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Hydrogeology of Jurassic and Triassic Wetlands
in the Colorado Plateau and the
Origin of Tabular Sandstone Uranium Deposits

By Richard F. Sanford

ABSTRACT

During parts of the Jurassic and Triassic Periods, fluvial-
lacustrine sediments were deposited in the area of the Colo-
rado Plateau, and tabular sandstone (tabular-type) uranium
deposits formed at a density-stratified ground-water interface
in areas of regional ground-water discharge. The typical
effects of topographic, geologic, and compositional controls
on ground-water flow, together with modern ground-water
analogs, can be used to reconstruct ground-water flow during
and shortly after sedimentation. Diagenetic effects of the pas-
sage of ground water can also provide further constraints. In
the Upper Jurassic Morrison Formation and lower part of the
Upper Triassic Chinle Formation, tabular sandstone uranium
deposits are in lenticular, arkosic, fluvial, channel sandstone
overlain by tuffaceous overbank and lacustrine mudstone and
underlain by marine rocks, especially evaporites. The thin,
subhorizontal, tabular-shaped bodies float in the sandstone
with no apparent lithologic control. They are in reduced sand-
stone within dominantly redbed sequences of sandstone and
mudstone. The deposits favor transitional facies of interbed-
ded sandstone and mudstone between dominantly fluvial
sandstone and dominantly overbank and lacustrine mudstone.
They tend to be concentrated in syndepositional synclines.
Organic matter, either as detrital coalified plant fragments or
structureless impregnations, is closely associated with ura-
nium ore. Decreases in paleotopographic slope are indicated
by lithofacies changes, typically from distal alluvial plain to
mudflat or floodplain. Geologic controls focused discharge in
zones of abrupt thinning and pinching out of Lower Jurassic
and upper Paleozoic aquifer systems. Tabular sandstone ura-
nium deposits formed where topographic controls favored
mixed local and regional discharge. Transient, depression-
focused recharge of humic-acid-bearing ground water at wet-
lands in paleotopographic depressions may have provided a
mechanism for downward and downdip transport of humic
acid that precipitated at a subhorizontal, density-stabilized
interface between relatively fresh, shallow ground water and
discharging, saline regional flow. Uranium was precipitated
during and after humate precipitation.

INTRODUCTION

Previous studies suggest that tabular sandstone (tabular-
type) uranium deposits formed in areas of ground-water dis-
charge (Sanford, 1982, 1988, 1990a, b, 1992), and quantita-
tive models for selected areas support the hypothesis
(Sanford, 1982, 1990a, 1994). In this study, I reconstruct the
hydrogeology of the Colorado Plateau during parts of the
Jurassic and Triassic Periods when fluvial-lacustrine sedi-
ments and tabular bodies of uranium ore were being depos-
ited. I examine additional evidence pertaining to ground-
water flow, extend the earlier studies to other areas of ura-
nium deposits on the Colorado Plateau, and reconcile evi-
dence for ground-water paleodischarge and evidence of
ground-water paleorecharge at the site of uranium deposition.

Hydrologic principles. observation of modern ground-
water-flow systems, and results of quantitative modeling
help predict the flow of ancient ground water. Hydrologic
controls are then combined with stratigraphic, sedimento-
logic, paleoenvironmental, and structural data from the Col-
orado Plateau to construct conceptual models. The effects of
the passage of ground water based on diagenetic evidence
further constrain the model.

Previous hydrogeologic work on the Colorado Plateau
typically focused on surface water or shallow ground water
but neglected the large-scale flow of ground water in the
basin as a whole. Paleotopography was not fully utilized in
paleohydrogeologic reconstruction. In this paper, I incorpo-
rate concepts previously proposed to provide an integrated
model for basin- and local-scale ground-water flow in the
Colorado Plateau as a whole.

DESCRIPTION OF TABULAR SANDSTONE
URANIUM DEPOSITS

Tabular sandstone uranium deposits are tabular, origi-
nally subhorizontal bodies entirely within reduced fluvial
sandstone of Late Silurian age or younger. Tabular sand-
stone uranium deposits constitute the largest uranium
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2 JURASSIC AND TRIASSIC WETLANDS AND ORIGIN OF URANIUM DEPOSITS

resource type in the United States. They account for approx-
imately 65 percent of the total United States production and
reserves of uranium (Chenoweth and McLemore, 1989).
Throughout this paper, the terms “reduced” and “oxidized”
refer to iron unless otherwise noted.

The general features of tabular sandstone uranium
deposits are summarized elsewhere (Finch, 1967; Fischer,
1974; Adams and Saucier, 1981; Nash and others, 1981;
Thamm and others, 1981; Finch and Davis, 1985; Granger
and Finch, 1988; Shawe and others, 1991; Sanford, 1992).
Typically, tabular sandstone uranium deposits are in lenticu-
lar, arkosic, fluvial, channel sandstone overlain by tuf-
faceous overbank and lacustrine mudstone and underlain by
marine rocks, especially evaporites. The thin, subhorizontal,
tabular-shaped bodies “float” in the sandstone with no appar-
ent lithologic control. They are in reduced sandstone within
dominantly redbed sequences of sandstone and mudstone.
The deposits favor transitional facies of interbedded sand-
stone and mudstone between dominantly fluvial sandstone
and dominantly overbank and lacustrine mudstone. They
tend to be concentrated in syndepositional synclines.
Organic matter, either as detrital coalified plant fragments or
structureless impregnations, is closely associated with ura-
nium ore. The age of the host rocks ranges from Late Silurian
to Tertiary, the older age limit corresponding to the first
appearance of woody land plants. The deposits probably
formed shortly after deposition of the host sandstone. In the
Colorado Plateau, the largest tabular sandstone uranium
deposits are in sandstone of the Upper Jurassic Morrison
Formation and Upper Triassic Chinle Formation.

HYDROGEOLOGICAL PRINCIPLES
USED IN RECONSTRUCTION

Here I consider both the controls that govern the flow of
ground water and the effects of the passage of ground water.
The controls are described by the general principles of phys-
ical hydrogeology, and they lead to predictions that can be
tested by looking for evidence of the effects of the passage
of ground water.

CONTROLS ON GROUND-WATER FLOW

Controls on ground water flow are topographic, geo-
logic, and compositional. Topographic controls are imposed
by the configuration of the water table and, indirectly, the
ground surface. Geologic controls are imposed by the distri-
bution of permeability and thickness of units in the saturated
zone. Compositional controls are imposed by masses of
water having different density due to salinity. Darcy’s Law
provides a framework for classifying these controls (fig. 1)
(Hitchon, 1969; Winter, 1988). The volumetric flow rate (Q)

in saturated porous media is the product of three parameters:
hydraulic conductivity (K), cross-sectional area normal to
flow (A), and gradient in hydraulic potential (dh/dl) (Hub-
bert, 1940, 1953, 1956).

Although distinguishable conceptually, ground-water
controls may be correlated. Finer sediments commonly are
associated with both lower topographic slope and lower per-
meability. Thinning of aquifers may be accompanied by a
decrease in permeability owing to an increase in the propor-
tion of fine-grained sediments.

TOPOGRAPHY

In mature, topographically uplifted basins, such as
those of the Colorado Plateau, gravity-driven flow predomi-
nates; recharge occurs at higher elevations, whereas dis-
charge occurs at lower elevations (Kreitler, 1989). For an
unconfined aquifer at the surface, a decrease in the slope of
the water table results in a lower potential gradient and
smaller flow rate (Q) through the downstream end of the
medium, which causes discharge at the decrease in slope.
The most common expression of this case is at decreases or
breaks in slope, typically where an alluvial fan or plain
meets an almost flat valley bottom (Freeze and Wither-
spoon, 1967; McLean, 1970; Habermehl, 1980; Allison and
Barnes, 1985; Duffy and Al-Hassan, 1988; Straw and oth-
ers, 1990; Winter and Woo, 1990). A special case of a con-
cave break in slope that focuses discharge is at the shoreline
where the water table meets a standing body of water (see,
for example, Pfannkuch and Winter, 1985; Cherkauer and
Nader, 1989). Wetlands typically are present in areas of
perennial discharge.

In this study, I assume that paleotopographic highs
were recharge areas, that paleotopographic depressions were
discharge areas, and that discharge occurred at major
decreases in slope due to a decrease in dh/d! (fig. 1). Thus,
the largest scale topographic controls on ground-water flow
are indicated by the major highs in orogenic zones and the
major depressions in sedimentary basins. Following the the-
ory of Toth (1962, 1963), it is assumed that the deepest
regional flow discharges at the lowest elevations and that
shallower flow discharges farther upslope. The distal edge of
the alluvial plain, or transition from alluvial plain to mudflat,
is expected to be a zone of discharge and mixing of shallow
local and deeper regional ground water (McLean, 1970;
Duffy and Al-Hassan, 1988; Straw and others, 1990).

GEOLOGY

Both a facies change resulting in lower permeability
and a thinning of hydrostratigraphic units in the downstream
direction favor discharge of ground water and the presence
of wetlands (fig. 1) (Freeze and Witherspoon, 1966, 1967;
Garven and Freeze, 1984a, b; Bethke, 1989; Kreitler, 1989).
The thinning may involve just one aquifer within a basin or
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GROUND-WATER

FAVORABLE FOR

DARCY’S LAW: Q = KA dh/di

CONTROLS DISCHARGE
Decrease in:
Topography Concave change in slope dh/dl
Geology Decrease in transmissivity
Permeability Decrease in permeability K
Thickness Thinning of aquifer A
Composition Thinning of fresh-water lens A

Figure 1. Classification of topographic, geologic, and compositional controls on ground water showing
conditions favorable for discharge. Q is volumetric flow rate; K is hydraulic conductivity; A is cross-sectional
area normal to flow; dA/dl is gradient of hydraulic potential (head) with distance.

the basin as a whole. For the Colorado Plateau in Mesozoic
time, geologic controls on ground-water flow are recon-
structed from permeability data and stratigraphic evidence.

AQUIFERS AND CONFINING UNITS

Ground water in horizontally stratified sedimentary
basins tends to flow laterally through aquifers and vertically
through confining units (Hubbert, 1940; Toth, 1978; Kreitler,
1989). The notion that fine-grained or clay-rich units are
impermeable continues to be expressed by some geologists,
even though it was understood more than 90 years ago to be
a “time-honored delusion” (Munn, 1909). Flux across con-
fining units can be significant; the lower permeability (X, fig.
1) of a confining unit is compensated by the cross-sectional
area (A), which is orders of magnitude greater when flow is
perpendicular to bedding, and by a higher potential gradient
(dh/dl) that may exist across the confining unit. For example,
upward flux through the bed of Lake Frome, Australia, is
170-180 mm/yr (Allison and Barnes, 1985).

COMPOSITION

A gravitationally stable body of saline water may force
fresher water flowing over it to discharge (fig. 1). (By defi-
nition, saline water has 1,000-35,000 mg/L total dissolved
solids, and brine has >35.000 mg/L total dissolved solids
(Robinove and others, 1958).) Some surface water and much
ground water is saline (Hanor, 1983; Hammer, 1986;
Kreitler, 1989). Saline bodies of water, including salt lakes
and the oceans, typically receive inflow from more dilute
surface and ground water. Buoyancy forces cause less dense
fresher water to overlie more dense salt water in the subsur-
face. At equilibrium, the fresh water-salt water interface is
horizontal. When the upper fluid is moving, the interface
slopes upward in the direction of movement (Cooper and
others, 1964). The salt-water wedge acts as a barrier to the

flow of relatively fresh water, which tends to discharge at the
surface more or less at a shoreline or other break in slope
(McLean, 1970; Duffy and Al-Hassan, 1988; Dutton and
others, 1989; Fee and others, 1992; Herczeg and others,
1992; Hines and others, 1992; Long and others, 1992;
Macumber, 1992). In topographic depressions where the
water table slopes inward and ground-water flow converges,
the hydraulic potential for shallow ground water is least at
the depression (Hubbert, 1940). The salt water-fresh water
interface must therefore rise toward the depression, even if
salt water fails to discharge at the surface.

Compositional controls on ground-water flow cannot
be reconstructed in ancient basins with as much certainty as
topographic and geologic controls because the original fluids
have disappeared. The chemical evolution of the ground
water can be inferred, however, from the composition of the
rocks through which the water passes. Because evaporite
minerals dissolve rapidly, ground water that passes through
evaporites or evaporite-cemented sediments becomes saline,
as demonstrated by salinities as high as 439,000 ppm in mod-
ern basins, including the Paradox Basin (Mayhew and Heyl-
man, 1965; Hanor, 1983; Kreitler, 1989). The contribution of
evaporites to saline ground water is well documented (Gal-
laher and Price, 1966; Boswell and others, 1968; van Everd-
ingen, 1971; Anderson and Kirkland, 1980; Johnson, 1981;
Fisher and Kreitler, 1987; Banner and others, 1989; Dutton
and others, 1989). Evaporites are not required, however, for
the presence of brines; brines can evolve by interaction of
rock and normal or evaporatively concentrated sea water
originally trapped during sedimentation (Fisher and Kreitler,
1987; Dutton, 1987) or by reverse chemical osmosis (Brede-
hoeft and others, 1963; Coplen and Hanshaw, 1973; Graf,
1982). Thus, in reconstructing ancient ground-water flow,
the fact that ground water flowed through or around evapor-
itic horizons is strong evidence for saline ground water, but
flow through marginal-marine rocks deposited in an arid or
sabkha environment also suggests saline water. A close
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modern analog to ancient saline water movement is the dis-
solution of the Middle Jurassic Carmel Formation evapor-
ites, transport of saline water downdip in the underlying
Lower Jurassic Navajo Sandstone, and upward discharge
from the Navajo (Taylor and Hood, 1988).

FEATURES OF GROUND-WATER FLOW

The features discussed here are commonly observed
characteristics of ground-water flow in sedimentary basins
analogous to ancient basins such as those of the Colorado
Plateau.

SCALE OF GROUND-WATER-FLOW SYSTEMS

The features of ground-water-flow systems vary with
the scale of the system, which is generally classified as
regional, intermediate, or local (Toth, 1962, 1963). Regional
flow recharges at major drainage divides and discharges at
basin floors. Intermediate flow recharges and discharges in
areas that are separated by one or more local topographic
highs and lows.

COMPOSITIONAL VARIATIONS

Toth (1962, 1963) predicted that chemical contrasts
would be greatest across the boundaries between flow sys-
tems of different magnitude as a result of the different flow
paths. In fact, numerous modern examples demonstrate that
diverse types of ground water from local, intermediate, and
regional flow systems converge in mixed discharge zones
(Counts, 1957; Toth, 1963; Freeze and Witherspoon, 1966;
Gallaher and Price, 1966; Boswell and others, 1968; van
Everdingen, 1971; Foreman and Sharp, 1981; Mono Basin
Ecosystem Study Committee, 1987; Sharp, 1988; Swanson
and others, 1988; Banner and others, 1989; Dutton and oth-
ers, 1989; Whittemore and others, 1989; Huff, 1990; Fee
and others, 1992; Herczeg and others, 1992; Hines and oth-
ers, 1992; Long and others, 1992; Macumber, 1992; Strobel,
1992). The local flow system typically discharges dilute
water, whereas the intermediate and regional flow systems
discharge saline water of diverse compositions, commonly
within a relatively small area. For example, in the Cascade
Range, north-central Oregon. two springs only meters apart
vary from less than 100 to 8,000 mg/L total dissolved solids
(Ingebritsen and others, in press). Both springs are in a
regional discharge area, but the saline spring is fed by the
regional flow, and the fresh-water spring is fed by local
flow. Such compositional contrasts at the surface clearly
indicate the presence of steep compositional gradients, or
ground-water interfaces, in the subsurface. Such interfaces
may be widespread in the shallow subsurface (Runnells,
1969) and are observed in modern coastal environments
(Cooper and others, 1964), in geothermal areas (Williams

and McKibben, 1989) in unconsolidated alluvium beneath
large rivers (Counts, 1957; Gallaher and Price, 1966;
Boswell and others, 1968; Foreman and Sharp, 1981; Sharp,
1988), and where rivers erode exposed evaporites (Warner
and others, 1985).

A variety of diagenetic reactions occur at such inter-
faces, including precipitation of humate (Swanson and Pala-
cas, 1965; Hair and Bassett, 1973; Sholkovitz, 1976; Ortiz
and others, 1980; Fox, 1983; Thurman, 1985, p. 26ff and
394ff), precipitation of dolomite (Ward and Halley, 1985),
precipitation of calcite (Mono Basin Ecosystem Study Com-
mittee, 1987), dissolution of calcite (Plummer, 1975), and
other reactions (Magaritz and Luzier, 1985; Randazzo and
Bloom, 1985; Hines and others, 1992). In the Colorado Pla-
teau, tabular layers of humate, uranium, and dolomite sug-
gest former interfaces (Fischer, 1947, 1974; Shawe, 1955,
1962, 1966, 1976; Granger and others, 1961; Granger, 1968;
Wood, 1968; Melvin, 1976; Sanford, 1982, 1990a, b, 1992;
Granger and Santos, 1986; Northrop and Goldhaber, 1990;
Wanty and others, 1990; Hansley and Spirakis, 1992).

RECHARGE AND DISCHARGE IN
FLUVIAL-LACUSTRINE ENVIRONMENTS

Recharge and discharge in complex present-day lake-
groundwater systems (Meyboom, 1967; Lissey, 1971;
Stephenson, 1971; Winter, 1976, 1978, 1986, 1988) are
likely analogs for such systems in the ancient Colorado Pla-
teau. Lakes always are in topographic depressions, and the
water table normally slopes toward the lake, causing dis-
charge of ground water to the lake. Lakes at higher eleva-
tion may recharge the ground-water system, but the lake at
the lowest elevation typically only receives ground-water
discharge and contributes no recharge (Winter, 1976). A
flow-through lake may have discharge on the upgradient
side and recharge on the downgradient side. Greater width
of the lake relative to the thickness of the underlying aquifer
favors increased focusing of ground-water discharge around
the lake margins (Pfannkuch and Winter, 1984). At playa
lakes, relatively fresh water discharges around the shoreline,
and saline water recharges or discharges in the center
(Friedman and others, 1982; Allison and Barnes, 1985;
Spencer and others, 1985; Duffy and Al-Hassan, 1988;
Winter and Woo, 1990).

TRANSIENT EFFECTS AND WATER-TABLE
VARIATIONS

The water-table level fluctuates as a result of fluctua-
tions in precipitation (Lissey, 1971; Winter, 1983). Three
zones are distinguishable: (1) the permanently saturated zone
beneath the steady-state position of the water table, (2) the
transiently saturated zone above the steady-state water-table
level but below the permanently unsaturated zone, and (3)
the permanently unsaturated zone. Water-table fluctuations
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and Al-Hassan, 1988; Winter and Woo, 1990), and com-
puter modeling of Late Jurassic-Early Cretaceous ground-
water flow in the San Juan Basin shows that Brushy Basin
Member mudstone could have been sufficiently permeable
to yield significant discharge, approximately 15+10
mm/yr (Sanford, 1994).

Thus, the diagenetic and paragenetic relations indicate
that the Jackpile Sandstone Member was altered mostly by
shallow, relatively dilute ground water early in its history
and, later in its history, by alkaline-saline ground water mov-
ing upward from the underlying Brushy Basin Member and
(or) by saline water moving upward from deeper units such
as the Todilto Limestone Member. Alkaline-saline and (or)

saline ground water probably ponded in deeper parts of the
basin and formed an interface with fresher water above along
which tabular sandstone uranium deposits formed.

LOWER PART OF THE CHINLE FORMATION

The lower part of the Upper Triassic Chinle Formation
consists of continental deposits of fluvial and lacustrine ori-
gin (Stewart and others, 1972; Blakey and Gubitosa, 1983;
Dubiel, 1987, 1989; Dubiel and others, 1991). Clastic sedi-
ments were shed from the Uncompahgre highlands on the
northeast and from the Mogollon highlands on the southwest.
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Figure 12. Maps showing interpretations of the diagenetic patterns in the Brushy Basin Member of the Morrison Forma-
tion. Both show transition from alluvial plain to playa, but they differ on choice of diagnostic minerals and nature of facies
boundaries. A, Drawn from data and interpretation of Bell (1983, 1986). Dotted lines are contours of sandstone to mudstone
ratio. Facies boundaries in A are dotted to indicate Bell’s view that facies boundaries cannot be clearly identified. B, Drawn
from Turner-Peterson (1985) and Turner-Peterson and Fishman (1986). Note that calcite facies in A are omitted from B.
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ONE OR TWO SOLUTIONS?

Some workers have suggested that tabular humate lay-
ers formed by the action of one solution (Squyres, 1980;
Turner-Peterson, 1985; Fishman and Turner-Peterson, 1986:
Turner-Peterson and Fishman, 1986). According to one ver-
sion of the lacustrine-humate model (Turner-Peterson, 1985;
Fishman and Turner-Peterson, 1986; Turner-Peterson and
Fishman, 1986), humic acid from pore water in mudstone is
expelled vertically upward or downward into the adjacent
sandstone. The expelled fluid dissolves iron, vanadium, and
aluminum from detrital grains and clays. As these cations
increase in concentration along the flow path, they cause
humate to precipitate. Once precipitation begins, floccula-
tion, van der Waals forces, “herding instinct,” or “the affinity
of organics for each other” (Turner-Peterson, 1985; Fishman
and Turner-Peterson, 1986) is supposed to account for the
tabular shape.

This mechanism is unrealistic on spatial, chemical, and
hydrologic grounds and is not supported by a plausible
mechanism, modern analogs, or experimental evidence.
Flocculation and van der Waals forces act on a very small
scale, not over the thousands of meters typical of tabular
sandstone uranium deposits. They result in small clumps
because the forces act radially from numerous centers. How
flocculation or van der Waals forces would yield an exten-
sive, subhorizontal layer is not explained. Chemically, the
proposed mechanism is implausible because the amount of
water from compaction is too small to dissolve and transport
the observed amounts of humate precipitated or cations
leached. For example, humic acid in ground water is typi-
cally 0.5-1.0 mg/L and locally as much as 15 mg/L (Thur-
man, 1985); however, humate can constitute more than 5
percent of the rock in a uranium deposit (Levanthal, 1980).
To achieve such high concentrations, a much higher water to
rock ratio is required than can be provided by pore water
from compaction (Hilpert, 1969). In addition, it is improba-
ble that the pore water in the mudstone would be so different
from that in the sandstone that humic acid would dissolve
from the first and precipitate in the second. Hydrologically,
the model neglects gravity-driven flow, which would have
been orders of magnitude greater than compaction-driven
flow. Flow in transmissive fluvial sandstone is normally par-
allel with stratification, not perpendicular as depicted by the
lacustrine-humate model. Downdip flow of one fluid would
not result in the observed tabular layers but would probably
create podlike or roll-shaped deposits as, for example, in the
roll sandstone uranium deposits of Wyoming (Harshman,
1972). The proposed mechanism appears to be loosely based
on the process of podzolization; however, podzolization
occurs today at the ground surface under boreal forests in
areas of high rainfall and ground-water recharge (Petersen,
1976; Mokma and Buurman, 1982; Birkeland, 1984, p.
120ff), an environment very different from the arid to semi-
arid conditions during deposition of the Morrison Formation.

Further, “M. Thurman, 1981, oral communication,” is the
only reference to experiments showing the formation of tab-
ular humate layers from one solution. Thurman today states
that there are no experiments showing the formation of tab-
ular humate layers from one solution (Michael Thurman,
U.S. Geological Survey, oral commun., 1992).

On the other hand, field, theoretical, and laboratory evi-
dence for formation of tabular humate layers at a saline water
interface between two solutions is abundant. The subhori-
zontal attitude, gently crosscutting relationships, and lack of
small-scale lithologic control are strong evidence for a den-
sity-stratified interface (Fischer, 1947, 1974; Shawe, 1955,
1962, 1966; Granger, 1968; Wood, 1968; Melvin, 1976;
Sanford, 1982, 1990a, b; Granger and Santos, 1986;
Northrop and Goldhaber, 1990). On theoretical grounds, a
density-stratified interface provides a laterally extensive,
subhorizontal site for humate deposition and other reactions.
The solutes in the lower fluid also provide a mechanism for
humate precipitation, as demonstrated by experimental and
field studies (Swanson and Palacas, 1965; Hair and Bassett,
1973; Sholkovitz, 1976; Ortiz and others, 1980; Fox, 1983;
Thurman, 1985, p. 26ff and 394ff). The maximum amount of
humate removal is at salinities between 15,000 and 20,000
mg/L. Therefore, although models of uranium and humate
precipitation based on a density-stratified interface are com-
monly called “brine-interface” models, the term “brine” is
misleading because the denser ground water need only be
saline. As discussed above, topographic depressions associ-
ated with the uranium deposits are favorable for discharge of
saline ground water, and the abundant evaporitic rocks in the
subsurface are likely sources for saline water. Modern ana-
logs of mixing between discharging, saline ground water
overlain by relatively fresh water are common (Counts,
1957; Toth, 1963; Freeze and Witherspoon, 1966; Gallaher
and Price, 1966; Boswell and others, 1968; van Everdingen,
1971; Foreman and Sharp, 1981; Mono Basin Ecosystem
Study Committee, 1987; Sharp, 1988; Swanson and others,
1988; Banner and others, 1989; Dutton and others, 1989;
Huff, 1990; Fee and others, 1992; Herczeg and others, 1992;
Hines and others, 1992; Long and others, 1992; Macumber,
1992; Strobel, 1992). Thus, the saline water interface or two-
solution model is the only plausible explanation for the pre-
cipitation of tabular humate layers.

SEEPAGE, COMPACTION, AND DENSITY

Seepage, compaction, and density have been proposed
to account for the movement of humic-acid-bearing ground
water from the presumed source (lacustrine mudstone) to the
presumed site of humate deposition (adjacent sandstone). An
early version of the lacustrine-humate model calls on down-
ward seepage or compaction to transport humic acid from
lacustrine mudstone to sites of deposition in adjacent sand-
stone (Peterson and Turner-Peterson, 1980). Later versions
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of the model rely on compaction and density for moving
humic acid (Turner-Peterson, 1985; Fishman and Turner-
Peterson, 1986; Turner-Peterson and Fishman, 1986). All the
proposed mechanisms have serious difficulties.

Downward seepage is proposed as a mechanism; how-
ever, no hydrologic reason is given for downward seepage as
opposed to upward seepage. As discussed above, each of the
regions of uranium ore formation in the Colorado Plateau is
dominated by evidence for upward flow of ground water.
Syndepositional synclines, decreases in slope, topographic
depressions, lacustrine sediments. and reduced rocks suggest
a high water table, preservation of organic matter in the sat-
urated zone, and the discharge of ground water from local
and regional flow systems. Under these conditions, seepage
is normally upward into lakes and wetlands (Meyboom,
1967; Lissey, 1971; Stephenson, 1971; Winter, 1976, 1978,
1986, 1988; Friedman and others, 1982: Allison and Barnes,
1985; Spencer and others, 1985; Duffy and Al-Hassan, 1988;
Winter and Woo, 1990). Transient, depression-focused
recharge has not previously been mentioned as having a role
in uranium ore formation.

Compaction has been suggested as a significant mech-
anism for downward or lateral flow of ground water in the
Morrison Formation (Shawe, 1976; Wood, 1980; Adams and
Saucier, 1981; Turner-Peterson, 1985; Adams, 1986; Hans-
ley, 1986; Turner-Peterson and Fishman, 1986; Northrop
and Goldhaber, 1990; Wanty and others, 1990). Compaction
is unlikely, however, to cause flow in the proper direction, is
a minor ground-water control compared to gravity-driven
flow, and cannot account for significant humate transport or
diagenetic alteration (Hilpert, 1969; Sanford, 1990a, 1994).
Compaction-driven flow is generally directed upward, espe-
cially near the top of a thick section of sediments (Bethke,
1986), as was present below the Morrison Formation. In the
center of a large alkaline-saline playa, downward flow is
possible, but more as a result of density than compaction.
The marginal mudflat of a large playa lake, which is inferred
to have downward ground-water flow (Turner-Peterson,
1985; Fishman and Turner-Peterson, 1986; Turner-Peterson
and Fishman, 1986), is the least likely area for downward
flow. The mudflat is at a lower elevation than the surround-
ing alluvial plain, so gravity-driven flow is directed upward
and discharges in the mudflat. Ground water in the mudflat
is less dense than that in the central part of the playa, so den-
sity drives ground water from the central playa outward
toward the mudflat, where it discharges, as shown for mod-
ern examples (Allison and Barnes, 1985; Spencer and others,
1985; Duffy and Al-Hassan, 1988; Winter and Woo, 1990).
The mudflat of a large playa lake can therefore be expected
typically to have ground-water discharge.

Second, simple calculations show that compaction is a
minor influence as compared to gravity-driven flow (San-
ford, 1990a, 1994). The Brushy Basin Member would con-
tribute an average of 0.0035 mm/yr of ground-water flow

from expulsion of pore water in 5 m.y., whereas gravity-
driven flow would contribute approximately 15 mm/yr. The
dominance of gravity-driven flow over compaction-driven
flow in this type of basin is further demonstrated by more
elaborate calculations (Bethke, 1986; Person and others,
1992; Garven and others, 1993). For example, Bethke (1986)
estimated that maximum compaction-driven flow in the Illi-
nois Basin is 2 mm/yr, whereas the maximum gravity-driven
flow is 11,000 mm/year. Thus, available evidence indicates
that gravity-driven flow in these settings exceeds compac-
tion-driven flow by some two to four orders of magnitude.

Finally, compaction cannot account for the observed
humate accumulation and diagenetic alteration of detrital
minerals. As discussed above, humate accumulation requires
a higher water to rock ratio than can be achieved by expul-
sion of pore water. Iron-titanium oxide minerals are locally
100 percent altered from the top to the base of the Westwater
Canyon Member. It is doubtful that enough pore water
would have been expelled from the Brushy Basin Member to
displace all the pore water in the Westwater Canyon Mem-
ber, much less cause the intense alteration. Again, a higher
water to rock ratio would be required than was available
from compaction of the Brushy Basin Member. Further,
there is no petrographic evidence for compaction. In the
playa facies of the Brushy Basin, relict shard textures are
perfectly preserved by replacement minerals such as chalce-
dony and clinoptilolite; in the mudflat facies, original shard
textures are destroyed (Turner and Fishman, 1991).

Density of ground water has also been suggested as a
mechanism for downward movement of ground water
(Turner-Peterson, 1985; Fishman and Turner-Peterson,
1986; Turner-Peterson and Fishman, 1986). The references
cited by the authors of the lacustrine-humate model for
downward flow of ground water pertain to playa lake water
in the center of the playa where solutes are highly concen-
trated and abundant evidence shows that dense brines can
move downward. The lacustrine-humate model depends,
however, on ground water descending in the mudflat, not in
the central playa. An argument that demonstrates that ground
water can descend in the central part of a playa does not dem-
onstrate that it descends in the mudflat. As shown by diage-
netic facies in the Brushy Basin Member, the mudflat has
relatively fresh water, and the concentration of solutes
increases toward the center of the lake. The density is there-
fore less in the mudflat than in the playa center. All other fac-
tors being equal, density would cause ground water to flow
downward in the playa center, then outward, and finally
upward in the mudflat. Modeling of modern environments
confirms this pattern (Duffy and Al-Hassan, 1988).

Another difficulty with the density argument is that it is
incompatible with transport of humic acid. Humic acid pre-
cipitates in concentrated solutions (Swanson and Palacas,
1965; Hair and Bassett, 1973; Sholkovitz, 1976; Ortiz and
others, 1980; Fox, 1983; Thurman, 1985, p. 26ff and 394ff),
a fact acknowledged by the authors of the lacustrine-humate
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place by dispersive mixing of humic-acid-bearing ground
water in the interconnected pores with saline ground water
in the less connected pores. Multiple positions of tabular
humate bodies are explained by larger scale variations of
the interface, which may have been controlled by longer
term fluctuations of climate or by tectonic adjustments that
affected the steady-state or baseline position of the water
table. Because humate can be redissolved and reprecipi-
tated by dilute water (Swanson and Palacas, 1965), down-
ward movement of the interface could have moved the
humate downward, but upward movement of the interface
would have left the humate in place. Thus, a single layer of
humate could be concentrated by repeated downward
excursions of the interface.

Whereas compaction is a one-time occurrence involv-
ing small amounts of ground water, transient flushing can
involve large ground-water fluxes and thus account for
intense alteration. The widespread alteration of iron-tita-
nium oxide minerals probably can only be explained by
many pore volumes passing through the sediments. The pat-
tern of dissolution of iron-titanium oxide minerals in the San
Juan Basin and the elongation of tabular uranium bodies
along the channels throughout the Colorado Plateau are con-
sistent with a combination of transient, depression-focused
recharge and lateral flow down the channels.

Variability in precipitation is necessary for reversals in
ground-water flow. In Triassic and Jurassic times, precipita-
tion fluctuated in time periods that varied from single-event
storms to seasonal and longer term climatic cycles. Paleocli-
matic, sedimentologic, and, paleontologic evidence (Dubiel,
1989; Dubiel and others, 1991) indicates a monsoonal cli-
mate in the Late Triassic. Generally abundant water supply
was punctuated by periods of dry conditions. A generally
drier climate prevailed during the Late Jurassic (Peterson
and Turner-Peterson, 1987). Lithofacies in the Brushy Basin
Member are similar to those of the Lake Eyre region of cen-
tral Australia, where major flooding occurs every 5-10 years
(Bell, 1986). Conglomeratic layers in the otherwise fine-
grained Brushy Basin Member (Phoenix, 1958) are evidence
for episodic flooding. During both Late Triassic and Late
Jurassic time, variegated red and green mudstone suggests
fluctuating water tables.

SUMMARY AND CONCLUSIONS

Reconstruction of ground-water-flow directions in
Jurassic and Triassic fluvial-lacustrine rocks of the Colorado
Plateau strengthens the conclusions of previous studies (San-
ford, 1982. 1990b, 1992, 1994) that tabular sandstone ura-
nium deposits formed in zones of inferred regional ground-
water discharge. On the scale of the Colorado Plateau, the
deposits are commonly associated with transitional lithofa-
cies that indicate topographic controls on ground-water flow.

Commonly arcuate zones of transitional lithofacies indicate
a decrease in paleotopographic slope and favor discharge
and mixing of local and regional ground-water-flow systems
in wetland environments. For example, such facies changes
in the Salt Wash Sandstone Member of the Jurassic Morrison
Formation include the sandstone-mudstone facies, transi-
tional between conglomeratic sandstone facies and clay-
stone-limestone facies (Craig and others, 1955), and the
fluvial sheet-sand facies, transitional between the fluvial
sheet gravels and mudflat-lake muds (Peterson and Tyler,
1985). In the Triassic Chinle Formation, decreasing topo-
graphic slope is indicated by a transition from distal braided
stream to floodplain deposits (Finch, 1959; Young, 1964;
Malan, 1968; Lupe, 1977). Tabular sandstone uranium
deposits are closely associated with these facies changes,
typically where the distal edge of the alluvial plain merges
into mudflat. Measurable parameters that indicate a decrease
in slope on a regional scale include an increase from low- to
high-sinuosity channels, a decrease in thickness of sand-
stone, a decrease in sandstone as a percent of total thickness,
and an increase in mudstone thickness and percentage (Craig
and others, 1955; Mullens and Freeman, 1957; Peterson and
Tyler, 1985). On a more local scale, the deposits are com-
monly associated with syndepositional synclines, possibly
controlled by basement faulting. Such structural control has
been inferred for the Henry Basin (Peterson, 1984, 1986),
Uravan mineral belt, Grants uranium region (Kirk and Con-
don, 1986), Jackpile Sandstone Member of the Morrison
(Moench and Schlee, 1967), and Chinle strata (Spirakis,
1980; Dubiel, 1983). The topographic depressions associ-
ated with these structural downwarps were favorable for
ground-water discharge and wetlands. Sedimentologic evi-
dence for structural downwarps includes, in the Henry Basin,
thicker sediments, more channel sandstone, higher sinuosity
channels, increased upper flow regime horizontal lamina-
tions, and lacustrine mudstone (Peterson, 1984, 1986); in the
Uravan mineral belt, distributary channels, thick host sand-
stone, higher sandstone to mudstone ratios, lenticular rather
than flatbedded sandstone, scour-and-fill bedding, and over-
lying conglomeratic sandstone (Weir, 1952; Phoenix, 1958;
Shawe, 1962; Motica, 1968: Thamm and others, 1981); and,
in the Grants uranium region, locally thick sediments, high
sandstone to mudstone ratios, and smaller numbers of sand-
stone-mudstone interbeds (Kirk and Condon, 1986). Lacus-
trine mudstone is associated with uranium deposits in the
Henry Basin (Peterson, 1984, 1986), Grants uranium region
(Turner-Peterson, 1985; Turner-Peterson and Fishman,
1986), and Chinle strata (Dubiel, 1983). As evidence for
closed topographic depressions, lacustrine deposits strongly
suggest low hydraulic potential and ground-water discharge
during sedimentation.

The only generally consistent association between ura-
nium deposits and lithofacies is between lithofacies in the
host sandstone and uranium deposits. Lithofacies in overly-
ing units are not consistently associated with uranium
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deposits. For example, a proposed association between tabu-
lar sandstone uranium deposits and the mudflat facies of the
Brushy Basin Member of the Morrison Formation (Turner-
Peterson and Fishman, 1986) breaks down for deposits in
the Uravan mineral belt and Henry Basin, where uranium
deposits are associated with analcime-potassium feldspar
and alluvial-plain facies of the Brushy Basin Member,
respectively, not the mudflat facies (fig. 13). Other workers
noted the relationship between tabular sandstone uranium
deposits and lithofacies of the host sandstone but failed to
explain the relationship. For example, Craig and others
(1955) noted that deposits cluster where the Salt Wash
Sandstone Member of the Morrison is more than 73 m (240
ft) thick and stream channel sandstone makes up 40-55 per-
cent of the thickness of the member; the deposits are
between 27 and 60 m (90 and 200 ft) thick and have a per-
centage mean deviation of between 5 and 18 percent. They
noted that the permeability of these rocks is intermediate
between more sandstone rich facies and more mudstone rich
facies, and they hypothesized that intermediate flow rates
were optimum for uranium and vanadium supply. I suggest
that the intermediate lithologic facies represents paleotopo-
graphic conditions that are hydrologically favorable for
humate and uranium deposition. The facies changes are con-
comitant with hydrologic changes that controlled the trans-
port and deposition of organic matter and uranium.

The scale of the observation and the influence of local
tectonic structures must be accounted for in interpreting the
paleotopographic slope. On the scale of the Colorado Pla-
teau, sedimentary facies, total thickness, sandstone to mud-
stone ratio, and other parameters change systematically in
the direction of flow. For example, facies of the Salt Wash
Sandstone Member of the Morrison Formation change from
conglomeratic sandstone to sandstone and mudstone to clay-
stone (Craig and others, 1955) or from fluvial sheet gravels
to fluvial sheet sands to mudflat and lake muds (Peterson and
Tyler, 1985). In addition, there are regional changes such as
decrease in total thickness and sandstone to mudstone ratio.
At this regional scale, coarser facies, thicker sandstone, and
higher sandstone to mudstone ratio suggest greater topo-
graphic slope closer to the source. Local tectonic activity
can, however, significantly affect these overall trends (Peter-
son, 1984; Kirk and Condon, 1986). On a more local scale,
for example in the Henry Basin, local tectonic activity
affected stream gradients, and the deposition of more chan-
nel sandstone in synclines may have resulted from combing
back and forth of streams and winnowing out of finer mate-
rial (Peterson, 1984). At this scale, coarser facies, greater
thickness, and higher sandstone to mudstone ratio are asso-
ciated with streams that were slightly lower in elevation than
the surrounding overbank deposits.

Geologic controls on ground-water flow favored dis-
charge of generally northeast flowing ground water every-
where in the Morrison Formation and especially in arcuate

zones of abrupt aquifer thinning. Thinning and pinching out
of the Lower Jurassic and upper Paleozoic aquifer systems
favored geologically controlled discharge. Within these
aquifer systems, northward and eastward thinning of the
Navajo Sandstone, Wingate Sandstone, Cedar Mesa Sand-
stone Member of the Cutler Formation, De Chelly Sand-
stone, and Meseta Blanca Sandstone Member of the Yeso
Formation most favored deep ground-water discharge. Thin-
ning of the section over the Uncompahgre and San Luis Pre-
cambrian basement blocks probably contributed to deep
ground-water discharge. For deposits in the Chinle Forma-
tion, westward and northward flow was in the direction of a
thinner Paleozoic section but a thicker eolian aquifer, and the
net effect of geologic controls is unclear.

Within the major discharge zones where topographic
and geologic controls generally favored local and regional
ground-water discharge, specific areas of discharge are
marked by reduced rocks such as green and gray mudstone.
A close association between reduced mudstone and channel
sandstone and tabular sandstone uranium deposits has been
noted for the Henry Basin (Peterson, 1984, 1986), Paradox
Basin (McKay, 1955), San Juan Basin (Turner-Peterson,
1985; Turner-Peterson and Fishman, 1986), and Chinle For-
mation (Wood, 1968; Dubiel, 1983). Reduced rocks in dom-
inantly redbed sequences suggest perennially high water
table conditions (Walker, 1967, Reading, 1978, p. 48-49;
Dodson and others, 1980; Dubiel, 1983, 1989; Davis, 1988,
Ghiorse and Wilson, 1988; Dubiel and others, 1991) and
reducing conditions owing to bacterial degradation of
organic matter, both of which are most likely in areas of
perennial ground-water discharge.

The composition of the discharging ground water may
be inferred from the types of rocks through which the ground
water passed. Shallow, local ground water was probably
dilute meteoric water. As it passed downdip through the
aquifer, it reacted with detrital material and any bacterially
degraded organic matter. Judging from modern ground water
in shallow aquifers in arid environments, the water was prob-
ably a dilute Na*-Ca®*-HCO3— type (Hanshaw and Hill,
1969; Thackston and others, 1981; Davis, 1988; Sanford,
1990a). Recharging, depression-focused ground water was
probably relatively fresh, neutral to slightly acidic, reducing,
and humic acid rich.

In contrast to the dilute, local ground water, deeper,
regional ground water was probably saline owing to the
widespread presence of evaporites and evaporitic clastic
rocks. Shallow source rocks included the Curtis Formation,
Todilto Limestone Member of the Wanakah Formation, and
Tidwell Member of the Morrison Formation. Deeper
sources included gypsum beds in the Triassic marginal-
marine Moenkopi Formation. Still deeper Pennsylvanian
and Permian sources of saline water were especially abun-
dant and included all or parts of the Paradox Formation,
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Kaibab Limestone, Cutler Formation, and Yeso Formation.
Dissolution of salts and migration of saline water has mod-
ern-day analogs. For example, Carmel Formation evaporites
are dissolved by descending relatively fresh water, which
then becomes saline; this saline water moves downdip in the
underlying Navajo Sandstone and finally discharges upward
from the Navajo (Taylor and Hood, 1988). Modern ground
water in the Colorado Plateau today is locally highly saline
owing to dissolution of evaporites (Mayhew and Heylman,
1965; Hanshaw and Hill, 1969; Thackston and others, 1981;
Sanford, 1990a). Evidence for an interface between regional
saline and local fresher ground water is shown by tabular
layers of humate, uranium, and dolomite in the Colorado
Plateau (Fischer, 1947, 1974; Shawe, 1955, 1962, 1966;
Granger, 1968; Wood, 1968; Melvin, 1976; Sanford, 1982,
1990a, b; Granger and Santos, 1986; Northrop and Gold-
haber, 1990) and by experimental evidence and modern
analogs, as discussed above. Many uranium-humate and
uranium-vanadium deposits are elongated along the chan-
nels and rise stratigraphically toward the basin (Reinhardt,
1963; Moench and Schlee, 1967; Granger, 1968; Hilpert,
1969; Fischer, 1974; Melvin, 1976; Northrop and Gold-
haber, 1990), which would be expected at an interface
where an upper dilute ground water flowed over a lower
brine and discharged.

Thus, abundant evidence exists for an association
between tabular sandstone uranium deposits and regional
ground-water discharge during ore formation. Further, the
discharging ground water included dilute local and saline
regional fluids that probably interacted at a density-stabi-
lized interface.

The fact that a consistent set of characteristics is asso-
ciated with uranium deposits in Jurassic and Triassic depos-
its throughout the Colorado Plateau indicates that the
deposit type can be described by one general genetic
model. The recurrent deposit characteristics including
geometry, channel sandstone host rock, elongation and
stratigraphic rise in the direction of paleoflow, association
with reduced rocks, and presence in structuraily controlled
paleotopographic depressions suggest common physical
and chemical controls in which wetlands played a critical
role. Humate-rich and vanadium-rich deposits probably are
variations on a general theme rather than distinct deposit
types (Sanford, 1992). Chemical changes among these vari-
ations can be attributed to post-ore diagenesis (Hansley and
Spirakis, 1992).

The conclusion that tabular sandstone uranium deposits
are closely associated with a particular hydrologic environ-
ment implies that the ore, or at least the humate, was depos-
ited very soon after deposition of the sediments, perhaps
after only meters or tens of meters of burial. Many prior esti-
mates could narrow the age only to *“‘shortly after deposi-
tion” of the host sediments, which could mean anything

from days to tens of millions of years. For example, ore
deposits in the Westwater Canyon Member of the Morrison
Formation are thought to have formed during compaction of
the overlying Brushy Basin Member (Turner-Peterson,
1985; Turner-Peterson and Fishman, 1986). The present
analysis suggests that ore formed even earlier. In a zone of
regional ground-water discharge, depression-focused
recharge would only displace the uppermost ground water.
Humic acid from wetlands would only be transported to
shallow depths. Once the humate layer was deposited, ura-
nium may have accumulated later as a result of the reducing
conditions generated by bacterial degradation of humate. A
very early age for humate precipitation is supported by
channel scours into humate-impregnated sandstone (Fitch,
1980; Squyres, 1980).

The associations among channel sandstone, transi-
tional lithofacies, decrease in topographic slope, thinning of
aquifers, syndepositional synclines, paleotopographic
depressions, interbedded sandstone and mudstone, underly-
ing marine rocks especially evaporites, reduced mudstone,
and tabular sandstone uranium deposits are so significant
that any model of uranium deposition must account for
them. The only unifying phenomenon yet proposed that is
consistent with these observations is the regional discharge
of deep gravity-driven ground water that mixed with shal-
low dilute ground water during and shortly after deposition
of the host sediments in a wetland environment. Depres-
sion-focused transient recharge can explain the apparent
downward transport of humic matter in areas of normally
discharging, saline, regional ground water.

The present analysis suggests that exploration for new
districts and belts of tabular sandstone uranium deposits
should be guided by features that indicate areas of regional
ground-water discharge and transient, depression-focused,
local recharge during and shortly after sedimentation.
Major uranium belts can be expected where coarse-
grained, alluvial-plain facies merge into finer grained,
lower gradient facies. Areas where aquifers also thin in the
direction of flow are still more favorable. Within these
broad areas, local structural, sedimentologic, and diage-
netic features such as syndepositional synclines, fluvial
channels, and reducing conditions that indicate ancient
wetlands are most favorable.

Acknowledgments.—Discussions  with Warren L
Finch, Harry C. Granger, Paula L. Hansley, Fred Peterson,
and Charles S. Spirakis were constructive. Thomas E. Bell,
Steven M. Condon, Russell F. Dubiel, Christopher J. Duffy,
Warren 1. Finch, Arthur L. Geldon, Harry C. Granger,
Steven E. Ingebritson, and Charles S. Spirakis reviewed the
paper. I, of course, take sole responsibility for the interpre-
tations expressed.



34 JURASSIC AND TRIASSIC WETLANDS AND ORIGIN OF URANIUM DEPOSITS

REFERENCES CITED

Adams, S.S., Curtis, H.S.. and Hafen, P.L., 1974, Alteration of
detrital magnetite-ilmenite in continental sandstones of the
Morrison Formation, New Mexico, in Formation of uranium
deposits: Vienna, International Atomic Energy Agency, p.
219-253. =

Adams, S.S., Curtis, H.S., Hafen, P.L., and Salek-Nejad, Hossein,
1978, Interpretation of postdepositional processes related to
the formation and destruction of the Jackpile-Paguate uranium
deposit, northwest New Mexico: Economic Geology., v. 73, p.
1635-1654.

Adams, S.S., and Saucier, A.E., 1981, Geology and recognition cri-
teria for uraniferous humate deposits, Grants uranium region,
New Mexico: U.S. Department of Energy Report GIBX-2(81),
225 p.

Allison, G.B., and Barnes, C.J., 1985. Estimation of evaporation
from the normally “dry” Lake Frome in South Australia: Jour-
nal of Hydrology, v. 78, p. 229-242.

Anderson, R.Y., and Kirkland, D.W., 1980, Dissolution of salt
deposits by brine density flow: Geology, v. 8, p. 66-69.

Baars, D.L., 1962, Permian System of Colorado Plateau: American
Association of Petroleum Geologists Bulletin, v. 46, p.
149-218.

Baars, D.L., and Stevenson, G.M., 1977, Permian rocks of the San
Juan Basin: New Mexico Geological Society Field Confer-
ence, 28th, San Juan Basin III, Guidebook, p. 133-138.

Banner, J.L., Wasserburg, G.J., Dobson, P.K., Carpenter, A.B., and
Moore, C.H., 1989, Isotopic and trace element constraints on
the origin and evolution of saline groundwaters from central
Missouri: Geochimica et Cosmochimica Acta, v. 53, p.
383-398.

Bell, T.E., 1983, Deposition and diagenesis of the Brushy Basin and
upper Westwater Canyon Members of the Morrison Formation
in northwest New Mexico and its relationship to uranium min-
eralization: Berkeley, University of California, Ph.D. thesis,
101 p.

1986, Deposition and diagenesis of the Brushy Basin Mem-
ber and upper part of the Westwater Canyon Member of the
Morrison Formation, San Juan Basin, New Mexico, in Turner-
Peterson, C.E., Santos. E.S., and Fishman, N.S., eds., A basin
analysis case study—The Morrison Formation, Grants urani-
um region, New Mexico: American Association of Petroleum
Geologists Studies in Geology 22, p. 77-91.

Bethke, C.M., 1986, Hydrologic constraints on the genesis of the
upper Mississippi valley mineral district from Illinois Basin
brines: Economic Geology, v. 81, p. 233-249.

1989, Modeling subsurface flow in sedimentary basins:
Geologische Rundschau, v. 78, p. 129-154.

Billodeau, W.L., 1986, The Mesozoic Mogollon highlands, Arizo-
na—An early Cretaceous rift shoulder: Journal of Geology, v.
94, p. 724-735.

Birkeland, P.W., Soils and geomorphology: New York, Oxford
University Press, 372 p.

Blakey, R.C., 1974, Stratigraphic and depositional analysis of the
Moenkopi Formation, southeastern Utah: Utah Geological and
Mineralogical Survey Bulletin, v. 104, 81 p.

1980, Pennsylvanian and Early Permian paleogeography,

southern Colorado Plateau and vicinity, in Fouch, T.D., and

Magathan, E.R., eds., Paleozoic paleogeography of the west-
central United States: Rocky Mountain Section, Society of
Economic Paleontologists and Mineralogists, p. 239-257.

Blakey, R.C., and Gubitosa, Richard, 1983, Late Triassic paleo-
geography and depositional history of the Chinle Formation,
southern Utah and northern Arizona, in Reynolds, M.W., and
Dolly, E.D., eds., Mesozoic paleogeography of the west-cen-
tral United States: Society of Economic Paleontologists and
Mineralogists, Rocky Mountain Section, Rocky Mountain
Paleogeography Symposium, v. 2, p. 57-77.

Blakey, R.C., Peterson, Fred, and Kocurek, Gary, 1988, Synthesis
of late Paleozoic and Mesozoic eolian deposits of the western
interior of the United States: Sedimentary Geology, v. 56, p.
3-125.

Boswell, E.H., Cushing, E.M., and Hosman, R.L., 1968, Quaterna-
ry aquifers in the Mississippi embayment: U.S. Geological
Survey Professional Paper 448-E, 15 p.

Bredehoeft, J.D., Blyth, C.R., White, W.A., and Maxey, G.B.,
1963, Possible mechanism for concentration of brines in sub-
surface formations: Geological Society of America Bulletin, v.
47, p. 257-269.

Breit, G.N., Goldhaber, M.B., Shawe, D.R., and Simmons, E.C.,
1990, Authigenic barite as an indicator of fluid movement
through sandstones within the Colorado Plateau: Journal of
Sedimentary Petrology, v. 60, p. 884-896.

Chenoweth, W.L., and Malan, R.C., 1973, The uranium deposits of
northeastern Arizona: New Mexico Geological Society Guide-
book 24, p. 139-149.

Chenoweth, W.L., and McLemore, V.T., 1989, Uranium resources
on the Colorado Plateau, in Lorenz, J.C., and Lucas, S.G., eds.,
Energy frontier in the Rockies: Albuquerque Geological Soci-
ety, p. 153-165.

Cherkauer, D.S., and Nader, D.C., 1989, Distribution of groundwa-
ter seepage to large surface-water bodies—The effect of
hydraulic heterogeneities: Journal of Hydrology, v. 109, p.
151-165.

Condon, S.M., and Huffman, A.C., 1984, Stratigraphy and deposi-
tional environments of Jurassic rocks, San Juan Basin, New
Mexico, with emphasis on the south and west sides, in Brew,
D.C., ed., Field trip guidebook: Geological Society of Ameri-
ca, Rocky Mountain Section, Annual Meeting, 37th, p.
93-107.

Condon, S.M., and Peterson, Fred, 1986, Stratigraphy of middle
and upper Jurassic rocks of the San Juan Basin—Historical
perspective, current ideas, and remaining problems, in Turner-
Peterson, C.E., Santos, E.S., and Fishman, N.S., eds., A basin
analysis case study—The Morrison Formation, Grants urani-
um region, New Mexico: American Association of Petroleum
Geologists Studies in Geology 22, p. 7-26.

Cooper, H.H., Jr., Kahout, F.A., Henry, H.R., and Glover, R.E.,
1964, Sea water in coastal aquifers: U.S. Geological Survey
Water-Supply Paper 1613-C, 84 p.

Coplen, T.B., and Hanshaw, B.B., 1973, Ultrafiltration by a com-
pacted clay membrane—I, Oxygen and hydrogen isotopic frac-
tionation: Geochimica et Cosmochimica Acta, v. 37, p.
2295-2310.

Counts, H.B., 1957, Ground-water resources of parts of Lonoke,
Prairie, and White Counties, Arkansas: Arkansas Geological
and Conservation Commission Water Resources Circular 5,
58 p.



REFERENCES CITED 35

Craig, L.C., Holmes, C.N., Cadigan, R.A., Freeman, V.L., Mullens,
T.E., and Weir, G.W., 1955, Stratigraphy of the Morrison and
related formations, Colorado Plateau region, a preliminary
report: U.S. Geological Survey Bulletin 1009-E, p. 125-168.

Davis, G.H., 1988, Western alluvial valleys and the high plains, in
Back, William, Rosenshein, J.S., and Seaber, P.R., eds.,
Hydrogeology: Geological Society of America, The Geology
of North America, v. 0-2, p. 283-300.

Dodson, Peter, Behrensmeyer, A K., Bakker, R.T., and McIntosh,
J.S., 1980, Taphonomy and paleoecology of the dinosaur beds
of the Jurassic Morrison Formation: Paleobiology, v. 6, p.
208-232.

Dubiel, R.F., 1983, Sedimentology of the lower part of the Upper
Triassic Chinle Formation and its relationship to uranium
deposits, White Canyon area, southeastern Utah: U.S. Geolog-
ical Survey Open-File Report 83-459, 48 p.

1987, Sedimentology of the Upper Triassic Chinle Forma-

tion, southeastern Utah—Paleoclimatic implications: Journal

of Arizona—Nevada Academy of Science, v. 22, p. 35-45.

1989, Depositional and climatic setting of the Upper Trias-
sic Chinle Formation, Colorado Plateau, in Lucas, S.G., and
Hunt, A.P., eds., Dawn of the age of dinosaurs in the American
Southwest: Albuquerque, New Mexico Museum of Natural
History, p. 171-187.

Dubiel, R.F., Good, S.C., and Parrish, J.M., 1989, Sedimentology
and paleontology of the Upper Triassic Chinle Formation, Bed-
rock, Colorado: The Mountain Geologist, v. 26, p. 113-126.

Dubiel, R.F., Parrish, J.T., Parrish, J.M., and Good, S.C., 1991, The
Pangean megamonsoon—Evidence from the Upper Triassic
Chinle Formation, Colorado Plateau: Palaios, v. 6, p. 347-370.

Duffy, C.J,, and Al-Hassan, S., 1988, Groundwater circulation in a
closed desert basin—Topographic scaling and climatic forc-
ing: Water Resources Research, v. 24, p. 1675-1688.

Dutton, A.R., 1987, Origin of brine in the San Andres Formation,
evaporite confining system, Texas Panhandle and eastern New
Mexico: Geological Society of America Bulletin, v. 99, p.
103-112.

Dutton, A.R., Richter, B.C., and Kreitler, C.W., 1989, Brine dis-
charge and salinization, Concho River watershed, west Texas:
Ground Water, v. 27, p. 275-383.

Eugster, H.P., and Hardie, L.A., 1978, Saline lakes, in Lerman, A.,
ed., Lakes—Chemistry, geology, physics: New York,
Springer-Verlag, p. 237-293.

Fee, J.A., Gaudette, H.E., Lyons, W.B., and Long, D.T., 1992,
Rare-earth distribution in Lake Tyrrell groundwaters, Victoria,
Australia: Chemical Geology, v. 96, p. 67-93.

Fetter, CW., 1988, Applied hydrogeology: Columbus, Ohio, Mer-
rill Publishing, 592 p.

Finch, W 1., 1959, Geology of uranium deposits in Triassic rocks of
the Colorado Plateau region: U.S. Geological Survey Bulletin
1074-D, p. 125-164.

1967, Geology of epigenetic uranium deposits in sandstone

in the United States: U.S. Geological Survey Professional

Paper 538, 121 p.

1991, Maps showing the distribution of uranium deposit
clusters in the Colorado Plateau uranium province: U.S. Geo-
logical Survey Miscellaneous Field Studies Map MF-2080.

Finch, W.I., and Davis, J.F., eds., 1985, Geological environments
of sandstone-type uranium deposits: Vienna, International
Atomic Energy Agency, IAEA-TECDOC-328, 408 p.

Finch, W.I, and McLemore, V.T., 1989, Uranium geology and
resources of the San Juan Basin, in Finch, W 1., Huffman, A.C.,
Jr., and Fassett, J.E., eds., Coal, uranium, and oil and gas in
Mesozoic rocks of the San Juan Basin—Anatomy of a giant
energy-rich basin: American Geophysical Union, Field Trip
Guidebook T120, p. 27-32.

Fischer, R.P., 1947, Deposits of vanadium-bearing sandstone, in
Vanderwilt, J.W., ed., Mineral resources of Colorado: Denver,
State of Colorado Mineral Resources Board, p. 451-456.

1974, Exploration guides to new uranium districts and belts:
Economic Geology, v. 69, p. 362-376.

Fisher, R.S., and Kreitler, C.W., 1987, Origin and evolution of
deep-basin brines, Palo Duro Basin, Texas: Texas Bureau of
Economic Geology, Report of Investigations 166, 33 p.

Fishman, N.S., and Turner-Peterson, C.E., 1986, Cation scaveng-
ing—An alternative to a brine for humic acid precipitation in
tabular uranium ore, in Dean, W.E., ed., Organics and ore
deposits: Denver Regional Exploration Geologists Society
Symposium, 1985, Proceedings, p. 197-204.

Fitch, D.C., 1980, Exploration for uranium deposits, Grants mineral
belt, in Rautman, C.A., ed., Geology and mineral technology of
the Grants uranium region 1979: New Mexico Bureau of Mines
and Mineral Resources Memoir 38, p. 40-51.

Foreman, T.L., and Sharp, J.M., Jr., 1981, Hydraulic properties of
a major alluvial aquifer—An isotropic, inhomogeneous sys-
tem: Journal of Hydrology, v. 53, p. 247-268.

Fox, L.E., 1983, The removal of dissolved humic acid during estu-
arine mixing: Estuarine, Coastal and Shelf Science, v. 16, p.
431-440.

Freethey, G.W., and Cordy, G.E., 1991, Geohydrology of Mesozoic
rocks in the Upper Colorado River Basin in Arizona, Colorado,
New Mexico, Utah, and Wyoming, excluding the San Juan
Basin: U.S. Geological Survey Professional Paper 1411-C,
118 p.

Freeze, R.A., and Witherspoon, P.A., 1966, Theoretical analysis of
regional groundwater flow—1, Analytical and numerical solu-
tions to the mathematical model: Water Resources Research,
v. 2, p. 641-656.

1967, Theoretical analysis of regional groundwater
flow—2, Effect of water-table configuration and subsurface
permeability variation: Water Resources Research, v. 3, p.
623-634.

Friedman, Irving, Smith, G.I., and Matsuo, Sadao, 1982, Economic
implication of the deuterium anomaly in the brine and salts in
Searles Lake, California: Economic Geology, v. 77, p.
694-702.

Gallaher, J.T., and Price, W.E., Jr., 1966, Hydrology of the alluvial
deposits in the Ohio River valley in Kentucky: U.S. Geological
Survey Water-Supply Paper 1818, 80 p.

Galloway, W.E., 1979, Morrison Formation of the Colorado Pla-
teau, in Galloway, W.E., Kreitler, C.W., and McGowen, J.H,,
eds., Depositional and ground-water flow systems in the explo-
ration for uranium: Austin, Texas, Bureau of Economic Geol-
ogy, p. 214-228.

Garven, Grant, and Freeze, R.A., 1984a, Theoretical analysis of the
role of groundwater flow in the genesis of stratabound ore

deposits—1, Mathematical and numerical model: American
Journal of Science, v. 284, p. 1085-1124.




36 JURASSIC AND TRIASSIC WETLANDS AND ORIGIN OF URANIUM DEPOSITS

1984b, Theoretical analysis of the role of groundwater flow
in the genesis of stratabound ore deposits—2, Quantitative
results: American Journal of Science, v. 284, p. 1125-1174.

Garven, Grant, Ge, S., Person, M.A., and Sverjensky, D.A., 1993,
Genesis of stratabound ore deposits in the midcontinent basins
of North America—1, The role of regional groundwater flow:
American Journal of Science, v. 293, p. 497-568.

Geldon, A.L., in press, Hydrologic properties and flow systems of
the Paleozoic rocks in the Upper Colorado River Basin,
excluding the San Juan Basin, in Arizona, Colorado, Utah, and
Wyoming: U.S. Geological Survey Professional Paper
1411-B.

Ghiorse, W.C., and Wilson, J.T., 1988, Microbial ecology of the
terrestrial subsurface, in Laskin, A L, ed., Advances in applied
microbiology: San Diego, Academic Press, p. 107-172.

Graf, D.L., 1982, Chemical osmosis, reverse chemical osmosis, and
the origin of subsurface brines: Geochimica et Cosmochimica
Acta, v. 46, p. 1431-1448.

Granger, H.C., 1968, Localization and control of uranium deposits
in the southern San Juan Basin mineral belt, New Mexico—An
hypothesis:  U.S. Geological Survey Professional Paper
600-B. p. B60-B70.

Granger, H.C., and Finch, W.I., 1988, The Colorado Plateau urani-
um province, USA, in International Atomic Energy Agency,
ed., Recognition of uranium provinces: Vienna, International
Atomic Energy Agency, p. 157-193.

Granger, H.C., and Santos, E.S., 1986, Geology and ore deposits of
the Section 23 Mine, Ambrosia Lake District, New MexXico, in
Turner-Peterson, C.E., Santos, E.S., and Fishman, N.S., eds., A
basin analysis case study—The Morrison Formation, Grants
uranium region, New Mexico: American Association of Petro-
leum Geologists Studies in Geology 22, p. 185-210.

Granger, H.C., Santos, E.S., Dean, B.G., and Moore, F.B, 1961,
Sandstone-type uranium deposits at Ambrosia lake, New Mex-
ico—An interim report: Economic Geology, v. 56, p.
1179-1210.

Habermehl, M.A., 1980, The Great Artesian Basin, Australia: BMR
Journal of Australian Geology and Geophysics, v. 5, p. 9-38.

Hair, M.E., and Bassett, C.R., 1973, Dissolved and particulate
humic acids in an east coast estuary: Estuarine and Coastal
Marine Science, v. 1, p. 107-111.

Haji-Vassiliou. A., and Kerr, P.F., 1973, Analytic data on nature of
urano-organic deposits: American Association of Petroleum
Geologists Bulletin, v. 57, p. 1291-1296.

Hammer, U.T., 1986, Saline lake ecosystems of the world: Dor-
drecht, Dr W. JTunk Publishers, 616 p.

Hanor, J.S., 1983, Fifty years of thought on the origin and evolution
of subsurface sedimentary brines, in Boardman, J.S., ed., Rev-
olution in the earth sciences—Advances in the past half centu-
ry: Dubuque, Jowa, Kendall/Hunt, p. 99-111.

Hanshaw, B.B., and Hill, G.A., 1969, Geochemistry and hydrody-
namics of the Paradox Basin region, Utah, Colorado and New
Mexico: Chemical Geology, v. 4, p. 263-294.

Hansley, P.L., 1986, Regional diagenetic trends and uranium min-
eralization in the Morrison Formation across the Grants urani-
um region, in Turner-Peterson, C.E., Santos, E.S., and
Fishman, N.S., eds., A basin analysis case study—The Morri-
son Formation, Grants uranium region, New Mexico: Ameri-
can Association of Petroleum Geologists Studies in Geology
22, p. 277-301.

1990, Regional diagenesis of sandstones in the Upper Juras-
sic Morrison Formation, San Juan Basin, New Mexico and
Colorado—Geologic, chemical. and kinetic constraints: U.S.
Geological Survey Bulletin 1808~H, 35 p.

Hansley, P.L. and Spirakis, C.S., 1992, Organic matter diagenesis
as the key to a unifying theory for the genesis of tabular urani-
um-vanadium deposits in the Morrison Formation, Colorado
Plateau: Economic Geology, v. 87, p. 352-365.

Harshman, ENN., 1972, Geology and uranium deposits, Shirley
Basin area, Wyoming: U.S. Geological Survey Professional
Paper 745, p. 82.

Hatcher, P.G., Spiker, E.C., Orem, W H., Romankiw, L.A., Szever-
enyi, N.M., and Maciel, G.E., 1986, Organic geochemical stud-
ies of uranium-associated organic matter from the San Juan
Basin—A new approach using solid-state 13C magnetic reso-
nance, in Turner-Peterson, C.E., Santos, E.S., and Fishman,
N.S., eds., A basin analysis case study—The Morrison Forma-
tion, Grants uranium region, New Mexico: American Associa-
tion of Petroleum Geologists Studies in Geology 22, p.
171-184.

Herczeg, A.L., Barnes, C.J., Macumber, P.G., and Olley, .M.,
1992, A stable isotope investigation of groundwater-surface
water interactions at Lake Tyrrell, Victoria, Australia: Chemi-
cal Geology, v. 96, p. 19-32.

Hilpert, L.S., 1969, Uranium resources of northwestern New Mex-
ico: U.S. Geological Survey Professional Paper 603, 166 p.

Hilpert, L.S., and Moench, R.H., 1960, Uranium deposits of the
southern part of the San Juan Basin, New Mexico: Economic
Geology, v. 55, p. 429-464.

Hines, M.E., Lyons, W.B., Lent, R.M., and Long, D.T., 1992, Sed-
imentary biogeochemistry of an acidic, saline groundwater dis-
charge zone in Lake Tyrrell, Victoria, Australia: Chemical
Geology, v. 96, p. 53-65.

Hitchon, Brian, 1969, Fluid flow in the western Canada sedimenta-
ry basin; 1, Effect of topography: Water Resources Research,
v. 5, p. 186-195.

Hubbert, M.K., 1940, The theory of ground-water motion: Journal
of Geology, v. 48, p. 785-944.

1953, Entrapment of petroleum under hydrodynamic condi-

tions: American Association of Petroleum Geologists, Bulle-

tin, v. 37, p. 1954-2026.

1956, Darcy’s law and the field equations of the flow of
underground fluids: Petroleum Transaction, American Institute
of Mining Engineers, v. 207, p. 222-239.

Huber, G.C., 1980, Stratigraphy and uranium deposits, Lisbon Val-
ley district. San Juan County, Utah: Quarterly of the Colorado
School of Mines, v. 75, no. 2, 45 p.

Huff, G.F., 1990, Extent and sources of saline water in a part of the
Mississippi River alluvial aquifer in northeastern Louisiana
and southeastern Arkansas: Geological Society of America
Abstracts with Programs, v. 22, p. A65.

Hunter, R.E., Gelfenbaum, Guy, and Rubin, D.M., 1992, Clastic
pipes of probable solution-collapse origin in Jurassic rocks of
the southern San Juan Basin, New Mexico: U.S. Geological
Survey Bulletin 1808-L, 19 p.

Ingebritsen, S.E., Mariner, RH., and Sherrod, D.R., in press,
Hydrothermal systems of the Cascade Range, north-central
Oregon: U.S. Geological Survey Professional Paper 1044-L.




REFERENCES CITED 37

Jackson, R.E., and Patterson, R.J., 1982, Interpretation of pH and
Eh trends in a fluvial-sand aquifer system: Water Resources
Research, v. 18, p. 1255-1268.

Jacobson, G., Calf, G.E., Jankowski, J., and McDonald, P.S., 1989,
Groundwater chemistry and paleorecharge in the Amadeus
Basin, central Australia: Journal of Hydrology, v. 109, p.
237-266.

Jobin, D.A., 1962, Relation of the transmissive character of the
sedimentary rocks of the Colorado Plateau to the distribution
of uranium deposits: U.S. Geological Survey Bulletin 1124,
151 p.

Johnson, H.S., Jr., 1957, Uranium resources of the San Rafael dis-
trict, Emery County, Utah—A regional synthesis: U.S. Geo-
logical Survey Bulletin 1046-D, 54 p.

Kelley, V.C., compiler, 1963, Geology and technology of the
Grants uranium region: New Mexico Bureau of Mines and
Mineral Resources Memoir 15, 277 p.

Kirk, A R., and Condon, S.M., 1986, Structural control of sedimen-
tation patterns and the distribution of uranium deposits in the
Westwater Canyon Member of the Morrison Formation, north-
western New Mexico—A subsurface study, in Turner-Peter-
son, CE., Santos, E.S., and Fishman, N.S., eds., A basin
analysis case study—The Morrison Formation, Grants urani-
um region, New Mexico: American Association of Petroleum
Geologists Studies in Geology 22, p. 105-143.

Kreitler, C.W., 1989, Hydrogeology of sedimentary basins: Journal
of Hydrology, v. 106, p. 29-53.

Levanthal, J.S., 1980, Organic geochemistry and uranium in Grants
mineral belt, in Rautman, C.A., ed., Geology and mineral tech-
nology of the Grants uranium region 1979: New Mexico
Bureau of Mines and Mineral Resources Memoir 38, p. 75-85.

Lissey, A., 1971, Depression-focused transient groundwater flow
patterns in Manitoba: Geological Association of Canada Spe-
cial Paper 9, p. 333-341.

Lockley, M.G., Houck, K.J., and Prince, N.K., 1986, North Ameri-
ca’s largest dinosaur trackway site—Implications for Morrison
Formation paleoecology: Geological Society of America Bul-
letin, v. 97, p. 1163-1176.

Logan, W.S., and Rudolph, D.L., 1992, Microdepression-focused,
fresh-water recharge into the saline groundwater of the Rio de
la Plata coastal plain, Argentina: Geological Society of Amer-
ica Abstracts with Programs, v. 24, p. A253.

Long, D.T.. Fegan, N.E., Lyons, W.B.. Hines, M.E., Macumber,
P.G., and Giblin, A.M., 1992, Geochemistry of acid brines:
Lake Tyrrell, Victoria, Australia: Chemical Geology, v. 96, p.
33-52.

Lupe, R., 1977, Depositional environments as a guide to uranium
mineralization in the Chinle Formation, San Rafael Swell,
Utah: U.S. Geological Survey Journal of Research, v. 5, p.
365-372.

Macumber, P.G., 1992, Hydrological processes in the Tyrrell
Basin, southeastern Australia: Chemical Geology, v. 96, p.
1-18.

Magaritz, Mordeckai, and Luzier, J.E., 1985, Water-rock interac-
tions and seawater-freshwater mixing effects in the coastal
dunes aquifer, Coos Bay. Oregon: Geochimica et Cosmochim-
ica Acta, v. 49, p. 2515-2525.

Malan, R.C., 1968, The uranium mining industry and geology of
the Monument Valley and White Canyon districts, Arizona and
Utah, in Ridge, J.D., ed., Ore deposits of the United States,

1933-1967: New York, American Institute of Mining, Metal-
lurgical, and Petroleum Engineers.

Mallory, W.W., ed., 1972, Geologic atlas of the Rocky Mountain
region: Denver, Rocky Mountain Association of Geologists,
331 p.

Mayhew, E.J., and Heylman, E.B., 1965, Concentrated subsurface
brines in the Moab region, Utah: Utah Geological and Miner-
alogical Survey Special Studies 13, 28 p.

McKay, E.J., 1955, Criteria for outlining areas favorable for urani-
um deposits in parts of Colorado and Utah: U.S. Geological
Survey Bulletin 1009-7, p. 261-282.

McLean, J.S., 1970, Saline ground-water resources of the Tularosa
Basin, New Mexico: U.S. Department of the Interior Research
and Development Progress Report 561, 128 p.

Melvin, JW., 1976, Systematic distribution of large uranium
deposits in the Grants uranium region, New Mexico: New
Mexico Geological Society Special Publication 6, p. 144-150.

Meyboom, P., 1967, Mass-transfer studies to determine the ground-
water regime of permanent lakes in hummocky moraine of
western Canada: Journal of Hydrology, v. 5, p. 117-142.

Moench, R H., and Schlee, J.S., 1967, Geology and uranium of the
Laguna district, New Mexico: U.S. Geological Survey Profes-
sional Paper 519, 117 p.

Mokma, D.L., and Buurman, P., 1982, Podzols and podzolization
in temperate regions: Wageningen, International Soil Museum
Monograph 1, 126 p.

Mono Basin Ecosystem Study Committee, 1987, The Mono Basin
ecosystem: Washington, D.C., National Academy Press, 272 p.

Motica, J.E., 1968, Geology and uranium-vanadium deposits in the
Uravan mineral belt, southwestern Colorado, in Ridge, J.D.,
ed., Ore deposits of the United States, 1937-1967: New York,
American Institute of Mining, Metallurgical, and Petroleum
Engineers, p. 805-813.

Mullens, T.E., and Freeman, V.L, 1957, Lithofacies of the Salt
Wash Member of the Morrison Formation, Colorado Plateau:
Geological Society of America Bulletin, v. 68, p. 505-526.

Munn, M.J., 1909, The anticlinal and hydraulic theories of oil and
gas accumulation: Economic Geology, v. 4, p. 509-529.

Nash, J.T., 1968, Uranium deposits in the Jackpile Sandstone, New
Mexico: Economic Geology, v. 63, p. 737-750.

Nash, J.T., Granger, H.C., and Adams, S.S., 1981, Geology and
concepts of genesis of important types of uranium deposits:
Economic Geology, 75th Anniversary Volume, p. 63-116.

Northrop, H.R., and Goldhaber, M.B., eds., 1990, Genesis of the
tabular-type vanadium-uranium deposits of the Henry Basin:
Economic Geology, v. 85, p. 215-269.

Ortiz, N.V., Ferentchak, J.A., Ethridge, F.G., Granger, H.C., and
Sunada, D.K., 1980, Ground-water flow and uranium in Colo-
rado Plateau: Ground Water, v. 18, p. 596-606.

Owen, D.E., Turner-Peterson, C.E., and Fishman, N.S., 1989, X-
ray diffraction studies of the <0.5-pm fraction from the Brushy
Basin Member of the Upper Jurassic Morrison Formation, Col-
orado Plateau: U.S. Geological Survey Bulletin 1808-G, 25 p.

Owen, D.E., Walter, L.J., Jr., and Beck, R.G., 1984, The Jackpile
Sandstone Member of the Morrison Formation in west-central
New Mexico—A formal definition: New Mexico Geology, v.
6, p. 45-52.

Person, Mark, Toupin, Denah, Wieck, Jim, and Eadington, Peter,
1992, Hydrologic constraints on the thermal evolution of the
Cooper and Eromanga Basins, Australia—Implications for



38 JURASSIC AND TRIASSIC WETLANDS AND ORIGIN OF URANIUM DEPOSITS

petroleum generation: American Geophysical Union, 1992
Fall Meeting Abstract Supplement, EOS, Transactions, v. 73,
no. 43, p. 193.

Petersen, Leif, 1976, Podzols and podzolization: Copenhagen, DSR
Forlag, 293 p.

Peterson, Fred, 1980, Sedimentology as a strategy for uranium
exploration—Concepts gained from analysis of a uranium-
bearing depositional sequence in the Morrison Formation of
south-central Utah, in Tumer-Peterson, C.E., ed., Uranium in
sedimentary rocks—Application of the facies concept to explo-
ration: Denver, Society of Economic Paleontologists and Min-
eralogists, Rocky Mountain Section, p. 65-126.

1984, Fluvial sedimentation on a quivering craton—Influ-

ence of slight crustal movements on fluvial processes, Upper

Jurassic Morrison Formation, western Colorado Plateau: Sed-

imentary Geology, v. 38, p. 21-49.

1986, Jurassic paleotectonics in the west-central part of the
Colorado Plateau, Utah and Arizona, in Peterson, J.H., ed.,
Paleotectonics and sedimentation in the Rocky Mountain
region, United States: American Association of Petroleum
Geologists Memoir 41, p. 563-596.

1988b, Pennsylvanian to Jurassic eolian transportation sys-
tems in the western United States: Sedimentary Geology, v.
56, p. 207-260.

1988a, Stratigraphy and nomenclature of Middle and Upper
Jurassic Rocks, western Colorado Plateau, Utah and Arizona:
U.S. Geological Survey Bulletin 1633-B, p. 13-56.

in press, Paleogeography of a widespread continental
sequence—The Morrison Formation and related beds of the
Colorado Plateau and vicinity, in Gillette, D.D., ed., Chemis-
try and preservation of dinosaur bones: New York, Springer-
Verlag, 76 p.

Peterson, Fred, and Turner-Peterson, C.E., 1980, Lacustrine-
humate model—Sedimentologic and geochemical model for
tabular sandstone uranium deposits in the Morrison Formation,
Utah, and application to uranium exploration: U.S. Geological
Survey Open-File Report 80-319, 48 p.

1987, The Morrison Formation of the Colorado Pla-
teau—Recent advances in sedimentology, stratigraphy, and
paleotectonics: Hunteria, v. 2, p. 1-18.

Peterson, Fred, and Tyler, Noel, 1985, Field guide to the upper Salt
Wash alluvial complex, in Flores, RM., and Harvey, M.D.,
eds., Field guidebook to modern and ancient fluvial systems in
the United States: International Fluvial Sedimentology Confer-
ence, 3rd, Fort Collins, Colorado, Proceedings, p. 45-64.

Peterson, J.A., 1980, Permian paleogeography and sedimentary
provinces, west-central United States, in Fouch, T.D., and
Magathan, E.R., Paleozoic paleogeography of the west-central
United States: Rocky Mountain Section, Society of Economic
Paleontologists and Mineralogists, p. 271-292.

Peterson, J.A., Loleit, A.J., Spencer, C.W., and Ullrich, R.A., 1965,
Sedimentary history and economic geology of San Juan Basin:
American Association of Petroleum Geologists Bulletin, v. 49,
p. 2076-2119.

Pfannkuch, H.O., and Winter, T.C., 1985, Effects of anisotropy and
groundwater system geometry on seepage through lakebeds; 1,
Analog and dimensional analysis: Journal of Hydrology, v. 75,
p. 213-237.

Phoenix, D.A., 1958, Uranium deposits under conglomeratic sand-
stone of the Morrison Formation, Colorado and Utah: Geolog-
ical Society of America Bulletin, v. 69, p. 403—418.

Plummer, L.N., 1975, Mixing of sea water with calcium carbonate
ground water, in Whitten, E.H.T., ed., Quantitative studies in
geological sciences: Geological Society of America Memoir
142, p. 219-236.

Randazzo, A.F., and Bloom, J.I., 1985, Mineralogical changes
along the freshwater/saltwater interface of a modern aquifer:
Sedimentary Geology, v. 43, p. 219-239.

Rautman, C.A., compiler, 1980, Geology and mineral technology
of the Grants uranium region 1979: New Mexico Bureau of
Mines and Mineral Resources Memoir 38, 400 p.

Reading, H.G., 1978, Sedimentary environments and facies: New
York, Elsevier, 557 p.

Reinhardt, E.V., 1963, The Uravan mineral belt—A review, and a
few new theories on its origins: Engineering and Mining Jour-
nal, v. 164, p. 107-110.

Reynolds, R.L., Fishman, N.S., Scott, J.H., and Hudson, M.R.,
1986, Tron-titanium oxide minerals and magnetic susceptibility
anomalies in the Mariano Lake-Lake Valley cores—Con-
straints on conditions of uranium mineralization in the Morri-
son Formation, San Juan Basin, New MexXico, in Turner-
Peterson, C.E., Santos, E.S., and Fishman, N.S., eds., A basin
analysis case study—The Morrison Formation, Grants urani-
um region, New Mexico: American Association of Petroleum
Geologists Studies in Geology 22, p. 303-313.

Ridgley, J.L., 1989, Trace fossils and mollusks from the upper
member of the Wanakah Formation, Chama Basin, New Mex-
ico—Evidence for a lacustrine origin: U.S. Geological Survey
Bulletin 1808-C, 16 p.

Robinove, C.J., Langford, R.H., and Brookhart, J.W., 1958, Saline-
water resources of North Dakota: U.S. Geological Survey
Water-Supply Paper 1428, 72 p.

Runnels, D.D., 1969, Diagenesis, chemical sediments, and the mix-
ing of natural waters: Journal of Sedimentary Petrology, v. 39,
p. 1188-1201.

Sanford, R.F., 1982, Preliminary model of regional Mesozoic
groundwater flow and uranium deposition in the Colorado Pla-
teau: Geology, v. 10, p. 348-352.

1988, Regional paleohydrology, in Granger, H.C., and

Finch, W.I, eds., The Colorado Plateau uranium province,

USA—Recognition of uranium provinces: Vienna, Interna-

tional Atomic Energy Agency, p. 175-178.

1990a, Paleohydrogeology of the Colorado Plateau—Back-

ground and conceptual models, in Spencer, R.J., and Chou, 1.,

eds., Fluid-mineral interactions—A tribute to H.P. Eugster:

Geochemical Society Special Publication 2, p. 285-311.

1990b, Hydrogeology of an ancient arid closed

basin—Implications for tabular sandstone-hosted uranium

deposits: Geology, v. 18, p. 1099-1102.

1992, A new model for tabular-type uranium deposits: Eco-

nomic Geology, v. 87, p. 2041-2055.

1994, A quantitative model of ground-water flow during
formation of tabular sandstone uranium deposits: Economic
Geology, v. 89, p. 341-360.

Schmidt-Collerus, J.J., 1969, Investigations of the relationship
between organic matter and uranium deposits—Part II, Exper-
imental investigations: U.S. Atomic Energy Commission
Open-File Report GJO-9332, 192 p.




REFERENCES CITED 39

Sharp, J.M., Jr., 1988, Alluvial aquifers along major rivers, in Back,
William, Rosenshein, J.S., and Seaber, P.R., eds., Hydrogeolo-
gy: Geological Society of America, The Geology of North
America, v. O-2, p. 273-282.

Shawe, D.R., 1955, Significance of roll ore bodies in genesis of ura-
nium-vanadium deposits on the Colorado Plateau, in United
Nations, ed., Geology of uranium and thorium: International
Conference on Peaceful Uses of Atomic Energy, Geneva, Pro-
ceedings, v. 6, p. 335-337.

1962, Localization of the Uravan mineral belt by sedimen-

tation: U.S. Geological Survey Professional Paper 450-C, p.

C6-C8.

1966, Zonal distribution of elements in some uranium-vana-

dium toll and tabular ore bodies on the Colorado Plateau: U.S.

Geological Survey Professional Paper 550-B, p. B169-B175.

1976, Sedimentary rock alteration in the Slick Rock district,
San Miguel and Dolores Counties, Colorado: U.S. Geological
Survey Professional Paper 576-D, 51 p.

Shawe, D.R., Nash, J.T., and Chenoweth, W.L., 1991, Uranium and
vanadium deposits, in Gluskoter, H.J., Rice, D.D., and Taylor,
R.B., eds., Economic geology, U.S.: Geological Society of
America, The Geology of North America, v. P-2, p. 103-124.

Sholkovitz, E.R., 1976, Flocculation of dissolved organic and inor-
ganic matter during the mixing of river water and seawater:
Geochimica et Cosmochimica Acta, v. 40, p. 831-845.

Smith, G.I., 1979, Subsurface stratigraphy and geochemistry of late
Quaternary evaporites, Searles Lake, California: U.S. Geolog-
ical Survey Professional Paper 1043, 130 p.

Speer, P.R., Hines, M.S., Hanson, M.E., and others, 1966, Low-
flow characteristics of streams in the Mississippi embayment
on northern Arkansas and in Missouri: U.S. Geological Survey
Professional Paper 448-F, 25 p.

Spencer, R.J., Eugster, H.P., Jones, B.F., and Rettig, S.L., 1985,
Geochemistry of Great Salt Lake, Utah; I, Hydrochemistry
since 1850: Geochimica et Cosmochimica Acta, v. 49, p.
727-737.

Spirakis, C.S., 1980, A possible relationship between subsidence
and uranium mineralization in the Petrified Forest Member of
the Chinle Formation in the Cameron and Holbrook-St. Johns
areas of Arizona: U.S. Geological Survey Open-File Report
90-808, 7 p.

1991, Genesis of the tabular-type vanadium-uranium
deposits of the Henry Basin, Utah—A discussion: Economic
Geology, v. 86, p. 1350-1353.

Squyres, I.B., 1970, Origin and depositional environment of urani-
um deposits, Grants region, New Mexico: Palo Alto, Stanford
University, Ph.D. thesis, 228 p.

1980, Origin and significance of organic matter in uranium
deposits of Morrison Formation, San Juan Basin, New Mexico,
in Rautman, C.A., ed., Geology and mineral technology of the
Grants uranium region 1979: New Mexico Bureau of Mines
and Mineral Resources Memoir 38, p. 86-97.

Stephenson, D.A., 1971, Groundwater flow system analysis in lake
environments, with management and planning implications:
Water Resources Bulletin, v. 7, p. 1038-1047.

Stewart, I.H., Poole, F.G., and Wilson, R.F., 1972, Stratigraphy and
origin of the Chinle Formation and related Upper Triassic stra-
ta in the Colorado Plateau region: U.S. Geological Survey Pro-
fessional Paper 690, 336 p.

Stone, W.J., Lyford, F.P., Frenzel, P.F., Mizell, N.H., and Padgett,
E.T., 1983, Hydrogeology and water resources of San Juan
Basin, New Mexico: New Mexico Bureau of Mines and Min-
eral Resources Hydrologic Report 6, 70 p.

Straw, W.T., Kehew, A.E., Barrese, P.G., Steinmann, W.K., and
Kasenow, M.C., 1990, Flow systems in the Schoolcraft aqui-
fer—A study of regional flow interrupted by local flow sys-
tems: Geological Society of America Abstracts with Programs,
v.22, p. A64.

Strobel, MLL., 1992, Hydrogeological restrictions to saline ground-
water discharge in the Red River of the north drainage basin,
North Dakota: Geological Society of America Abstracts with
Programs, v. 24, p. A337.

Swanson, G.A., Winter, T.C., Adomaitis, V.A., and LaBaugh, JW.,
1988, Chemical characteristics of prairie lakes in south-central
North Dakota—Their potential for influencing use by fish and
wildlife: U.S. Fish and Wildlife Service Fish and Wildlife
Technical Report 18, 44 p.

Swanson, V.E., and Palacas, J.G., 1965, Humate in coastal sands of
northwest Florida: U.S. Geological Survey Bulletin 1214-B,
29 p.

Taylor, O.J., and Hood, J.W., 1988, Region 3, Colorado Plateau
and Wyoming Basin, in Back, William, Rosenshein, J.S., and
Seaber, P.R., eds., Hydrogeology: Geological Society of
America, The Geology of North America, v. 0-2, p. 51-58.

Taylor, O.J., Hood, J.W., and Zimmerman, E.A., 1986, Hydrogeo-
logic framework of the upper Colorado River basin—exclud-
ing the San Juan basin—Colorado, Utah, Wyoming, and
Arizona: U.S. Geological Survey Hydrogeologic Atlas
HA-687.

Thackston, J.W., McCulley, B.L., and Preslo, L.M., 1981, Ground-
water circulation in the western Paradox Basin, Utah: Rocky
Mountain Association of Geologists, Field Conference, p.
201-225.

Thaden, R.E., Trites, A.F., Jr., and Finnell, T.L., 1964, Geology and
ore deposits of the White Canyon area, San Juan and Garfield
Counties, Utah: U.S. Geological Survey Bulletin 1125, 166 p.

Thamm, J.K., Kovschak, A.A., Jr., Adams, S.S., 1981, Geology and
recognition criteria for sandstone uranium deposits of the Salt
Wash-type, Colorado Plateau province, final report: U.S.
Department of Energy Report GIBX-6(81), 136 p.

Thorman, C.H., Ketner, K.B., Brooks, W E., Snee, L.W., and Zim-
merman, R.A., 1991, Late Mesozoic-Cenozoic tectonics in
northeastern Nevada, in Raines, G.L., Lisle, R.E., Schafer,
R.W., and Wilkinson, W.H., eds., Geology and ore deposits of
the Great Basin: Reno, Geological Society of Nevada, p.
25-45.

Thorman, C.H., Ketner, K.B., and Peterson, Fred, 1990, The Elko
orogeny—Late Jurassic orogenesis in the Cordilleran miogeo-
cline: Geological Society of America Abstracts with Programs,
Cordilleran Section, v. 22, p. 88.

Thurman, E.M., 1985, Organic geochemistry of natural waters:
Boston, Martinus Nijhof/Dr. Junk Publishers, 497 p.

Toth, J., 1962, A theory of groundwater motion in small drainage
basins in central Alberta, Canada: Journal of Geophysical
Research, v. 67, p. 4375-4387.

1963, A theoretical analysis of groundwater flow in small

drainage basins: Journal of Geophysical Research, v. 68, p.

4795-4812.




40 JURASSIC AND TRIASSIC WETLANDS AND ORIGIN OF URANIUM DEPOSITS

1978, Gravity-induced cross-formational flow of formation
fluids, Red Earth region, Alberta, Canada: Water Resources
Research, v. 14, p. 805-843.

Turmner, C.E., and Fishman, N.S.. 1991, Jurassic Lake
T’oo0’dichi'—A large alkaline, saline lake. Morrison Forma-
tion, eastern Colorado Plateau: Geological Society of America
Bulletin, v. 103, p. 538-558. .

Turner-Peterson, C.E., 1985, Lacustrine-humate mod#l for primary
uranium ore deposits, Grants uranium region, New Mexico:
American Association of Petroleum Geologists Bulletin, v. 69,
p. 1999-2020.

1986, Fluvial sedimentology of a major uranium-bearing

sandstone—A study of the Westwater Canyon Member of the

Morrison Formation, San Juan Basin, New Mexico, in Turner-

Peterson, C.E., Santos, E.S., and Fishman, N.S., eds., A basin

analysis case study—The Morrison Formation, Grants urani-

um region, New Mexico: American Association of Petroleum

Geologists Studies in Geology 22, p. 47-75.

1987, Sedimentology of the Westwater Canyon and Brushy
Basin Members, Upper Jurassic Morrison Formation, Colo-
rado Plateau, and relationship to uranium mineralization: Boul-
der, University of Colorado, Ph.D. thesis. 169 p.

Turner-Peterson, C.E., and Fishman, N.S., 1986, Geologic synthe-
sis and genetic models for uranium mineralization in the Mor-
rison Formation, Grants uranium region, New Mexico, in
Turner-Peterson, C.E., Santos, E.S., and Fishman, N.S., eds., A
basin analysis case study—The Morrison Formation, Grants
uranium region, New Mexico: American Association of Petro-
leum Geologists Studies in Geology 22, p. 357-388.

Turner-Peterson, C.E., Fishman, N.S., Hatcher, P.G., and Spiker,
E.C., 1986, Origin of organic matter in sandstone uranium
deposits of the Morrison Formation, New Mexico—Geologic
and chemical constraints, in Dean, W.E.. ed., Organics and ore
deposits: Denver Regional Exploration Geologists Society
Symposium, 1985, Proceedings, p. 185-195.

Turner-Peterson, C.E., Santos, E.S., and Fishman, N.S., eds., 1986,
A basin analysis case study—The Morrison Formation, Grants
uranium region, New Mexico: American Association of Petro-
leum Geologists Studies in Geology 22, 391 p.

Tyler, Noel, and Ethridge, F.G., 1983, Depositional setting of the
Salt Wash Member of the Morrison Formation, southwest Col-
orado: Journal of Sedimentary Petrology, v. 53, p. 67-82.

van Everdingen, R.O., 1971, Surface-water composition in south-
ern Manitoba reflecting discharge of saline subsurface waters
and their subsurface solution of evaporites: Geological Associ-
ation of Canada Special Paper 9, p. 343-352.

Walker, T.R., 1967, Formation of red beds in modern and ancient
deserts: Geological Society of America Bulletin, v. 78, p.
353-368.

Wanty, R.B., Goldhaber, M.B., and Northrop, H.R., 1990,
Geochemistry of vanadium in an epigenetic, sandstone-hosted
vanadium-uranium deposit, Henry Basin, Utah: Economic
Geology, v. 85, p. 270-284.

Ward, W.C., and Halley, R.B., 1985, Dolomitization in a mixing
zone of near-seawater composition, late Pleistocene, northeast-
ern Yucatan Peninsula: Journal of Sedimentary Petrology, v.
55, p. 407-420.

Warner, J.W., Heimes, F.J., and Middelburg, R.F., 1985, Ground-
water contribution to the salinity of the upper Colorado River

#U.S. GOVERNMENT PRINTING OFFICE: 1994-673-046/86050

basin: U.S. Geological Survey Water-Resources Investigations
Report 84-4198, 113 p.

Weir, D.B., 1952, Geologic guides to the prospecting for carnotite
deposits on Colorado Plateau: U.S. Geological Survey Bulle-
tin 988-B, p. 15-27.

Whitney, Gene, and Northrop, H.R., 1987, Diagenesis and fluid
flow in the San Juan Basin, New Mexico—Regional zonation
in the mineralogy and stable isotope composition of clay min-
erals in sandstone: American Journal of Science, v. 287, p.
353-382.

Whittemore, D.O., McGregor, K.M., and Marotz, G.A., 1989,
Effects of variations in recharge on groundwater quality: Jour-
nal of Hydrology, v. 106, p. 131-145.

Williams, A.E., and McKibben, M.A., 1989, A brine interface in
the Salton Sea geothermal system, California—Fluid
geochemical and isotopic characteristics: Geochimica et Cos-
mochimica Acta, v. 53, p. 1905-1920.

Winter, T.C., 1976, Numerical simulation analysis of the interac-
tion of lakes and ground water: U.S. Geological Survey Pro-
fessional Paper 1001, 45 p.

1978, Numerical simulation of steady state three-dimen-
sional groundwater flow near lakes: Water Resources
Research, v. 14, p. 245-254.

1983, The interaction of lakes with variably saturated
porous media:  Water Resources Research, v. 19, p.
1203-1218.

1986, Effect of ground-water recharge on configuration of
the water table beneath sand dunes and on seepage lakes in the
sandhills of Nebraska, U.S.A.: Journal of Hydrology, v. 86, p.
221-237.

1988, A conceptual framework for assessing cumulative
impacts on the hydrology of nontidal wetlands: Environmental
Management, v. 12, p. 605-620.

Winter, T.C., and Woo, M.-K., 1990, Hydrogeology of lakes and
wetlands, in Moss, M.E., Wolman, M.G., and Riggs, H.C,,
eds., Surface water hydrology: Geological Society of America,
The Geology of North America, v. O-1, p. 159-187.

Witkind, I.J., and Thaden, R.E., 1963, Geology and uranium-vana-
dium deposits of the Monument Valley area Apache and Nava-
jo Counties, Arizona: U.S. Geological Survey Bulletin 1103,
171 p.

Wood, H.B., 1968, Geology and exploitation of uranium deposits in
the Lisbon Valley area, Utah, in Ridge, J.D., ed., Ore deposits
of the United States, 1933-1967: New York, American Insti-
tute of Mining, Metallurgical, and Petroleum Engineers, p.
771-789.

Wood, W.W., and Petraitis, M.J., 1984, Origin and distribution of
carbon dioxide in the unsaturated zone of the Southern High
Plains of Texas: Water Resources Research, v. 20, p.
1193-1208.

Young, R.G., 1964, Distribution of uranium deposits in the White
Canyon-Monument Valley district, Utah-Arizona: Economic
Geology, v. 59, p. 850-873.

1978, Depositional systems and dispersal patterns in urani-
ferous sandstones of the Colorado Plateau: Utah Geology, v. 5,
p. 85-102.




SELECTED SERIES OF U.S. GEOLOGICAL SURVEY PUBLICATIONS

Periodicals

Earthquakes & Volcanoes (issued bimonthly).
Preliminary Determination of Epicenters (issued monthly).

Technical Books and Reports

Professional Papers are mainly comprehensive scientific reports
of wide and lasting interest and importance to professional scientists and
engineers. Included are reports on the results of resource studies and of
topographic, hydrologic, and geologic investigations. They also include
collections of related papers addressing different aspects of a single sci-
entific topic.

Bulletins contain significant data and interpretations that are of
lasting scientific interest but are generally more limited in scope or geo-
graphic coverage than Professional Papers. They include the results of
resource studies and of geologic and topographic investigations; as well
as collections of short papers related to a specific topic.

Water-Supply Papers are comprehensive reports that present sig-
nificant interpretive results of hydrologic investigations of wide interest
to professional geologists, hydrologists, and engineers. The series covers
investigations in all phases of hydrology, including hydrology, availabil-
ity of water, quality of water, and use of water.

Circulars present administrative information or important scien-
tific information of wide popular interest in a format designed for distri-
bution at no cost to the public. Information is usually of short-term
interest.

Water-Resources Investigations Reports are papers of an inter-
pretive nature made available to the public outside the formal USGS
publications series. Copies are reproduced on request unlike formal
USGS publications, and they are also available for public inspection at
depositories indicated in USGS catalogs.

Open-File Reports include unpublished manuscript reports, maps.
and other material that are made available for public consultation at de-
positories. They are a nonpermanent form of publication that may be cit-
ed in other publications as sources of information.

Maps

Geologic Quadrangle Maps are multicolor geologic maps on to-
pographic bases in 7 1/2- or 15-minute quadrangle formats (scales main-
ly 1:24,000 or 1:62,500) showing bedrock, surficial, or engineering
geology. Maps generally include brief texts; some maps include structure
and columnar sections only.

Geophysical Investigations Maps are on topographic or plani-
metric bases at various scales, they show results of surveys using geo-
physical techniques. such as gravity, magnetic, seismic, or radioactivity,
which reflect subsurface structures that are of economic or geologic sig-
nificance. Many maps include correlations with the geology.

Miscellaneous Investigations Series Maps are on planimetric or
topographic bases of regular and irregular areas at various scales; they
present a wide variety of format and subject matter. The series also in-
cludes 7 1/2-minute quadrangle photogeologic maps on planimetric
bases which show geology as interpreted from aerial photographs. The
series also includes maps of Mars and the Moon.

Coal Investigations Maps are geologic maps on topographic or
planimetric bases at various scales showing bedrock or surficial geology,
stratigraphy. and structural relations in certain coal-resource areas.

Oil and Gas Investigations Charts show stratigraphic informa-
tion for certain oil and gas fields and other areas having petroleum po-
tential.

Miscellaneous Field Studies Maps are multicolor or black-and-
white maps on topographic or planimetric bases on quadrangle or irreg-
ular areas at various scales. Pre-1971 maps show bedrock geology in re-
lation to specific mining or mineral-deposit problems; post-1971 maps
are primarily black-and-white maps on various subjects such as environ-
mental studies or wilderness mineral investigations.

Hydrologic Investigations Atlases are multicolored or black-and-
white maps on topographic or planimetric bases presenting a wide range
of geohydrologic data of both regular and irregular areas; the principal
scale is 1:24,000, and regional studies are at 1:250,000 scale or smaller.

Catalogs

Permanent catalogs, as well as some others, giving comprehensive
listings of U.S. Geological Survey publications are available under the
conditions indicated below from USGS Map Distribution, Box 25286,
Building 810, Denver Federal Center, Denver, CO 80225. (See latest
Price and Availability List.)

“Publications of the Geological Survey, 1879-1961" may be pur-
chased by mail and over the counter in paperback book form and as a set
microfiche.

“Publications of the Geological Survey, 1962-1970” may be pur-
chased by mail and over the counter in paperback book form and as a set
of microfiche.

“Publications of the U.S. Geological Survey, 1971-1981”” may be
purchased by mail and over the counter in paperback book form (two
volumes, publications listing and index) and as a set of microfiche.

Supplements for 1982, 1983, 1984, 1985, 1986, and for subse-
quent years since the last permanent catalog may be purchased by mail
and over the counter in paperback book form.

State catalogs, “List of U.S. Geological Survey Geologic and Wa-
ter-Supply Reports and Maps For (State),” may be purchased by mail
and over the counter in paperback booklet form only.

“Price and Availability List of U.S. Geological Survey Publica-
tions,” issued annually, is available free of charge in paperback booklet
form only.

Selected copies of a monthly catalog “New Publications of the
U.S. Geological Survey” is available free of charge by mail or may be
obtained over the counter in paperback booklet form only. Those wish-
ing a free subscription to the monthly catalog “New Publications of the
U.S. Geological Survey” should write to the U.S. Geological Survey,
582 National Center, Reston, VA 22092.

Note.—Prices of Government publications listed in older catalogs,
announcements, and publications may be incorrect. Therefore, the prices
charged may differ from the prices in catalogs. announcements, and pub-
lications.






