portion of the current plateau aquifer volume
is Pleistocene in age and that post-Pleistocene aridity and the low recharge rate of
these aquifers combine to make this groundwater system extremely susceptible to
permanent draw down. The hanging-garden ecosystem is necessarily equally
susceptible to degradation.

Prospectus

Whether the modern garden community is a relict of a previously wide-
spread flora or the product of dispersal from other source areas—or both—is a
central question currently being addressed by the authors. The hanging-garden
system naturally lends itself to longitudinal ecological investigation; indeed,
monitoring the status of its endemics requires continued research. Additional
primary research should include a comprehensive soil analysis with sufficient
geographic distribution to ensure sampling the variability. The Grand Canyon
section of the Colorado drainage system should be surveyed for hanging gardens.

Conclusions

The importance of groundwater geomorphology to the hanging-garden
ecosystem cannot be overstated. The first condition for both habitat development
and initial colonization is the seep. Habitat and community evolution are linked
to seep-controlled geomorphic processes. A fluctuation-resistant water delivery
system with no fluvial component is critical to the persistence and stability of the
garden ecosystem.

Aridity is a primary feature of the Colorado Plateau, affecting geomorphic
and biologic processes in both ecological and evolutionary time. The aquifers of
the plateau mitigate aridity constraints for the hanging gardens. These aquifers are
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likely older than the current climatic regime and recharge at a very slow rate.
Long-term persistence of the hanging gardens depends on maintenance of aquifer
volumes.

The physical attributes of hanging gardens are a product of the sedimentol-
ogy, lithology, and structure of the geological formations in which they develop
and the corresponding geomorphology produced by groundwater sapping. Similar
sedimentologies yield gardens that are geomorphically similar. Community simi-
larity or difference is a function of the biogeographic and evolutionary history of
component species.

Management of the hanging-garden ecosystem should include preventing
the erosional effects of humans and livestock, preventing or removing local seep
diversions, and consideration of the potential long-term effects of both drawdown
and reservoirs on aquifer flow patterns.
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Giant Sandstone Weathering Pits Near
Cookie Jar Butte, Southeastern Utah

Dennis 1. Netoff, Brian J. Cooper, and Ralph R. Shroba'

Department of Geography and Geology
Sam Houston State University
Huntsville, Texas 77341

Abstract. In arid southeastern Utah, giant weathering pits in the lower member of
the Entrada Sandstone of the Middle Jurassic age are striking features of the landscape
near Cookie Jar Butte in Glen Canyon. The pits are larger than most of those described
in the geologic literature (as wide as 38 m and as deep as 16.5 m). Four pit types identified
on the basis of cross-sectional form are cylinders (the most abundant type), bowls,
armchairs, and pans. Sandy sediment commonly veneers the bedrock floor of all pit types.
The sediment is similar in character to the adjacent sandstone and is probably locally
derived. Many of the deeper pits retain water from months to years, and water temperature
and pH values vary considerably by season. Vegetation in pits that are not periodically
inundated with water differs by type and amount; pits with the thickest sediment tend to
have the densest cover. Laboratory analyses of sandstone from pit walls, floors, and rims
reveal a fine-grained (x diameter about 90 —100 p) arkosic sandstone that is weakly
cemented with CaCO, (2.7-9.1% by weight) and lesser amounts of clay. Thin-section
analyses of the sandstone cores reveal quartz, plagioclase, and potassium feldspars that
are relatively unweathered, and examination using a scanning electron microscope
indicates that most grains are coated with variable thicknesses (0-5 ) of clays and iron
oxides—interstitial clays constitute 1-6% of the total sample. Physical weathering such
as spalling, salt crystal growth, and clay mineral hydration and dissolution of carbonate
cement weaken the sandstone. The sediment produced by these processes is probably
removed by wind, plunge-pool action, and perhaps dissolution and piping. The cause of
the removal of pit sediment is unknown.

Key words: Entrada Sandstone, Glen Canyon National Recreation Area, pothole, tinaja,
water pocket.

'Present address: U.S. Geological Survey, Box 25046, M.S. 913, Federal Center, Denver, Colorado
80225.
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Weathering pits are typically broad, shallow depressions formed on flat
to gently-sloping outcrops of bare rock. They are commonly flat-floored, as
wide as a few meters, and a few tens of centimeters deep. Theories on their
origin usually propose a combination of physical, chemical, and biological
weathering processes that promote mineral decomposition and the action of
wind or water that removes the decomposed material. Little is known about the
age of weathering pits.

Weathering pits have attracted special attention in arid regions, where
they have been watering holes for people and animals for millennia. This
accounts for many of the local names given to them, such as cisterns, tanks,
caldrons, huecos, dew holes, potholes, water pockets, and tinajas. Pits develop
on diverse lithologies; intermittent ponds have been reported on quartzite ridges
in North Carolina (Reed et al. 1963), in limestone in Texas (Udden 1925), in
arkose at Ayers Rock in Australia (Twidale 1982), and unusually deep (8 m)
pits in granite—gneiss in Brazil (Twidale 1968). Weathering pits are nearly
ubiquitous on gently-sloping outcrops of weathered granite and sandstone.
Weathering pits are so abundant on friable sandstones of the Colorado Plateau
that they locally create a distinctive dome-and-pit landscape.

Previous investigators focused on pits with high width-to-depth ratios and
on processes that weather rock rather than those that remove the weathered
material. The limited quantitative data on pit morphology indicate that pits are
typically circular to elliptical in plan view, flat-floored, have widths of 0.5 to
3.0 or 4.0 m, depths of 5 to 60 cm, and average width-to-depth ratios of 6:1 to
10:1 (Udden 1925; Twidale 1982; Ollier 1984; Alexandrowicz 1989). Angeby
(1951) and Jennings (1967) reported much deeper holes, but the origin of these
depressions seems related to plunge-pool action at the base of waterfalls and to
collapse into subterranean voids and not solely to weathering. Weathering
processes proposed for pit development emphasize the role of water, which,
partly because of reduced rates of evaporation, probably remains for progres-
sively longer periods as the pit deepens. Reference is made to some combination
of physical, chemical, and biochemical activity that accounts for weathering of
pit walls and floors (Udden 1925; Matthes 1930; LeGrande 1952; Reed et al.
1963; Jennings 1967; Roberts 1968; Twidale and Bourne 1975; Godfrey 1980;
Jennings 1983; Goudie 1986; Young 1987a; Howard and Kochel 1988; Alex-
androwicz 1989). Authors do not agree, however, on the role and relative
importance of specific weathering processes—salt crystal growth, spalling,
hydration and desiccation, solution, hydrolysis, attack by organic acids, frost
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weathering, and colloidal plucking in pit initiation and growth. Although the
existence of salts and calcite is frequently cited as evidence of crystal wedging
(Bradley et al. 1978; Laity and Malin 1985), it is difficult to demonstrate that
these minerals are the direct cause of grain dislodgement (Young and Young
1992). Howard and Kochel (1988) and others stated that solutions of calcite
cement locally created karstic landforms on barren, smooth outcrops of friable
sandstone (i.e., slickrock) slopes in the Glen Canyon region, but they provided
little evidence to support their statement. Goudie (1991) summarized the most
recent literature on pan development and supports the idea that the initial
depressions are largely the result of solution. He also concludes that aridity
contributes to pan development by limiting vegetation cover (permitting defla-
tion), and by localizing salts (promoting rock disintegration).

Several mechanisms have been proposed to account for the removal of
weathered sediment from pits (Barnes 1978). Wind deflation is thought by some
to be effective, although Twidale (1982) de-emphasized its importance. Where
pits are in or near intermittent water courses, fluvial action may abrade bedrock
and remove sediment. In deeper pits, especially those that are not integrated into
water courses, subsurface removal by dissolution or piping has been proposed,
particularly for pits that are obviously connected to underground conduits
(Twidale 1990). Extensive underground tubes and cavities in quartz sandstones
have been reported in Venezuela and Australia (Jennings 1983; Young 1987b).

Some of the most conspicuous gaps in the literature concern the age and
rate of development of weathering pits. Matthes (1930) noted that weathering
pits in the Sierra Nevada are present on older glaciated surfaces but are absent
on recently (less than 10,000 years?) glaciated surfaces. In the Colorado Front
Range, incipient pits have developed on boulders in glacial deposits of Holocene
age (Birkeland 1984; Birkeland et al. 1987). The Mistor Pan in Dartmoor,
England, is a large, well known pit that was first described in 1291; its depth
did not significantly change between 1828 and 1929 (Twidale 1982). The rate
of pit growth may be highly variable, depending on factors such as climate,
lithology, and rate of sediment removal.

Clusters of giant sandstone weathering pits are known at three sites in
southeastern Utah; two are in the lower part of Glen Canyon, which is partially
inundated by Lake Powell (Fig. 1). The pits near Cookie Jar Butte and Rock
Creek Bay are formed in outcrops of the lower member of the Entrada Sandstone
of Middle Jurassic age.
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Fig. 1. Map of the giant weathering pits near Cookie Jar Butte and Rock Creek Bay,
Utah.

Field and laboratory analyses of the pits near Cookie Jar Butte were done
in 1992 and 1993. Measurements indicate that these pits are much deeper than
typical weathering pits; they may be among the deepest in sandstone on earth
(Netoff and Shroba 1993). They are of considerable geomorphological interest
because of their immense size and because their origin is difficult to explain by
conventional theories.
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The major objectives of this report are to describe the geologic occur-
rence, dimensions, and geometry of the weathering pits at Cookie Jar Butte and
to evaluate several hypotheses that might account for their origin.

Study Area

Cookie Jar Butte is on the north side of Padre Bay (Fig. 1; Sec.7,T.45S.,
R. 6 E. of the Gunsight Butte 7.5-minute quadrangle, Utah) in an approximately
30-ha area of pitted terrain on gently to moderately-sloping surfaces. Clusters
of giant weathering pits in the Entrada Sandstone also exist at two other sites:
one is on a mesa top near the head of Rock Creek Bay, and the other is at Dance
Hall Rock, about 30 km northeast of Cookie Jar Butte. Neither was examined
in detail.

The bedrock of this part of the Colorado Plateau consists of horizontal to
gently-dipping Mesozoic and Cenozoic sedimentary strata, locally deformed in
monoclinal folds and broad upwarps and downwarps. Cookie Jar Butte lies
along the southeastern margin of the Kaiparowits Downwarp, which has re-
gional dips of about 1° toward the northwest (Hackman and Wyant 1973).

The bedrock at and near Cookie Jar Butte is described in detail by Peterson
and Barnum (1973) and Sargent and Hansen (1982) and is briefly summarized
here. From bottom to top, the rock units include the Navajo Sandstone (Lower
Jurassic), the upper member of the Carmel Formation (Middle Jurassic), the
lower member of the Entrada Sandstone, the middle member of the Entrada, the
sandstone at Romana Mesa, and the Salt Wash Member of the Morrison
Formation (Upper Jurassic).

The lower member of the Entrada Sandstone, in which all of the giant
pits have formed, is an orange, reddish-brown to buff, very fine-grained sand-
stone that is thinly to thickly cross-bedded. It has been described as a quartz-rich
sandstone (quartz arenite), composed predominantly of subrounded to suban-
gular quartz grains (Harshbarger et al. 1957; Witkind 1964; Davidson 1967
Peterson and Pipiringos 1979). Our laboratory analyses, however, reveal abun-
dant (20-29%) feldspars and lithic fragments (3—14%), indicating an arkosic
sandstone. It is approximately 170 m thick near Cookie Jar Butte. Large,
irregular masses of structureless sandstone exist locally at the study site, some
of which are partially exposed in pit walls and rims. The lower member of the
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Entrada is thought to be of eolian and nearshore marine origin (Peterson and
Barnum 1973).

The layer-cake structure of the rocks in the Glen Canyon region and their
deep dissection by the Colorado River and its tributaries have produced a
stair-step landscape, including mesas, buttes, structural terraces, steep-walled
canyons, and talus-mantled ledgy slopes at the base of steep slopes. The Salt
Wash Member forms the resistant caprock on the mesas and buttes that rise
above Cookie Jar Butte. Distinctive topographic features that have developed
on both the Navajo and Entrada sandstones include alcoves, varnished cliffs
with rounded shoulders, pitted uplands, and slickrock slopes (Fig. 2). These
features are in marked contrast to the flat-topped bedrock terraces and sharp,
angular cliffs that characterize the landforms on more competent units such as
the Wingate Sandstone (Lower Jurassic) and the Dakota Sandstone (Upper
Cretaceous).

The climate of the lower part of the Glen Canyon region is arid to semiarid
and is characterized by considerable variations in temperature and precipitation
that are caused by differences in elevation and aspect. The average July
temperature at Wahweap, near Page, Arizona (Fig. 1), is 28° C, whereas the
average January temperature is 0° C (National Park Service, 1958-80, unpub-
lished data). Diurnal temperature variations are marked, especially during
spring and summer when they often exceed 20° C. Mean annual precipitation
at Wahweap is a meager 15 cm (National Park Service, 1958-80, unpublished
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Fig. 2. Schematic diagram of erosional landforms that typically develop on the friable
sandstones and mudstones in the lower part of the Glen Canyon region, Utah. The
sandstone at Romana Mesa is only present locally and is not shown. At high pool
(1,128 m), the surface of Lake Powell is just above the Carmel-Entrada contact at
Cookie Jar Butte.
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data), with significant year-to-year variations. Prevailing winds are from the
southwest and are commonly strongest during spring. Severe winds are often
associated with thunderstorms and squall lines, which also commonly approach
from the southwest.

Vegetation and soils are sparse. They are limited to small areas where
moisture is concentrated, such as along seeps and stream courses, and in
weathering pits. Soil development is not only restricted by aridity and sparse
vegetation but also by the meager amount of unconsolidated parent material.

Methods

Field and laboratory studies began in May 1992 with a reconnaissance of
the Cookie Jar Butte site. Preliminary field maps (scale approximately 1:1,000)
showing the distribution of weathering pits were prepared with the aid of
1:12,000-scale color aerial photographs provided by the Bureau of Reclamation,
1:24,000-scale topographic maps (U.S. Geological Survey), and 1:4,000-scale
topographic maps prepared by the Bureau of Reclamation for the National Park
Service. Thirty-one pits were described and measured, and 9 bedrock core
samples were extracted. Loose sediment on the floors of selected pits was
described and sampled for laboratory analysis. Additional bedrock cores and
four pit water samples were collected in December 1992.

More detailed field investigations of the pits at Cookie Jar Butte were
conducted during March 1993. The large, accessible pits were measured and
described to determine the width and depth of closure (lowest part of pit rim to
top of sediment or to bedrock floor in pit), pit-wall morphology, pit-floor
sediments, pit-floor vegetation, and other pertinent site factors. Additional
samples of bedrock cores, loose pit-floor sediment, weathered rock, and water
in pits were collected for laboratory analyses. Visits to Cookie Jar Butte were
made again in May and July 1993 to collect water samples and selected bedrock
samples.

The laboratory analyses were conducted to determine the nature of the
sandstone in which the pits formed and the nature of the pit-floor sediment and
pit water. Thin sections of bedrock cores were examined by petrographic
microscope to determine the mineralogy of grains, the type and amount of
cement, and the percent pore space. Selected samples of weathered bedrock
were examined with the scanning electron microscope and in thin section to
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determine the degree of alteration of the sandstone by diagenesis or near-surface
weathering. The particle size of pit-floor sediments was analyzed, and selected
samples were examined for the presence of distinctive tracer grains that were
emplaced in December 1992. The CaCO; content of selected sandstone cores
was analyzed to determine whether systematic variations in CaCO; content
reflect selective dissolution of the calcite cement. Water samples from selected
pits were collected in December 1992 and in March, May, and July 1993 to
determine the magnitude of seasonal fluctuations in water temperature and pH.

Results

The giant weathering pits near Cookie Jar Butte are usually circular in
plan view, cylindrical in shape, have low width-to-depth ratios, and depths of
closure of as much as 16.5 m (Fig. 3). Single pits exist, but pits commonly exist

Fig. 3. Low oblique aerial photograph of a cluster of pits southeast of Cookie Jar Butte,
Utah. Note the circular shape of most pits and the large mass of structureless sandstone
left (south) of center. The pit at the base of the structureless sandstone (ar head of
arrow) is CJ-24, which has a diameter of 27.1 m and a depth of closure of 14.9 m
(photograph by D. I. Netoff 1992).
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in clusters; some are so closely spaced that they coalesce. Weathering pits exist
on flat outcrops and on gentle to moderate slopes (30° or more) that face north,
south, east, and west (Fig. 4). Some are on ridge crests and near isolated hilltops.
Several are aligned along drainage courses.
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Fig. 4. Giant weathering pits southeast of Cookie Jar Butte, Utah.
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Four distinct types of pits were identified on the basis of their cross-sec-
tional form. The following nomenclature was modified from that of Twidale’s
(1982). Pans are broad, flat-floored, steep-sided, and have high width-to-depth
ratios (Fig. 5; Tables 1 and 2). They are similar in form to pits commonly
described in the literature but differ significantly from them because of their
large dimensions. Only three pan-shaped pits were identified (Fig. 5; Tables 1
and 2). Two of these contained loose sediment veneers on their floors that were
thick enough to support sparse vegetation, and the other one seems to have
contained water continuously for at least the past 3 years. How much of the
water in the pit was supplied by rainfall and how much remained from when the
pit was inundated by high lake levels are not known.

Bowls have gently-sloping sides and are roughly parabolic in cross-sec-
tion. Most bowls have flat floors and a very thin layer of sediment that overlies
the bedrock. Their widths range from about 2 to nearly 26 m and width-to-depth
ratios are low ( X = 7; Tables 1 and 2).

Cylinders have vertical or nearly vertical walls, flat floors, moderate to
great depths (as deep as 16.5 m), and have the lowest width-to-depth ratios of
any pit type, commonly less than 4 (Table 2). Loose sediment veneers the floors
of most pits, and the sediment is as thick as 1 m. The pits resemble giant drill
holes and have an average depth of about 6 m (Fig. 6). Many cylinders contain
several meters of water that may remain for months or years when moist weather
prevails.

Armchairs are similar to cylinders, except that part of the pit wall of the
armchair has been extensively breached by slope retreat or pit enlargement.
Breaching reduces the depth of pit closure and results in higher width-to-depth
ratios than for similarly-shaped unbreached pits (Table 2). Armchairs exist on
slopes of 30° or less.

Pit walls show varying degrees of development of morphological features
such as tafoni, small alcoves, rock varnish, spalls, and lichen cover regardless
of pit type. Tafoni and alcoves tend to concentrate along lithologic discontinui-
ties such as bedding planes, joints, and small-scale faults (displacement of a few
centimeters to a few meters; Fig. 7). Salt-crystal growth is most obvious
following periods of wet weather, such as the winter of 1992-93, and seems to
promote the formation of tafoni and alcoves in many of the pits, particularly
along bedding planes where moisture is concentrated. Many near-vertical pit
walls display the effects of spalling, especially on exposures that receive long
periods of direct sunlight. Near-vertical walls on the north-facing sides of many
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Fig. 5. Types of weathering pits near Cookie Jar Butte, Utah. Diagrams on the left are
schematic cross sections; sketches on the right are oblique views of actual pits
(sketches by Gary Durant).
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Table 1. Summary of width, depth, width-to-depth ratio, and type of pit for the
giant weathering pits near Cookie Jar Butte, Utah.

Pit Width? Depth® Width- Pit
number (m) (m) depth® type
CJ-1 15.1 3.7 4.1 Cylinder
Cl-2 18.1 1.9 9.5 Bowl
CJ-3 7.6 1.6 4.8 Bowl
Cl-4 5.9 2.1 2.8 Cylinder
Cl-5 nd. 0.0 n.d. Armchair
Cl-6 11:9 1.5 7.9 Bowl
Cl-7 6.1 25 24 Cylinder
Cl-8 6.4 3.5 1.8 Bowl
ClJ-9 8.7 0.8 10.9 Armchair
CJ-10 15.7 4.9 32 Cylinder
CJ-11 8.8 1.6 55 Armchair
CJ-13 11.9 33 3.6 Bowl
Cl-14 8.1 4.1 2,0 Cylinder
CJ-15 13.0 6.4 2.0 Cylinder
CJ-16 229 1.7 13.5 Pan
CIJ-17 14.3 4.0 3.6 Cylinder
CJ-18 15:5 7.3 24 Cylinder
CJ-19 14.3 0.8 17.9 Pan
CJ-20 19.5 10.1 1.9 Cylinder
CJ-21 7.6 2.6 29 Cylinder
CJ-22 15.1 6.7 23 Cylinder
CJ-23 14.2 32 44 Armchair
CJ-24 27.1 14.9 1.8 Cylinder
CJ-25 9.4 5.4 1.7 Cylinder
CJ-26 6.6 3.4 1.9 Cylinder
CJ-27 75 33 2.3 Cylinder
CJ-28 7.5 22 3.4 Armchair
ClJ-29 137 4.6 3.0 Cylinder
CJ-30 5.1 1.1 4.6 Bowl
CJ-31 4.0 0.5 8.0 Bowl
CJ-32 53 1.5 35 Armchair
CJ-46 15.8 5.8 2:d Cylinder
CJ-47 19.6 43 4.6 Armchair
CJ-54 17.0 0.5 34.0 Armchair
CJ-56 13.6 3.1 4.4 Cylinder
ClJ-57 133 1.6 8.3 Cylinder
CJ-58 159 0.0 n.d. Bowl
Cl-64 375 4.6 8.2 Pan
CJ-65 8.4 4.1 2.0 Cylinder
CJ-68 5.4 0.6 9.0 Bowl
CJ-100 22.6 15.5 1.5 Cylinder

CJ-101 14.0 1.3 10.8 Bowl
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Table 1. Continued.

Pit Width® Depth® Width- Pit
number (m) (m) depth® type
CJ-102 14.3 nd¢ n.d. Bowl
CJ-103 14.0 1.6 8.8 Bowl
CJ-104 8.1 0.0 n.d. Bowl
CJ-105 6.9 n.d. n.d. Bowl
CJ-106 8.2 0.8 10.3 Bowl
CJ-107 94 0.0 n.d. Pan
CJ-108 6.9 3.1 2.2 Cylinder
CJ-109 6.4 23 2.8 Bowl
CJ-110 7.3 0.4 18.3 Bowl
CJ-114 20.6 5.5 3.7 Cylinder
CJ-201 21.3 16.5 1.3 Cylinder
CJ-202 7.8 2.6 3.0 Cylinder
CJ-203 6.8 2.6 2.6 Cylinder
CJ-204 12.4 0.0 n.d. Bowl
CJ-205 11.1 4.7 2.4 Armchair
CJ-206 15.2 9.4 1.6 Cylinder
CJ-207 19.5 8.6 23 Bowl
CJ-208 10.8 1.5 72 Armchair
CJ-209 9.3 4.6 2.0 Cylinder
CJ-210 14.2 94 1.5 Cylinder
CJ-211 12.0 44 2.7 Cylinder
CJ-212 19.5 n.d. n.d. Armchair
CJ-213 15.5 n.d. n.d. n.d.
CJ-214 19.4 8.2 2.4 Cylinder
CJ-215 12.4 1.8 6.9 Bowl
CJ-216 17.2 8.8 2.0 Cylinder
CJ-217 25.9 4.6 5.6 Bowl
CJ-218 10.4 2.4 43 Cylinder
CJ-220 9.6 0.3 32.0 Armchair

*Width = average of maximum and minimum diameters measured at the inner part of the pit rim.
hDeplh of closure = vertical distance from the lowest part of the pit rim to the pit floor (bedrock or
top of sediment).
‘Width-depth = the ratio of width to depth of closure.
n.d. = not determined.

of the pits seem to be the most stable; they display the least amount of granular
disintegration, have the least amount of loose detritus at their base, and have by
far the greatest percentage of lichen cover, which averages about 17% versus
less than 1% lichen cover on pit walls that are not north-facing.
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Table 2. Comparison of width-to-depth ratios of the four kinds of weathering pits
at Cookie Jar Butte, Utah.

Cylinder Bowl Armchair Pan
Pit Width- Pit Width— Pit Width— Pit Width-
number  depth number  depth number  depth number  depth
CJ-1 4.1 Cl-2 9.5 Cl-9 10.9 ClJ-16 13.5
Cl-4 2.8 CJ-3 4.8 CJ-11 5.5 CJ-19 17.9
CJ-7 2.4 ClJ-6 7.9 CJ-23 4.4 CJ-64 8.2
CJ-10 32 CJ-8 1.8 CJ-28 3.4
Cl-14 2.0 Cl-13 3.6 Cl-32 3.5
CJ-15 2.0 CJ-30 4.6 Cl-47 4.6
ClJ-17 3.6 CJ-31 8.0 Cl-54 34.0
CJ-18 2.1 CJ-68 9.0 CJ-205 2.4
CJ-20 1.9 CJ-101 108 CJ-208 7.2
CJ-21 29 CJ-103 8.8 CJ-220 32.0

CJ-22 23 CJ-106 103
CJ-24 1.8 CJ-109 2.8
CJ-25 1.7 CJ-110 183
CJ-26 1.9 CJ-207 23
CJ-27 2.3 CJ-215 6.9
CJ-29 3.0 Cl-217 5.6

CJ-46 2.7
CJ-56 44
CJ-57 8.3
CJ-65 2.0
CJ-100 1.5
CJ-108 2.2
Cl-114 3.7
CJ-201 1.3
CJ-202 3.0
CJ-203 2.6
CJ-206 1.6
CJ-209 2.0
CJ-210 1.5
CJ-211 2:7
CJ-214 2.4
CJ-216 2.0
CJ-218 43
T =33 T =16 T =10 =3
avg.b = 2.7 avg.'J =72 avg.b = 10.8 avg.b =132

T = total number of weathering pits.
avg. = average value of width-depth ratios.
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Fig. 6. The cylindrical-shaped pit at CJ-100, located about 550 m southwest of Cookie
Jar Butte, has a diameter of 22.6 m and a depth of 15.5 m. Water remained in the pit
from at least December 1991 (about 2 m) until July 1993 (almost dry). Calcium
carbonate bathtub rings on the pit walls suggest that the pit may have recently been
half full of water (photograph by D. I. Netoff 1992).
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Fig. 7. Tafoni (pitting in vertical bedrock walls) aligned along bedding planes at pit CJ-20
(Fig. 4). Although joints and bedding planes influence the locations of the tafoni, they
do not seem to exert a strong control on the location or shape of pits near Cookie Jar
Butte. This cylindrical pitis 19.5 m wide and 10.1 m deep. Note person in upper right
for scale (photograph by D. I. Netoff 1992)

All pit types commonly have a thin veneer of loose, sandy sediment that
covers their bedrock floors. The mineralogy, particle size, color, and grain shape
of the sediment are similar to that of the sandstone bedrock; therefore, the
sediment is probably derived largely from the local bedrock. In some pits, the
sandy sediment consists of thin layers of organic-rich material alternating with
yellowish-red (5 YR 5/6; Munsell Color 1973) layers that are low in organic
material. In some pits, the sediment is thicker than 1 m and unstratified. The
upper surfaces of these sediments are undulatory and were probably reworked
by the wind (Fig. 8). No artifacts or fossils were found in pit-floor sediment, nor
have any buried soils been identified. Abrasive fragments that are larger than
sand grains are rare in pit-floor sediments, except in pits with rock fragments
from the Morrison Formation, which is exposed in nearby cliffs.

Pits with the thickest pit-floor sediment tend to support the densest plant
cover. Plant communities generally consist of grasses, shrubs, herbs, and forbs,
although the species composition varies considerably. Grasses such as the
foxtail chess (Bromus rubens), sand dropseed (Sporobolus cryptandros), and
blue grama (Bouteloua barbata) are common dominants or codominants.
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Fig. 8. A cluster of giant pits, two of which contain moderately thick pit-floor sediment
and a relatively dense vegetation community. The pit in the lower left (CJ-19, Fig. 4)
is 14.3 m wide, and the pit in the far upper right (CJ-16, Fig. 4) is 22.9 m wide. Both
are classified as pans (photograph by D. I. Netoff 1993).

Herbs and shrubs such as the tamarisk (Tamarix ramosissima), narrow-leaved
yucca (Yucca angustissima), Mormon tea (Ephedra viridis), and matchbrush
(Gutierrezia microcephala) vary in abundance and achieve dominance or
codominance in some pits. Annuals such as the Russian thistle (Salsola aus-
tralis) are present but are not as common as the other species. Many other
annuals are present in some pits.

No obvious lithologic or structural controls determine the shape or loca-
tion of most pits near Cookie Jar Butte. Joints and small-scale faults are present
throughout the lower Entrada Sandstone outcrops. Most, however, are cemented
with varying amounts of CaCOj,, which seems to strengthen the sandstone along
these zones.

Thin-section analyses of near-surface sandstone cores at depths of 0-12 cm
from pit rims, walls, and floors indicate that quartz accounts for 65-74% of the
detrital grains (Tables 3 and 4). The remaining grains are mostly potassium
feldspar with lesser amounts of lithic fragments and plagioclase feldspar. The
total amount of pore space between sand grains (excluding calcite cement),
based on point counts, is about 19-25%. Grains are typically subangular to
subrounded, and the dominant grain sizes are medium to very fine sand (average
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Table 3. Point-count summaries of stained thin sections of selected sandstone
cores from pit rims, walls, and floors.?

CJ-17 CJ-17 CJ-101 CJ-101

Constituent (%) A2° B2¢ A2¢ B2¢
Quartz 46 50 44 48
Potassium feldspar 12 14 13 11
Plagioclase 3 5 8 -+
Calcite 4 3 9 9
Pore space 25 20 24 26
Lithic fragmemsf 10 8 3 2
QQ+K+P+LE 65 65 65 74
KQ+K+P+L 16 18 18 16
PQ+K+P+L 4 7 11 7
L/IQ+K+P+L 14 11 5 3
Grain size ([t)

Maximum 158 210 225 162

Minimum 30 32 35 37

Average 90 95 97 92

1s" 26 35 30 23
Total counts 208 208 208 208

#Pit CJ-101 is located 500 m southwest of Cookie Jar Butte, and pit CJ-17 is located 800 m southeast
of Cookie Jar Butte (Fig. 4).

Pit CJ-17 A2 is sample from pit wall at a depth of 3.8-5.1 cm.

CPlt CJ-17 B2 is sample from pit floor at a depth of 1.9~4 .4 cm.

4Pit CJ-101 A2 is sample from pit rim at a depth of 1.9-3.2 cm.

cPu CJ-101 B2 is sample from pit wall at a depth of 2.5-5.1 cm.

[Lithic fragments: fine-grained rock fragments + biotite and amphibole.

£Q = monocrystalline + polycrystalline quartz; K = potassium feldspar; P = plagioclase; L = lithic
fragments
"|s = one sample standard deviation.

90-100 p, based on point counts and sieve analyses). Most quartz grains have
distinct grain boundaries and show little or no evidence of dissolution (pitting
or embayments). The feldspar grains are either slightly weathered or un-
weathered in roughly equal proportions. A reddish-orange to yellowish-orange
coating as thick as 5i covers most grains. These coatings are probably a combin-
ation of iron oxides and clay minerals (Fig. 9). Grains are loosely cemented
with CaCOs5 (2.7-9.1 wt.% based on Chittick gasomatic determinations) and
clays (1- 6 wt.% based on particle-size analysis). No consistent trends in CaCO;
content were detected among samples from pit floors, walls, and rims, nor were
significant differences in CaCOj; content observed between surface and near-
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Table 4. Point-count summaries of unstained thin sections of selected sandstone
cores from pit rims, walls, and floors.?

CJ-101 CJ-101 CJ-101 CJ-101 CJ-103

Constituent (%) A3 BI° B5* c2*° ar
Quartz and feldspars 67 73 68 69 70
Calcite 13 9 10 5 7
Pore space 15 12 17 19 19
Lithic fragments® 5 5 4 7 5
Total counts 276 240 268 212 204

“Pits CJ-101 and CJ-103 are located about 500 m southwest of Cookie Jar Butte.
bpit CJ-101 A3 is sample from pit rim at a depth of 3.2-4.4 cm.
cPn CJ-101 B1 is sample from pit wall at a depth of 0-2.5 cm.

YPit CJ-101 BS is sample from pit wall at a depth of 10.2-12.1 cm.
EPn CJ-101 C2 is sample from pit floor at a depth of 1.9-4.4 cm.

'Pit CJ-103 C1 is sample from pit floor at a depth of 0-3.2 cm.
ELithic fragments: fine-grained rock fragments + biotite and amphibole.

Fig. 9. Scanning electron microscope photomicrograph of a sandstone core (CJ-101 C3,
located about 500 m southwest of Cookie Jar Butte) showing clay coatings on a quartz
grain (arrow). Bar scale is 10p.
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surface (0—12 cm) sandstone core samples. The borders of the calcite cement
may be convex, possibly the result of dissolution, or may show sharp crystal
faces (T. R. Walker, 1993, personal communication), indicating a lack of
etching or dissolution. Small (<1%) amounts of gypsum cement were also
observed.

Water sampled from selected weathering pits near Cookie Jar Butte in
December 1992, March 1993, and May 1993 indicate significant seasonal
variations in pH (Table 5). The average pH value of pit water samples in
December was 8.2; the average in March was 7.5; and the average in May was
9.0. Two water samples in May gave unusually high pH values of 9.4 and 9.5.

Discussion

Weathering Processes

Several weathering processes are thought to be important in pit initiation
and growth; many are accentuated by the presence of discontinuities such as
bedding planes, joints, and small-scale faults. Pit wall recesses such as tafoni

Table 5. Water temperature and pH values measured at selected weathering pits
during December 1992, March 1993, and May 1993.%

Pit December March May

number pH Temp.(° C) pH Temp.(° C) pH  Temp.(° C)
Cl-6 a® d. 76 19 d. d.
CJ-10 d. d. 7.0 n.d.f d. d.
CJ-15 n.d. n.d. 7.4 11 n.d. n.d.
CJ-30 d. d. 7.6 n.d. d. d.
CJ-32 n.d. n.d. n.d. n.d. 9.5 21
CJ-57 8.5 0 7.7 18 89 23
CJ-64 8.0 0 7.8 15 8.7 23
CJ-100 n.d. n.d. 7.5 9 9.1 18
CJ-108 8.4 0 7.4 9 9.4 20
CJ-109 d. d. 8.4 12 d. d.
CJ-201 8.0 6 7.4 n.d. 8.7 19
CJ-214 n.d. n.d. 7.6 n.d. 8.7 20

“Pits CJ-100, CJ-108, and CJ-109 are located 500-600 m southwest of Cookie Jar Butte; the
hrf:maining pits listed are located southeast of Cookie Jar Butte (Fig. 4).

Pit was dry, and values were not determined.
“Pit contained water, but values were not determined.
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and small alcoves are commonly aligned along bedding planes and to a lesser
extent along joints and small-scale faults. These are sites where moisture is
localized, which in turn accelerates moisture-dependent weathering processes.
Salts are commonly concentrated in these recesses, and salt crystal growth may
cause granular disintegration of pit walls. Salts may also catalyze quartz
dissolution (Young 1987a), although we did not detect thin-section evidence of
this process.

Other soluble substances may migrate by capillary action to the rock
surface, crystallize, and create enough stress to induce granular disintegration.
Calcite and gypsum have been suspected of causing granular disintegration in
friable sandstone (Laity and Malin 1985), and we observed minor calcite
wedging in one of the sandstone cores. Scanning electron microscope examina-
tion of a salt-encrusted, weathered bedrock sample at pit CJ-3 revealed nearly
pure gypsum crystals.

Clay mineral hydration and desiccation may also exert disruptive forces
in some sandstones (Netoff 1971). Particle size analysis of a crushed core
sample from pit CJ-13 indicated that clay-size material is a significant compo-
nent (5.7%) of the CaCO;-free portion of the sample. Moreover, we observed
well-developed cracks in dry pit-floor sediment in many pits, suggesting the
presence of expandable material in these sediments. Contraction of pit-floor
sediment suggests that sandstone bedrock in contact with the sediment may be
subject to colloidal plucking.

Spalling of pit walls is common on all except north-facing exposures.
Spalls parallel the pit walls; at some sites, sets of closely spaced, face-parallel
joints exist in the wall rock. The cause of spalling is not known, but the joint
pattern resembles expansion-induced exfoliation. Thermal expansion caused by
solar radiation may initiate spalling, especially after the rock has been weakened
by other weathering processes. The effectiveness of solar radiation, however,
has been debated for decades (Griggs 1936; Ollier 1969).

Freezing and thawing may be effective weathering agents where water is
abundant, such as at seeps, alcoves, and tafoni. Pit waters may freeze and form
surface ice as thick as several centimeters during cold winters, and expansion
and contraction of ice in contact with pit walls may promote disintegration.

Chemical weathering processes that may contribute to pit development
include carbonation, dissolution, and hydrolysis. Dissolution of calcite cement
should free quartz and feldspar grains and promote pit enlargement. Thin-sec-
tion analysis revealed at least some calcite dissolution in sandstone exposed in
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pit walls and floors, although some samples showed no signs of dissolution
(T. R. Walker, 1993, personal communication). Karst landforms on quartzose
sandstones formed by dissolution of quartz grains have been reported by many
geologists (e.g., Jenning 1983; Young 1987b; Young and Young 1992), but most
of their examples were from much wetter present or past environments, and the
landscapes that they studied are extremely old. We found no evidence of
extensive dissolution of quartz grains, and we therefore discounted solution as
a major weathering process in pit development. The slight alteration of plagio-
clase and potassium feldspar is probably the result of hydrolysis and perhaps
dissolution, but many of these grains seem to be fresh, and consequently feldspar
weathering is not believed to play an important role in pit development or in the
formation of diagenetic clays.

Biological activity has been advocated by several investigators as a
causative process in the development of weathering pits; they cite evidence such
as the dark organic stains that often coat bare bedrock pit floors and the presence
of lichens on pit walls and rims. The pea-soup color of the water in several of
the pits that we observed when surface water temperatures exceeded about
18° C illustrates the intensity of organic activity in these miniature aquatic
systems. Biological activity is probably partly responsible for seasonal vari-
ations in pit-water pH values. The high pH (9.5) in some pit waters should be
conducive to silica dissolution (Birkeland 1984). The lack of obvious dissolu-
tion features in thin-section analysis, however, argues against this mechanism.

Rock varnish on the north-facing walls of many pits may be due in part
to organic stains from microorganisms (Fig. 10). The presence of lichens and
rock varnish on north-facing pit walls and the relative lack of spalling, salt
crystal growth, and granular disintegration on those walls suggests that either
some types of biological activity promote pit-wall stability or pit-wall stability
permits the establishment of some types of biological activity.

Removal of Weathering Products

The removal of sandstone weathering products from weathering pits is
probably accomplished by some combination of plunge-pool action, wind
deflation, and perhaps dissolution or piping. Although evidence at selected pits
supports one or more of these mechanisms, preliminary field and laboratory data
do not clearly identify any single process or group of processes that accounts
for the removal of weathering products from the pits.
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Fig. 10. Scanning electron microscope photomicrograph of rock varnish on the north-
facing pit wall at CJ-13 (Fig. 4). The filaments and spherical structures are largely
organic, most likely a combination of bacteria and fungi. Bar scale is 10p.

Plunge-pool erosion is the combined effect of the hydraulic force of water
and the abrasive action of sand and gravel in swirling pools; perhaps erosion is
enhanced by solution of the calcite cement. Plunge-pool erosion requires
channelized flow and stream gradients sufficient to generate at least moderate
flow velocities; it is most effective where resistant, abrasive tools are present.
Countless examples of large, multiple plunge pools along many of the tributaries
of the Colorado River in the Glen Canyon region illustrate the intensity of
plunge-pool action, even along intermittent streams (Fig. 11).

Several giant weathering pits near Cookie Jar Butte are roughly aligned
along bedrock channels that have sufficient drainage areas and gradients to
induce plunge-pool erosion, which at least at one site may eventually produce
a natural bridge (Fig. 3). Many pits, however, are not in an organized drainage
system, and several pits are on ridge crests or near isolated hills. Whether
paleochannels contributed to pit enlargement at these sites is difficult to deter-
mine. The absence of abrasive fragments on the floors of these pits also suggests
that plunge-pool erosion does not account for pit enlargement.

Little doubt exists that wind deflation is capable of removing loose, dry
sand from shallow pits. In May 1993, a thin veneer of loose sand on the floor
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Fig. 11. Sketch of plunge-pool basins of the type that commonly form in many of the
tributary valleys of the Glen Canyon region (sketch by Nancy Stonington). A natural
bridge similar to the one depicted here will soon develop at pit CJ-24 (Fig. 3).

of a bowl-shaped, 1.6-m-deep pit near Cookie Jar Butte was rapidly removed
by wind with a velocity of 56 km/h measured at the pit rim. Eolian sediment
removal is halted when weathering pit depth exceeds the capacity of the
strongest winds to remove the sediment from the pit floor.

Whether winds can deflate 100-pi-size quartz and feldspar grains from
deep and narrow cylindrical depressions is a critical question. Wind gusts as
strong as 130 km/h have been recorded on Lake Powell (John Ritenour, 1992,
personal communication), and episodic winds on favorable topographic sites
could be of far greater velocity. Winds may have been even stronger in the
Pleistocene when presumably high-pressure gradients existed between the
warm, low canyon floors and the nearby ice-capped, high plateaus to the north
of Glen Canyon. Moreover, large areas of exposed sandstone in the Canyon-
lands region of southeastern Utah have been proposed as a possible source of
eolian silt in the Piceance Creek basin of northwestern Colorado (Whitney and
Andrews 1983).



GIANT WEATHERING PITS 49

Arguments against the removal of sediment by wind from the floors of
deep pits include the lack of wind scour features on pit walls, pit floors, and
other bedrock surfaces, as well as the fact that the giant pits formed on both the
windward and leeward slopes of Cookie Jar Butte. Whether paleowinds re-
moved sediment from the floors of deep and narrow cylindrical pits is not known
and would be difficult to prove.

Two plausible hypotheses for the removal of quartz grains include
removal by dissolution and removal by piping, but we did not detect obvious
dissolution features in thin-section analysis. Joints and small-scale faults that
intersect pits near Cookie Jar Butte may have been large and open enough at
one time to serve as conduits for the removal of sand, but they are now
completely cemented with CaCOj; and are less likely to transmit water than the
surrounding sandstone. Retention of water for months or years in many of the
deeper pits suggests that the walls and floors of these pits are relatively
impermeable. The conduits may have been wide enough to transport sand in the
past and have since been sealed by sand and CaCO,, but no convincing evidence
has been observed that supports this supposition.

Antiquity of Weathering Pits

Two other key questions are, How old are the pits? and Are they relict
features or are they still forming? The maximum limiting age of the pits is the
time when the pit-bearing sandstone was exposed to surficial processes, which
is controlled by the time when the Colorado River and its tributaries cut down
1o the level of the existing pits. Estimated downcutting rates based on terrace
heights above Bullfrog Creek (a tributary of the Colorado River in Glen Canyon
about 117 km [channel distance] northeast of our study site) range from 80 to
250 m/m.y. (meters per million years; Biggar and Patton 1991). If this range is
used to estimate when the Colorado River was at the elevation of the highest of
the giant weathering pits near Cookie Jar Butte (134 m above the modern
channel of the Colorado River), the estimated age range of the highest (possibly
the oldest) weathering pits would be 0.5-1.7 Ma (million years ago). These
values are in general agreement with estimates of downcutting rates by Hunt
(1969) and Machette and Rosholt (1991). Hunt (1969) determined an average
rate of downcutting of the Colorado River of 165 m/m.y. based on the river’s
present sediment load. Machette and Rosholt (1991) used uranium-trend dating
to determine an average rate of downcutting in the upper part of the Grand
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Canyon—about 140 km southwest of our study site—of at least 190 m/m.y.
These rates yield estimated ages of the highest pits of about 0.8 to 0.7 Ma. We
infer, therefore, that the oldest pits are no older than early Pleistocene.

Considerable antiquity of armchair pits is suggested by their presence on
moderate slopes; nearly level bedrock outcrops promote pit development be-
cause ponded water localizes weathering processes and accelerates pit deep-
ening. The formation of armchairs predates the breaching of the pit rims by slope
retreat. The rate of pit deepening must have at least kept pace with slope retreat
to maintain closed bedrock depressions.

Evidence of present-day pit-wall weathering includes abundant spalls,
salt-crystal growth, and loose debris along the base of pit walls and on pit floors.
Indirect evidence of the recency of pit excavation includes the lack of thick
sediment on pit floors. Alternatively, the presence of local rock varnish and
lichen cover on pit walls implies temporary pit wall stability. Pit development
may have begun as far back as early Pleistocene and may have continued
through the Holocene.

One of the fundamental questions about pit development remains unan-
swered: Why is the distribution of giant sandstone weathering pits so restricted,
especially considering the vast expanse of exposed friable sandstones through-
out the Colorado Plateau? We see nothing unique in the bedrock structure,
topography, or climate at Cookie Jar Butte that would account for the limited
distribution. Perhaps unique environmental conditions set the stage for and
fostered the development of the giant pits, and these or other conditions remain
conducive to their continued development.
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Abstract. Great Basin National Park is located in the southern Snake Range, White
Pine County, Nevada, near the ranching community of Baker, Nevada. The Great Basin
National Park project began in June 1992 through an interagency agreement between the
U.S. Geological Survey (USGS) and the National Park Service (NPS) and was completed
in March 1995. The project delivers large-scale geologic maps of the park, a Geographic
Information System data base shared between the USGS and NPS, USGS Open-file and
Geologic Quadrangle geologic maps, reports on topical studies, and a USGS bulletin on
the geologic evolution of the park. The park includes the southern Snake Range,
recognized as a metamorphic core complex and exposing the Snake Range decollement,
a large-scale, low-angle fault plane surface. Studies are conducted on important regional
problems like the age, time of initiation, style, and kinematics of extension in the Basin
and Range Geologic Province. Results to date conclude that extension in the Snake Range
began from 20 to 15 Ma (million years; early to middle Miocene) earlier than had been
previously thought. Products from this project provide data to develop responses to
preservation and management issues, to answer requests for public information, and to
provide a basis for continued scientific research in the region.

Key words: Extension tectonics, geographic information systems, Snake Range decolle-
ment, southern Snake Range.

Great Basin National Park (GBNP) in east-central Nevada is in the
southern Snake Range, White Pine County, part of the northern Basin and Range
Geologic Province (Figure). The park headquarters and the entrance to the
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Lehman Caves are located about 8 km west of the ranching community of Baker,
Nevada, near the eastern border of Nevada and Utah.

In 1986, Great Basin National Park was created from portions of the
Humboldt National Forest and the Lehman Caves National Monument. The park
includes Wheeler Peak in the Wheeler Peak quadrangle (Figure), which at
3,982 m is the highest peak in the park and the second highest peak in Nevada.
In 1964, the world’s oldest known tree, a bristlecone pine (Pinus longaeva), was
discovered near Wheeler Peak and was estimated to be about 4,950 years old.

The general management plan of the Great Basin National Park calls for
development in several locations in the Kious Spring and Lehman Caves
topographic quadrangles. The plans include a new visitor’s center, parking lot,
and access road located south of the present location and require geologic
evaluation before construction. Therefore, current, large-scale geologic maps
of the entire park are needed.

The project provides a geologic survey of GBNP and a Geologic Infor-
mation System (GIS) data base shared between the U.S. Geological Survey
(USGS) and National Park Service (NPS) as well as with local, state, and
national data users. The project also provides USGS Open-file geologic maps,
formal USGS Geologic Quadrangle (GQ) maps, topical studies, and associated
reports. The GIS data set provides a powerful and cost-effective tool to develop
responses to preservation and management issues, to answer requests for public
information, and to provide a basis for continued scientific research in the
region. The project meets the Department of the Interior’s national mandate
(Economy Act of 1932) to authorize, encourage, and implement interagency
agreements for mutual benefit and cooperation.

Methods

The project began in June 1992 and was completed in March 1995. Great
Basin National Park is located in the southern Snake Range, White Pine County,
Nevada (Figure). The park encompasses the southern Snake Range, a structur-
ally complex region in the Basin and Range Geologic Province. In general, the
southern Snake Range represents a gentle domal antiform, uplifting and expos-
ing late Precambrian to Paleozoic marine clastic strata that are themselves
complexly faulted. The Paleozoic and younger rocks overlie the Snake Range
decollement, a low angle, east-dipping normal fault system on the eastern flank
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of the range. The uplifted strata are variably metamorphosed and intruded by
plutons of Jurassic, Cretaceous, and Tertiary age. The Lehman Caves are
developed in the Middle Cambrian Pole Canyon Limestone. The modern
landscape was further sculpted by Pleistocene glaciations, and the most dramatic
glacial features in the central Great Basin are preserved on the north flank of
Wheeler Peak.

Because no large-scale geologic mapping of the study site existed, new
mapping was needed in the area. The park includes six large-scale (1:24,000)
topographic quadrangles: Windy Peak, Lehman Caves, Wheeler Peak, Kious
Spring, Minerva Canyon, and Arch Canyon. J. L. Brown served as project
chief—functions included collaboration with Park Service personnel, manage-
ment of schedules and products for mapping and topical studies, and coordin-
ation and production of GIS products.

The first summer field season (1992) involved geologic mapping and field
examination in three quadrangles: Windy Peak, Lehman Caves, and Kious
Spring. The second summer field season (1993) involved geologic mapping and
field examination in Arch Canyon and Wheeler Peak quadrangles. The final
summer field season (1994) involved mapping in Minerva Canyon and Arch
Canyon.

The quadrangles are prioritized according to complexity. Published and
unpublished geologic data are compiled onto registered stable base greenline
topographic mylars. The greenlines are required base material for further map
publishing processes and digitizing. Digital elevation models of the topography
were acquired for the six quadrangles at 1:24,000 scale. New data were compiled
from recent aerial photography of the park using the Kern computerized photo-
grammetric mapper (PG-2). The compilations served as working drafts for the
actual on-the-ground field work and were finalized after field mapping was
completed. The field work follows standard geologic field mapping methods as
described in Compton (1962). The geologic map is first published as an
author-prepared, black and white, USGS Open-file Map and Report, which is
quickly available to the NPS and the geologic community. The final product is
a full-color USGS GQ map. All six quadrangles in Great Basin National Park
will be published in the GQ format.

Ten samples for age dates were collected from selected plutons and flows
and were analyzed by fission track and 40 Ar/39 Ar methods in laboratories at
Stanford University and at the University of California at Santa Barbara. Fission
track dating methods determine the age of a rock from microscopic paths of
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radiation damage caused by uranium fission. Dating methods (40 Ar/39 Ar)
determine the age of a rock from the known radioactive decay rates of argon
isotopes.

Clear film blackline copies of the completed geologic greenlines are
scanned on a Textronix drum scanner and the data converted into ARC INFO
coverage. The ARC INFO coverage is edited to eliminate errors and other
features attributed with elevations. A triangulated irregular network (TIN) is
created to facilitate edge mapping and mosaicking of the six completed quad-
rangles into a geologic map of the whole park.

Study Site

The southern Snake Range, as part of the Basin and Range Geologic
Province, represents the transition between the unextended Confusion Range
structural block to the east and the more highly extended region encompassing
the Snake, Schell Creek, and Egan ranges to the west (Gans and Miller 1983;
Dumitru et al. 1993; Miller et al. 1993). The Snake Range decollement (Drewes
and Palmer 1957; Misch and Hazzard 1962; Whitebread 1969; McGrew 1993)
is exposed in the park and is recognized as a large-scale, low-angle, fault plane
surface. In addition, the central portion of the southern Snake Range is recog-
nized as a metamorphic core complex from mineralogical and microstructural
fabric in the rocks (Misch and Hazzard 1962; Miller et al. 1989). Controversy
abounds about the direction of movement (compressional or extensional) on the
Snake Range decollement (Coward et al. 1987; Lee et al. 1987; McGrew 1993)
and on the origin of metamorphic core complexes in general (Crittenden et al.
1980; Armstrong 1982; Coney and Harms 1984).

Following the development of plate tectonic theory and Atwater’s (1970)
reconstruction of the evolution of western North America using plate tectonic
motion, most geologists have interpreted Basin and Range Geologic Province
evolution within the context of plate tectonics. Subduction along the continental
margin during the time of the Sevier orogeny (middle Cretaceous) in Nevada
caused compression, eastward thrusting, and overthickening of the crust along
a narrow welt bordering the eastern edge of the miogeocline. In Nevada, the
location of the overthickened crustal welt approximated the Nevada—Utah state
line and later became the locus for the development of metamorphic core
complexes. The core complexes are unique mid-Tertiary features that represent
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rare glimpses of continental crustal rocks that have been deformed and meta-
morphosed by stretching, extension, doming, and denudation. Structural and
metamorphic relics of both the compressional and extensional phases of core
complexes are preserved but are not easily interpreted.

The Snake Range decollement and its associated metamorphic core
complex, together with recent seismic reflection profiles, suggest a regional
crustal extension model at mid-Tertiary time (Wernicke 1981; Milleretal. 1983;
Bartley and Wernicke 1984; McGrew 1993). In addition, extension in the
eastern Basin and Range Geologic Province was preceded by a flux of magma-
tism into the crust and then was followed by low-angle, core-complex-style
(extension) faulting (Gans et al. 1989). In the study area, extension began in the
early Oligocene and resulted in approximately 95 km of west-northwest and
east-southeast directed crustal stretching (Gans and Miller 1983). Because
extension terrains appear to be compartmentalized and alternated with areas of
much less deformation along the welt, they are not related in a simple way to
plate-boundary forces. Therefore, the ultimate cause and regional tectonic
setting of the park remains poorly understood.

The southern Snake Range is underlain by upper Precambrian to Triassic
(540 to 240 Ma [million years ago]) sandstones, shales, and carbonates with
cumulative thicknesses possibly greater than 15 km. They form part of a
shallow-marine, miogeoclinal sequence deposited on the subsiding margin of
North America. In the park, this sequence is represented by the Late Proterozoic
and Lower Cambrian Prospect Mountain quartzite (Hague 1892), the Lower and
Middle Cambrian pioche shale (Walcott 1908), and the Middle Cambrian Pole
Canyon Limestone (Misch and Hazzard 1962). Spectacular exposures of the
miogeoclinal strata are seen in the head wall of the Wheeler Peak cirque and at
the north face of Mount Washington. Formational designations, thicknesses, and
regional facies variations have been described by Drewes and Palmer (1957),
Whitebread (1969), Hose and Blake (1976), and Stewart (1980). This sequence
was intruded by granitic to dioritic plutons during Jurassic (160-155 Ma),
mid-Cretaceous (110-90 Ma), and Late Cretaceous (90-70 Ma) time (Miller
et al. 1983, 1988, 1990; Lee et al. 1986). The intrusion of the plutons caused
deformation and metamorphism of the shallow marine shelf sequence.

The most recent faulting in the area took place about 12 to 5 Ma ago (late
Miocene) and served to block out the mountains and flat valleys (horst and
graben structure) distinctive of today’s Basin and Range Geologic Province
topography. Examples of tilt blocks formed from faulting and tilting of the
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northern and southern Snake Range and the Sacramento Pass strata (Grier 1983,
1984) during the late Miocene are visible looking north from the Wheeler Peak
park road. Modern landforms such as fault bounded escarpments, triangular
facets on mountain spurs, linear mountain fronts of high relief, and narrow
V-shaped valleys suggest continuing active vertical upliftin the park in response
to ongoing Basin and Range Geologic Province mountain-building (Dohren-
wend 1987).

Results

Six geologic maps were prepared and digitized: Lehman Caves, Windy
Peak, Kious Spring, Garrison, Wheeler Peak, and Minerva Canyon. The Leh-
man Caves quadrangle was published as USGS Open-file report 93-209 (Brown
1993) and is also available as a USGS Geologic Quadrangle (GQ-1758; Brown
1994a). Windy Peak was published as USGS Open-file report 94-687 (Brown
1994b); Kious Spring and Garrison quadrangles were published as USGS
Open-file report 95-010 (Brown 1995). Mapping in Arch Canyon, Wheeler
Peak, and Minerva Canyon quadrangles was completed in summer 1994.
Because of the structural complexity, mapping of Arch Canyon and Minerva
Canyon was the most challenging part of the project. The Great Basin National
Park research project has resulted in other papers and abstracts (Brown et al.
1993; Dumitru et al. 1993; McGrew 1993; Miller et al. 1993).

Through GIS applications, we have produced colored geologic maps and
three-dimensional, aerial perspective maps of the south Snake Range showing
the geologic formations draped over the topography. These posters are on
display at Stanford University, at the Visitor’s Center of Great Basin National
Park, and at the USGS National Center in Reston, Virginia. The digitized
geologic maps are archived with the USGS National Mapping geologic data
base and with the Nevada Bureau of Mines and Geology in Reno.

Discussion

Our purpose is to provide basic geologic mapping, GIS data sets, and
results of geologic research to the newly established Great Basin National Park
in the southern Snake Range, Nevada. The results help NPS develop responses
to preservation and management issues and provide a basis for continued
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scientific research in the region. In addition, published products that interpret
research allow visitors to explore the value of parks as laboratories for natural
resource studies.

We provide new data on the late Precambrian and Paleozoic depositional
history of the region; illustrate the Mesozoic and Cenozoic structural, metamor-
phic, and intrusive history of rocks in the southern Snake Range; and detail the
geometry and history of the fault systems that evolved during the formation of
the southern Snake Range. Previous mapping provided information on strati-
graphic succession, regional extents, and correlations of specific units at a small
scale. Because much of the early mapping was done before the dissemination
of modern petrologic concepts, structural and geochemical analyses and details
of the correlation, ages, and compositions of geologic units were not well
known.

Mapping objectives included providing greater detail on certain critical
geologic relations, exploration for additional structures, and relating local
fundamental deformational features to a regional scheme. This included deter-
mination of amounts of extension in the southern Snake Range; time of emplace-
ment, composition, and source of plutons; nature and timing of movement on
the Snake Range decollement; and interpreting the ultimate cause of thrusting.

Results of new apatite fission track dates from our study, supplemented
by other information, point to significant extension and uplift from 20 to 15 Ma
(early to middle Miocene) in the southern Snake Range, which was earlier than
previously thought (Dumitru et al. 1993). New age dates are anticipated from
the analyses of 10 samples collected in summer 1992 in the southern two
quadrangles (Arch Canyon and Minerva Canyon) and will provide more detail
on the timing of this extension event.

Previous work on the intrusive rocks in the southern Snake Range re-
vealed three types of distinctive granitoids clustered in a small area, an associ-
ation different from the rest of the Great Basin (Lee et al. 1986). Three of these
plutons (Willard Creek, Osceola, and Snake Creek—Williams Canyon) are oldest
(Middle Jurassic) and are derived from the deepest source. Two plutons (Pole
Canyon-Young Canyon and Lexington Creek) are Late Cretaceous in age and
are derived from shallower depth. The youngest pluton (Young Canyon—Kious
Basin) is 37 Ma in age (Eocene) and is emplaced at the shallowest depth. Latest
movement on the southern Snake Range decollement is believed to be younger
than Eocene because the Young Canyon-Kious Basin and Lexington plutons
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were affected. In addition, pluton emplacement migrated from northwest to
southeast, and migration was accompanied by shallowing of the magmatic
source. A conclusion drawn from our studies to date shows that recent move-
ment on the southern Snake Range decollement is extensional and was initiated
after middle Miocene time.

Unsettled problems of Basin and Range Geologic Province extension
include determining driving mechanisms of low-angle faulting; relating exten-
sion with plate-boundary forces; evaluating the role of magmatic intrusion as a
possible driving mechanism for extension; understanding isostatic rebound,
doming, and flattening of the footwalls of normal faults; evaluating the location,
amount, and timing of extension; determining the significance of the flat
mantle—crustal boundary (Moho) beneath basins and ranges; and detailing the
significance of the association of decollement surfaces with metamorphic core
complexes.
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Using Land-based Photogrammetry to
Monitor Sandbar Stability in
Grand Canyon on a Daily Time Scale

Leland R. Dexter, Brian L. Cluer,' and Mark F. Manone

Department of Geography
Northern Arizona University
P.O. Box 15016
Flagstaff, Arizona 86011

Abstract. We report on the development of a method used to monitor spatial
characteristics of subaerial alluvial sediment storage using automatic, time-lapse, 35-mm
cameras. The cameras are fixed to bedrock in a protective canister, aimed at low oblique
angles toward alluvial deposits of interest, and set to trigger once every 24 h. Presently,
43 sandbars are monitored with single cameras, and one sandbar is monitored with two
cameras arranged to give stereographic coverage. The color 35-mm images are scanned
electronically for input into PC ERDAS for digital manipulation and analysis, and the
original transparencies are archived. Digital images are then sequenced and written to
compact disk or video tape to produce time-lapse visualizations. Methods were devel-
oped to transform the digital image from oblique to planimetric. Aerial extent of sediment
cover could then be estimated by several methods. Error analysis of transformed images
showed that third-order transformations provided the optimal balance between control
and accuracy. Third-order transforms were within £1 m to 95% confidence. We captured
significant changes in 28 separate sandbar deposits in at least 79 separate events
displaying typical return intervals of 105 to 110 days. Most beach failures recorded by
these methods occurred following low-flow discharges on weekends. We document rapid
erosion (typically complete within 1 day) followed by slower deposition (typically lasting
2 weeks).

Key words: Colorado River, fluvial erosion, image analysis.

!Present address: National Park Service, National Natural Resource Center, 1201 Oak Ridge Drive,
Suite 250, Fort Collins, Colorado 80525.
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Until recently, water resource management policies in the West were not
evaluated for effect on the downstream riparian environment (Ingram et al.
1991). The construction and operation of Glen Canyon Dam seems to have
profoundly influenced the downstream riparian environment throughout Grand
Canyon (Dolan et al. 1974; Andrews 1991; Dawdy 1991; Johnson 1991). The
task of assessing the types and magnitudes of these changes has fallen to the
Glen Canyon Environmental Studies (GCES; Committee to Review the Glen
Canyon Environmental Studies 1987).

A major research emphasis of the GCES has been sediment in the
Colorado River system in Grand Canyon. The amount of sediment, the dynam-
ics of sediment transport, and the resulting deposit morphology of sediment are
components of the overall river ecosystem. Sediments serve as substrates for
plants, as water-stilling structures and water-warming structures for various
plants and animals, and as camping sites for river runners (Johnson 1991; Valdez
and Williams 1993).

Most sandbars form in predictable locations based on the interaction
between river hydraulics and landform features of bedrock or boulders. Typi-
cally, runoff from intense localized storms drains down steep-gradient tributary
canyons and produces bouldery debris fans at the mainstem confluence. The
debris fan constricts the mainstem channel and creates supercritical or shooting
flow of the rapid. The supercritical flow separates from the bank near the toe of
the debris fan and leaves a low velocity, recirculating eddy zone downstream
of the fan and a bounding shear zone between the shooting flow and the eddy
zone called the eddy fence. As the shooting flow of the rapid decelerates, the
flow reattaches to the bank at some point downstream (Fig. 1; Schmidt and Graf
1990; Bauer and Schmidt 1993).

Sand and finer grain clastics are within the critical particle size range for
erosion, transportation, and deposition in these types of hydraulic environments.
The usual resulting deposits are visible (Fig. 1) under low-stage conditions.
Typically, sandbars are found along the upstream face of the debris fan (upper
pool bars), along the downstream face of the fan in the quiet water of the eddy
(separation bars), and at the stagnation zone of the flow attachment (reattach-
ment bars). Other depositional environments include point bars on the insides
of meanders and thin channel margin deposits not otherwise associated with
debris fans or meanders. In addition, a poorly quantified volume of sediment is
stored subaqueously on the channel bottom (Schmidt and Graf 1990; Bauer and
Schmidt 1993).
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The mechanisms by which these deposits can change form and volume
are of interest to researchers and planners, especially because the flow regime
of the postdam Colorado River in Grand Canyon is so much different than in
predam times. The most notable difference includes the change from an annual
flow cycle (100,000-2,000 cfs) dominated by snowmelt runoff to a diurnal flow
cycle dominated by peak power generation demand (30,000-8,000 cfs). The
following three major mechanisms seem to be active in the reworking of
sandbars (Budhu 1992):

1. seepage induced failure during low flow;

2. wave induced erosion from surface turbulence, wind, and boats;
and

3. drag forces from bottom turbulence and downstream flow.

Early efforts of the GCES researchers were directed at obtaining baseline
volumetric estimates and short term volumetric changes of sandbars within the
Grand Canyon. One early method involved inserting thin wire cables of known
length vertically into the sandbar at node points of a precisely surveyed grid. In
theory, the wires in this grid could be remeasured quickly on subsequent trips
and supply data necessary for volumetric estimates. Quite often, however,
subsequent survey trips would find the sandbar had changed so much in just
2 weeks that large portions of the wire grid could not be found. This technique
was replaced out of necessity by a much more labor intensive approach using
total station plane surveying at biweekly intervals.

Hypothesis

The volumetric survey work showed that major changes had occurred in
sandbar morphology in between survey visits. We feel these changes are neither
gradual nor consistent from sandbar to sandbar. We hypothesize that significant
changes in sandbar morphology and volume can occur over a period of several
hours to several days.

Objectives

Our objectives are
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. to obtain daily photographs for a year of 43 sandbars along the
Colorado River between Lees Ferry and Diamond Creek;

. to digitize some of the photographs for analytical and other
purposes;

. to develop procedures to assess the errors involved and rectify
these images from oblique to planimetric views;

. to develop animated visualization to help assess short time step
changes in sandbar morphology over the sampling period; and

5. to use the results of the previous objectives to analyze the nature,

timing, and extent of short term change in sandbar morphology.

o

W

N

Methods

Field Methods

We needed an inexpensive replacement for precision aerial photogram-
metry because aerial photography is expensive even for a single time step. Also,
we needed daily photography, but daily aerial photography is intrusive on
wilderness and dependent on favorable flying conditions.

We used a land-based camera system built from relatively inexpensive
off-the-shelf products. We chose Pentax IQ 105 programmable cameras as the
core of the system. The microprocessor-controlled cameras allow the built-in
timer to be set for repeat exposures once every 24 h at a preset time of day. Each
camera was secured to a base, which was fastened snugly inside a standard
military ammunition can. A large, round hole was cut into the side of the can
congruent with the position of the camera lens and fitted with glass. A small
metal gable was fashioned to protect the glass from the elements. The boxes
were painted in earth tones to make them inconspicuous.

Ateach sandbar site, a camera box was located a sufficient distance away
to allow photographing the entire beach. A single camera was used except at
site 172.3L where two cameras were used to test stereographic coverage.
Usually, the camera was located across, and elevated above, the river to provide
a low oblique view of the sandbar. The camera box was attached with silicon
sealant to a large boulder or to bedrock.

The timer was set to expose the film daily at a predetermined time selected
to take advantage of local low river stage and to avoid local shading. Each
camera was loaded with 36-exposure, ASA 64, color slide film, attached to the
base, and sealed in the box along with a packet of desiccant. Forty-three sandbars



72 DEXTER ET AL.

were included in the sample, and each of the five major geomorphic reaches
(Schmidt and Graf 1990) was represented (Fig. 2).

While the camera was being sited, control panels were temporarily fixed
at points around the beach. A surveying crew then located the positional
coordinates of the panels and the camera box using total station plane surveying
techniques. Once the camera had photographed the sandbar with the control
panels in place, the panels were removed. Subsequently, the film was recovered
approximately monthly. Virtually no mechanical failures occurred with the
cameras.

Image Processing

Film was processed conventionally and left in strips to facilitate scanning.
A Nikon high-resolution slide scanner was used to convert the image to digital
form. The digital tagged image format file (TIFF) created by the scanner was
controlled by using Picture Publisher software. The image was imported into
ERDAS V.7.5 for image rectification and analysis (Fig. 3; ERDAS 1992).

The image had to be rectified from an oblique view to a planimetric view.
The pixel locations of the control panels in the image were matched with the
precisely surveyed coordinates of the same panels on the ground through a
transformation equation. A variety of transformation equation orders or expo-
nential powers may be applied. The benefit of higher order equations is a
reduced root mean square (RMS) error between image and ground (Fig. 4).

Each higher order equation requires an increase in the number of ground-
control points. Control panels were no longer necessary once the desired
transformation equation had been established. Fixed natural features in the
image were used to control subsequent transformations. Typically, these natural
features were chosen from the bedrock or debris fans surrounding the sandbar
deposit.

Once the images were rectified to approximate the planimetric view,
various area and outline shape related analyses were performed. These analyses
include total area of subaerial sand cover and daily lateral erosion or deposition
rates based on a comparison of sequential images (Fig. 5). Estimates of height
change and sand volume cannot be made with single-camera photogrammetry.
In addition to the measurements, the original oblique views or the rectified views
were sequenced into high-speed video loops for improved visualization and
understanding of sandbar dynamics.
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Fig. 5. Pretransformation (rop) and post-transformation (borrom) images in ERDAS of
81.2L showing control panels in place.

Results

Methodologic

One of our objectives related to analysis of the spatial accuracy of the
techniques used. The simplicity of the technique and the ability to vary the repeat
interval of the photography makes these methods usable in a wide variety of
environmental assessments using image analysis or Geographic Information
System (GIS) applications.

Possible sources of error accrued through the image processing steps
included nonplanar sandbar surfaces and abrupt changes in elevation, slight
shifts in camera position during maintenance, diurnal environmental heat flux,
scanning error (e.g., film curl); manual identification of control points, and
limitations in masking target image in batch processing. To assess the cumula-
tive spatial error involved in our procedures, we selected three sandbars of about
the same linear extent (approximately 100 m long) but with different amounts
of vertical relief. The sandbars selected were 16.4L (Hot Na Na), 61.8R (first
site below the Little Colorado River confluence), and 81.2L (Grapevine Camp).
The sandbar at 61.8 was included because of its high relief, whereas 16.4L and
81.2L represented more typical relief. We withheld several of the control panels



LAND-BASED PHOTOGRAMMETRY T

from the transformation, then ran the transformation operation using the remain-
ing control points, and finally queried the transformed image for the location of
the withheld panels.

The resulting queried coordinates reflected a cumulation of all errors
propagated through the system when used in a manner we were likely to employ
in our spatial analyses. These queried coordinates were obtained using the
CURSES module of ERDAS (Fig. 3). When the queried coordinates were
compared to the surveyed coordinates for the panels, a Euclidean distance error
could be computed for each panel withheld.

ERDAS internally computes an RMS error for the transformed image
compared to the control points used. It would be convenient if the transformation
RMS value could be used as an estimate of error for any point on the transformed
image. We set out to evaluate the validity of that possibility by comparing the
RMS error to Pythagorean distance errors for the control points that were
withheld. The salient statistics for the individual sandbar error analyses is
illustrated in Table 1. When performing the error analysis, we must withhold so
many points that third order transforms are not possible, so our results are
derived using second order transforms and subsequently extrapolated to third
order transforms (Table 2).

Results of the error analysis suggest that the RMS value is typically (but
not always) a conservative estimation of Pythagorean distance error (Table 1),
hence confidence intervals should be applied. Order three transforms seem to
be the optimal choice considering a balance between accuracy and surveying
effort.

Order three transform RMS suggests better than 1 in 100 spatial accuracy
at an alpha level of 0.05 or 95% confidence (Fig. 4). Therefore, the techniques
used here allow us to come within 1 m of planimetric position for 95% of the
point positions sampled.

Environmental

Some initial analysis was completed but more is needed. By combining
the photogrammetry from this project and the pilot project, we had usable
records for selected sandbars to August 1990. Since August 1990, significant
changes have occurred at least 79 times in the morphology of 28 sandbars. Two
long-running records showed 10 failures from August 1990 to July 1993 (68.3R)
with a mean return time of 110 days and 9 failures from January 1991 to July
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Table 1. Error analysis for images of three Grand Canyon sandbars using second-
order transformations.

16.4L Hot Na Na (approx. 100 m long)

Point number Error in X (m) Errorin'Y (m) AZ" value (m)

5 (Front) 0.17 1.10 95.98

7 (Front) 0.72 0.11 96.00

F1 (Middle) 0.31 0.44 97.31

F2 (Middle) 0.74 2.28 97.62
AZ =174

RMS = 0.928 X =049 Y =098 AZ all = 1.94

61.8R first sandbar below the Little Colorado River
(approx. 100 m long)

Point number Error in X (m) Errorin'Y (m) AZ" value (m)

4 (Front) 0.21 0.16 101.29

7 (Back) 0.40 2.26 127.09

RMS =4.78 X =0.61 Y =121 AZ =25.80

5 (Front) 0.23 0.31 110.17

9 (Middle) 0.00 1.95 128.89

10 (Back) 2.17 6.65 166.06
AZ =55.89

RMS =4.68 X =0.80 Y =297 AZ all=77.14

81.2L Grapevine Camp (approx. 100 m long)

Point number Error in X (m) Errorin'Y (m) AZ" value (m)

3 (Front) 0.95 0.68 95.00

9 (Back) 2.44 1.38 96.97

RMS =3.9 X =170 Y =103 AZ =197

2 (Front) 1.61 0.61 95.07

7 (Back) 3.52 0.85 96.40
AZ =133

RMS = 1.83 X =257 Y =073 AZ all= 3.40

*AZ = Difference between minimum and maximum Z values.

1993 (172.3L) with a mean return time of 105 days. The most common
morphological change was rapid erosion (complete within 1 day) followed by
slow deposition (up to 2 weeks). About 50% of the documented failures
followed weekend low flows.
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Table 2. Summary error analysis for oblique single-point photogrammetry as
used in this study.

A summary of the RMS curves presented earlier is given:

First order 20.39 m
Second order 444 m
Third order 041 m

Results of point position tests on the second order transforms from three sandbars
yield the following values:

Mean (m) Standard deviation (m)
AZ' < 60.0 m 1.99 1.81
AZ <50m 1.76 1.08

Compared to the equivalent RMS values for the associated transformation:

Mean (m) Standard deviation (m)
AZ' < 60.0 m 437 1.73
AZ <50m 2.21 1.52

Applying confidence intervals to the reported RMS values:

Confidence Order 2 RMS (m) Order 3 RMS (m)
80% (a=0.2) 6.15 0.75
90% (a=0.1) 7.04 0.92
95% (a =0.05) 7.78 1.07

YAZ = Difference between minimum and maximum Z values.

Figures 6 through 10 illustrate oblique views of two typical sandbar
failures. Figure 6 shows 215.7R on 13 March 1993 and Fig. 7 is the same
sandbar 1 day later (14 March 1993). Note the loss of several meters. Figure 8
shows 16.4L (Hot Na Na) on 22 October 1992. The same sandbar 1 day later
(23 October 1992; Fig. 9) shows seepage failure with water loss in progress.
The photograph for 24 October 1992 (Fig. 10) shows the full extent of the
failure. Figures 11 (18 June 1991), 12 (19 June 1991), and 13 (1 July 1991) show
the sandbar at 172.3L, an active bar as described above. Figures 11 and 12 reflect
only 1 day of difference and are indicative of the rapid rate of failure. Two weeks
after the 19 June failure, the bar was gradually rebuilding (Fig. 13).

The photogrammetry indicates more active sediment recycling than one
would assume from the long term studies only. Data for a number of Grand
Canyon sandbar studies (Table 3) show lateral erosion and deposition rates. As
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Fig. 6. Sandbar at 215.7R on 13 March 1993, prefailure.

the sampling interval shortens, the maximum instantaneous erosion rates climb
in a near-logarithmic increase (Fig. 14).

We have sequenced 200 days of oblique photographs from 68.3R, the
large sandbar across the river from the bottom of the Tanner trail, into a 30-s

Fig. 7. Sandbar at 215.7R on 14 March 1993, postfailure.
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Fig. 8. Sandbar at 16.4L on 22 October 1992, prefailure.

video loop for demonstration. We need to improve the registration and correc-
tion for brightness, but the pilot project allowed us to visualize the changes in
an extremely dynamic geomorphic system.

Fig. 9. Sandbar at 16.4L on 23 October 1992, during failure.
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Fig. 10. Sandbar at 16.4L on 24 October 1992, postfailure.

Interim Conclusions and Future Work

We conclude that terrestrial photogrammetry is a useful, economical, and
minimally intrusive tool for monitoring environmental change and for verification

Fig. 11. Sandbar at 172.3L on 18 June 1991 prefailure.
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Fig. 12. Sandbar at 172.3L on 19 June 1991 postfailure.

of theoretical models. Planimetric accuracy using low-oblique, single camera,
photogrammetry can approach £1 m in a 100-m view. Sandbars in Grand Canyon
often change morphology over daily and weekly time scales. Analysis of progres-

Fig. 13. Sandbar at 172.3L on 1 July 1991, approximately 2 weeks after failure and after
rebuilding.
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Table 3. Summary of measured lateral erosion rates versus sample frequency.

Erosion Deposition
Reference Interval (m/yr) (m/yr)
Beus 1992%% 10 years 0.8 1.7
Howard and Dolan 1979 8 years 1.15 0.7
Howard and Dolan 1979 1 year 2.45 0.7
Schmidt and Graf 1990 4.5 months 34.7 26.7
Beus 1992% 2 weeks 520 390
Cluer® 2 weeks 780 520
This study daily 36,500 2,550

“Asterisk indicates unpublished material.
Brian L. Cluer, Northern Arizona University, Flagstaff, personal observation.

sively shorter interval sampling periods revealed a roughly logarithmic increase
in short term erosion and deposition rates. The highly dynamic behavior of
sandbars in Grand Canyon indicates the need for short-duration sampling
intervals.

The remainder of the study will focus on analysis of the effects of interim
flows on sandbar stability. What effect did the spring 1993 floods down the
Little Colorado River have on the mainstem sandbars? The following are
potential research questions that this and future applications of this technique
can address:

1. How are the different sandbar types affected by different discharge
rates?

2. What is the progression of erosion and deposition both spatially
(i.e., downstream) and temporally?

3. Are sandbar dynamics different above and below the Little Colorado
River?

4. How do theoretical models of sandbar dynamics compare to
reality? and

5. What are the sandbar conditions before and after a human-in-
duced control flood?
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Radiocarbon Record for Archaic Occupation of the
Central Colorado Plateau

Phil R. Geib

Navajo Nation Archaeological Department
Northern Arizona University
P.O. Box 6013
Flagstaff, Arizona 86011

Abstract.  The traditional view of Archaic hunter—gatherer occupancy of the Colo-
rado Plateau assumes population continuity and gradual evolutionary change. An alter-
native model contends that the Archaic period was punctuated by regional abandonments
and reoccupations resulting in a succession of new lifeways and material culture. The
numerous preceramic radiocarbon dates obtained from the central Colorado Plateau in
the last 2 decades are tabulated and graphically summarized to provide a context for
evaluating these two models. Long-term continuity in occupancy throughout the Archaic
period is supported. Adaptive shifts that involved increased residential mobility and
changes in settlement pattern probably account for previous gaps in the Colorado Plateau
radiocarbon record, such as the 1,000-year interval during the middle Archaic (ca.
6000-5000 B.P. [before the present]). Because of the exceptional preservation of subsis-
tence remains and perishable technology within numerous stratified dry shelters, copious
paleoenvironmental data from a variety of sources, and occupation throughout the
Archaic period, the central Colorado Plateau emerges as a highly productive area for
studying hunter—gatherer adaptations and economic transitions, including the adoption
of agriculture.

Key words: Archaic period, chronology, Glen Canyon, hunter-gatherers, Southwest
prehistory.

Here I summarize the existing array of preceramic radiocarbon dates of
the central Colorado Plateau (Fig. 1) to provide a context for examining two
competing models of Archaic occupation. The first, regarded as the traditional
concept of southwestern archaeologists, posits long-term continuity in hunter—
gatherer occupancy marked by evolutionary changes and other alterations. The
second model contends that hunter—gatherer occupancy was discontinuous—that
the Archaic period was punctuated by a sequence of population abandonments
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Fig. 1. Location of the central Colorado Plateau study area.

and reoccupations with new lifeways and material culture being introduced by
each successive wave of hunter—gatherers (Berry and Berry 1986).

The notion of continuity in occupation during the Archaic period through
the introduction of agriculture was implicit in the Pecos classification of the
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1920’s, which postulated that the Basketmaker II Anasazi were descendants of
indigenous hunter—gatherers (Kidder 1924, 1927). This hypothetical stage of
preagricultural development was designated Basketmaker I. Irwin-Williams
(1967, 1973, 1979) has been the most influential recent advocate of in situ
continuity in hunter— gatherer occupancy of the Colorado Plateau. Irwin-Wil-
liams (1979:35) claimed that, following abandonment by Paleo-Indians, “the
northern Southwest was the focus of a long-term continuous development
within the Archaic spectrum, which culminated ultimately in the formation of
the central core of the relatively well-known sedentary Anasazi (Pueblo) cul-
ture.” This model of continuous occupation throughout the Archaic period is so
pervasive that many southwestern archaeologists consider it a fact rather than
an assumption.

Few have challenged the model, but Berry and Berry (1986), with a
strongly stated contrary position, are a notable exception (see Berry and Berry
[1976:31-37] for the seedbed of their 1986 argument). In their opinion (Berry
and Berry 1986:321),

Its perpetuation in the literature owes more to the model’s function as a
self-fulfilling prophecy than it does to any consideration of empirical
matters. A model that assumes continuity of occupation for millennial
periods hardly fosters inquiry into the occurrence and nature of disconti-
nuities. But continuity must be assumed if the primary research objective
is “... firmly establishing and understanding an uninterrupted succession
of human occupance of over a dozen millennia in the arid Southwest”
(Haury 1983:159-160).

To evaluate the possibility of intermittent rather than continuous Archaic
occupation, Berry and Berry (1986) analyzed the patterning of 288 radiocarbon
dates before 1400 B.p. (before the present) from 119 southwestern sites. They
concluded that the empirical evidence supports the contention that Archaic
occupation of the Colorado Plateau was discontinuous.

The Region

The preceramic radiocarbon record we examined provides an excellent
opportunity to evaluate the argument for and against continuous occupation. The
132 dates included in this study come from 64 sites scattered throughout a territory
of approximately 45,000 km centered on Glen and Cataract canyons (Figs. 1 and
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2). This region corresponds mostly with the Canyonlands section of the Colo-
rado Plateau (Hunt 1974:278), a rugged area of renowned scenery—deep
labyrinthian canyons bounded by colorful cliffs of mesas and plateaus and with
a scattering of small mountain ranges. The region extends from the Rainbow
Plateau and Monument Valley on the south to the Fremont River and Orange
Cliffs on the north and from Boulder Mountain and Kaiparowits Plateau on the
west to the Abajo Mountains and Comb Wash on the east. The patterning of
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Fig. 2. The central Colorado Plateau showing the location of certain sites mentioned in
the text and listed in Table 1.
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radiocarbon dates analyzed here reflects human occupancy of a region consid-
erably smaller than that examined by Berry and Berry (1986), yet the record for
this central section of the Colorado Plateau should doubtless reflect the general
trend on the plateau.

Key Sites

Most Archaic sites of the central Colorado Plateau have only been tested
(limited excavation), so their principal contribution to this study is radiocarbon
dates. These sites reveal that Archaic populations were residing throughout the
region in diverse environmental settings. Two sites that help to flesh out the
chronological skeleton with details of material remains and subsistence are
Cowboy (north) and Dust Devil (south) caves, sites that geographically bracket
the region (Fig. 2). Sandals and projectile points indicate that the Archaic groups
using these two shelters had similar material culture inventories. Indeed, it is
conceivable that a hunter—gatherer family group could have visited both sites,
which, at 150 km apart, are within the potential long-term settlement shifts of
human foragers.

Devil Cave and its nearby counterpart Sand Dune Cave' yielded the first
conclusive evidence of Archaic culture within the central Colorado Plateau
during excavations in 1961 (Lindsay et al. 1968). Sandals of previously undocu-
mented style (open-twined) from the completely excavated Sand Dune Cave
were radiocarbon dated from 8000 to 7000 B.p. (Lindsay et al. 1968), and
identical sandals plus two other distinctive styles (fine warp-faced and plain-
weave [coarse warp-faced]) were found during the test of Dust Devil Cave
(Fig. 94 of Lindsay et al. 1968; Ambler 1994*). The subsequent total excavation
of Dust Devil Cave in 1970 clarified the stratigraphic relation of the Archaic
sandals and other remains, extended the range of the Archaic occupation back
to almost 9000 B.p. (8830 + 160 B.P.; Ambler 1994*), and provided much greater
detail on subsistence (Van Ness 1986). Cultural deposition was relatively heavy
during the early Archaic (stratum IV, ca. 8800-6700 B.P.), but a layer of
essentially sterile eolian sand (stratum V) corresponding to the interval of
roughly 6600—4000 B.P. reveals a significant alteration in the Archaic occu-

'The archaeological significance of Sand Dune Cave is considerably less than that of Dust Devil
because of excavation by arbitrary levels and the consequent mixing of materials from widely
different periods (early Archaic through Pueblo).
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pancy of Dust Devil Cave. Sparse late Archaic use of the site is evidenced by
the recovery of Gypsum points from stratum VI (Geib and Ambler 1991).

Cowboy Cave (Jennings 1980), more than any other site, has had the most
significant influence on our present understanding of Archaic culture-history
and lifeways for the central Colorado Plateau. Besides being relatively rich in
material remains, this site was excavated by natural rather than arbitrary levels,
and the results were published in a timely manner. Furthermore, the changes in
projectile point styles for the dated strata of Cowboy Cave were concordant with
point style changes at Sudden Shelter (Jennings et al. 1980). On the strength of
these results, Holmer (1978, 1980) outlined a chronology for Archaic point types
for the northern Colorado Plateau, whereas Schroedl (1976) devised a phase
system for the same region.” The depositional history of Cowboy Cave led
Jennings to conclude that two significant occupational breaks had taken place
during the Archaic use of the site—one ca. 6300-3700 B.p. and the other
ca. 3200-2000 B.P. As at Dust Devil Cave, these hiatuses were represented by
layers of eolian sand classified as sterile.

Two other sites deserving mention are Bechan Cave (Agenbroad et al.
1989) and Old Man Cave (Geib and Davidson 1995). Test excavations in
Bechan Cave documented a single buried cultural layer without any strati-
graphic separation (Agenbroad et al. 1989:338). The nine "“C samples from this
deposit ranged from almost 7800 to 1200 B.p., indicating mixed or poorly
differentiated cultural deposition from over 6,000 years of site use. In lieu of
separable cultural strata, the dates were grouped to form five cultural periods,
and artifacts were assigned to each period. Whether or not the cultural periods
are real, the dates are useful for this study, and their range reveals that the site
holds promise for helping to understand the Archaic period.

Only a preliminary report is currently available on the recent excavations
at Old Man Cave (Geib and Davidson 1995), so this site is as yet not well
known. Nevertheless, the site provides an important radiocarbon record for
the eastern edge of the study area, affords an excellent glimpse of early

The general applicability of Schroedl’s phase system to the central Colorado Plateau is readily
acknowledged, especially when contrasted with the Oshara phase system (Irwin-Williams 1973,
1979), which does not accurately represent the chronology and material remains found in and
around Glen and Cataract canyons. Nevertheless, until greater detail on Archaic culture history of
the study area and surrounding regions has been obtained, temporal subdivisions such as early,
middle, and late Archaic provide preferred neutral alternatives for discussing portions of the long
Archaic period (see Matson 1991).
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Archaic subsistence based on the analysis of human feces (Hansen 1994), and
has yielded open-twined sandals, among other perishable remains. As at both
Cowboy and Dust Devil caves, arelatively intensive early Archaic occupation
of Old Man Cave started drawing to aclose during the seventh millennium B.P.,
terminating before 6,000 years ago. This hiatus or decline in site use ended
when Basketmaker IT agriculturalists began using the cave for storage and
burial shortly after 2000 B.P.

Chronometric Data Base

More than 130 radiocarbon determinations from 64 sites of the central
Colorado Plateau predate the use of ceramics and have clear cultural origins
(Table 1). I'have used 1600 B.P. as an appropriate time line cutoff for this study;
it allows inclusion of the first practices of agriculture in the region (the Archaic
to Formative transition) but excludes dates from the early Formative period
(except perhaps for a few old wood determinations). Most of the dates listed in
Table 1 were obtained in the past 10 years, so less than 15% have been included
in previous summaries of Archaic radiocarbon dates (e.g., Schroedl 1976; Berry
and Berry 1986). All standard dates (beta decay) are gas determinations made
on wood charcoal from hearths or on perishable organics like yucca. Some of
the dates on perishables are accelerator mass spectrometry (AMS) determina-
tions, where the ratio of "“C:"’C is directly measured. Determinations on materials
subject to isotopic fractionation (Stuiver and Polach 1977) were corrected by
either calculating actual *C:"*C ratios or using an assumed delta value.

Though all dates clearly have a cultural origin, in instances such as buried
hearths exposed in arroyo cuts there is little or nothing in the way of associated
artifacts. Some dates are on materials from multicomponent sites where strati-
graphic context was lacking (surface artifacts) or obscured by poor excavation
technique or previous disturbances. These dates are nonetheless useful for
chronometric analysis because they are on materials of indisputable cultural
origin, especially those on artifacts or human feces.

Dates on hearth charcoal can routinely overestimate the age of a cultural
event by 200 years, with potential discrepancies of 500 years or more (Smiley
1985). This can lead to spurious conclusions about the chronology, use histories,
and depositional rates—among other issues—of single sites and can be particu-
larly confounding when attempting to trace the origin and spread of stylistic,



Table 1. Radiocarbon dates older than 1600 B.p. from the central Colorado Plateau.

Site

Sequence®

no.

Lab
no.

Radiocarbon

age (B.P.)

Material

dated 813

Weight©

References and comments

Alvey Site
(42KA172)

Atlatl Rock Cave

Beaucoup Alcove
(42KA2753)

Bechan Cave
(42KA2546)

123
116
114
107

Rejected

48

93

73

42

Beta-34942

AA-10373

AA-10374

AA-10375

Beta-34944

Beta-633306

Beta-38342

GX-10501

A-3516

A-3513

1690 + 80

1735+ 50

1755 £ 50

1830 £ 50

2260+ 90

7900 £ 60

3900 £ 60

2080 £ 140

2640 £ 50

5500 £ 80

Maize -11.1

Maize (-10.0)
Maize (-10.0)
Maize (-10.0)

Maize -10.8

Grass -11.2

Human fece -20.7

Charcoal

Charcoal

Charcoal

8.6

15.3

15.3

22.1

8.6

Geib (1993). Maize cob (FS 86) from
level II (feature 31).

Maize cob (FS 124.1) from level I
(feature 47).

Maize cob (FS 126.1) from level I
(feature 47).

Maize cob (FS 152.3) from level |
(feature 56).

Geib (1993). Maize cob (FS 126.2)
from level I (feature 47). Rejected
based on recently obtained additional
maize dates from level I.

Grass padding (PN2.2 from open-
twined sandal; PN2.1).

One of 5 human feces collected from
surface of alcove during its initial doc-
umentation. A rich site with an un-
doubtedly long history of occupation;
this date provides the only evidence so
far for a late Archaic component.
Agenbroad et al. (1989:Appendix).
Slab-lined hearth assigned to
Cultural Period I1I.

Agenbroad et al. (1989:Appendix).
Charcoal from auger test of cave, of
uncertain context and associations.
Assigned to Cultural Period I1I.
Agenbroad et al. (1989:Appendix).
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Table 1. Continued.

Sequence®
Site no.

Lab
no.

Radiocarbon
age (B.p.)

Material
dated

8I3Cb

Weight®

References and comments

27

17

Benchmark Cave 55
(42KA433)

Captains Alcove 76

Beta-16025

GX-10502

GX-10500

AA-10376

Beta-1749

6750+ 120

15254220

7795 £ 230

3355+£50

2445 + 85

Yucca

Charcoal

Charcoal

Yucca

Charcoal

(-25.0)¢

(-25.0)

3.8

22.1

7.6

Charcoal from auger test of cave, of
uncertain context and associations.
Assigned to Cultural Period 11.
Agenbroad et al. (1989:Appendix).
Small fragment of open-twined sandal
assigned to Cultural Period I; a
whole example of this sandal type
also recovered.

Agenbroad et al. (1989:Appendix).
Associated with a lower occupa-
tional surface near central portion of
site and assigned to-Cultural Period I.
A “squash gourd container” is sup-
posedly associated with the hearth
and living surface (Agenbroad et al.
1989:338), but this is well out of line
with current evidence for cultigen

use in the Southwest. Either the date
is wrong or the association is mis-
identified.

Agenbroad et al. (1989:Appendix).
Charcoal lens or perhaps a hearth

(cf. Agenbroad et al. 1989:338 and
Fig. 3); assigned to Cultural Period I.
Plain-weave sandal (FS35.1) from fea-
ture 17 (Lipe 1960); stratum 10 of the
1962 excavation (Sharrock 1964).
Tipps (1984:Table 31). Hearth 3 of
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Table 1. Continued.

Site

a
Sequence
no.

Lab
no.

Radiocarbon
age (B.p.)

Material
dated o

Weight©

References and comments

(42KA265)

Casa Del Fuego
(42GA3132)

Co-op Site
(42KA2756)

70

69

61

49

40

63

Beta-1750

Beta-1748

UGa-3254

Beta-1232

Beta-35559

GX-11339

2720 £205

2735+ 115

3145 £ 105

3760+ 75

5880 =90

3000 + 145

Charcoal

Charcoal

Small log

Charcoal

Disseminated
charcoal in
sediment

Charcoal -22.6

5.0

9.8

6.8

2.6

occupation B, subarea 2 of shelter.
Tipps (1984:Table 31). Hearth 2 of
occupation B, subarea 2 of shelter.
Tipps (1984:Table 31). Same hearth

as sample 64 above; average of these
two is given as 2730 + 100 B.p. (Tipps
1984:54).

Tipps (1984:Table 31). Log from lowest
layer of test pit 8 in subarea 2 of shelter;
thought to be associated with occupa-
tion A.

Tipps (1984:Table 31). Hearth 1 of occu-
pation A, subarea 2 of shelter.

Tipps (1992b*€). Associated with five
unlined pits originating from an old
ground surface buried by ca. 1.8 m

of dune sand. Overlying sediment
component has a burned pithouse

dated 1550 £ 60 (Beta-20671) and

1580 £ 60 (Beta-35560); this upper
component contains both Elko and
Rosegate (Rose Springs) points.
Agenbroad et al. (1989:Appendix). Site
and sample provenience documented

in Bungart and Geib (1987%). Hearth 2
exposed in arroyo cut. A mano frag-
ment and several chert pressure flakes
in association. Hearth is stratigraphically

HETS)



Table 1. Continued.

Sequence®

Site no.

Lab
no.

Radiocarbon
age (B.p.)

Material
dated

8]3Cb

Weight©

References and comments

46

Cowboy Cave 108
(42WN420)

57

Beta-16276

Maize cache
average

UGa-1053

S1-2495

SI1-2998

4330 £ 80

1824 + 39

1890 £ 65

3330+ 80

3560 + 75

Charcoal

Maize
and grass

Charcoal

Grass

Wood

-12.0
-15.6

-15.6

8.6

13.1

8.6

9.8

above a date of 4330 + 80 B.P. (sample
41) and below a date of 1290 + 75 B.p.
(GX-11338; Agenbroad et al. 1989:30)
and 1060 * 80 B.p. (Beta-16274; Bun-
gart and Geib 1987%).

Bungart and Geib (1987*). Hearth 3 strat-
igraphically below previous sample and
buried by ca. 8 m of alluvium. Associ-
ated debitage, 2 biface fragments, a
mano fragment, but no diagnostics.

Geib and Bungart (1989:42) discuss the
dating problems with the Cowboy Cave
maize. Stratum of origin is unknown

but presumably derived from stratum Vb
or Vc and associated with Rose Spring
corner-notched arrow points and other
remains (see Jennings 1980).

Jennings (1980:Table 3). Obtained during
original test of cave in 1973; only a prob-
able provenience (stratum Vb) is known.
Jennings (1980:Table 3). Listed as un-
proven since recovered during 1973
testing. Presumably from unit IV. The
grass (Sporobolus cryptandrus) is from
skin bag containing various items.
Jennings (1980:Table 3). Stratum 1Vd;
associated with Gypsum points and split-
twig figurines, among numerous other
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Table 1. Continued.

Sequence’
Site no.

Lab
no.

Radiocarbon

age (B.p.)

Material

dated o

Weight*

References and comments

wn
8]

34

30

21

SI-2715

S1-2421

S1-2420

UGa-637

S1-2419

363555

6390 + 70

6675 +75

6830 + 80

721575

Charcoal

Charcoal

Yucca 243

Charred wood

Charcoal

18.3

9.8

8.6

9.8

items.

Jennings (1980:Table 3). Stratum IVc;
associated with Gypsum points and split-
twig figurines, among numerous other
iteras.

Jennings (1980:Table 3). Loose charcoal
found in sterile red sand layer, stratum IVa.
Date used as upper temporal bracket for
unit 111 instead of the date (6675 = 75 B.p.,
S1-2420) from stratum I1li. No clear
associations.

Jennings (1980:Table 3). Sandal fragment
of unspecified construction technique
from stratum IIli. Expected to provide
terminal date of occupation for unit I1I,
but the previous sample was used for

the upper temporal bracket of this unit.
Associated with Northern side-notched
and Elko points, plain-weave sandals,
and other remains.

Jennings (1980:Table 3). Listed as prob-
able from unit I1I; recovered during

1973 testing. No certain associations.
Jennings (1980:Table 3). Loose charcoal
from midden of stratum 1I1d. Associated
with a Northern side-notched point, open-
twined and plain-weave sandals, and
other remains.
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Sequence” Lab Radiocarbon Material
Site no. no. age (B.P.) dated 8c®  Wweight

References and comments

Doughnut Alcove
(42KA3384)

Down Wash Site
(42WN16606)

7

79

130

111

102

100

98

91

87

SI-2418

Beta-30568

Beta-34247

Beta-34260

Beta-34253

Beta-21207

Beta-34244

Beta-34254

Beta-34252

8275+ 80

2320+ 80

1640 + 60

1790 £ 100

1890 + 70

1960 + 60

201070

2140+ 70

2180 £ 60

Charcoal

Grass

Charcoal

Charcoal

Charcoal

Charcoal

Charcoal

Charcoal

Charcoal

-24.5

8.6

8.6

15.3

5.5

11.3

15.3

11.3

11.3

15.3

Jennings (1980:Table 3). Loose charcoal
from first thin cultural layer in cave,
stratum IIb. Associated with open-
twined sandals.

Geib (1990a:268). Basketmaker Il cache
of three wooden tools wrapped in
juniper bark mat fragment and grass
(Oryzopsis hymenoides) and placed

in a pit. No other associated remains

or evidence of alcove use.

Horn (1990%). Stratum 6, feature 2 (slab-
lined hearth) upper fill. Inconsistent with
a date of 1440 £ 100 B.p. from lower fill of
same hearth; probably because of burning
of “old wood” (cf. Horn 1990%).

Horn (1990%*). Stratum 6, feature 7
(hearth). No associated diagnostics.
Horn (1990%*). Stratum 7, feature 10
(hearth). No associated diagnostics.
Horn (1990%). Hearth exposed in cutbank
of locus C. No associated diagnostics.
Horn (1990%). Stratum 6, feature 1 (hearth).
No associated diagnostics.

Horn (1990%*). Stratum 6, feature 12
(hearth). No associated diagnostics.
Horn (1990%). Stratum 8, feature 13
(hearth). No associated diagnostics.
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Table 1. Continued.

Sequence®
Site no.

Lab
no.

Radiocarbon
age (B.p.)

Material
dated

813Ch

Weight®

References and comments

86

62

60

54

50

47
Durffeys’ Kitchen 44
(42GA3133)

Dust Devil Cave 109
(NA7613)

Beta-34259

Beta-34251

Beta-34255

Beta-16667

Beta-34257

Beta-34256

Beta-34258

Beta-35561

TX-852

2200 £ 80

2280+ 90

3110+ 170

3180 % 140

3500 £ 150

3750 £ 120

4070 = 140

4980+ 130

1820 + 80

Charcoal

Charcoal

Charcoal

Charcoal

Charcoal

Charcoal

Charcoal

Charcoal

Charcoal

8.6

3.8

2.8

3.3

8.6

Horn (1990%*). Stratum 8, feature 15
(hearth). No associated diagnostics.
[Note: Table 4-2 of Horn 1990* lists
this date as 220 + 80 B.p,, clearly a typo-
graphical error given the calibrated range
for the date presented in that table and
the plot of the dates in Fig. 4-30 of
Horn’s report.]

Horn (1990%*). Stratum 7, feature 9
(hearth). No associated diagnostics.
Horn (1990%). Stratum 9, feature 11
(hearth). No associated diagnostics.
Agenbroad (1987*:see Figs. 91 and

92 for provenience information).
Hearth exposed in arroyo cut of locus C.
No associated remains.

Horn (1990%). Loose Charcoal from
stratum 11A. No associated diagnostics.
Horn (1990*). Loose charcoal from
stratum 11. No associated diagnostics.
Horn (1990%). Stratum 11A, feature 14
(hearth). No associated diagnostics.
Tipps (1992b*). Hearth at site. No asso-
ciated diagnostics.

Lindsay et al. (1968:108). Hearth 3 of
alcove outside of cave proper. No certain
associations.
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Table 1. Continued.

Sequence” Lab Radiocarbon Material
Site no. no. age (B.P) dated 8'ch Weight® References and comments

28 TX-1261 6740+ 110 Charcoal 4.6 Ambler (1994:Table 1) Hearth 35, top
of stratum IV.

26 AA-10379 6785 +60 Yucca (-25.0) 15.3 Plain-weave sandal from top of stratum IV.

24 TX-1260 6840+ 130 Yucca (—25.0)d 33 Ambler (1994:Table 1). Plain-weave
sandal, top of stratum IV.

23 AA-10378 6890 * 60 Yucca (-25.0) 15.3 Plain-weave sandal from top of stratum IV.

20 TX-1264 7250 £ 110 Charcoal 4.6 Ambler (1994:Table 1). Hearth 37,
middle of stratum IV.

19 TX-1263 7340+ 110 Charcoal 4.6 Ambler (1994:Table 1). Loose charcoal,
middle of stratum IV.

14 TX-1262 7630 £ 120 Human feces 7 3.8 Ambler (1994:Table 1). Feces from top
of stratum IVb. Not corrected for iso-
topic fractionation; given the C4 and
CAM plants consumed during the early
Archaic this date could be 100-200
years older.

3 TX-1265 8730 %110 Charcoal 4.6 Ambler (1994:Table 1). Hearth 32,
bottom of stratum IV.
2 TX-1266 8830 £160 Yucca (—25.0)d 2.2 Ambler (1994:Table 1). feature 17
(yucca-lined pit), bottom of stratum IV.
Chapter 7 of this report discusses
context and associations.
Good Hope Alcove 15 Beta-31191 7560 + 130 Yucca -21.4 3.3 Open-twined sandal fragment from buried

(42GA3411)

cultural deposit exposed at front of
alcove because of erosion. Other asso-
ciated remains include a mano, grinding

slabs, and flakes but no other diagnostics.
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Table 1. Continued.

Sequence® Lab Radiocarbon Material
Site no. no. age (B.P.) dated 8P Weight© References and comments
The Hermitage 41 AA-10372 5665 + 60 Yucca (=25.0) 15.3 Plain-weave sandal (FS 24) from an aceramic
(42K A443) midden deposit (feature 9). Site excava-
ted by Lipe (1960).
37 AA-10371 589C £ 55 Grass -12.1 18.3 Grass padding of plain-weave sandal
(FS 19.1) from an aceramic midden deposit
(feature 9).
Horse Canyon 80 Beta-39256 2320+ 60 Charcoal 15.3 Tipps (1992b*). Hearth, middle of
Rock Shelter stratum II. No associated shelter diag-
(42GA3138) nostics. Stratum 111 dates 1380 + 70 B.p.
(Beta-35318) whereas stratum IV
dates 770 £ 60 B.P. (Beta-20673), so date
sequence is internally consistent.
67 Beta-35319 2760 £ 100 Charcoal 55 Tipps (1992b*). Hearth, bottom of
stratum II. No associated diagnostics.
Lone Tree Dune 121 Y-1350 1700 £ 80 Burned beam 8.6 Jennings (1966:34); also Berry (1982:57).
(42SA363) Beam in fill of shallow slab-lined
Basketmaker II pithouse with a slab-
lined entrance (Sharrock et al.
1963:151-161).
Long Canyon Dune 83 Beta-20669 2250£70 Charcoal 11.3 Tipps (1992b*). Hearth at site. No asso-
(42GA3122) ciated diagnostics.
Meister Knapper 125 Beta-16271 1670 £70 Charcoal 11.3 Bungart and Geib (1987%*). Slab-lined
(42KA2745) hearth at locus B.
Murphy 117 Beta-20466 1730+ 70 Charcoal 11.3 UPAC Newsletter, Vol. 7, No. 2,
(42SA8500) Table 1, 1989.
68 Beta-20467 2740 £ 60 Charcoal 15.3 UPAC Newsletter, Vol. 7, No. 2,

Table 1, 1989.
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Table 1. Continued.

Sequence” Lab Radiocarbon Material
Site no. no. age (B.p) dated Y b Weight References and comments
Old Man Cave 112 Beta-47741 1790 =90 Juniper bark 6.8 Geib and Davidson (1995; Table 1).
(42SA21153) Basketmaker Il burial (feature 3)
originating from level 2.
39 Beta-47008 5890 £ 70 Rodent feces -24.6 11.3 Geib and Davidson (1995:Table 1).

36

29

18

16

Beta-48141

Beta-47743

Beta-40116

Beta-47742

Beta-47007

6120+70

673070

7440 = 100

7560 £ 90

7790 + 80

Charcoal

Charcoal

Yucca

Grass

Charcoal

11.3
11.3
-22.1 5.5
-12.79 6.8
8.6

Neotoma feces from level 4, which
along with level 3 seems to represent

an interval of natural deposition
(cultural hiatus?). This date was not
used in Figs. 3 and 4 of this report.

Geib and Davidson (1995:Table 1). Hearth
(feature 5) originating within level 5.
Marks the end of early Archaic occu-
pation of the shelter.

Geib and Davidson (1995:Table 1). Hearth
(feature 10) associated with level 7.
Geib and Davidson (1995:Table 1).
Open-twined sandal fragment found

on surface of site in looter’s backdirt;
south-central part of shelter. Remainder
of sandal housed at Edge of the Cedars
(accession ECPR 84.6).

Geib and Davidson (1995:Table 1).
Sporobolus sp. chaff from lowest midden
deposits (feature 11) in south-central
portion of site.

Geib and Davidson (1995:Table 1). Basin
hearth (feature 12) of level 12 cut into

in sterile, calcified dune sand; marks
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Table 1. Continued.

Sequence”
Site no.

Lab
no.

Radiocarbon
age (B.p.)

Material
dated ol

Weight®

References and comments

Pantry Alcove 129
(42GA103)

Perfect Ruin 33
(42KA2687)

Pittman 122
(GG-69-18)

Rock Bar Alcove 6
(42WN1779)

Rock Creek Alcove 77
(42KA2661)

Beta-34936

Beta-19920

Beta-19919
GX-2142

GX-2074

Beta-31192

Beta-8264

1640 £ 80

6480 70

6500 + 80
1695 £90

1870 £ 100

8280 £ 160

2420+ 100

Maize -12.0

Charcoal 11.3

Charcoal
Charcoal

Charcoal

Yucca -22.3

Organic ?
material

8.6

8.6
6.8

95

o
[§9]

55

the start of cultural deposition at the site.
Geib (1993). Maize cobs (FS49.1) from
fill of cist 7 (feature 3a).

Eininger (1987%). Hearth encountered
below a Pueblo trash deposit in a

1- x 1-m test unit; hearth separated
from Pueblo trash by only 3-8 cm of
sand. Hearth has two separate use epi-
sodes; this sample and sample 30.
Eininger (1987%). See above.

Matson (1991:90, sidebar). Slab-lined
hearth built in fill of Basketmaker 11
pithouse. A rerun of this sample
obtained a "*C age of 1759 + 176 B.p.
(Berry 1982:Table 14).

Matson (1991:92, sidebar). Extramural
hearth associated with pithouse. Matson
rejects this date as being 200 years
earlier than the other "*C dates from
site and the tree-ring dates.
Open-twined sandal fragments from buried
cultural deposits exposed at front of
alcove because of erosion. A nearly
complete open-twined sandal also re-
covered.

Nickens et al. (1988:240). Partially de-
composed soft body parts of a Basket-
maker II burial. Not corrected for iso-

901
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Table 1. Continued.

Sequence”
Site no.

Lab
no.

Radiocarbon
age (B.P.)

Material
dated

6]3Cb

Weight*

References and comments

Salt Pocket Shelter 56
(42SA17092)

Sand Dune Cave 22

13

Beta-8623

Beta-21209

A-850

A-848

A-849

8660 * 80

3340 £ 100

7150 + 130

7740 £ 120

7700 = 120

Charcoal

Charcoal

Yucca

Grass

Yucca

(-25.0)¢

(-12.0)

(-25.0)¢

8.6

5.5

33

3.8

3.8

topic fractionation.

Nickens et al. (1988:240). Loose charcoal
scattered in fill of tested area in alcove.
No clear associations but probably
cultural.

Tipps and Hewitt (1989). Basin hearth
within midden deposit; encountered in

a |- x 1-m test unit. A Sand Dune side-
notched point and a Barrier Canyon-style
anthropomorph pictograph are present

at the site but are not clearly associated
with the dated hearth. [Note: On pages 92
and 137 of Tipps and Hewitt 1989, the
16 for this date is given as 110 years. |
did not notice the discrepancy until after
this analysis was finished.]

Lindsay et al. (1968:96). A single open-
twined sandal fragment, stratum V.
Lindsay et al. (1968:96). Lining of open-
twined sandal, stratum V. Date not
corrected for isotopic fractionation in
the lab. As the grass was probably Spor-
obolus, its assumed "*C value is

between —11 and —13; consequently,

200 years have been added to the re-
ported date of 7540 + 120 B.P.

Lindsay et al. (1968:96). Two open-
twined sandal fragments, stratum V.
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Table 1. Continued.

Sequence” Lab Radiocarbon Material

Site no. no. age (B.p.) dated o Weight© References and comments

Sifted Shelter 81 Beta-19514 2310+ 90 Charcoal 6.8 Agenbroad (1990%); Geib and Fairley

(42KA2730) (1986*) for site description. Sample
came from a layer of burned material
(sticks, twigs, and leafy material) that
might be the remains of a burned brush
structure largely destroyed by looters.
A Gypsum point along with other
remains was found in looter backdirt.

Square Cist Alcove 119 Beta-31974 1720 £ 140 Basketry -23.5 2.8 Geib (1990b:142); see Geib and Fairley

(42KA2737) (1986*) for site description. Basket
fragment is close coiled, half rod and
bundle stacked foundation with stitches
intentionally split on both surfaces.

Sunny Beaches 110 Beta-16272 1800 + 100 Charcoal 5.5 Geib and Bungart (1989:Table 1). Basin

(42KA2751) hearth associated with Rose Spring
corner-notched points.

Triangle Cave 132 AA-5224 1600 + 50 Maize -10.3 22.1 Geib (1993). Maize kernels (FS137.19)

(42GA288) from cache of five maize ears in
stratum 1.

113 Beta-34941 1770 + 90 Maize -11.2 6.8 Geib (1993). Maize cob (FS161.1) from

floor of structure (feature 19) in
stratum 1.

Turkey Pen 99 WSU-3512 1980 £ 60 Maize (-10.0) 15.3 Date uncorrected for isotopic fractiona-

(42SA21153) tion. 250 years have been added to the

reported date of 1730 £ 60 B.p. using an as-
sumed 8"*C value of ca. ~10. Sample
from near top of stratum A-6 in Matson’s

0l
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Table 1. Continued.

Site

a
Sequence
no.

Lab
no.

Radiocarbon
age (B.P)

Material
dated

813Cb

Weight*

References and comments

Verres Pithouse
(GG-69-1)
Walters Cave
(42WN421)

White Crack

(428A17597)
Willow Seep

(425A415)

97

105

101

96

127

64

88

WSU-3513

WSU-2750

WSU-2751

WSU-2759

GX-2072

SI-2416

Beta-24478

Beta-20469

2050+ 80

1860 45

1925 £55

2065 £ 50

1655 + 80

8875+ 125

2990+ 70

2160 £ 100

Maize

Charcoal

Charcoal

Charcoal

Charcoal

Yucca

Charcoal

Charcoal

8.6

27.3

18.3

11.3

55

(1991: Fig. 2.33, 92) stratigraphic

test of site; all deposits exposed in this
test are Basketmaker Il and yielded
various materials including cultigens.
Stratum C-4. Date uncorrected for isotopic
fractionation. 250 years have been
added to the reported date of 1800+ 80 B.p.
using an assumed 8"°C value of -10.

Matson (1991:Fig. 2.33). Stratum C,
Basketmaker II.

Matson (1991:Fig. 2.33). Stratum A,
Basketmaker II.

Matson (1991:Fig. 2.33). Stratum B,
Basketmaker I1.

Matson (1991:92, sidebar). Burned super-
structure of Basketmaker II pithouse.
Jennings (1980:Table 3). Sandal of un-
specified construction technique.

Listed as no provenience by Jennings

but field notes reveal that it is from a
stratum comparable to stratum IIb of
Cowboy Cave, just above a pre-occupa-
tion sand layer with oak leaves (stratum Ila).
UPAC Newsletter, Vol. 7, No. 2,

Table 1, 1989.

UPAC Newsletter, Vol. 7, No. 2,

Table 1, 1989.
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Table 1. Continued.

Sequence” Lab Radiocarbon Material

Site no. no. age (B.p.) dated e Weight® References and comments

AZ C-3-2 90 A-3934 2140 £ 80 Charcoal 8.6 Largely deflated basin hearth of a prob-

(NAU) able Basketmaker Il temporary camp.

42GA3035 128 Beta-28770 1650 = 100 Charcoal 55 Bungart (1990).

42GA3048 106 Beta-16268 1850 + 140 Charcoal 2.8 Bungart (1990).

42GA3084 66 Beta-31185 2850+ 70 Charcoal 11.3 Bungart (1990).

42GA3086 59 Beta-32025 3230+ 140 Charcoal 2.8 Bungart (1990).

42GA3119 89 Beta-31187 2160 =90 Charcoal 6.8 Bungart (1990).

42GA3202 74 Beta-31189 2530+70 Charcoal 11.3 Bungart (1990).

42GA3205 71 Beta-28322 2670 +90 Charcoal 6.8 Bungart (1990).

58 Beta-27897 3240 £ 60 Charcoal 15.3 Bungart (1990).

42GA32006 65 Beta-32026 2950 + 100 Charcoal 5.5 Bungart (1990).

42KA2731 115 Beta-16587 1750 £ 90 Charcoal 6.8 Agenbroad (1990%); see Geib and Fairley
(1986*) for site description and Ander-
son (1988:Fig. 20) for stratigraphic
provenience of date. This determination
comes from a thin lens of sparse charcoal
buried in alluvium and is consistent with
a date of 950 % 160 B.p. from charcoal
located roughly I m higher (see Ander-
son 1988:Fig. 20). No certain cultural
associations.

42KA2771 43 GX-11146 5300 £ 235 Charcoal =237 1.0 Agenbroad et al. (1989:Appendix); see

Geib and Fairley (1986*) for site de-
scription and Anderson (1988:Fig. 21)
for stratigraphic provenience of date.
Sample obtained from a lens of dense
charcoal-stained soil within a cultural

oLl
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Table 1. Continued.

Sequence® Lab Radiocarbon Material

Site no. no. age (B.p.) dated 813 Weighlc References and comments
stratum buried in dune sand. Flaked
lithics and grinding tools in association
but no diagnostics.

42KA2773 118 Beta-16277 1730 £ 70 Charcoal 11.3 Bungart and Geib (1987%); slab-lined
hearth.

425A17107 38 Beta-31790 589070 Charcoal 11.3 Tipps and Schroedl (1990%).

Rejected Beta-18737 8340 +£290 Charcoal 1.0 Tipps and Schroedl] (1990*: not included
in Figs. 3 or 4 because of large counting
error).

42SA17141 94 Beta-21208 2080 + 60 Charcoal 15.3 Tipps and Hewitt (1989:128). Slab-lined
hearth at open site. No certain associa-
tions, but an Elko side-notched, a
Pueblo I-style arrow point, and several
other remains recovered from site sur-
face; abundant materials at site.
42SA17215 5 Beta-16596 8330110 Charcoal 4.6 Agenbroad (1990%*); also Tipps and
Schroedl (1990%).
425A17216 120 Beta-19284 1720 £+ 80 Charcoal 8.6 Agenbroad (1990%); also Tipps and
Schroedl (1990%).
8 Beta-19285 8100 £ 220 Charcoal 1.1 Agenbroad (1990%*); also Tipps and
Schroedl (1990%).
42SA17790 31 Beta-18736 6580+ 100 Charcoal 55 Tipps and Schroedl (1990%).
425A20292 92 Beta-30484 2120+ 60 Charcoal 153 Tipps (1992a*); also Tipps and
Schroedl (1990%*).
85 Beta-30485 222070 Charcoal 11.3 Tipps (1992a*); also Tipps and
Schroedl (1990%).
42SA20256 84 Beta-30482 2220£90 Charcoal 6.8 Tipps (1992a*); also Tipps and
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Table 1. Continued.

Sequence” Lab Radiocarbon Material

Site no. no. age (B.P.) dated 8'3¢P Weight References and comments
Schroedl (1990%).

42SA20301 78 Beta-30487 2330+90 Charcoal 6.8 Tipps (1992a*); also Tipps and
Schroedl (1990%).

428A20309 51 Beta-34978 3710 +£230 Charcoal 1.0 Tipps and Schroed! (1990%).

42S8A21091 95 Beta-31962 2070 £ 70 Charcoal 11.3 Agenbroad (1990%*); also Tipps and
Schroedl (1990%).

425A21095 35 Beta-31963 6290 £ 110 Charcoal 4.6 Agenbroad (1990%*); also Tipps and
Schroedl (1990%).

42SA21117 124 Beta-31964 1670 + 80 Charcoal 8.6 Agenbroad (1990%*); also Tipps and
Schroedl (1990%).

(No number) 45 Beta-33355 4510+ 130 Charcoal 3.3 Agenbroad (1990%*); also Tipps and
Schroedl (1990%).

BC-86-1 131 Beta-15640 1600 £ 60 Charcoal 15.3 Agenbroad (1990%); see also Anderson
(1988:64). Charcoal lens buried in allu-
vium of Bowns Canyon; no site docu-
mentation.

GG-69-20 126 GX-2143 1655 + 85 Charcoal 7.6 Matson (1991:90, sidebar). Cist in floor

of a Basketmaker II pithouse.

“Sequence number is the temporal order of the date from oldest to youngest within this data set.
b ls : ST
8'"C values in parentheses are assumed, either by the laboratory or by this author.
“Product of the squared standard error of each date over the largest squared standard error (235 in this study).
dSample uncorrected for isotopic fractionation but probably not a problem because all previous measurements of 3'3C for yucca from early Archaic contexts have
obtained values between 21 and -25. For this sample it is reasonable to assume a value of —25, requiring no correction of the reported date.
“Asterisk indicates unpublished material.
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technological, and biological innovations. In a regionally based examination of
preceramic radiocarbon dates, age overestimation is not so critical, especially
considering the millennial time spans for the Archaic subdivisions. Moreover,
the suite of radiocarbon dates for the central Colorado Plateau includes many
on organic remains not subject to age overestimation.

Uncalibrated dates are used to structure this discussion for two principal
reasons. First, most discussion of Archaic chronology is in terms of uncalibrated
dates and to continue so facilitates communication and comparison. Second, all
paleoenvironment research is couched in terms of uncalibrated radiocarbon
years, and until the various paleoenvironmental data sets and reconstructions
are also calibrated, a calibrated Archaic archaeological record would be dislo-
cated from its environmental context. After plotting both the calibrated and
uncalibrated dates, and even though the disparity between the laboratory deter-
mination and the true age of a sample is about 700 years during 