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Abstract—The Todilto Limestone Member, the basal member of the Wanakah Formation of
the Grants uranium district, is 1-30 ft (0.3-9.1 m) thick and records the change in depositional
environment from a restricted marine embayment with an ephemeral connection to the
Curtis-Summerville Sea to a completely enclosed salina/playa and shrinking body of gypsifer-
ous water. The salina measured 300 mi (483 km) from east to west and 250 mi (402 km) from
north to south, and was fringed by an extensive belt of limestone-gypsum sediments. The
arenaceous lime-mudstone sediments tecotd salina/playa deposition 1n alternating brackish to
hypersaline waters and extended periods of exposure to desiccation. Dolomite is absent in the
study area. The calcite-lime mudstones were detived rﬁqﬁmarﬂy from an aragonite-mud %lecur—
sor and were subjected to extensive neomorphism. The aragonite-to-calcite diagenetic history
is evident in the pootly preserved ooids.

The salina waters supported a small invertebrate fauna and flora, and there is no evidence
of an infauna in the lime mudstone. Rare bioclasts of calcareous algae, dasyclads of the tribe
Salpingoporellae, are found in the Todilto sediments. Ostracodes were abundant in the
salina's ephemeral gypsiferous waters. The salinity of the waters was influenced by seasonal
influx from streams, rainfall, periods of drought, and intermittent connections to the Curtis-
Summerville Sea. The overlying 0-110 ft (O‘—J%.S m) thick gypsum unit found to the east of
the study area was deposited in the center of the basin during the final salina phase. Playa-

e alkaline evaporites, such as trona and shortite, are not known from the Todilto
estone Member.

Syndepositional intraformational folds in a vertical stack up to 10 ft (3 m) high and 45 ft (14
m) wide occur in the playa (inland sabkha) lime mudstone and are associated with calcite
pseudo-morphs of anhydrite-gypsum and anhydrite ptygmatic-enterolithic layers. The
intraformational folds are overlapped and buried by thick-bedded microbial mat, ostracode-
lime mudstone. Prior to Beclabito Member deposition, the Todilto Limestone Member was
sulc?'ected to sub-aerial Weatheﬂ'% and vadose solution which formed sink holes, rundkarrens,
and solution pipes that are filled with limestone breccias and ferruginous sands. The smaller
vadose-solution cavities are partially filled with multiple cycles of spar calcite and iron-stained

uartz sands. Commercial bodies of uranium ore are found in the Todilto intraformational

olds and associated solution cavities. Isotope dates (150-155 m.y.) indicate that the uraninite is

neatly syngenetic with the carbonates.

Introduction

This is a study of the sedimentology, facies, and diagen-
esis of the Todilto Member of the Wanakah Formation
(Jurassic) in the Grants uranium district (Fig. 1).

Wanakah Formation is U.S. Geological Survey nomen-
clature for the upper San Rafael Group in northwestern
New Mexico. The Todilto forms the basal member of the
Wanakah. Lest the appearance of the name Wanakah in
this publication be interpreted as acceptance by the New
Mexico Bureau of Mines & Mineral Resources, the fol-
lowing statement is included herein. The New Mexico
Bureau of Mines & Mineral Resources recognizes the
Todilto as a formation-rank unit within the San Rafael
Group and further recognizes that the name Wanakah is
preoccupied (in the state of New York) and therefore un-
available as a stratigraphic name.

The primary objective of this research was to determine
the depositional environments of limestones in the Todilto
Member. The separation of marine, salina, and lacustrine
depositional environments in Proterozoic, Paleozoic, and
Mesozoic rocks is difficult. Criteria that may be used to
separate the two include (1) packaging of respective facies,
(2) suites of evaporite minerals or pseudomorphs
contained in sedimentary assemblages, (3) organic remains,
and (4) petrographic and geochemical evidence (Southgate
etal., 1989).

Studies of lacustrine carbonate facies (Platt & Wright,
1991), modern saline lacustrine depositional environments
(Hardie et al., 1978), and the marine tidal deposits of
Andros Island (Shinn et al., 1969; Hardie, 1977) and Ho-
locene and Jurassic evaporites of the Arabian Gulf provide
us with much of the basic knowledge for deciphering the
Todilto sedimentary structures. In recent years the
literature on modern and ancient salinas has greatly in-
creased our ability to interpret these ancient deposits. The
work of Warren (1982,1990), Kendall (1984), Handford et

al. (1984), Warren & Kendall (1985), and Logan (1987) on
the modern marine-influenced salina deposits of Australia
has helped in understanding the Todilto Limestone
Member.

Hardie et al. (1978) defined an ephemeral salina lake as
a body of water, normally a concentrated brine, that at
least once every few years dries up, leaving in the low
central area an exposed layer of salts that precipitated
out as the brine evaporated. This subenvironment has
been described as a salina, alkali lake, or playa lake when
wet and as a playa, dry lake, alkali flat, salt pan, or inland
sabkha when dry.

Dunham's (1962) classification of carbonate rocks is
used throughout this report.
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FIGURE 1—Map showing distribution of the Todilto Limestone Member of the Wanakah Formation in northwestern New Mexico
and equivalent rocks in southwest Colorado and east-central New Mexico. Distribution of the gypsum unit is shown by dark
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Member is in part from Vincelette & Chittum (1981).
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Previous studies

The reader is referred to Lucas et al. (1985) for a chro-
nological account of the literature and history of the strati-
graphic nomenclature for the Jurassic System and the
Todilto in east-central New Mexico, where they designated
it the Todilto Formation. Condon & Peterson (1986) and
Condon (1989) carefully documented the Jurassic
stratigraphy of the southeast San Juan Basin. They dis-
cussed the evolution of the stratigraphic nomenclature for
the Todilto Limestone Member since Dutton's (1885)
original description of the rocks. Gregory (1916, 1917)
detined and first used the name Todilto Limestone. In the
Grants mining district (Fig. 2) the Wanakah Formation
consists of three members, in ascending order the Todilto
Limestone, the Beclabito, and the Horse Mesa (Condon &

Huffman, 1988; Condon, 1989). In east-central New
Mexico, the Todilto has been designated the Todilto Lime-
stone or the Todilto Formation. Rocks equivalent to the
Todilto across the state line in Colorado (Fig. 2) have been
assigned to the Pony Express Limestone Member, the
basal member of the Wanakah Formation.

Environments of deposition

Lacustrine deposition

The Todilto has been interpreted as lacustrine, deposited
in low-energy, fetid, toxic, and anoxic water (Silver, 1948;
Rapaport et al, 1952; Gabelman, 1956; Ash, 1958;
Anderson & Kirkland, 1960; Bell, 1963; Mankin, 1972;
Tanner, 1974; Campbell, 1976; Green & Pierson, 1977).

Lucas et al. (1985) analyzed the Todilto fauna and fa-
cies, and envisioned the Todilto environment as a salina
formed by the flow of marine waters from the Curtis Sea
through the Entrada Sandstone along the northwestern
margin of the basin. The water body had a fresh-water
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component in the form of streams and ground water
which entered the basin from the east, south, and west.

The Todilto carbonates cannot be traced into marine
sediments, which is in part why various authors concluded
that the Todilto Limestone Member was deposited in a
lacustrine environment. The Todilto Limestone does not
interfinger with or extend into any known marine strata,
and stratigraphically it lies between continental or mar-
ginal-marine sandstones.

Marine deposition

Baker et al. (1947), Smith (1951), Harshbarger et al
(1957), and Ridgley (1989) favored a matine environment
of deposition for the Todilto Limestone Member.
Harshbarger et al. (1957) cited the abundance of sulfate
and the absence of chloride salts as evidence indicating
that the Todilto was deposited from abnormal (anoxic,
toxic, reducing, and fetid) marine waters in a gulf con-
nected to the Curtis Sea. Thick deposits of gypsum/an-
hydrite are possible in a lacustrine basin only under very
special conditions. The Todilto deposits do not contain
alkaline salts such as trona, ankerite, or siderite, which are
common in some ancient lacustrine deposits. Rawson
(1980, p. 304), who studied deposits of the Todilto Lime-
stone Member, concluded that "the carbonates were de-

posited in a sabkha environment in or near a large lake
that became restricted at times and evaporated to dry-
ness." Anderson (1982, p. 149) stated that the Todilto Ba-
sin was connected to the ocean. The evaporite sequence
never progressed to the point of halite precipitation, and
the occurrence of insects and brackish-water fishes sug-
gests a substantial nonmarine influence.

Ridgley & Goldhaber (1983) presented isotopic evidence
that the Todilto evaporites were marine in origin, and
Ridgley (1989) again stated that the environment of depo-
sition for the Todilto Limestone Member was restricted
marine. Evans & Kitrkland (1988) found that "The sulfur
isotopes of the Gypsum Member indicate that the sulfate
anions had a matine source." Ridgley's (1986) petrographic
study of the Todilto Limestone in the Chama Basin of
north-central New Mexico indicated that the carbonate
sediments had a varied and complex diagenetic history,
including dolomitization followed by dedolomitization, an
evaporate replacement of carbonate and subsequent
carbonate replacement of the evaporite, and an early
formation of styolites. Ridgley's (1989, figs. 9,10)
paleogeographic maps show her ideas on the access of the
Todilto embayment to the Curtis—Pine Butte (the Pine
Butte is a member of the Sundance Formation) Sea during
the middle Callovian time in ateas of Utah, Colorado, New
Mexico, and Arizona.

Evans & Kirkland (1988) stated that "strontium
isotope data establish clearly that cations forming the
Todilto Limestone Member were derived mainly from a
marine source."

Lucas et al. (1985) envisioned a large, landlocked salina.
McCraty's (1985) regional study of the Todilto Limestone
Member indicated to her that the limestone and gypsum
recorded the changes in depositional environment from a
restricted-marine embayment with an ephemeral connec-
tion to the sea to a completely enclosed basin (lake). The
limestone member was deposited under restricted-marine
conditions, and the gypsum member formed during the
lake stage. The Todilto embayment was fed by (1) periodic
excursion of the Curtis—Summerville Sea across the
Entrada dune barrier during storms and unusually high
tides, (2) marine ground water, (3) continental surface
water and ground water, and (4) rainfall.

e

Lucas et al. (1985) provided an extensive list of fishes
and invertebrates found in the Todilto Formation of east-
central New Mexico. They also described in detail the
various environments in which these animals lived, and
discussed the biostratigraphic and regional- stratigraphic
relationships of the Todilto. They concluded from the
fossil evidence that "the Todilto is most likely of middle
Callovian age," or late Middle Jurassic. It is interesting to
note that this is also the presumed age of the great evapor-
ite filling of the Gulf of Mexico, the Louann Formation
(James Lee Wilson, written comm. 1992).

Regional paleolatitude and paleoclimates

Kocurek & Dott's (1983, fig. 3) analysis of the Jurassic
paleogeography and paleoclimates of the central and
southern Rocky Mountains used the paleopole positions
as determined by Steiner & Helsley (1975), Steiner (1978),
and Lienert & Helsley (1980) from data gathered on the
Triassic to Jurassic red beds on the Colorado Plateau. C.
R. Scotese's (written comm. 1993) paleomagnetic studies
indicate that the Todilto Limestone Member of the



Wanakah Formation in the Grants district was deposited at
a latitude of about 13° north (Fig. 3), while Kocurek & Dott
(1983) suggested about 15-16° north. Frakes (1979)
suggested that global temperature means may have been as
much as 18°F (10°C) warmer than they are today. Wide-
spread eolian deposits in the study area have been inter-
preted by Poole (1962) as representing trade-wind desert
deposits. During the Middle Jurassic, the region occupied
the paleolatitude range typically associated with trade
winds. Most modern hot deserts of the world occur within
the trade-wind belt (Hardie, 1991). Kocurek & Dott's
(1983) and Vakhrameer's (1991) syntheses of the data have
shown that with respect to paleoclimate, paleolatitude, and
location on the western edge of North America during the
Mesozoic, the conditions of the western United States were
similar to the modern Sahara (Fig. 3).

Stratigraphy

Studies by Santos & Turner-Peterson (1986) show that
during the Middle and Late Jurassic the structural con-
figuration of the area occupied by the San Juan Basin was
different from the present-day configuration, which
developed in response to Laramide deformation. The
Todilto and equivalent rocks were deposited in an ellipti-
cal basin which extended about 300 mi (483 km) east—
west and about 250 mi (402 km) north—south (Fig. 1).
The Todilto is composed of two units, (1) a lower, thin,
regionally extensive limestone unit and (2) an upper, more
restricted, thick gypsum unit. In the eastern part of the San
Juan Basin, the limestone unit is generally from 5 to 10 ft
(1.5-3.1 m) thick, and the overlying gypsum unit reaches a
thickness of up to 95 ft (29 m). In the west part of the
basin only the limestone unit is present. This unit
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FIGURE 3—Callovian paleomagnetic latitude and paleogeography. From Scotese (written comm. 1993), with some modifications

from Kocurek & Dott (1983).



ranges in thickness from about 25 ft (8 m) in the Grants trending  generally  northwest—southeast  across

district to 1 ft (0.3 m) or less near the southwest strandline  southern McKinley and northern Cibola Counties.

of the basin a few miles east of Gallup (McLaughlin, 1963). In the Grants district the Todilto is composed of me-
On the southwest side of the San Juan Basin, in the area  dium- to dark-gray carbonaceous, thinly laminated to thin-

of this study, the Todilto Limestone Member crops out bedded limestone and gypsum. The limestone is from 2 to

along the northeast-dipping Thoreau homocline ina belt 25 ft (0.6-8 m) thick (Fig. 4). Many workers (Hilpert &
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FIGURE 4—Regional stratigraphy, correlation, lithology, and facies chart for the Todilto Limestone Member in the Zia/La Jara
mine area, Grants uranium district, New Mexico.
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Moench, 1960; McLaughlin, 1963; Thaden et al., 1967;
Rawson, 1980) have recognized three informal strati-
graphic units within the Todilto carbonates. They are
known as the lower platy zone, the middle crinkly zone,
and the upper massive zone (which may be locally ab-
sent) of the limestone member.

The Todilto gradationally overlies the eolian, cross-
bedded, cliff-forming, reddish-orange Entrada Sandstone.
Immediately beneath the Todilto contact the Entrada
Sandstone is a leached, varicolored, fine-grained, well-
sorted sandstone unit 5-30 ft (1.5-9.1 m) thick. Colors
range from light gray to lavender, contrasting markedly
with the predominantly orangish-brown typical Entrada
(McLaughlin, 1963).

Above its contact with the Entrada Sandstone, the
Todilto Limestone Member consists of thin beds of cal-
carcous sandstone or siltstone that are commonly
interbedded with limestone (Condon, 1989). To the east of
the study area at Mesita, about 110 ft (33.6 m) of white,
crudely bedded gypsum of "chickenwire" texture ovetlies
the limestone. However, it is absent in the study area.

The Beclabito Member is composed of reddish-brown
to white silty sandstone, sandy siltstone, and claystone.
Condon (1989) interpreted the Beclabito Member as
mainly marginal-marine or marginal-lacustrine and sabkha
deposits that grade southward into fluvial deposits. Most
of the Beclabito Member was deposited in a low-lying area
that was transitional between highlands to the
south and the Todilto Sea to the north. The area was mat-
ginal to a body of water. Ridgley (1989) described trace
fossils and nonmarine, lacustrine mollusks from the up-
%er member of the Wanakah Formation in the Chama

asin, New Mexico.

Measured sections

Coolidge section 88]J-4—The stratigraphic samples
from the Coolidge section 88]-4 were collected in an aban-
doned limestone quarry 3 mi (4.8 km) north of the Inter-
state 40 interchange at Coolidge, New Mexico. From the
overpass a dirt road leads north to the cliffs of Jurassic
rocks and the outcrops of the Todilto Limestone Member.
The samples were collected on an abandoned quarry road
that was cut on the south side of a canyon wall and leads
to the quarry floor. The map location is SW'%s NEV4 sec.
33, T15N, R14W. Green's (1976) geologic map of the
Continental Divide quadrangle shows the quarry in the
Todilto Limestone Member and the various access roads
from Interstate 40.

The section was measured and studied on the highwall of
an abandoned quarry. The Todilto Limestone Member is
6-7 ft (1.8-2.1 m) thick and consists of a thin-bedded
arenaceous limestone which rests with a gradational con-
tact on the Entrada Sandstone. As can be seen in Figure 5,
the limestone consists of a lower platy zone some 2-3 ft
(0.6-0.9 m) thick and a middle crinkly zone also about 3 ft
(0.9 m) thick. The top of the middle crinkly zone is
formed by a 1-2 ft (0.3-0.6 m) thick interval of ooid and
dense, micritic limestone (Fig. 6). At the top of the section,
thin beds some 6 inches (15 cm) thick, with abundant
calcite pseudomorphs of gypsum, may represent the upper
massive zone. The contact of the Todilto Limestone
Member with the Beclabito Member is sharp and well
defined (Fig. 6), but can be seen in only a few places
because in much of the quarry the Beclabito clastic beds
have been removed or covered by waste rock.

Petrographic studies show the lower 1 ft (0.3 m) of the
limestone to have stringers and pods of detrital silt to fine

FIGURE 5—Measured section 88]-4 north of Coolidge. The section
is some 6 ft (2 m) thick and consists of the lower platy zone
overlain by the crinkly zone. No intraformational folds were
observed in the outcrops or in the limestone quarry.

sand composed of angular grains of quartz with minor
amounts of feldspar. The limestone is composed of 2-6 pm
calcite crystals that form a vaguely clotted lime mudstone
(micrite). In the lower part of the section, a feature which is
not readily recognized in plane light under the petrographic
microscope but becomes apparent under cathodo-

FIGURE 6—The highest beds of the Todilto Limestone Member
at the Coolidge section. The gray limestone in the lower part of
the photo contains dasyclad algae of the tribe Salpingoporellae.
The highest beds of the Todilto Limestone Member at the
Coolidge section are similar to those of the Continental Divide
section 90]-3 in that they are also characterized by abundant
white calcite pseudomorphs after gypsum-anhydrite in a gray
microbial mat-ostracode-lime mudstone. Pale red-maroon
f:olian siltstones and sandstones with nodular-limestone
interbeds of the Beclabito Member (Wanakah Formation) overlie
the Todilto. This final phase of the Todilto represents a playa
(inland sabkha) that was covered by wind-blown sands (see
Butler et al., 1982, figs. 18-22 of Abu Dhabi coastal flats). Scale
is 6 inches (15 ¢m) long.



luminescence is the calcite coating of many of the angular
quartz grains. They are concentrically coated by 10-25 pm
calcite-spar crystals. This coating tends to produce rounded
carbonate grains superirnpose§ on angular detrital-quartz
nuclei. The ooid-like grains are supported in a micrite ma-
trix composed of 2-6 pm calcite thombs or a neomorphic
microspar calcite matrix f{5—20 pm crystals). This microspar
appears to be the result of lime-mud (micrite) neomorphism
or grain growth. Above the basal silty beds are 2 ft (0.6 m)
of 4-6 inch (10-15 cm) thick beds of silty lime mudstones
with varying amounts of soft, poorly defined peloids, cal-
cite-coated detrital-quartz grains which form the nuclei of
rounded ooids and thin, lenticular beds of ooids. The bed
above is 2 ft (0.6 m) of lime mudstone (micrite) with abun-
dant angular-quartz silt and thin, lenticular beds of calcar-
eous siltstone. The uppermost 1-2 ft (0.3-0.6 m) of the sec-
tion has imbricated lime-mud chips composed of ooid
packstone. The top of the section is characterized by large
white spatty-calcite pseudomorphs after gypsum/anhy-
drite (Fig. 0).

Continental Divide section 90J-3—The Continental
Divide section 90]-3 was sampled and studied immediately
beside an abandoned limestone quarry on a natural west-
facing outcrop near the center of sec. 12, T14N, R14W,
some 3.1 mi (5 km) northeast of the Continental Divide
interchange on Interstate 40. A dirt road leads from the
overpass north to the cliffs of Jurassic rocks and the out-
crops of the Todilto Limestone Member. Green's (1976)
geologic map of the Continental Divide quadrangle shows
the quarry in the Todilto Limestone Member and the vari-
ous access roads from the Interstate.

The Continental Divide section was measured on top of
an Entrada Sandstone cliff (Figs. 7-9). The Todilto Lime-
stone Member is some 10 ft (3 m) thick. Thin-bedded an

S Lo o # -

ntinental Divide section 90]-3, a natural
outcrop adjacent to the northwest side o‘f a small limestone
quarry. The section is characterized by interbedded quartz
sandstones (sst) with limestones (1s) deposited ona playa surface
(inland sabkha).

FIGURE 7—The Co
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FIGURE 8—The uppermost limestones of the Todilto are
characterized by abundant white calcite pseudomorphs after
gypsum-anhydrite in a gray, microbial mat-ostracode-lime
mudstone. Pale red-maroon eolian siltstones and sandstones
with nodular-limestone interbeds of the Beclabito Member
(Wanakah Formation) overlie the Todilto Limestone Member
Continental Divide section, 90J-3. This final phase of
sedimentation of the Todilto represents a playa (inland sabkha)
that was covered by wind-blown sands (see Butler et al., 1982,
figs. 18-22, Abu Dhabi coastal flats).

gular-quartz siltstones and sandstones compose a
significant part of the section interbedded with the lime
mud-stones. Ostracodes are found only in the upper
third of the section. Well preserved microbial filament
tubes are present in the ostracode-lime mudstone, and
abundant calcite pseudomorphs after gypsum are found
in the limestones at the top of the section.

Billy the Kid mine section 88]-3—Billy the Kid mine
section 88J-3 was collected in NEV4 sec. 19, T14N, R11W.
The geology, roads, and location of the mine are shown on
Green & Pierson's (1971) geologic map of the Thoteau
NE quadrangle.

This section was studied along the extensive highwalls of
an active quarry (Fig. 10). The exposures of carbonate rocks
are excellent except for extensive fracturing caused by
quarry blasting. The Todilto Limestone Member is 14-15

FIGURE 9—Desiccated microbial mats in arenaceous lime
mudstone at the base of the Todilto Limestone Member above
the Entrada Sandstone, Continental Divide section, 90]-3 (see
Shinn, 1983, figs. 7-9A; Butler et al., 1982, Holocene examples
from the coastal flats of Abu Dhabi).
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FIGURE 10—Billy the Kid mine secti
section is 14-15 ft (4.3-4.6 m) thick. The quarry floor

o)
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on 88]-3, studied on the extensive highwalls of an active quarry. The Todilto Limest‘one Member

_ is on the top of the Entrada Sandstone,
maroon sandstones of the Beclabito Member, Wanakah Formation. The lower

and the limestone is overlain by
platy zone is 7 ft (2.1 m) thick and is composed of

angular grains of detrital quartz floating in a matrix of neomorphic microspar calcite. This zone is capped by a 1-2 inch (2.5-5 cm)

bed of white gypsum followed by the middle crinkly

zone, 8.7-9.7 ft (2.7-3.0 m) of arenaceous ostracode-lime mudstone. The

massive unit is 1 ft (0.3 m) of arenaceous ostracode-lime mudstone. The contact with the overlying Beclabito Member sandstones

is gradational over a thickness of 1-2 ft (0.3-0.6 m). Small
zone and extend to the top of the section.

intraformational folds are developed at the base of the middle crinkly

ft (4.3-4.6 m) thick. The quarry floor is on the top of the
Entrada Sandstone, and the limestone is overlain by maroon
sandstones of the Beclabito Member of the Wanakah
Formation. The basal 7.7 ft (2.3 m) of the section are the
lower platy zone which is composed of angular grains of
detrital quartz floating in a matrix of neomorphic microspar
calcite. This zone is capped by a 1-2 inch (2.5-5 cm) bed of
white gypsum. This is followed by the middle crinkly zone,
which 1s 8.7-9.7 ft (2.7-3.0 m) of arenaceous ostracode-lime
mudstone that has undergone a variable amount of
neomorphism. The massive unit may be represented by 1 ft
(0.3 m) of arenaceous ostracode-lime mudstone. The con-
tact with the overlying Beclabito Member sandstones is
gradational over a distance of 1-2 ft (0.3-0.6 m).

Haystack Mountain section 90J-1—The Haystack
Mountain section 90]-1 was collected in the NEY4 NW'4
sec. 14, T13N, R11W. The samples were collected in a
deep arroyo that has an excellent exposure. Thaden &
Ostling's (1967) geologic map of the Bluewater quadrangle
shows the road and access to the Todilto outcrops.

This section was measured in an arroyo re-entrance at
the top of a cliff (Fig. 11). The section is 23-25 ft (7-7.6 m)
thick. The three informal lithologic units of the Todilto are
not readily recognized at this outcrop. The lower platy

zone is 10 ft (3.0 m) thick and consists of 6-10 inch (15-25
cm) thick beds of arenaceous lime mudstone separated by
1-3 inches (2.5-6.3 cm) of dark, calcareous, argillaceous-
siltstone partings. The lime mudstones have been
subjected to extensive calcite neomorphism. Many of the
angular detrital-quartz grains have calcite coatings. The
middle crinkly zone is 11 ft (3.4 m) thick, with beds up to
12 inches (31 cm) thick and abundant ostracodes and mi-
crobial laminations in the upper part of the section. Ad-
jacent to and over the intraformational fold developed in
the middle crinkly zone is a 2-4 ft (0.6-1.2 m) thick bed of
the upper massive zone which is draped on and over the
fold (Fig. 11). The original microfabric was arenaceous,
laminated ostracode-lime mudstone with nodular gyp-
sum/anhydrite which is now replaced by void-filling spar
calcite and neomorphic microspar with calcite in 10-75
pm size range. The overlying maroon Beclabito Member
siltstones and sandstones have a sharp contact with the
underlying Todilto Limestone Member.

Section Four and Nine mines 92J-1—The outcrop was
measured on a south-facing cliff in the SW'/4 SEV4 sec. 4,
T12N, ROW. The Todilto Limestone Member is 16.5 ft (5
m) thick, and was studied in outcrops and numerous open
pits in sections 4 and 9. The lower platy zone is 4.5 ft (1.4
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FIGURE 11—A ell—eeoped intraformational fold exposed in an arroyo on the southwest side of Haystack Mountain. The

i i ion i : thick, rests on the Entrad :
Todiie Liiesiins Mumoan Jein paonie e lcd developed in the lower platy zone and is expressed by swelling or

Member of the Wanakah Formation. The intraformational fol

mound-like beds. The north side of the upper part of the fold has v

onlap and cover the fold.

a Sandstone, and is overlain by the Beclabito

ertical beds. Ostracode—lime mudstones of the massive zone

m) thick and contains interbeds of gray sandstone which
grade laterally into lime mudstone. The middle crinkly
zone is 8.5 ft (2.6 m) thick and is thin-bedded and platy
ostracode-lime mudstone. The upper massive zone is 3.5
ft (1.1 m) thick, composed of limestone breccia and lime
mudstone, and contains abundant calcite pseudomorphs
of anhydrite/gypsum. The upper massive-zone
limestone shows extensive evidence of subaerial vadose
weathering, karsting, and brecciation preceding the
deposition of the overlying terrigenous clastics of the
Beclabito Member, Wanakah Formation.

Zia/La Jara mine section 90J-2—The Zia/La Jara mine
section 90J-2 was studied in sections 15, 16, and 22 and
measured and sampled near the center of sec. 15, T12N,
ROW, on a northwest-facing highwall of a bulldozed cut
some 50-100 ft (15-30 m) south of a dirt road. The cut is
marked on the Thaden et al. (1967) geologic map.

The Todilto Limestone Member is exposed in the Zia/
La Jara mine area in continuous outcrop above the

Entrada Sandstone and in numerous bulldozed cuts and
open pits. The outcrops can be easily walked out and the
sedimentary structures observed and studied. The sec-
tion is 16.5 ft (5 m) thick, composed of arenaceous lime

mudstone, and relatively free of calcite neomorphism. The
lower platy zone is 6 ft (1.8 m) thick, yellowish brown to
gray, and devoid of ostracodes. The middle crinkly zone is
8.4 ft (2.6 m) thick and formed by lime mudstone with
microbial laminae, abundant ostracode and calcite
pseudomorphs of gypsum, and anhydrite diapir structures.
The middle crinkly zone has numerous intraformational
folds. The upper massive zone is 2.1 ft (0.64 m) thick, and
is ostracode-lime mudstone with microbial laminations and
spat-calcite pseudomorphs after gypsum/anhydrite. The
top of the Todilto Limestone shows the effects of pre-
Beclabito solution activity and vadose weathering. The
overlying maroon Beclabito Member silt-stones and
sandstones were deposited over an irregular and weathered
Todilto surface.

Carbonate particles

The Todilto Limestone Member is typically an arena-
ceous calcite-lime mudstone with some clay minerals and
vague, irregularly shaped clots, pellets, or peloid texture
that can grade into neomorphic microspar (Figs. 12, 13).
Petrographic and SEM studies of the Todilto carbonate
rocks indicate that the primary and original carbonate
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depositional constituent was aragonite—lime mud (Figs. 14,
15B, D, F, 16C—F). When the aragonite was exposed to
meteoric waters, it was altered by diagenetic process to
calcite, micrite, and neomorphic microspar (Figs. 15E, 16A,
17A—C). Extensive petrographic, x-ray, and SEM—EDX
studies have failed to reveal any dolomite in the Todilto
Limestone in the Grants uranium district.

Origins of Todilto lime mud

Studies by Watren & Kendall (1985) and Warren (1990)
on the modern salinas of South Australia have shown the
differences in carbonate mineralogy between sabkhas and
salinas. Aragonite is the predominate carbonate precipitate
in the gypsiferous salinas where the ions for the evapo-
rating salina water are supplied by resurging, chemically
unaltered sea water. Dolomite does form, but only as rare,
very isolated, localized zones around the extreme petiph-
ery of the salina carbonate fringe where waters with a
strong meteoric influence seep into the lake. Dolomite is
rare In gypsiferous salinas, in contrast to open-marine
coastal sabkha deposits where dolomite is a common di-
agenetic mineral.

Studies on the Miocene evaporative limestones of Sicily
have application to understanding the origin of the
Todilto lime muds and microfacies. Decima et al. (1988)
have developed two basic models which may account for
the large amount of evaporative carbonates found in most
basins. The simplest depositional model is an evaporative
basin which receives continued marine inflow and has
reflux circulation during the vatious phases of evaporative
concentration. Biologically induced carbonate pre-
cipitation from concentrated sea water is common in eu-
ryhaline environments. The precipitation is induced by
specialized plants and bacteria which live in extraordinary
numbers within restricted hypersaline environments.

A second model by which large amounts of carbonate
may accumulate in an evaporative setting is through me-
teoric-water input from ground water, rivers, streams, and
springs into a restricted basin, as in 'the Dead Sea. ‘This
inflow may add considerable quantities of bicarbonate to
the waterbody, resulting in greater amounts of carbonate
deposition than would occur from sea water alone.

In the Todilto a possible addition to the production of
aragonite—lime mud may have occurred by diagenetic al-
teration of calcium-sulfate precipitates (both gypsum and
anhydrite) to form calcium carbonate through the action
of sulfate-reducing bacteria (Shearman & Fuller, 1969).

Inorganic precipitation of aragonite may have been the
major contributor of lime mud to the Todilto Limestone
Member (Shinn et al., 1989). Milliman et al. (1993) found
that inorganic precipitation produces much of the arago-
nite mud on the Bahama Bank and is the only possible
source of fine-grained aragonite in the Persian Gulf.

Calcareous microbialites

Aitken (1967), Logan et al. (1974), and Monty (1976)
proposed the term cryptalgae for sedimentary rocks be-
lieved to have originated through the sediment-binding
and/or carbonate-precipitating activities of nonskeletal
algae. Although it has been widely used in the literature,
the term is here abandoned in favor of the term micro-
bialite.

Microbialites are organosedimentary deposits that have
accreted as a result of a benthic-community trapping and
binding detrital sediment and/or forming the locus of
mineral precipitation. Calcareous microbialites have been
traditionally classified as algal limestones because they

are produced by benthic microbial communities which
commonly contain cyanobacteria, organisms that until
recently were termed blue-green algae (Burn & Moore,
1987; Golubic, 1991).

The trapping and binding of detrital sediments produces
unlithified but cohesive mound-shaped structures and flat
microbial mats (Burn & Moore, 1987). Carbonate depo-
sition is often an integral part of stromatolite formation.
The role of microbial activity in this process is not easily
determined and remains controversial (Golubic, 1991).
These structures have been referred to as stratiform stro-
matolites, algal mats, and algal laminated sediments.

Microbialite lithoherms include domal laminated types
termed stromatolites and nonlaminated types termed
thrombolites. Weakly developed stromatolites are found in
the upper parts of the Todilto Limestone Member. Planar
to crinkly microbialite laminates are abundant in much of
the limestone section, in particular in the middle crinkly
unit in the area from Haystack Mountain east to the
Zia/La Jara area. In their simplest form, these laminations
are preserved through an alteration of microstructure
formed by vague, clotted peloids composed of 2-6 pm cal-
cite rthombs and small desiccation cracks and fenestrae
lined and filled by spar calcite (Figs. 18, 19). Microbial fila-
ment tubes were found in association with the calcite-spar
pseudomorphs of gypsum in the highest limestones of the
Continental Divide section.

Neomorphic processes

Folk (1965) proposed the word "neomorphism" as a
"comprehensive term of ignorance" to embrace "all
transformations between one mineral and itself ora poly-
morph..whether the new crystals are larger or smaller or
simply differ in shape from the previous ones. It does not
include simple pore-space filling; older crystals must have
gradually been consumed and their place simultaneously
occupied by new crystals of the same mineral or its poly-
morph.”

"Aggrading neomorphism is the process whereby a
mosaic of finely crystalline carbonate is replaced by a
coarser spatry mosaic. It is a complex process combining
some of the in-situ processes, namely polymorphic trans-
formation and rectystallization" (Folk, 1965).

The Todilto Limestone Member has changed from origi-
nally unconsolidated carbonate sediments (assumed to have
been a mixture of aragonite and a range of magnesian
calcite) immersed in hypersaline water to a fabric of low-Mg
calcite with low porosity. Decima et al. (1988) stated that
aragonite is the most common carbonate mineral found in
hypersaline environments and is unstable in the presence of
fresh water (meteoric). The process of calcitization and
recrystallization of the original Todilto aragonite—lime
muds probably was a wet (fresh water) polymorphic trans-
formation of aragonite to calcite. This recrystallization was a
growth of certain crystals at the direct expense of smaller
ones of the same mineral species, and development of
neomorphic spar. Bathurst (1971) stated that "the
neomorphic process of micrite yields a sparry calcite that is
difficult to distinguish from the sparty calcite of cement."

The Todilto Limestone Member was primarily carbon-
ate mud that was subjected to aggrading neomorphism.
The micrites originally contained abundant cavities
formed by the dissolution of enclosed gypsum/ anhydrite
nodules and enterolithic structures, desiccation cracks, rip-
up breccias, microbial-mat fenestrae, and cavities within
ostracode shells. These cavities are now filled by various
types of calcite-spar cements.
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FIGURE 12—AlI SEM. A, Mud lump or poorly rounded peloids w ith calcite and abundant clay minerals in spaces between the peloids.
Angular detrital-quartz grains (100-150 pm, Qtz) ar ) present. 88]-3+13.B, Clay minerals filling spaces between neomorphic calcite
crystals. The photo also illustrates the low intercrystalline porosity typical of the Todilto Limestone Member. 88]-4+0. C, Detrital
feldspar grain embedded in neomorphic microspar. The feldspar grai im of clay minerals thought to be derived from weathering
of the feldspar before deposition. 88]-4+5.5.D, Arenaceous lime mudsto of Todilto Limestone Member. The photomicrograph
shows the angular shape of the detrital-quartz grains and the abundance of clay minerals in the basal limestones above the Entrada
Sandstone contact. 88]-4+0. E, Clay minerals concentra d between boundaries of neomorphic calcite microspar. Note the lack
of porosity in these limestones. 88]-4+2. F, Neomorphic calcite microspar wi als i » 25-50 um size range (Ba). Barite crystals
in the 2-5 um range are found as inclusions in the calcite crystals. Dejonghe (1990) thought that bz i n be trapped in aragonite
during early precipitation of marine carbonates and expelled when the aragonite is converted to calcite. 90]-1+17.
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FIGURE 13—All SEM. A, Neomorphic calcite spar with clay minerals between the calcite boundaries. Angular detrital-quartz
(Qtz) and plagioclase (PL) and potassium-feldspar (K-spar) grains floating in a calcite (Ca) matrix. 88]-3+6. B, Background scatter
setting. Crystal size of the calcite (Ca) is graphically shown in the photomicrograph. Angular detrital-quartz (Qtz) and potassium-
feldspar (K-spar) grains floating in a calcite matrix. 88]-3+8. C, Neomorphic calcite spar derived fi arenaceous lime mud.
Detrital grains are angular fragments of quartz (Qtz), plagioclase (PL), and potassium-feldspar (K-spar) set in a matrix of calcite.
88]-3+9. D, Neomorphic calcite spar with some clay minerals and detrital grains of potassium-feldspar (K-spar) and quartz (Qtz).
Small grains of detrital rutile (Ti) were also found. 88]-3+11. E, Standard SEM photomicrograph of a sample from top of the
limestone section below the Beclabito Member sandstones. Increased amount of quartz sand in the calcite matrix is apparent, The
angular detrital quartz (Qtz) and potassium feldspar (K-spar) may be of eolian origin. Small grains of barite (Ba) were observed. F,
SEM background scatter, same as in E but with a better view of the crystal surface and boundaries. 88]-3+12.
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FIGURE 14—A-D,Specimens collected from the upper limestone beds of the Coolidge section 88]-4. Bernard Mamet identified
abundant ostracodes, scarce dissolved mollusks, and crushed dasyclad algae of the tribe Salpingoporellae. The thallus is cylindrical
and appears to have been unramified. Pores are simple and ploiophore. The tribe is abundant from the Jurassic through the
Cretaceous. 88]-4+6; plane polarized light. E, F, Microbial-mat-ostracode-arenaceous-lime mudstone. Microbial laminations are
dark, wavy bands of micritic calcite encased in arenaceous neomorphic microspar. This Todilto microfacies is typical of the higher
beds and consists of microbial-stromatolite mats, calcite pseudomorphs after gypsum, and abundant ostracodes, suggesting
sedimentation in intermittent gypsiferous ponds or lakes developed on the salina/playa (inland sabkha). During the wet phase
ostracodes flourished in great numbers. 88]-3+13; plane polarized light.




Skeletal grains

Ostracodes are the only abundant fossil bioclasts in the
Todilto carbonate rocks (Figs. 15A—D, F, 16C—F).
Minor amounts of dasycladacean fragments and vague
ghostlike outlines of calcite-filled molluscan molds (Figs.
16A—B) are found in some thin sections from t%le
Coolidge section. Normal-marine invertebrates such as
foraminifers, brachiopods, echinoderms, or bryozoans are
absent in the Todilto, which clearly indicates abnormal
salinities.

Dasycladacean algae

In the upper limestone beds of the Coolidge section,
Bernard L. Mamet identified abundant ostracodes, scarce
dissolved molluscs, and crushed Dasycladaceae. These are
real dasyclads of the tribe Salpingoporellae (Bassoulet et
al., 1979), but they cannot be identified down to genus
because the complete morphology is not discernible. The
thallus is cylindrical and appears to be unramified, and
pores are simple and ploiophore. The tribe is abundant in
the Jurassic and Cretaceous. Interpretation of the envi-
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FIGURE 15—A, Group of ostracode tests enclosed by microbial laminations, with black hematite crystals (Fe) and organic-tich(?)
dark material surrounded by neomorphic calcite microspar. The intetiors of ostracode tests are lined b aacdar—cai%ite cement
followed by isopachous-calcite cement (IC), and the remaining voids are filled by equant-spar cement (SC). This is the microfacies
which caps and extends over the intraformational fold structure at Haystack Mountain seen in Figure 11.90]-1+25; plane polarized
icht. B, mgger part of the Todilto Limestone Member at Haystack Mountain. The carbonates were deposited in a gypsiferous salina
playa (inland sabkha) environment. The white areas (GN) are calcite pseudomorphs after gypsum. Sedimentary structures include
microbial-stromatolite mats, fenestrac (MF) and desiccation cracks (DC), and lime muds m% abundant entombed ostracode tests.
The porosity and cavities were filled by isopachous calcite and equant-spar cements. 90J-1+20; plane polarized light. C-F, Ostracode
valves are abundant in the upper parts of the five sections studieccil. The tests are generally surrounded by lime mud (micrite) and have
a thin micritic envelope. The intetior walls are lined by acicular-calcite cement, and the central cavities are filled by blocky calcite spar.
Some tests have geopetal crystal silt or are gamall filled by micritic muds, while others have been crushed or broken before
entombment. Ostracode tests were composed of caféite and their microstructure is well preserved. This is in marked contrast to the
poor presetrvation of the (frimaﬁly aragonitic ooids and micritic material that form the bulk of the limestones. C, Ostracode test
showing a thin but well-developed mucritic envelope (ME), acicular-calcite cement (AC), isopachous-calcite cement (IC) and the
central space filled by equant-spar cement (SC) and hematite (Fe). The matrix was lime mud that has been subjected to calcite
neomorphism. 90J-1+16; plane polarized light. D, Ostracode test with thin micritic envelope (ME) and acicularcalcite cement (AC)
ining the intetior, followed by 40-60 pm crystals of isopachous-calcite cement glC) The center of the test is filled by equant-spar
cement (SC). The matrix was lime mud that has been subjected to neomorphic cr{stal growth. The neomorphic microspar is
composed of 10-15 pm calcite crystals with small, scattered areas of hematite (l:":g). 90]-1+15; plane polarized light. E, An example of
incomplete neomorphism in which a mosaic of finely crystalline carbonate is replaced by a coarser sparry mosaic (Folk, 1965). Itis a
complex process involving in-situ polymorphic transformation and recrystallization. The dark matertal is relic ime-mud lumps
formed by 6-10 pm calcite crystals that have not been subjected to grain growth as extensive as the surrounding matrix. 8%3] -3+7,
plane polarized light. F, Ostracode test with a thin acicular-calcite cement %IKC) coating its intetior; this was followed by voi —ﬁJJjJ;ﬁ
equant-spar calcite (SC). Matrix is formed by calcite-lime mudstone in the 5-10 pm crystal-size range. Some floating grains of detri

quartz (Qtz). 88J-3+8; cross polatized light.

ronment is restricted lagoonal grading to semievaporitic
(Figs. 14A—D).

According to Wray (1977), Barattolo (1991), and Flugel
(1991), extant dasycladaceans most often occur in tropical
and subtropical marine waters. As a group they seem to
prefer normal-marine salinities, but the Acetabulatieae, for
example, tolerate wide temperature variations and
salinities ranging from hypersaline to brackish.

Ostracodes

The relatively abundant ostracodes [assumed to be
Metagypris todiltensis (Swain)] are supposedly a brackish-
water species unique to the Todilto Limestone Member.
Swain's (1946) type material was collected by R. H.
Wilpolt and J. B. Reeside, Jr., 6 mi north of Thoreau on
NM Highway 57, probably near to, and on strike with, the
section at the Billy the Kid mine. Kietzke (1992)
reassigned this Todilto ostracode to the genus Cytheridella.

Ostracode valves are abundant in the upper parts of the
outcrop sections studied (Figs. 15A—D, F, 16C—F).
The tests are generally surrounded by lime mud (micrite)
and have a thin micritic envelope on their exterior and
interior surfaces. The interior walls of the valves are lined
with acicular-calcite cement, and the central cavity is filled
by blocky calcite spar. Some tests have geopetal crystal
silt or are partially filled by micritic muds. Some valves
have been crushed upon entombment. Ostracode tests
were formed as calcite, and their microstructure is well
preserved. This is in marked contrast to the poor
preservation of the original aragonite ooids and
aragonite—lime mud that have suffered dissolution and
neomorphic grain growth, and are now calcite.

Logan (1987, p. 21) found in the Macleod evaporite
basin, Western Australia, that "gypsum-pond assemblages
are reduced to cyanobacteria and ostracodes with seasonal
colonization by seagrasses, green algae and fish."

The ostracodes are envisioned to have lived in profu-
sion during times of expansion of the cyclic ephemeral
Todilto saline lake.

Compound grains
Grains with compound architecture or an uncertain,
multigenetic origin are grouped in this category. They

can be divided into pellets, peloids, and ooids, with a
range of gradations between these end members; many
are semirounded. Interclasts, although grouped as detri-
tal grains, are commonly compound in internal architec-
ture (Reijers & Hsu, 1980).

Pellets, peloids, and ooids

The term peloid was originally introduced by McKee &
Gutschick (1969) to describe ovoid particles of aphanitic
limestone, believed to have been largely derived from
rocks currently forming nearby. The term is now taken
to mean aggregates of micrite limestone of unknown
origin (Maclntyre, 1985). The term pellet is generally
applied to pellets of fecal origin, as indicated by a
characteristic shape.

In the study area, the Todilto contains lime mudstones
to packstones that are composed of mud lumps (Figs.
12A, 15A, B, E), pellets, peloids, ooids (Figs. 16A, 17A—
C) and quartz sand grains which are coated by fibrous
calcite (Figs. 17E—TF). Many of the lime mudstones still
retain the vague outline patterns of former peloid
packstones (Fig. 17E).

The ooid grains have had a complex diagenetic history as
a result of having been formed primarily of aragonite with
varying amounts of calcite and then subjected to meteotic
waters, partial  dissolution, and neomorphic  re-
crystallization to calcite (Fig. 20). Texture and fabric similar
to those found in the Todilto ooids have been described by
other workers studying Phanerozoic ooids (Sandberg,
1975; Wilkinson et al, 1984) and Precambrian ooids
(Tucker, 1984; Singh, 1987). The Todilto ooids are 0.6-0.8
mm in diameter, and their center usually contains an an-
gular detrital-quartz grain on which the carbonate nucle-
ated. A typical Todilto ooid has neomorphic fabrics that
range from incipient microspar in the outer layers to a
coarse mosaic of spar calcite in the center. In the least
neomorphosed ooids the crystals are somewhat equi-
granular and toward the periphery have relic concentric
bands or rings. The rims of the ooids are typically 100-200
pm thick and contain relic concentric banding preserved
by 10-30 pm crystals of neomorphic calcite that forms the
outer layers of the ooids. Most ooids have centers that
were dissolved and later filled by blocky spar calcite. This
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suggests a micrite center composed of aragonite which
was dissolved and the voids filled by spar calcite. Disso-
lution of the center and cementation by spar calcite are
also suggested by the geopetal orientation of the
detrital-quartz grain, which has fallen to the lower part
of the spar-filled center (Figs. 16A, 17A). The ooids are
set in a matrix of cloudy, inclusion-rich calcite thombs
50-100 pm across (neomorphic spar).

Tucker (1984) found it difficult to explain the origin of
mixed calcite and aragonite ooids in the Proterozoic Belt
Supergroup, and similar questions apply to the Todilto

ooids. Modern marine ooids normally are all aragonite.
Land et al. (1979) described from Baftin Bay, Texas, a la-
goon which is generally hypersaline but can be fresh to
brackish water after a hurricane. The Baffin Bay ooid nu-
clei are primarily quartz with minor amounts of skeletal
allochems. Ooids with cortical layers of aragonite and
high-Mg calcite are being precipitated, but the factors con-
trolling ooid mineralogy are not known. The rate of nucle-
ation and precipitation, degree of agitation, and presence
of certain types of organic compounds appear to be the
most likely factors.
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FIGURE 16—A, Ooid-molluscan arenaceous packstone. The carbonate sediment, which was C5313'marily aragonite, has undergone
extensive fresh-water dissolution, calcite-cement void filling, and polymorphic transformation and recrystallization. Neomorphism is
evident in the ooids and the matrix which are now composed o cal}g; crystals (SC) in the 50-150 pm range. The large linear object
is a micritic—enveloge (ME) mold of an originally aragonitic molluscan shell filled by equant-spar calcite (SC). §8]—4+5; plane
polarized light. B, Section through a fragment that may possibly be the fragmocone of a belemnoid cephalopod. Matrix is
neomorphic microspar with angular fragments of detrital quartz thz) 88J-3+7; plane polarized light. C, Ostracode-lime mudstone
with faint microbial-stromatolite mat laminations. Equant-spar ( CEH\-‘VMte areas are calcite pseudomorphs after gypsum. The lime
mudstone is composed of calcite crystals in the 10 pm range. The lime muds originally contained abundant cavities formed by the
dissolution of enclosed gypsum nodules, desiccation cracks, tip-up breccias, microbial-mat fenestrae, and cavities within ostracode
tests. These cavities are filled by isopachous-calcite cement (IC) and equant-spar cement (SC). 88]-3+13; plane polarized light. D,
Arenaceous ostracode-algal-lime mudstone. Cluster of ostracode tests is bound by dark microbial material apparently rich in
organics and disseminated hematite. The tests are filled by isopachous-calcite cement and minor amounts of equant-spar cement.
901-1+20; plane polarized light. E, Arenaceous ostracode-lime mudstone. Weakly developed microbial laminations. Calcite
Eseudornorphs after gypsum and cavities with ostracode tests are filled by equant-spar calcite. Dark spots are concentrations of

ematite (Fe). The calcite in the lime mudstone has not been subjected to extensive grain growth. 90J-1+21; plane polarized light. F,
Ostracode-microbial-mat-lime mudstone. Ostracode tests are bound together by dark, (Z%gmﬁc—ﬁc hematitic, microbial matetial.
The original lime mud has been converted by neomorphism to a matrix composed of 20-40 pm size calcite crystals. Faint images of
microbtal laminations can be seen. 90J-1425; plane polarized light.

The texture of the Todilto ooids suggests that they
were an original mixture of calcite and aragonite. This
mineralogy most likely resulted from reworking of ooids
from ditferent sites. These Jurassic salina oolite beds
could reflect water traction transport and mixing of
sediments from several sources by storms and currents,
and also by wind transport across playa flats.

Larger coated grains, such as grapestone, pisoids, and
oncoids, have not been found in the Todilto Limestone
Member of the Grants uranium district.

Carbonate cements

Bathurst (1971) stated that ooids are the most obvious
example of precipitaion on a grain surface, and
hardened fecal pellets are products of cementation
within a loosely bound mixture of carbonate mud and
adhesive organic material. Both aragonite and high-Mg
calcite cements filled the deserted boreholes of dead
endolithic algae in carbonate grains of lime sand,
forming the dark micritic envelopes.

Micritic envelopes

Micritic envelopes are found on the carbonate
allochems in the study area. A two-step process of
micritization has been documented by Bathurst (1971).
The micrite envelope is believed to form largely as a re-
sult of the precipitation of carbonate in discarded
microbial bores.

Micritic envelopes are common on the outer surfaces of
ostracode shells (Figs. 15A, C, D) and as dark bands on
and in ooids (Figs. 16A, 17A—C). The relict concentric
micritic bands are evidence that these pootly preserved
circular bodies were ooids prior to calcite neomorphism.
Similar reasoning is used to identify peloids, which are
now typically only outlines of clots with circular micritic
envelopes. Most of the peloids have been obliterated by
neomorphism and by the development of microspar dur-
ing the transformation from aragonite to calcite.

Acicular-calcite cement

This is cement consisting of radially arranged needle-like
crystals. It is characteristically 30-90 pm thick and the
individual crystals are bladed with scalenohedral tet-
minations. Shinn (1969) found in Recent sediments of the
Persian Gulf that acicular cement forms as aragonite and
high-Mg calcite. Prezbindowski (1985) thought acicular
cement formed as high-Mg calcite and was marine in ori-
gin. In the Todilto Limestone Member, isopachous bladed

cement is found as the first cement lining the inside and
outside walls of ostracode shells (Figs. 15A, C—F), desic-
cation cracks, fenestral cavities of stromatolite microbial
mats, and calcite-filled gypsum/anhydrite pseudomorphs
preserved in the lime mudstones.

Drusy dogtooth cement

This is a variety of sparry-calcite cement in sharply
pointed crystals of acutely scalenohedral shape resembling
dog teeth. Drusy dogtooth cement is found on the inte-
rior lining and in the centers of peloids, vugs, microbial-
mat fenestrae, ostracode shells, and as coating on detrital,
angular quartz and feldspar grains (Figs. 15C, D, F, 17D,
F). This cement nucleates on pore wall, earlier bladed
isopachous cement, internal sediments, or crystal silt, and
is prevalent on the surface of detrital-quartz grains. It is
also a pervasive isopachous cement filling the voids, the
leached centers of ooids, and spaces between particles in
peloid—ooid packstones and grainstones.

Equant-spar calcite cement

Fine to very coarsely crystalline (16 pm to 4 mm) equant-
spar calcite cements (drusy mosaic or isopachous cement
in Reijjers & Hst, 1986) are volumetrically the most
important cement types in the Todilto. This cement fills
the voids in ostracode shells (Figs. 15A, C, D, F), molds of
molluscan shells (Fig. 16A), calcite pseudomorphs after
gypsum/anhydrite (Fig. 16E), desiccation cracks (Fig.
14E), leached voids in the centers of ooids (Figs. 16A,
17A—C), and microbial-mat and stromatolite fenestrae
(Figs. 14E, F, 19A, B).

According to Prezbindowski (1985), equant-spar calcite
develops in two general sequences. The most common is
one in which crystal size increases at a more or less
uniform rate toward the center of the filled pore along
with a corresponding increase in the number of straight
crystal boundaries and triple junctions. The second, less
common sequence consists of a bimodal population of
equant-spar calcite cement crystals. The sequence is typi-
fied by an eatly, fine to medium crystalline equant-spar
calcite with irregular crystal boundaries and a sharp tran-
sition to well-defined linear crystal boundaries.

Diagenetic minerals

Dolomite

In the Grants district dolomite has not been observed
in any of the thin sections, SEM and energy-dispersive x-
ray (EDX) analyses, or x-ray studies. However, Ridgley
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(1986) reported dolomite from the Todilto Limestone
Member in the Chama Basin some 100 mi (161 km) north-
cast of Grants. The dolomite occurs as remnant patches in
micrite and microspar matrix. The limestones in the
Chama Basin ate associated with gypsum beds, and the
carbonates have many features suggestive of intertidal-
supratidal environments.

Hematite
Hematite pseudomorphs after pyrite are found in the
lime mudstones (micrites) (Figs. 13A, 15A, C), in the

neomorphic calcite spar, in close association with the
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ostracode shells, and often concentrated along and in sty-
lolites. It is abundant parallel to the laminations in the
middle crinkly zone, often staining the outcrops rusty
brown. The presence of cubic hematite after pyrite indi-
cates development in reducing conditions below the
water—lime-mud  interface. Love et al.  (1984)
demonstrated the importance of organically derived and
organically reduced sulfides in the formation of framboidal
pyrite in sediments.

Hematite after pyrite was observed in all the thin sec-
tions studied and occurs as 5-50 pm bodies and clusters.
Aggregates of hematite only 5-10 pm across are found
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FIGURE 17—A, The ooids are 0.6-0.8 mm in diameter and generally have at their center a detrital-quartz grain (Qtz) on which
the carbonate nucleated. Many ooids show evidence of aragonite centers which were later dissolved and the spaces filled by spar
calcite (SC). The rims of the ooids are typically 100-200 pm thick and contain relic concentric bands preserved by 10-30 pm size
crystals of neomorphic calcite (NC) that form the outer layers. The ooids are set in a matrix of cloudy, inclusion-rich,
neomorphic calcite spar with crystals in the 50-100 pm range. 88]J-4+5; plane polarized light. B, Enlargement of a relic ooid that
is outlined by poorly defined concentric bands of smaller, darker, neomorphic-calcite crystals (NC). The center of the ooid has
been dissolved and is filled by a large, inclusion-rich crystal of spar calcite (SC). The matrix is also neomorphic calcite. 88]-4+5;
plane polarized light. C, Enlargement of a typical ooid with a detrital-quartz grain (Qtz) forming a center. The center has been
partially dissolved and the void is filled by a spar-calcite crystal. The shell of the ooid is now formed by microspar that is
composed of darker and smaller crystals than the surrounding microspar (MC) matrix. The poor preservation of this ooid is
typical for the Todilto Limestone Member in the Grants district. 88]-4+5; plane polarized light. D, Vuggy (V) packstone with
extensive neomorphic microspar. It has a clotted grumous-like fabric that suggests the microfacies was a packstone composed of
pellets, peloids, and possibly ostracode tests (OS), and also contained detrital-quartz (Qtz) sand-size grains coated by isopachous
calcite (IC). The isopachous-calcitecement coatings on many of the angular detrital-quartz and feldspar grains are one of the most
diagnostic features of the Todilto Limestone Member in the Grants district. In much of the microspar the former lime-
mudstones (micrite) matrix can be discerned by the vague or ghost patterns of former peloids. 90J-1+1; cross polarized light. E,
Vuggy limestone near the base of the Todilto Limestone Member. Vugs (V) are thought to have been formed by the solution of
aragonite peloids; a rim of isopachous-calcite (IC) cement that was on the surface of the peloids now lines the cavities.
Neomorphism has converted the lime mudstone to microspar. White spots are detrital-quartz (Qtz) grains. 90J-1+1; cross
polarized light. F, Enlargement of a detrital-quartz grain (Qtz) coated by isopachous-calcite cement (IC) and encased in a

neomorphic calcite-spar matrix (NC) derived from lime mud. 901-1+17, plane polarized light.

concentrated on the outer surface and within the walls of
ostracode valves. This is thought to be related to the higher
concentration of organic matter associated with the tests. In
the Zia/La Jara mine area the middle crinkly zone may be
stained reddish brown by hematite that was leached from
the microbial-mat laminations and the fenestrae. The iron
oxides are derived from pyrite that was deposited in the
organic-rich microbial mats in the wet playa surface. This
interpretation is supported by Golubic's (1991, p. 540)
studies of modern stromatolitic mats. He found that below
the layer of blue-green algae is a layer of purple sulfide
bacteria which is followed by layers in darkness dominated
by fermenting decomposers and possibly methanogens.
Excess H2S is bound in a black FeS precipitate, which
diagenetically recrystallizes into pyrite.

Barite

SEM studies of limestone sample 901-1+17 from the
Haystack Mountain section (Fig. 12F) and sample 88]-
3+12 from Billy the Kid quarry (Figs. 13E, F) have 5 pm
crystals of authigenic barite as inclusions in calcite
crystals. Dejonghe (1990) studied Frasnian sedimentary
barites in carbonate rocks of Belgium and concluded that
barium could be trapped in aragonite during early
precipitation of marine carbonates and expelled when
aragonite was converted either to calcite or dolomite, or
barium ions could also be derived from submarine hot
springs, possibly in connection with magmatic activity.
The Todilto uranium deposits contain abundant barite
and fluorite. Emanuel (1982) considered the "hypogene"
event to be "early" and implied a Laramide age, but did
not cite much evidence.

Detrital grains

Clays

S]g)]M studies have shown that clay minerals occur in the
limestones between crystal boundaries of calcite (Figs.
12B, D, E). A typical specimen 88]J-3+13 from Billy the
Kid quarry is 2 mud-lump peloid packstone with the space
between the mud-lump peloids filled by calcite microspar
and clay minerals concentrated between the crystal bound-
aries (Fig. 12A).

Detrital-quartz and feldspar grains
Angular and subangular detrital-quartz and feldspar
(orthoclase and plagioclase) grains are ubiquitous in the

limestones of the Todilto. They vary in abundance from
bed to bed but are more abundant in the lower horizons
and show little evidence of corrosion. These grains are
generally associated with clay minerals and are believed to
be primarily of eolian origin (Figs. 12C, D, 13A—F).

Chert

Outcrop studies indicate that the Todilto Limestone
Member is devoid of bedded or nodular chert in the
Grants uranium district. Thin-section studies show that
silicification or the replacement of carbonates by
chalcedony is very rare.

Replacement of spar-calcite crystals by chalcedony was
observed in the centers of calcite pseudomorphs of gyp-
sum at the top of the Zia/La Jara mine section. The
chalcedony appears to have developed in the capping
caliche in the upper massive zone.

X-ray studies by Christopher McKee

Twenty-one thin-section billets and powdered samples
were analyzed qualitatively by x-ray diffraction. A
Rigaku powder diffractometer equipped with a long,
fine-focus copper tube and a graphite monochromator
were used for analysis.

Most of the samples are calcite with traces of quartz,
and only a few contain feldspar, either plagioclase or po-
tassium feldspar, or both. The most interesting result of
this x-ray study is the total absence of dolomite.

The field samples with stratigraphic location numbers
are listed in the results (Table 1). The stratigraphic levels
of the specimens in each section above the Entrada
Sandstone are graphically shown in Figure 4.

Carbonate depositional structures

Layering: Origins and depositional environments of
Todilto laminations

Hardie & Ginsburg (i Hardie, 1977, pp. 50-123), in their
studies of the carbonate sedimentation of Andros Island,
Bahamas, demonstrated that "the type of layeting and its
associated structures are a very sensitive record of the
depositional subenvironment in which they are formed."

The most characteristic feature of the Todilto carbonates
is the varied but persistent types of laminations (Figs. 18,
19A—E). Anderson & Kirkland (1960), Anderson (1982),
and Anderson & Dean (1988, p. 227) interpreted the lami-
nations in the limestone and gypsum units as varves in
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Table 1—X-ray diffraction analysis of mineralogy. B = billet
samples, P = powdered samples, X = major phase, M = minor
phase, tr = trace phase, ? = questionable identification.

Sample  Sample Calcite Quartz Plag. K-Spar
number type

88]-3+0.5 B X M — —
88]J-3+3 P X tr — _
88]-3+5 B X X — tr?
88]-3+6 P X tr = —
88]-3+8 P X tr? — —
88]-3+9 P X tr tr —
88]-3+11 B X tr — —
88]-3+12 P X tr tr tr
88]-3+14 P X X — —
88]-4+0 P X M tr tr
88]-4+1 P X X tr tr
88]J-4+3 B X M — —
88]-4+5 B X tr? — =
88]-445.5 P X tr? — ——
88]-4+6 P X tr? — —
90J-1+1 P X tr - tr?
90]-1+8 B X tr — —
90J-1+10 E X tr — —
90]-1+21 P X tr? — —
90]-1+22 P X o — =
90]J-1+25 P X tr —_ o

cyclic sequences and believed they were related to 10-13
year and longer period sun-spot cycles.

Rawson (1980) attributed the laminations of the lower
platy zone to sedimentation in poorly circulated basin
waters below wavebase and devoid of life. He thought
the middle crinkly zone was formed in algal (microbial
mat) flats which were frequently exposed and
desiccated. The deposition of the overlying upper
massive zone occurred in the supratidal zone where
algal (microbial) lime muds and gypsum were
interbedded and later, through meteoric ground water
and solution of the gypsum, formed breccias.

In modern salinas }}E)layas most of the fine carbonate
crystals are formed by evaporation (Dean & Anderson,
1982; Warren & Kendall, 1985). In permanent to peren-
nial saline lakes layering results from seasonal or climati-
cally controlled variations in water inflow, temperature
or evaporation rates, and non-periodic events such as
the influx of storm-generated waters (Kendall, 1984;
Bell, 1989).

Reese's (1981) studies in northeast and southeast San
Juan Basin show eolian-transverse-dune buildup in the
upper Entrada perpendicular to the dominant wind di-
rections shown by crossbed foresets. Some bevelling of
the sand occurred prior to the deposition of limestone and
gypsum. In the Grants region, Todilto carbonate sedi-
mentation began with flooding, some wave cutting and
filling of the irregular Entrada sand-dune surface, and

the development of a large marine-influenced Salina/ playa
with an exceedingly impoverished biota and no infauna.
The preservation of the laminations in the lower platy and
middle crinkly zones and the lack of evidence of
bioturbation by a burrowing infauna indicates a very
inhospitable environment. The lower platy zone has large,
well developed mudcracks, which are similar to those
illustrated by Shinn (1983, figs. 8A, B) from thick algal
mats at Inagua Island in the Bahamas and from algal mats
on tidal flats of the Trucial Coast in the Persian Gulf, and
disrupted flat laminations and flat-pebble gravel described
by Hatdie & Ginsburg (i» Hardie, 1977) from the algal
marsh of Andros Island, Bahamas (Figs. 9, 27C). Butler et
al. (1982, fig. 10) illustrated Recent salt polygons in the
supratidal deposits of Abu Dhabi, Trucial Coast, that are
similar to those of the basal Todilto Limestone Member.
The laminations in the lower platy zone are the result of
lime-mud deposition by traction. The laminations are of
irregular thickness and in length, are terminated by small-
scale erosional structutres, and contain abundant evidence
of desiccation (Fig. 26A). In the area of this study the
lower platy zone represents carbonate sedimentation in a
shallow, ephemeral salina /playa (inland sabkha).

Weathered outcrops of the middle crinkly zone (Fig. 18)
also display thin but wavy laminations. Study of polished
rock surfaces and thin sections (Figs. 19A—D) shows mil-
limeter-thick disrupted flat laminations with intraclast
chips, crinkly and wavy fenestral laminations with desic-
cation cracks and chips, and spar-calcite pseudomorphs
after nodular gypsum/ anhydrite and cumulous entero-
lithic structures (Figs. 19C, D). The fenestrae and the des-
iccation pull-aparts between the lime-mudstone layers are
filled with white spar calcite (Figs. 19A, B). These sedi-
mentary features are similar to those illustrated by Davies
(1970, fig. 10) as "intra-laminar shrinkage polygons" from
the Recent supratidal sediments of Shark Bay, Western
Australia, and Hardie & Ginsburg's (iz Hardie, 1977, figs.
43, 67) "crinkled fenestral lamination" from the Recent
supratidal zone of Andros Island. In contrast to the the
relatively flat laminations of the lower platy zone, the lami-
nations of the middle crinkly zone are probably the result
of a much higher original organic content of the dark
bands (R. N. Ginsburg, written comm. 1994). The size
range of structures extends from millimeter-size folded
microbial-mat  laminations  through  centimeter-size
ptygmatic—enterolithic structures to tens of meters large
intraformational folds.

Shinn et al. (1969) and Hatdie (1977) conducted studies
at Andros Island and demonstrated that in the high
intertidal and supratidal deposits each millimeter-thick
lamina is a storm layer, whereas in an ephemeral-salina
(inland sabkha) subenvironment the layers probably
represent a recharge of the salina by tunoff and/or
reconnection to the Curtis Sea.

Diagnostic evaporative sedimentary features in the
middle crinkly zone are calcite pseudomorphs of gypsum/
anhydrite chicken-wire texture and enterolithic structures
(Figs. 19C, D, 27B). Laminated contorted anhydrite diapirs
(ptygmatic—enterolithic ~ structures) are found in the
Section Four and Nine open pits, the Zia /La Jara mine
outcrop, and the extensive outcrops east of Haystack
Mountain (Figs. 21, 22, 25). The gypsum/anhydrite
chicken-wire textures and diapiric structures grew
displacively in the sediments in a capillary zone between
the top surface of playa-derived saline water table and the
surface of the playa flats. The anhydrite nodules and
diapitic/enterolithic structures were precipitated from



FIGURE 18—A weathered exposure of the lower platy and
middle crinkly zones, Todilto Limestone Member. Natural
etching of the bedding surfaces accentuates the fissile nature of
the limestone partings, which results from the micromillimeter
bedding induced by the concentration of clay- and silt-size
particles in the lime mudstone. In the open-pit mines, fresh
surfaces of the middle crinkly zone have a solid and massive
appearance. See Figures 35, 38, 39. Sledge hammer for scale.
Section Nine mines.

sauna /playa-derived ground-water brines. Above the
saline water table and within the interstitial lime muds in
the playa sediments these gypsum/anhydrite fluids
became more concentrated, and gypsum/anhydrite crys-
tals grew as a result of capillary movement and evapora-
tion. Upper surfaces of some of the Todilto diapir struc-
tures are truncated (Figs. 22A, 25A), indicating that
contemporaneous playa deflation surfaces formed before
deposition of the overlying beds (see Shinn, 1983, figs. 38-
41, from the Trucial Coast). Surface trenches in the
Recent supratidal sediments of Abu Dhabi (Shearman,
1981, pls. 16-17; Buder et al,, 1982, fig. 16) show diapiric
layers of anhydrite which have a structure similar to those
of the Todilto middle crinkly zone (Figs. 21, 22, 25). The
Todilto spar-calcite pseudomorphs after chapmc structures
can be laterally continuous into intraformational
conglomerates composed of broken limestone clasts that
were formed by the dissolution of anhydrite in the diapirs
(Figs. 22A, B, 25B). The middle crinkly zone also contains
well developed calcite pseudomorphs after anhydrite-
gypsum mush (Figs. 19C, D). Similar sedimentary
structures are known from the modern sabkha of Abu
Dhabi (Butler et al., 1982, figs. 7-15).

The limestones of the upper massive zone are microbial
mats and ostracode-lime mudstones. The sedimentary
structures are desiccation cracks, chips, abundant spar
calcite pseudomorphs after nodular gypsum-anhydrite, and
solution breccias. The top of the zone is characterized by
spar-calcite pseudomorphs of anhydrite (chicken-wire
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texture) and gypsum-anhydrite mush (Figs. 6, 8, 19E).
Sedimentary structures and facies relatlonshlps indicate
that the upper massive zone was deposited in the final
phase of drying and evaporation of the Todilto salina.
Field studies show that the upper massive zone can later-
ally grade into the middle crinkly zone (Figs. 35, 38, 39).

Layering and laminations are not as well developed or
as conspicuous in the upper massive zone. Sedimentary
laminations were intetrupted by the growth of gypsum/
anhydrite nodules (Figs. 6, 8, 19E) in the capillary zone
above the saline water table. The nodules were disolved
by vadose fresh water before deposition of the overlying
Beclabito Member. The dissolution of the gypsum/anhy-
drite nodules and their replacement by spar calcite, the
development of a karsted surface, and extensive areas of
calcite recrystallization and brecciation combined to ob-
scure the original sedimentary structures in the upper
massive zone. The carbonate rocks of this zone are over-
lain by red beds of the clay-quartz sand clastic sequence
of the Beclabito Member, which is a marginal-lacustrine
and playa deposit that grades southward into fluvial de-
posits.

Alsharhan & Kendall (1994, fig. 7) illustrated a core
from the Holocene carbonate and evaporite facies belt of
the Abu Dhabi sabkha, which is very similar lithologically
to the Todilto sequence. The sedimentary structures of
their lower tidal-flat lime mudstone with gypsum are
similar to the lower platy zone of the Todilto, their
"crinkly" algal peat is similar to the Todilto middle crinkly
zone, and their anhydrite-after-gypsum mush is similar to
the Todilto upper massive zone.

Intraformational folds in the Todilto Limestone
Member

Intraformational folds are present north and west of
Grants in the Ambrosia Lake mining district (Green,
1982), from the west flank of Mount Taylor westward
across the Zia /La Jara mine area and the Sections Four
and Nine mines (Figs. 10, 11, 23, 24, 30-31, 33-39), and in
the outcrops west of Haystack Mountain (Fig. 11). The
folds are associated with salina /playa sedimentary struc-
tures. These are desiccated crinkly microbial mats with
chips and gypsum pseudomorphs of gypsum, calcite
pseudomorphs of supratidal gypsum mush, and anhydrite
diapirs/ enterolithic structures. Intraformational folds
vary considerably in size and shape. The Todilto folds are
typically asymmetrical and range from simple structures
12 inches (0.3 m) high and a few feet wide to complex
mounds up to 10 ft (3 m) high and 45 ft (14 m) wide.
Some are simple mounds or dome-like structures that are
roughly concentric and equidimensional, while others
have clearly defined axial trends and are hundreds of feet
long. They are generally represented by thickened or
mound-like beds in the lower platy zone (Figs. 11, 29).
W. R. Berglof (written comm. 1994) observed that many
of the intraformational folds he saw in the underground
mines during the 1960s (now inaccessible) were also de-
veloped, at least in part, in the platy zone.

The folds can project into, and?é)r are onlapped by, the
upper massive zone. Within the folds the beds are often
bent over or brecciated in a curve with one side much
steeper than the other (Figs. 11, 28, 29A, 30), and fractur-
ing is common (Figs. 23-24, 28, 29, 30-32). Fracturing and
distention of beds in the folds are greatest where dips are
nearly vertical (Figs. 23, 24, 28-38). The flanks of some
folds exhibit penecontemporaneous soft-sediment slump-
ing within the lime mudstones of the middle crinkly unit



(Figs. 23, 24, 32), and the tops of the folds may be eroded
or truncated (Figs. 28, 29A), but are also onlapped and
buried by ostracode—lime mudstone of the upper mas-
sive zone (Figs. 11, 23). A nearly symetrical fold with a
curved, wedge-shaped cross section and inward dipping
45° fracture zone is exposed on Haystack Mountain (Fig.
29B).

Al)most all of the folds have a fracture zone or fault
surface which may be horizontal to nearly vertical. The

faulted or fractured limestone indicates that the lime mud-
stones were partly cemented and lithified before folding.
The intraformational folds in the Todilto Limestone
Member show considerable range in their development
and morphology. A natural outcrop in the Zia /La Jara
mine complex (Fig. 33) displays a told that is composed
of penecontemporaneous soft-sediment breccia frag-
ments that contain fragments of calcite pseudomorphs
of anhydrite diapirs/enterolithic structures. These brec-
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FIGURE 19—Photomicrographs (plane light, same scale) of sedimentary structures in the crinkly and massive zones. A, B, Vertical
thin sections from the middle crinkly zone showing desiccated microbial-mat formed by lime mudstone (mdst). The microbial-mat
laminations were separated by drying and the space was then filled by white spar calcite (SC). Black spots are hematite
pseudomorphs after pyrite (Fe). Desiccated microbial mats, mud cracks, spar-calcite-filled fenestrae, and mud chips are visible.
Davies (1970, fig. 10) illustrated “intra-laminar shrinkage polygons" from the Recent supratidal deposits of Shark Bay, Western
Australia, whose physical attributes are similar to the Todilto specimen. Cores from the supratidal deposits of Andros Island (Hardie,
1977, fig. 43) have "crinkled fenestral lamination™ which also displays the same sedimentary fabric. The specimen was collected from
an open pit, Section Four mine area, Bunny mine. See Figure 35 for location of specimen. C, D, Laminations disrupted due to
desiccation and growth in the capillary zone of small-scale anhydrite cumulus enterolithic structures which are preserved as spar-
calcite pseudomorphs of anhydrite. Relict cumulus texture of the anhydrite is preserved by the calcite. Abundant hematite
pseudomorphs of pyrite (Fe). Lime mudstone contains abundant ostracode valves. Similar cumulus enterolitic structures are shown by
Shearman (1981, pl. 12) from the lower Purbeck of England and Shearman & Fuller (1969, fig. 4) from the Devonian of Canada.
Middle crinkly zone, Bunny mine. See Figure 35 for location of specimen. E, Spar-calcite pseudomorphs of nodular "chicken-wire"
anhydrite displaced the microbial laminations in the upper massive zone limestone. Bunny mine. F, Vertical cross section of an
enterolithic structure shown at outcrop in Figure 25A. The translucent band is composed of 100-150 pm calcite crystals with
abundant fluid inclusions. The calcite has replaced calcium sulfate (Shearman & Fuller, 1969). The enclosing lime mudstone contains

contorted laminations, clasts, and numerous ostracode valves. Middle crinkly zone, sec. 20, T13N, ROW.

cia fragments are cemented by lime mudstone and spar
calcite.

At some localities on the west side of Haystack Mountain
the Todilto Limestone Member is less than 10 ft (3 m)
thick. Drape-fold structures have developed over Entrada
Sandstone paleohighs. At this locality the Todilto Lime-
stone Member contains interbeds of quartz sandstone and
limestone. The Entrada Sandstone is continuous and shows
no evidence of faulting or folding (Fig. 34) below the
Todilto—Entrada contact.

At the Zia/La Jara and Sections Four and Nine mines,
natural outcrops and bulldozed scraped-top bedding sur-
faces of the Todilto Limestone Member show in planar
view that the apexes of the folds are linear to sinuous, can
be traced for hundreds of feet, and can converge with the
apexes of other folds.

Faulting associated with intraformational folds—Evi-
dence of a shear surface and some movement or a plane of
slippage are often found along the axes of the
intraformational folds.

Many of the intraformational folds are associated with
low-angle faults or shear zones. The fault surfaces have
slickenside marks that were developed on lithified lime

stone. A south-facing fold in the Bunny mine in the Sec-
tion Four area (Fig. 35) has a fault with a dip of 35° and
a N30°E strike. The displacement on the fault appears to
be about 3 ft (1 m). The age or timing of this fault is
uncertain, but the movement did occur after the
lithification of the carbonate sediments. The fault could
have been superimposed over an earlier sedimentary
fold. It is difficult to determine how much the fault con-
tributed to the size and shape of the intraformational
fold. In the same open-pit workings the exposed south
face of the same fold, 131 ft (40 m) away, shows no evi-
dence of a fault (Fig. 36).

At Billy the Kid quarry a low-angle fault is associated
with, and underlies a set of, small intraformational folds
(Fig. 10) that developed in the middle crinkly and upper
massive zones.

The intraformational folds show a variety of strati-
graphic relationships within the Todilto Limestone Mem-
ber which could suggest timing of the folding and associ-
ated shear zones. A fold developed within the middle
crinkly zone is overlain by unfolded and parallel beds of
the upper massive zone. This suggests that the folding
occurred before the deposition of the upper massive zone

A

FIGURE 20—Diagrammatic illustration of the diagenetic history of typical Todilto ooids. A, The ooids are encased in lime mud
and their diameter ranges from 0.6 to 0.8 mm. They were originally composed of alternating concentric layers or bands of aragonite
and calcite. The crystals of aragonite were 2-6 pm, and lesser amounts of calcite nucleated on a detrital-quartz grain. B, The
aragonite center of the ooid was dissolved by fresh water, allowing the quartz grain to fall to the bottom of the cavity. The cavity
was subsequently filled by spar calcite. C, The outer concentric rim of the ooid is typically 100-200 um thick, composed primarily
of calcite, and contains relic concentric banding that represents micritic envelopes. These micritic envelopes are preserved by
10-30 um crystals of dark, neomorphic calcite. The ooids are preserved in a neomorphic-spar matrix of cloudy, inclusion-rich spar
calcite occurring in 50-100 pm rhombs.
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FIGURE 21—Calcite pseudomorphs of anhydrite diapirs/
enterolithic structures in the middle crinkly zone on the east
flank of an intraformational fold exposed in the Bunny open-pit
mine Section Four, some 30 ft (9 m) north of the right portal
shown in Figure 35. Photo shows calcite pseudomorph of
contorted diapiric-anhydrite enterolithic structure that is
truncated by a deflation surface (compare with Shinn, 1983, fig.
4). Some of the diapiric folds are truncated on their upper
surfaces, suggesting the development of a penecontemporaneous
sabkha deflation surface before the deposition of the overlying
beds (see Shinn, 1983, figs. 3841, from the Trucial Coast). Butler
et al. (1982, fig. 16) made trenches in the Recent supratidal
sediments of Abu Dhabi that show white diapiric layers of
anhydrite with configurations that are very similar to the Todilto
Limestone Member examples.

(Fig. 28A). In contrast, adjacent intraformational folds
involve both the middle crinkly and upper massive
zones (Figs. 28B, 29).

Todilto paleokarst—The top of the Todilto Limestone
Member shows evidence of pre-Beclabito Member solution
activity. The outcrops at Coolidge, Continental Divide, and
Billy the Kid quarry all contain in the upper few feet or
meters of the section abundant spar-calcite pseudomorphs
of nodular and chicken-wire anhydrite in ostracode—lime
mudstone (Figs. 6, 8, 19). The anhydrite was dissolved
before the deposition of the ovetlying quartz sands of the
Beclabito Member. The highest few feet or meters of the
Todilto Limestone Member may also contain well-
developed incipient platy caliche hotizons.

In the open-pit workings of the Zia /La Jara and Sec-
tions Four and Nine mines are intraformational-fold struc-
tures with impressive solution and paleokarst features that
developed in the upper massive and middle crinkly zones
(Figs. 35-40). Also observed were karst features such as
vadose-weathering sinkholes, recemented solution-collapse
breccias, breccia pipes, solution-enlarged joints, and in
places a thin purple-maroon tetra-rossa soil developed on
top of the Todilto surface.

The limestones of the upper massive zone contain sedi-
mentary breccias formed in part by the dissolution of an-
hydrite/gypsum and the recementation of broken and
desiccated lime mudstone, and microbial-mat clasts. These
lithoclasts were cemented by spar-calcite and lime-mud
matrix. The karst features developed in the upper massive
and middle crinkly zones are sinkholes, rundkarrens, and
solution pipes that have been filled in part with limestone
breccias and ferruginous sands from the overlying Beclabito
Member. The smaller vadose-solution cavities are partially
filled with multiple cycles of spar calcite, and quite often
with iron-stained quartz sands from the overlying Beclabito
Member (Figs. 35, 37). The thickness of the

FIGURE 22—A, Calcite pseudomorph of anhydrite diapirs/
enterolithic structures and penecontemporaneous soft-sediment
deformation. Two diapirs/enterolithic structures are visible in
the center of photo, and a less well defined diapir is present
near the top of the bed. Both of the contorted diapiric beds were
truncated by a deflation surface. La Jara mines. In arid climates
winds deflate sediment down to the permanent capillary zone
(Shinn, 1983, fig. 40; Shearman, 1981). B, The same bed becomes
an intraformational breccia only a few feet from (A). This
penecontemporaneous breccia is composed of broken clasts
derived from the solution of the anhydrite within the diapirs/
enterolithic structures. The breccia and vugs were subsequently
partially filled with barite, fluorite, and minor amounts of
uranium minerals. The stratigraphic location of the diapirs
beneath the intraformational fold is shown in Figure 31. Zia/La
Jara mine area. Scale is 6 inches (15 cm) long.

upper massive zone varies due to lateral facies relation-
ships with the middle crinkly zone (Figs. 35, 39), irregu-
lar pre-Beclabito erosion, extensive karst features and so-
lution breccias, and sinkhole development. The internal
apexes of the intraformational folds contained penecon-
temporaneous soft-sediment breccias that had higher po-
rosities and were sites of pre-Beclabito solution activity.
These are now sinkholes that have been subsequently
filled with sands from the overlying Beclabito Member.
Examples of these sinkholes can be seen in the open-pit
workings of the Sections Four and Nine areas (Figs. 35-
40). The most interesting example is a long and sinuous
open-pit uranium mine that followed the axis of an intra-
formational fold. The north end of the pit shows that the
axis of the fold involves both the middle crinkly and up-
per massive zones, and demonstrates that prior to the
deposition of the Beclabito Member (Fig. 37) the Todilto
Limestone Member was subjected to extensive subaerial
weathering and sinkhole development adjacent to the
fold.

The residual void spaces and solution porosity were
subsequently filled with epigenetic minerals including
fluorite, barite, hematite, and uranium minerals.



showing the stratigraphic relationships of an intraformational
fold that formed in both the middle crinkly and upper massive
zones. The fold is not developed in the beds of the lower platy
zone. Scale is 6 inches (15 cm) long.

Intraformational folds: Previous concepts—The
origins of the Todilto intraformational folds have
intrigued many geologists over the decades, which has
resulted in numerous theories.

Hilpert & Moench (1960, p. 462) thought the folds or "de-
formation may have been caused by the flowage of uncon-
solidated lime muds on the flanks of Jurassic flexures, for
the intraformational folds are localized along these flexures
and many are clongate parallel to them." They also stated
that in the F-33 deposit (an underground mine) "in contrast
with much of the folding in the Todilto limestone

FIGURE 24—Details of the apex and internal sedimentary
structures of the intraformational fold shown in Figure 23. The
center of the fold shows overturned beds, penecontemporaneous
soft-sediment deformation, and brecciation. Scale is 6 inches (15

cm) long.
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FIGURE 25—A, Diapiric/enterolithic structure preserved by
calcite pseudomorphs of anhydrite. Note the contorted beds or
laminations associated with the white enterolithic structure. The
beds above and below the structure are parallel. A thin section
cut across the white calcite of the enterolithic structure is shown
in Figure 19F. Sec. 20, T13N, R9W. Coin is 16 mm in di.::lmeter.
B, Diapiric enterolithic structure resting on flat-lying, desiccated,
and cracked lime-mudstone microbial mat. The enterolithic
structure has penecontemporanous brecciation with spar-calcite
vug filling and vugs lined with calcite. Contorted lime-mudstone
matrix has abundant ostracode valves. Sec. 20, TI3N, ROW. Coin
is 18 mm in diameter.

the largest fold exposed in this mine involves the upper part
of the Entrada Sandstone." Hilpert (1969) stated that

"These folds are related to broader open folds in the Juras-

sic rocks, which ate dated as post-Todilto and pre-Dakota.”

Moench & Schlee (1967, p. 39) thought that "large-scale
warping that took place during the Jurassic sedimentation
appears to have induced slumping and sliding of
semiconsolidated limestone into the synclines. Under a
probably thin cover, then, plastic limestone apparently slid
down the limbs of synclines and piled up near the trough."

Gabelman & Boyer (1988) attributed these structures to
neatly orthogonal sets of tectonic folds developed during
a mild orogeny in the Lower and Middle Cretaceous.

Perry (1963) and Rawson (1980) believed the folds were
algal structures forming reefs, whereas Bell (1963, p. A14)
proposed that "These folds probably wetre caused by hy-
dration of calcium sulfate and subsequent leaching of this
material."

Green (1982) viewed the intraformational folds in the
Todilto Limestone Member as the result of encroachment
of the Summerville eolian dunes over soft, unlithified
Todilto lime muds. Sedimentary loading by migrating sand
dunes on layers of Todilto lime mud resulted in dif-



FIGURE 26—A, Arenaceous lime mudstone near the base of the
lower platy zone. Bed shows possible stromatolitic structure with
abundant desiccation cracks, mud chips, and breccias. Contorted
and diapiric penecontemporaneous sedimentary structures
indicating subaerial exposure are also common in the lower platy
zone. Sec. 20, TI3N, R9W. Scale is 6 inches (15 ¢cm ) long. B, Small
intraformational fold developed in the middle crinkly zone. The
fold developed in a single bed which is bounded above and below
by laminations and bed surfaces that are parallel. This indicates
that the intraformational fold formed penecontemporaneously
with sedimentation. Intraformational folds in the Todilto
Limestone Member grade from small (millimeter size) to very
large, embracing the entire Todilto section. Sec. 20, T13N, ROW.
Scale is 6 inches (15 cm) long.

ferential compaction, contortion, and dewatering,
producing both small and large-scale plastic-
deformation structures such as convolute laminations,
mounds, rolls, folds, and small anticlines and synclines.

Tepee structures—The term "tepee" was introduced
by Adams & Frenzel (1950) to describe structures which
look like cross sections of American Indian tents and
are common in the back-barrier facies of the Permian
Catlsbad Group [designated Artesia Group by some]| in
the Guadalupe Mountains (Smith, 1974; Assereto &
Kendall, 1977; Pray & Esteban, 1977). These structures
are a common geologic phenomenon in many carbonate
platforms of different ages and their analogues are now
forming in modern peritidal zones of the Persian Gulf
and in the salinas of Australia (Warren, 1982, 1991;
Handford et al., 1984).

Tepees in the lagoon (shallow subtidal) grow by ara-
gonite crystallization within the crust, a probable result of
suprasaturated bottom waters immediately above the crust
and hard grounds; submarine tepees also record a very low
rate of sedimentation. In contrast, the intertidal/

FIGURE 27—A, Vertical section of a weathered bed in the middle
crinkly zone that shows desiccation cracks in the millimeter-
thick laminated microbial mat. Sec. 20, TI3N, R9W. B, Large,
vertical desiccation cracks filled by spar-calcite and numerous
spar-calcite pseudomorphs of gypsum/anhydrite (Pca); lower
platy zone, Haystack Mountain. C, Flat lime-mudstone pebbles
displayed on a weathered bedding surface near the base of the
lower platy zone, Haystack Mountain. These were microbial-
bound clasts (interclasts) similar to those illustrated by Hardie
& Ginsburg (in Hardie, 1977, fig. 57) from the inland algal marsh
on Andros Island.

supratidal sabkha tepees form under repeated cycles of
thermal cracking, mud infilling, and cementation (Wat-
ren, 1991). According to Assereto & Kendall (1977, p.
201), the presence of tepee structures is evidence of
reduced deposition or hiatus. The presence of peritidal
tepees implies a period of exposure during which marine
vadose diagenesis took place.

Warren's (1983, 1991) studies on the coastal salinas of
South Australia found that tepees form where marine-de-
rived ground water resurges from a surrounding dune aquifer
into the margins of the salina. Tepees form in the
"boundstone” (hardground) as a response to ground-
water-induced seasonal change in pore pressure of the
underlying sediments. Warren (1983) and Handford et al.
(1984) found that the tepee structures form openings in
the pavement aquitard, and that tepee zones are sites of
preferential ground-water (saline) overflow. Ground wa-
ter trickles from tepees throughout the year, but outflow
is greatest during spring and early summer. Warren's
(1983) research on the development of tepees in the sali-
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FIGURE 28—Intraformational folds at Haystack Mountain. Scale
is 6 inches (15 cm) long. A, Fold developed within the middle
crinkly zone and overlain by unfolded and parallel beds of the
upper massive zone. B, Fold within the middle crinkly zone,
with a fold-axis trend of about 42°W. The fold also involves the
overlying beds of the upper massive unit, west side of Haystack
Mountain.

nas of Australia has trevealed their intimate relationship
with the aquitard-veneer boundstone and its response to
fluid movement in the underlying boxwork limestones. His
boxwork limestones are fenestral, and are composed of
curved to straight plates and filaments of aragonite. Saline-
inflow ground waters move within the porousboxwork
limestones.

Warren (1983) reported that Holocene tepees in the
coastal salinas of South Australia have a relief up to 3.2 ft
(1 m). Assereto & Kendall (1977, p. 157, fig. 3C) reported
tepees in the Triassic dolomites of Italy that are 13 ft (4
m) tall, with a 33 ft (10 m) base.

Assereto & Kendall (1977) found that peritidal tepees are
generally associated with abundant marine-vadose pisolites
and exotic fibrous- or cellular-aragonite or calcite-
pseudomorph cements.

Origin of Todilto intraformational folds—The
Todilto Limestone intraformational folds have many of the
attributes of tepee structures.

(1) The folds can develop within the lower platy zone.
Initially the limestone beds swell or thicken on top of each
other and are vertically stacked. A shear zone or plane of
movement may develop in the lower part of the middle
crinkly zone and may extend into the upper massive zone
(Figs. 23, 24, 30, 31, 35, 38). Little or no expression of the
intraformational fold can be seen in the overlying clastics
of the Beclabito Member or in the stratification of the un
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FIGURE 29—Intraformational folds at adjacent outcrops,
Haystack Mountain. A, The fold rests on a flat surface of the
Entrada Sandstone, and the lower platy zone shows swelling or
mounding at the base of the section and development of the
fracture zone. Two parallel 45° fracture zones are well developed
in the middle crinkly zone and extend into the upper massive
unit. Facing this fold is a smaller fold developed in the middle
crinkly and upper massive zones, with a fracture surface of 12°.
B, Nearly symmetrical, wedge-shaped intraformational fold that
has developed in the middle crinkly zone and extends into the
massive zone. The fold is bounded by fractures which are 43°and
45° from the horizontal. West side of Haystack Mountain.

derlying Entrada Sandstone.

(2) Associated with the intraformational folds are
salina/playa (inland sabkha) sedimentaty structures which
are calcite pseudomotphs of anhydrite/gypsum, gypsum
mush, chicken-wire structures, and anhydrite
diapirs/enterolithic structures.

(3) The flanks of many of the folds exhibit penecontem-
porancous soft- or semilithified-sediment slumping within
the lime mudstones of the middle crinkly unit (Figs. 24, 30,
32). The sediment slumping and brecciation indicate
compressional folding in a salina/playa (inland sabkha)
environment.

(4) At the Zia/La Jara and Sections Four and Nine
mines, outcrops and bulldozer-exposed top surfaces
of the Todilto Limestone Member show, in planar
view, that the fold apexes are linear to sinuous, and
that they can be traced for hundreds of feet and can
converge with the apexes of other folds. The surface
expression of the fold apex is commonly fractured and
filled by quartz sands.

(5) Berglof (written comm. 1994) measured the direc-
tion of hundreds of folds exposed in outcrop and in un-
derground mines, and statistically found no preferred axis
orientation for the intraformational folds on a district-
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FIGURE 30—Close-up of a small intraformational fold developed in the upper part of the middle crinkly zone, some 30 ft (10 m) to

upper massive
- zone :
b 3N

the north of the fold shown in Figures 23 and 24. Penecontemporaneous soft-sediment deformation and breccias at the base of the
fold, and abundant small soft-sediment folds on the flank of the larger intraformational fold. Zia/La Jara mines. Scale is 6 inches

(15 cm) long.

wide basis, although they exhibit a strongly preferred
orientation within some individual mines or closely
spaced groups of deposits.

Sedimentary features of tepees absent in Todilto
folds—(1) The Todilto intraformational folds are not as-
sociated with pisolites; in fact pisolites have not been
found in the Todilto. Pisolites are intimately associated
with tepees described by Assereto & Kendall (1977) from
the Triassic of Italy and by Esteban & Pray (1983) from
the Permian of New Mexico. Warren (1982) and
Handford et al. (1984) described the close genetic
relationship between the pisolites and tepees now forming
in the salinas of South Australia.

(2) Sedimentary structures similar to the boxwork
limestones described by Warren (1983) have not been
found in the Todilto Limestone Member. Warren
described the boxwork boundstone and associated
tepees and pisoids as formed by saline ground-water
inflow. The Todilto Limestone Member does show
extensive evidence of PreBeclabito vadose weathering
that resulted in the development of vuggy porosity and
poorly cemented breccias (Figs. 35, 36-40).

Evidence from this study—A definitive statement
cannot be made about the origin of the Todilto intrafor-
mational folds. The folds appear to be the result of com-
pressional forces that developed during, or very shortly
after, limestone deposition. The folds are not expressed in
the underlying Entrada Sandstone and developed before
the vadose karsting and deposition of the overlying
Beclabito Member. The compressional force could be the
result of the interstitial growth of aragonite cement and/
or gypsum/anhydrite crystals within the lime-mud sedi-
ments, with the growth of these crystals resulting in lat-
eral compressional forces. Much of the interstitial crystal
growth occurred from concentrated saline brines in the
capillary zone above the saline ground-water zone (Figs.
19C-F, 40). Assereto & Kendall (1977) contended that
the expansion indicative of tepee formation is caused by a
continual repetition of the following processes: (A) des-
iccation and thermal contraction causing small fractures;
(B) a phase of wetting causing the enlargement of frac-
tures; (C) a phase of crystallization of calcium carbonates
and other minerals causing the enlargement, filling, and
cementation of the fractures (precipitation is from
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FIGURE 31—A natural exposure of an intraformational fold
developed in the middle crinkly zone in the Zia/La Jara area.
The north half of the fold is preserved on a cliff. The fold is
underlain by supratidal sediments that have calcite pseudo-
morphs of gypsum/anhydrite mush and anhydrite diapirs/
enterolithic structures. A 6 inch (15 cm) scale is shown in upper
center of photo. See Figure 22 for photos of these sedimentary
structures.

Fay

brines and meteoric waters); and (D) hydration of
minerals, thermal expansion, breaking waves, and
faulting all may add to the disruption.

Hilpert & Moench (1960), Hilpert (1969), Moench &
Schlee (1967) and Gabelman & Boyer (1988) attributed the
Todilto intraformational folds to tectonic compressional
forces or gravity sliding on a paleoslope during or after
Todilto Limestone deposition.

It is interesting to note that Bell (1989) described a salina-
lake carbonate sequence in an Upper Jurassic—Lower Cre-
taceous continental red-bed sequence in the Atacama re-
gion of northern Chile that is very similar to the Todilto
sequence. The Chilean carbonates contain what Bell (1989)
described as box folds and thrust faults in a thin carbonate
section, and he considered them to be the result of
deformation by early Tertiary compression caused by tec-
tonism. The Chilean box folds of Bell (1989) are very simi-
lar in appearance to the Todilto intraformational folds in
the Grants district.

Uranium deposits in the
Todilto Limestone Member

A detailed historical review of the uranium production
from the Todilto Limestone Member can be found in
Chenoweth (1985). The following discussion is taken in
part from McLemore & Chenoweth (1989). The Grants
uranium district is one of the few localities in the world
where economic peneconcordant uranium deposits occur
in limestone beds. The orebodies range in size from a few
to hundreds of feet long and wide, and up to 20 ft (6.5 m)
thick. Most deposits contain less than 20,000 tons
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FIGURE 32—Penecontemporaneous soft-sediment slump folds
developed on the east flank of a large intraformational fold that
was mineralized with uranium. Photograph was taken some 3
tt (1 m) south of Figure 21. The unlithified microbial-mat lime
mudstone slumped downslope as the intraformational fold was
forming. Section Four, Bunny mine.

of ore averaging 0.2-0.5% Uj30s, although a few deposits
are larger.

Three types of deposits occur in the Todilto Limestone
Member: (1) unoxidized primary deposits, (2) oxidized
(weathered) primary deposits, and (3) vagrant secondary
deposits (Jones, 1978). Unoxidized primary deposits
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FIGURE 33—Natural outcrop of an intraformational fold that
developed within the middle crinkly and massive zones, Zia/
La Jara area. The fold has a massive appearance, but grades
laterally into the middle crinkly zone. The center of the fold is
composed of penecontemporaneous soft-sediment breccia
fragments that have supratidal sedimentary structures, including
calcite pseudomorphs of anhydrite diapirs/enterolithic
structures, gypsum mush, and crinkly microbial mats. La Jara
claim number 9.
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FIGURE 34—An intraformational fold developed over an
Entrada Sandstone paleohigh on the west side of Haystack
Mountain. The Todilto Limestone Member appears to be draped
over the relict Entrada Sandstone high with interbeds of quartz
sandstone (sst) between limestones (Is). Beneath the Entrada/
Todilto contact the bedding in the Entrada Sandstone is
continuous and shows no evidence of faulting or folding. The
Todilto Limestone Member at this location is less than 8 ft (2.4
m) thick, shows rapid facies changes, and contains numerous
lenses and interbeds of quartz sandstone.
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contain uraninite and coffinite as fine blades and fibers
along grain boundaries, as veinlets, and as replacements of
calcite along bedding planes and fractures. McLemore &
Chenoweth (1989) stated that unoxidized and oxidized
primary uranium deposits occur in the Todilto Limestone
Member  within intraformational folds where an overlying
gypsum bed is absent. The largest orebodies occur in the
anticlinal portions of the folds (Green, 1982).

Rawson's (1980, p. 308) paper indicated that "most of
the economic deposits ate found in the middle crinkly and
upper massive zones. The primary (reduced) ore appears
to be uraninite that is restricted to layers parallel to bed-
ding and/or small irregular-shaped blobs rich in carbon-
aceous tresidue." He further stated (p. 309) that "observa-
tions suggest that the primary ore was emplaced prior to
lithification, owing to the disseminated nature of the ura-
ninite within the limestone." Berglof (1992) added sup-
porting evidence for the penesyngenetic origin from iso-
topic dates of the uraninite in the Todilto. He dated the
uraninite at 150-155 Ma and concluded that it was
emplaced shortly after deposition. Some of the isotopic
ages are discordant, but they can be interpreted as sup-
porting this conclusion (Berglof, 1992). Harland et al.
(1990) placed the Callovian Stage from 157.1 to 161.3 Ma,
and Mulholland & Kuryvial (1992) placed the stage from
150.5 to 155.5 Ma.

The age of the Callovian—Oxfordian boundary is of
interest since the Todilto Limestone Member may be
slightly older. Mulholland & Kuryvial (1992) simply re-
peated age dates from Haq et al. (1988). The Callovian-
Oxfordian age is of concern because, as Berglof (1992)
stated, estimates of up to 163 Ma are given for this
boundary. If Betrglof's (1992) uraninite age dates are cot-
rect, then there could be a gap of 10 m.y. between the
deposition of the Todilto Limestone Member and the in-
troduction of the uraninite.

Field studies of the Homestake Mining Company's
properties shown as Anaconda Section 9 mine on

Thaden's (1969) geologic map, in secs. 4 and 9, T12N,

ization was in the crinkly zone and along the axis of the intraformational fold. The thickness of the

FIGURE 35—A south-facing fold exposed in Section Four, Bunny mine. Uranium minerali
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Within the open-pit workings the exposed north face of the fold shows no evidence of faulting. See Figure 36.
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fault could have been superimposed over an earlier sedimentary fold. It
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FIGURE 36—View to the south of open-pit and tunnel workings
at Section Four, Bunny mine (SE% sec. 4, T12N, ROW). The open-
pit workings follow the axis and flanks of the intrafor-
mational fold, which is developed in the middle crinkly zone.
This is overlain by a quartz-sandstone bed within the Todilto
Limestone Member that grades laterally into lime mudstones of
the middle crinkly zone. The upper massive zone is variable in
thickness and contains many solution joints and cavities. The
tunnel is some 131 ft (40 m) south of the large portal shown in
Figure 35.

ROW, reveal that the orebodies in the Todilto Limestone
follow the axes of the intraformational folds (Figs. 35-39).
The folds are best developed in the middle crinkly zone, 6
ft (2 m) thick, and are associated with calcite pseudo-
morphs of anhydrite and well-developed enterolithic
structures (Fig. 21). The massive-zone limestone is 3-5 ft
(1-1.5 m) thick, is draped over the middle crinkly zone,
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FIGURE 38—Intraformational fold exposed in a long open pit, Section Nine, unnamed mine. This photo illustrates the complex
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FIGURE 37—A nerth-facing mine tunnel which follows the axis
of an intraformational fold in the Bunny mine, in the same open-
pit complex as shown in Figures 35 and 36. The fold can be seen
in the wall of the tunnel. The upper massive zone has been
removed by solution on the east side of the fold, and the overlying
sandstones of the Beclabito Member have filled in the large
sinkhole depression.

and shows extensive evidence of subaerial vadose weath-
ering, karsting, and brecciation previous to the deposition
of the overlying terrigenous clastics of the Wanakah
Formation (Figs. 35-40). The top of the massive zone has
desiccation cracks that have been enlarged by solution
and breccia zones. The solution voids and pore space in
the breccia associated with the intraformational folds are
the sites of deposition for the epigenetic minerals: spar
calcite, barite, pyrite, uranium minerals, and purple fluo-
rite. Truesdell & Weeks (1960) described the paragenesis
of the uranium ores in the Todilto Limestone Member
near Grants. Granger (1963) listed 27 authigenic minerals
found in the mineralization. He also noted that min-
eralization is largely confined to the axial zones of minor
anticlines (intraformational folds) within the Todilto
Limestone Member.
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erosional relationship between the Todilto Limestone and Beclabito Members. The axis of the fold is mineralized with uranium
minerals both in fracture porosity and in the fenestrae of the microbial mats. The contact between the Todilto Limestone and
Beclabito Members is an irregular erosion surface marked by numerous solution sinkholes. Two sinkholes are on the steep east
flank of the fold and are filled by detrital-quartz sands from the overlying Beclabito Member. This is similar to the sinkhole above
and to the side of the fold seen in Figure 37. Limestone = ls, sandstone = sst.
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McLaughlin (1963) thought the Todilto uranium
deposits were influenced by hydrothermal solutions,
based on "the chemistry of the mineral fluorite, which is
considered insoluble under conditions associated with
ordinary ground water."

Truesdell & Weeks (1959) stated that "Because the
uranium deposits in the Todilto limestone near Grants,
New Mexico, are different lithologically, they have also
been considered different genetically from the uranium
deposits in sandstone of the Colorado Plateau."

Characteristics of the deposits in sandstones are: (1) The
chemistry and mineralogy are simple. Uranium is usually
associated with vanadium, and few other elements are
abundant. The primary ore contains uraninite, vanadium
oxides, and coffinite and oxidizes chiefly to uranyl
vanadates. (2) Deposition was epigenetic from circulating
waters, controlled by primary sedimentary structures and
organic matter, and usually limited to a single formation
over a wide area. (3) The consistent association of the
deposits with tuffaceous (or arkosic) sedimentary rocks
suggests a mechanism of formation involving leaching of
uranium from the tuff (or arkose) by carbonate ground
water with formation of uranyl-tricarbonate complexes,
which then move to a different chemical environment
where the uranium precipitates.

Deposits in the Todilto, like the sandstone ores, have
uraninite, coffinite, and the vanadium oxides haggite and
paramontroseite, which oxidize to uranyl vanadates and
silicates. Mineralization occurs within intraformational
folds and is associated with organic matter which is in-
corporated into the limestone. The acid-insoluble
fraction of the Todilto Limestone Member is 4-45% of
the unmineralized limestone and is arkosic and possibly
tuffaceous silt-size material. Thus uranium deposits in
the Todilto Limestone are considered basically similar to
the Colorado Plateau sandstone uranium deposits in
mineralogy, occurrence, and origin.

Brookins (1980) and Ludwig et al. (1984) presented
evidence from Rb—Sr and U—Pb dating that uranium
orebodies in the overlying Jurassic Morrison Formation
began to form soon after deposition of the host rock.

Falkowski (1980) summarized earlier dating evidence
that the Morrison orebodies formed during or immedi-
ately after deposition. He further stated that "the most
plausible source of the uranium in the ovetlying sand-
stone-type uranium deposits in the Grants region is the
volcanic ash; ore elements were released to the host sedi-
ments contemporaneously with deposition of the sedi-
ments. The uranium is thus envisioned as forming either
essentially on the surface as the sediments were being
deposited or at very shallow depth." Hansley's (1989)
detailed study also shows that fluids responsible for min-
eralization "were at least in part derived from the alter-
ation of tuffaceous material." A similar source for the
uranium and mineralization is plausible for the
underlying Todilto Limestone Member.

Emanuel (1982), in his geochemical and fluid-inclusion
investigation of the Zuni Mountain fluorspar district and
trace-element studies of uraniferous fluorite from the
Todilto Limestone Member, Grants district, suggested
that these two occurrences may be genetically related hy-
drothermal systems.

W. R. Berglof (written comm. 1994) expressed the view
that any attempt to make the Todilto fluorite deposits a
regional hydrothermal event and relate them to the Zuni
Mountain fluorite orebodies is difficult if the uranium/

FIGURE 39—South side of Section Nine, unnamed mine, developed along the axis of an intraformational fold. The contact between the Todilto Limestone and Beclabito Members is an

irregular erosion surface marked by numerous solution sinkholes and cavities filled by spar calcite, with minor amounts of barite and fluorite. Other cavities are filled by quartz sands
derived from the overlying Beclabito Member. See Figure 40 for the various cavity shapes and fillings. The massive zone is composed of lime-mud-cemented sedimentary breccias
formed by clasts of broken microbial mats.



FIGURE 40—Pre-Beclabito solution fissures and cavities in the lower part of the massive zone. The fissure has been filled by
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lead ages are accepted for the uranium deposits in the
Todilto Limestone Member. Although it is erratically dis-
tributed, known fluorite mineralization is roughly coex-
tensive with uranium mineralization on a district-wide
basis. The uranium/lead isotope ages indicate that the
uranium was deposited soon after the sabkha/salina car-
bonate sediments.

Rawson (1980) thought the intraformational folds in the
Todilto Limestone Member were formed by stromatolites.
He recognized (p. 309) that the Entrada Sandstone was an
excellent aquifer and that a hydrodynamic gradient was
established from the Mogollon highlands to the lake.
Before the Middle Jurassic, the Mogollon highlands to

the south and southwest were the site of silicic volcanism
and possibly the source area for the uranium. The ground
water moving from the south and southwest carried trace
amounts of uranium leached from the silicic volcanics of
the Mogollon highlands. Maxwell's (1990, and written
comm. 1991) field studies indicate that there were no
Mesozoic volcanic rocks in the eastern Mogollon
highlands. This is based on his studies of the stratigraphic
onshore—terrestrial equivalents of the Todilto Limestone
Member to the south and southeast of Grants, on the
Acoma Indian Reservation. Here the Wanakah Formation
rests on the Entrada Sandstone and contains conglom-
erates that are composed of Paleozoic cherts and Precam-
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brian metamorphic rocks and quartzites. No volcanic
clasts were found. The conglomerate clasts suggest that
the Mogollon highlands were composed of Paleozoic sedi-
mentary and unroofed Proterozoic rocks. This mixed ter-
rane of Paleozoic and Proterozoic rocks could have served
as a source for the uranium.

Conclusions

(1) Paleomagnetic studies indicate that the Todiltc
Limestone Member was deposited at a latitude of about
13-16° north. The Jurassic climate of the western edge
of North America was similar to the modern Sahara.

(2) Todilto Limestone deposition began with flooding
by the Curtis-Summerville Sea, which caused partial wave-
cutting and filling of the irregular Entrada sand-dune sur-
face and the development of a large, marine-influenced
salina/playa with an impoverished biota. Occasional rive]
discharges created flood sheets and large ephemeral ponds
with mixtures of evaporitic precipitates and marine waters.
The preservation of laminations in the lower platy and
middle crinkly zones and the lack of bioturbation by a
burrowing infauna indicate an inhospitable environment.
The middle crinkly zone has laminations with desiccation
crack and chips, and spar-calcite pseudomorphs after
nodular gypsum/ anhydrite and cumulus enterolithic /
diapiric structures. The upper massive zone limestones are
microbial mats and ostracode-lime mudstones. The
sedimentary structures are desiccation cracks, chips,
abundant spar-calcite pseudomorphs after nodular
gypsum-anhydrite, and solution breccias. The top of the
zone is characterized by spar-calcite pseudomorphs of
anhydrite (chicken-wire texture) and gypsum-anhydrite
mush. Sedimentary structures and facies relationships
indicate that the upper massive zone was deposited in the
final evaporation phase of the Todilto sauna.

(3) The Todilto Limestone Member shows evidence of
pre-Beclabito solution activity. The karst features are sink-
holes, recemented solution-collapse breccias, breccia
pipes, solution-enlarged joints, rundkarrens, and in places
a thin purple-maroon terra-rossa soil developed on top of
the Todilto surface.

(4) The origin of the Todilto intraformational folds re-
mains unclear. The folds appear to be the result of com-
pressional forces that developed during or very shortly
after limestone deposition. The folds are not expressed in
the underlying Entrada Sandstone and developed before
the vadose karsting and deposition of the ovetlying
Beclabito Member. The compressional force could be the
result of interstitial growth of aragonite cement and/or
gypsum /anhydrite crystals in the lime-mud sediments,
much of it from concentrated saline brines in the capillary
zone above the saline ground-water zone. Hilpert &
Moench (1960), Hilpert (1969), Moench & Schlee (1967),
and Gabelman & Boyer (1988) attributed the Todilto
intraformational folds to tectonic compressional forces or
gravity sliding on a paleoslope duting or after the Todilto
Limestone deposition.

(5) Uranium/lead isotopic dating places the uraninite min-
eralization in the Todilto folds at 150-155 Ma and indicates that
the uraninite was emplaced shortly after deposition.
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Selected conversion factors*

TO CONVERT MULTIPLY BY TO OBTAIN TO CONVERT MULTIPLY BY TO OBTAIN
Length Pressure stress
inches, in 2.540 centimeters, cm Ib in? (= Ib/in?, psi 7.03 x 1072 kg em™ (= kg/cm?)
feet, ft 3.048 x 107 meters, m b in™? 6.804 x 1072 atmospheres, atm
yards, yds 9.144 x 10! m Ibin 2 6.895 x 10° newtons (N)/m? N m™
statute miles, mi 1.609 kilometers, km atm 1.0333 kg cm™
fathoms 1.829 m atm 7.6 x 10* mm of Hg (at 0° C)
angstroms, A 1.0x10°% cm inches of Hg (at 0° C) 3453 x 10 kg cm™
1.0x 107 micrometers, pm bars, b 1.020 kg cm™
Area b 1.0 x 10° dynes cm?
in? 6.452 cm? b 9.869 x 10" atm
ft2 9.29 x 107 m? b 1.0x 107 megapascals, MPa
yds? 8.361 x 10! m? Density
mi? 2590 km? Ib in?* (= 1b/in%) 2.768 x 10 grem™ (= gr/cm?)
acres 4.047 x 10° m? Viscosity
acres 4.047 x 107 hectares, ha poises 1.0 gr em™ sec ™ or dynes cm™
Volume (wet and dry) Discharge
in® 1.639 x 10! cm? U.S. gal min™, gpm 6.308 x 10 2 1sec!
ft 2.832x 10 m? gpm 6.308 x 10 m? sec™!
yds? 7.646 x 107 m’ ft* sec™! 2.832x 10 m’ sec !
fluid ounces 2.957 x 107 liters, 1 or L Hydraulic conductivity
quarts 9.463 x 107! 1 US. gal day' ft? 4.720 x107 m sec™!
USS. gallons, gal 3.785 1 Permeability
U.S. gal 3.785 x 107 m? darcies 9.870 x 10" m?
acre-ft 1.234 x 10° m? Transmissivity
barrels (oil), bbl 1.589 x 10 m’ U.S. gal day™ ft! 1.438 x 107 m* sec™!
Weight, mass U.S. gal min™ ft! 2.072x 10" 1sec’ m™
ounces avoirdupois, avdp  2.8349 x 10 grams, gr Magnetic field intensity
troy ounces, 0z 3.1103 x 10 gr gausses 1.0 x 10° gammas
pounds, Ib 4.536 x 107" kilograms, kg Energy, heat
long tons 1.016 metric tons, mt British thermal units, BTU 252 x 10~ calories, cal
short tons 9.078 x 10! mt BTU 1.0758 x 1(F kilogram-meters, kgm
oz mt! 343 x 100 parts per million, ppm BTU Ib* 5.56 x 107 cal kg™
Velocity Temperature
ft sec! (= ft/sec) 3.048 x 101 m sec” (= m/sec) °C +273 1.0 °K (Kelvin)
mi hr? 1.6093 km hr! °‘C+17.78 1.8 °F (Fahrenheit)
mi hr”! 4470 x 107 m sec ! °F-32 5/9 °C (Celsius)

*Divide by the factor number to reverse conversions.
Exponents: for example 4.047 x 10° (see acres) = 4,047; 9.29 x 107 (see ft*) = 0.0929.
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