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GEOLOGY AND URANIUM DEPOSITS OF THE LAGUNA DISTRICT, NEW MEXICO

By RoBERT H.

MoENCH

ABSTRACT

'l'he J..~aguna district, about 50 miles west of Albuquerque,
N. M:ex., forms the southeast end of the Southern San Juan
Busln mineral IJelt, a west- to northwest-trending zone of
m·nnium deposits associated mainly with stratigraphic and tectonic structural features of Jurassic age. The belt roughly
conforms with the north margin of the Jurassic Mogollon Highland. Within the district are the Jacl{pile uranium deposit,
containing many million tons of ore, and several other large
uranium deposits; all the deposits a.re in the Jackpile sandstone, the uppermost unit i.n the Morrison Formation of Jurassic
nge. Several small deposits are in sandstone strata of the
lower part of the Morrison ]!"'ormation, in the limestone of the
Todilto l!"'ormntion, or in the Entrada Sandstone, also of Jurassic
nge. Only the Jackpile mine, however, produced significant
nmounts of uranium ore prior to 1962. Between about 1956
nnd 1960 it wns the largest single producer of uranium in the
UnLted States, nnd possibly in the world.
Sedimentnry rocl{s exposed in the Laguna district range in
nge from 'l'riassic to Late Cretaceous. From oldest to youngest
these nre tJte Chinle )j"'ormation of LntJe Triassk age; the
Entradn Sandstone, 'l'odilto l!.,ormntion, Summerville Formation,
Bluff Sandstone, and Morrison Formation of Late Jurassic age ;
nnd the Dalwta Sandstone and the intertonguing strata of the
Mancos Shnle and Mesaverde Group of Cretaceous age. The exposed column totals aiJout 3,800 feet in thickness, of which about
1,300 feet is Jurassic strata. Before deep erosion began in
'l'ertiary time, the Jurassic rocl{S were buried by possibly a mile
of Cretaceous rocks and an additional unknown thickness of
lower 'l'ertiary rocks.
In Triassic time the IJentonitic mudstone beds of the Petrifled l!'orest Member of the Chinle l!"'onnation accumulated on a
Llroad alluvial flood plain to an aggregate thickness of more than
1,000 feet. In part, these sediments represent altered and redistributed volcanic ash. Sandstone and conglomerate of the
Cort"CC Sandstone Member of the Chinle, generally less than
100 feet thick, were then deposited by streams that flowed from
the southeast.
After a period of eros·ion, the Entrada Sandstone accumulated
in Lnte Jurassic time. This formation is divisible into three
distinct units: n. discontinuous basal unit of sandstone and
sparse conglomerate locally more than 30 feet thick; a medial
unit of interbedded umdstone, siltstone, and sandstone 35-85
feet thick ; nnd nn upper unit of sandstone 80 .to nearly 200 feet
thick. Sands of the two sandstone units evidently were transported by streams flowing northward from the Jurassic Mogollon Highland, but later the sands were reworked by persistent
north winds to form eolian deposits having dominantly southdipping crossbedding. Such winds possibly blew onshore from
u large body of water to the north. 'Vith the southward ad-

and
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vance of this sea between the two stages of sand deposition, the
mud, silt, and sand of the medial unit accumulated.
The upper part of the upper samlstone unit was altered from
red to white, possibly shortly after deposition. This alteration
was accompanied by the breaking down of detrital opaque minerals and the leaching of iron, vanadium, possibly uranium, and
several other elements.
The Todilto Formation then accumulated in a shallow but
extensive l'ake, or possibly in a sea embayment. Widespread
deposits of laminated to massive limestone as much as 35 feet
thick accumulated first; then lenticular deposits of gypsum as
much as 60 feet thick were precipitated locally.
.
The Summerville Formation is character~zed by contrasting
poorly sorted matrix-rich sandstone and well-sorted sandstone.
The matrix-rich sands may have accumulated from sheet washes
and mudflows on •a subaerial mudflat. These sands may -have
been reworked during 'Successive shallow inundations, during
which the fine-grained matrix material was winnowed out and
the sorting greatly improved.
The Bluff Sandstone, which ranges from less than 200 to
nearly 400 feet in thickness, was laid down during a time when
wind action was increasing. Its lower part, characterized by
alternating horizontally stratified and cross-stratified units,
probably represents combined alluvial and eolian sedimentation
briefly interrupted by shallow marine inundations. Its upper
part, characterized by very large scale cross-stratification that
dips consistently and steeply eastward, is dominantly eolian.
The Morrison Formation sedimentation began when the processes changed abruptly from eolian to dominantly alluvial. This
formation, which is locally 600 feet thick, is divisi·ble into four
units: in ascending order, the Recapture, Westwater Canyo111
and Brushy Basin Members, and the Jackpile sandstone of economic usage. The Recapture Member, which is generally less
than 100 feet thick, is composed of thinly interstratified varicolored mudstone, siltstone, sandstone, and limestone that were
deposited in •slow-moving streams and scattered lakes on a broad
alluvial plain. The Westwater Canyon Mem'ber, which is locally
more than 100 feet thick, is composed of very pale orange fineto coarse-grained cross-stratified arkosic sandstone of alluvial
origin; it represents a major rejuvenation O'f the source area to
the southwest. The Brushy Basin Member is an extensive unit
as much as 300 feet thick; it is composed of grayish-green bentonitic mudstone, in part representing altered and redistributed
volcanic ash, and subordin~te thin units of arkosic sandstone.
These materials probably accumulated on a broad gradually
subsiding alluvial flood plain. The Jackpile sandstone is a
northeast-trending body of nearly white fine- to medium-grained
cross-stratified sandstone as much a.s 13 miles wide, at least
33 miles long, and locally more than 200 feet thick. It was
deposited by a system of streams that flowed northeastward
1
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along a syncline that broadened and deepened during
sedimentation.
Morrison ·Sedimentation was followed by a long 'Period of
erosion ·and weathering. During this period the region was
·tilted gently northward, and an extensive erosion surfa~e formed
that truncates successively older strata southward. Sandstones
directly below this surfa·ce were weathered and kaolinized.
Accumulation of fluvial, paludal, and other near~shore deposits of the Dakota Sandstone preceded the advance of the
Mancos sea in Late Cretaceous time. Intertonguing strata of
the Mancos Shale and Mesaverde Group then accumulated during successive transgressions and regressions of this sea. Prdbably more than 5,000 feet of Cretaceous strata was laid down,
and on this an unknown thickness of early Tertiary sediments
was deposited.
Exposed igenous rocks, which are of late Tertiary to Quaternary age, c~msist of basalt plugs, a succession of basalt flows
that ca:p eroded pediments at several levels a·bove the lowest level
of drainage, and pyroclastic deposits of acidi-c to intermediate
composition that are interstratified with the oldest flows. These
rocks constitute part of the Mount Taylor volcanic field, most
of 'Which lies northwest of the district. In addition, diabase
sins and dikes, apparently ~related to the volcanic field, are
exposed in the central and ·southern p~uts of the district. Except for the volcanics of the Morrison Formation, the diabase
is probably the oldest igneous rock of the district ; sills ·and dikes
have locally intruded and metamorphosed uranium deposits and
have apparently pyritized much of the Bluff and Entrada
Sandstones.
The district is in the southeast corner of the San Juan Basin
of the Colorado Plateau. Cretaceous strata near the major
uranium deposits dip gently northwestward into the basin. The
north-trending San Ignacio faulted monocline marks the boundary 'between the Colorado Plateau and the Rio Grande depression
to the east. Three general periods of tectonic activity are recognized: (1) gentle folding in Jurassic time, (2) regional tilting
and gentle folding in early Tel.'ltiary time, and (3) regional joining, faulting, and igneous activity in later Tertiary and possibly
Quarternary time.
The Jurassic deformation produced two sets of low-amplitude
folds, the major set trending east to northeast, the other, northnorthwest. This folding was accompanied by lateral flowage
of unconsolidated limestone of the Todilto Formation into the
synclines, and the flowage, in turn, produced the variety of intraformational folds and faults that characterize that unit and
resulted in the thickening ·of limestone in the synclines. !Folding was also accompanied by slumping and internal faulting of
unconsolidated clasti·c sediments and by the formation of hundreds of peculiar cylindrical subsidence features called sandstone pipes. Folding also markedly influenced Jurassic sedimentation, particularly of the Jackpile sandstone.
Early Tertiary deformation produced the major Cenozoic
folds of the region. The San Juan Basin acquired ~approxi
mately its present configuration; bedf':: in the northern part of
the Laguna distri·ct were tilted gently northward and westward.
The north-trending Madera anticline and Arch Mesa syncline,
as well as several small domes and ba·sins, formed in the eastern
part of the district.
The third and youngest deformation proba:bly reached a climax
during rapid subsidence and sedimentation in the nearby Rio
Grande depression in late Tertiary time. In the district,· this
deformation produced the north-trending normal faults, moS!t of
the joints in the sedimentary rocks, and possibly the San Ignacio
faulted monocline. These structural features probably formed

by regional east-west elong.rution. The third deformation was
accompanied by the emplacement of an interconnecting system
of diabase sills and dikes, for dikes·occupy joints characteristic
of the fracture system, and sills are cut by joints and faults of
the same fracture system.
Pedimentation, uplift, and dissection characterize the late
Cenozoic geomorphic history of the region. In Pliocene o·r possibly early Pleistocene time, an erosion surface of low relief
(Ortiz surface) formed over the entire region. This erosion
surface was then uplifted ·and deeply eroded, and successively
lower and less extensive pediments were formed.
Uranium deposits in the Laguna district are in the east end of
the Southern San Juan Basin mineral belt. This belt is parallel
to several controlling and definitive geologic features of Jurassic
age but is widely divergent from the major structural features
of Tertiary age. Within the district most deposits are concentrated in elongate groups and apparently are controlled by
Jurassic tectonic features and by sedimentary trends in the host
rocks.
The large uranium deposits in the Jackpile sandstone are composed of one or more semitabular ore layers. In plan view they
range from nearly equant to strongly elongate. Viewed in section the layers are wholly within the host sandstone ; only
locally do they border directly on mudstone strata, diastems, or
formational contacts. The Jackpile deposi,t, the largest in the
district, is nearly 6,000 feet long and ·averages about 2,000 feet
in width; individual ore layers rarely exceed 15 feet in thickness, but several layers may aggregate 50 feet in thickness. A
Jurassic fold of low amplitude may have influenced the
localization of this deposit.
The Woodrow deposit, which was localized by a sandston~
pipe, is small but contains high-grade ore. In the upper part
of the deposit the ore is concentrated largely along the boundary
ring faults; in the lower part the ore is lower grade and is
distributed through the core of the pipe.
Deposits in the Entrada Sandstone and in limestone of the
Todilto Formation in the Laguna district are small and rarely
economic. Deposits in the limestone are localized in small intraformational folds of various shapes and generally follow the
elongate form of the folds. Depos,its in the sandstone are semitabular and semiconcordant and are typically wholly within the
host sandstone. A group of deposits in the limestone and sandstone in the Sandy mine is localized along the crest and steep
limb of a Jurassic fold.
Coffinite and uraninite, the chief ore minerals of the relatively
unoxidized parts of deposits, are intimately mixed with carbonaceous matter, which is particularly abundant in deposits in
the Morrison Formation. This mixture coats sand· grains,
locally impregnates the sandstone and embays its constituents,
and accounts for the gray to black shades of Morrison ores.
Other minerals associated with ore· are vanadium clay (a finegrained mixture of mica, probably roscoelite, montmorillonite,
and chlorite), pyrite, and other sulfide minerals.
Available evidence suggests that the uraniferous carbonaceous
matter originated from decaying vegetal matter. Infrared and
chemical analyses of the material -are indistinguishable from
those of low-rank coal and are unlike those·of petroleum or petroleumlike substances. In addition, infrared analysis has detected a salt of oxalic acid in carbonaceous matter from ·the
Jackpile mine. Such salts, particularly calcium oxalate, are
typically associated with plant remains.
Where oxidized, the ores contain various minerals of high-valent uranium and vanadium, which occupy pore spaces, line
fractures, and coat old mine walls.

3

INTRODUCTION

The ores of the r.. uguna district contain '"arious amounts of
uranium, vanadium, and many other elements that are more
nbundnnt in the ores than in the enclosing host rocks. Only
rnrely do the ores contnin more than 1 per~nt uranium or
vnnndium; most of the ores ·average about 0.2 percell't uranium
and less vnnadium. Urnnium-vanadium ratios range from about
GO: 1 in the 'Voodrow deposit to 3: 1 in the Jackpile and Windwhip deposit~:;, 1: 1 in the deposits nt the Sandy mine, and1: 2
in the Gnlekpot deposit.
Ore textures indicnte that replacement was a major process
that accompanied mineralization. Uraniferous carbonaceous
mntter, vanadium clay, and sulfides strongly embay detrital
quartz gmins, preexisting clay, carbonate, and silica cements.
'l~he textures, however, do not reveal a consistent order of precipitation of the ore components.
'!'he uranium deposits of the district may have formed in
.Jurassic time shortly nfter the accumulation of the host rocks,
nml perhaps when tJ1ese rocks were exposed at the surface. At
that time the broad east-trending Mogollon Highland existed
u short distance to the south of the Southern San Juan Basin
mineral belt and was probably the major source of sediments
within the belt. Surface and ground waters flowing from the
highland mny have extracted uran'ium and vanadium from the
rocl{s and transported them to the sites of deposition. Such
waters could •also have extracted soluble humic compounds from
surficial or buried decaying plant debris. These substances could
then have precipitated where the ground-water flow was impeded by the stratigraphic and tectonic structural features that
are recognl~d in the mineral belt. Impedance and partial stagnation might have inhibited aeration and enhanced the reduction
of sulfate by nnaerobic bacterin. The resulting generally more
reducing environment might have effected a reduction and precipitation of uranium. In addition, weak acidification of the
ground water might aLso have caused the precipitation of alkalisoluble humic compounds, which in turn might have extracted
more uranium from solution.
Probably no economic uranium deposits will be found in the
Laguna district outside the lmown limits of the mineral belt.
Favorable areas for prospecting in the Jackpile sandstone are
to t11e west and northwest of the Jacl\:pile and Paguate deposits.
The 'Vestwater Canyon Member of the Morrison, though at considerable depth in the Laguna district, should not be overlooked
as a potential source of uranium. If and when the economics
of deep drilling oand mining permit, the entire area between the
Laguna and Ambrosia Lake districts should be favorable prospecting ground.
Paleogeography provides the best guide to the discovery of
uranium districts. Three geologic requirements should be satisfied. ll~lrst, a broad upland area of weathering and erosion
should borcler a shallow basin of continental sedimentation, preferably fiuvlal. Second, the climate of the region and the character of the rocks should be consistent with the development of
ground waters chemically appropriate for the transportation of
uranium. 'l~hird, the permeable sediments near :the margins of
the sedimentation basin should be characterized by thickness
changes and perha!A'3 by tectonic features that would impede
the flow of ground water and enhance precipitation of the ore
components.

cl udes •about 535 square miles on the east side of the
Colorado Phvteau; the center of the district is ·about 50
miles west of Albuquerque, N.Mex. (fig. 1). The district is crossed by U.S. Highway 66, ·a major east-west
interstate highway, and has many graded roads and
poor ungraded roads, which provide access to all parts
of the district. The Inajor geographic fellitures, settlement, climate, and vegetrution of most of the district
were described by Hunt (1936, p. 37, 38).
The district i'S in mesa country that is typical of
much of the Colorado Pl·ateaus province. On its northwest side is Mesa Chivato, which is more than 8,000 feet
in altitude, and on its east side is Mesa Gigante, which
is more than 6,500 feet in altitude. Between these two
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prominent ~esas are several smaller mesas and benches
capped by resistant strata that dip gently northward.
The northeastern part of the district is characterized by
low mesa--and-bench topography. Here, as well as
farther south, the surface is pierced hy several black,
basaltic volcanic necks that rise abruptly as much as
1,000 fee:t ·above the surrounding country. Rocks in the
central and northern parts of the district •are typically
drab, owing to the dominant gray •and tan shades of the
Cretaceous ·strata. To the south, various shades of red
and yellow mark the colorful Jurassic and Triassic
strama.
The Rio San Jose is the main stream in the district
and, except a few brooks in the canyons on Mesa Chivato, is the only perennial stream. It drops from an
altitude of ;a:bout 5,900 feet on the west to less than
5,600 on the east and is entrepched 20 feet or more over
most of its length. A few miles southeast of the district it joins the Rio Puerco, which in turn is tributary to
the Rio Grande. Several·arroyos join the Rio San Jose
from ·the north ··and south, but ordinarily they contain
water only after summer thunderstorms. '.('he largest
of these ·arroyos ·are the so-called Rio Paguate and
Arroyo Concho, which drain the area north of the Rio
San Jose, and the Arroyo Colorado, which drains a
broad valley to the south. The Arroyo Salado drains
the northeast corner of the area and joins the Rio Puerco
to the east.
FIELDWORK

The discovery of the J ackpile and other large urani urn deposits on the south margin of the San Juan
Basin stimulated scientific as well as economic interest
in the region. To determine the relations between the
uranium deposits and the regional geology, the U.S. Geological Survey, on behalf of the. Raw Materials Division of the Atomic Energy Commission, studied the uranium deposits and mapped a large area surrounding
them.
Robert H. Moench and Willard P. Puffett spent 3
tnonths in ~the summer of 1955 mapping the Mesa
Gigante ·area and studying the 8andy mine area. In
1956, John S. Schlee and Moench, ·assisted by Wilfred
B. Bryan and FrankS. Hensley, spent 6 months mapping and studying the J·ackpile and ather mines.
Moench ·and Schlee returned .to the area on seve:ril occasions in 1957 ·and 1960.
Because topographic maps were not available, mapping was done on U.S. Geological Survey an.d U.S.
Forest Service aerial photographs, at scales of 1:20,000
to 1: 28,000. Six quadrangle maps (Moench, 1963b, c;
Moench and Puffett, 1963a, b ; Schlee and Mooneh,
1963a, b; see fig. 1, this report) were then compiled by
means of a Kelsh plotter on U.S. Geological Survey

topographic base maps at a scale of 1: 24,000 when these
maps became-available in 1957. Three other quadrangle
maps (fig. 1, GQ-354, 355, 371) were compiled· by the
same method on planimetric maps a·t a scale of 1: 12,000
and were recompiled at 1: 24,000 when U ..S. ·Geological
Survey topographic maps became available in 1962.
Detailed mine mapping was done by tape and compass
and planetable methods.
f'
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PREVIOUS WORK

The first comprehensive geologic study of the region
was by Hunt (1936; 1938) who was primarily concerned
with the coal deposits and str~tigraphy of the
Cretaceous rocks, the major structural features of the
region, and the igneous rocks of the Mount Taylor volcanic field. Earlier literature concerning various
aspects of the geology of the region is voluminous and
dates back as far as 1850. (See Hunt, 1936, p. 33-35;
1938, p. 53.) Hunt's work was part.of a larger study of
the coal deposits ana stratigraphy of Cretaceous rocks
in northwestern New Mexico (Sears and others, 1941).
About concurrently with Hunt's work, Bryan and McCann (1936, 1937, 1938) studied structural and geo!fiOrphic aspects of the .Rio Puerco and Rio Grande
regions to the northeast and east, and the results of their
studies bear strongly on. our study of the Laguna district. More recent publications dealing with many
facets of the geology of the Laguna and neavby areas
are numerous and are cited throughout the text.
STRATIGRAPHY

Exposed sedimentary strata in the Laguna district
range in age from Triassic to Late Cretaceous. This .
sedimentary column totals about 3,800 feet in thickness
and is underlain by about 4,500 feet of concealed Triassic, Permian, and Pennsylvanian sedimentary rocks; the
Pennsylvanian rocks rest on Precambrian gneissic rocks.
The total original thickness of Cretaceous sediments in
the Laguna district is not known, but about 5,000 feet of

5

SE'DIMENTI'ARY RQCKS

Cretaceous strata has been recorded in areas to the north
(Wood and Northrop, 1946; Dane, 1948). In the
Laguna district possibly as 1nuch as 11,000 feet of
PnJezoic and Mesozoic strata lay above the Precambrian
basement in latest Cretaceous time. An unknown thickness o:f early Tertiary sediments and at least half the
original thickness of the Cretaceous strata have been
completely rem,oved by erosion.
Marine conditions generally prevailed in the region
during Pennsylvanian time, when the thick deposits of
the Mu.gdaJena Group accumulated on Precambrian
rocks. After a. brief interval of continental sedimentation (Per1nian Abo Formation), restricted marine deposition occurred jn Permian time, and the Yeso and San
Andres Formations were laid down (l(elley and Wood,
1946). Continental conditions prevailed during Triassic time, when the Chinle Formation accumulated. In
,Jurass.ie n.nd possibly Early Cretaceous time, continental
and subordinate shallow marine (possibly lacustrine in
part) sedimentary strata. accumulated to a thickness
that may have exceeded 1,300 feet, forming successively
the Entrada, Todilto, Summerville, Bluff, and Morrison
Formations. Extensive tilting and erosional truncation followed. In Late Cretaceous time the region was
invaded by the Mancos Sea. During transgression of
this sea, fiuvinl and near-shore deposits of the Dakota
Sandstone were laid down and then buried by the thick
Mancos Shale and, later, by the intertonguing regressive
nnd transgressive strata of the Mesaverde Group and
Mancos Shale. After an additional unknown thickness
of marine and continental sediments had accumulated in
Late Cretaceous and Early Tertiary time, alternating
uplift and erosion began. Also during the late Tertiary
and Quaternary, igneous sills and dikes were emplaced,
the Mount Taylor volcano formed, and numerous
basaltic flows were extruded from pipes and fissure
vents.
In the foHowing descriptions the rock colors are
based on the "Rock-Color Chart" of the National Research Council (Goddard and others, 1948), stratification and cross-stratifi'cation terminology is that of McJ(ee and Weir ( 1953), grain -size designations are those
of 'Ventworth (1922), and compositional terms are
those of Pettijohn (1957). The term "sedimentation
unit" is used in the sense proposed iby Otto ( 1938, p.
575) who stated: "The sedimentation unit at any sampling point is tha.t ·thickness of sediment which was deposited under essentially constant physical conditions."
In this report a "stratigraphic unit" is a single body of
sedi1nentary rock that is shown on the quadrangle maps,
and it includes formations, members, and informal map
units; "stratigraphic zone" is one or more sedimentation
unit that is not shown on the quadrangle maps.

SEDIMENTARY ROCKS
CHINLE FORMATION

The Chinle Formatio!1, of Late Triassic age, is exposed in a broad belt along the south side of the Laguna
district in the South Butte, Dough Mountain, and Mesa
Gigante quadrangles (fig. 1). Here it is divided into
the Petrified Forest Member, which is a t~1ick and widespread mudstone unit, and the overlying Correo Sandstone Member, which is a, relatively thin sandstone and
conglomerate unit that is restricted to the south side of
Mesa Gigante. and to sparse outcrops south of Mesita.
The base of the formation is not exposed, but J(elley and
Wood ( 1946) suspected that the Chinle is more than
1,000 feet thick in the Mesa Lucero area, a short distance southeast of the Laguna district. The Entrada
Sandstone, of Late Jurassic age, unconformably overlies
the Chinle For~ation; the contact is sharp and irregular. Coarse sandstone and basal quart.z pebble conglomerate of the Entrada locally fill channels cut several feet
into Chinle strata.
PETRIFIED FOREST MEMBER

Tl~e Petrified Forest Member is exposed at the margins of the broad valley of Arroyo Colorado, but within the valley it is largely covered by a thin ·veneer of
Recent alluvial and eolian deposits. Because the depth
of erosion into this member is generally less than 200
feet, the member cannot be described completely.
The Petrified Forest Member is composed of grayishred slightly calcareous siltstone and mudstone showing
some light-greenish -gray mottling; stratification is inconspicuous. Evidently much of the clay is bentonitic,
for the unit weathers to form a frothy-surfaced slope.
This unit is the same as the red-shale member of the
Chinle Formation described by J(elley and Wood (1946)
and Silver (1948, p. 73). John H. Stewart and Richard F. Wilson (written commun. 1956), from their
regional study of the Triassic System, correlated this
unit with the Petrified Forest Member of Arizona.
CORREO SANDSTONE MEMBER

The Correo Sandstone Member is best exposed in a
prominent bench just south of Mesa Gigante quadrangle (fig. 1), and parts of this outcrop extend northward into the mapped area. The unit also caps several low hills between this exposure and Dough Mountain, in the Dough Mountain quadrangle to the
southwest.
The member, which is as much as 100 feet thick, is
composed mostly of sandstone but contains abundant
lenses of conglomerate at and near the bottom and beds
of siltstone near the top. The sandstone is subarkosic
to arkosic, fine to coarse grained, poorly to well sorted,
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and firmly cemented. The detrital constituents average 45 percent quartz, 5-6 percent feldspar, 3 percent
chert, and 3 percent rock fragments; trace amounts of
mica, tourmaline, zircon, and magnetite ( ~) are also
present. Biotite and muscovite are conspicuous in
hand specimens. Quartz grains are angular to rounded
and exhibit secondary overgrowths. Feldspar grains,
of both plagioclase and microcline, are subequant and
angular and are partly altered to clay along cleavage
traces. ~ock fragments consist of angular siltstone,
metaquartzite, limestone, and rounded clay galls. Calcite, which commonly enibays detrital grains, and
quartz are the main cementing agents; detrital clay and
fine-grained quartz are local cementing agents.
The conglomerate contains fragments of sandstone,
siltstone, light-greenish-gray to nearly white limestone,
coarse-grained quartz, and pegmatitic feldspar set in
a matrix of poorly sorted calcite-cemented sandstone.
The largest fragments in most conglomerate strata are
large well-rounded pebbles; disk -shaped cobbles as
much as 7% inches in diameter have been found. Some
limestone pebbles are composed of coarse calcite, others,
of fine-grained calcite with scattered angular grains of
quartz.
Small to medium-scale trough cross-stratification is
common throughout the unit. Twenty-five cross-stratification planes had an average strike and dip of N. 6'7°
E., 19·0 NW. These limited data suggest a northwest
direction of sediment transport.
ORIGIN

The Chinle Formation is of terrestrial origin. The
Petrified Forest Member may represent a thick floodplain deposit (Kelly and Wood, 1946), but the presence
of s~elling bentonitic clay suggests that the unit also
contains abundant altered volcanic material. The Correo Sandstone Member has the characteristics of a fluvial channel deposit. The inferred northwesterly sediment-transport direction indicates a source area to the
southeast. Because limestone is known to be unstable
in transport (Plumley, 1948), the presence of limestone
pebbles and cobbles indicates that the source was nearby.
This source area was partly underlain by sedimentary
rocks (·as indicated hy limestone, sandstone, and siltstone rock fragments and by rounded quartz grains with
worn overgrowths) and possibly partly by igneous and
metamorphic rocks (suggested by mica, tourmaline,
angular quartz and feldspar grains, and by metaquartzite rock fragments) .
ENTRADA SANDSTONE

The Entrada Sandstone, of Late Jurassic age, forms
benches and a high vertical cliff that extend west to

southwest through the South Butte, D·ough Mountain,
and Mesa Gigan;te quadrangles (fig. 1). In the Laguna
district it comprises three distinct units: a discontinuous basal sandstone unit, a medial interbedded mudstone, siltstone and sandstone unit, and an upper sandstone unit. The upper unit is thickest, ranging from 80
to nearly 200 feet in thickness, and forms an extensive
sheet over much of the Colorado Plateau, extending
·westward a short distance into Arizona, and northward
into Colorado and Utah (Harshbarger and others, 1957,
fig. 25).
Assignment of the upper unit to the Entrada Sandstone is now generally accepted, but assignments of the
underlying units are controversial ( tllible 1) . On the
basis of Dutton's (1885, p. 137) type section near Fort
Wingate, N. Mex., Silver (1948) referred all the beds
of the Entrada Sandstone of the present report to the
Wingate Sandstone, but he noted (Silver, 1948, p. 74)
that his units are equivalent to those in the revised nomenclature of Baker and others ( 1947, p. 1666) .
TABLE

I.-Stratigraphic assignments of the Entrada Sandstone

Silver (1948)

0)

~

Baker, Dane, and Reeside
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Rapaport, Hadfield, and
Olson (1952)

Upper cliff-forming
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Entrada sandstone

Middle slope-formingmember

Carmel formation

~

~
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~

Upper sandstone
unit

§

~

!

This report

§

Middle siltstone
unit

00

c:e

'0

e

Lower cliff-forming
member

Wingate sandstone

-=

r.::l

I

Lower sandstone
unit

Baker, Dane, and Reeside (1947, p. 1666) and Rapaport, Hadfield, and Olson ( 1952, p. 20) assigned the
medial siltstone and lower sandstone units to the Carmel Formation and Wingate Sandstone, respectively,
on the basis of similarities between the stratigraphic
sections south of Laguna and in western New Mexico
and eastern Arizona. Harshbarger, Repenning, and
Irwin (1957) recognized a medial silty facies of the
Entrada Sandstone that is very similar to the Carmel
Formation and extends well into New Mexico, but they
doubted that the Carmel Formation extends very far
eastward from Arizona into New Mexico. In the
Laguna districtthe medial siltstone and the upper sandstone intertongue and one unit thickens largely at the
expense of the other. For these reasons, we consider
both to be facies of the Entrada Sandstone.
We assign the lower sandstone unit to the Entrada
Sandstone because the lower and upper sandstone units
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are lithologically and mineralogically similar and because we found no evidence of a hiatus at the top of
the lower unit. If Silver's correlation of the lower
sandstone unit with the 'V"ingate is correct, evidence
of n. hiatus would be expectable because the Wingate
and Entrada are, respectively, of Triassic and Late
Jurassic age (I-Iarshbarger and others, 1957, p. 25).
Instead of expectable scours, or a veneer of gravel, the
contact between the lower sandstone and the siltstone
units is sharp and even. No evidence of angularity between the lower and middle units was found.
l\11nern.logic si1nilarity between the lower and upper
sn,ndstone units strengthens the assignment of the lower
sandstone unit to tho Entrada. Six specimens of sandstone (two each from the lower, middle, and upper
units) were collected at Petoch Butte in the South Butte
quadrangle (fig. 1) and studied in thin section. Modal
n,nalyses of each thin section were made by the pointcount method (200 points each), and the resulting data
were combined for each of the three units. The two
samples of the lower sandstone unit contain an average
of 54 percent quartz, 6 percent total feldspar, 2 percent
chert, and 8 percent rock fragments. Samples of the
upper sandstone unit contain 52 percent quartz, 6 percent total feldspar, 2 percent chert, and 12 percent rock
:fragments. The samples of sandstone from the middle
unit are more quartzose and contain an average of 61
percent quartz, 5 percent total feldspar, and 6 percent
rock fragments; one specimen contains less than 1 percent chert, the other, 10 percent chert. Small amounts
of colorless rounded zircon, rounded yellow-green or
green tourmaline, and subangular to subrounded garnet
are present in all thin sections, and rounded apatite and
rutile are present in mos~. The proportion of fine
detritus, calcite, and voids in the matrix is extremely
variable within each of the three units.
LOWER SANDSTONE UNIT

The ]ower saJ1dstone unit unconformably overlies
the Chinle Formation on Petoch Butte, in the extreme
southwest corner of the mapped area, where it is part
of an outcrop belt that extends eastward for about 4
miles from the west 1nargin of the area (fig. 1, GQ-355).
To the east the m.lddle silty unit rests directly on
Chinle strata at most places; small discontinuous lenses
of the lower sandstone unit are exposed locally. Where
well exposed, the lower sandstone unit forms a prominent bench or vertical cliff.
The lower sandstone unit thins from slightly more
than 30 feet thick at Petoch Butte to a knife edge
wbout 6 miles to the northeast, and it varies greatly in
thickness locally. Deep scours at the bas~ of the unit

contain coarse sandstone and, locally, quartz pebble
conglomerate, particularly at Petoch Butte.
The unit is light brown (5YR 6/4) and is composed
mainly of fine- to coarse-grained sandstone firmly
cemented by calcite and subordinate quartz overgrowths. The unit tends to coarsen south ward and
downward. At its north edge it is composed of finegrained sandstone, whereas at Petoch Butte, to the
south, it contains much coarse-grained sand and, in the
basal scours, son1e quartz pebble conglomerate. The
rock is generally fairly well sorted; most coarse grains
are concentrated in thin laminae. Medium-scale festoon cross-stratification is conspicuous.
MIDDLE SILTSTONE

UNIT

The middle siltstone unit is 35-40 feet thick at Petoch
Butte and on the south side of Mesa Gigante and 75-85
feet thick near and west of the Crackpot mine (fig. 1,
GQ-355). The bulk of the siltstone unit is soft and
forms a steep slope between the two bench-forming sandstone units.
The middle unit is composed mainly of siltstone but
includes some sandstone. The siltstone is light brown
(5YR 6/4) to pale reddish brown (lOR 5/4) and locally
mottled light greenish gray ( 5GY 8/1). It is slightly
calcareous, friable to firmly cemented, and laminated to
thinly bedded; in places it is thinly cross-laminated.
The sandstone is thin to very thin bedded, light brown
(5YR 6/4) to grayish orange. pink (5YR 7/2), fine to
very fine grained, well sorted, well cemented with calcite, and structureless to faintly laminated. The strata
generally · fonn small benches on the sloping surface.
Near the base of the unit, sandstone beds are sparse and
very thin; near the top they are relatively thick and are
separated by thin siltstone beds. The upper contact is
chosen as the top of the uppermost siltstone stratum. At
Petoch Butte the uppermost sandstone strata below the
contact are fine grained, but they coarsen northward
along the outcrop and merge with the upper sandstone
unit of the Entrada Sandstone.
UPPER SANDSTONE UNIT .

The upper sandstone unit, the 1nain part of the Entrada Sandstone in 'the area, extends· as great sheet
throughout much of the Colorado Plateau and some adjoining areas. The thickness of the upper unit in the
Laguna area ranges from about 89 to nearly 200 feet~ af
Petoch Butte it is about 195 feet; on the south side of
Mesa Gigante, about 137 feet,; and near the Sandy and
Qrackpot mines and farther west, 80-95 feet. The upper sandstone unit apparently th~ckens southeastward,
and the middle siltstone unit apparently thickens north-:

a
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westward; the two units intertongue, indicating that
they are, in part, time equivalents.
The upper contact of the upper unit generally is
sharp and well defined. Locally, however, the overlying Todilto limestone and the upper sandstone bed intertongue within an interval of 5 feet or less.
·The upper sandstone unit is planar and trough crossstratified. Individual sets are as much as 10 feet thick,
an_d cosets (containing several sets of cross-strata) are
horizontally truncated at wide intervals by thin evenbedded· cosets. Typically the upper 5-10 feet of the
unit is thinly even bedded to laminated. In places,
however, cross-stratified sets are directly ·overlain by
limestone of the Todilto Formation; such sets look like
buried sand dunes.
Cross-strata dip most commonly and most steeply
southward. Figure 2 shows the direction and amount.
of dip of cross-strata plotted on the lower hemisphere
of a Schmidt equal-area projection. One diagram represents readings from the area of the Sandy mine (less
than 1 sq mi) ; the other represents readings from widely
scattered localities along the entire belt of Entrada outcrop.
Grain size increases downward and southward in the
unit. In exposures between the Sandy and Crackpot
mines and farther west, the upper sandstone unit is fine
to very fine grained near its base and mostly very fine
grained near its top. On the south side of Mesa Gigante
the grain size ranges from very fine to medium, but here
the coarsest material is mostly near the middle of the
Jlllit. At Petoch Butte, in the southwest corner of the
mapped area, the unit is coarse grained near its base
and very fine grained near its top.
The upper sandstone unit is fairly well sorted
throughout the area. Though single specimens may contain both fine and coarse material, the coarse grains are
generally distributed in thin laminae in otherwise finegrained rock.
The detritus of the sandstone consists of 70 to more
than 80 percent quartz, 8-10 percent feldspar (mostly
fresh 1nicrocline and lesser amounts of strongly altered
plagioclase), small amounts of chert, and, -locally, abundant rock fragments (quartzite and quartzose schist).
T~1e larger grains are well rounded, but roundne$8 decreases with decreasing grain size. Rounded quartz
overgrowths are recognized in most thin sections. Accessory minerals include magnetite, ilmenite(~), garnet,
zircon, epidote, tourmaline, hornblende, muscovite, biotite, apatit-e, rutile ( ~)' and hypersthene.
Calcite, the principal cement, is .mostly fine grained
and firmly binds most ·of the sandstone. Most sand
grains are also coated with a thin film of moderately to
strongly birefringent, probably illitic clay.

A. SANDY MINE

B. LAGUNA DISTRICT

2.-0rientation of crossbedding in upper sandstone unit,
Entrada Sandstone. Amount and direction of dip plotted on
lower hemisphere of Schmidt equal-area projection.

FIGURE

ALTERATION

The lower part of the upper sandstone unit is pale red

to light brown and moderate orange pink; the upper
part has been altered to hues of very light gray, very
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.pale orange, or light yellow. For convenience the two
are called the red and white parts. The thickness of the
white part averages about 30 feet but ranges from about
8 feet in places on the south end of Mesa Gigante to
more than 70 feet on Petoch Butte (fig. 1, GQ...:.355).
According to Silver (1948, p. 76), the white part thickens southward. In most exposures the boundary between the red and white parts is sharp; but as it locally
cuts sharply across bedding (fig. 3), it has no stratigraphic significance. Where the white part thickens
in the southern part of the mapped area, its lower boundary is gradational. A thin mottled grayish-red zone,
which similarly cuts across sedimentary features, is
commonly present near the base of the white part.
. Though the boundary between the red and white sandstones locally crosscuts the strata, within small areas it
is roughly parallel to the top of the Entrada; where
the Entrada was deformed by Jurassic folding, the alteration boundary also appears to have been folded.
Petrographic studies indicate that the white part
formed at the expense of the red, and they suggest that
the grayish-red part represents an intermediate stage of
alteration. The red part is colored by finely disseminated hematite dust on sand grains and in partly argil-

3.-Boundary between red and white parts of Entrada
Sandstone, Sandy mine. Note that color boundury is irregular
and oblique to bedding.

FIGURE

TABLE

lized feldspars, but it also contains detrital magnetite
and ilmenite ( ~) , partly altered to leuooxene and hematite. The red sandstone is very porous and is partly
cemented with fine-grained calcite. The white sandstone does not contain any hematite or magnetite, and
the iln:lenite( ~) is completely altered, mainly to leucoxene. The white sandstone is cemented with calcite,
mostly in large optically continuous poikilitic crystals.
The local yellow hue on outcrops is imparted by hydrous
iron oxides which formed by recent weathering of pyrite. In the grayish-red part, hematite is present, black
opaque minerals are more altered than in the red zone,
and two generations of calcite can be recognized: ( 1)
fine-grained calcite in irregular rounded masses between
detrital quartz and feldspar and outlined by dusty hematite, and (2) coarse poikilitic calcite, which surrounds
the first generation. Microscopic examination suggests
that the abundance of quartz overgrowths and the types
of clay do not change from one color zone to another.
Several minor elements change in abundance from unaltered to altered sandstone (table 2). Iron shows an
obvious decrease from unaltered to altered rock, and
both specimens of grayish red sandstone show intermediate amounts. The red and grayish-red colorations
may reflect differences in crystalline form and distribution of hematite, rather than amount. Vanadium also
shows a marked decrease in abundance from unaltered
to altered sandstone. Titanium, silver, copper, lead,
zinc, and zirconium show corresponding decreases, but
possibly only copper and lead decrease significantly.
Zirconium no doubt reflects the distribution of zircon,
which is not noticeably altered. Magnesium, manganese, boron, barium, and chromium show no consistent
change. Strontium and sodium (not listed in table 2)
increase slightly in the altered sandstone, but probably
not significantly. The data on uranium are inconclusive
but suggest a decrease from unaltered to altered rocks.
Because the altered zone poundary appears to predate the Jurassic folding, alteration probably took place
shortly after Jurassic sedimentation. Alteration might
be related to Todilto deposition, but the nature of the
process is unknown.

2.-Minor-element distribution in red, grayish-red, and white Entrada Sandstone, Sandy 'mine

[Analyst, method, and units: Fe,Oa, Dwight L. Skinner, volumetric, percent; V 10s, Wayne Mountjoy, colorimetric, percent; U, Edward J. Fennelly, fiuorometric, percent;
all others, John C. Hamilton, semiquantitative spectrographic]
Sample No. and type

Outcrop
colot

Red _______
PWR-5a; channel; 25-ft
thickness.
SMP-10; chips; 2-ft interGrayishvals, 20-ft thickness.
red.
PWR-5b; selected specimen __ Grayishred.
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ORIGIN

posed near the margins of the gypsum, probably formed
recently; but it is described here as a third unit of the
Todilto because of the association. The stratigraphic
relations of all of these units are shown in figure 4.
Gregory (1917, p. 55) defined the Todilto from its
exposures in Todilto Park, N. ¥ex., near the Arizona
border. Northrop (1950, p. 36) and Rapaport, Hadfield, and Olson (1952, p. 23) extended use of the name
to exposures in northwestern New Mexico, including the
Laguna district.

Throughout Late Jurassic time a highland extended
east-west through parts of Arizona and New Mexico
(McKee and others, 1956), supplying sediments northward to a broad basin of sedimentation. Harshbarger,
Repenning, and Irwin (1957, p. 44) called this same area
the Mogollon Highland. The southward coarsening
of both sandstone units of the Entrada Sandstone, combined with the thickening of the upper sandstone unit,
and corresponding thinning of the middle siltstone unit,
LIMESTONE UNIT
indicate that the Mogollon Highland was the source of
The limestone unit of the Todilto is divisible into a
the Entrada sediments.. Cross-stratification data, however, do not support this conclusion and suggest, prob- stratified zone and an overlying :massive, or structureably erroneously, that the sediments were transported less, zone. Together the zones -range in thickness from
from north to south. This apparent inconsistency can about 2 feet at Petoch Butte, in the southwest corner of
be reconciled by postulating that the sands were trans- the mapped area, to as much as 36 feet near the Crackpotted by streams north ward from the Mogollon High- pot mine (fig. 4). Where overlain by the main, gypsum
land and were reworked by prevailing northerly winds. unit, as north of U.S. Highway 66, the limestone is
The lower sandstone unit locally channels deeply into generally less than 10 feet thick.
The stratified zone of the Todilto limestone unit is
the Chinle Formation and in these scours contains much
thin
but continuous (fig. 4). It is laminated to thinly
gravel; a fluvial origin in part is thus indicated.
laminated.
The lower contact is generally sharp, but
As the middle silstone unit is thinly even bedded, it
at
places
limestone
and Entrada Sandstone are thinly
was probably deposited in ·shallow water or on a tidal
interbedded
and
interlamina;ted
in a zone about 5 feet
flat. During the later stages of deposition, the shorethick.
The
contact
between
the
stratified and massive
line moved generally northward but pr()bably fluctuin
most
exposures.At places the up.
zones
is
indefinite
ated, so that the upper sandstone unit and the silstone
or
two
of
the
stratl.fied
zone
is sugary or
.
permost
foot
unit intertongue. If this origm is correct, streams from
granular
in
texture
and
grades
upward
into
massive
the Mogollon Highland may have transported Entrada
sands northward and deposited them on a broad alluvial limestone. Elsewhere, uppermost laminated limestone
plain, and the fluvial character of .these Mn~s ·perhaps grades laterally into massive limestone. Where gypsum
was'destroyed by strong onshore winds. Climate of the overlies stratified limestone, the contact is sharp; and
time was probably arid, an(J. conditions inay have. been where leached breccia overlies stratified limestone, the
upper foot or two of stratified limestone appears to have
ideal for strong onshore northerly win:ds. . .
been sheared off. Laminated limestone may grade upTODILTO FORMATION
ward to chip breccia, which in turn may grade upward
The Todilto Formation of Late Jurassic age is com- to leached breccia.
posed of a thin but extensive cinit of limestone and' an
The stratified ·limestone is typical1y light to medium
overlying, considerably thicker but less widespread unit gray, with a bluish hue, and contains a few thin lenses
of gypsum-anhydrite. The limestone caps a low bench of white gypsiferous sandstone (ftg. 4). Most specion the south end of Mesa Gigante (fig. 1, GQ..:..21Q, 212)
mens give off a distinct fetid odor when broken. The
and the high south-facing cliff between the Sandy and limestone cleaves along thin siltstone laminae, which,
Crackpot mines and farther west (fig. 1, GQ-355, 354). where closely spaced (less than 0.1 in. apart), give the
A thin limestone unit is also exposed on Petoch Butte, in rock a papery fissility; where the sHtstone laminations
the southwest corner of the South Butte, quadrangle. are about a foot apart, the rock splits into slabs. All
These exposures are near the south margin of a broad variations of lmninae spacing are generally present and
basin of Todilto deposition that covered most of north- show no consistent stratigraphic position.
western New Mexico and extended well into Colorado
Most of the rock in the stratified zone is very fine
(James C. Wright, written commun., 1959) . :The grained, but at places the limestone near the top of the
gypsum-anhydrite unit may be largely anhydrite in zone has a coarse sugary texture, with crystals a veragthe subsurface, as indicated by Anaconda's diamond- ing 1 millimeter across. Thin sections of stratified limedrill hole 111 at the J aekpile mine (hereafter referred to stone show thin laminae composed of fine-grained calas DDH-111). In weathered outcrops the unit is cite separated by thinner layers of clastic silt and claychiefly gyps~m. A breccia unit, which is commonly ex- sized silicates. In some specimens, silt-sized quartz and
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microcline grains are sparsely distributed along a single
surface. In others, very fine grained calcite-cemented
sandstone and siltstone form thin laminae. In addition
to quartz and smaller quantities of microcline, the detrital fract~on includes trace amounts of alter plagioclase, chert, zircon, tourmaline, muscovite, and leucoxene. Organic laminae (Anderson and Kirkland, 1960,
p. 39) have not been positively identified, but a few
opaque wavy paper-thin laminae, possibly of carbonized
organic material, have been· seen between laminae of
other materials in some thin sections.
The massive zone is discontinuous and varies greatly
in thickness; locally it is as much as 15 feet thick (fig.
4). Typically its upper surface is extremely irregular,
so that it forms closely spaced knolls several feet high
on topographic benches. Because the massive limestone
is much more resistant to erosion than the overlying
Summerville Formation, the surface of the knolls represents approximately the original contact. Massive
limestone and the basal part of the Summerville Sand:stone are commonly intimately mixed.
The massive limestone is various shades of gray to·
grayish blue and emits a fetid odor when broken. It is
mostly very fine grained, but coarser calcit is commonly
distributed along irregular fractures and lo~ally fills
vugs. Folded laminae can be recognized in many specinlens. Viewed in thin section the limestone is a mosaic
of calcite, with sparsely disseminated grains of very fine
sand to silrt-sized fragments of quartz and some micro-·
cline. Local wisps of very fine grained limestone,appea~
to be deformed laminae.
·
GYPSUM-ANHYDRITE UNIT

The gypsum-anhydrite unit of the Todilto ~s exposed
north of U.S. Highway 66 near Mesita and around the
south end of Mesa Gigante. It is 74 feet thick in anaconda's DDH-111 at the Jackpile mine and about the
same thickness at one locality on the south ~nd of'Mesa
Gigante. A thick but areally restricted lens of gypsumanhydrite is also exposed north and west of the Crackpot
mine (fig. 4).
At the surface the unit forms prominent white knolls
or hummocks on the typically broad benches between
the underlying Cliff-.forming limestone beds and the
overlying slope-forming Summerville Formation. The
tops of the knolls are locally 20 feet or more above the
base of the flat-lying Summerville Formation nearby.
The base of the gypsum-anhydrite unit is sharp,
though highly irregular because of the folds in the underlying limestone. The upper contact is rarely exposed, but the hummocks are commonly capped by a
6-inch-thick bed of massive limestone.

The original character of the gypsum-anhydrite unit
possibly has been obscured by a complex history of dehydration and hydration. At the surface the sulfate is
entirely gypsum. In DDH-111, however, the unit is
composed almost entirely of medium-gray anhydrite,
with a small amount of gypsum at the top. Anhydrite
crystals average about 1 mm in diameter. Stratification is obscure, but the lower 36 feet of anhydrite contains thin irregular laminae of limestone. According
to Anderson and Kirkland (1960, p. 40), the cyclic lamination that characterizes the limestone can be seen in
outcrops of gypsum as well. They recognized a transition zone in which laminae of gypsum are added to the
limestone-carbonaceous-detrital sequence. In ~DDH111 a thin zone of chip conglomerate (or breccia) is
associated with gypsum rut the top of :the unit.
The assumption, based· on data from one drill hole,
that anhydrite is dominant in the subsurface is corroborated by thermodynamic da·ta.. According to MacDonald ( 1953, p. 894), gypsum is not stable below a
certain depth that depends ·on the regional tern.perature
·gradient. Below •a possible transition zone in which
both gypsum •and anhydrite appear, no gypsum 'vill be
:found. Goldman ( 1952, p. 61) noted that gypsum is
rarely reported from depths below 2,000 feet in the Gulf
of Mexico coast salt dom~. He suggested :that in the
Sulfur salt dome in Louisiana, gypsum is generally
stable ·above ·a depth of about 1,183 feet and ·anhydrite
is stable below this depth ; this suggestion is in accord
with the d·a:ta of M•acDonald ( 1953). Because the
maximum depth of buri·al of the gypsum-anhydrite bed
of Todilto probably exceeded 6,000 foot, ·any original
gypsum must have dehydrated to ·anhydrite. As the
arrhydri•te in DDH-111 is now at a depth, of slightly
more than 1,000 feet, it is probably unstable in the
presence of wa;ter.
LEACHED BRECCIA

Locally, near the ·apparent depositional margins of
the gypsum-·anhydrite unit, a brown porous rock, here
termed "leached breccia," is exposed. Leached breccia
i$ most abundant near the Sandy mine -area, at the south
m·argin of the main body of gypsum-anhydrite. Small
amounts ·are 'also exposed ·at the margins of the sm·all
lens of gypsum--anhydrite just south and west of the
Crackpot mine; here the change from breccia to gypsum
occurs within an interval of a few feet.
Leached breccia is typically light brown to pale yellowish brown and grayish orange, owing to finely disseminated hydrous iron oxides. It is oomposed of limestone and sandstone 'and is cemented with ferruginous
calcite or calcareous sandstone and_siltstone. Voids in
the rock probably resulted from the leaching of gypsum
fragments. Where thoroughly leached, the rock has a

SED~E~ARY

honeycomb appearance, with cavities separated by thin
septa of ferruginous granular calcite. The cavities are
lined with minute crystals of rhombohedral and soalenohedral calcite. The rock grades from vuggy finegrained limestone chip breccia to sandstone with sparse
vugs. In some places bedded limestone grades upward
within a foot or two into limestone chip breccia, and
-thence ·to leached breccia with some limestone chips.
The leached brecci·a is sandier near its top, containing
1nuch material derived from the Summerville Formation and little from the limestone unit of the Todilto.
Imlay (1957, p. 485) recognized a similar breccia
uni:t in Idaho, Utah, 'and Wyoming near the 1nargin of
an extensive gypsum unit of Jurassic age. There the
:former presence of gypsum is suggested by a uni't of
brecciated limestone and red siltstone within the basal
red-bed member of the Twin Creek Limestone. He
stated that "the change from brecciU~ted beds to gypsum
cm1 be observed at the outcrop in a number of places.
The gypsmn is represented in the subsurface by white
anhydrite."
The l~ached breccia should not be confused with the
well-cemented mixture of Todilto and Summerville
formed during the period of flowage shortly after sedimen:ta;tion; the leached breccia probrubly formed recently, as the sedimentary cover was removed by erosion.
In places intraformational folds in the limestone are
truncruted ·a't their tops nnd nre overlain by several feet
of leached breccia. More significantly, in one outcrop
a;bout 6,000 feet north of the Sandy mine area, leached
breccia cuts a diabase sill and includes many fragments
of di'abase; because the diabase was emplaced in hLte
Te1,tiary or possibly Quruternary time, the leached brecci·a oan be no older.
ORIGIN

That the Todilto Formation is largely an evaporite
deposit is generally agreed, but whether deposition took
place in a marine embayment or in a grea~ l~ke is controversial. Citing the· abundance of sulfate and the
absence of chloride salts, Jia1:shba.rger, Repenning, and
Irwin ('1957, p. 46) believed that the Todilto was deposited fro1n abnormal 1narlne waters in a gulf that
was connected with the Sum1nerville sea (fig. 31 in their
report). I-Iowever, J. C. Wright (written commun.,
1959) suggested, on the basis of abundant stratigraphic
evidence, that the deposit formed in a large lake fed
by drainage from the southwest.
Anderson nnd Kirkland ( 1960, p. 45) observed thrut
even if 'a c01mection existed between the basin and the
open sea, there is ample evidence of abundant fluvial
inflow, and that this source of water and dissolved salts
was probably predominant over a marine source.
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Intertonguing relations (Silver, 1948, fig. 3C) suggest
that the Todilto began to form during the final st·ages
of Entrada deposition. Possibly limestone began to
form in the center of the basin and spread laterally as
the lake( expanded. J. C. Wright (written commun.,
1959) suggested that sulfates then began to form in the
central part of the basin while limestone deposition persisted along the edges, because the limestone is generally
much thicker around the main hody of gypsum than
beneath the gypsum. The limestone-gypsum relationship in the Laguna district supports Wright's interpretation.
Anderson and Kirkland (1960) showed that the lamination in the limestone and gypsum was cyclic and
postulated that the laminae represent annual varves.
They estimated that the limestone unit was deposited
in about 14,000 years, and the gypsum unit in about
6,000 years.
Postdepositional history of the unit is complex. During and after deposition, poorly consolidated limestone
was deformed by slippage on the limbs of penecontemporaneous warps. U riconsolidated lime muds at the top
of the unit apparently flowed freely into shallow depressions and in places became intimately mixed with
loose Summerville sediments. These events may account for most of the structural features associ·ated with
the Todilto.
The _leached breccia m·ay have formed as a result of
the hydration of anhydrite in late Tertiary or early
Qurutermiry time subsequent to the emplacement of the
diabase sills ·and dikes. Dominance of anhydrite in the
subsurface and gypsum at the surface suggests that hydration took place as overburden was removed and
meteoric waters gained access to the unit. If this hydration took place under shallow cover, the volume expansion (1.6 times) m'ay have forced the margins of
the gypsum-anhydrite bodies laterally along the contact
between the Todilto and Summerville Formations,
forming a breccia as it moved. As this breccia became
expOsed to weathering, the gypsum fragments presumably were leached.

n

SUMMERVILLE FORMATION

The Summerville Formation, of Late Jurassic age, is
exposed in a line of cliffs that extends across the southern part of Mesa Gigante and in many buttes and mesas
west and south of Mesita and Laguna (fig. 1, GQ-355,
354, 210, 212). The southernmost exposure is at Petoch
Butte. In most areas the Summerville has been eroded
back from the more resistant Todilto, and it is capped
everywhere by cliff-forming Bluff Sandstone.
The Summerville Formation, which is composed of
interstratified sandy mudstone and sandstone, ranges
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in thickness from ·about 90 to a:bout 185 feet. It conformably overlies the Todilto Formation; the mixture
of limestone ·and sandstone along the oontaot suggests
that there was no depositional· hiatus between Todilto
and Summerville sedimentation. '"
Gulluly and Reeside (19'28, p. 80) named the Summerville Formation from exposures on Summerville
Point in the San Rafael Swell, Utah. Harshbarger,
Repenning, and Irwin (1957, p. 39) recognized that this
unit is traceable throughout the eastern part of the
Navajo. Country and correlated it with the "huff shale
and brown-buff sandstone members of the Morrison
formation," as recognized by Kelley and Wood ( 1946)
and Silver (1948) in the Laguna-Lucero area, New
Mexico. Harshbarger, Repenning, and Irwin (1957,
p. 39) noted, however, that the boundary between their
upper sandy and lower silty facies of the Summerville
is gradational and arbitrary. In this report our usage
of the term Summerville Formation for the lower silty
facies of Harshbarger, Repenning, and Irwin (1957, p.
39) and the buff shale member of Kelley and Wood
(1946) and Silver (1948, p. 77) is identical with that
of Rapaport, Hadfield, and Olson ( 1952, p. 27) and
Freeman and Hilpert (1956, p. 312). The boundary
between the Summerville and overlying Bluff Formation is chosen as the top of the uppermost mudstone bed.
According to Silver (1948, p. 77, fig. 1), the Summerville Formation (his buff shale member) in the Laguna district thins and coarsens southward, and about 17
miles south of Petoch Butte it wedges out against the
unconformably overlying Dakota Sandstone. Within
the district it is thinnest ( 96 ft) on the southeast corner
of Mesa Gigante and thickest ( 182 ft) 21h miles west of
the Crackpot mine. Elsewhere, from Petoch Butt& to
the Jackpile mine (DDH-111), the unit is 120 to about
150 feet thick.
In most Summervill~ exposures, mudstone is dominant in the lower half, whereas sandstone is dominant in
the upper half. Although individual sandstone and
mudstone beds may be as much as about 15 feet thick,
particularly near the top of the unit, the Summerville
as a whole is more characteristically thin bedded. Mudstone and sandstone strata are commonly intensely contorted, particularly near the base of the unit, and the
whole unit is cut by many sandstone pipes and some
intraformational faults. Similar intraformational
structural features are characteristic of the formation in
other parts of the Colorado Plateau (Harshbarger and
others, 1957, p. 41).
The sandstone is light brown (5YR 6/4), moderate
brown (5YR 4/4), and very pale orange on weathered
surfaces, and generally nearly white on fresh surfaces.
It is fine to very fine grained, well sorted, and friable to

well cemented with calcite. Most strata are structureless, but horizontal laminae and small- to medium-scale
cross-laminae can be distinguished in some strata. The
sandstone is orthoquartzite to subarkose; it is composed
mainly of quartz but includes small amounts of feldspar
and ·chert, fragments of siltstone and quartzite, and
trace amounts of magnetite, ilmenite, staurolite, epidote, tourmaline, zircon, garnet, apatite, monazite ( ~),
and sphene( ~). Calcite is the dominant cement.
Roundness values are 0.4-0.5 (Krumbein, 1941).
The sandy mudstone strata are light brown ( 5YR
6/4), dark reddish brown (lOR 3/4), very light gray,
and moderate greenish yellow (lOY 7/4) on both weathered and fresh surfaces. Viewed in thin section the
mudstone contains abundant to sparse fine-sand-sized
particles set in an iron-~tained matrix of silt and clay;
the matrix forms 20 percent or more of the rock. The
coarsest detrital fraction and the accessory minerals are
similar to those of the sandstone, but the largest fragments are slightly more angular (roundness values 0.3_
0.4; Krumbein, 1941).
Origin.-Harshbarger, Repenning, and Irwin (1957·,
p. 48) postulated that the Summerville Formation
(their lower silty facies) was deposited during the initial transgression of the Summerville sea and that the
upper sandy facies (lower part of our Bluff Sandstone)
was deposited during the regression of the sea. The
thin-bedded character of most of the formation is consistent with deposition in a shallow body of water or on
a tidal ·mudflat, and also with the character of the directly underlying and overlying formations. However,
the absence of fossils is difficult to reconcile with this
interpretation unless the water .was extremely saline;
if the water was extremely saline, evaporite deposits
should be more abundant than they are. Finally, the
lack of sorting in the finer grained material is difficult
to explain by shallow marine sedimentary processes.
The close association of well-sorted orthoquartzite
or subarkose strata with poorly sorted matrix-rich
sandstone and sa,ndy mudstone strata suggests that the
sediments were alternately rapidly introduced and
gradually reworked. The matrix-rich rocks are probably the result of turbidity flows along the bottom
of a shallow body of water. Such flows could easily
have been triggered by the structural warping that is
known t~ have begun during or shortly after Todilto
deposition; this warping probably also accounts for the
·abundant intraformational slump features in the Summerville Formation. r;>uring the intervals between
turbidity flows, wave action and bottom currents could
have· winnowed the fines from the turbidity-flow deposits and produced well-sorted sands.

SED~ENTARY

Coarsening of grain size and thinning of the Summerville Formation southward from Petoch Butte (Silver,
1948) suggest that the source of the sediments and the
depositional edge of the unit was on the flank of the
Mogollon liighland to the south.
BLUFF SANDSTONE

The Bluff Sandstone, of Late Jurassic age, intertongues with the underlying Summerville and with theoverlying Morrison Formation and is well exposed in
cliffs on the west and south sides of Mesa Gigante and
i!1 buttes west and south of Mesita and Laguna (fig. 1,
GQ-355, 354, 208, 210, 212). The thickness of the
Bluff Sandstone ranges from less than 200 to nearly
400 feet, but it is about 300 feet in most areas. On
Petoch Butte (fig. 1, GQ-355) the Bluff is unconform~
ably overlain by the Dakota Sandstone and is about
220 feet thick, which is unquestionably less than its
original thickness.
Two stratigraphic parts that were not mapped are
recognized in the Bluff Sandstone: a lower part char·acterized by alternating horizontal and small- to
medium-scale cross-stratified cosets, and an upper part
characterized by spectacular large-scale cross-strtttified
cosets. The boundary between these parts, near the
1niddle of the Bluff Sandstone, is gradational. The
upper part is yellowish gray (5Y 7/2) to grayish yellow (5Y 8/4) in most of the area but is grayish yellow
gi·een (5GY7/2) atSouthButte (fig.l,GQ-355). The
lower part on the south end of Mesa Gigante (fig. 1,
GQ-212) is mostly pale reddish brown (lOR 5/4).
I-Iere the color boundary approximately follows the
contact between the two stratigraphic parts. This
color change, which expresses the distribution of hematite dust in the lower part and of pyrite in the upper
pn.rt, 1nay be due to pyritization of previously red-hued
· sandstone and probably has no stratigraphic significance. Westward the lower part changes to very pale
orange (lOYR 8/2) and shades of yellowish gray and
becomes indistinguishable, in color, from the upper
part. This color change, caused by pyritization of previously red-hued sandstone, is related to diabase and has
no stra.tigraphic significance.
Gregory (1938, p. 58) nmned the Bluff Sandstone
from exposures near Bluff, Utah, and assigned the
unit to the basal part of the Morrison Formation.
Later, Craig and others (1955, p. 134) and Harshbarger, Repenning, and Irwin:. (1957, p. 42) separated
the Bluff ·sandstone from the Morrison Formation and
assigned it to the uppermost part of the San Rafael
Group. Freeman and liilpert ( 1.956, p. 31.2) used this
terminology and extended use of the name into the
Laguna district. In the Navajo country the Bluff
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Sandstone was believed by Harshbarger, Repenning,
and Irwin (1957, p. 42) to be a tongue of the Cow
Springs Sandstone. The Cm·. · Springs Sandstone, a
thick unit of eolian sandstone west of Gallup, N.Mex.,
intertongues northward with the Summerville and Bluff
Formations and with the Recapture Member of the
Morrison Formation. As this stratigraphic sequence
is exposed in the Laguna district, intertonguing relations may extend eastward from Gallup as well. If
the correlation of the Bluff Sandstone in the Laguna
district with the Bluff in the Navajo country is correct,
the same general source area is indicated. Much of the
Bluff Sandstone west of Gallup was derived from the
Jurassic Mogollon Highland to the south and west
(Craig and others, 1955, p. 150; Harshbarger and
others, 1957, p. 43) .
The Bluff Sandstone of this report is equivalent to
the upper, sandy facies of the Summerville Formation
of Harshbarger, Repenning, and Irwin (1957, p. 39)
and to their Bluff Sandstone. It is also equivalent to
the brown-buff and white sandstone members of the
Morrison Formation as defined by Kelley and Wood
(1946) and Silver (1948, p. 78).
Except where the Bluff Sandstone is directly overlain by the Dakota Sandstone, marked local thickness
changes apparently reflect thickening in the lower part
of the unit and not relief on the upper contact of the
Bluff. At one place thickening is known to be related
to .contemporaneous structural depression. The upper
few feet of the Bluff is horizontally stratified, which
indicates that the large dunes that probably characterized the terrain during most of late Bluff time were
beveled and buried before the advent of Morrison
sedimentation.
The lower part of the Bluff is composed of very fine
to medium-grained fairly well sorted quartzose sandstone. It is well cemented with calcite and characteristically forms high vertical cliffs above the less resistant
Summerville Formation. The unit is characterized by
alternate thin to very thick flat-bedded and crossbedded
cosets. Individual cross-strata are small to medium
scale (generally less than 20ft long) and are typically
trough shaped. As shown in figure 5B, the dip directions of crossbedding are concentrated in the two eastern quadrants. On the basis of 81 measurements, the
mean dip direction isS. 87° E., and the average inclina~
tion is 18°.
The sandstone of the lower part contains about 70
percent quartz, 1-2 percent feldspar, about 1 percent
chert, and trace amounts of metaquartzite and siltstone
rock fragments, magnetite ( ~) , zircon, tourmaline, and
hypersthene ( ~) . Thin flakes of clay commonly coat
sand grains. Feldspars are variably altered, and chert
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A. UPPER PART

N

B. LOWER PART

5.-0rientation of crossbedding in Blu1f Sandstone.
Amount and direction of dip plotted on lower h~misphere of
Schmidt equal-area projection.

FIGURE

fragments display an oolitic microcrystalline texture.
Cementing material consists of calcite, quartz as oriented overgrowths on quartz grains, and small amounts
of hematite. In the lower part the grains are slightly

finer, less well sorted, and less well rounded than in
the upper part. The hematite colors the reddish-brown
sandstone and occurs as dustings on both the detrital
grains and the oriented quartz overgrowths. The very
pale orange .or yellow sandstone contains disseminated
pyrite grains and sparse to abundant concretions, which
weather to limonite and hematite.
The upper part of the Bluff Sandstone is fine to
medium grained and very well sorted. It is only moderatey well cemented and forms smoothly rounded exposures that slope steeply back from the top of the
lower part.
Sets of steeply inclined cross-strata as
much as 30 feet high are not uncommon; a single stratum can be traced from the bottom to the top of such
sets, and cross-stratified cosets are truncated at wide
intervals by thin flat beds. The uppermost several feet
of the unit is typically flat bedded. As indicated in
figure 5.A, cross-stratification dips northeastward with
remarkable persistency. On the basis of 63 readings,
the mean dip direction is N. 78° E., and the average
inclination is 24°.
The upper part is compositionally similar to the
lower part except that it contains slightly less quartz
( 65 percent) and slightly more feldspar ( 2-3 percent) .
Sorting is good and the grains are well rounded. The
sandstone is only moderately well cemented with quartz
and calcite; voids make up 15-20 percent of the rock.
Quartz overgrowths are not common, and calcite tends
to occur in isolated patches. Thin flakes of clay commonly coat sand grains. Pyrite is common in drill
cores, and small concretions of limonite after pyrite
are locally abundant.
Origin.-Harshbarger, Repenning, and Irwin (1957,
p. 39, 42) suggested that the upper sandy facies of their
Summerville Formation (equivalent to the lower part of
the Bluff Sandstone in the Laguna district) represents
nearshore regressive marine deposition. The conspicuous absence of fossils, however, does not support
this interpretation. The lower part may be fluvial in
part, for the cross-strata are largely trough shaped,
and their average inclination (18°) is similar to that
reported by Potter (1955, p. 12) for the fluvially deposited Tertiary Lafayette Formation of former usage
of western Kentucky. The average eastward ·dip
direction of the crossbedding in the lower .zone of the
bluff indicates that the sands were trafl:Sported eastward, probably by streams originating·in eastern Arizona and west-central New Mexico.
As Bluff sedimentation continued, wind activity apparently increased. The spectacular large-scale steeply
inclined crossbeds of the upper part appear to characterize eolian deposits (McKee, 1953, p. 20, 22, 28, 49).
The good sorting of the sand supports this interpreta-
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tion. The grand scale and persistent eastward dip
direction of the crossbedding suggest that large sand
dunes were 1noved eastward by exceptionally persistent
prevailing westerly winds.
MORRISON FORMATION

The Morrison Formation, of Late Jurassic age, is exposed on the sides of m.esas and buttes capped by Dakota
. Sandstone ]n a belt eA"iending northeastward across
the district (fig. 1, GQ-355, 354, 208, 210, 212, 209, 211,
371). The mos.t complete exposures are on the south
ond of Clay Mesa, just north of U.S. Highway 66 near
Laguna, and 21h miles north of Laguna on the road to
Pagurute. I-Iere, all three members of the Morrison
Formation a..nd a thick unit of economic importance, the
.Tackpile sandstone, are well exposed. In ascending
order the recognized members are the Recapture, the
'iVestwater Canyon, and the Brushy Basin; the J ackpile
sn.ndstone (of local econmnic usage) is the uppermost
unit in :the Morrison Formation. The Recapture Member is composed of grayish-red and some greenish-gray
mudstone, siltstone, and sandstone and a few thin layers
of limestone. ·The West water Canyon Member is a
widespread unit of arkosic sandstone. The Brushy Basin Member is composed largely of grayish-green mudstone containing many discontinuous sandstone layers,
lithologically like the Westwater Canyon Member, and
' 11 few thin ~ayers of limestone.
The J ackpile, a locally
thick unit of dominantly arkosic sandstone, is the chief
ore-bearing unit of the district. The generalized stratigraphic rela;tions of the 1nembers are shown on plate 1.
The Dakota Sandstone unconformably overlies the
Morrison Formation (pl. 1). Southward from the
.Tackpile mine, where the Morrison is 603 feet thick,
the Dakota trunca:tes successively lower units in the
Morrison; and at Petoch Butte (fig. 1, GQ-355) the
Morrison Fonnation was completely removed by preDakota erosion. ·Stratigraphic relations described by
Schlee and Moench ( 1961) indicate that the Morrison
thins northwestward as well. The individual members
of the Morrison also appear to thin southward (pl. 1).
The Morrison Formation, which was named by Cross
( 1894, p. 2) from exposures near Morrison, Colo., has
been recognized over much of the Rocky Mountain region. In northwestern New Mexico, Baker, Dane, and
Reeside (1936) included in the Morrison all units between the Entrada {\nd Dakota Sandstones. In more
recent literature (Craig and others, 1955, p. 134; Freeman tmd Hilpert, 1956; Harshbarger and others, 1957)
the name has been restricted to terrestrial fluvial deposits of Jurassic age that overlie beds of the San
Rafael Group. All these authors recognized the three

members of the Morrison Formation of this report in
northwest New Mexico. Freeman and Hilpert (1956)
extended use of the names Recapture, West water Canyon, and Brushy Basin Members to the Laguna district, and they (p. 317) informally called the lightcolored sandstone unit at the top of the Morrison Formation the J ackpile sandstone bed.
Although ·the age of the Morrison Formation is generally accepted as Late Jurassic, Morrison sedimentation may have continued into Early Cretaceous time.
The angular unconformity between the Morrison Formation and the Dakota Sandstone definitely ~arks a
hiatus between Morrison and Dakota sedimentation, but
the length of this hiatus is not known. The J ackpile
sandstone is similar in character and stratigraphic position to the Burro Canyon Formation, of Early Cretaceous age, in southwestern Colorado, and the two may
well be ·correlative. Like the Burro Canyon .(Simmons,
1957, p. 2523), the J ackpile intertongues with the
Brushy Basin Member of the Morrison.
RECAPTURE MEMBER

The Recapture Member is generally less than 100 feet
thick in the Laguna, district, and in moSt exposures it
is less than 50 feet thick (pl. 1). In the southweStern
part of the district, scours locally cut through the Recapture Member ·and into the Bluff Sandstone; these
scours are filled with sediment of theWest water Oanyon
Member.
The lower contact of the Recapture Member is generally sharp; it is marked by a downward change from
the dominantly grayish red of Recapture stmta to the
yellowish gray and grayish yellow green of 'the Bluff
8andstone. Apparently the .contact had little original
relief. On the east side of Mesa Gigante, however, the
Recapture Member and Bluff Sandstone intertongue..
The oontact between the Recapture 'and Westwater Oanyon Members :also is sharp. Where theWestwater Canyon Member is absent, as at the southeast corner of Mesa
Gigante, the boundary between the Recapture and
Brushy Basin Members is gradational.
The Recapture Member is composed of interstrU~tified
mudstone, siltstone, sandstone, and limestone. Exposed
surfaces are dominantly grayish-red, but much fresh
mudstone is grayish green, some of 'the sandstone is
grayish yellow, ·and most of the limestone is light gray.
Most of the grayish-red coloring is in the finer grained
clastic rocks. Individual beds are locally as much as
about 10 feet thick, but most beds are much thinner.
The mudstone and siltstone are poorly sorted and contain variable amounts of fine sand grains. The sandstone is •typically fine grained, clay cemented, and
poorly sorted. It is composed of about 55 percent de-
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trital quartz, abundant feldspar, and smaller amounts
of chert and rock fragments. The rock fragments are
altered volcanic rock, siltstone, and mudstone. Accessory minerals are tourmaline, rounded zircon, muscovite, magnetite, ilmeni·te, hematite, and glaucophane.
Some quartz grains are bordered by worn quartz overgrowths. Feldspar grains are both altered and fresh.
Clay is the major interstitial ma;terial, averaging 16
percent of the rock but locally constituting as much as
30 percent of the rock. Calcite and silica cements are
locally abundant. On •the east side of Mesa Gigante,
discontinuous fine- to. medium-grained sandstone strata
contain deposits of coalified plant debris and associated
small uranium deposits.. Limestone beds are mostly less
than 1 foot thick; but one bed more than 5 f.eet thick is
exposed a short distance southeast of Lagtma. The
limestone is gray, very fine grained, and apparently
structureless and unfossiliferous. Locally it is a conglomerrute composed of tabular fragments of limestone
and subordinate sandstone and siltstone.
WEBTW ATER CANYON MEMBER

The Westwater Canyon Member ranges from about
10 to 60 feet in thickness on the west side of the district
and is as much as 90 feet thick at one locality on •the east
side of Mesa Gigante. Where thickest it is comprised
of two sandstone parts separated hy about 3 feet of
grayish-red siltstone, green sandstone, and light-gray
limestone. The unit is locally absent on the south end
of Mesa Gigante. In the northeastern part of the district (pl. 1), theWestwater Canyon Member is probably
exceptionally thick, though its base is not exposed.
Here, the uni•t forms the floor of the valley of Salado
Creek (fig. 1, GQ,-371) and has been incised to depths
of more than 100 feet. The Westwater Canyon and Recapture Members intertongue; some of the strati. graphically lowest arkosic sandstone beds in the Brushy
Basin intertongue with the top of the Westwater
Canyon.
At its best exposures, about 2112 miles north of Laguna
and on the west side of Mesa Gigante, the Westwater
Canyon Member forms a prominent bench of grayishyellow to very pale orange well-cemented sandstone.
Elsewhere it is less well cemented and forms a slope.
The sandstone Is poorly sorted, fine to coarse grained,
and subarkosic to arkosic; pink feldspar is consp!cuous
in hand specimens. Pebbles of quartz and chert are
locally common near the base of the unit. Quartz
averages 51 percent of the rock, and fresh microcline,
perthite, ·and variably altered plagioclase are abundant;
fragments of hypabyssal igneous rocks, pegmatite,
metaquartzite, limestone, and indurated siltstone are
common. Fragments are hoth angular and rounded.

Where friable, the sandstone may contain no cementing
material at all; where well cemented, it contains various
forms of silica or calcite cement. Silica cement is
typically in the form of oriented overgrowths on detrital
grains, locally as chalcedony, and rarely as bands of
quartz crystals whose crystallographic axes are normal
to the surfaces of the detrital grains. Small silicified
logs have been found.
Small- to medium-scale trough cross-stratification is
common in the Westwater Canyon Member. Crossstratification attitudes measured at widely scattered outcrops are shown in figure 6. Although the spread in
orientation is great, the dip directions are least abundant
between N. 55° W. and S. 35° W., and most abundant in
the opposite quadrant. This suggests that the sediments were transported in· a generally easterly or northeasterly direction, which is consistent with the da•ta for
the Bluff Sandstone and Jackpile sandstone.
BRUSHY BABIN MEMBER

The Brushy Basin Member is the thickest and most
widely exposed unit of the Morrison Formation.
Beyond the south margin of the J ackpile sandstone the
member is capped unconformably by the Dakota Sandstone (pl. 1) , and its original thickness cannot be determined. Where the J ackpile sandstone crops out or is
present in drill holes, the underlying Brushy Basin
Member ranges from about 220 to nearly 300 feet in
thickness.

6.-Dip directions of crossbedding in Westwater Canyon
Member. Amount and direC'tion of dip plotted on lower hemisphere of Schmidt equal-area projection.
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The Brushy Basin Member is chiefly grayish-green
(5G 5/2) •to light greenish gray (5GY 8/1) mudstone.
Thin grayish-red ( 5R 4/2) mudstone layers occur
throughout the member but are most abundant near its
base. The 1nudstone is typically silty and sandy, but in
a few places it is nearly pure clay. On fresh surfaces
it shows an irregular fissility that .is about parallel to
sb:atificn,tion, but strn,tification is not obvious. TypicnJly frothy weathered surfaces indicate that the rock
contains abundant swelling clays. In a suite of mudstone samples fr01n the east side of Mesa Gigante, collected n,nd studied by W. D. J(eller, montmorillonite is
lihe dominant clay mineral. Thin-section studies show
that the more firmly cemented beds of mudstone are
composed of angular to rounded fine-sand- to silt-sized
particles of quartz, feldspar, and rock fragments and
sparse ragged plates of biotite and muscovite embedded
in a dense, structureless clay ma·trix.
Sandstone strata lithologically similar to the Westwater Canyon Member locally make up a large part of
the Brushy Basin Member. As is shown on plate 1,
most of these strata are thinner and less widespread than
the Westwater Canyon Member, although some are
locally thick. At two localities on the south end of Mesa
Gigante, 45- and 815-foot-thick deposits of coarse sandstone n,nd grttnule-and-pebble conglomerate were measured. These abnormally :thick deposits are localized in
north-trending Jurassic synclines directly beneath the
Dakota Snndstone and could be mistaken for J ackpile
sandstone except that they are stratigraphically too low
(about 230 ft. n,bove the base of the Morrison) . Instead,
they probably correlate with a thin discontinuous unit
of sandstone in the Brushy Basin on the east and west
sides of Mesa Gigante.
rrhe sandstone beds are very pale orange and form
small benches on the steep slopes of Brushy Basin Member outcrops. Internal structural features are similar
to those in the 'iVestwater Canyon Member, and dip directions of cross-stratification, when plotted, show a
similar broad spread, with a general trend to the east.
The thick sandstone bodies on the south end of Mesa
Gigante are coarser grained than most sandstone' beds of
the Brushy Basin, a.nd they contain abundant lenses of
pebble conglomera;te. The pebbles are intergrown
coarse-grained quartz and feldsP<'tr, chert, and quartzite.
Sandstone fr01n thinner strata is poorly sorted and
arkosic; it contains, in addition to quartz, abundant
1nicrocline, plagioclase, and fragments of quartzite and
altered hypabyssal igneous rocks. The igeneous-rock
fragments contain small euhedral phenocrysts of altered
feldspar embedded in a dense matrix of quartz and clay.
The sandstone is cemented by Quartz and calcite.
Quartz locally fo1ms oriented overgrowths on sandstone
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grains or enclosing bands of crystals oriented normal to
sand-grain surfaces.
Where sandstone strata of the Brushy Basin are in
contaot with or a short distance below the Dakota Sandstone, they commonly have a chalky-white cast, similar
to that of the J ackpile sandstone. The white cast is
given by kaolinite (determined by '\iV. D. J(eller), which
fills pore spaces, and in places thoroughly im].:>reg~ates
the sandstone. The kaolinite also occurs as white clots
about a quarter of an inch across, similar to those in the
lower parts of the .•J ackpile sandstone. Where the sandstone beds diverge northward from the Dakota Sandstone, they contain less kaolinite cmnent, more calcite
and silica cement, and more detrital feldspar and rock
fragments.
Beds of dark-brown to dark-green massive ·strongly
cemented sandstone, generally less than 5 feet thick, are
sparsely distributed in most Brushy Basin exposures.
This sandstone is poorly sorted and has the same detrital
composition as the Westwater Canyon Member, but its
cement is clay.
Thin unfossiliferous limestone strata are sparsely distributed throughout the Brushy Basin. Most beds are
a foot or less thick, but one bed about 15 feet thick was
found northwest of Laguna. Typically the limestone
is very light gray, dense, and massive.
In the eastern and northeastern parts of the distriot,
a stratum of red volcanic tuff less than 5 feet thick appears to be fairly continuously exposed in the Brushy
Basin; it is about 100 feet above the base of the Brushy
Basin Member. This ~ratum was not mapped, but it
may prove to be a good stratigraphic marker in areas
northeast of the district. In thin sections the rock a ppears to be made up of sharp microcrystalline relict
shards solidly cemented by silica. The red color is given
by finely disseminated hematite.
JACKPILE SANDSTONE OF ECONOMIC USAGE

The J ackpile sandstone is exposed directly beneath
the Dakota Sandstone in a belt of outcrops that extends
northeastward across the district (pl. 3). The most accessible exposures are just north of Laguna and at the
J ackpile mine. Because it is the major ore-bearing unit
of the Laguna district, the J ackpile sandstone was
studied in greater detail than the <;>ther sedimentary
rocks. The results of this study (Schlee and Moench,
1961) are summarized here.
The sandstone forms a northeast-trending belt (Potter, 1962) as much as 13 miles wide and 200 feet thick
and more than 33 miles long (pl. 3) . Northeastward
the sandstone body broadens and divides into at least
two smaller trough-shaped fingers. Because the deposit is truncated at its top by an angular unconformity,
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its present dimensions are smaller than its original
dimensions, and it may conceivably have extended over
a much wider area.
The J ackpile sandstone apparently was deposited in a
broad Jurassic structural depression (Schlee and
Moench, 1961, figs. 4, 11) . This origin is indicated by
the relations of rocks along the angular unconformity
beneath the Dakota Sandstone, as seen in exposures on
the southeast side of the J ackpile sandstone body, and
by drill-hole information from the northwest side of
the sandstone body. Further evidence is the fact that
the J ackpile thickens by intertonging with the Brushy
Basin Member. One tongue of the Jackpile was mapped in Oak Canyon, in the northwest corner of the
Mesita quadrangle (fig. 1, GQ-210).
Local concentrations of fossil plant remains, though
not abundant in the J ackpile sandstone, provide ample
evidence of terrestrial origin. Silicified logs as much as
3 feet in diameter and 60 feet long are abundant in parts
of the sandstone and in some places appear to have
formed log jams. Their branches are gone, which suggests that the logs were transported and rolled for some
distance from their place of origin. A small concentration of coalified plant debris was found in a collapse
feature in the J ackpile mine, and a large bone fragment,
probably from a dinosaur, was found in the Woodrow
collapse feature.
Both at the surface and in the subsurface, the upper
part of the Jackpile has a pervasive chalky-white cast,
which reflects its kaolinite content. The lower part
.of the unit is yellowish gray to very pale orange. The
sandstone throughout is generally fine to medium
grained, poorly sorted to moderately well sorted and
friable. It is composed of detrital quartz and ~inor
amounts of feldspar, clay galls, chert, and igneous rock
fragments, and is cemented by various amounts and mixtures of clay, silica, and calcite. The unit is composed
of interstratified lenticular strata that may be several
feet thick. The sandstone strata may be massive or may
exhibit cosets of medium-scale trough cross-lamination
as much as 4 feet thick. A few· discontinuous strata of
greenish-gray bentonitic mudstone occur in most exposures.
Although we were unable to detect a systematic lateral
lo~gitudinal distribution of modal or maximum grain
Size In the sandstone body, a vertical grain-size change
is noticeable. In most places the unit is coarser grained
near its bas~, but it has small amounts of coarse material throughout. The largest fragments found in most
exposures are in the 2- to 4-mm size range "(granules)'
but coarse pebbles (32-64 mm) occur locally, p~rticu
larly at the base of the unit.

o:

The composition of the J ackpile sandstone changes
upward. Many samples from the lower part are arkose
or subarkose, and many from the upper part are subarkose and orthoquartzite (Pettijohn, 1.957, p. 291). Subangular to subrounded quartz grains commonly make up
80-95 percent of the detrital fraction, and angular feldspar fragments (dominantly microcline with subordinate plagioclase and perthite) make up 1-19 percent
(average 5 percent) of the detrital fraction. In thin
sections, grains display ail degrees of alteration; some
are so badly altered that only the relict outline of the
grain remains, whereas others in the same thin section
may be completely unaltered. Some feldspar is extensively embayed or almost entirely replaced by calcite.
Other rock fragments are volcanic debris, polycrystalline quartz, chert, and mudstone. Inasmuch as most of
the volcanic rock has been altered, its abundance may
have been underestimated. A few greatly altered
grains show relict texture of feldspar laths set in a
cryptocrystalline groundmass. The dominant heavy
minerals are zircon and tourmaline; less abundant are
leucoxene, magnetite rutile, garnet, and sillimanite.
Near its base the J ackpile ·sandstone is dominantly calcite.cemented; upward it becomes increasingly clay cemented. In typical thick exposures, calcite sand crystals
are prevalent near the base of the unit but these as
'
'upwell as finer grained calcite, decrease in abundance
ward as 8mall clots of white clay increase in abundance;
near the top of the unit the clay may thoroughly cement
the sandstone. Complete mechanical analyses ·and
X-ray analyses of clay were made on six samples from
the Jackpile mine (John C. Hathaway, analyst). l{aolinite was found to be much more ·abundant than mixedlayered mica-montmorillonite in the clay fractions of
four samples of fine- to medium-grained sandstone rich
in white clay. Two samples of finer grained rocks with
little visible white clay contained dominant mixedlayered mica-montmorillonite and subordinate kaolinite.
Hand-picked white clay gave a good kaolinite X-ray
powder pattern· (determined by Moench) . Sand grains
throughout the unit have quartz overgrowths commonly with euhedral crystal faces, and these' ov~r
gro~ths locally ?Oalesce and bind several adjoining
grams. The. calcite appears to postdate the clay, but
the age relatiOns between the quartz and the calcite or
the ciay are not known.
As seen in thin sections, clay is present in many forms,
from extremely fine grained indeterminate aggregates
to clots that contain well-crystallized kaolinite booklets.
~n pla.ces clay ~0rms aggregates that completely fill
I~terstiCes, and In places it also coats sand grains as a
smgle layer of plates oriented normal to the surface of
sand grains. Elsewhere only isolated clots of clay are
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The eolian environment of late Bluff time was followed without a break by the fluvial and lacustrine environment of Recapture time. Although in the Navajo
country to the west the Recapture is conglomeratic
(Harshbarger and others, 1957, p. 52), in the Laguna
XAOLINIZATION OF SANDSTONES
district it contains only fine-grained clastics and limestone. This difference suggests that the source area was
Although kaolin is most. abundant in the Jackpile ·
farther from the Laguna dist'rict and that streams were
sandstone; it is probably also present wherever Jurassic
generally slower moving and lakes more abundant.
sandstones are truncated by the angular unconformity
After a period of relatively quiet Recapture sediat the base of the Dakota Sandstone. This relationship
mentation, the source area in west-central New Mexico
can be seen on the west side of Mesa Gigante and on the
was rejuvenated, and a great apron of coarser sand
sides of buttes and mesas a short distance southwest of
spread over northwest New Mexico and adjacent St8Jtes
the district (toward Acoma Pueblo) . In these areas
and formed the Westwater Canyon Member (Craig
. the J ackpile sandstone and successively lower Morrison
and others, 1955, p. 157). The paleocurrent data desandstones and the Bluff Sandstone are kaolin rich to
depths of as much as 100 feet below the unconformity. termined from cross-stratification in the Laguna disA regional study of the pre-Dakota hiatus by Leopold trict, shown in figure 6, are consistent ~ith the hypoth(1943) disclosed the presence of kaolin and kaolin- esis of a source area to the west or southwest. The comcemented sandstone at the top of the Morrison Forma- position of the detrital fragments jndicates that oldet~
tion in northeast Arizona and northwest New Mexico. sedimentary, igneous, and metamorphic rocks were exLeopold postulated that the kaolin is a product of posed in_ the source area (Craig and others, 1955, p.157).
weathering under moist conditions that occurred prior
Streams from the same general source area continued
to deposition of Dakota Sandstone. Our observations to deposit similar sands during the formation of the
in the Laguna district (Schlee and Moench, 1961, p. Brushy Basin Member. Volcanic activity was un142) support Leopold's conclusion, although possibly doubtedly more prevalent, however, and much volcanic
the kaolinization reflects downward percolation of cor- ash was reworked by streams to form the thick bentonirosive solutions as the overlying Dakota Sandstone was tic mudstone deposits. Some beds of tlie Brushy Basin
being deposited (H. C. Granger, oral commun., 1962).
Member prdbably accumulated from ash falls, for shard
Decomposition of the relatively unstable constituents
structure has been recognized. The thin lim:estone beds
could result in formation of kaolinite and smaller quantities of other clay minerals, and it could also result in probably formed in scattered lakes on the broad alluvial
the observed relative enrichment of quartz and im- plain.
The J ackpile sandstone may be a product of a second
poverislunent of feldspar and rock fragments. Free
major
rejuvenation of the source area south of Gallup.
silicn libern.ted during the breakdown of feldspar and
the fact that the sandstone has been extenAside
from
volcanic rock fragments may have contributed to silica
cementation and to silicification of logs in the J ackpile sively altered, its composition and internal structure
sandstone (Schlee and Moench, 1961, p.143).
are like those of the Westwater Canyon Member, and
its
cross-stratification indicates that the sediments were
ORIGIN
derived from the same direction. The beltlike shape
According to Harshbarger, Repenning, and Irwin of the J ackpile, branching in a downstream direction,
( 1957, p. 55), "the Morrison formation was deposited could be interpreted as indicating a deltaic depositional
by a system of braided streams on a generally flat sur- environment. However, the lack of interdistributary
face, overlying the deposits of the San Rafael group.
deltaic facies in the shales between the branches sugThe sediments are primarily fluvial, consisting of alternating flood-plain and channel deposits." Craig and gests that the J·ackpile was depOsited far from the sea.
others (1955, p. 150-152, 156-157) interpreted the Re- More likely the sand body was deposited in an area
capture Member, the Westwater Canyon Member, and where broad ·alluvial plains· and belt deposits formed
the sandstone strata of the Brushy Basin Member to be and coalesced, and where distributary and tributary
deposits of streams tlutt flowed east, northeast, and north branching of the !belt sands occurred (Potter, 1962, fig.
from a source area south of Gallup, N.Mex. Much of 13). The branching may have resulted from periodic
the bentonitic clay in the Brushy Basin represents vol- channel breakthrough and alluviation on 'a broad plain,
canic ash, and the thin limestone beds may represent such as occurs within ·the Mississippi alluvial valley.
lacustrine deposition (Craig and others, 1955, p. 157). The original J ackpile sediments probably spread over
visible in thin section; these correspond to the specks
of white clay seen in hand specimens and may represent
thoroughly altered feldspar grains or volcanic debris.
.All these habits of clay may be observed in a single thin
section.
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a ·far greater area than we now see, for pre-Dakota erosion has removed an unknown amount of the. unit.
A broad shallow nor-theast-trending syncline in the
Laguna ·area probably received more sediments than the
bordering areas throughout Morrison time. The unconformable relations between Morrison and Dakota
rocks indicate that the Jackpile i!? partly localized
within a broad synCline of post-Morrison, pre-J.?akota
age; the fact that the J ackpile sandstone also thickens
within this syncline, by intertonguing with the Brushy
Basin, suggests that the syncline was growing during
J ackpile and late Brushy Basin times. That the aggregate thickness of the three members of the Morrison
also tends to increase toward the thickest parts of the
J ackpile sandstone body (pl. 1) suggests that the syncline was ·also growing during earlier Morrison sedimentation. Possibly the slowly meandering streams that
deposited much of the Brushy Basin flowed in this
After rejuvenation in the source
broad depression.
area, coarser Jackpile sediments· were deposited . by
faster flowing streams that followed the same trough,
and the flood plain gradually became broader. Whether
or not downwarping continued after Jackpile sedimentation is not known; however, the truncating angular
unconformity ·at the base of the overlying Dakota sandstone indicates an unknown amount of erosion followed
by renewed sedimentation.
·DAKOTA SANDSTONE

The D'akota Sandstone, of Early and Late ·Cretaceous
age, unconforma:bly overlies the rocks of Jurassic age
throughout the Laguna district. The formation ranges
from less than 5 feet to more than 100 feet in thickness
and is composed principally of black carbonaceous shale
and resistant strata of sandstone. The sandstone of the
Dakota caps many buttes and mesas or forms prominent
benches !below the less resistant Mancos Shale.
In
places coarse sandstone ·and quartz conglomerate beds
are present at the base of the Dakota Sandstone and
fill broad scours ·~s much as 20 feet deep in the underlying Morrison Formation. In many areas, however,
black shale rests directly on the Morrison. In
the northeastern part of the area, where the formation
is locally composed wholly of black shale, the Dakota
shale is distinguishable from the overlying Mancos
Shale only by slight differences in bedding :and by the
slightly darker color of the Dakota shale.
The name Dakota Sandstone has been applied con-·
sistently (except by Young, 1960) to the lowermost
strata of Cretaceous age that unconformably rest on the
Jurassic and older strata in northwest New Mexico.
Dane (1960, p. 48 and fig. 2) reported that on the east
and south sides of Mount Taylor the name Dakota has .

been applied only to a lower tongue of what has been
called Dakota to the northeast. On the west side of the
Nacimiento Mountains, the name ·is applied to a carbonaceous shale and coa1 unit plus a widespread overlying sandstone unit and a discontinuous underlying
sandstone unit. Southward the upper sandstone unit
pinches out, the carbonaceous shale unit becomes part
of the Mancos Shale, and the lower sandstone unit
extends through most of the Laguna district and carries
the name Dakota (Dane, 1960, fig. 2). Cobban and
Reeside (1952, chart lOb) showed the Dakota Sandstone of New Mexico as the lowermost unit of Late
Cretaceous age. Dane (1959, p .. 90) reported the occurrence of Halymenites m,.ajor Lesquereaux in an exposure of the basal part of the Dakota Sandstone 4
miles northwest of Acoma and stated that this fossil is
supposedly restricted to marine rocks, especially sandstones not older than Late Cretaceous. In the Gallup
area, however, Dane and Bachman (1957a, p. 97)
pointed out that the Dakota Sandstone may be partly
of Early Cretaceous age, as well as of Late Cretaceous
age.
In the Laguna district the Dakota is thickest on Mesa
Gigante (fig. 1, GQ-212) and thinnest in the western
and northeastern parts of the district. Channeling of
basal coarse sandstone beds into the Morrison Formation accounts for local thickening of as much as 20 feet
but does not account for the major regional variations.
An upper bed of sandstone forms a good mapping horizon only locally. Possibly the Dakota Sandstone thins
by loss of sandstone strata at its top and intertongues
with the overlying Mancos Shale.
Typically the sandstone of the Dakota forms prominent benches and vertical cliffs. In places there are as
many as four sandstone layers separated by friable siltstone and black shale layers. The sandstone is mostly
shades of tan and orange but is locally white. Darkbrown and black manganese and iron stain is common
on weathered surfaces.
Most of the sandstone is fine to medium grained,
well sorted, and solidly cemented with silica, rarely
with calcite. Well-sorted angular to rounded quartz
grains form 75-80 percent of the rock. Feldspar
grains make up a trace to 2 percent of the rock, and
microcline is more abundant than plagioclase. Sparse
chert, quartzite, and solidly cemented siltstone fragments are also present. Sparse accessory detrital minerals are zircon, partly altered magnetite and ilmenite ( ~), apatite, tourmaline, and biotite. Limonite is
abundant in the interstices and accounts for the orange
and brown hues of the rock. The conglomerate near
the base of the unit contains pebbles and sparse cobbles
of quartz, chert, and well-cemented quartz sandstone
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ttnd is cemented by quartz and calcite. The· sandstone
and conglomerate strata near the base of the Dakota
typically have small- to medium-scale trough and
planar wedge cross-lamination sets. The· sandstone
near the top of the unit is typically thinly even bed.ded
and is locally cross-laminated in small-scale sets.
The black shale is commonly thinly interstratified
with siltstone and fine-grained sandstone. In many
areas, as at the J ackpile mine, a thin bed of fissile black
shale marks the base of the unit. Pyrite commonly
forms thin films along joints and paper-thin discontinuous .laminations parallel to the fissility. At. the
.Tackpile m.ine, and probably elsewhere, the black sh~le
contains rubundant minute rounded white blebs of a
waxy substance.
MANCOS SHALE AND MES.AVERDE GROUP

The Upper Cretaceous strata, including the thin
Dakota Sandstone, have a total exposed ~hickness of
about 2,300 feet, but they once formed a cover perhaps
twice this .thick over the region. The upper part of
this section js best exposed along Mesa Chivato, on the
northwest side of the area (fig. 1, GQ-207, 209) and the
lower part is ·exposed over broad areas in lower mesas
and buttes south and east of Mesa Chivato. As
amply described by Sears, Hunt, and Hendricks (1941)
and by Pike (1947), the Mancos Shale and Mesaverde
Group intertongue over a broad area and represent alternating marine transgressions and regressions. In
this report these two units are described under a single
heading because the area of intertonguing relations is
1nuch larger than the Laguna district, so that parts of
the Mancos Shale are exposed far above the base of
the Mesaverde Group. In the Laguna area the Upper
Cretn.ceous deposits form a simple succession, and no
one unit is known to wedge out within the area.
The Mesaverde Group, whose lowermost unit is the
Gallup Sandstone, overlies most of the Mancos Shale
but includes the Mulatto and Satan Tongues of the Manc.os well above its base. These tongues thicken and converge northeastward. with the m~in body of ;Mancos
Shale, and they pinch out southwestward (Sears and
others, 1941, pl. 26; Pike, 1947, pl. 12). ·
Both the Mancos and Mesaverde once had formatiomtl stn;tus (Sears and others, 1941; Pike, 1947), but
the Mesaverde has since been given group status and its
individual formations named (Beaumont and others,
1956). The stratigraphic nomenclatu113 used here is
that used in reports by Dane and Bachman ( 1957a, b),
Dane, Bachman, and Reesid.e (1957), and Dane (1959,
1960).
The major stratigraphic units of the intertonguing
Mesaverde Group and Mancos Shale above the main
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body of M·ancos are, in ascending order, the Gallup
Sandstone, the Dileo Coal Member of the Crevasse
Canyon Formation, the Mulatto Tongue of the Mancos
Shale, the Dalton Sandstone and Gibson Coal Members
of the Crevasse Canyon Formation, the Hosta Tongue
of the Point Lookout Sandstone, the Satan Tongue of
the Mancos Shale, and the Point Lookout Sandstone.
The Mancos Shale beneath the Gallup Sandstone is
divided into seven mappable units-a lower part consisting of six alternating units of shale and sandstone
overlain by a thick body of shale. The three sandstone units in the lower part of the Mancos extend
across the Laguna district. Following Herrick's
( 1900) original account, Dane ( 1959) applied the name
Tres Hermanos o~ly to the second, or middle, of the
three prominent-· sandstone units. For simplicity in
this report, the three sandstone units are called the
lower, middle, and upper sandstone units of the lower
part of the Mancos Shale.
Lower part of Mancos Shale

The three sandstone and intervening shale units of
the ·lower part of the Mancos Shale aggregate about
350 feet in thickness. Typically the upper contact of
each sandstone unit is sharp; the overlying shale unit
is readily eroded, so that the sandstone forms prominent topographic benches and cliff~. In contrast, the
lower contact of each sandstone unit is gradational;
well-cemented fine-grained sandstone grades downward
into friabie siltstone, and thence into shale.
The lower sandstone unit forms a prominent yellowish-gray to pale-yellowish-brown topographic bench.
It is typically about 20 feet thick and thinly bedded to
massive and contains a few thin beds of siltstone and
shale. It is fine- to medium-grained fairly well sorted
orthoquartzite to subarkose. It contains as much as 70
percent quartz and 7 percent feldspar, plus small
amounts of chert and polycrystalline quartz. Accessory minerals are opaques, rounded zircon, tourmaline,
and staurolite. The rock is cemented mainly by calcite
and partly by clay.
The middle sandstone unit, called the Tres Hermanos
Sandstone Member of the Mancos in nearby areas, is
the moSt extensive of the three sandstones. It extends
far northeast of the L~<YUna distri0t (Hunt, 1936, p. 43)
and is the ;approximate age equivalent of the Greenhorn
Limestone in Kansas (Dane, 1959, p. 89). In the
Laguna district it is 25-30 feet thick ·and' is typically
divided in the middle by a thin siltstone or calcarenite
bed which oauses the unit to erode to a characteristic
double bench. The most striking feature of this unit
is the abundant dark-brown-weathering cal~areous concretions, some of ~hich are several feet in diameter.
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The middle sandstone uni~t is grayish orange, yellowish gray, or pale yellowish brown ·and is typically th~nly
to thickly even bedded and is locally medium-soale
cross-strilitified. The rock is fine- to medium-grained
well-sorted orthoquartzite 'to subarkose. Quartz. composes an average of 70 percent of the rock; feldspar,
most of which is partly altered, composes about 2 percent; ·and chert composes ·about 1 percent. Fragments
of quartzite, shale, ·and siltstone are present but sparse.
Accessory minerals are zircon, opaques, sphene, and
leucoxene.
The upper sandstone unit is the .thickest of the three
in most of the area. It is 35-60 feet thick and is separated from the middle unit by 100-150 foot of shale and
siltstone. In many places it forms high cliffs, and its
gradation at the base to siltstone and shale can easily
be observed. The sandstone is grayish orange to yellowish gr-ay on.weathered surfaces and slightly lighter
on fresh surfaces. It is fla;t bedded and ranges from
thin to thick bedded. The coarsest material, near the
top of the unit, is fine to medi urn grained, well sorted,
and fairly well cemented. Quartz is the maii1 constituent., but some ·aH.ered feldspar and abundantly disseminated black accessory detrital grains are visible in hand
speCimens.
The shale units between the three sandstone units are
various shades of· gray, •and the lowermost darkens
downward to nearly black. . The ·basal, black shale is
similar to that in the Dakota, ·and where sandstone is
absent the contact between Dakota and Mancos strata
is gradational. In most areas the top of the uppermost
quartz sandstone bed of the Dakota is chosen •as the
contact between the two form·ations. The shale between the three ·sandstone uni·ts of the lower part of the
Mancos Shale is laminated ·to thin bedded and is interbedded with thin beds of siltstone· and limestone.
Main body of Mancos Shale

The m·ain body of the M·ancos Shale, which lies above
the three sandstone units, is about 750 feet thick and
forms steep, commonly rubble-covered slopes on the
east side of Mesa Chivato (fig. 1, GQ-207, 209). For
lack of good exposures, this unit was not measured in
the field. The shale is various shades of gray and conta;ins a few strllita of yellowish-gray or grayish"orange
sandstone. The sandstone strata are sharply bounded
a;t their top by shale, and they grade downward to siltstone ·and shale. They. may be equivalent to the tongues
of Gallup Sandstone described by Dane (1960). The
lower part of the main bOdy of ·shale is wavy laminated
to thin bedded, calc-areous, and limonite stained along
bedding, and it contains thin limestone beds.

Gallup Sandstone

The Gallup Sandstone, the lowest unit of the Mesa·verde Group, forms a prominent bench on the south and
east sides of Mesa Chiva;to (fig. 1, GQ-207, 209). Only
the upper member of the Gallup Sandstone-the Gallego Sandstone Member (Dane, 1960,. fig. 2; Dane and
others, 1957, fig. 4)-was mapped in the Laguna
district.
The Gallup Sandstone of the Laguna distriot is about
80 fe~t thick. In most places it is very pale orange to
grayish orange, but locally i t is sbained darker by hydrous iron oxides. In the northeastern part of the area,
the upper part of the. unit is nearly white and has a
thin limonite zone at the top; here, the lower 25 feet of
the unit forms a vertical cliff, whereas the upper part
has eroded to a steep slope having rounded forms and a
peculiar polygonal jointing, much as shown by Sears,
'Hunt, and Hendricks (1941, pl. 29B). The sandstone
is fine grained, m·Oderately well sorted ·and poorly to
well cemented with quartz, and it contains abundant
feldspar ·and some mica fl·akes. Concretions of hematite
and limonite after pyrite are locally abundant, and
fresh pyrite has been found in a carbonaceous zone near
the base of the uni't. ~he lower part of the unit is
thinly to thickly even bedded; the upper part is crossstratified. The cross-stratification is planar and forms
sets 1-5 feet thick.
1

Dileo Coal Member of Crevasse Canyon Formation

The Dileo Coal Member forms a ribbed slope that re·cedes from the cliffs of the underlying Gallup Sandstone, ·and in most ·areas it is largely oovered with rubble.
In the Laguna district the uni;t is composed of interbedded sandstone, siltstone, and shale; a short .distance
south and west of the distric;t, however, the unit includes
some coal (Sears and others, 1941, pl. 26, measured sections 27, 28) . The Dileo is about 85 feet thick in the
district, but to the north it thins and disappears (Sears
and others, 1941, pl. 26).
The interbedded sandstone and shale or siltstone
strata range from ~about 2 to 13 foot in thickness. Shale
stra:ta tend to be 'thickeSt near the base of the unit, but
the proportion of sand to. shale or sil·tstone strata for
the whole unit is about 1: 1. The sandstone is many
shades of orange ·and light brown, fine to very fine
grained, firmly c-alcite cemented, ·and fl·at bedded; locally
it contains thin limonitic layers and flecks of carbonaceous material. The siltstone is grayish orange to
very pale orange, friable to well cemented with calcite,
and laminated to massive. The shale is grayish brown
( 5YR 5/2), laminated, fissile, and, locally, iron stained.
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Mulatto Tongue of Mancos Shale

The Mulrutto · Tongue ranges from ·about· 320 to 380
feet in thickness and averages about 350 feet thick. Far
north of the district·. it thickens and merges with
the m.n.in body of the Mancos Shale (Sears and others,
1941, pl. 26). Exposures are sparse in the Laguna district, for the unit typically forms a rubble-covered slope.
The unit includes a few sandstone strata, and these have
n, sharp upper contact and a gradational lower contact.
In Seboyebt Canyon (fig. 1, GQ-207) the graded shalesa.ndsoone sequence is reperuted three times-in the
lower 65 fe~t of the unit, in the middle 155 feet, and in
the upper 130 feet. In the lower part, fissile olive-gray
shale grades upward to yellowish-gray very fine grained
sandstone thrut 'is well cemented with calcite ·and forms
u. subdued bench. In the middle part, interbedded
olive-gray shale n.nd yellowish-gray siltstone grade upward to very pale orange very fine grained sandstone
that forms a seoond subdued bench. In the upper part,
fri·able very pale orange to pale-yellowish-brown siltstone grades upward :t;o yellowish-gray very fine grained
vfu·.in;bly cemented sandstone; a f.airly well cemented
zone forms a small bench in the middle of the upper
sandstone part.
Dalto~l

Sandstone Member of Crevasse Canyon Formation
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srriall-scale · planar cross-stratification. The shale is
largely dark colored and probably' carbonaceous and is
fissile; in places it is laminated.
HostaTongue of Point Lookout Sandstone

The Hosta Tongue, which range~ from 90 to 115 feet
in thickness, is exposed near Seboyeta, where it forms
a prominent topographic bench. The lower 70 feet or
so of the unit is entirely sandstone, 'vhereas the upper
20 feet or more is sandstone and shale in alternating thin
to thick beds that probably reflect the intertonguing
contact between the Hosta and Satan Tongues. The
main mass of sandstone is pale olive to very pale orange,
fine to medium grained, well sorted, and modera.tely
well cemented. Most of the unit is thinly even bedded;
but cross-stratification is present in small- to mediumscale planar sets. The shale of the upper part of the
unit is dark gray and is interstratified witl~ fine- to
medium-grained evenly stratified and cross-stratified
sandstone that is much like that of the main mass.
Satan Tongue of Mancos Shale

The Satan· Tongue, which is less :than 50 feet thick, is
exposed near Seboyeta (fig. 1, GQ-207). Sears, Hunt,
and Hendricks ( 1941, pl. 26) did not trace this unit as
far south as Seboyeta Canyon, but a few exposures a
short distance beneath the basalt rim of Mesa Chivato
indicate that it is present. The Satan Tongue is composed of black to light-gray and brownish-gray siltstone
and shale in beds about 2 feet thick.

The Dalton Sandstone Member is about 125 feet thick
and is expressed topographically as two prominent sandstone benches separated by a siltstone slope. In Seboyeta Canym~ (fig. 1, GQ-207) the upper and lower
sandstone beds are 62 and 18 feet thick, respectively, and
are separruted by 43 feet of poorly exposed slope-forming
siltstone. The lower sandstone is grayish orange to yellowish gray, fine grained, well cemented, and laminated
to thin bedded. It grades downward into less well
c~mented very fine grained sandstone in the upper part
of the Mulatto Tongue of the Manoos Shale. The upper
sandstone is moderate orange pink to very pale orange,
fine to very fine gritined, moderately well cemented, and
1nassive to faintly stratified; near the top it becomes fine
to medium grained and less well cemented.

The Point Lookout Sandstone is the uppermost stratigraphic unit of Mesozoic age exposed in the area. Its
top is not exposed, but at least 120 feet of its lower
strata is exposed locally. This may be almost the true
thickness, inasmuch as the unit forms a prominent topographic bench and the slopes above it are less steep
and rubble covered. The Point Lookout Sandstone is
grayish orange to very pale orange, fine to medium
grained, poorly sorted in its coarser parts, and fairly
well cemented. Planar medium-scale cross-stratification is locally conspicuous.

Gibson Coal Member of Crevasse Canyon Formation

Origin of Cretaceous deposits

The Gibson Coal Member, which in past years has
been mined for coal at several small adits in Bibo and
Seboyeta Canyons, is about 290 feet thick and forms
slopes with small benches. Exposures are poor, however, and typically rubble covered. The unit is composed mostly 'of interstratified sandstone, siltst~ne, and
shale; but in a section measured in Seboyeta Canyon,
thin beds of coal were found in zones about 130, 155, 170,
and 200.ieet abo~e ~the base of tJle unit. The sandstone,
which forms peds as much as 15 feet thick, is typically
yellowish gray to grayish orange, fine gr~~ned, and generally poorly cemented; some sandstOne beds show

The thick intertonguing sequence of Mancos and
Mesaverde strata was deposited during a series of transgressions and regressions of a sea in Late Cretaceous
time. The thick shale deposits of the. Mancos and the
relatively thin sandstone deposits near the base of that
ul).it formed in the neritic and littoral marine zones,
whereas the varied deposits of the Mesaverde Group
accumulated under littoral, estuarine, paludal, fluvial,
and possibly lagoonal and deltaic conditions (Pike,
1947, p. 15). ShorelineS advanced generally ~rom
northeast to southwest (Pike, 1947, p. 7), a~d sedi.rpents
were derived from a landmasS to the southwest. Sears,

Point Lookout Sandstone
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Hunt, and Hendricks (1941) and Pike (1947) fully west side of t4_e mapped area (fig. 1, GQ-207), where
described the processes of transgression and regression; interstrati.fied acidic pyroclastic deposits and olivine basalt flows form the cap on Mesa Chivato. Many
so these processes are not discussed here. These authors
believed that all the deposits accumulated in. a gently younger flows also cap lower erosion surfaces, -and some
subsiding basin and that the formation of t:ransgressivc are near the level of the Rio San Jose. Diabase sills
and regressive deposits depended upon the relative rates and dikes are abundan~ -in the district, and· a dike of
of subside!lCe and sedim~ntation. When -s-ubsidence monchiquite (a.lamp.rophyre composed of pyroxene and
predominated, the sea transgressed; when sedimenta· olivine crystals ill a groundmass of analcime) is exposed
tion prevailed, the sea regressed (Sears and others, about 1 mile southwest of the Sandy mine (fig. 1, GQ354).
1941, p.l04; Pike, 1947, p. 15).
AGE
The Dakota Sandstone represents the first major
The oldest bas~lt flows of the district form the top of
transgression in Late Cretaceous time. ·Thin fluvial
Mesa
Chivato, where they overlie tilted and folded
sands~ and then swamp and estuarine deposits accumuiated as inundation progressed; these, in turn,· were Cretaceous strata with marked angular unconformity.
buried in most places by littoral sands and, finally, by Probably correlative with this erosion surface in Mesa
neritic shale of the Mancos. Except during three par- Chivato is the so-called Ortiz surface, which truncates
tial_ regressions, probably only to the littoral zone in deformed strata of the Santa Fe Group in the Rio
the Laguna area, neritic conditions prevailed through- Grande depression. As the Ortiz surface is probably
out Mancos deposition. The three partial regressions late Pliocene or Pleistocene in age (Bryan and McCann,
are represented by the three sandstone units in the lower 1936, 1938; Wright, 1946), the basalts on Mesa Chivato
are probably the same age or younger. Hunt (1938, p.
part of the Mancos.
65) suggested ·that the basalts erupted "soon after the
The Gallup Sandstone represents the first major regression in the Laguna district, probably to near-shore -pediment was formed, because the smooth surface beveland beach deposition. The interstratified sandstone, ing resistant sandstone and easily eroded shale would
siltstone, and shale deposits of the Dileo Coal Member not otherwise be preserved." When the basalts erupted
of the Crevasse Canyon Formation probably represent however, the surface may have been partly dissected, for
near-shore (both landward and seaward) deposition the east -rim of Canyon Diablo (fig. 1, GQ-209) is
during the read vance of the Mancos sea; the coal de- 200-300 feet lower than the main surface ·but·is capped
posits south of the area formed under paludal condi- by basalt similar to the second flow on Mesa Chivato.
Fossils at two localities on top of the fourth flow
tions. T~e Mulatto Tongue of the Mancos Shale then
·formed under neritic conditions. The Dalton Sand· ( QTb4 ) corroborate the suggested Pliocene or Pleistostone Member of the Crevasse Canyon Formation rep- cene age for the older flows.' One ~ocality is near the
resents the second major regression, after which this south end of_Mesa Chivato (fig. 1~ GQ-207), where a
unit was' buried by the thick partly paludal deposits of bed of white limestone' about 2 feet thick between the
the Gibso~ CoaJ Member of Crevasse Canyon Forma- fourth and fifth flo,~s contains abundant fresh-water
ti?ri. The Hosta and the thin Satan Tongues of the mollusks. D~ight;~~·T-aylor of the U.S. Geological
Mancos Sha~e represent the final transgression, after Survey identifie~,t~e following:
which the~ .units were buried by the regressive Point
Fres=h·water ,el~tn:
Pi8~_di1!-1'1: _pfU!ertoou~ (Poli)
Lookout Sandstone. Thick continental deposits 9f the
Fresh-water sna.ils:
Mesave~~e Group and marine deposits of the Upper
. · Foss=an-ia abrus8a ( Say)
Cret~Qus. Lewis Shale undoubtedly also accumulated
··'ayratilus parvus (Say)
Physa
in the Laguna· district, but the record has been destroyed
Land snails :
by erosion.
IGNEOtrS ROCKS

The Laguna district is on the east side of the Mount
Taylor volcanic field, a northeast-trending belt of basaltic cones, plugs, and flows centering at Mount Taylor.
Mount Taylor itself is a large deeply dissected stratified
volcano of acidic to intermediate ·composition (Hunt,
1938) . The east side of Mount Taylor extel14s into the

Pupilla
Vertigo

d. Succinea

The other locality is on an erosional relict of Mesa Chivato in the northwest corner of the.Mesi~a quadrangle
(fig.1, GQ-210) where a fossiliferous limestone bed fills
a broad depression. Taylor identified .the following
from this locality.
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Fresh-water clam :
Pisi.cUum oasertanwm (Poli)

·Fresh-water snails :
Starrnicola palustris (Muller) ·
Fossaria abrttssa ('Say)
Gyraulus parvtlt8 (Say)
Physa
Ferrissi

Land snails :
Pupilla
Vallcntia

According to Taylor (written commun., 19~8),-th~
two assemblnges are probably Pliocene or Pleistocene In
age· the few identifiable species do not permit a more
' age assignment. The limestone at both locaI"Iprecise
ties probably represents deposition in shallow ponds
that filled local depressions in the basalt.
Most basalt flows on Mesa Chivato were extruded from
vents and fissures after the Mount Taylor volcano became quiescent, but two are known to predate at least
the latest eruptions. Of 11 recognized basalt flows on
Mesa Chivato, the upper 7 overlap or intertongue with
an nlluvial cone built eastward from Mount Taylor, the
lower 4 are buried by tlus cone, and the lower 2 are overlain by more than 100 feet of air-dropped ash and lapilli
tuff (pl. 2). Closer to the center of Mount Taylor, the
oldest flows may have been buried by more than 1,000
feet of pyroclastics. Near the east side of the Mount
Taylor amphitheater (fiunt, 1938, p. 65), a plug of
olivine basalt, petrographically similar to the second
flow on Mesa Ghivato, intrudes Cretaceous sedimentary
strata. Evidently this plug was buried by a considerable thickness of pyroclastics and was later exhumed
during the erosional breaching of Mount Taylor.
These relations indicate that at least two basalt flows
were extruded while the volcano was active, and that the
upper nine flows on Mesa Chivato were extruded probably shortly n.fter the volcano became quiescent and while
n. ln.rge alluvial cone grew east'ward from it.
Several subsequent basalt flows were extruded on successively lower and younger erosion surfaces (pl. 2).
The two flows on Clay Mesa and the cone from which
they flowed (QTb 12 , QTbla) overlie the Wheat Mountain erosion surface, which was formed 200 feet below
the basalt-capped Mesa Chivato erosion surface; two
flows (pl. 2, Qb 2 ; fig. 1, GQ-354, Gba) are on or near
the present level of erosion. The flow labeled Qb:? is
believed to be older than Qb 3 because it has been partly
eroded by the Rio San Jose, and it. is more completely
buried by alluvial and eolian ,$ands than Gba.
The great amount of erosion below the level of Mesa
Chivato suggests that the flows on the high erosion surfaces, such as the Wheat Mountain and Mesa Chivato
surfaces (pl. 2), are latest Tertiary or possibly early
221-688 0- 67- 3

Pleistocene in age, and those that· are on or near the
.
present level of erosion are Quaternary in age.
The diabase sills and dikes were probably emplaced
in late Tertiary time after structural tilting at the margin of the San Juan Basin, befo~e the extrusio:n of the
basalt flows, and during the penod of f~cturing that
accompanied tectonic activity in the Rw Grande depression. As described la;ter, rriost of t~e sills are confined to a thin zone that cuts subhorizonta:lly across
tilted strata, suggesting that emplacement postdated
tilting. The Dough Moun:tain plug (fig. 1, GQ-354),
which is composed of basalt similar to that of the second oldest flow on Mesa Chivat9, contains angular inclusions of diabase. The absence of olivine in the diabase and its presence in all the basalts (table 3) further
suggests that the diabase is not related to the basalt.
The relations between dikes, sills, joints, and faults,
described later indicate that fracturing overlapped the
'.
. .
.
emplacement of diabase in time. Fracturi~g, In turn, ~s
inferred to have accompanied late Tertiary tectonic
activity in the Rio Grande depression.
The monchiquite dike intrudes a diabase sill, and it
probably also transects a fault that cuts the same sill.
.

DIABASE

As can be seen on plate 4, the diabase dikes strike
north to north-northwest, and most of them dip steeply
west or east· a few exposed about 2 miles west of Mesita
dip east or ~est at angles as low as 25°. The dikes ~re
as much as 5 miles long and rarely are more than 10
feet thick. Many dikes have remarkably consistent
strike ·and dip, although locally they may deflect into
the flat bedding of the country rocks. Their contacts
are marked by chill zones a few inches thick that are ext.remely tough and resistant to erosion, whereas the
central, coarser parts are typically friable a:nd easily
eroded. Though small displacements across dikes are
common there is no evidence that dikes were intruded
'
.
along preexisting
faults or that faults follow preexisting dikes.
In many places, high -angle dikes deflect into nearly
horizontal sills, which elsewhere are deflected downward to form other dikes. (Though a sill by definition
is conformable to the country rocks, in this report the
term is applied to sheetlike irrtrusives that are. nearly
flat-lying and generally confol_'mable but locally break
across the stratification.)
Diabase sills seem to be most abundant in the vicinity
of the Sandy mine (fig. 1, GQ-354, 210), but they are
also widely distributed in other parts of the Laguna
district, and they may extend beneath large areas. The
sills range in thickness from less than 1 foot to slightly
more than 80 feet; the thickest sill occurs east of the
Sandy mine area. Most appear to be confined to a
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single subhorizontal zone that rises stratigraphically
northward and westward from Triassic through Jurassic and into· Cretaceous strata. Because these strata
dip gently northward, the sills tend to maintain an altitude of about 5,700-6,200 feet. Available drill data
support these relations, for diabase was found only at
an altitude of 5,976 feet in DDH-111 (1,129 ft deep),
a:t the J ackpile mine.
The dimensional uniformity of a sill apparently reflects the. character of the sedimentary rock it cuts.
Sills in the Todilto Formation and Dakota Sandstone
are extensive and relatively uniform in thickness, reflecting the well-stratified character· of the rocks,
whereas sills in the Entrada Sandstone and J ackpile
sandstone are deflected by vagaries of stratification and
commonly crosscut the units.
An elongate diabase laccolith about 150 feet thick and
1,000 feet wide is exposed about 11f2 miles southwest of
Mesita (fig. 1, GQ-210), where its crest forms a northtrending ridge nearly 2,000 feet long. .The base of the
laccolith almost conformably overlies the Entrada Sandstone and the lower part of the Todilto Formation, and
its crest is overlain by warped strata of the Summerville Formation. Large tabular inclusions of all three
formations have been seen in the diabase. The laccolith thins eastward and westward to ·a prominent sill ;
to the west this sill is deflected upward into a dike that
cuts sharply across the Summerville Formation and
Bluff Sandstone.
Inclusions in the sills and dikes are few and are
locally derived. Most could be fit neatly into their original place at the bottom or top of a sill, and they apparently dropped or floated .into the diabase magma
after it had come to rest. In places limestone slabs have
been peeled and bent along the contact of a sill.
PETROGRAPHY

The bulk of the diabase probably has a mineral composition that is typical of diabase in many parts of the
world,· but most specimens are too punky and altered
to warrant detailed work. The least altered specimens
contain about 60 percent plagioclase, 30 percent augite,
and 10 percent magnetite and small amounts of apatite,
zircon, and sphene. Such rocks are ophitic or subophitic, having anhedral augite filling the interstices between
randomly oriented laths of plagioclase. The plagioclase
is fresh and forms euhedral laths 1-2 mm long that are
weakly zoned from calcic andesine probably to middle
labradorite; some laths show a gridwork of combined
albite, carlsbad, and pericline twins. The augite, which
embays the plagioclase and locally forms rods that cut
across severa:I laths, is light gray to pale brownish gray
and very weakly pleochroic where fresh, but much is

partly altered to a reddish-brown or greenish-brown
fine-grained micaceous material. Some of this material
is biotite that is strongly pleochroic and has strong birefringence, but some is probably chlorite. Magnetite is
abundant as disseminated small octahedral crystals and
anhedral grains. Apatite forms small rods and fibers.
Olivine is conspicuously absent, so that the diabase contrasts with olivine basalt flows. No alteration products
of olivine were seen.
One or more layers of lighter colored 1nore resistant
rock are common in the thicker sills.. The layers are
about 2 feet thick and grade into the more typical, punky
diabase. The lighter colored rock is similar in texture
and mineralogy to the more typical diabase, except that
the plagioclase laths are partly altered to a very fine
grained material, probably epidote or zoisite, and most
of the identifiable plagioclase is nearly pure albite to
oligoclase, with a few relicts of andesine to labradorite.
The laths show strong normal zoning, and albite locally
embays more calcic plagiodase along cleavage traces.
Augite is similar in habit and appearance to that in the
punky diabase, except that locally along cleavage traces
it is replaced by tremolite. Biotite, in ragged to subhedral golden-brown·to reddish-brown flakes and books,
is . probably an . alteration product of augite and
tremolite.
Aplite sills about an inch thick and having the composition of sodic diorite to quartz diorite form •a small
percentage of a thick diabase sill a short distance east
of the Sandy mine. These sills have sharp contacts and
follow nearly flat-lying longitudinal joints in the diabase. None have been found extending into the country
rock. The aplite is light gray, fine grained, and equigranular and is composed of about 80-90 percent plagioclase feldspar; 0-15 percent quartz; 5--10 percent magnetite, amphibole, biotite, microcline, ·and augite; and.
trace ·amounts of apatite, sphene, ·and zircon. Plagioclase, which forms blocky subhe¢lral complexly twinned
tabular crystals as much as 1 mm long, is altered but is
identifiable as albite and possibly locally as oligoclase.
Microcline occurs along albite boundaries and locally
embays albite locally along cleavages. Quartz is anhedral and fills interstices between plagioclase laths.
Amphibole, as anhedral to euhedral blades and needles,
is mostly brown hornblende, but locally it is colorless
tremolite( ~) or a blue amphibole variety. Dark-red. dish-brown to yellow-brown bjotite forms sparse
euhedral to subhedra1 ·books and fine-grained aggregates; locally it has been replaced by albite along
cleavages or has been altered from other dark silicates.
Magnetite is octahedral and is commonly distributed in
trains that forrri. thin dark streaks on the rock surface.
Apatite, the most abundant accessory m.ineral, forms

29

IGNE'OUiS R<OCKS

euhedral rods and fibers: Sphene forms anhedral
grains in the interstices between feldspar crystals, and
zircon forms small subhedral crystals.
A vuggy elliptical pegmatitic body about 2 feet thick
and 5 feet 'Yide is exposed near the top of a 75-foot-thick
diabase sill a short distance east of the Sandy mine.
Its contacts are gradational. Most of the body is an
e2.'i.remely vuggy mass of albite plates as much as 1 em
long. Many of the vugs contain feltlike masses and
druses of thin tremolite needles as long as 1 em . Apatite
forms abundant euhedral crystals as much as 1 em
across and 2 em .long in the vugs. Small octahedra of
magnetite are abundant in some vugs.
METAMORPHIC EFFECTS

Diabase has metamorphosed the country rock at many
places and appears to have pyritized sandstone in wide
areas.
Expectably, the effects are most pronounced
where relatively thick sills cut the calcite-cemented
Entrada Sandstone and the Todilto Formation, as in
the vicinity of the Sandy mine. 'VVhere a sill about 75
feet thick cuts the Entrada Sandstone a short distance
east of the Sandy mine, the sandstone is recrystallized
for more than 10 feet above and below the sill, and
bleached for at least 30 feet above the sill and an unknown distance below the sill. A short distance south
of the Sandy mine, folded limestone tha:t lies 'above a
20-foot-thick sill contains metamorphic garnet and
biotite in a zone about 8 feet thick. Metamorphic minerals have also been found to depths of at least 5 feet
below thick sills. Thin dikes and sills in the J ackpile
mine and that vicinity apparently produced only minor
contact-metamorphic effects.
Garnet, the most widespread and abundant metamorphic mineral, is mostly andradite-grossularite
(identified by spectrographic analysis and X-ray patterns) . The garnet, which may be brown, amber, pale
orange, pale green, or colorless, forms anhedral-dodecahedral crystals and granular aggregates in limestone
and calcareous sandstone. Many garnet crystals are
zoned, with darker colors a:t the core.
Goldmanite, a vanadium-rich garnet, has been identified as a constituent of a metamorphosed uraniumvanadium deposit in the Sandy mine (Moench, 1962a;
Moench and Meyrowitz, 1964). There it is present as
minute clear dark-greenish-amber euhedral to anhedral
grains embedded in interstitial vanadium clay in darkgray vanadium-rich Entrada Sandstone. It probably
formed by a reaction involving calcite and vanadium
clay.
Other metamorphic minerals that are associated with
the diabase, but not with the uranium-vanadium deposits, are idocrase, diopside, plagioclase, wollastonite,

and micaceous minerals. Idocrase occurs locally as
poikilitic crystals as large as 1 em that include smaller
garnet crystals and other materials. Diopside occurs as
blocky but ragged crystals, as radiating rods, and as
granular aggregates. Plagioclase, commonly intimately
intergrown with garnet, idocrase, and diopside, is
neither twinned nor noticeably zoned and ranges in composition from albite probably to labradorite; the most
calcic plagioclase was found at sill contacts. W ollastonite occurs locally along dike or sill contacts; it is
fibrous or bladed and forms white, radiating "sunbursts"
on the contacts. Chlorite and small amounts of muscovite and ragged fine-grained biotite occur adjacent to
sills and dikes in the J ackpile mine. Fine-grained
chlorite also occurs in Bluff Sandstone adjacent to a dike
on the southwest side of Mesa Gigante. There it forms
both minute olive flakes oriented normal to the surface
of sand grains, and aggregates in interstices.
In prospect Pit III of the Sandy mine, small tabular
masses of pyrrhotite occur along bedding planes of
a garnetiferous calc-silicate rock that was originally
limestone; pyrrhotite is interstitial to garnet and other
constituents and is partly replaced by hematite. A
small metamorphosed uranium-vanadium deposit about
200 feet north of Pit I also contains pyrrhotite, mostly
altered to hematite, in a thin layer cut by veins of calcite
and euhedral crystals of green garnet. The pyrrhotite
probably formed :from pyrite by loss o:f sul:fur during
metamorphism.
The Bluff Sandstone, the Entrada Sandstone, and
parts o:f the Summerville Formation, where adjacent to
diabase, have been altered :from red to light tan (fig. 7).
The red colors, viewed in thin section, are caused by
hematite dust on sand grains: Such hematite dust is
\
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FIGURE

7.-Color differences in crossbedded Entrada Sandstone
cut by diabase.
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absent in altered. sandstone which, where unweathered,
contains discrete pyrit-e grains and 2-inch concretions of
pyrite. Detrital magnetite has been aHered to pyrite;
and ilmenite, to leucoxene. At the surface the pyrite
weathers to limonite.
MODE OF INTRUSION

The diabase sills and dikes interconnect without cutting one another; emplacement in a single episode is
thus indicated. The conspicuous sparseness of foreign
inclusions in the diabase suggests that it was emplaced
slowly and passively. If the flow had been more rapid,
a greater abundance of wallrock inclusions would he
expected, and small inclusions would be expected a considerable distance from their source. Instead, inclusions are of the rocks exposed directly above or below
a sill, and the place of origin of many can be found.
The presence of sills between the dikes and •the fact
that the sills are locally much thicker than the dikes
suggest some sort of lifting action. If, for example,
several dikes extended to the surface, when still fluid
they would tend to lift the masses of sedimentary strata
between them, provided the specific gravity of the
1nagma was greater than that of the country rock. If
the magma is assumed to have a specific gravity of
nearly three, the intervening blocks of relatively less
dense sedimentary strata would tend to float, and the
1nagma could flow passively along flat-lying fractures.
The thickness of a sill would then increase as the overlying block was lifted higher. Although the sills are
mostly conformable in detail, they are mostly confined
to a thin subhorizontal zone that cuts across the gently
tilted strata. This relation suggests that emplacement
was somehow controlled by a nearly flat lying surface of
~·oughly uniform overburden.
MONCHIQUITE

The monchiquite dike exposed about 1 mile southwest
of the Sandy mine is about 11h feet thick and 3500
feet long; it strikes irregularly about N. 55° W. and
dips about 75° N. It cuts a diabase sill and crosses a
set of north-striking high-angle normal faults. The
faults do not displace the monchiquite dike and pre-sumably are older than the dike, but farther south they
displace the diabase sill. These relations indicate that
the monchiquite is younger than the diabase and suggest that perhaps considerable time separated the two
intrusions.
The monchiquite, a dense black vesicular rock, is about
50 percent augite, 10-15 percent olivine, 10 percent
magnetite, and 25-30 percent interstitial analcime containing abundant microlites of augite, hornblende, and
biotite. Some vesicles are filled with colorless
analcime; others are lined with brown opal_ and filled

with either analcime or calcite; and still others are
filled· with calcite alone. The augite is light gray and
forms radiating aggregates of subhedra.l prisms as
much as half a millimeter long. Olivine forms blocky
euhedral crystals as much as 1 mm across, and magnetite forms minute disseminated euhedral octahedra.
The interstitial analcime and that in the vesicles is
colorless and isotropic to weakly birefringent. The
microlitic hornblende is strongly pleochroic from colorless to moderate brown; microlitic biotite is pleochroic
from colorless to dark reddish brown.
ERUPTIVE ROCKS OF MOUNT TAYLOR

As shown by Hunt (1938, pl. 7), rhyolite, trachyte,
and latite are exposed on the floor and walls of the
large amphitheater eroded into the Mount Taylor stratified volcano. These rqcks are overlain by flows and
some tuffs. of porphyritic andesite, which form most of
the outer flanks of the 1nountain. A large alluvial cone
composed of boulders of volcanic materials mantles
the east side of the Mount Taylor volcano and extends
eastward into the Seboyeta quadrangle. These coarse
alluvial gravels, however, may form only a thin veneer
over a thick mass of air-dropped pyroclastic material.
The aggregate thickness of alluvial and pyroclastic ( ?)
deposits may be as much as ·500 feet in the northwest
corner of the Seboyeta quadrangle. In addition, finer
grained volcanic gravels and possibly some air-dropped
tuffs are interstratified with the olivine basalt flows
on Mesa Chivato. Because Mesa Chivato slopes away
from Mount Taylor, these alluvial materials undobtedly came from Mount Taylor.
A single exposure about 95 feet thick of larg.ely airdropped tuff (pl. 2; fig. 1, GQ-207) is part of a tuff
unit that overlies two flows ( QTbl and QTbz). The upper 25 feet of the unit is mostly strakified gravel composed of rounded pebbles, cobbles, and boulders of
porphyritic rock, but it has a pumice-lapilli-tuff bed
near the top. The lower 95 feet is very thick bedded
punky tuff that contains randomly oriented books of
biotite, tabular crystals of feldspar, small crystals of
green pyroxene, tabular rock fragments, and small volcanic bombs. Feldspar in the lower part of the tuff is
sanidine; that in the upper part is largely sodic oligoclase. The tuff has a crude polygonal jointing that
may have formed by shrinkage during cooling.
BASALT FLOWS

Eleven stratigraphically distinct basaltic flows or
groups of flows were mapped on Mesa Chivato; other
flows were mapped on lower erosion surfaces; and two
were mapped near the present drainage level (pl. 2).
The distribution and petrographic character of the flows
and one plug are summarized in table 3. All the flows
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have similar composition and contain plagioclase,
augite, olivine, and magnetite and (or) ilmenite as
their main constituents. The plagioclase ranges mostly
from calcic andesine to labradorite; sparse late albite
is present locally. For convenience, all the rocks are
called olivine basalt, even though the average composition of the plagioclase may not be quite calcic enough
for this classification.
Many of the flows can be correlated on the basis of
megascopic appearance, and the second (QTb2), fourth
. ( QTb 4 ), and ninth ( QTb 0 ) flows are stratigraphic
tnarkers which pern1it recognition of other flows that
are interstratified with them and that are also distinguished by minor petrographic differences. Sti11
others-such as the seventh ( QTb1) flow on Mesa
Chi vato, the basalt of the Cebolleta Canyon plug ( Qbl),
the fiow near Laguna ( Qb 2 ) , and the basaltic rocks in
plugs on Mesa Chivato and on younger surfaces-are
distinctive in type but are not sufficiently widespread to
be stratigraphic tnarkers.
VOLCANIC NECKS AND CONES

Many small volcanic cones rise "tt few tens of feet to
tnore than 200 feet from the surface of Mesa Chivato,
and many necks protrude above the lower country to the
east and south. As noted by Dutton (1885, p. 167),
tnost of these necks are erosional remnants of conduits
that fed some of the basaltic flows on Mesa Chivato.
Dutton (1885, p. 166-179) and Johnson (1907) described many necks a short distance north of the district,
u.nd I-Iunt (1938, p. 67-71) described tnany necks in the
region, including a few in the Laguna district.
The volcanic cones on Mesa Chivato were the source
of some flows that are exposed nearby. Most of the
cones rise less than 200 feet above the mesa and have
been considerably eroded. Craters have been removed,
and massive basalt is commonly exposed at the top. Fine
ash and cinders have also been removed from the flanks,
and generally only coarser, fragtnental material remains. Evidence of reactivation can be seen in one cone,
whose peak is just north of the mapped area (fig. 1,
GQ-207); here, basalt of the 2d flow is cut by thin dikes
of basalt that resemble that of the 11th flow. One
cone, between Bear ~tnd Bibo Canyons (fig. 1, GQ-207),
contains basalt of the fourth flow at the top and basalt
of the second flow rut the base, and is one s~urce of possibly tnany for both rock types.
The volcanic necks differ in size and structure, but
n1ost are alike in that they contain masses of breccia and
agglomerate cut by dikes or large pipelike masses of
basalt.
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The peak of Dough Mountain (fig. 1, GQ-354)·,
formed of massive ba.Salt similar to that of the second
flow on Mesa Chivato, is a small plug that is elongated
east-west and cuts vertically across poorly consolidated
breccia. The breccia contains rounded fragments of
scoriaceous and massive basalt, and angular to subrounded fragments of sandstone, mudstone, and diabase.
Many irregular thin dikes that dip at low angles in
various directions are exposed south of the peak.
Seboyeta Peak (fig. 1, GQ-209) is composed largely
of breccia that is cut by many basalt dikes. The basalt
is similar to that of the second flow on Mesa Chivato
except that it contains olivine clots as ·much as 1 inch
long. The breccia contains scoriaceous basalt fragments
of the same type, and large and small blocks of Cretaceous sedimentary rocks, some of which are rimmed by
scoriaceous basalt. Some dikes have been broken into
large slabs, which indicate that late-stage slumpi~g has
taken place.
Cerro de Jacobo (fig. 1, GQ-371) is a nearly cylindrical mass of columnar-jointed basalt about 1,200 feet
in diameter. The basalt is similar to that of the second
flow on Mesa Chivato. The west side of the plug con. tains a mass of well-stratified basaltic tuff and agglomerate composed of tuff, lapilli, bombs, and sedimentary
rocks but no angular fragments of massive basalt. The
tuff and agglomerate dips 30°-50° W., away from the
center of the neck and is cut on its west side by a dike
of massive basalt.
Cerro de Santa Rosa (fig. 1, GQ-371) is a cylindrical
mass of basalt about 700 feet across. The basalt is like
that of the second flow on Mesa Chivato except that it
contains large clots of dunite. Columnar jointing is
. vertical near the top of the neck but diverges downward.
A crescent-shaped mass of stratified scoriaceous tuff,
lapilli, bombs, and a few dunite clots is exposed on the
northeast side; strata dip about 35° toward the neck.
Breccia composed of finely broken Cretaceous sedimentary rock is exposed near the base of the stratified material. The boundary between the stratified pyroclasts ·
and brecciated country rock is gradational and is truncated by massive basalt.
Picacho Peak (fig. 1, GQ-208)· is at the center of a
dike 1 mile long and as much as 300 feet tl~ick that strikes
N. 30° E. and dips steeply west. The dike is composed
entirely of basalt similar to that of the second flow on
Mesa Chivato. Columnar jointing is nearly vertical
near the to·p of the dike and diverges sharply downward;
near the base it is about normal to the walls of the dike
and to faint flow layers.
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3.-Distribution and petrography of basalt flows and Seboyeta Canyon plug

Plagioclase

Olivine

Augite.

Magnetite

I Alt.,ation products I Distinctive foatures

Other minerals

Seboyeta (GQ-207); plug in
Seboyeta Canyon.

I Q ba
Qb2

Qbl

----

-------------------------- -------------------------- ------------------------

Andesine-labradorite in
random laths 0.2-o.4
mm long; space between laths incompletely filled with
other minerals.

Colorless, interstitial,
mostly fine grained;
locally as grains 1 mm
across that poikilitically include plagioclase laths.

Labradorite in small
random to subparallel
laths and sparse corroded phenocrysts 2
mm across.

Light gray, fine grained, Equant fine-grained
interstitial; also as
crystals and sparse
blocky corroded
blocky corroded
phenocrysts 5 mm
phenocrysts 2 mm
across.
across.

--

Pale-greenish-gray
equant small subhedral crystals.

------------------------ ------------------------ -----------------------Fine grained, anheAbundant ilmenite(?) ------------------------ Much pore space bedral, interstitial;
apparently subordinate to ilmenite(?).

Small euhedral crystals and blocky corroded phenocrysts 5
mm across.

plates that cut
across other minerals.

Analcime interstitial,
and cristobalite in
amygdules; inclusions of quartz sand
grains, amphibolite
(?), and dense
igneous rocks.

------------------------

I

------------

tween plagioclase
laths; olivine darker
than in other basalt!
ilmenite(?) more
abundant than
magnetite.
Augite and magnetite
phenocrysts; cristobalite in amygdulPs.
analcime in groundmass. Rock forms
thin dikes and sills
in plug.

QTb1a

Laguna (GQ-208); flow on
Frog and Clay Mesas, sill
on side of Clay Mesa.

QTbn

Andesine-labradorite in
random laths 0.3-1.0
mm long; large crystals locally contain
vermicular albiteaugite intergrowths;
sparse interstitial
albite.
Andesine-labradorite in
random laths 0 .1-o.5
mm long and sparse
blocky corroded unzoned phenocrysts 4
mm across; sparse
interstitial albite.

Equant fine grained
subhedral to euhedral crystals.

Small euhedral crystals and sparse
phenocrysts about 3
mm across.

Purplish brown, fine
grained, interstitial;
locally forms blades
parallel to plagioclase laths.

Equant euhedral
crystals about 0.1
mm across.

Small euhedral crystals.

-

ilmenite(?) plates. ____

------------------------

Rock is gray and
slightly coarser
grained than underlying flow and contains sparse magnetite phenocrysts.

------------------------

lddingsite after olivine in flow; iddingsite, hematite, and
light-brown mica
after olivine in sill.

Rock of flow is gray
and dense and has
sparse plagioclase
phenocrysts. Rock
of sill is finely vesicular; flow banding i!
conspicuous near
base.

------

-

Flows on Mesa Cbivato pediment

Seboyeta ( GQ-207); north
side.

QTbn

Seboyeta (CQ-207); center ___

QTb10

Andesine-labradorite
in subparallel laths
0.2 mm long; sparse
interstitial albite.
Andesine-labradorite in
subparallel laths
0.1-o.3 mm long;
sparse interstitial
albite; labradorite in
sparse zoned corroded
phenocrysts.

Colorless, fine grained,
interstitial.
Colorless, fine grained,
interstitial; locally
forms rods between
plagioclase laths.

Equant euhedral
crystals 0.1-o.2 mm
across.

Small euhedral
crystals.

z>t::::l
~

~

i

~

1-d
Q

~

r.p.

~

Purplish brown, fine
grained, interstitial.

-

0
0

0

Flows on Wheat Mountain pediment

Laguna ( GQ-208); Wheat
Mountain.

g
~

Fiows near the level of Rio San Jose and the Seboyeta Canyon plug

Dough Mountain ( GQ-354);
east side.!
Laguna ( GQ-208) and
Mesita (GQ-210); near
, Laguna.

~

Corroded quartz
fragments rimmed
with fine-grained
augite.
.
_____ do _____ ------------ Corroded quartz sand
Equant euhedral
crystals mostly
grains; ilmenite(?)
0.1-<1.2 mm across,
as thin lenses as
locally 1 mm across.
much as 10mm
long parallel to
plagioclase laths.

-----------------------------------------------

Rock is medium gray
and dense; locally
has conspicuous
flow banding.
Sparse rounded plagioclase phenocrysts
and ilmenite(?)
lenses; faint flow
banding.

~

!
~

~
~

J~

~

~

~

~
1-'1

0

0

tboyeta (GQ-207); center,
north, northeast.

QTb;

~boyeta (GQ-207); center,
south; and Moquino (OQ209); northwest.

QTba

~

3quino ( OQ-209); northwest.

QTb7

s

boyeta ( GQ-207); wide;pread; and Moquino
(GQ-209); northwest.

QTbs

Andesine-labradorite
in subparallel laths
0.2-1.5 m.m long.

Se boyeta (GQ-207); center,

QTba

Andesine-labradorite in
laths 0.1-0.4 mm long
and very sCtarse
rounded p enocrysts;
sparse interstitial
albite.
Andesine-labradorite in
zoned phenocrysts
5-10 mm across
and laths 0.1-1 mm
long; sparse albite along grain boundaries.

west, south.

Se boyeta (GQ-207); wide;pread; and Laguna (GQ-

QTb4

Se boyeta (GQ-207); center ___

QTb3

Se boyeta (GQ-207); wide-

QTbs

Se boyeta (GQ-207); west__ ___

QTb,

!08); northeast.!

;pre ad.

Andesine-labradorite
in subparallel laths
of nniform size in
single specimens, but
range from 0.1 mm to
0.2 mm long from
place to place.
Andesine-labradorite In
subparallel laths 0.31.0 mm long; sparse
phenocrysts 2-3 mm
across with opaque
inclusions In ellip.
soidal zones.
Labradorite in subparallel laths 0.1-{).4
mmlong.

Andesine-labradorite in
small randomly oriented laths; sparse
albite along grain
boundaries.
Andesine-labradorite in
subparallel to random laths less than
0.2 riun long; sparse
embayed phenocrysts
1 mm across.

Light gray, anhedral,
fine grained.

_____ do _________________ Sparse ilmenite(?)
Abundant equant
plates.
euhedral to subhedral crystals 0.2I mm across; phenocrysts 5 mm across
in some specimens.

------------------------

Olivine particularly
abundan\locally
forming p enocrysts 5 mm across;
flow banding locall3
conspicuous.

Purplish gray, anhedral
interstitial grains;
darker than In other
flows.

Equant subhedral
crystals, and plates
parallel to plagioclase laths.

------------------------

Conspicuous trachytic texture; deeply
colored augite, corroded hypersthene,
and sparse phenocrysts of plagioclase

Light-gray interstitial
grains and sparse
euhedral blocky
crystals 0.2 mm
across.

Equant subhedral
crystals as much as
0.2 mm across.

Light brownish gray,
anhedral, interstitial;
locally poikilitically
includes plagioclase
laths.
Brownish gray, anhed.ral, interstitial;
locally poikllitically
includes plagioclase
laths.

Small euhedral crystals; forms clots.

llmenite(?) plates;
corroded grain In
clots of olivine
crystals.

Hornblende as tanOpaques and finegrained transparent
brown corroded
prismatic phenomaterial after
crysts as much as
hornblende.
10 m.m long, 1 mm
across.
Small equant grains ___ ____ .do _________________ llmenite(?) plates. ____ Iddingsite after
olivine.
Small euhedral crystals.

Trachytic texture of
subparallel plagioclase laths conspicuous In hand
specimens.
_____ do _________________ _____ do ________ --- __ ---- _____ do _______ -------- __ _____ do ______ ----------- Most hand spedimeru
contain 2 or 3
rounded plagioclase
phenocrysts.
_____ do ____________ ----- Porphyritic, locally
protoclastic; plagioclase phenocrysts
form 5-30 percent o
rock and are most
abundant near top
of flows.
_____ do _____ ------------ Rock is dark gray an<
dense.

Pale gray, interstitial;
some blocky grains
1 mm across poikilitically include plagioclase laths.

Equant euhedral to
subhedral crystals
as much as 2 mm
across.

Brownish-gray anhedral
grains; locally poikilitically include
plagioclase laths.

Small equant grains ___ Small euhedral crystals.

------------------------

Light brownish gray,
fine grained, anhedral,
interstitial.

Equant subhedral
grains 0.1-0.2 mm
across.

Small equant grains;
finer grained and
partly altered in 25 mm across spots.

------------------------

Iddingsite after olivine; hydrous Iron
oxides and leucoxene after magnetite.

Equant subhedral
grains less than 1
mmacross.

Small equant subhedral to euhedral
crystals.

------------------------

Brownish-green micaceous substance
after olivine.

Andesine-labradorite in . Light purplish gray
randomly oriented
subparallel laths 0.20.3 mm long; normal
crystals; poikilitically
zoning; sparse albite
include plagioclase
along interstices.
laths.

Sparse hornblende
phenocrysts as muc h
as 10 m.m long.

Small euhedral to
subhedral crystals.

ilmenite plates
locally abundant;
sparse apatite rods.

1-C

~

g
r:/J
~

0

~
r:/J

Rock is dark gray an
dense and has roun
light-gray to grayisl
red sr,ots that are
most y 2 mm across
but may be 5 mm
across in thick flow:
Faint gradational hor
zontallayering and
greenish hue in
outcrops.

' Rock not studied. Photomicrograph by Nichols (1936, fig. 6) shows plagioclase laths, equant olivine, and magnetite(?) grains in a matrix composed of augite and a small amount of glass(?).

0,
0,
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The Seboyeta Canyon plug (fig. 1, GQ-207) is a coneThe Seboyeta Canyon plug probably formed by one
shaped body about 500 feet across composed of inter- or more violent eruptions. First, a thin veneer of sedilayered breccia and scoria cut by thin dikes and sills of mentary cover was blasted and brecciated; this action
basalt (fig. 8). On its west side it stands about 60 feet ·resulted in the formation of a crater and the ejection of
above the alluvium of Seboyeta Canyon; on its east side scoriaceous materials. These materials fell back into
it is partly buried by colluvium from the higher ground the crater and formed the inward-dipping layered deto the east. The breccia and SGoria form concentric posits. The foldlike features may have formed when
layers 5-15 feet thick thrut dip mainly inward at moder- these materials draped over irregularities in the crater.
ate angles to a common center, except on the southwest Later, olivine basalt welled passively up along cracks
side (fig. 8), and are cut by thin lenticular sills and two and contacts. All the plugs in the district apparently
small dikes of olivine basalt (table 3). The breccia is formed in the same :tnanner-by a sequence of violent to
composed of angular blocks of Gallup Sandstone (which quiet events. As a column of gas-charged magma apis in place to the east a few feet above the plug) as much proached the surface, the contained gases exerted conas 5 feet across, embedded in a friable matrix of more siderable pressure in the upper part of the column; and
finely broken sedimentary rocks and some scoriaceous when· this pressure exceeded the strength of the overbasalt. The scoria forms unbroken sill-like bodies that burden, an explosive eruption occurred. With the sudgrade to broken scoria with scoria cement, which locally den loss of confining pressure, gases came out of solution
contains much comminuted sand.
to some depth in the column and forced out large
EXPLANATION

Basalt

D ...
0

Brecciated scoriaceous
basalt

Brecciated sandstone

Scoriaceous basalt

Contact
Dashed where approximate

Anticline
Showing crestline
2
__.__

Strike and dip of
bed or layer

FIGURE

8.-Sketch map of Seboyeta Canyon plug, 1 mile north of Seboyeta village.
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~t.mounts of scoriaceous magma. This process continued
until the gases were largely released. Later, magma
containing less gas quietly welled upward by some other
process, perhaps by settling of the crust into the magma
clutmber.
'I'he process by which magma rises through the crust
was discussed by ~1cBirney (1959), who postulated that
therrrml stresses in roof rocks and wallrocks tend to detach blocks, n.nd that heat loss to the wa.llrocks sets up
eonvection .currents that carry the smaJler blocks do,vnward. T'he magma. ca.n then rise in a colmnn by a convection-st:oping mechanism. ~1cBirney suggested (1959,
p. 446) that the rising magma would tend to produce a
eylindricn.l conduit, because a circular boundary is the
.most eflicient surface of conduction. Picacho peak is a
l'lrick dike and is not consistent with this view, but at
depth it could be a. cylindrical pipe that passes upward
into a dike along n. preexisting fracture.
SURFICIAL DEPOSITS

Throughout the district local surficial depositS of
1nany types obscure parts of the bedrock geology. All
~;hese surficial deposits are the result of Quaternary and
H.ecent erosion and m.ay be considered as material in
transit to the H.io Grande drainage. Three general
classes of surficial deposits were 1napped in the Laguna
district: ( 1) gravels that cover small pediment
remnants, (2) colluvial deposits on and near the sides
of n1esas, and ( 3) mixed or undifferentiated eolian and
alluvial deposits in valley bottoms, on benches, and on
1nesa tops.
'.rERR.A.CE GR.A. VE!IJS

~1any small remnants of old pedi1nents are preserved
above the present valley floors around the base of Mesa
Chivato and locally on the side of the mesa. These
remnants are recently dissected flat surfaces that are
generally elongate parallel to the present drainage. The
surfaces are -about 40-200 feet above the nearby drainage level and slope southward to eastward away from
~1esa Chivato at grades· of 3-5 percent. They are covered by n. thin veneer of gravel composed of ,-vaterworn
pebbles, cobbles, n.nd boulders of igneous r:ocks. South
of Mesn. Chi vato, and west of its southern extension,
the gravel .is largely porphyritic igneous rock of intermediate or n.cidic composition but includes some
basalt. En.st of Mesa Chivato the gravel is largely
basalt fr01n that n1esa.
COLLUVIAL DEPOSITS

Colluv:ial deposits cover much of the bedrock on the
sides of the mesas, and remnants of colluvial deposits
locn.lly extend well into the valley bottoms. Colluvial

deposits in the area are of two types: scree and toreva
blocks.
Scree mantles the sides of mesas throughout the area.
It is composed of creep debris and of talus that forms
wh~n the resistant cliff-forming sandstone or basalt is
undercut and falls to the slopes below.
A toreva block is a large peripheral segn1ent of a
mesa that has slid as a unit and has tilted toward the
mesa. Reiche (1937, p. 546), who described this land.:.
slide type and named it after its type locality near
Toreva, Ariz., noted the many blocks on the sides of
mesas near Laguna, N. Mex. Toreva blocks in the
Laguna district have formed where resistant sandstone
beds ~verlie thick m1its of shale--for example, the sandstone units of the Mesaverde Group over the Mancos
Shale or the Dakota Sandstone over the Morrison Formation. The largest is half a mile long, parallel to the
side of a mesa., and several hundred feet wide. The
smallest may be only a few tens of feet long. The most
obvious blocks, which show the greatest continuity of resistant layers, are closest to the parent ledge. Successi.vely lower toreva blocks are more disjointed and lose
their identity; those at the foot of a mesa are a disintegrated, jumbled mass of colluvium that merges with the
alluvial and eolian valley fill. Blocks on the. side of a
mesa are generally partly buried by alluvial and eolian
material, which forms a fairly smooth floor on the back
of the block.
Reiche (193'7, p. 547-548) suggested that toreva blocks
near the type locality probably formed largely in late
Pleistocene time, and certainly no less than a thousand
yeaTs ago. He postulated that they formed during the
climatically 1noist period that characterized the Pleistocene Epoch. The partial bu~·ial of the large blocks
suggests that their activity has been arrested, or at least
slowed.
ALLUVIAL AND EOLIAN DEPOSITS

vVe made no attmnpt to distinguish between eolian
and alluvial deposits for m·apping purposes because such
deposits .are 1nixed in most areas and have boTadational
b oundar1es. Alluvimn predominates near streams and
stremn beds, whereas locally derived alluvium and eolian
deposits are mixed near the margins of valleys and on
benches and 1nesa tops. In many places arroyos cut
alluvial n1aterial to depths of as much as 30 feet and
expose thinly bedded silt and sand. Such deposits
probably resulted frmn sheet wash. About a n1ile southeast of Laguna, sand dunes cover an area of about 2
square miles. The east, or lee, side of the area is marked
by a north-trending bedrock ridge, and directly east of
this ridge the sand has drifted to a thickness of perhaps more than 100 feet, probably largely ·as a result
of overgrazing on nearby land. On the south end of
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Mesa Gigante, gypsum dunes which have drifted against
cliffs of 'Bluff Sandstone and the Summerville Formation are partly dissected and may have formed during
a period when the climate was drier than at present.
STRUCTURAL GEOLOGY

The stratified rocks in most of the Laguna district
dip gently northward to westward into the San Juan
Basin. Those in the eastern part of the district are
deformed by broad folds of low relief and by the northtrending San Ignacio faulted monocline1 which forms
the west boundary of the Rio Grande depression. The
southern part of the district lies in the Acoma sag of
Kelley ( 1955, p. 23, fig. 5), a broad synclinal area be. tween the Lucero uplift, a few miles southeast of the
district, and the Zuni uplift, farther west. The district
is near the east end of the Chaco slope of Kelley, which
is the southern slope of the San Juan Basin. The
Nacimiento uplift is about 30 miles northeast of the
northern part of the district.
Although deformation of strata in the Daguna district was minor, three general periods of deformation
are recognized. The earliest preceded the deposition
of the Dakota .Sandstone. Though it may have continued into Cretaceous time, it is called the Jurassic
deformation because it is known to have partly •accompanied Jurassic sedimentation. For convenience, structural features related to this deformation are called
Jurassic structural features. The other two deformations followed Cretaceous sedimentation; the first in
early Tertiary time and the second in late Tertiary to
Quaternary time. They are called the early and late
Cenozoic deformHtions, respectively. For convenience,
structural ·features related to both Cenozoic deformations are called, collectively, Cenozoic structural features, or individually, early Cenozoic ·and late Cenozoic
structural features.
JURASSIC STRUCTURAL FEATURES

Jurassic structural features are a regional north ward
dip on the north flank of the Mogollon
Highland, two sets of broad low-amplitude folds, hundreds of sandstone pipes, intraformational faults, and
various intraformational features that characterize
parts of the Todilto Formation (pl. 3). The regiona.l
hornoclinal dip was a major controlling feature of
Jurassic sedimentation, and the largest east- to northeast-trending folds (the more important of the two
sets) influenced sedimentation at least through Morrison time.
homoclin~l

REGIONAL HOMOOLINE

The Dakota Sandstone lies with angular unconformity on the Jurassic rocks of the area, and southward

it rests ·on successively older strata. These relations
represent a simple erosional planation of successively
older north-dipping Jurassic rocks prior to deposition
of the Dakota Sandstone. Southward sedimentary
changes in the Jurassic rocks indicate that a positive
area (the Mogollon Highland of Harshbarger and
others, 1957) existed in central and southern New
Mexico during Jurassic time. The boundary between
this highland and the basin of Jurassic deposition
trended west ·to northwest across central New Mexico
probably just a few tens of miles south of the Laguna
district, and its effects on sedimentation can be seen in
the southward coarsening of the Entrada Sandstone, the
pinching of the Todilto Formation, and the coarsening
and thinning of the Summerville Formation (Silver,
19.48; terminology different from that used this report).
Because both the Bluff and Morrison Formations were
truncated southward hy erosion, the effect of Jurassic
tilting on the deposition of these units is not fully
understood.
FOLDS

Many folds deform the Jurassic strata of the regional
homocline and, to a lesser degree, overlying Dakota
Sandstone. The Seama Mesa anticline, whose crestline
is immediately south of Seama Mesa and Casa Blanca
·Mesa (pl. 3), is expressed hy a pronounced thinning of
the Morrison Formation beneath the Dakota Sandstone
and corresponding arching of the underlying Bluff and
Summerville Formations (pl. 3, section B-B').
Similarly, north-trending folds in Oak Canyon and on
the south side of Mesa Gigante (pl. 3, section A-A'; fig.
1, GQ-210, 212) are expressed by gentle folding and corresponding thinning and thickening of jurassic strata
below the Dakota Sandstone.
Some folds shown on plate 3, such as the Bell Rock
anticline and other folds that pass under the central part
of the Mesa .Gigante, were not identified in the field but
are inferred because o~ marked changes in •thickness of
Jurassic strata. Such thickness changes are too great
to be attributable to channeling or intertonguing or to
relief on the pre-Dakota erosion surface.
Other folds, such as those near the Sandy mine (pl. 3 ;
fig. 1, GQ-354), warp Jurassic strata long distances
from exposures of Dakota Sandstone. Such folds are
inferred to he of Jurassic age because they are parallel
to and have the characteristics of other folds of known
Jurassic age.
EAST- TO NORTHEAST-TRENDING FOLDS

Many folds of this set were mapped in the area south
of Laguna, where they trend generally east; and some
were identified in the Mesa Gigante area, where they
trend northeast (pl. 3). Owing to lack of adequate
exposure, the folds could not be traced between these
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two areas; but they are probably parts of the same general set, which apparently swings from a generally east
·to a northeast trend. The maximum dimensions of
folds of this set are not known, hut a broad synclinal
warp probably conforms to the easterly to northeasterly
elongation of the J ackpile sandstone (pl. 3). Such a
fold would have sufficient amplitude and breadth to
localize the streams that deposited the J ackpile sedilnents ( p. 22) and probably is more than 13 miles wide
and several hundred feet deep.
The Seama Mesa and Bell Rock anticlines possibly
represent the s::une structural feature in two separate
areas (pl. 3, sections !3-B', 0-0'). North of the crestlines the Morrison Formation ·thickens from generally
less than 200 feet to locally more than 600 feet in the
center of the postulated: syncline that contains the Jackpile sandstone. South of the crestlines the Jurassic
rocks are wttrped by 1nany east- to northeast-trending
folds. Here the Morrison Formation ranges in thickness from less than 50 feet at places along the crestlines
to as 1nuch as 27 5 feet n.Iong the troughlines. The Alamo
Spring syncline and the anticline immediately to the
north (exposed southwest of South Butte, pl. 3) are an
exceptionally large anticline-syncline pair whose structural relief is ttbout 220 feet in tt distance of 0.7 n1ile. A
short distance west of the mapped area the syncline
passes under tt small mesa capped with Dnkota, and there
n lens of l\iorrison as n1uch n.s 50 feet thick is exposed directly beneath the Dakota Sandstone. The lens of Morrison is not present, however, in two small mesas short
distances to the north ttnd south.
The angularity between the beds of the Dakota Sandstone and the underlying formations of Jurassic age
indicates that folding took place partly during the
intervn.l between Jurassic ttnd Cretaceous sedimentation. That folding was also taking place while the
Jurassic sediments accumulated is indicated by stratigraphic relations within the Morrison Formation (see
p. 22), by thickening of Todilto limestone within the
syncline (described later), and by the locn.lization of
belts of sandstone pipes along the folds (pl. 3).
The east- to northen.st-trending set of Jurassic folds
appears to be a local manifestation of a major structural
trend in northwest New l\iexico. Because these folds
are subparallel to the ,Jurassic Mogollon Highland, to
the south, they m.ay have fonned as a result of differential movements between the sinking basin of sedimentation to the north and the rising landmass to the south.
Whether this movement was compressive folding or
vertical adjustments of large blocks cannot be determined fr01n evidence obtained in the Laguna district.
There is no known evidence to indicate that any movement occurred before Jurassic time.

NORTH-TRENDING FOLDS

North-trending Jurassic folds are relatively small but
pronounced and are particularly well exposed in the
south end of Mesa Gigante, and in the vicinity of Oak
Canyon (pl. 3). Some of the folds are narrow synclines
bounded by monoclines; others are more regularly
spaced anticlines and synclines. They are oriented
about normal to folds of the east- to northeast-trending
set and change trend sympathetically from due north,
south of Laguna, to about N. 25° W., in the Mesa
Gigante area.
North-trending folds in the south end of Mesa Gigante
are grouped into four synclines (pl. 3), the first three of
which are shown on section A-A' (pl. 3). Syncline 1 is
about 2;500-3,000 feet broad and, as judged from the
thickening of Jurassic rocks, drops as much as 80 feet
from i.ts borders to its axis. Some of tt1e relief in syncline 1 has been removed by a low-amplitude Cenozoic
anticline that is directly superimposed on the Jurassic
downwarp. The relief on the Bluff-Morrison contact is
about 60 feet on the west side of the syncline and about
40 feet on the east side (pl. 3, section A-A').
Syncline 2 is covered by the upper part of the Bluff
S·andstone and by the Dakota Sandstone; the lower
part of the Bluff thickens markedly in the syncline (pl.
3, section A-A'). The central part of the syncline is
grabenlike ·and has numerous high-angle faults, too
small to show in the section, stepped down ward toward
its center. These faults locally contain sandstone dikes
and apparently formed while the sediments were largely
unconsolidated; the top of many faults is truncated
and overlain by less deformed Bluff strata. Thus, syncline 2 formed during early Bluff sedimentation. Inadequa;te exposure prevents determination of wh~ther
the syncline formed by removal of underlying Todilto
gypsum, by deformation of the whole underlying section, or by a combinn.tion of both processes.
Syncline 3 is complicated by minor flexures on Hs
west flank and by a low-amplitude anticline ·a short
distance farther west (pl. 3, section A-A'). As determined from variations in thickness of the Morrison
Form•ation, the syncline is about 2,500 feet broad and
has a maximum relief of about 80 feet. Relief on the
Todilto limestone ·a short distance to the south is considerably less, and the greater structural relief of the
higher strata may be 111ttributed to thinning of Todilto
gypsum in the syncline.
The north-trending folds in the Oak Oanyon area
(pl. 3) ·are simple anticlines and synclines. Isopach
data for the Jackpile sandstone (pl. 3) indicate a maximum relief of about 85 feet in a horizontal distance of
slightly less than 2,000 feet.
The origin of the north-trending folds is enigmatic.
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The fact that the trends of the folds vary sympa;thetically ·a;bout a;t right angles to the trends of the easttrending folds suggests that the two sets are somehow
related. Stratigraphic evidence likewise indicates that
they formed within the same interval of time.
Although the north-trending folds shown on plate 3 .
appear to be concentrated in the central and southeastern parts of the district, there is no conclusive evidence that they do not occur over much wider areas, and
certainly ·the areas of north- ·a nd east-trending folds
are not mutually exclusive. Conceivably the two sets
of folds may be analogous to metamorphic terranes
where small folds at right angles to the major folds are
commonly related to the same deforma;tion system
(Cloos, 1946, p. 26-29). On the other hand, the stl"atigraphic record reveals tha;t major north-trending arches
and troughs as old as Pennsylyan:i,a n are prooent
throughout northwest New Mexico (Read ·a nd Wood,
1947; Wood and Northrop, 1946; McKee and others,
1956, pl. 3). Conceivably the north-trending folds
formed by the rea0tiva'tion of these ~wlier structural
features and, so, are unrelaited to the formation of the
east- to northeast-trending folds, which have no known
antecedents.
INTRAFORMATIONAL STRUCTURAL FEATURES IN THE
TODILTO FORMATION

The Todilto Formation. is characterized internally by
innumerable small but intrica;te folds, thrust faults,
joints of various 'types, and breccia zones. The folds
range from minute crenulations, which appear as fine
lineations on ,b edding pJ.anes, to structural features that
deform ·a n interval of limestone 10-20 feet thick. Some
of the largest feaJtures deform the underlying Entrada
Sandstone; the contact zone between tthe Todilto and
overlying Summerville Formation is commonly intens.ely deformed. Because all the structural features
are best deveJ.oped in the limestone, they are called intraformational. Their origin depended largely upon the
physical behavior of poorly consolidated semiplastic
limestone during or shortly 'a fter sedimentation.
Folded limestone typically overlies a few feet of
nearly undeformed limestone, which in turn rests on
the Entrada Sandstone. A typical large fold is shown
in figure 9. Note the general lack of deformation in the
lower part of 'the limestone. The structural relief of
some folds diminishes gradually downward into uncleformed limestone; in such folds sl'ippage took place
along many bedding planes, and the amount of slippage
increased upward. Many folds bottom abruptly on
undeformed or only weakly deformed strata; in such
folds slippage took place mainly along a single bedding
plane and formed a miniruture decollement. Slickenside striae, oriented normal to fold 'axes, are common

on bedcl'ing planes and fault surfaces and may he found
on bedding planes of seemingly undeforl'ned limestone.
Calcite apparently has been redistributed in various
parts of folds. In some folds, radial joints that intersect on an approximately common line about parallel
to the axis are healed by coarsely crystallized calcite.
In other folds fine-grained massive limestone fills "pressure shadows," particularly along the axis of the fold.
The upper, massive limestone zone in the Todilto commonly is brecc:i'ated and mixed with sand from the overlying Summerville Formation. Mixed rocks of this
type, as much as several feet th'ick, appear to 'be localized
near large 'intraformrutional folds in the underlying
bedded limestone. Fragments have sharp but ragged
edges, range from a small fraction of an inch to 1 or 2
feet in di:ame!ter, "<Lnd are firmly cemented by uncleformed sandstone or calcite. Bath fragments and
cementing materials in the brecci·as appear 'to be composed of locally derived Todilto and Summerville materials. Most commonly, ragged limestone fragments
are embedded in massive sandstone, but sandstone fuagments:are locally embedded in limestone. Neither substance appears to 'h ave been completely solid when the
breccia formed. The limestone apparently was crenulated and partly consolidated prior to brecciation, but itt
was sufficiently pl'a stic in places to incorporate some
sand. Sand, which apparently flowed freely between

FIGuRE 9.-Fold in limestone of the 'I'oclilto Forml!lltion.
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limestone fragments, was l·argely unconsolidated during ing and sliding of semiconsolidated limestone into the
deformation.
synclines. The apparent lack of intraformational unSm·all folds ·are locally confined to units 3 or 4 inches conformities in the limestone and the fact that the
thick in the stra;tified zone of the limestone, and they upper part of the Todilto commonly contains interare common where the limestone is otherwise unde- mixed material from the lower part of the Summerville
funned. Concentrically folded laminated limestone is indicate that deformation took place under a cover of
bounded above and below by undeformed laminated Summerville sediments. On the other hand, the evilimestone, ·and coarse calcite fills the "pressure shadows" dently plastic,~ semiconsolidated character of the limein the crests ·and troughs.
stone during deformation suggests that the cover was
The axes of most folds are extremely sinuous, and not thick. Under a probably thin cover, then, plastic
some diverge as much as 90° from their dominant direc- limestone apparently slid down the limbs of synclines
tion, or even double back on themselves. Some folds and piled up near the trough. This sliding took place
bifurcate ·rut ·a low angle, and ·at places as many as four along well-lubricated bedding planes above the base of
fulds radiate from a common center-plunge away from the unit; it produced sinuous compressional folds whose
a single high point.
axes roughly parallel those of the larger warps, thrust
Though extremely sinuous, the intraformational folds faults where limestone slipped across several strata, and
trend chiefly in two directions-east to northeast and intraformational mixing along the Todilto-Summerslightly west of north-parallel to the two sets of major ville contact.
DOMELIKE FEATURES
Jurassic folds. The bearings of all folds measured in
the area are represented in compass diagrams on plate 3.
The top of the Todilto Formation is an extremely irIn tJ1e areas southwest of Mesita (pl. 3) , most Jurassic regular surface. Small hummocks or knolls of massive
folds trend east, ·and the strongest maximums in the limestone and associated sandstone are profuse in local
diagt~ams parallel that direction; lesser m•aximums
areas; some rise as much as 20 feet above the surroundtrend novth-northwest. In contrast, the largest maxi- ing surface and apparently reflect the true character
mum in the diagram for folds east of Mesita (pl. 3) is of the contact zone. The interior of most of these humparallel to :that for the north-northwest-trending Juras- mocks is not exposed, so the structure and composition
sic folds that ·are well exposed in the area. A small of the hummocks is not fully known. Some hummocks
maximum is oriented east-northeast. Boo·ause of the may be composed entirely of massive limestone and be
extreme sinuosity of many folds these relations are merely a pronounced local thick~ing of the unit. The
striking. The sinuosity of the fold axes contributes to few exposed interiors consist of a thick lens· of gypsifthe 'broad spread of the maximums, hut the presence of erous sandstone underlain by stratified limestone and
the maximums ·and their relation to the larger folds are overlain peripherally by a thin layer of massive limeunmistakable.
stone. The sandstone has the aspect of a blister near
Limestone thickens markedly in the east-trending the top of the limestone. The largest hummock found
Jurassic synclhies, mainly because of intraformational is 300 feet in diameter and at least 20 feet high. It is
folding. For example, in an east-trending Jurassic fold breached, and the thin layer of massive limestone upwith more than 100 feet of relief exposed in the Sandy holds a circular ridge that surrounds a topographic
mine area (fig. 1, GQ-354), the limestone is about 15 basin from which most of the sandstone has been refeet thick near the fold crest but 30 feet thick in the moved. Whether or not the thin cap of massive limesyncline to the south. The limestone is more than 25 stone originally extended completely over the top of
feet thick near the troughline of the Alamo Creek syn- the feature cannot be determined from the exposure.
cline and 10-16 feet thick in the anticline immediately
The distribution of the domelike features suggests
to the north (pl. 3). At both localities the total meas- that they are related to sandstone pipes. Although
ured thickness of limestone includes the folded strati- some are exposed where sandstone pipes are few in the
fied ru1d massive zones. The stratified zone alone is overlying Summerville and Bluff Formations, they apgenerally nbout half again as thick in ·the synclines as in pear to be most ~bundant where the pipes likewise are
the nnticlines, largely because the intraformational .most · numerous. For example, six large domelike
folds have greater amplitudes in the synclines. The features are exposed in a small area near a group of
massive limestone, including mixed breccia and much pipes about one-third of a mile west of the Crackpot
contorted material, is distinctly more abundant in the mme.
INTRAFORMATIONAL FRACTURES
synclines.
The large-scale warping that took place during
The Summerville, Bluff, and Morrison strata locally
Jurassic sedimentation appears to have induced slump~ contain abundant fractures that formed penecontempo-
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raneously with sedimentation. Such fractures-joints,
faults, and a few sandstone dikes-are most abundant
where Jurassic folds are most pronounced, and some
north-trending folds are also fracture zones.
Many faults terminate and are buried under higher
beds of the units they cut; thus, they are clearly penecontemporaneous. Also, the fact that strata in the
footwall of a fault in the Summerville Formation (fig.
10) are thinner than equivalent strata in the hanging
wall indicates that the fault was active during sedimentation. Similar though smaller faults are locally
abundant in the Bluff Sandstone and in sandstone beds
of the Morrison Formation. Some of the faults and a
few joints contain sandstone dikes as much as half an
inch thick that were derived from the sandstone beds
the dikes cut; evidently the dikes formed when the
sand was tmconsolidated.

N

+

+

FIGURE 10.-Fault in Summerville Formation.

Intraformational fractures are most abundant where
Jurassic folds are most pronounced, and they are not
consistently parallel to any Cenozoic fracture set. The
two categories of fractures overlap in their orientation,
however, and attitude can be used as a diagnostic feature only with caution in small areas of detailed study.
Figure llA represents the poles of all penecontemporaneous fractures measured in sandstones of the Summerville, Bluff, and Morrison Formations in the Laguna
district. This diagram does not resemble any of the
stereodiagrams of joints of two regional fracture systems (pl. 4).

+

B

FIGURE H.-Patterns of penecontemporaneous fractures in sandstones of Summerville, Bluff, and Morrison Formations. A,
Fractures throughout Laguna district. Poles of 60 fractures
plotted on upper hemisphere of Schmidt net. Contour interval 1. 7 percent. B , Fractures in Bluff Sandstone ( •) and
sandstone of Morrison Formation ( +) measured on sides of
Mesa Gigante near syncline 1 (pl. 3). Poles of 22 fractures
plotted on upper hemisphere of Schmidt net.
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Many small :joints and faults occur in syncline 1
in the upper part of the Bhlff Sandstone and in the
sandstone strata of the Morrison Formation that lie
directly above the belt of sandstone pipes (pl. 3). Tl;e
pipes ttre buried by the upper part of the Bluff Sandstone, whereas the fractures are exposed above this unit.
The n:ttitude of the fractures is shown in figure 11B;
elearly, most strike about para.l1el to the axis of the
syncline n.nd the belt of sandstone pipes. The faults
show normn.l displacements of a few inches; some are
truncn;ted by overlying stntta. These fractures appear
to have formed in response to downward movements in
the structural depressions during sedimentation.
SANDSTONE PIPE'S

Many hundreds of peculiar collapse structural features, termed "sandstone pipes," are exposed in the Summerv.ille, Bluff, and Morrison Formations· (Schlee,
1963). .They are nearly vertical cylindrical sand bodies
that range from 1 inch to 200 feet in diameter and from
1 foot to possibly as 1nuch as 300 feet in height. The
crosscutting character and cylindrical form of these and
similar structural features in other terranes have provoked controversy for many years, and no widely accepted explanation has yet been proposed. In the La'gmut district the pipes appear to be collapse features
that :formed as the enclosing sediments accumt1lated.
These pipes are of particular geologic interest here because two are known to be mineralized-the Woodrow
deposit, which y.ielded several thousand tons of the richest uranium ore in the district, and a large collapse feature in the J ackpile mine.
DISTRIBUTION

Several hundred sandstone pipes are exposed in the
district, mainly south and east of Laguna, where the
Summerville Formation and Bluff Sandstone are widely
exposed (pl. 3); no doubt mnny more are buried to the
north benenth t.he thick cover of Cretaceous strata.
All the known pipes are confined tothe Summerville,
Bluff, and Morrison Formations-a Jurassic interval
that totals nearly 1,000 feet in thickness. In general,
pi pes extend down ward from thick sandstone beds into
thick units composed 1nainly of siltstone and mudstone.
Two large pipes are l\:nown to extend downward from
the Jackpile sandstone into the Brushy Basin Member
of the Morrison Formation; a few small pipes have been
:found in the Westwater Canyon Member, and these
probably extend downward into the Recapture Member.
Most pipes, however, were found in the Bluff Sandstone
and the Summerville Formation. In this sequence most
large pipes extend downward from about the middle
of the Bluff into or through the Summerville, and

apparently terminate downward on the Todilto
Formation.
Although some pipes appear to be isolated, most are
concentrated in groups or belts containing as many as
100 pipes. Most such groups or belts are parallel to
both the east- and north-trending sets of Jurassic folds
(pl. 3) . One belt follows the axial zone of the Alamo
Spring syncline (pl. 3), but other belts are on the northor east-dipping limbs of Jurassic synclines.
The belt that foll_ows the west limb of syncline 1, on
the southwest corner of Mesa Gigante, contains many
more pi pes than can be shown on plate 3 or on the
quadrangle map (Moench and Puffett, 1963b). Many
rounded towers and. hummocks rise above the exposed
Bluff Sandstone and Summerville Formation and the
alluvium of the valley bottom (fig. 12A). This belt of
pipes possibly extends southward under Mesa Gigante,
where it is buried by the upper part of the Bluff Sandstone and by the Morrison Formation. To the south it
reappears as single pipe.
DESCRIPTION

The most common surface expression of a large pipe
is a knobby column of massive sandstone, in places rising .
more than 20 feet above the surrounding surface.
Where well exposed, the massive core is typically
bounded by concentric ring faults or ring dikes of sandstone. Rarely, the central part is less resistant to erosion than the surrounding rock and forms a small
topographic depression surrounded by a. ring-shaped
ridge .. The outcrop of the vVoodrow pipe, a low protrusion above the surrounding surficial debris, is indicated
only by discontinuous semiconcentric fractures; it was
discovered only because of its extremely high radioactivity. The large pipe in the J ackpile mine was
uncovered during mine operations.
The cylindrical form of sandstone pipes is irregular,
a1~d 1nany pipes are compound. For example, one pipe
may intersect another, so that only a crescent of the
older pipe remains; or a pipe may contain several
smaller pi pes. These relations are shown in figure 12B:
whic~1 illustrates some of the smallest pipes found in the
area. Pipes apparently range in width downward, but
whether widening or narrowing is don1inant cannot be
determined from surface exposures. The Woodrow
pipe, for which many subsurface data are available, is
from 24 to 34 feet in diameter; the upper 50 feet of the
pipe plunges about 67° S. 50° E.; below a depth of 50
feet the pipe spirals to a plunge of more than 80° N. 45°
E. (Wylie, 1963, p. 177).
The boundaries of most pipes are sharp. They may
be marked by a zone of concentric rii1g faults and ringshaped sheaths of sandstone or by the sharp contact be-
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FIGURE 12.-Sandstone .pipes. A , View northward toward sandstone pipes on limb of syncline southwest of Mesa Gigante.
Synclinal axis lies to right of pipes. B, Closeup of small compound sandstone pipe. 0, Eroded sandstone pipe.
Concentric sandstone sheaths ( s) surround massive core (c). Sandstone strata of wallrocks shown by numbers.
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tween the massive sandstone column and the surrounding strata. Strata around a pipe may dip inward,
toward the pipe, or they may be flait lying. The pipe
shown in figure 120 has a massive sandstone core of
small diameter ( C, about 3 ft) bounded by a wide zone
of concentric sandstone sheaths ( S). The outermost
sheath extends downward from the uppermost stratum
of light-colored sandstone (1) in the wallrock and truncates the next lower stra.tum ·of light-colored sandstone
(2). Both stra,ta have been displaced downward
toward the pipe by ring faults that are approximately
concentric to the pipe.
The core of a pipe may be compact massive sandstone
or it m.ay be a compact jumbled mixture of angular to
rounded sandstone and mudstone fragments embedded
in a massive sandstone matrix. Both the fragments and
the sandstone matrix appear. to be derived locally. The
core of a plug rarely is undefurmed, and it appears to
have been dropped as a unit from a short distance above
(Schlee, 1963, fig. 6).
'iVhere the top of a pipe is exposed, the pipe has obviously been buried by the uppermost sediments that contain it. Small pipes (a foot or less across) are
funnel-shaped at the top and are overlain by stratified
sandstone which tends to sag slightly over :the top of the
pipe. Similar relations have been observed at the top
of a large pipe in the Bluff Sandstone and of the large
pipe that was exposed by mining operations in the
J ackpile mine.
Exposures of the base of a pipe are rare. About 3
miles east of Laguna, however, the bottoms of two pipes
in the upper part of the Summerville Formation are
exposed. Both pipes are underlain by relatively
undeformed strata (Schlee, 1963, fig. 40).
Although the full vertical extent o:f a pipe is nowhere
exposed, our observations of the rare exposures of the
upper and lower ends of pipes suggest that each pipe
extends downward from about the middle of a layer of
sandstone into a layer of siltstone or 1nudstone. Pipes
that top in the J ackpile s~ndstone probably bottom at
some level within the Brushy Basin Member; those ~that
top in the West water Canyon Member probably bottom
within the Hecapture ~{ember; and those that top in the
Bluff Sandstone probably bottmn within or at the base
·
of tl~e Summerville Formation.
Materials within the sandstone pipes evidently. moved
downwn.rd from their place of origin. Strata sag over
the tops of pipes, and commonly around their margins,
and are displaced down ward toward the center by concentric ring faults. 1iVJ1ere the tops of pipes are well
exposed, 1nuch material evidently ·flowed into the pipe
from the surrounding surface. The abundant carbonaceous material in the Jackpile mine must have been
221-688 o-66--4

drawn into the pipe, as plant material from the surrounding surface, hy a rapid down ward movement
within the pipe. Finally, petrographic evidence suggests that materials that make up the core of a pipe
were derived from adjacent or overlying stra~'l (Schlee,
1963, table 1).
It is rarely possible to correlate stratigraphic zones
outside a pipe with remnants of stra;tigraphic. zones
within a pip. At the Woodrow mine, rocks in the pipe
have been dropped 30-45 feet relative to those outside
the pipe; the amount of drop differs for each zone correlated (Wylie, 1963, p.177).
RELATION TO GYPSUM

Neither the areal nor the stratigraphic distribution of
sandstone pipes coincides with that of the gypsum unit
of the Todilto Formation. For this reason, and also
because some pipes do not extend downward to the
Todilto, removal of underlying gypsum cannot easily
explain the origin of all the pipes. Nevertheless, gypsum is thin or absent near some pipes, so that a local
relation between pipes and the removal of gypsum is
suggested.
One group of pipes is ·about one-fourth mile northwest of the Crackpot uranium deposit (pl. 3), a short
distance east of a thick unit of gypsum. The gypsum
wedges out sharply toward the group of pipes, and, still
closer, several domelike lenses of gypsiferous sandstone
are exposed.
On the ·south side of El Rito Mesa, just north of
Mesita (fig. 1, GQ-210), gypsum is missing from a zone
about 2,000 feet wide above which two pipes are exposed; the pipes are possibly part of a north-trending
belt of pipes. On either side of the zone the gypsum is
about 60 feet thick. Within the zone gypsum is replaced
by a much thinner lens of massive fine-grained yellowish-gray sandstone that contains small fragments of
limestone. This sandstone may represent material that
was introduced from above through the pipes as the
gypsum was removed.
ORIGIN

Sandstone pipes in the Laguna district formed during
the accumulation of the uppermost strata that contain
them, particularly in areas where gentle penecontemporaneous folding was taking place. The dominant
process was evidently one of subsidence of unconsolidated or semiconsolidated sand into mud, for pipes of
all sizes appear to 'be confined to strata in which sandstone overlies mudstone.
In the Laguna district, pipes have been ·attributed to
"penecontemporaneous sag or collapse due to removal
of support by flowage or solution of the underlying
gypsum" (Mirsky, 1955). Strong support for this process can be seen at El Ri'to Mesa, north of Mesita:, but
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the facts that some pipes terminate at their lower end
well above the gypsum and that the areal distribution
of pipes is far greater than the present distribution of
gypsum suggest that this was not a major process. Possibly, though, different pipes originated by different
processes, and gypsum may formerly have been much
more widespread.
Gableman (1957) postulated that most pipes on the
Colorado Plateau (including the Laguna district) are
cryptovolcanic features that originated from gaseous
volcanic explosions. The limited stratigraphic distribution of pipes in the district and the absence of any
evidence of explosion or of high temperature alteration
in the pipes studied preclude this possibility.
We suggest that the pipes formed by foundering of
sand into spring vents during compaction and dewatering of the sediment. At some stage in the accumulation of sand on top of water-saturated mud, the area
was deformed; this deformation produced north- and
east-trending synclines. The structurally low areas received more sediments than the higher areas; and the
resulting greater weight of sediment in the synclines,
coupled with spring activity alined along the .folds,
permitted foundering of sand into spring vents. As
the process continued, the sand moved downward and
mixed with materials derived from the sides of the
vents. The total amount of room required to accommodate the sand was probably considerably less th.an
the volume of the pipe, because the pipes are composed
of materials derived from the sides as well as from the
top. Room for the sand was probably created by cornpaction and dewatering of the finer sediment. Where
spring activity extended in depth to the Todilto, solution of gypsum unquestionably enchanced the. formation of pipes.
Because the bulk density of w~ter-saturated sand is
greater than that ·of water-saturated silt or clay
(Emery, 1950), an unstable condition is created whereever a layer of sand is deposited on water-rich mud,
especially if the mud is thixotropic. This instability
can be responsible for intraformational folds. (Emery, 1950; Kaye and Power, 1954) or for a multitude of
subsidence features that characterize interstratified turbidite graywacke ·and shale. We suspect that this instability coupled with spring activity might also be
responsible for sandstone pipes.
Folding and faulting during sedimentation would
aid the formation of springs and account for the beltlike distribution of most pipes, for springs are common
products of tectonic disturbances. Hobbs (1907, p. 128)
described springs and geysers that formed during the
New Madrid earthquake; Hobbs (1907, p. 9-10) and
Heck ( 1936) described subsidence craters as much as

100 feet across that formed during another earthquake.
The alinement of springs along faults is fairly common.
Creation of space by water loss needs further explanation; some of the larger pipes have a volume in excess of
3.5 million cubic feet, much of which is occupied by introduced sand. Silt and fine sand can yield by "flow
failure" (Krynine, 1947, p. 148), during which the
sediment undergoes a readjustment of loosely packed
grains. The shift toward more dense packing results
momentarily in liquefaction of the mass of sediment
owing to vibration induced by tectonic disturbance, and
momentary liquefaction of thixotropic clays might
lead to a similar flow failure. The resulting liquid
might easily have been pressed upward and out of the
pipe, along whatever channels were available, by the
downward-moving sand. Evidence of this upward
movement would probrubly be difficuit to find.
CENOZOIC STRUCTURAL FEATURES

Two general stages of deformation probably spanned
most of the Tertiary and possibly extended into Recent
time. The two stages-early Cenozoic folding followed
by late Cenozoic fracturing and uplift-probably overlapped in time. The major structural features of both
deformations are shown on plate 4. The San Ignacio
faulted monocline, on the east side of the mapped area,
marks the boundary between the Colorado Plateau and
the Rio Grande depression to the east. Through most
of the district the strata dip north to west into the San
Juan Basin and are further deformed by domes, basins,
north-trending folds, widely scattered north-trending
faults of small displacement, and several sets of joints.
The total error in the structure contours drawn on
the base of the Dakota Sandstone (pl. 4) may locally
exceed the 100-foot contour interval used. The error
is probably greatest in the northern part of the district
where the Dakota is deeply buried, because the interval
to be subtracted from a higher horizon cannot be determined precisely and may be variable. The Dakota
ranges from about 5 to more than 100 feet in thickness
in the district; where the Dakota is covered, its thickness is assumed on the basis of its thickness in the nearest exposure or drill hole. The method of map compilation, by Kelsh plotter, introduces an additional error
of about 20 feet.
FOLDS AND HOMOCLINE

The boundary of the San Juan Basin follows the
Madera anticline and its southwest extension, the Madera terrace (pl. 4 Moench and Puffett, 1963a). The
east boundary of the basin is fairly well defined, but
the southeast boundary is indefinite and arbitrary.
West and northwest of the Madera anticline and terrace the Cretaceous strata slope about, 100 feet per mile
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into the San ,Juan Basin. This nearly continuous dip is
interrupted locally by broad terraces, some of which
have slight closure. The 100-foot contour interval on
plate 4 reflects only the largest of these terraces, but
many smaller terraces exist.
East of the Madera anticline and west of the San
Ignacio faulted monocline, the rocks are warped by several broad gentle anticlines, synclines, domes, and basins
in a belt -about 5 miles wide and 15 miles long (pl. 4).
From the crest of the Madera anticline, the strata dip
as much as 8° eastward into the Arch Mesa syncline and
basin; farther east they rise gently, with some reversals,
to a series of -anticlines and domes near the east margin
of the belt.
The Cretaceous strata rise steeply to the north end
of the Lucero uplift, about 13 miles south of Mesa Gigante, where uppermost Permian rocks are exposed at
an altitude of about 6,500 feet (1\:elley and Wood, 1946,
section B-lJ'). If we n.ssume that about 1,300 feet of
Chinle nnd about 650 feet of Jurassic strata once overln.y the Permi1u1 (l(elley and 'i\Tood, 19:!6, section A-A')
the base of the Dakotn. here would be at an altitude
of 8,450 feet, or about 2,000 feet higher than at the
south end of Mesa Gigante.
Some Cenozoic folds may be amplifications of older
folds. The Madera anticline (pl. 4) is nearly superposed on three areas where the Jackpile sandstone is
thin or n.bsent (pl. 3). This zone of thinning is transverse to the elongation and sedimentary trend of the
sandstone body and probably represents a broad lowmnplitude ·north-northwest-trending anticline of Jurassic age. The Madera anticline, therefore, is probably a
reactivated Jurassic fold.
FRACTURES

The fracture pattern illustrated by means of joint
diagrams and mapped faults on plate 4 is perhaps the
most striking characteristic of the Cenozoic structural
features in the district. It is discussed in detail to give
a basis for distinguishing between Jurassic and Cenozo.ic fractures in uranium deposits, to clarify parts of
the geologic history of the district, and to provide a
basis for determining the character of stresses to which
the area has been subjected. Because the district lies
on the boundary between the Colorado Plateau and the
Basin and Range province, fractures can be studied in
relation to the structural histories of both regions.
FAULTS WEST OF SAN IGNACIO FAULTED MONOCLINE

With the exception of the San Ignacio faulted monocline, faults are widely spaced and of small displacement throughout m'o8t of the Laguna district (pl. 4).
The faults strike dom:inantly north to north-northeast
n.nd nearly vertical, and most have a normal displace-
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ment which nowhere exceeds 50 feet. In the central and
western parts of the district, individual faults can
rarely be traced more than 2 miles and, commonly, less
than 1 mile; farther east, near the San Ignacio faulted
monocline, single faults can be traced for as much as
about 4 miles. The faults are fairly straight, and at
their ends they show no evidence of horse-tailing or
feathering out. Fault surfaces are commonly slickensided, and striae are oriented directly downdip; vugs
containing calci:te, pyrite, or hematite pseudomorphs
after pyrite are locally present. Two faults in the
southwestern part of the district strike northeast, in
contrast with the dominant northerly trend. One is a
normal fault that dips 65° S., has an irregular trace,
and contains wide vugs filled with abundant c;alcite.
The other is not w~ll exposed.
Hunt ( 1936, p. 61) noted that ·at m·any localities in
the Laguna district the downfaulted beds dip into the
faults, and that rarely do beds on opposite sides of
faults show the expected drag. He reported that other
faults fail to disturb the strike -and dip of the beds.
North-trending faults of the Laguna district especially
fit Hunt's description. ·Much of the· disploacement on
some of these faults, in fact, is attributable to downbending of beds on the downthrown side. If the northtrending faults formed under regional east-west
elongation, as postulated in a later section (p. 50) ; some
openings would be equal in· width to the heave of the
fault. Such openings might be closed by gravitational
settling of the hanging wall by amounts that depend on
the heave and dip of the faults.
The number of faults having relative displacements
down either to the east or to the west is a;bout equal in
the southwestern part of the district, and there is little
if any structural relief. In the northern and eastern
parts of the district, however, faults having displacement in similar directions are distributed in fairly definite zones. '"'estward from the San Ignacio faulted
monocline, in a belt about 4 miles wide that narrows
northward, the dominant direction of displacement on
the faults is down to the west. West of this belt, on
the west side of the La Gotera and Arch Mesa quadrarigles, the dominant displacement is down to the east,
and farther west the displacement is again down to the
west.
Faults west of the San Ignacio faulted monocline may
reflectsome of the youngest structural aotivity in the
region. High-angle north-trending normal faults cut
diabase sills southwest of Mesita, and one such fault cuts
a basalt flow on Mesa Chivato. Sills are not known to
cut faults, nor do dikes follow faults having more than
a few feet of displacement.
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Bryan, 1965), the total displaceme~t is less than 400
Hunt (1936, p. 64) ·applied the name San Ignacio feet, much of which is attributable to one reverse fault;
monocline to the feature that forms the boundary be- a short distance to the north, the fault zone passes into
tween the slightly faulted Colorado Plateau to the west an east-facing monocline having little structural relief.
The dominant displacements across the San Ignacio
and the greatly faulted Rio Grande depression to the
east. This structural feature .has local . monoclinal faulted monocline were probably dip slip. In the
characteristics, but as a whole it is as much a zone southern half of the zone, strata in the tilted fault blocks
of faults -as 'a monoclinal fold and is called the San or slivers strike nearly parallel to the faults; strike-slip
Ignacio faulted monocline in this report. It forms the components totaling several miles of displacement
western part of the Puerco fault belt of Kelley ( 1955), would be necessary :to account for the vevtical separaa wide north-trending belt of normal faults connecting tions. In the northern part of t~e zone, the major
the· Nacimiento ·and Lucero uplifts on the north and displacements were probably dip slip, even though
south, and separating the Colorado Plateau from the slickenside striae are both steep and nearly horizontal;
deeper parts of the Rio 'Grande depression. Strata the fault traces are too short for the faults to have had
cut by most ·faults in the Puerco fault belt are down- strike-slip components large enough to account for the
thrown to the west, but because individual blocks tilt observed vertical separations.
eastward, the structural relief acroos the belt prdbably
The San Ignacio faulted. monocline probably formed
does nat much exceed 2,500 feet.
in response to vertical movement&-east side down with
On plate 4 ma.ny faults in the San Ignacio faulted possibly a small right-lateral component--..:on a large
monocline are shown to cross one another without recog- north-!trending high-angle fault at depth. The dominizable horizontal displacement. None of these inter- nantly vertical movement is indicated by the gross vertisections are well enough exposed to allow determination cal stratigraphic separation across the feature; the
of which fault is younger. Because all the faults have right-lateral component is suggested by the crudely en
steep dips and most are probably dip-slip faults, echelon patterns within the faulted monocline. The
disp,acements of one fault by another cannot be large.
many faults within the zone across which strata are
The San Ignacio faulted monocline is about 30 miles downthrown to the west may have formed in response to
long and ranges in width from a single fault trace to a monoclinal bending. This is particularly evident in
fault zone as much as 2 miles wide (pl. 4). A•t its south the southern part of the fault zone (pl. 4); faults inend it is a single fault on which strata are downthrown crease in number northward, and the displacement of
more than a thousand feet to the east. This fault prob- strata down to the west increases with increasing dip to
ably converges southward with the Correo fault of the east.
Kelley and Wood ( 1946). The southern part of the
The possibility that the San Ignacio faulted monofault zone shown on plate 4 consists of many straight cline formed under a regional couple cannot be eliminorth-northeast-trending, crudely en echelon faults ap- nated. En echelon fracture patterns, which are
parently truncated by arcuaite faults ·that account for · detectable in parts of the faulted monocline, have been
much of the displacement across the zone. Here, the produc·ed experimentally by coupled stress-for examstrata on the east side of the zone have been dropped as ple,. those produced by Cloos (1955, pl. 2, fig. 2, and
1nuch as 2,200 feet relative to those on the west side. pl. 3, figs . 1 and 2). Applied to the Laguna district,
The rocks in this part of the fault zone are mostly tilted the trend of the San Ignacio faulted monocline might
eastward, and in places they are step-faulted down to be interpreted as one shear direction, and the norththe west, so that the relief across the zone is reduced. northeast-trending faults, as about normal to the direcThe central part of the fault zone is marked by a single t,ion of t.PPsi.on in the couple. A right-lateral couple,
fault; northward the zone swings to a north-northwest then, would be oriented slightly west of north, and it
trend, broadens, and becomes more complex. The woui.d tend to move the area to the east of the faulted
northern part of the fault zone is characterized by many monocline south relative to the area to the west. The
en echelon northeast- and east-trending faults inter- accompanying folds should trend west-northwest, for
spersed with a few north-,trending faults. Though due the major direction of compression in such a stress
to more faults, the total displacement across this part system would be oriented north-northeast. Northof the zone is less than that to the south. Near the north trending folds about parallel to the shear direction,
boundary of the quadrangle (Moench, Schlee, and however, are possible.
SAN IGNACIO FAULTED MONOCLINE
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JOINTS

Cenozoic joints, which are present throughout the
sedimentary strata of the district, are oriented in at
least six joint sets. 2 Three joint sets strike nearly
north, nOl'th-northeast, and north-northwest, respectively, dip steeply to vertically, and appear to fonn a
major joint syste1n 3 that developed in response to late
Cenozoic tectonic activity. The three other sets, which
strike about rut~ right angles, respectively, to the three
sets of the major system and also dip steeply to vertieally, are not clearly understood; they may be analogous
to the unsystematic cross joints described by Hodgson
( 1961, p. 13, 18) and ha.ve no tectonic significance.
~Joints and small faults of widely different ages are
present in the district: those that formed during or
shortly after Jurassic sedimentation, described previously, and those that formed in Tertiary and possibly
Quaternary time. The younger joints are far more
abundant, widespread, and persistent in strike and typically have steeper dips than the older, and they are iii
rocks as young as the late Tertiary ( ~) diabase.
Observation of the orientation and characteristics of
:joints-their spacing and s1noothness and the presence
or absence of mineral matter or slickensides in themwas the primary method of joint study. The fracture
pattern :in the district shows little regard for topography; the same pattern is obtained near and distant
fro.m n. mesa rim. To illustrate the orientations of the
major joint sets n.nd determine if the less abundant
joints of different orientations are systematically
oriented, ·tJ1e poles of the joints were plotted on the upper hemisphere of Schn1idt equal-area diagrams and
contoured (pl. 4) according to the method described by
Billings (1954, p. 112~114). Each of the 13 contour
diagrams represents an area of fairly homogeneous
geologic structure; the outline of each area is shown
on •the map (pl. 4). The joint diagrams on the map
(pl. 4) were derived from the contour diagrams. Each
major maxinuun on the contour diagrmns is represented
by a ·strike line, and dips are shown .for maximu~s that
are not vertical; the length of the strike line is proportional to the percentage of the maximum. A few short
strike lines represent small m:aximums that are not
shown on the contour diagrmns, because some contours
were omitted to simplify drafting. The amount of
1

1

"A joint is n frncture without significnnt relative displaceJnent of the walls, which is a member of a group of fractures
spatially extensive in three dimensions generally, or within the
bounds of n given rock body" (Mitcham, 1963, p. 1157) ; this
definition, nccepted here, eliminates the many rough and apIlllrently unsystemntic fractures that can 'be found in most
outcrops.
!l A group of subparallel joints.
3
A group of intersecting genetically related joint sets.
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data recorded in areas of about equal size differs greatly.
The dominant joint sets, however, are sufficiently persistent to be defined by as few as about 40 measurements.
Diagrmn 2 (39 measurements), for exmnple, is consistent with diagrams for nearby areas (74-144
measurements).
One prmcipal set of j:oints (labeled B on the m'ap in
pl. 4) strikes nearly parallel to the north -trending highangle faults and diabase dikes west of the Sm1 Ignacio
f·aulted monocline. Locally, joints of this set have persistent ·ruttirtudes, 'as shown by the conspicuous maximmns they form in some contour di·agrams. From one
area 'to ·another, however, these joints change in strike
from ·about N. 15° E. to N. 5° W., 'apparently sympathetically with strike changes of the faults and diabase
dikes. This set is not represented in diagrams 8 and
10 (pl. 4).
Joints of the B set 'are the only ones tha:t commonly
contain pyrite veins. Such veins are most abundant
in the Bluff Sandstione where it is intruded by many
di·abase dikes m1d sills. The veins, whic:h at the surface
are composed largely of hematite after cubic pyrite,
may be half -an inch thick and can be traced horizontally
for several tens of feet; their lateral eA"tent, however,
m'ay be considerably greater. Concretions of hematite
after pyrite as much 'as 3 inches -across are commonly
alined along joints of the B set in the smne areas. Elsewhere, most of the joint surfaces are thinly coated with
iron ·and manganese stains. Except for local, 1ninor
deflections where they intersect stratification, joints of
this set -are planar or very slightly curved. The trace
of a single B joint, as indicated by any of the longer
diabase dikes, may be more. than 5 miles long.
In many areas the. B set approximately bisects the
acute angle between two other joint sets (l·abeled A and
C on pl. 4) . The A set strikes from ·about north ( diagram 3, pl. 4) to N. 30 o vV. ( diagrmn 7, pl. 4) , m1d the
C set strikes from a.bout N. 10° E. (diagram 7, pl. 4) to
N. 50°· E. ( diagrmn 3, pl. 4). The A and C sets tend
to vary in strike sympathetically with strike variations
of the B set, faults, ·and diabase dikes.
The A and C joints, which more precisely ·are strikeslip faults of sm·all displncement, commonly exhibit
conspicuous horizontally striated slickensides; these
ferutures were not seen on joints of any other set. The
slickensides -are most conspicuous on thin films of white
or iron-stained quartz tha;t line the joint surfaces, but
they have been seen on joint surfaces that are barren of
mineral m·atter. Slickensides were observed most commonly on A 'and C j{)lints in the Dakot:.:'t Sandstone, which
is more intensely jointed than 1nost ather units, but
they have been found on joints in sandstone UJ?,its
throughout the stratigraphic section.
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Joint sets ht:beled Ae, Be and Ce (pl. 4) ·are approximately norm·al in strike to :the A, B, and C sets, except in
those diagrams where one or more of the la;tter are not
represented. Because the Ae, Be, and Ce joints tend to
rotrute sympathetically· with strike changes of the other
sets, they ·are probably unsystemrutic cross joints that
are similar to those described by Hodgson ( 1961, p. 13,
18). They ·are poorly understood, however, and conceiv-ably may represent ·an entirely independent join~
system with ·a tectonic significance of its own.
Like the unsystematic cross joints discussed ·by
Hodgson ( 1961), the Ae, Be, and Cc joints tend to be
arcuate and to have rough, irregular surfaces. Unlike
Hodgson's cross joints, however, they may be long and
may intersect several joints of the A, B, and C sets. At
one locality, horizontally striated A and C joints that
strike N. 25° W. and N. 35° E., respectively, are intersected and offset (less than a tenth of an inch) by joints
th31t strike N. 70° E. and N. 75° W., respectively. Offsets along the joints that strike N. 70° E .. are right
lateral, whereas offsets along the joints that strike N.
75o W. are left lateral.
Joints in the north half of the San Ignacio faulted
monocline (diagrams 4 and 5, pl. 4) are not classified,
because the fault pattern is too complicated to serve as
a guide to joint classification. However, the diagrams,
especially diagram 5., suggest that the pattern of A, B,
and C joints has swung from a generally north strike
west of the faulted monocline to a northeast strike in the
faulted monocline. The fault pattern in the south half
of. the zone is simpler and permits classification of the
joints (diagram 6). A few minor sets that defy classification are evident in other diagrams for areas west
of the fault zone.

Joint sets in the Dakota Sandstone, a relatively
strong unit, and those in the J ackpile sandstone, a
relatively weak unit, also contrast. In figure 14, joints
measured in the J ackpile sandstone in the open pit of
the Jackpile mine are contrasted with joints measured
N

RELATIONS BETWEEN FRACTURES AND LITHOLOGY

In the Laguna district the B joint set exhibits marked
changes in attitude from one rock type to another. In
relatively strong rocks the joints are about vertical,
whereas in weaker rocks they form two inclined sets.
In a small area (about 1 sq mi) at the Sandy mine sufficient data were collected to contrast the fracture patterns in two very different rocks-the probably relatively strong Todilto limestone and the relatively weak
Entrada Sandstone. The limestone (fig. 13A) has a
simpl~ joint system consisting of vertical north-south
and east-west B and Be joint sets similar to those indicated in diagram 13 of plate 4. In contrast, the sandstone (fig. 13B) contains six well-developed joint sets,
all of which dip at abnormally low angles in comparison with joints in the limestone. Further, the B joint
set in the limestone appears to separate in the sandstone .
into two B sets that dip at relatively low angles.

13.-Stereodiagrams showing principal joint sets in
sedimentary rocks at Sandy mine. Plotted on lower hemisphere of Wulff net. Letters designate joint sets. A, Todilto
limestone; maximums of 111 joint planes. B, Entrada Sandstone ; maximums of 98 joint planes.

FIGURE

CENOZOIC STRUCTURAL FEATURES

in the Dakota Sandstone around the open pit. The
pattern in the Dakota is complete, containing all six
joint sets recognized in the district; all are about vertical. In the J ackpile sandstone, all sets likewise occur
N
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but the B set apparently separated into two inclined B
sets whose intersection plunges north at a low angle.
The whole pattern in the J ackpile sandstone is rotated
slightly counterclockwise from its orientation in the
Dakota Sandstone.
Within a small area a fracture pattern can be expressed differently in different ~tratigraphic units.
The area of diagram 11, plate 4, for example, contains
all elements of the major joint system; but if all measurements in this area are plotted in two diagrams-one
for the Cretaceous rocks and one for the Jurassic rocks
(fig. 15)-we find that the A, B, and C sets and the corresponding cross(~) joint sets are well developed in
the Jurassic rocks, whereas the B set and its corresponding cross ( ~) set are missing in the Cretaceous rocks.
RELATIONS BETWEEN FRACTURES AND FOLDS

N

Except in part of the San Ignacio faulted monocline,
no obvious relation exists between fractures and folds.
Hodgson (1961, p. 26, 37) drew a similar conclusion
about the joint patterns in the central part of the
Colorado Plateau. Fold axes and structure contours
are highly sinuous, whereas faults and joints are rela. tively persistent in trend (pl. 4). Further, the fractures generally transect even the general trends of the
folds. Except in the area south of Laguna, faults seem
·to be more abundant where structure contours bend
sharply as near the crestline and north end o£ the
Madera .anticline and in a northwest-trending zone just
north of Piedra Lumbre. A genetic relationship between fractures and folds is not demonstrated however.·
The flexed areas, for example, may have been weakened,
so that they were more easily faulted at a later time.
Joints do not exhibit a specific geometric relation to
the folds west of the San Ignacio faulted monocline.
The Arch Mesa basin, with a relief of more than 200
feet in less than 9 square miles, is one of the most pronounced structural features west of the fault zone. The
joint pattern in and around the basin is identical with
the district-wide pattern; it is not concentric or radial
to the basin (fig. 16). Longitudinal, cross, or diagonal
joints that might be related to the Arch Mesa syncline
as a whole have not been recognized.
RELATIONS BETWEEN FRACTURES AND DIABASE

IrwunE 14.-Stereodiagrams showing principal joint sets in

sedimentary rocks of Jackpile mine. Plotted on lower hemisphere of Wulff net. Letters designate joint sets. .A, Dakota
Sandstone; maximums of 67 joint planes. B, Jackpile sandstone of economic usage; maximums of 172 joint planes.

Some fracturing is younger than the diabase sills, and
some is older. Most high -angle dikes parallel the northtrending B set of joints, which indicates that this joint
set existed before the diabase w_as emplaced. On the
otherhand, all sets of the joint system can be recognized
in diabase sills, in addition to primary joints that
formed during emplacement and cooling of the diabase
(Balk, 1948, p. 34-36).
In the area southeast of Laguna, several faults displace .diabase sills. Although dikes are parallel to the
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north-trending faults and B joints, they do not appear
to have been emplaced along faults. Now}J.e~e does displacement along dikes appear to be more than that attributable to the thickness of the dike or an adjoining
sill.
COMPARISONS WITH FRACTURE PATTERNS IN OTHER PARTS OF
THE COLORADO PLATEAU

N

Various studies of fracture patterns on the Colorado
Plateau (Duschatko, 1953; Gilkey, 1953; Hodgson,
1961; K_elley and Clinton, 1960) indicate that the major
pattern in the Laguna district may extend over much
of the extreme east side of the plateau but probably not
far to the west. In the Lucero uplift, a few miles southea~t of the Laguna district, the dominant fracture pattern consists of three sets that trend about N. 5° E., N.
12° W., and N. 25° E., (Duschatko, 1953), almost identical with the major joint system and accompanying
faults and dikes in the Laguna district. Unlike the
pattern in the Laguna district, however, theN. 5° E. set
and the other two sets (A, B, and C sets, respectively, in
our terminology) do not occur in the same areas
(Duschatko, 1953). In the Zuni uplift, to the west, the
most continuous fractures trend northwest, about parallel to the axis of the uplift (Gilkey, 1953). The pattern
in the Comb Ridge-Navajo Mountain area of the central
part of the plateau appears to be dominated by eastwest, northeast, and southeast trends (Hodgson, 1961,
pl. 1), unlike that in the Laguna district; locally there
is a north-south trend.
ORIGIN OF FRACTURES

15.-Joint patterns in Cretaceous and Jurassic rocks of
area 11, plate 4. Poles of joints plotted and contoured on
upper hemisphere of Schmidt net. Letters designate joint
sets. A, Cretaceous rocks; 42 poles. Contour interval 5 percent. B, Jurassic rocks, 102 poles. Contour interval, 2
percent.

FIGURE

The north-trending faults and the north-northwestto northeast-trending A, B, and C joints are interpreted
to have formed about contemporaneously as a result
of regional east-west elongation. This interpretation
is consistent with theoretical and experimental studies
of fractures and with the tectonics of the Rio Grande depression. The fact that the fracture pattern in the Laguna district extends without much change across the
Lucero uplift to the south (Duschatko, 1953), but probably not far to the west, combined with evidence that
the pattern formed in late Cenozoic time, suggests that
fractures in the Laguna district resulted largely from
tectonic activity in the Rio Grande depression.
Cloos ( 1955, pl. 1, figs. 1, 3) produced fracture patterns in clay that closely resembled the most conspicuous
joint-and-fault pattern in the Laguna district. By nonrotational tensional deformation of the clay, the surface of which was liberally sprinkled with water, ten-
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showing orientation of joints in Arch Mesa basin.

sion fractures formed at right angles to the direction of
tension. When the surface of the clay was kept dry,
two sets of shear fractures appeared; the obtuse angle
formed by the intersecting fractures was greater than
120°, and it was bisected along the direction of tension.
Similar patterns are likewise predictable by theoretical reasoning. Anderson ( 1942, p. 10, 11) related
three major types of faults-thrust, wrench (strike
slip), and normal-to three different orientations of
maximum, m.inimtm1, and intermediate stress. From a
mn,thematical analysis of fracturing he concluded that
the direction of gren,test pressure bisects the acute angle
between intersecting fault planes in any rock. If only
one of these planes is "~ell developed, the direction of
greatest pressure will be oriented at some angle less than
45° to the ·plane. DeSitter (1956, p. 131) suggested
that Anderson's analysis can be applied to joints, including tension joints. According to DeSitter and other
authors, tension joints occupy the plane of the 1naximum
and intermediate stress directions and are normal to the.
1ninimum stress directions. In addition, so-called release-tension joints 1nay form at right angles to the maximum stress direction after this stress is released. Such

joints form, however, because the stress directions have
changed; that is, maximum compression has changed to
minimum compression, or to tension. If, as supposed
in the Laguna district, the active tectonic stress was
tensional and the maximum compression acted only in
response to this tension, then release-tension joints are
not likely to form.
In a simple stress system, therefore, three dominant
sets of fractures may form: .two shear joints (or faults)
that intersect to forn1 an acute angle bisected by the
direction of maximum stress, and a tension joint that
is parallel to the direction of maximum stress and bisects the acute angle between the two shear joints (or
faults) . The acute angle between the planes of shear
failure may range from 0° to about 60°, depending
upon the stress differences (Muehlberger, 1958). If so,
a tension joint in the usual terminology may in some
places represent a single plane of shear failure. Further, Hubbert (1951) pointed out that there is a certain
critical depth below which tensional stresses cannot occur in a material of given strength; that is, tensional
stress at or near the earth's surface becomes zero at the
critical depth, and below this depth it is the minimum
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compressional stress in the stress system. Thus, true
tension joints may be relatively uncommon.
In figure 17 the various expression~ of the fracture
patterns in the district are related to local stresses that
developed in response to regional east-west tectonic
elongation. The joints labeled A, B, and 0 strike N.
20° W., due north, and N. 20° E., respectively, and correspond to the similarly labeled joints on plate 4. For
simplicity, the Ac, Be, and Oc joints are not shown;
they are thought to be unsystematic cross joints
(Hodgson, 1961).
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17-Idealized diagrams showing interpreted relations of
joints and faults to local stresses and regional east-west
elongation. A, Joint patterns in rocks of varying strength
and depth. Letters designate joint sets. B, North-trending
faults. 0, Regional interpretation of stress field.

FIGURE

The fracture patterns illustrated in figure 17 may
have formed in successive stages as overburden was
eroded and confining pressure diminished. At maximum depth the confining pressure may have exceeded
the maximum permissible confining pressure for tensional rupture in the strongest rocks (Hubbert, 1951).
At high confining pressure the direction of maximum
compression might be either vertical or horizontal and
produce the respective joint sets shown in blocks 2 or 3 of
figure 17A; which set formed would depend upon
whether east-west elongation was compensated by vertical or by north-south shortening. Evidently, northsouth shortening was dominant at a maximum depth,
because A and c· joints are present in both weaker and
stronger strata and inclined B joints are absent from
the relatively strong strata (figs.13, 14).
At maximum depth, A and C joints (block 3, fig.
17A) prob31bly formed by horizontal shear throughout;
as overburden was removed, the role of gravity probably
increased and inclined B joints (block 2, fig. 17A) formed
by shear in the relatively weak strata.
As more overburden was eroded, confining pressure
decreased further, and rupture under tension probably
became possible in the strongest strata. At this stage,
· inclined B joints may have continued to form by shear
in the weaker rocks, whereas vertical B joints formed
by tension in the stronger rocks (block 1, fig. 17A).
A~ still more overburden was eroded, rupture under
tension became possible in progressively weaker rocks,
and vertical B joints might have formed more widely.
However, as all the rocks were previously jointed at
greater depth, the formation of tension joints in new
directions would be inhibited.
Normal faults (fig. 17B) might have formed at any
stage during the removal of overburden. They strike
normal to the direction of elongation but probably
formed by shear under gravity. East-west elongation
may be compensated by downbending of the hanging
wall (block 1) or by the formation of a graben (block 2).
CENOZOIC TECTONIC HISTORY

In the vicinity of the Rio Grande depression, la;test
Cretaceous 'and early Tertiary time was marked by locally intense folding and thrust ·faulting due to eastwest compression. Evidence of this deformation can
be seen in the Caballo (Kelley and Silver, 1952), Los
Pinos (Wilpolt and others, 1946), and Fra Cristobal
(Jacobs, 1957) Ranges, all of which border the southern
part of the Rio Grande depression, and in the
Nacimiento Mountains (Wood and Northrop, 1946, and
Dane, 1948), ·about 50 miles northeast of the Laguna
district. In an oral communication to Kelley ( 1955, p.
85) , Richard Koogle reported tha:t on the north end

GE,OMORPHOLOGY

of the Nacimiento uplift., vertical to overturned strata
of Paleocene and older age are unconformably overlain
by beds of Eocene age, which he called Wasatch
(Simpson (1948) proposed that the name Wasatch be
changed to San Jose) that are tilted westward toward
the San Juan Basin as much as 40°. If these stratigraphic correlations and structural relations are correct,
they provide perhaps the best dating of early Tertiary
deformation in the region. They show that downwarping of the eastern part of the San J "Uan Basin
took place in early Tertiary time, in part before and
in part after San Jose deposition.
In the Laguna district the early Tertiary or Laramide
deformation is expressed by the north-trending folds
on the east side of the district and by the westward to
northward dip toward the San Juan Basin.
These
features cannot be da,ted from evidence within the district, except that they defor1n the uppermost Cretaceous
strata and are truncated by the high basalt-capped pediInent of Pliocene or Pleistocene age. Tilting and folding along the San Ignacio faulted monocline might have
started in early Tertioary time in response to east-west
compression; but it more likely occurred in response
to east-west tension in later Tertiary time. The faulted
monocline ·is probably related at depth to a fault which
might have been active during the period of intense
faulting in the Rio Grande depression.
Although some subsidence took place in the Rio
Grande depression in early to middle Tertiary time, as
indicated by the stratigraphic record (Denny, 1940;
1\:elley and Silver, 1952; Stearns, 1953; Wilpolt and
others, 1946), most subsidence took place in late Tertiary titne, when the Santa Fe Group was deposited.
According to Bryan (1938, p. 205), these alluvial and
plnya-basin deposits form the main body of sediments
in the depression fro1n the north end of the San Luis
Valley, Colo., southward at least to El Paso, Tex. On
the basis of vertebrate fa.una, the Santa Fe Group is
thought to be largely Pliocene in age, but it may in part·
be ·as old ns htte Miocene (Bryan -and McCann, 1937;
Bryan, 1938; Denny, 1940) and as young as early
Pleistocene. That such a thick sequence of sediments
is confined to such a long narrow belt is it:t itself strong
evidence of depression contemporaneous with sedimentation. As shown by Bryan and McOann ( 19·37), Hunt
( 1938, p. 77), and Wright (1946), these events were
preceded, accompanied, and 'followed by much highangle faulting in the depression. They were evidently
followed in Pliocene or .early Pleistocene time by a stage
of tectonic stability, when the so-called Ortiz erosion
surface was forn1ed (Bryan and McOann, 1938), and
then by uplift a.nd deep erosion.
.
Late Cenozoic deformation in the Laguna district
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was primarily jointing and faulting, which evidently
accompanied late Tertiary tectonic activity in the Rio
Grande depression. This relation is supported by the
apparent restriction of the major fracture pattern to
the east side of the Colorado Plateau, and by the absence
of a detectable relation between fractures and folds
except in the San Ignacio faulted monocline. Undoubtedly, however, the large Rio Grande depression
influenced the bordering areas in some way. If we
assume that the depression reflects east-west elongation
under crustal tension (DeSitter, 1956, p. 143,. 235),
the fracture pattern in the Laguna district can be interpreted most easily in terms of the tectonics of the
depression.
The fact that at least one north-trending fault cuts a
basalt flow that caps the Ortiz erosion surface suggests
that east-west elongation continued after major tectonism in the Rio Grande depression ended.
GEOMORPHOLOGY
The Laguna district, which is characterized hy mesa
topography typical of the Colorado Plateau, reflects
successive geologically recent periods of valley deepening interspersed with periods of valley widening. The
region has been carved to depths of as much as 1,500
feet below an eX'tensive erosion surface, and large
vol:nmes of material have been carried away.
Two contrasting types · of mesas are present in the
district: mesas whose tops are basalt-capped relict pediments, and mesas whose tops are formed by resistant
sedimentary strata that have been stripped of less resistant overlying beds. The surface beneath the basalt
slopes southward and truncates successively older Mesozoic strata. Mesa Chivato, a broad area as much as 8,000
feet in altitude, is a basalt-capped mesa that extends into
the northwest corner of the district (fig. 1, GQ-207).
Mount Taylor is at the south end of the mesa; sheet
basalts cover the rest of the mesa and in places underlie
the volcanic rocks of Mount Taylor. Where the mesa
extends into the district, its top is formed by at least two
basalt-capped pediments called the Mesa Chivato surface and •the lower Wheat Mountain surface. The
Wheat Mountain surface is about 200-300 feet lower
than the Mesa Chivato surface and underlies the small
volcanic cone and associated flows that cap Frog and
Clay Mesas (fig. 1, GQ-208). Mesa Gigante (fig. 1,
GQ-212) is a stripped-surface mesa, as are most of the
mesas and benches that are lower than Mesa Chivato.
Such mesas or benches are capped by resistant sedimentary rocks: the limestone of the Todilto Formation,
the Bluff or Dakota Sandstones, or any of the seven
higher sandstone strata of Cretaceous age. The overlying shales and mudstones have been eroded, and the
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graded surfaces or pediments that probably extended
over them have been destr9yed.
Several relict pediments are present at lower levels
around the base of Mesa Chivato, and one or two are
present near the Arroyo Colorado. Those around the
base of Mesa Chivato range from 40 to more than 200
feet above the lowest nea.rby drainage level and slope
away from •the high mesa at a grade of about 100 feet to
the mile. Those south of Mesa Chivato are covered
with coarse gravel composed of basalt and porphyritic
igneous rock derived from Mount Taylor, whereas those
to the east are covered with coarse gravel composed of
basalt derived from Mesa Chivato. Tsidu-Weza
(Moench, 1964a) rises about 200 feet above the surrounding terrain; it is part of ·the Mush Mesa surface of
Wright (1946, p. 449), several remnants of which are
present south of the district. Tsidu-Weza is capped by
basalt derived in part from a neck on the west end of the
mesa. In the southeast corner of the district, a basaltcapped relict pediment is present about 100 feet above
the Arroyo Colorado valley floor (Moench, 1964a) ; it
forms part of the so-called Suwanee surface of Wright
(1946,p.449).
.

about 700 feet directly above its present position about
5 miles south of Mesa Gigante, a pediment rising northward at 80 .feet per mile from the river would extend
over the south end of the mesa.
The Mesa Chivato surface, though extensive, was
never oompletely pedimented. Cretaceous sedimentary
rocks are exposed in the Mount Taylor amphitheater at
an altitude of about 9,100 feet-more than 1,200 feet
above the highest part of 1the Mesa Chivato surface in
the Laguna district 31f2 miles farther east. This
means that Cretaceous strata were exposed in hills,
buttes, or mesas that rose at least a thousand feet above
the Mesa Chivato surface.
The Wheat Mountain surface slopes southward and
was probably graded to the Rio San Jose at a level about
400-500 feet above the present river in the area west of
Laguna. This surface was not as extensive as the
Mesa Chi vato surface and could not have extended over
CasaBlanca Mesa, south of the river.
GEOMORPHIC HISTORY

After block faulting and accumulU~tion and deformation of the Santa Fe strata, the Ortiz surface was cut
across the deformed strata, and was extended far beyond
ORTIZ SURFACE
the limits of the Rio Grande depression. Subsequently,
Bryan and McCann (1938, p. 11) and, later, Wright the base level of the major controlling drainage, the Rio
(1946, p. 435-444) correlated the top of Mesa Chivato Grande, \vas rapidly lowered in several successive stages.
with the so-called Ortiz surface that once extended over Each drop in base level initiated a stage of canyon cuta large part of New Mexico in the vicinity of the Rio ting and of broadening of the resulting canyons by pediGrande. This surface was graded to the ancestral Rio mentation. Each stage left a terrace that was partly
Grande, at a level about 500 feet above the present level or cmnpletely destroyed by the following stage. Relict
of the river. It truncates· sediments of the Santa Fe pediments survived in places, particularly where they
Group, which are largely of Pliocene age, and in many were protected by a basalt cap. Some mesas formed
places is underlain by thick caliche deposits. From as less resistant materials were stripped to expose resist~
these relations Bryan and McCann (1938) inferred that ant strata. At present the region is probably in a downthe surface marks a period of tectonic stability in the cutting stage, because most of the drainage is
Pleistocene. Because of uncertainties in the correlation, entrenched. It is not known whether the most recent
the highest erosion surface under the basalts on Mesa entrenchments reflect uplift, climate change, or other
Chivato is called, in this report, the Mesa Chivato factors.
surface.
If. Bryan and McCam1 (1938) and Wright (1946)
The l\{esa Chivato surface slopes southward at a grade were correct in correlating d1e top of Mesa Chivato with
of about 80 feet per mile. The surface is irregular, ap- the Ortiz surface, the fact that the Ortiz surface is late
parently owing largely to the intersection of resistant · Pliocene or Pleistocene in age indicates that erosion has
sandstone beds with the surface. If extended south- been rapid since that 1time. Not only is this surface
ward across the Rio San Jose, it would intersect Casa incised ~to a depth of as much as 1,500 feet, but broad
Blanca Mesa about 200 feet below its top, and other valleys have been formed. A great volume of material
higher mesas to the south at still lower levels. These has been removed.
relations indicate that the Mesa Chivato surface probURANIUM DEPOSITS
ably was graded to the ancestral Rio San Jose at a level
about 650-700 feet above 'the present river. This surThe discovery of the Haystack Butte deposit west of
face also could have extended over Mesa ·Gigante and Grants, N.Mex., in 1950 by Paddy Martinez, a Navajo
over all other mesas with stripped surfaces in the dis- Indian prospector, stimulated intensive prospecting
trict. If we assume that the ancestral Rio San Jose was along the south margin of the San Juan Basin (Melan-
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con, 1963). Two large uranimn districts-the Ambrosia Lake district, north of Grants, and the Laguna
district (pl. 5)-were developed ; reserves total more
t.han 50 million tons of uranium ore. Several multiInillion-ton deposits were found in sandstone of the
1\1:orrison Formation in both districts. The J ackpile
deposit, in the Laguna district, was the first a.nd largest
deposit found on the southern margin of the San Juan
Basin; it contained many millions of tons of ore. Many
deposits were found in the limestone of the Todilto Formation, the largest containing about half a million tons
of ore. A few small deposits, each containing less than
a,OOO tons of ore, were ~ound in the Entrada Sandstone.
The discovery of the J ackpile deposit in 1951 by the
Anaconda Co. established the Laguna nrea as a mining
district. For several ye.ars, production from n single
mine· (the J ackpile mine) in this district exceeded the
eombined production from ·all other uranium mines in
the United StaJtes. The Saint Anthony Uranium
Corp. discovered the relatively sm·all M-6 ore body in
1055 and begru1 development la;te in 1956. Stripping
opera;tions on Anaconda's Pagurute deposit, which compares with the Jackpile deposit in areal extent, were
begun in 1961.
The uranimn deposits qf the Laguna district are in
two 1na·:in stratigraphic sequences: (1) sandstone strata
of the Morrison Formation, and (2) the limestone of
the Todilto Formation and' uppermost unit of the Entt,ada Sandstone. These two sequences are separated
by the barren Summerville and Bluff Formations---~an
interval of about 400 feet. Except a few small deposits
in the Dakoba Sandstone near Grants and Gallup (pl.
5), no uranium deposits have been found in the Cretttceous or pre-Jurassic rocks in the southern San Juan
minel'al helt. Most deposi·ts in the clast':i.c sediments
nre semitabular ·and ·are similar in many respects to
moot deposits elsewhere on the Oolorado Plateau.
Although deposits in the limestone are more stringlike
or rodlike in form, they are closely associ•fllted with the
semi'l:1abular deposits in the Entrada Sandstone. Two
p.ipelike deposits in 'the J·ackpile sandstone have been
mined in the district, but many more probably exist.
The uranium deposits of the Laguna district differ
:t:rmn one another by details of their composition, form,
and stratigraphic and structural relations, but their
s.itniln,r.ities suggest that they belong ·to the same class
and had ·a common origin. Their salient characteristics
suggest ·an origin early jn the postdepositional history
of the host rocks.
SOUTHERN SAN JUAN BASIN MINERAL BELT

The deposits in the Laguna district form the east end
of the southern San Juan Basin mineral belt (Hilpert
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and Moench, 1960). This belt of uranium deposits is
at least 85 miles long and 20 miles wide and trends eastsoutheast from Gallup to the Laguna district (pl. 5),
where it ·apparently swings east-northeastward. Although its origin is not known, the belt parallels several
controlling and definitive geologic features. Hilpert
and Moench (1960, p. 462)·stated:
In addition to the Juras~ic highland and the southern limits of
the Todilto limestone and tbe Morrison formation, it parallels
the easterly trend of the major Jurassic folds, the dominant
orientation of the intraformational folds in the Tooilto limestone, the elongation of the thickest parts of the host sandstones
of the Morrison formation, the dominant known sedimentary
trends within these host sandstones, and finally, it parallels
the individual' belts of deposits • • •.

This staitement ·applies to the whole mineral belt and
summarizes the chief rela·tionshi ps in ;the Laguna district. The areal distribution of ¢leposits in the district
is shown on plaite 3.
The south margin of the mineral belt is gradational
but well defined in the Laguna district. The south side
of the Jackpile sandstone, the major host rock in the
district, is unconformably truncated. Farther south
only a few sm·all deposits are present in stratigraphically lower sandstone beds of the Morrison Form·ation,
in the limestone of the Todilto Formation ·and in the
Entrada Sandstone. No deposits are known either in
the pre-Jurassic rocks in the southern part of the district or in the Jurassic rocks of the so-called Jurassic
overlap (Silver, 1948) south of the district.
The north margin of the belt is less well defined,
because in much of this part of the area the favorable
host rocks are at too great a depth for detailed drilling
or for mining under present economic conditions.
Widespread drilling by the Anaconda Co. indicated
that the J ackpile sandstone extends only a few miles
northwest of the Jackpile mine. Uranium deposits
may be present, however, to the northwest in stratigraphically lower rocks. A few small deposits have
been found in the J ackpile sandstone in the northeast
corner of the district (pl. 3) , but to ·our know ledge
none have been found in the area farther north, which
has been prospected to some extent.
The mineral belt coincides with sedi1nentary and
structural features of Jurassic age. In the Laguna district these features trend east or northeast (pl. 3) , in
contrast with the east-southeast trend of the mineral
belt a,nd its controlling featur~ in the Ambrosia Lake
district (Hilpert and Moench, 1960). The largest
deposits in the Laguna district form the east-northeastward-trending Paguate-Saint Anthony .group of deposits, which is in the central and thickest part of the
J ackpile ·sandstone (pl. 3). The northeastward trend
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of the J ackpile sandstone body is largely controlled by
a large Jurassic syncline; sedimentary structural features within the unit parallel the long dimension of the
syncline. The many small deposits at the Sandy mine
and the several small deposits a short distance to the
south similarly form tw.o east- to northeast-trending
groups that are controlled by Jurassic folds.
There is, however, little relation between the mineral
belt and Cenozoic igneous rocks or structural features.
The belt is nearly normal to the trends of the Lucero
and Nacimiento uplifts, the San Ignacio faulted monocline, the Rio Grande depression, and the McCartys
syncline (pl. 5) . The mineral belt is also nearly normal to the belt of volcanic centers that extends northeast from near Mount Taylor. Most faults between
Gallup and the Rio Grande depression trend north or
northeast, and the dominant joint system in the Laguna
district consists of three sets of joints that trend northnorthwest to northeast. _However, the Zuni uplift,
south of the· mineral beit, is elongate about parallel to
the mineral belt. This uplift conformS approximately
to the lines of pinchout of the Todilto and Morrison
Formations and was ·a structurally positive area during much of its. pre-Cretaceous history. The mineral
belt also follows the south margin of the San Juan
Basin, which probably attained its present configuration
in early Tertiary time.
CONTRASTING HOST-ROCK CHARACTERISTICS

The upper unit of the Entrada Sandstone, the
Todilto limestone, and sandstOnes of the Morrison Formation have few characteristics in common, and they
represent widely contrasting environments of depo~i
tion. The upper unit of the Entrada Sandstone is a
widespread tabular unit of clean well-sorted sandstone
and, in part, represents eolian deposition; the Todilto
limestone is largely an extensive chemical precipitate;
the sandstones of the Morrison Formation, especially
the J ackpile, are lenticular arkosic fluvial deposits.
Fragmental plant remains are abundant in the Morrison Formation but ·absent from the Entrada; the
Todilto contains unidentified organic material (it has a
fetid odor when broken). Relict volcanic ash may
account for much of the mudstone of the Morrison
Formation; but except for sparse books of biotite
(Weeks and Truesdell, 1958), little if any volcanic
material is present in the Entrada and Todilto Formations. The ·upper part of both the Jackpile and the
Entrada is composed of nearly white altered rock;
though the type Q.f alteration products differs, both
alterations probably took place shortly after the deposition of the respective rocks.

The three host rocks differ greatly with respect to
transmissivity, which Jobin (1962, p. 6) defined as the
product of the mean permeability and total thickness of
the transmitting medium. In this report, "transmissivity" is used only qualitatively. The ·limestone of the
Todilto Formation is probably nearly impermeable, except along fractures. · As most fractures in this unit
formed in late Tertiary and Quaternary time, the prior
transmissivity of the limestone was probably low, although intraformational folds and associated penecontemporaneous fractures may have provided local channels of relatively greater permeability. The Entrada
Sandstone, in contrast, is a widespread thick sheetlike
permeable sandstone deposit and is one of the most
transmissive units in the region. Superficially, the
J ackpile sandstone seems to be a highly transmissive
unit : it is friable, locally very thick, and, on the basis
of the amount of water that has to be pumped from the
Saint Anthony -mine, fairly permeable; it is, however,
of limited areal extent (pl. 3). It is overlain by the
Dakota Sandstone and underlain by the relatively impermeable mudstone of the Brushy Basin Member of the
Morrison. Prior to recent erosio~ the Ja.ckpile sandstone may have been a lens of sandstone that was fairly
well sealed on all sides, except possibly on its northeast
end. The overlying Dakota Sandstone is not a good
aquifer in the region (Dinwidd.ie, 1963, p. 217) and
probably has only a small degree of lateral transmissivity; the abundance of black shale at or near its base
would inhibit the exchange of water between the Dakota and the J ackpile. After truncation and burial
beneath the Dakota, the J ackpile sandstone probably
had very low regional transmissivity, compared to the
Entrada or Bluff Sandstones.
Though detailed comparisons between the host rocks
and all the barren stratigraphic units in the region
would be voluminous, a few characteristics should be
mentioned. Like the sandstones of the Morrison Formation, the sandstones of Cretaceous age contain abundant plant remains which are largely coalified; plant
remains in the J ackpile sandstone, however' are mostly
silicified, and are coalified only locally. The sandstones
of the Recapture, Westwater Canyon, and Brushy Basin
Members of the Morrison contain so-called '~trash pockets" of coalified plant debris and associateduranium deposits, but they contain silicified plant remains also.
The Cretaceous sandstones are light tan or nearly white,
like the Jackpile sandstone, but they are largely mineral
cemented and are not much altered. Continental deposits of Triassic age such as the Correo Sandstone
Mem~r of the Chinle contain abundant silicified logs,
but this unit is various shades of red and shows only
local effects of alteration. The Bluff Sandstone and
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Summerville Formation show effects of alteration, but
they are notably devoid of organic remains.
COMPOSITION OF THE ORES

In ·u.ddition to the 1ninerals of the host rocks, the
uranimn deposits of the district contain uranium,
vanadium, and sulfide minerals. plus variable amounts
of carbonaceous matter. In the unoxidized deposits the
uranium minerals are uraninite and coffinite. In deposits :in the Morrison Formation these mi.nerals are
intim.ately mixed \vith black carbonaceous 1natter,
which fills grain interstices and markedly darkens the
sandstone. In deposits in tl{e Entrada Sandstone and
Todilto Formation, carbonaceous matter is sparse;
uraninite ·and coffinite fill inte.rstic~s of the sandstone
and are distributed along laminae and grain boundaries
of the .lim.estone. U raninite and coffinite are typically
extremely finely divided and are generally identifiable
only by X-ray. Coffinite that is sufficiently coarse to be
identified optically has been found only in a vug in the
Woodrow deposit ('Moench, 1962b) and in mineralized
logs in the J·ackpile deposit. Vanadium is contained
largely in mixed-layer mica-montmorillonite and chlorite, which are collectively termed "vanadium clay."
'rhis m~aterial is generally vermicular ·and fills pore
spaces in the vanadium-rich ores. Pyrite, the dominant
sulfide mineral, is disseminated through all unoxidized
The Woodrow deposit contains ahundant
deposits.
mat'Casite and trace amounts of galena, wurt~ite, cobaltite, ·and chalcopyrite. Barite has been found in
most deposirbs studied. Where oxidized, the deposits
contain ·a great variety of high-valent uranium and
vanadium 1ninerals that unquestionably formed hy oxidation of low-valent uranium and vanadium minerals
in fairly recent ti1nes. As they have little bearing on
the origin ·~d localization of the deposits, the highvalent uranium and vanadium minerals are discussed
only briefly in this report.
A few ore specimens contain ns much ns 20 percent
uraniwn, but not 1nany contain more than 1 percent
uranium or vanadium; most ores average about 0.2 percent uranium and still less vanadium. Ore containing
as little as 0.04 percent uraniun1 has been shipped from
the Jackpile mine. Unlike most other kinds of ore
deposits, then, typical uranium ore doos not differ
greatly in bulk composition from the host sandstone.
The terms "ore" ·and "barren rock" are used in a loose
sense in this report. "Ore" is conveniently used synonymously with "uranium deposit" and means rock
tlu11t, with exceptions, contains in excess of 0.1 percent
uranium. Since uranium is probably detectable in very
sm:all quantities in all rocks of the area, no rock is
strictly barren of uranium. "Barren rock" is ·all rock
that is not obviously mineralized.

HOST-ROCK MINERALOGY

The most obvious mineralogic· difference between the
main host rocks is the amount of calcite present. The
J ackpile sandstone is largely day-cemented quartz
sandstone in its upper part and quartz- and calcitecemented subarkose in its lower part. Calcite is largely
confined to the lowermost part of the unit, and there it
forms sparse "sand crystals." Where studied, the Jackpile and Windwhip deposits are. above the carbonate
zone. Of 10 samples from the Jackpile mine that were
analyzed for total, organic, and mineral carbon, only 2
had detectable amounts of mineral Cc:'trbon-0.69 percent
( 5.7 weight percent Ca.COs) and 0.06 percent ( 0.5 weight
percent CaC03), respectively. Quartz overgrowths and
kaolinite are present in both ore and host rock.
The Entrada Sandstone is, in contraf?t, largely calcitecemented. Mineral-carbon determinations of rock from
below and above the Pit I deposit in the Sandy mine
showed 2.81 percent ( 23.4 weight percent CaCOa) and
2.99 percent (25.0 weight percent CaCOa), respectively;
these determinations compare, respectively, with 27 and
28 volume percent calcite, determined by modal analysis
(table 5). Clay is not as abundant in this rock as in
the Jackpile sandstone, and most clay is mixed-layer
mica-montmorillonite and some chlorite; no kaolinite
was found ( J. C. Hathaway, analyst).
Todilto limestone is largely carbonate rock that has
fine-grained detrital quartz, feldspar, and clay minerals
distributed along bedding planes.
Typical mineralized and unmineralized specimens of
J ackpile sandstone are similar with respect to clay
mineralogy; differences appear to be related to variations in sand content and to be unrelated to ore. Table
4 summarizes these relationships. In samples 1-4, each
of which contains more than 80 percent sand and less
than 10 percent silt and clay, kaolinite is the dominant
clay mineral. In samples 5 and 6, which are finer
grained than samples 1-4 and contain about 75 percent
sand and more than 10 percent each of silt and clay,
mixed-layered mica-montmorillonite is the dominant
clay mineral. Chlorite is in only two of the mineralized
samples listed in ·table 4. Coffinite, probably mixed
with carbonaceous matter, is abundant in one Sc.'l..mple.
Viewed in thin sections, kaolinite forms aggregates of
booklets that fill the interStices between four or five sand
grains. The booklets are random~y ori~nted and range
from almost submicroscopic to silt size. What is probably mixed-layered mica-montmorillonite generally
occurs as flakes wrapped around sand g:.;-ains and appears to be more homogeneously distributed but less
abundant than the kaolinite.
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TABLE

4.- Mechanical analysis and mineralogy of six samples
from the J ackpile mine

[Sample: U, unmineralized; W, weakly mineralized; M, mineralized. Tr., trace.
Analysts: J. C. Hathaway, H. C. Starkey, and G. W. Chloe]

Sample----------~--------------------------11 U

12 W

Ia M 14M 15 U

16M

Distribution, in percent, by particle size, in microns
Sand (>62)--------------------------------- 81.5 89.3
Silt (2-62)---------------------------------- 8.0
4.4
Clay (<2)---------------------------------- 9.0 10.1
Total _________________________________ 98.5 103.8

84.·4· 88.1
8.4
6. 2
5.3
5.4
98.1 99.7

75.6
13.0
10.5
99.1

75.1
11.7
12.8
99.6

3
2

0

0
0

6

2
0
3
2
2
0

Clay-fraction mineralogy, estimated amounts in parts per 10
Kaolinite ________________ -- _________________
Montmorillonite (with some mica) _________
Mixed-layer mica-montmorillonite __________
Chlorite __________ -------- __________________
Quartz. ________________ -------------------Coffinite __ . __ ------- ________________________

3
2
0

0
4
0

5
2
0
2

5
0
2
Tr.
1

0

0

0

1
3

0
0

3
0

Modes of specimens of the Entrada Sandstone taken
across the Pit I deposit of the Sandy mine are shown in
table 5. The analyses were made by the point-count
method, about 500 points per thin section. The barren
sandstone above (OS-1g) and below (OS-1a, 1b) the
deposit has a remarkably uniform composition. Unmineralized sandstone between the ore layers ( Os-1d) is
similar in composition but contains slightly less sand
and silt, slightly more calcite, ·and no silica cement.
Calcite in this rock (Os-1d) occurs in poikilitic crystals
3ibout half an inch in diameter that corrode the ·detrital
grains, whereas calcite in rock above -and below the
deposit is in much smaller grains. Within the deposit
the abundance of calcite decreases as the abundance of
vanadium clay increases. In the upper ore layer,
detrital sand and silt particles are less abundant than in
unmineralized sandstone. The ordinary (Omega) refractive index of calcite in all specimens in table 6 is
1.659 (for sodium light at 25°C), which is about equal
to that of pure calcite. ·
The clay-size fraction of unmineralized Entrada
Sandstone contains about 60 percent mixed-layer micamontmorillonite (about 1 : 1), 20 percent chlorite, and
TABLE

10 percent each of montmorillonite and calcite (determined by mechanical and X-ray analyses by J. C.
Hathaway). The clay-size fraction of ore has a similar mineralogic composition, except that the mixedlayer mica-montmorillonite contains proportionately
more mica.
MINERALS OF UNOXIDIZED URANIUM DEPOSITS

X-ray analyses show that coffinite is generally the
dominant low-valent uranium mineral in the ores of the
J ackpile sandstone (including the Woodrow deposit),
and that uraninite is also present. Both coffinite and
uraninite are abundant in the Pit I deposit, in the
Entrada Sandstone, at the Sandy mine, whereas uraninite is probably dominant in deposits in limestone of
the Todilto Formation. The Crackpot deposit, in limestone, was already mined out when this project started
in 1955, and adequate material for X-ray study was
not available; however, Gabelman (1956, p. 339) reported the occurence of pitchblende in the Crackpot
1nine. Numerous X-ray determinations that have been
made on ores from limestone in the Ambrosia Lake district (Laverty and Gross, 1956, p. 200; Alice F. Corey,
oral commun., 1957) clearly indicate that uraninite is
the dominant low-valent uranium mineral in that area,
but coffinite has been reported (Weeks and Truesdell,
1958; Truesdell and Weeks, 1959).
Most specimens of uraniferous carbonaceous matter
from the Jackpile mine give X-ray powder patterns for
coffinite, but many specimens show faint uraninite lines
as well, and in some specimens uraninite appears to be
dominant; still others do not give identifiable patterns.
The sharpest coffinite patterns were obtained from
analysis of a coalified twig that shows woody structur~,
and, of· specimens of the carbonaceous matter that impregnates sandstone, surrounds mud galls, and lines the
ring fault of the sandstone pipe. Some specimens
from the ring fault and the sandstone impregnations,
however, give only uraninite patterns. The coffinite

5.-Modes, in percent, of a sequence of specimens taken across the Pit I deposit, Sandy mine

Sample
(OS-)

Description

---Unmineralized sandstone, 1 ft above ore ______________________
High-grade ore, top of ore layer above rolL ___________________
Low-grade ore, near bottom of ore layer above rolL ____________
Unmineralized sandstone, between ore layers __________________
Low-grade oxidized ore, center of ore layer below rolL _____ ·____
Vanadium-clay-rich zone, in OS-1cl. ________________________
Unmineralized sandstone, 2 in. below ore _____________________
Unmineralized sandstone, 17~ ft below .ore _____________________

1g
If

1e
ld
1c1
1c2
1b
1a
1
2

3

Iron oxide.
Uraninite and coffinite.
Mostly iron oxide.

Sand and
silt

Colorless
clay

63
49
50
62
66
65
64
64

7
0
0
6
i7
0
6
8

Calcite
cement

28
19
21
32
9
0
29
27

Silica
cement

1
1
0
0
5
0
1
1

Opaque
cement
1
2

3

3
3

1
1
2
0
3
3
0
0

Vanadium
clay

0
30
27
0
0
32
0
0
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lines are characteristically sharp. whereas the uranit~
lines are diffuse; both may be present in a single film.
In addition, the clay fraction of a sample of typical
high-grade gray ore gave an X-ray powder pattern for
coffinite (,J. G. I-Iathaway, analyst). The sample contained 5.4 percent clay, of which about 3 parts in 10
were coffinite.
·
Although the Windwhip deposit shows more visible
signs of oxidation than the ,J ackpile, it contains coffinite
(Gruner and Smith, 1955), which probably accounts
for most of the low-valent uranium in the deposit.
Coffinite, probably the dominant uranium mineral
in the Woodrow deposit, is typically very fine grained
and is associated with carbonaceous material that impregnates and replaces sandstone. It has been found in
veinlets in a fossil bone fragment and in massive material that is also veined by pyrite and marcasite; it
has also been found in a vug (Moench, 1962b). Uraninite from a drill core was identified by T. W. Stern
(written commun., 1959).
X-ray patterns reveal both coffinite and uraninite in
the Pit I deposit, Sandy mine, but one or the other
predominates in different samples. Hard black lustrous material that adheres tightly to sand grains contains uraninite; black material that fills interstices contains abundant coffinite and a trace of uraninite; and
handpicked material from the center of pyrite-rimmed
eoncretions contain urnninite. The sand fraction (73
percent of the rock) of a sample of high-grade ore
yielded less than 1 part in 10 coffinite; the silt fraction
(18 percent of the rock) yielded about 2 parts in 10
coffinite; and the clay fraction (9 percent of the rock)
yielded 3 parts :in 10 coffinite ( ,J. C. Hathaway, analyst).
The vanadium content of the unoxidized ores is at
least partly attributable to vanadium clay, a finegrained mixture of vanadium-bearing mica (probably
roscoelite), montmorillonite, and chlorite. Other lowvnJent vanadium minerals, such as montroseite and hagg.ite, may be present in small quantities.
Vanadium cln,y is abundn.nt in the weakly oxidized
and unoxidized ore in t.he Entrada Sandstone at the
Sandy mine. As seen microscopically, the vanadium
cln.y is v~rmicular, clove brown to greenish brown,
slightly pleochroic, and moderately birefringent. Its
a.pproximat:e beta-gamma index <;>f refraction :is 1.63,
and its specific gravity is a,bout 2.8-2.9 (suspends in
bromoform). A quantitative spectrographic analysis
of one separate revealed 8.6 percent vanadium, and a
semiquantitative analysis of the same separate revealed
7 percent aluminum, 7 percent potassium, 3 percent iron,
1.5 percent magnesium, 1.5 percent calcium, and 7 percent uranium, plus minor elements (Nancy M. Conklin,
analyst). The calcium and uranium are probably con221-688 0-66--5

59

tained in calcite and uraninite impurities. Fairly pure
vanadium .clay from the Sandy mine contains about 80
percent mica (probably roscoelite), with some interstratified montmorillonite l~yers, and about 20 percent chlorite (J. C. Hathaway, analyst, by X-ray
diffraction) .
Vanadium clay seems to be widely distributed, for
optically similar material from several other deposits
in the Sandy mine area and from the Crackpot, Chavez,
and Jackpile deposits gives similar X-ray diffraction
patterns. Strongly mineralized silicified logs in the
J ackpile deposit contain veinlets of micaceous material
that gives a roscoelite X-ray powder pattern. This
material is darker brown than •the vanadium clay in
other deposits, but its other optic~l properties, X-ray
pattern, and form are similar; semiquantitative spectrographic analysis rev.ealed 7 percent vanadium, 7 percent
aluminum, 3 percent iron, 7 percent potassium, 1.5
percent uranium, and other minor elements; spectrographic analysis of handpicked vanadium clay from the
Crackpot mine revealed 7 percent vanadium, 3 percent
aluminum, 3 percent iron, 1.5 percent magnesium, 1.5
percent calcium, 7 percent potassium, and other minor
elements (Nancy M. Conklin, analyst) .
Vanadium clays from .other parts of the Colorado
Plateau are similar to those described here and were
studied in detail by Foster (1959) and by Hathaway
( 1959). These studies suggested that the vanadium in
the vanadium clays in the Laguna district and other
parts of the plateau is in both trivalent and tetravalent
states. It is undoubtedly a part of the mica and clay
molecular structure, not a superficial impregnation of
clay by vanadium.
Sulfide minerals are present in all the unoxidized
deposits, but the Woodrow deposit contains by far the
most. Pyrite appears to be the most abundant sulfide
mineral; marcasite is locally abundant, especially in the
Woodrow deposit. Trace amounts of galena have been
found in the J ackpile and Woodrow deposits and in the
Pit I deposit at the Sandy mine. Chalcopyrite is commonly associated with coffinite in the Woodrow deposit,
and a trace amount has been found in the Pit I deposit.
Wurtzite (ZnS) was tentatively identified in a
polished thin section of Woodrow ore. Viewed in reflected light the wurtzite ( ~) i'S gray, with deep intern·al
reflections, similar to sphalerite; in transmitted
light it is deep :amber ·and gives a uniaxi,al positive interference figure.
·
Covellite ( CuS) was found in 'the Woodrow deposit,
where it appears to be an 'alteration produot of
chalcopyrite.
Oohaltite ( CoAsS) is associ•ated with pyrite in two
r>9lished soot'ions of Woodrow ore. It has chemical and
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physical properties oonsistent with those listed by Short
(1940, p. 166). Both specimens c()ntain ·arsenic, cobalt,
and nickel (tllble 12, samples 1, 13). In sample 1, cobalt· and 'arsenic are in approximately the correct proportions for oobalti'te. ·
~n milling the Jackpile ore, only a sm~all am<>unt of
oxidizing agent (~n02) is used ·and that is used mainly
to counter the reducing' effect of carbonaceous material
and the metallic ·iron (Argall, 1956, p. 48) picked up
during grinding. The ~act that such a small amount of
oxidizing agent is needed plus the fact that the uranium
is nearly 100 percent soluble in the sulfuric acid leach
solution used has led metallurgists to believe that
coffinite is not 'a m·ajor constituent of the ores (Dale
Matthews, metallurgist for the Anaconda Co., oral commun., 1957). The X-ray data show clearly that coffinite is a major co·nstituent, however, though solubility
of.the coffinite is an unsolved problem ..

ing oxidation. The phosphates autunite [Ca(U0 2h
(P04)'~ ·10-12Hz0] and phosphuranyli~te [Ca(UOz)4
(PO 4) 2 ( 0 H) 4· 7H20] have been found !n silicified logs.
Autunite also has been found on fractures in mudstone
and diabase, where it indicates the presence of phosphates, probably mostly apatite, in these rocks before
oxidation. Uranophane [Ca(OU2) z(Si0a)'2(0H)2·
5Hz0] is locally abundant in longitudinal joints in the
chill borders of diabase sills.
The only oxidation products of uranium and vanadium found in the Sandy mine are carnotite
[Kz(UOz)z(V04)z·3HzO], tyuyamunite, and metatyuyamunite; in the Chavez mine, carnotite; and in the
Crackpot mine, tyuyamunite, which is associated with
a small amount of fluorescent opal. In the limestone
these minerals are distributed mainly along joints, but
in the more permeable sandstones they are disseminated in the host rock also.

OXIUAT'ION :.>RODUCTS

URANIUM AND VANADIUM CONTENT

Most uranium deposits in the Laguna district are
oxidized to some extent, and some show pervasive
effects of oxidation. Beeause detJailed studies of the
oxidation of uranium deposits have been made in other
parts of the Colorado Plateau (Weeks and others, 1959;
Garrels and Christ, 1959; Garrels and Pommer, 1959;
and· Garrels and others, 1959), only general descriptions
are presented here.
Hexavalent-uranium minerals observed by us in the
Woodrow mine, mainly above the 100-foot level (above
water table), were sulfates, silicates, and phosphates.
Zippeite [2U0a ·SO a· 5Hz0] or zippeitelike minerals
seem to be the most abundant oxidation product in
the typical high-grade Woodrow ore; uranopilite
[(UOz)s(S04) (OH)to·12Hz0] has been identified.
Met a-autunite [Ca(UOz)z(P04)z·21h-6%HzO] encrus~s fractures and partings in a bone fragment. Cuprosklodowskite [Cu(UOz)z(SiOa)2(0H)2·5HzO] occurs in parts of the deposit that are relatively rich in
copper. Several other minerals were listed by Wylie
( 1963, p. 180).
In the J ackpile mine, oxidation products are most
abundant in the south pit. Here, tyuyamunite
[Ca(UOz)z(V04)z·7-10.5H 20] and metatyuyamunite
[Ca(UOz)z(V04)z·5Hz0] form small concretionary
masses near the west edge of the deposit and small tabular deposits a few feet below the main ore body. The
tabular layers may represent downward leaching of
uranium and vanadium from the main deposit and redeposition on the mudstone beds. Tyuyamunite is also
disseminated in partly oxidized ore and is present on
fractures in silicified logs, mudstone, and diabase. This
mineral reflects the availability of some vanadium dur-

Mill records provide the most representative data on
the uranium and vanadium contents of the ores (table
6). Woodrow ore, which contains, on the average, more
than -1 percent uranium but very little vanadium, is
unique. All other ores generally contain far less uranium and considerably more vanadium. The uranium-vanadium ratio (2.7). in average J ackpile ore is
probably fairly representative of the ratio in large deposits in the J ackpile sandstone. The small deposits
in the Westwater Canyon, Entrada, and Todilto host
rocks have a much smaller ratio (table 6).
TABLE

6.- Uranium and vanadium contents of the ores as shown by
mill records, 195D-58

l\fine

Host rock

Woodrow ________ Jackpile Sandstone___ _

Ore

(tons)

5,326
3, 272,236
2, 788
Wf:J2~i~>~=====
======~~=~===
=== ==== == ===_
Saint Anthony _______
do ________________
2,658
Chavez __________ Westwater Canyon
190
Member of Morrison
Formation.
Sandy___________ Entrada Sandstone ___ _
1!39
Crackpot__ ______ Todilto Formation ___ _
3,214

UaOs

Vs05

(percent) (percent)

U:V

-----

48.6
!.26
0.. 04
2. 7
.13
.23
2.8
. 31
.17
.20 ------:66- ------:6
. 21
.12
.13

.14

.33

1.3
.6

Within individual deposits, uranium-vanadium ratios
range greatly. In general, the uranium content ranges
between much greaJter limits than the vanadium content, so that uranium-vanadium ratios are high in highgrade ore and low in low-grade ore. This relation is
shown in figure 18, where uranium-vanadium ratios in
selected samples are plotted against percentage of uranium. Samples from the Sandy and Windwhip mines
were taken from bottom to top in exposed ore ·and l31terally across curved gradaJtional ore boundaries. The
samples from the Jackpile mine include two sets of five
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samples each, taken vertically across exposed ore, plus
many samples taken at widely spaced intervals in other
parts of the open pit. The ratios plotted in figure 18
do not represent all of the sam pies taken, because vanadium was not determined in amounts less than. 0.028
percent in samples from the J ackpile and Wind whip
mines, and 0.028 and 0.056 percent in different suites
of sa.mples from the Sandy mine.
In all three mines the range of the uranium-vanadium
ratio is great, but the ratio generally increases with
increasing grade (fig. 18).
Accordingly, vanadium
tends to be more homogeneously distributed within a
deposit ·than uranium. Within a deposit, vanadium
content generally increases as uranium content increases, but 1nuch 1nore gradually. This probably re-
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18.-Variations of uranium-vanadium ratio with uranium content, Jacl{pile, Windwhip, and Sandy mines. Dashed
lines represent average ratio and grade from mill data.

FIGURE

fleets the different mineralogic occurrences of the two
elements. Vanadium in the relatively unoxidized deposits. is largely in. micaceous silicates and may partly
reflect the original fairly homogeneous distribution of
clay. Uranium,. on the other hand, is largely in finely
divided coffinite and uraninite, the distribution of which
may not depend upon the distribution of any original
constituent of the rock.
MINOR ELEMENTS

Several elements in addition to uranium and vanadium, mostly present in amounts of much less than 1
percent, appear to be more abundant in the uranium
deposits than in the ilPmediately surrounding rocks.
Shoemaker, Miesch, Newman, and Riley (1959, p. 35)
defined intrinsic elements as those "elements whose presence in the ore is unrelated to the process of uranium
mineralization," and extrinsic elements as those "elements that have been introduced by processes of or related to uranium mineralization into the body of sediment or rock that became the uranium deposit." As
they pointed out, probably no single element is wholly
extrinsic or intrinsic, but these terms conveniently distinguish between those elements tl~at were largely introduced during mineralization and those that were
present before mineralization. Even though we cannot
compare in detail the minor el~mental composition of
the deposits with unmineralized. sedimentary rocks well
away from the deposits, the term "extrinsic" is used in
this report, because many elements vary significantly
with ore grade or rock darkness, and some elements can
he related to specific ore minerals.
Shoemaker, Miesch, Newman, and Riley (1959) studied the elemental composition of uranium deposits in
the central and northern parts of the Colorado
Plateau-mostly in Utah and western Colorado. At
the time of their study, the Grants and Laguna districts
had not been extensively developed, and the few samples
then avail·a;ble from these districts were not included in
their study. They were primarily concerned with the
elemental composition of whole deposits; accordingly,
they used mill-pulp samples exclusively and treated
their analytical results statistically. In this report we
are concerned primarily with elemental variations
within deposits; accordingly many of our samples r~p
resent observable geologic features. For these reasons,
and because only a few deposits are inined in the Laguna
·district, quantitative· comparisons cannot be made between deposits in this district and those elsewhere on the
Colorado Plateau. Qualtitatively, however, similar conclusions can he drawn from the two studies.
Mill-pulp samples, which indicate to some extent the
minor-element composition of typical ores, are listed in
table 7 to facilitate comparisons made later in this re-

0':1

~

0

~

t"4
0

~

TABLE

~

7.-Minor-element content of millpulp samples from six uranium deposits in the Laguna.district

[Data are in percent except as indicated. Chemical analyses by C. G. Angelo, R. R. Beins, G. T. Burrow, R. P. Cox, N. E. Crowe, Mary Finch, W. D. Goss, H. H. Lipp, E. C. Mallory, T. Miller,.L. F. Rader
J. S. Wahlberg; and J. E. Wilson. Semiquantitative spectrographic analyses by R. G. Havens and N. M. Conklin. 0, looked for but not detected; Tr., near threshold amount of element; <,less than number
shown but standard sensitivities do not apply; ----• not looked for; M, major constituent]
·
·

Mine

Laboratory No.
-------1
229373 2 __________
229375 2 __________
239460 2 __________
245226 ____ -------245229-----------245228___________ _

eU
I

~r!~~t-ip==~~~~~~~~~~~~~~~~

0.33
.26

Woodrow __ ----------------Chavez _____ ---------------Sandy (Pit 1)--------------Crackpot ____________ --------

.87

.14
.094
.071

Bel
As!
Ag
Fe
Ca
Ti
Mn
Si
Al
Mg
Na
K
u
F
s
P205
Zn'
V205
•---•---•----•----•---•---•---•---•---•---•---•---•---•---•---·---·---·--20
20
M
0. 7
1.5
0.15
0.03 ·o
0.3
1
1.5
0.3
0.3
0.31 -------- <0.002
<0.05 -------- .03 0
10
.7
.07
1.5
20
M
3.0
.15
.3
.15
.28 -------18
---.------.15
M
7.0
.3
.3
.7
3.0
.03 0.0003
1.16
35
890
3.0
8
.022
6.64
.. 15
21
1.5
3.0
.07 0
.49
M
3.0
.7
7.0
.7
.20 ---0~5650
83
.009 ---------3.0
.07
.07 0
12
M
3.0
.7
.7
M
1.5
.10
.024
.08
15
15
.13
.006
.3
M
1.5
.007
.03 0
18
3.0
1.5
.3
.3
7
.097
.33
.016
.011
. 71
3

I

Mine

I

B

I

Ba

I

Be

I

Co

I Cr I Cu I

Ga

I

Mo

I

Ni

I Pb I

Sc

0.007
.007
.03
.003
.003
.003

0
0
0.0007
0
0
0

I

Sr

I

Tl

I

u

I

v

I

y

I

Yb

I

Zr

-------------------1---1---·----·---·---·---·----·----·----·---·---·---·---·---·---·----·----·--229373
Jackpile ______ ----- ___ --- __ - _ 0.0015
229375 2__ -------- Windwhip __________________
.0015
239460 2_-- ------- Woodrow ___ ---------------- 0
.003
245226 ___ -- ------- Chavez. ____ ---------------245229 _________ --- Sandy (Pit I) __ ------------Tr.
245228____________ Crackpot__ __________________ 0
2 __________

1

2

0.03

.07

.15
. 07
.03
.015

Parts per million.
Spectrographic data converted from X to numerical notations.

0.00015
.00015
Tr.
0
0
0

0.0007
.0003
.015
.0007
.0015
0

0.0015
.0007
.0015
.007
. 003
.0015

0.003 <0.0002
.003 <.0002
.015
Tr.
Tr.
.007
Tr.
.003
.003
0

a 0.0015
0.0003
.00015 - 3.0015
.003
.007
.007
.0007
.0015
.0007
.0007
0

t:j

l':l

1-Q

~

i-3

r;p

0

~

~

Semiquantitative spectrographic analyges (continued)
Laboratory No.

~

~

Semiquantitative spectrographic analyses

Chemical analyses

~

0.003
.003
.015
.015
.015
.03

0
0
Tr.
0
0
0

0.3
.3
1.5
.15

.07
.07

0.15
.07
.015

.a

.03
.15

a Possibly in error; not confirmed by other samples from same deposit.

0.0007
.003
.003
.003
.0015
0

0
0
<0.001
<.002
.. 0003·
<.002

0.03
.015
.015
.015
.007
.003

~

d

~

~1:3
~

J~

~

~

~
:>q

l':l
1---4

n

0
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port. Direct comparison must be made with caution,
however, because the samples represent different grades
of ore, ·and one sample from ·a deposit as large ·as the
Jackpile can hardly be representa:tive.
JACXPILE DEPOSIT.

Semiquantitative spectrographic data for. 52 samples
collected from the J ackpile mine· are listed in table 8
in order of increasing darkness (or shade value), which
is ·directly proportional to the organic carbon content
(fig. 22). The relrutions of uranium, vanadium,
manganese, barium, chromium, lead, and copper contents to darkness are most readily observed diagrammatically. In figure 19 the ranges ·and arithmetic averages of the contents of these elements are shown for each
slutde y.alue. I1i each diagram, the three darkest shade
values nnd the 7.5 value are least reliable, as they are
represented by only one sample each.
In summary, uranirun, vanadium, manganese, boron,
beryllium, cadmium, cobalt, copper, germanium, lanthanum, lead, yttrium, ytterbium, and possibly chromimn nnd gnllium show varying degrees of correlation
with the darkness of the rock. Bari urn appears to be
inversely proportional to darkness, and iron, magnesitun, calcium, titanium, strontium, and zirconium do not
exhibit a detectable correhttion. Strontium is commonly most abundant where calcium is most abundant.
Some elements tha;t correlate with darkness are distributed runong specific minerals in the ore (table 9) .
In table 9, .one separate of vanadium clay is compared
with three of uranife1•ous carbonaceous matter. AlumiI'lum, potaSsium, uranium, and vanadium show the expected distribution. Of the minor elements that -are
concentrated in ore, beryllium, cadmium, cobalt, and
chromium ·are 1nost abundant in the vanadium clay.
Lead expectably is lllOSt abruld,ant in the uraniferous
carbonaceous Ina·tter, ·and yttrium and ytterbium may
also be similarly concentrated. Other elements show
no recogni~a:ble correlation.
WINDWHIP DEPOSIT

Patt of 'the Windwhip deposit was sampled in detail
to determine wha:t elements ·are associated with the ore,
and if there is any peculiar distribution of minor eleInents relative to different parts of the deposit and the
surrounding sandstone (ta:ble 10; fig. 20). Most
samples were taken at a'bout 1-fodt intervals vertically

and horizontally across the deposit: three (201, 2C 2 , 203,
fig. 20) were taken across the banded, convex part, ·and
10 were taken at 2-foot intervals between the top ofthe
deposit ·and the 'base of the Dakota Sandstone.
A close correlation can be seen ootween uranium content and the visible· features .of the ·deposit (fig~ 20).
The h'ighest grade part of tJ:l~ deposit is associated wi~h
dark rock directly in the center of the deposit; visibly
sharp color boundaries are associated with abrupt
changes of uranium content, and gradational color
boundaries are associated with gradual changes of
uranium content.
To illustrate the relations 'between uranium and the
other minor elements,- samples are listed in table 10 in
order of increasing ~ranium oontent. Darkness of
material is not used as the basis here because it has boon
changed somew hat by oxidation. Correlations of vanadium, calcium, manganese, ·beryllium, cobalt, lead,
y'btrium, ytterbium, and possibly cadmium, germanium,
chromium, and molybdenum with uranium content can
be seen in table 10. Of the arithmetic averages of elements (table 11), m'anganese, calcium, and copper show
marked correlations with uranium. Strontium, titanium, and magnesium correlate somewhat.
Iron and titanium show peculiar distribution patterns. Iron appears to be deficient in a thin zone directly above the deposit. Samples 7H, 7I, 1J, SI, and
SJ contain either 0.03 or 0.07 percent iron, whereas all .
but one of the other samples contain 0.15 percent or
more iron (fig. 20; table 10). Titanium is most abundant in samples 3B and ·3C (fig. 20; table 10), which
were obtained from a gradational concave junction between the upper and lower layers shown in the righthand side of figure 20.
WOODROW DEPOSIT

Because the Woodrow deposit has a pipelike form
and is composed of contrasting types of ore-massive
sulfide, massive coffinite, and mixtures of the two-no
attempt was ma'de to compare "typical" ore with "typical" unmineralized rock. Instead, the minor-element
associations are shown by tabulating contrasting types
of materials (table 12). In table 12, the upper 7 specimens are of various types of ore, and the lower 10 are
mineral separates from the same and other similar ore
specimens.
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TABLE

B.-Distribution of minor elements, in percent, relative

[Color shades are according to "Rock-Color Chart/' <G:oddard and others, 1948). Percentages determined by semiquantitative spectrographic analysis except as
Shade __________

-~--

Very light gray

_____________

Light gray

8
u 1__ ---- -- -·-~- ------------------

v _._-- ~- ---·------"'-- -~--- -------

Fe .. __ ._ ... __ ••.•.• _..• __ •• __ •..
Mg.-"·-----------------------·-Ca .. __ . ______ . __ .... -~ ..........
TL ......·.... _........•...•......
Mn. _--------------------------B-------------------------Ba·---.• __ ..
_____ . ___ ..•. ___ . ___ . ___
Be._
------------------------•--Cd.... _____ . _... ___ --- ___ ...... _
Co .. ____ . __ ._ ... __ .. ________ ... _
Cr._.--------------------------Cu
.. __ . ______ .. _. __ . ___ .. ___ ... _
Ga .. _..... _____ . __ . ____ ._. ___ . __
Ge ... _. __ . _.. ___ . __ . ___ . _. _. _...
La
-------------~-------------Pb...____
.. __ .. ______ .. ____ . ____·__
Sr... ____ ._ ... ____ . _____ ... _.. __ .
y- -----------------------------Yb ... ---- -----------------------

Zn .. ________ --------------------

0.074
.003
.15
.03
.15
.07
. 0015
0
.3
0
0
0
. 00015
.0007
0
0
0
.0015
.007
0
0
.007

0.011
1.048
.3
.07
.7
.07
.0015
0
.15
0
0
0
. 00015
.0007
0
0
0
.0015
.003
0
0
.007

0.017
.03
.3
.07
.07
.15
.003
0
.15
0
0
0
. 00015
.0003
0
0
0
. 0015
. 003
0
0
.03

0.050
.07
.3
.07
.15
.15
.003
0
.15
0
0
0
. 00015
.0003
0
0
0
.003
.003
0
<.001
.007

7.5
0.007
.003
.15
.07
.03
.07
.0015
0
.15
0
0
0
. 00015

.0003

0
0
0
.0015
.003
0
0
.015

0.055
.007
.3
.07
.07
.15
.0015
0
.15
0
0
0
. 00015
. 00015
0
0
0
. 0015
.003
.0007
. 00015
. 015

0.040
.003
.15
.07
. 015
.03
.0015
0
.15
0
0
0
. 00015
.0015
0
0
0
.0007
. 0015
0
0
. 007

5.5.
u ~------------------------------

v-- -----------------------------

~a~-_~~==========================
TL ..... ___ • __ . ___ . --- ____ ---- ___

Mn .. --------------------------B.-----------------------------Ba ... ______________ • ___ . ______ . _
Be._---------------------------Cd ..•. ___ ... _..• ______ .. ___ ----Co. _________ • ____ • ______________
Cr _.
Cti
•. ---------------------------_.. ______________ . ___ .... _..
Ga.... ________________ • _____ •. __
Ge. ----------------------------La
Pb..
...---------------------------_.. _______ . __________ .... __
Sr ______ ... __ .• ________________ . _
y- ----------------·-------------Yb
....__------------------------Zn ...
• _________
. _.: ______ . _____
1

0.030
.003
.3
.07
. 015
.15
. 0015
0
.07
0
0
0
. 00015
.0003
0
0
0
. 0007
.0015
0
0
.007

0.011
.015
.3
.03
.07
.03
.007
0
.07
0
0
0
. 00015
.0007

0.28

0. 51
.168
.7
.15
.07
.15
.007
.003
.07
. 00015
0
<.002
. 0007
.0007

0

0
0
. 0015
. 0015
0
0
.003

0.033
.03
.7
.07
.15
.15
.003
0
.07
0
0
0
. 00015
.0015
0
0
0
. 0015
.003
0
0
.015

0.03
.003
.15
.07
.07
.03
.0015
0
.07
0
0
0
. 00015
. 00015
0
0
0
.0007
. 0007
0
0
.003

0.32
.050
.15
.03
.3
.07
.003
0
.03
0
0
<.002
. 00015
.0007
0
0
0
.003
.0015
.0015
. 00015
.015

0.24
.084
.3
.03
.07
.07
.003
0
.015
0
0
<.002
. 003
.0007
0
0
0
.007 .
. 0015
.0015
<.001
. 015

Medium gray-Continued

Shade .. ______ . ____ . ____ ..... _. __

Fe .. __ --------------------------

7

0.26
1,224
.3
.15
.15
.07
. 015
0
.03
. 00015
0
<.002
. 00015
.0007

Tr.

0
0
. 015
. 007
0
0
. 015

5
0.28.112
.3
.07
.15
.15
.007
.003

I

.03

0
0
<.002
. 0007
. 0007
0
0
0
.003
.0015
.003
0
.03

0. 060
.112
.7
.15
.15
.07
. 007
0
.07
0
0
0
. 00015
.0007
0
0
.003
.007
.007
. 0015
<.001
.015
I

0.30
1,229
.7
.3
.15
.15
.015
0
.15

.0003

0
<.001
. 0007
.0007
0
0
0
.003
.015
.0007

<.o·l
.007

0.89
1.106
.3
.07
.7
.15
.007
0
.07
0
0
<.001
.0003
.0003
0
0
0
.007
.003
0
<.001
. 015

0.17
.112
.7
.3
3.0
.15
.07
0
.07
0
0
<.001
. 0003
.0007
0
0
0
.003
.015
.0007
<.001
. 015
I

0.43
.123
.3
.15
.07
.07
.007
.003
.03
. 00015
0
<,005
. 00015
.0007
I

Tr.

0
0
.007
.0015
.0015
0
.007

Determined by chemical methods. Analysts: C. P. Angelo, G. T. Burrow, E. J. Fennelly, H. H. Lipp, J.P. Schuch.

I

.068

.15
.07
.15
.07
.007
0
.03
0
0
<.002
. 00015
.0003
0
0
0
. 0015
. 0015
0
<.0005
.007

I

Tr.

<.005
0
.007
.003
. 0015
0
• 015

I

I
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to darkness of material in J ackpile uranium deposit
indicated; nnnlyst: 11. G. Havens. 0, looked for but not detected; Tr., near threshold amount of element; <,less than number shown but standard sensitivities do not apply)
Medium light gray

Light gray-Continued

0.10
. 015
.7
.15
.03
.15
.003
0
.15
0
0
0
.0003
.0007
0
0
·0
.003
.003
0
0
. 015

0.000
.007
.7
.15
.7
.15
. 015
0
.15
0
0
0
. 00015
. 00015
0
0
0
.0015
.003
0
0
. 015

6

6.5

7
0.02
.028
1.5
.3
3.0
.03
.03
0
.15
0
0
0
. 00015
.0007
0
0
0
.003
.015

I

.0007

. 00015
.007

0.035
.003
.3
.07
.03
.15
.0015
0

.07

0
0
0
.00015
.00015
0
0
0
0
.0007
0
0
. 015

Medium gray

0.093
.039
.3
.07
.07
.15
.0015
0
.03
0
0
0
. 00015
.0007
0
0
0
0
. 0015
.0015
.0003
. 015

I

0.027
.05
.3
.07
.15

I

.07

.003
0
.15
0
0
0
.00015
.0003
0
0
0
.003
.003
.0015
.0003
.007

0.062
.028
.7
.15

I

.07
.07

.007
0
.15
0
0
0
.00015
.0007
0
0
0
.003
.007
0
<.001
. 015

0.29
.056

I

.a

.07
.07

.07

.003
0

.03

0
0
<.002
. 00015
.0007
0
0
0
.0015
.0015
. 0015
.0003
.007

5.5
0.14
.129
.3
.07
.07
.07
.007
.003
.03
• 00015
0
<.002
. 00015
.0007
0
0
0
.007
.0015
0
0
.015
I

0.21
1,117
.3
.07
.15

.07

.007
.003
.07
0
0
<.002
.0003
.0007
Tr.
0
0
.007
.003
0
0
.015

0.11
.007
.15
.03
.3
.07
.003
0
.03
0
0
<.002
. 00015
.0007
0
0
0
.0015
.0015
.0015
.0007
.007

0.15
1.162
1.5
.15
.15
.15
. 015
0
.15
. 00015
0
<.001
.00015
.0007
0
0
0
.015
.007
.0015
<.001
.007

. 0.31
I ,()9

.3
.07

.03

.07
.007
.003

.03

0
0
<.002
.00015
.0007
0
0
0
.003
.0015
0
.00015
.015

0.30
.062
.3
.07

I

.07
.07

.007
.003

.03

.00015
0
<.002
.0003
.0007
0
0
0
.007
.003
0
<.0005
.007

I

0.13
.039
.3
.07
.15
.07
.007
.015

.03

0
0
<.002
.00015
. 0007
0
0
0
.0015
.007
.0015
.0003
• 015

Medium dark gray

Medium gray-Con.

Dark gray

'4,5

5

4

3.5

3

2.5

--1. 65
.100
.3

I

.07

.15
. 07
.007
0
.07
. 00015
<.05
<.005
. 00015
.0007
0
<.005
.003
. 015
.0015
.0015
<.001

.007

0.16
.09
.3
.07
.15
.15
.007
0
.03
0
0
<.002
.0007
.0007
0
0
0
.003
. 0015
. 0015
<.005
.007
I

0.15
.101
.3
.07
.03
.03
.003
0
.07

I

0

0
<.001
. 00015
.0007
0

0
0
.003
.003
0
0
. 015

0.22
.157
.3
.07
.07
.07
.007
. 003
.03
. 00015
0
<.002
.0003
.0015
0
0
.003
. 015
.007
0
0
. 007
I

0.31
.157
.15

I

.07

.07
.07
.007
0
.03
. 00015
0
<.002
.0007
. 0015
0
0
0
.003
.0015
. 0015
<.001
.007

0.36
.112
.3
.07
.15
.07
.007
0
.07
0
0
<.001
.0003
.0007
0
0
0
.007
.003
0
<.001
.015
I

0.18
.090
.7
.15
.15
.15
.007
.003
.15
0
0
<.001
.00015
.0003
0
0
0
I

. 007

.007
0
<.001
.015

0, 41
.050
.3
.07
.7
.15
.007
0
.15
0
0
<.001
. 00015
.0007
0
0
.003
.007
.003
.0007
<.001
. 015
I

0.47
.056
.3
.15
.3
.07
.007
0
.07
0
0
<.001
.0007
.0015
0
0
.003
. 015
.007
.003
<.001
.015
I

0.17
.123
1.5
.3
1.5
.07
.03
0

I

.07

0
0
<.001
.0003
. 0003
0
0
0
.007
.015
0
<.001
.015

0.62
.106
.3
.07
.07
.07
.007
0
.03
. 00015
<.05
<.005
.0003
.0007
0
<.005
.003
.007
. 0015
0
<.005
.007
I

0.67
.045
.15
.03
.07
.07
.007
0
.03
0
<.05
<.002
. 00015
.0015
0
<.005
.003
.007
.0015
.0015
I

.0003

.03

0. 71
.347
.7
.07
.15
.07
.015
.003

I

.03

.0003
<.05
<.005
.0015
.0015
0
<.005
0
.OQ7
.003
0
0
.015

0.85
1.205
.3

.07
.15

.07

. 015
0
.03
.0003
<.05
<.005
. 00015
.0015
0
<.005
0
.007
.0015
0
0
.007

0.51

.03

.7
.15
.03
.07
.007
0
.07
0
0
<.001
. 00015
.0007
0
0
.003
.03
.007
.0015
<.001
.015
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]j,igure 19.-Distribution of minor elements, in percent, relative to color, Jackpile uranium deposit.
(Goddard and others, 1948) .
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TABLE

9.-Minor-element content, in percent, of four samples from the Jackpile deposit

[Analyses by N. M. Conklin, by semiquantitative spectrographic method, except as noted. 0, looked for but not detected; <,less than number shown, but standard
sensitivities do not apply; ----·not looked for]
Sample

Si

Al

1.----------------------------------------2.--------------------------------

---------3.----------------------------------------4.-------------------------------- ---------Sample

Mg

Fe

K

Na

Ca

Mn

Ti

Ba

Be

0. 03
.0015
.03
. 07

0
0
0
0. 0015

Cd

Co

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ----

Cr

0.15
.07
.15
7.0

0. 7
.15
.3
3.0

0. 07
.07
.3
.7

0.3
.7
1.5
.7

0
0
0
7.0

0.07
.03
. 015
.07

u

Cu

Mo

Ni

Pb

Sn

Sr

0.15
.003
.007
.15

0. 007
0
.007
.007

0.015
0
0
0

0. 7
.07
.15
. 015

0
0
0
. 015

0.03
.007
.07
. 015

0.3
. 07
.03
.07

v

Ut

0
0
0
<0.1

y

<0.002
<.002
<.002
.007
Zr

Yb

-------------1---- ----------------------------------------------1.-- -----------------------------2.-------------------------------3.-- -----------------------------4.-- -----------------------------1

1.
2.
3.
4.

0. 0015
0
. 0015
. 015

3.0
7.0
7.0
1.5

3.6
8.1
5.4

0
0
0.07
7.0

0.07
0
.07
0

0.007
0
.007

0.015
0

0
0

Determined fluorimetrically by E. J. Fennelly.

Lab.
Lab.
Lab.
Lab.

No.
No.
No.
No.

DESCRIPTION OF SAMPLES
279505; uraniferous carbonaceous matter from ring fault of collapse structural feature.
279500; snn1e as sample 1.
279507; uriUiiferous carbonaceous matter from concentration around clay gall.
270537; vanadium clay from v:elnlet in mineralized silicified log.
Sample
location

Uranium
content

Sample
number

0.002
0.001
0.002

lR

Dakota
Sandstone

25'

Jackpile sandstone
of economic usage

10 inches

1Q
1P

0.005
0.006

10

0.003
0.002
0.002

1M

----

20'

IN

15'

SJ

1K

0.001
_8_1_
0.007

0 ·002'Sample location and

0.005 ~------

11
0.027

......

10'

-~·.·

·. :o.29

··

. :. ·... -:···· ..

.. :···:·.. :: ..

~·

SH .'

uranium content

--_2!:!.._

12'

12'

ll

lJ_...........Sample number

_7_1_
0.005

14'

White crossbedded unmineralized
Jackpile sandstone of economic usage

.·.~··.·

: .. ·.. 0.079

8'

··: ·~::::.:.·:~:~·:·.:.....3c-3D

0 ~~ 2
6'

.::.·:.~·.:::-..:: ..·.

4'

. . ·. sc .' .._-. '.>:. ·. :. ·. ·. ·. ·.' Gray ·

< ·. :.

. : .. 0.'14 ·.: · ·.·

78

7A

k=__,_,.....-.·_.·-:-.' :: o. 27 ::: :. : .. . . .cot:~glomerate

.· ·.·::·.· ..

0.013

0.025

Mudball

··~·~-~

.

. ~)r~:··:·

··~

18

----0.067-

.. .' · ·
uranium :. . ..
.

2'

··: .. l'A
---o8A

0 021

=-=--·----'

~ ~"" ~

u

0.03~ . -:---:---

_c::::---=:;-;-_.-..==-~==--==--==-==---==--~:ud;~n--;7-= -=-=....::::.-::::...

:

-_

•

•

. ·~ .... - ...
.~
--

-------

•

0

0'

0

2

4 FEET

20.-Pnrt of Windwhip deposit, showing distribution of samples in table 10, and uranium content, in percent.
Top-center inset shows spacing of samples lK to lR relative to base of Dakota Sandstone, which is not shown in the
diagram.
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TABLE

10.-Distribution of minor elements relative

[Percentages determined by semiquantitative spectrographic analysis except as indicated; analyst: P. J. Dunton. 0, looked for but not detected;
Laboratory No.
(256-) _______ ------

302

267

268

266

262

261

260

263

265

292

291

264

Field No ___________

8J

lQ

lR

lP

lL

lK

1J

1M

10

71

7H

IN

0. 002
.007
.03
.03
.03
.15
.0007
0
.03
0
0
0
.00015
0
0
.0003
0
0
.007
0
0
0

0.003
.007
.15
.03
.03
.07
. 0015
0
.03
0
0
0
.0007
0
0
.0015
0
0
.007
0
0
0

0.005
.003
.7
.07
.07
.07
.015
0
.07
0
0
. 00015
.0007
0
.003
.0015
.0015
0
.007
0
0
0

u 2_________________
vFe------------------_______ ------ _____

0.005
.007
. 07
.03
.03
.07
.0015
0
.03
0
0
0
.0003
0
0
.0015
0
0
.007
0
0
0

0. 001
.003
.03
.015
.03
.03
0
0
. 015
0
0
0
0
0
0
.0003
0
0
.007
0
0
0

0.001
0
.7
.07
.03
.07
.0015
.003
.03
0
0
. 00015
.0015
.0007
0
.0015
0
0
.007
0
0
0

0.002
. 0015
.15
.07
.07
.15
.0007
.003
.03
0
0
.0007
.00015
0
0
.0015
0
0
.03
0
0
0

0.002
.003
.3
.07
.07
.07
.003
.003
.03
0
0
. 00015
.0003
.0007
0
.0015
0
0
.007
0
0
0

0.002
. 003
.15
.03
.03
.07
.0007
0
.03
0
0
0
.0003
0
0
.0003
0
0
. 015
0
0
0

0.002
.007
.15
.03
.03
.07
.0015
.003
.07
0
0
.0015
.0015
0
0
.0015
0
0
. 015
0
0
0
.08

Laboratory No.
(256-) _____ - -------

272

295

253

296

281

290

289

298

273

274

284

300

Filed No ___________

2C2

sc

1C

SD

3C

7G

7F

SF

2Ca

2D

7A

SH

u 2_________________
v ___________________

2.14

0.18
.117
.15
.07
.15
.07
.015
0
. 03
.00015
0
. 00015
. 0015
.003
.015
.003
.003
.0007
.007
0
. 00015
0

0. 20
2 .106
.15
.03
.15
.07
.007
0
. 015
0
. 0003
.003
.0007
.007
.007
. 0015
.0015
0
.007
0
0
0

0. 20
2.045
.15
. 03
.3
.03
.0015
0
.07
0
.0003
0
.0003
0
. 003
. 0015
0
0
.007
0
0
0

Mg ___ --- ----------Ca ___________ -----TL _______ ---------Mn _________ -------B ____ - -------------Ba
______ -----------Be __________________
Co _____________ ---Cr__________________
Cu ______ ----------Mo __ --------------Pb__________________
___ -------------Sr

y--- --------------Yb _____ - ----------Zr -----------------Cd __ --------------Ga_ -------------- __
Gea_____
---------- __
C
_________________

Fe __________________
Mg _________________
Ca _________________
TL _________________
Mn _________________
B ___________________
Ba _________________
Be __________________
Co __________________
Cr__________________
Cu_~---------------

Mo
____ ~-----------Pb _________________
Sr __________________
y __________________
Yb _________________
Zr __________________
Cd _________________
Ga _________________
Ge _________________
C a_________________

------------ ------------ ------------ ------------ ------------

0.14
.15
. 07
. 07
.15
. 007
0
. 015
0
0
. 00015
.0007
0
0
. 0015
0
0
.007
0
0
0

0.14
.056
. 07
. 03
. 07
.07
.003
0
. 015
0
.0003
0
. 00015
0
0
.0015
0
0
.015
0
0
0

2

0.15
.084
.15
.07
.15
.07
.007
0
.03
0
0
• 00015
. 00015
0
0
.0015
0
0
.007
0
0
0

2

------------ ------------ ------------

0.17
.067
.15
.03
.07
.15
.007
0
.03
0
.0003
. 00015
.0003
0
0
.0015
0
0
. 015
0
0
0
.19

2

0.18
.09
.15

2

.03

.07
.3
.003
0
.015
0
. 0003
. 00015
• 00015
. 0007
.015
. 0015
0
0
. 015
0
0
0

2

0. 005
.028
.07
.03
.3
.03
.0015
0
.07
0
0
0
.0003
0
0
.0015
0
0
.003
0
0
0

2

------------ ------------ ------------ ------------ ------------

0. 20
.196
.15
.07
.15
.07
.007
0
.015
0
.0003
. 00015
.0015
0
0
.0007
0
0
.03
0
0
0

2

------------ ------------ ------------ ------------ ------------

1 Selected specimens not shown in figure 20.
2 Determined by chemical methods. Analysts: G. S. Erickson, E. J. Fennelly, W. D. Goss, Claude Huffman, and H. H. Lipp.
a Determined by tube furnace-gasometric method; analyst: Wayne Mountjoy.

0. 22
2 .112
.15
. 07
.15
. 07
.007
.003
. 03
. 00015
. 0003
0
.0007
0
.0015
.0015
.003
.0007
.007
0
0
0
. 26

0. 27
.015
.3
.07
.15
.07
.003
0
.03
0
. 0007
. 00015
.0007
0
0
.0015
.0015
0
.015
0
0
0

------------

0.006
.003
.7
.07
.07
.07
.003
.003
.03
0
0
. 00015
.0003
0
0
.0015
0
0
.007
0
0
0

------------

0. 29
2 .095
.3
.03
.07
.07
.007
0
.03
0
0003
. 00015
.0007
.0007
:0015
.0015
.0015
0
. 007
0
0
0
. 25
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to uranium content, in percent, Windwhip deposit
Tr., nonr threshold runount or olomont; <,loss thnn number shown, but standard sensitivities do not apply; ----• not determined]

269

301

294

270

251

252

259

293

287

285

286

291)

283

2A

81

Sb

2b

1A

lB

1I

SA

7D

7B

7C

80

3E

0.007
. 015
.07
.03
.15
.07
.0003
0
. 03
0
0
0
0
0
0
.0007
0
0
. 015
0
0
0

0.000
. 015
.07
. 03
. 07
.07
.0007 .
0
. 03
0
0
0
. 00015
.•
0
0
.0007
0
0
.015
0
0
0

0.013
2.067
.3
.07
.15
.07
. 003
0
.03
0
0
. 00015
. 0007
0
. 0015
.0015
0
0
. 03
0
0
0

..................... ...................... ......................

0. 014
. 015
.15
.03
.07
. 07
.0007
. 003
. 015
0
0
0
. 00015
0
0
. 0003
0
0
. 007
0
0
0
.10

0. 021
. 028
.15
.07
.15
.15
.003
0
. 03
0
0
. 00015
.0007
0
0
. 0015
0
0
. 015
0
0
0

2

........................

0.025
2 . 067
.15
.07
.07
.07
.003
0
. 03
0
0
. 00015
.0007
0
0
.0015
0
0
. 007
0
0
0
.08

-----------

0.039
. 015
.3
.07
.03
.07
.003
0
. 03
0
0
. 00015
.0007
0
0
. 0015
0
0
.007
0
0
0
.......................

0.027
.028
.3
.03
. 07
.07
. 003
0
.15
0
0
. 00015
.0003
.0007
.003
. 0015
0
0
. 007
0
0
0

2

0. 067
2 .039
.15
.07
.07
.07
. 0015
.003
.03
0
0
. 00015
. 0003
0
0
. 0015
0
0
. 015
0
0
0

0. 050
2 .101
.3
.15
.15
. 07
.007
.003
.03
0
0
.0003
. 0003
. 003
. 015
.003
0
0
. 015
0
0
0

0.070
. 084
.15
.07
.15
.07
.003
. 003
. 015
0
0
. 00015
. 0003
0
0
. 0015
0
0
. 007
0
.0003
0

2

0. 079
2.056
.15
. 03
.07
.03
.003
0
. 03
0
0
. 00015
. 00015
0
0
.0015
0
0
. 007
0
0
0

----------- ----------- ----------- -----------

0.092
2 .050
.15
.03
.07
.03
.0015
0
.07
0
0
. 00015
.0007
0
0
.0015
0
0
.003
0
0
0
.11

271
2Ct
0.13
.168
.15
.07
.15
.07
.007
. 003
. 015
0
0
. 00015
.0015
0
0
.0015
. 0015
0
.007
0
0
0

2

------- ......

282
3D
0.14
2 .090
.15
. 03
. 07
.07
.003
0
. 03
0
0
.0001 5
.0001 5
0
0
. 0015
0
0
.015
0
0
0

...................

·'

277

275

280

288

254

279

258

297

257

276

255

218

278

20

2E

3B

7E

1l)

3A

IH

SE

10

2F

IE

(1)

2H

0.34
.134
.15
. 03
.15
.07
.007
0
. 015
. 00015
. 0007
. 00015
. 00015
0
.003
. 0015
0
0
. 007
0

~

0

0.30
.134
.15
.07
.3
. 07
. 015
.003
.03
. 00015•
.0007
.00015
. 0007
0
.003
. 0015
.003
. 0007
.007
0
0
0

2

....................... .......................

0. 37
2.095
.3
. 03
.15
.3
.007
0
. 03
0
. 0007
. 0003
. 00015
. 0007
. 015
.003
0
0
. 03
0
0
0

.11

0.37
2.123
.15
.03
.15
. 07
. 007
.003
. 03
0
.0007
. 00015
. 0003
. 0007
0
.0015
0
0
.007
0
0
0

..........................

0. 41
2 .123
.15
. 07
.3
. 07
. 015
. 003
. 03
. 0003
.0015
.0003
.0007
0
. 0015
. 0015
. 003
.0007
. 015
0
0
0
.34

TABLE

0. 51
.09
.3
. 07
.15
.07
. 007
0
. 07
0
.0015
. 00015
. 0007
.007
.007
. 0015
0
0
.007
0
0
0

0.47
2 .185
.3
. 07
.15
.03
.007
.003
. 03
.00015
. 0015
.0003
. 0007
0
. 003
. 003
0
0
.007
0
0
0

2

0. 72
2 .157
.3
.07
.15
.07
.015
0
.03
. 00015
.0015
. 00015
. 0007
0
. 003
. 0015
,,003
.0007
. 015
0
0
0

----------- ----------- -----------

0. 75
2 .196
.3
.07
.3
.15
. 015
.003
.03
. 00015
.0015
. 00015
.0007
.0015
.015
.0015
. 0015
0
. 015
0
0
0
.28

0. 76
2 .263
.3
. 07
.3
.07
.015
.003
. 03
.00015
. 0015
. 0003
. 0007
0
.007
. 0015
.003
.0007
.007
0
0
0
.28

0. 85
. 218
.7
. 07
.3
. 07
. 015
.003
.'03
.0003
. 0015
. 00015
. 0015
.007
. 015
. 003
.0015
0
.015
0
0
0

2

[Data are from table 10]
Fo

Mg

Ca

Ti

Mn

Ba

Cu

Sr

0. 92
2 .347
.3
. 07
.3
. 03
.015
0
.03
. 00015
.0015
. 0003
.0007
0
.015
.0015
.0015
0
.007
0
0
0

(1)

1. 51
2 .196
.15
. 15
.3
.07
.015
0
.03
.0003
<.002
.0003
. 0015
0
.007
.003
.015
0
. 007
<.05
Tr.
<.005

256
IF
2. 77
. 246
.3
.15
.7
. 07
. 015
.003
. 07
.0003
. 003
. 0003
.0007
. 0007
. 015
.003
.001 5
0
. 007
0
0
0

2

----------- ----------- ----------- ·--------- .......................

H.-Arithmetic averages, in percent, of some elements in
Windwhip deposit

u

0.91
2.134
.15
. 07
.3
. 07
.007
0
.03
. 00015
<.005
. 0003
. 0015
. 0015
.007
. 003
. 0015
0
. 007
<.05
Tr.
<.005

217

Zr

- - - - - - - - - - ---- - - - -

0. 001-0.010 0. 24 0. 043 0.072 0.076 0.0023 0.038 0. 00045 0. 0011 0.0011
0. 01-0.1
• 20 .063 0. 095 .070 .0029 . 042 . 00045 . 0015 .0011
.22 .062 .200 .000 . 0086 . 031 . 00071 . 0018 .0011
>O.l
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TABLE

12.-Minor-element content of selected samples

[Data are in percent except as indicated: Chemical analyses by C. P. Angelo, G. T. Burrow, Claude Huffman, R. P. Cox,
[0, looked for but not detected; Tr., near threshold amount of element; <,less than number
Semiquantitative spectrographic analyses

Chemical analyses
Sample
eU

I

u

IV 0 1Se IAs
2

5

1

12

Si

I

AI

I

Fe

I

Mg

I

Ca

I

Na

K

I I

Ti

p

I I Mn I

Ag

I As I

B

Be

I Ba I

I

Bi

I Ce I Co

Rock samples
}_ ______
9
I8. 97 <O.I 30
3. 0
8IOO
2 _____ ·__ I6.
2. 27
1.5
<.1 ----- ------ M
3 _______ 1.0
1. 22
<.I ----- ------ M
4 _______ .11
.I2
<.I ----- ------ M
5 _______
.I2
<.1 ----- ------ M
6 _______ .I2
. 45
. 68
<.I ----- ------ 1.5
. 080 <.I ----- ------ M
7------- . 088

0. 7
3. 0
.7
7. 0
3. 0
.I5
3. 0

M
1.5
M
1.5
7. 0
.7
M

O.I5. 3. 0
. 07
.I5
. 03
.3
.7
.3
. 03
.15
. 03 M
.3
.3

0
.7
.3
1.5
1.5
.3
.3

0.03
0
1.5 . 07
. 7 . 03
3. 0 . I5
3. 0 . 03
0
. 007
. 7 . 07

0. OI5
0
.007
0
. 007
0
.015
0
0
.007
7. 0 . 03
.007
0

0
0
. 00015
0
0
.0007
0

1.5
0
0
0
0
0
.3

0
1.5
. 03
0
.015
0
. 003 . 03
. 07
0
.03
0
.15
0

0. 015
0
. 03
0
.007
0
3. 0 . 03
0
. 03
. 003
0
.007
0
. 003
0
. 0015
0
. 07
0

0
. 003
0
. 003
0
0
0
0
0
0

0
.7
.15
0
.7
3. 0
.3
.3
. 15
.3

0
0
0
0
0
0
0
0
0
0

o. OOOI5
. OOOI5
0
. 0003
0
. OOOI5
0

0
0
0
0
0
0
0

0
o. 7
. OI5
0
. 03
0
0
<.002
0
0
. 07 <.002
. 003
0

0
0
0
0
0
0
0
0
0
0

0
0
<.005
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

Mineral separates
8 _______
9 _______
IO ______

------------u ______ ------12 ______ ------I3 ______ ------14 ______ ------15 ______ ------16 ______ ------------I7 ------ ------1
2

-------------------------------------------------------------

------ ----- ------ 0. 7
------ ----- ------ ----------- ----- ------ 1.5
------ ----------- ----1000
3. 0
------ 6
------ IO
------ 3. 0
------ 2I ------ . 7
2000
1.5
-----. 5 1000
1.5
------ <.5
2000
.3
------

I. 5
I. 5
1.5
. 07
.7
.7
. 07
. 07
.3
. 07

1.5
7. 0
3. 0
.7
M
M
M
M
M
M

0. 03
.I5
. 07
. 03
.015
. 03
<.005
<.005
<.005
<.005

0. 3 <0.2
.3
.7
0
7. 0 -----0
<.05
.15
0
0
<.05
0
<.05
0
<.05
.15
0

0
0
0
0
0
0
0
0
0
0

Parts per million.
Arsenic data approximate; too much arsenic for colorimetric method.
DESCRIPTION OF SAMPLES

1. Lab. No. 239604; vug filling in broken mudstone; contains pyrite, coffinite, barite
and traces of cobaltite, galena, wurtzite(?).

The Woodrow deposit is unique in the district with
respect to its high uranium and low vanadium contents
(table 6), and the mill-pulp sample of Woodrow ore
(table 7) is richer than the others with respect to iron,
sulfur, arsenic, cobalt, copper, zinc, barium, nickel, and
lead. Further, silver, scandium, and tellurium were
detected only in the Woodrow ore. The high sulfur
and iron contents (table 1) reflect abundant pyrite and
marcasite. Barium and copper are attributable to
galena. Where arsenic and cobalt are about equally
abundant in the same specimen (samples 1 and 10, table
12), they are attributable to cobaltite. More commonly, however (samples 7, 9, 12, 13, 14, 15, and 17, t.able
.12), arsenic is too abundant relative to cobalt for it to be
attributed to stoichiometric cobaltite and may be in
solid solution in pyrite, which Fleischer (1955, p. 999)
reported is possible. The high phosphorus and calcium
contents of specimens 6 and 11 are attributable to th~
a.patite that makes up the bone fragment.
Other minor elements are not attributable to identified mineral species, but many seem to be associated
either with the sulfides or with the uraniferous carbonaceous matter. Silver seems to be associated with
uraniferous carbonaceous matter but not with sulfides.
Bery Ilium was detected in four ore specimens but not
in any of the mineral separates. Chromium was detected in two separates of uraniferous carbonaceous
matter but not in the sulfide separates; the highest
chromium contents are In impure ore samples.

o. 3

. 07
. 15
. 03
. OI5
. 03
. 007
.003
. OI5
0

0.007
. 03
; 007
. 007
. 03
. 007
. 07
.7
. 003
.003

O.I5
.15
.15
. OI5
.15
.3
0
0
.007
0

2. Lab. No. 250800; sandstone impregnated with pyrite, coffinite, and a small am01mt
of chalcopyrite.
3. Lab. No. 25080I; same as sample 2.
4. Lab. No. 250802; broken mudstone with trace amounts of coffinite and pyrite.
5. Lab. No. 250804; coarse arkose with disseminated pyrite and marcasite and ll
trace of coffinite.
6. Lab. No. 250803; bone fragment; apatite is major constituent, but detrital silicates
and pyrite and coffinite are present.

Molybdenum doe,.s not appear to be systematically associated with any particular component of the ore.
Nickel shows a distribution that is nearly proportional
to cobalt and is probably contained in cobaltite. Lead
expectably correlates with uranium. Strontium appears to correlate with calcium, which in turn partly
reflects the distribution of calcite and apatite (bone
fragment). The uranium in sulfide separates 12 and
13 (table 12) represents impurities of coffinite.
The bone fragment (sample 6, table 12) is of particular interest because i.t contains cerium, dysprosium,
erbium, gadolinium, lanthanum, neodymium, yttrium,
and ytterbium. These rare-earth elements have a
strong affinity for phosphorous (Rankama and Sahama,
1950, p. 518).
1

PIT I DEPOSI.T, SANDY MINE

Samples collected from below, above, and within the
relatively unoxidized parts of the Pit I deposit are
listed in table 13 in order of increasing uranium content.
Vanadium, iron, magnesium, beryllium, cobalt, lead,
and yttrium definitely correlate with uranium. As gallium, germanium, and lanthanum were detected only
in the highest grade samples, their enrichment in the
ore seems certain. As boron and molybdenum are absent in the low-grade material (less than 0.008 and 0.003
percent uranium, respectively), these elements may be
enriched in the ore. Arithmetic averages of barium,
copper, titanium, and nickel contents (tabulated below)

.71

URANIUM ·DEPOSIITS

and mineral separates from the Woodrow deposit
W. D. Ooss, E. C. Mallory, J. E. Wilson, and J. S. Wahlberg. Spectrographic-analyses by J. C. Hamilton and N. M. Conklin.
shown but standard sensitivities do not apply; __ ,not looked for; M, major constituent]
Semiquantitative spectrographic analyses-Continued
Cr

I

Cu

])y

I Er I

Oa

I

Od

I La I

Mo

I Nb I Nd I

Ni

I

Pb

Sc

I

I

Sr

I

Tl

I

u

I

v

I

y

I

Yb

I

Zr

I Sn

Rock samples-Continued
0
. 003
. 00015
.003
. 00015
. 0015
. 00015

o. 015

.15
.07
. 0015
. 0015
. 003
. 0015

0
0
0
0
0
.03
0

0
0
0
0
0
. 015
0

0
0
0
. 0015
0
0
0

0
0
0
0
0
. 015
0

0
0
0
0
0
. 07
0

0.015
. 0015
.007
. 0007
.0003
. 0015
.003

0
0
0
0
0
0

Tr.

0
0
0
0
0
.07
0

0.15
.007
.007
.0007
.0007
0
.003

0.3
.03
.015
.003
.003
.015
. 003

0
0
0
.0007
0
0
0

0.03
0.03
. 0015
0
. 0015
. 015
.03
0
.007
0
.3
0
. 015 Tr.

M
1.5
.7
.15
.15
.7
.07

0.3
.003
0
.003
0
.003
.005

0.15
. 015
.007
.003
.007
.15
.0015

0
. 0015
.0015
. 0007
. 0007
. 015
.0003

0
.007
.007
. 015
.003
.015
.007

0
0
0
0
0
0
0

0. 0007
. 015
0
.07
0
0
0
.007
0
0

7. 0
M
M
3.0
.7
1. 5
0
0
0
0

0.007
.03
. 015
.015
0
0
0
0
0
0

0.15
.07
.03
.15
0
0
0
0
0
0

0.03
.007
.003
.03
0
0
0
0
0
0

0.03
. 015
.015
.15
.0015
.007
.007
0
0
0

0
0
0
0
0
0
0
0.007
0
0

Mineral separates-Continued
0. 0007
0
.0007
0
0
0
0
0
0
0

0. 3
7.0
1. 5
.03
.15
.15
.003
.007
.003
.003

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

0.015
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

0.007
. 015
.03
0
. 015
.007
.007
.007
. 015
.007

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

0.03
.07
.07
0
.03
.07
0
0
.003
0

7. I~ab. No. 250805; gray mudstone with pyrite in fractures.
8. I~ab. No. 256491; cofllnlto-bearlng carbonaceous material separated from sample 2.
9. Lab. No. 256494; cofllnito-chalcopyrite-bearing carbonaceous material separated
from sample 3.
10. Lab. No. 256525; uraniferous carbonaceous material separated from sample like
sample 2.
11. Lab. No. 256492; impure cofllnltc-bearing carbonaceous material from veinlets in

sample

0. 07
.7
.15
.07
.07
.03
.003
0
0
0
12.
13.
14.
15.
16.
17.

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

Lab. No. 256531; pyrite separated from sample similar to sample 2.
Lab. No. 256532; pyrite separated from sample 3.
Lab. No. 256529; pyrite separated from sample 5.
Lab. No. 256533; pyrite separated from replacement of sandstone by pyrite.
Lab. No. 256530; pyrite separated from sandstone.
Lab. No. 256528; pyrite separated from pyrite-calcite-dolomite vug filling.

o.

show less conspicuous correlations with uranium content, though the increases of chromium, copper, and
titanium may not· be significant.

Element
Ba ________________
_
Cu ________________ _

Ni ________________ _

Cr ________________ _
Ti ________________ _

Average content (percent)
Samples
Samples
containing
containing
leas than
more than

u
0.033
. 0019
. 0007
. 0011
. 05

0.01

0.01 u
0.065
. 0024
. 0019
. 0012
. 07

Four mineral separates (table 14) show the nlineralogic distribution of some of the minor elements. Iron
in the coffinite concentrate (sample 2) probably reflects
pyrite impurities. Aluminum, potassium, and magnesium are most abundant in the vm1adium clays; the association of m·agnesium wi'th this deposit (mble 13) and
not with the J ackpile and Wind whip deposits may
reflect the greater •abWldance of vanadium-bearing clay
in the Pit I deposit. Cadmium was detooted only in
vanadium clay (sample 4). Lood and chromium are
most n,bundantly associated with coffinite. The uraniferous carbonaceous matter contains a large suite of
rare-earth elements: cerium, dysprosium, erbium, gadolinium, lanthanum, neodymium, soondium, yttrium, and
ytterbium.
One 'approach to the problem of determinmg the
source of urm1ium, vanadium, and other elements in the
8Et.ndy mine ore is to com pare element variations in the
ore ('ta;ble 13) wi th elements in unaltered red and altel,'ed
1

white sandstone away from ore (table 2). The abundance of vanadium decreases markedly from red to
white sandstone; the abundance of uranium decreases
from 2 to 1 part per million. If these analyses are correct 'and if the same results ·are follild for many other
samples, the Entrada Sandstone may well be the source
of vanadium and uranium in the ores. Other elements
show less consistent relationships. Abundances of iron,
copper, titanium, silver, lead, and zinc decrease from
red to white sandstone, or were detooted only in red
sandstone. . Of these elements, lead and possibly copper
and titanium correlate w'ith uranium in the ore, but they
are no more ;abWldant in ore than in unaltered red
sandstone. Of the elements listed in table 2, only uranium, vanadium, magnesium, chromium, and strontium
are more ·a;bWldant in the ore than in the unaltered red
sandstone.
SUMMARY OF MINOR-ELEMENT DATA

The minor elements that seem to be preferentia.Ily concentrated in the four uranium deposits for which data
are available are listed in table 15. In addition to uranium, elements that are probably or possibly extrinsic in
all four deposits •are beryllium, cobalt, chromium, oopper, lead, vanadium, yttrium, ·and ytterbium. Of these
elements and those that may be extrinsic in one or more
deposits, beryllium, calcium, titanium, manganese,
boron, gallium, germanium, and lanthanum do not
appear in the list of elements tha;t -are probably or pos-

'-1
t.,j

~t"4
0

~
>

.~
TABLE

~

13.-Distribution of minor elements relative to uranium, in percent, in Pit 1 deposit, Sandy mine

[Determined by semiquantitative spectrographic analysis by P. J. Dunton and J. C. Hamilton,except as indicated. 0, looked for but not detected; __ , not looked for; Tr., near threshold amount of element;
·
number shown, but standard sensitivities do not apply]
Laboratory No __________ 250784

u 1________________.______
v -----------------------Fe
_____________________ -_
Mg __ -------------------TL ______ ---------------Mn __________ -----------B _________ --------------Ba _________ ------------Be _____·__________ -------Co __ .: __ -----------------

g~-: ~===

~:

====== == == == _____
===
Ga ___ -------------Ge _____ ----------------La _______ ----------- _____
Mo _____________ --------NL _________ ------------Pb
___ ------------------Sr _______________________

y- ---------------------Yb_
--------------------Zr _______________________
I

<0.001
.007
.3
.3
.07
.03
0
.03
0
0
.0007
.0015
0
0
0
0
.0003
0
.007
0
0
.007

250780

250782

250783

250776

250778

250785

250774

250777

250771

250779

250781

250766

238438

250767

250769

250772

250768

250775

238437

<. less than

250773

238436

- - - - - - - - - --- --- - - - - - - --- - - - - - - - - - - - - --- - - - - - - --- --- - - - --- --- - - 0.001
.03
.3
.3
.03
.03
0
.03
0
0
.0007
. 0015
0
0
0
0
.0003
.003
.015
0
.00015
.007

0.001
.003
.3
.3
.03
.03
0
.03
0
0
.0003
.0015
0
0
0
0
.0003
0
.007
0
0
.007

0.001
.003
.3
.3
.03
.03
0
.03
0
0
.0007
.0007
0
0
0
0
.0003
0
.007
0
0
.007

0.002
.03
.3
.3
.03
.07
0
·.03
0
0
.0007
.0015
0
0
0
0
.0007
. 0015
.015
0
. 00015
.007

0.002
.03
.3
.3
.03
.03
0
.03
0
0
.0007
.0015
0
0
0
0
.0003

0.002
.03
.3
.3
.03
.03
0
.03
0
0
.0007
.0007
0
0
0
0
.0003
Tr. . 0015
. 015
.007
0
0
. 00015 .00015
.007
.007

0.003
.007
.7
.3
.07
.07
0
.03
0
0
.0015
.003
0
0
0
.0007
.0015
0
.015
0
. 00015
. 015

0.003
.03
.3
.3
.03
.03
0
.03
0
0
.0007
.0015
0
0
0
0
.0003

Tr .

.007
0
.00015
.003

0.004
.003
.3
.3
.07
.03
0
.03
0
0
.0015
.003
0
0
0
.0015
.0015
.0015
.015
0
0
.003

0.005
.015
.3
.3
.03
.07
0
.03
0
0
.0007
.003
0
0
0
.007
.0007
.0015
.015
0
.00015
.015

0.006
.015
.15
.3
.15
.03
0
.07
0
0
.003
.003
0
0
0
0
.0015
0
. 015
0.
.00015
. 015

0.007
.03
.3
.15
.03
.03
0
.03
0
0
.0007
.003
0
0
0
0
.0015
.007
.015
.0015
.0003
.015

0.008
.07
.7
.7
.07
.07

Tr.

.03
0
0
.003
.0015
0
0
0
0
0
.003
.007
0

0.095
1.112
.7
.7
.07
.03
.003
.15
0
0
.0007
.003
0
0
0
0
.0007
.003
.015
0

0.1
1.353
.7
.7
.07
.03
.003
.03
.00015
.003
.0007
.0015
0
0
0
.0015
.003
.015
.015
.0015

0.28
1.302
.3
•7
.03
.07
0
.03
.00015
.003
.0007
.0015
0
0
0
0
.0015
.015
.015
.003

0.32
1.23
.7
.3
.07
.03
0
.03
0
.003
.0015
.003
0
0
0
0
.003
.007
.015
.0015

--------------- --------------- -------.007
.007
.007
.007
.007

Determined by chemical methods. Analysts: G. S. Erickson, H. H. Lipp, Claude Huffman, E. J. Fennelly, W. D. Goss, D. L. Schafer, and J. S. Wahlberg.

0.39
0.62
1. 756
.03
.3
1.5
.3
1.5
.15
.07
.03
.07
.007
0
.03
.07
.0003
0
.003
.003
.0007
.003
.0015
.003
.0015
0
0
<.005
0
0
. 0015
0
.003
.0015
.07
.003
.015
.007
.003
.0015
.00015 -------.03
.007

1.22
1.392
.7
.7

1.38
1.498
.7
.7
.07
.03
.03
.07
0
.003
.03
.15
.0003
.00015
.003
<.007
.0015
.0007
.003
.003
.0003
.0015
0
<.005
.007
Tr.
.0015 0
.0015
.0007
.015
.07
.007
.015
.0015
.003

--------------.007
.007

~

~

t:j
l;:tj

1-d
0

~

~

~

~
~

~

s

UJ

8

!iS
~~

~
~
~
l;:tj

:>1

~

(")

0
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TABLE

14.-Minor-element content, in percent, of tou.r samples frO'm the Pit I deposit, Sandy mine

[Semiquantitative spectrographic analyses, by N. M. Conklin and J. C. Hamilton, except as noted. 0, looked for but not detected;<, less than number shown but standard
sensitivities do not apply; ____ ,not looked for; M, major constituent]
Sample No.

Si

Mg

Fe

AI

Ca

Na

Ti

Mn

B

Ba

Be

Cd

0
0
7.0
7.0

0.3
.7
.15
.07

0.003
.07
.07
.07

0
0
0.03
0

0.015
.7
.15
.7

0
0
0.003
.003

0
0
0
<O.l'

Pb

Sc

Sr

u

v

K

Ce

Co

Cr

0.015
0
<.01
<.002

0. 0007
. 015
.0007
. 00015

Yb

Zr

- ---------- ---------- -- -- -- -- -

1.--------------------------------------2.-------------------------------- -------3.--------------------------------------4.-------------------------------- --------

0.3
3.0
7.0
7.0

Sample No.

Cu

Dy

a___ ------------------------------

. 007
.0003

0
0

1.5
7.0
1.5
3.0
Er

0.07
.7
1.5
1.5

Ga

0.3
3.0
1.5
1.5

Gd

La

Mo

Nd

Ni

0
0

0
0

0
0

0
0

.003
0

0.3
0
0
0

y

------·-----1·-----------------------------------0.15
0.15
0.015
0.015
0. 015
0.3
0.007
0.007 0.0007
3.0
0.007
0.03
0.03 0.03 0
0.03
} ___ ------------------------------ 0.03
0
0
.3
0
.03
M
1.5
0
.07
0
0
0
0
0
.03
0
2____ ----------------------------- .015
4___ ------------------------------

0
0

0. 0015
0

• Quantitative spectrographic analysis by N. M. Conklin.

.15
.07

0
0

.007
.03

1.5
7.0

1.5
18.6

0
.015

0

0
<.002

DESCRIPTION OF SAMPLES

1. Lab. No. 256493; uraniferous carbonaceous material from small concretion with pyrite; jet black, coaly, specific gravity <2.3.

2. JJab. No. 256406; coffinite concentrate from high-grade ore; trace amounts of quartz, clay, and pyrite as impurities; specific gravity >3.3.
Material may contain little or no carbonaceous matter.
3. Lab. No. 256405; vanadiferous clay which gives roscoelitellke X-ray powder pattern; may contain some coffinite as impurity.
4. Lab. No. 270508; same material as sample 3.

sibly extrinsic elements in some deposits, as compiled by
S'hoem·aker, Miesch, Newman, ·and Riley (1959, ta;ble 6).
Of the elements in this list, sulfur, phosphorous, selenium, tin, and thallium are not included in table 15,
owing to inadequate data. In the Woodrow deposit,
however, sulfur is undoubtedly extrinsic. The lack of a
distinct correlation between sulfur and iron, uranium,
or darkness in J ackpile ~u1d Wind whip ores suggests
tlmt sulfur (in pyrite) ma.y not be more abundant in ore
than :in barren sru1dstone.. However, extrinsic sulfur·
might easily have combined with intrinsic iron.

Carbonaceous matter similar to that in the uranium
deposits in the Laguna district is comm~n in. uranium
deposits in many parts of he world. It has 'been called
by various names, including thucholite, asphaltite,
uraniferous carbonaceous mineraloid, and carburan.
Some of these terms imply a genesis that is far from
universally accepted; others have lost .their originally
intended meaning. The term "thucholite," for exam.ple,
has been ·applied to various uraniferous carbonaceous
materials that contain no thorium, contrary to the original application (Davidson and Bowie, 1951; Hoekstra
and
Fuchs, 19·60, p. 1717) . The carbonaceous matter in
CARBONACEOUS MATTER AND FOSSIL WOOD
the Temple Mountain district, Utah, ·has been called
tJraniferous carbonaceous matter that darkens the "uraniferous asphaltite" (Hess, 1922), a rte.rm which
host". sandstone, coats sru1d grains, and locally impreg-. implies petroliferous origin. More recent literature
nates the rock is a.n a;bundan:t epigenetic component of on tha;t district (Breger and Deul, 19·59; Pierce and
ura.nium deposits in the Ja~kpile sandstone. In addi- others, 1958; Kerr and Kelley, 19·56), however, shows
tion, fossil wood debris, some silicified and some coali- that the origin of carbonaceous matter there is still confied, is present in and near the uranium deposits, and troversial.
Carbonaceous matter in the ores of the
black carbonaceous shale is abt~ndant in the Dakota
Ambrosia Lake and Laguna districts most closely reSandstone directly overlying the J ackpile sandstone.
sembles "nonasphaltic pyrobitumen" .in Abraham's clasA knowledge of the origin of these materials, of why
som.o 'tti-e uraniferous ·and others are not, and of the sification (1945, v. 1, p. 62), because it is infusible, inchemical and structural nature of the association be- soluble in organic solvents, ·and contains oxygenated
tween nru.nium and carbonaceous materials is essential .bodies. This implies tha:t it is similar to coal, but it
to n. complete understanding of the uranium deposits. does not prove a coaly origin. In view of its uncertain
These problen1s have not 'been solved, and the data pre- origin, we do not use a genetic term in this report for
uraniferous carbonaceous matter.
sented m.ust be considered preliminary.
TABLlll

15.-Minor elements concentrated in ores from the Jackpile, Windwhip, Woodrow, and Sandy deposits
[C, concentrated; PC, possibly concentrated]

Mine

Fe

Mg

Ca

'1'1

Mn Ag As

B

Ba

Be

Cd

Co

Cr

Cti

Ga

Ge

La

Mo

Ni Pb

Sc

Sr

Tl

V

Y

Yb

Zn

-·-----1-- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - - - - - . - - - c c
c
PC
c
c PC c
c
Juckplle _____ ------ ---c ......... ---- c ---- c
---- c
---- c -----Windwhlp ________
"P"c-- "(5" "P"c-- C·
c c "p(;""
PC ---- "p(;"" "(5" c _c ___ "p(;"" -c- c
PC c PC c
c
----P"c-_c
___
_c
___
·c·c·cc
PC
c
c
·cr
PC
c
PC
c
PC
Woodrow __ --------------- ------ ----c- c c c PC -----c PC
c PC PC c
---- c
Sandy---·---------- c
---- ------ ---- ---- ---- ·c- c c
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We use the general term "carbonaceous matter" · a carbonaCeous substance, and a relatively hard metallic
(Granger and others, 1961, p. 1195-119·6) for all such substance, probably coffinite. Under crossed nicols
carbonaceous materials that impregnate, replace, or fill both materials are weakly to moderately anisotropic
fractures in sandstones and mudstones; are essentially and show crosshatch extinction patterns. Small areas
insoluble in ·acids, alkalis, and organic solvents; and of the section show relict cell structure. The metallic
are commo:qly associated with uranium. All known substance is most abundant within cells, whereas the
carbonaceous matter in the Laguna district contains duller material is most abundant in the cell walls. The
uranium, and available data indicate t:hat it is similar metallic material veins the dull material. The cell
in habit, physical properties, composition, and struc- structure grades into areas of intergrown metallic and
ture to that of the Ambrosia Lake district (Granger dull materials. Around the margins of the twig, a
and others, 1961). The term "fossil wood" is reserved mixture of both substances impregnates and embays
for all originally woody material that has been coalified sandstone; this indicates that the twig had some
mobility.
or silicified in place.
The sandstone pipe on the east side of the J ackpile
FOSSIL WOOD
deposit (pl. 6) contains much nonuraniferous coalified
Silicified logs are locally abundant in the J ackpile fossil wood, especially riear its top. Most of this masandstone and seem to be most common near the Jack- terial is about 30 feet above the top of the main J ackpile
pile and Woodrow' mines, where they are confined ore layer. Two bulk samples show 11 and 13 ppm
' largely to a zone about io feet thick near the middle of (parts per million) uranium; equivalent uranium deter· the'Jackpile. · The sandstone in this zone has somewhat .minations give about the same values. The fossil wood
more silica cement than the ov'erlying and underlying ranges from microscopic particles to fragments as much
sandstone and in outcrops tends to stand out as a topo- as an inch across. Three physically different types of
graphic bench. Individual logs are as much as 3 feet material are present: jetblack coal that has a conchoidal
in diameter and 60 feet long. They are knobby, but fracture, brown coal, and a friable substance that looks
branches are absent. Though thoroughly silicified, the like charcoal but is similar to low-rank coal (I. A.
logs still show woody structure ; the silica ranges from Breger, written commun., 1958). The brown coal forms
light brownish orange to light gray.
fibers and "roots" in small areas of the collapse features.
Other, sparsely distributed fossil logs in th.e Jack- All these materials support combustion.
pile uranium deposit a.re light gray to black and are
Infrared spectrograms of the three kinds of coal restrongly mineralized. Such logs are partly silicified veal greater abundances of aliphatic CH. and CH2
and partly coalified. The silica is veined and embayed groups than do the spectrograms for the uraniferous
by uraniferous carbonaceous matter, vanadium clay, coals and carbonaceous matter (fig. 24).
and pyrite. Woody struct~re is well preserved both by
BLACK SHALE
silica and by carP<>naceous matter, which has a metallic
Black shale is abundant in beds as much as 2 feet thick
luster. As seen in samples viewed under th~ reflecting
microscope, quartz commonl)· forms the cell walls, and at the base of. the Dakota Sandstone, and at many levels
carbonaceous matter forms the cell centers. Specimens within the unit. Like the fragmental carbonaceous
from veinlets of carbonaceous matter can be scratched material in the collapse feature, it is nearly barren of
with difficulty, have a conchoidal fracture and a dull uranium, containing 5 and 6 ppm uranium in 2 hulk
black to submetallic luster, and commonly give an X- samples. The shale is fissile and dark gray and conray pattern for coffinite. Coalified wood, particularly tains sparsely disseminated fine-grained pyrite and
that near the margins of logs, is soft and slightly com- small pockets of a white waxy substance. This sub~
bustible, shows woody structure in polished surfaces, stance gives a largely aliphatic infrared absorption
spectrum that is very .similar to that for a resin ; the
and is less radioactive than the ·harder material.
One small marked,ly flattened coalified twig, which chief difference is that resin lacks the paraffin· absorp·
apparently was flattened during compaction, was found tions between 13.5 and '13.9 microns (fig. 21). The
on the west side of the North ore body. The twig is waxy substance may be a resin that was deposited with
about 1 inch across and % inch thick. It is jet black but the coaly black shale.
CARBONACEOUS MATTER
does not support combustion, has a vitreous luster and
a conchoidal fracture, and gives a coffinite X-ray powCarbonaceous matter that coats sand grains and loder pattern. Viewed in polished seetion it appears to cally impregnates sandstone is abundant in the ores of
be made up of a fine intergrowth of two different ma- the J ackpile sandstone and may be present in all uraterials-a relatively soft dull-gray substance, probably nium deposits in the district. It markedly darkens the
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21.-Infrared spectograms. A, white waxy substance
from black shale in Dakota Sandstone, analyzed by Spectran
Laboratories, Denver, Colo. B, Parco resin 510, analyzed by
Irving A. Breger.
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low and brown oxidation products of pyrite, coffinite,
and uraninite, but this does not materially affect the
relation between shade value and organic carbon.
Organic carbon, possibly the same type, is present in
smaller amounts in the Pit I deposit at the Sandy mine.
As in the deposits in the Morrison Formation, the unoxidized. parts of this deposit in the Entrada Sandstone
are various shades of gray, in contrast with the nearly
white barren sandstone. The darkness of the low-grade
mineralized rock is imparted by vanadium clay, coffinite, and uraninite, as well as carbon, for organic carbon is not abundant. The nearly black shade of highgrade ore is -attributable to coffinite and uraninite.
These relationships are summarized as follows:
Percent
Sample and location

ores, and, as it is uranium bearing, its distribution marks
the distribution of the ore. Deposits in the Entrada
Sandstone and 'in the li1nestone of the Todilto Formation evidently contain far less carbonaceous matter but
in these deposits, too, it may have genetic signific~nce.
DISTRIBUTION, HABITS, AND PROPERTIES

Two suites of shade-graduated samples, totaling 21
sa1nples, from the Jackpile and Windwhip deposits reveal a close correlation between darkness and organic
carbon co~tent. Two sequences of 5 samples each were
taken vertically across exposed ore near the south end
of the North ore body in the J ackpile mine, and 11
su.mpl.es were obtained in and adjacent to the Wind whip
deposit (table 10; fig. 20). The samples were individually crushed and mixed to give homogeneous shades and
were then compared with the N-0 (white-black) scale
i.n the "Rock-Color Chart". The shade values of this
scale ra~1ge from 1 (black) to 9 (white); the samples, by
comptU'ISon, rnnged from 8 (very light gray) to halfway
between 3 (dark gray) and 2 (grayish black). The
error of color determination is about one-half of one
intervn,l, or 0.5 numerically. Total carbon, mineral carbon, and organic carbon were then determined for a.ll
samples (vVayne Mountjoy, analyst). Total carbon was
determined by tube-furnace method; mineral carbon by
. metho d ; and organic carbon, by. difference.
'
gasmnetriC
Visually determined shade values plotted against
chem icnJly determined percentage of organic carbon
show n. close correlation betwee1~ grayness and carbon
(fig. 22). 1"he c·arbon, having relatively low specific
gravity, occupies a much greater volume per unit weight
than. ~1y of the other coloring substances (coffinite,
urannute, vanadium micas, and clays) and unquestiona:bly ·accounts for most of the darkness of the ores. In
places, of course, the shade is slightly modified by yel-

a

321-688 0 - 67 - 6

A
B

c

D

Shade value

1ft above ore _______ Light gray to very
l~ht gray.
Chips across ore ____ Me ium light gray __
Dark gray to black __
High-grade ore
layer.
1ft below ore _______ Very light gray ______

u

VaOs

Mineral Organic
carbon carbon

- -- -- 2.93

0.06

.095

.20
.89

. 99
1. 34

.15
.07

.003

.001

2.81

.07

0.004 <0.1
1.38

The low-grade ore (B) contains slightly less uranium
and slightly more vanadium than average Sandy mine
ore (table 7) . The organic carbon content of · this
sample (0.15 percent), which is propably typical for
average ore, is only about twice that of barren rock a
short di·stance above and below the uranium deposit.
The paucity of organic carbon in the high-grade sample
suggests that uranium is not as closely associated with
carbon as in the ores in the Jackpile sandstone..
In the ores of the Jackpile sandstone, uranium content generally increases with carbon content; but material that contains the most, organic carbon does not
necessarily contain the moot uranium. Ore grade cannot be datermined by darkness, although the boundaries
of ore closely correspond to the bound·aries of zones containing rel,atively abundant organic carbon. These
relationships are summarized in figure 23, in which percerrt:age of uranium is plotted against chemically determined and inferred percentage of organic carbon.
Inferred organic carbon content was obtained by conver~ing darkness to organic carbon using data in figure
22. Obviously, the assumption that organic carbon
accounts for ·all of the grayness is not wholly correct;
but shade value, in the ·a;bsence of analytic chemical data,
probably gives the best indication of approximate organic carbon content.
Two chara0teristic habits of carbonaceous matter are
distinguishable in typical gray sandstone ore U~t the
Jackpile mine. In ore that contains abundant carbon
(as much as 2 percent) but relatively Htle uranium (less
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22.-Relation between rock. co~or and percentage of organic carbon for uranium ores in the Jackpile and Windwhip
mines. Color values are based on ''Rock-Color Chart" (Goddard and others, 1948).

than 0.5 percent), the uraniferous carbonaceous m·atter
is typically uniformly distributed through the sandstone, where it thinly coats e·ach sand grain. It is dull
gray ·and soft. In ore that contains small amounts of
carbon ('a;bout 0.3 percent or less) and large ·amounts of
uranium (more than 0.7 5 percent), the uraniferous carbonaceous mUJtter forms aggregates 1-2 millimeters
across that solidly cement several sand grains. It is
submetallic .gray and hard. All gradations exist between these extremes.
A:t places uraniferous carbonaceous mrutter also forms
veinlets in silicified logs, mammillary coatings on mud
galls, ·and bdtryoidal masses along the ring f.ault of the
sandstone pipe in the Jackpile mine.
Hardness, 'specific gravity, and luster (from dull gray
to submetallic) appear to increase with increasing uranium content, though quantitative data are not available
to verify these rel'ations. The specific .gravity of the
carbonaceous m·atter is extremely variable, ranging
from much less than 2 (floats in a bromoform ~acetone
mix!ture of gravity 2) to more than 3.3 (sinks in methylep.e iodide); presum·a;bly the m•atter. with the highest
gravity contains the most uranium. The highly ;u.raniferous · carbona~~op.s matter is much· harder than the
less uraniferous carbonacepus.rnatJter and the nonura.nif-

erous coals. Friedel and Breger (1959) attributed the
marked hardening of irradiated coal to an increase in
polymeric structure.
Uranium minerals in the ·massive variety of carbonaceous matter is not homogeneously distributed.
Polished surfaces magnified about 1,000 times show
blebs of a dull-gray substance, probably carbonaceous
mrutter, embedded in a m·atrix of a submeJtnJlic substance,
possibly coffinite or uraninite, or both. At places, areas
of hle'bby texture grade jnto areas in which the submetallic substance forms anastomosing veinlets in the
dull-gray substance. These textures cannot be reas'Onably interpre;ted on the basis of available data.
One specimen of uraniferous carbonaceous material
collected by Arthur P~ Pierce, of the U.S. Geological
Survey, from the ring fault gave the following chmnical analysis (Clark Microanalytic Laboratories, July
1958) :
Component
c _________________________________
_

Percent
As received
Ash-free basis

72. 00
81. 68
4. 04
4. 59
. 27
. 24''
11.86 ---------

f[ _________________________________ _

N _________________________________ _

Ash---------------------------~----

. 88. 14
11. 86 ;.

O+S (by difference) ________________ _
~

100. 00

13.46
~

100. 00
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23.-Relation between uranium content and organic-carbon content, Jackpile and Windwhip deposits. Cross
Indicates chemical analysis of organic carbon by Wayne Mountjoy; dot indicates organic carbon content inferred from
rock color.

l'he stunple Rlso contained 3.6 percent uranium as well
as a suite of other 1ninor elements (table 9, sample 1).
INFHARED ANALYSIS

Infrn.red spectrograms of impregna·ting ·and botryoidal uraniferous carbonaceous mltibter fro1n the Jackp.ile a. nd Woodrow mines are sin1ilar :to those of fragmental uraniferous and nonuraniferous low-rank coals
from the Jnckpile mine (fig. 24) and to spectrograms of
nonura.niferous coals frmn other parts of the world (I.
A. Breger, written coll1lnun., 1960; Friedel and Queiser,
1956; Brown, 1955). These similarities suggest that the
sa:me molecular structures exist in all of these physically
contrasting types of c·arbonaceous matter.
All the sn.mples whose infrared spectrograms are
shown in figure 24 were prepared by compressing a
sm:all amount of the carbonaceous m·aterial into 300
milligrams of potassium bromide (I. A. Breger, written
comm.un., 1960). In most samples about 0.7 milligram
o1: carbonaceous ·material was t1S(}d, but larger amounts
were used in samples H and 'lC For this and other
reasons, the amplitudes of the absbrptiOll troughs "Can•

• •! •

~

••

•

I

•

not be compared from one sample to another. Only the
positions and relative amplitudes of the absorptions
within samples are significant.
Although the relative amplitudes of the largest aJbsorptions shown in figure 24 differ from those of Friedel
and Queiser ( 1956) and Brown ( 1955), the positions
are about the same. One of the most conspicuous
absorptions in figure 24 is near 6.2 microns; this absorption is produced at least in pa:vt by oxygenated
armnatic structure (I. A. Breger, written commun.,
1960; Friedel and Queiser, 1956, p. 30). The absorptions near 6.9 and 7.2 microns represent CH 2 and CH3
groups respectively (Friedel and Queiser, 1956, p. 26).
The conspicuous absorption near 3.5 microns in speciJnens H, T, J, and IC (fig: 24) suggests the presence of a
resinous substance (I. A. Breger, wrirtJten eommun.,
1960; also, compare with fig. 21).
All the curves show a. strong absorption -at about 2.9
1nicrons. This is ruttributable to the hydroxyl group,
but as both the carbonaceous 1natter and potassium bromide have adsorbed water whicl~ is difficult to remove,
it is not known how· much of tllis hydroxyl is struc-
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Collapse structure,·
Jackpile mine

Nonuraniferous charcoallike coal fragments

Collapse structure,
Jackpile mine

Nonuraniferous coal fragments

Collapse structure,
Jackpile mine

Non uraniferous brown coal
trag me nts, possibly.
from a root system

North ore body,
Jackpile mine

Uraniferous flattened
coalified twig

North ore body;
Jackpile mine

Uraniferous-lustrous rim
of coalified log

North ore body,
Jackpile mine

Uraniferous dull core of
coalified log

Woodrow mine

Uraniferous impregnating
carbonaceous material
near ring fault

North ore body,
Jackpile mine

Uraniferous impregnating
carbonaceous material
from vertical ore rod

North ore body,
Jackpile mine

Uraniferous impregnating
carbonaceous material
surrounding clay gall

Collapse structure,
Jackpile mine

Uraniferous impregnating
botryoidal material from
ring fault

North ore body,
Jackpile mine

Uraniferous carbonaceous
veinlet in silicified log;
1, finely ground; 2,
coarsely ground
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24.-Infrared, spectrograms of nonuraniferous coals and uraniferous carbonaceous materials from the Woodrow and
Jackpile mines. Sample A collected by Alice F. Corey; infrared spectrogram by Spectran Laboratories, Denver, Colo.
All other samples collected by R. H. Moench; infrared spectrograms by Irving A. Breger.

FIGURE

turally combined in the carbonaceous material ·and how
much represents adsorbed water in the sample. (I. A.
Breger, written commun., 1960). Possibly the carbonaceous material acquired much atmospheric water in the
course of grinding. To test this possibility, Alice F.
Corey, of the Atomic Energy Commission, ground and
sieved sample A (fig. 24) into three size classes ranging

from a fine powder to coarse fragments, and Spectran
Laboratories, Denver, Colo., made infrared spectrograms for each size class. The spectrograms of the
coarsest and finest ground carbonaceous material ar:e
shown in figure 24. The absorption ·at 2.9 microns is
strong for the finest material (curve Al) but absent
for the coarsest (curve A2) ; thus, most of the water in

URANIUM DEPOSIITS

this sample must have been acquired from the atmosphere during grinding. Further, polished surfaces of
ca1•bonaceous matter that are exposed to the atmospher:e
at room temperature and moderrute humidity for several
weeks ma.y expand and crack their mounts owing to
~tdsorption of water.
An oxalate in the infrared spectrogra.m of a sample
of botryoidal uraniferous carbonaceous matter obtained
from the ring fault of the sandstone pipe in the J ackpile
mine was tentatively .identified by Arthur P. Pierce.
'!"'he carbonaceous ma:t.ter is ha.rd and vitreous to submetallic and gives distinct uraninite and faint coffinite
X-ra,y patterns. The major absorptions for the carbonaceous mJt tter ttre identicnl with those for calcium
ox11ln1te (fig. 25), so t.he presence of wt least the· anion
oxalu,te group in the carbonaceous matter is suggested.
The Ctttion is unknown. Only small runounts of calcium
:we present in the srunple ( ta:ble 9, sample 1) ; iron, lead,
or sodium (not determined) ·are possible cations in the
oxa.la;te salt.
Small nibsorptions in curve D, figure 24, are similar
.in spacing to those in figure 25.
1

OHIOIN

The distribution and habits of the carbonaceous matter indica.te that it is epigenetic and was introduced in
fluid form. This fluid could have been petroleum
(Birdseye, 1957; Gruner, 1965a, 1958; !(err, 1958; Russell, 1958; Zitting and others, 1957; Abdel-Gawad and
!(err, 1961), or it could have been hmnic acid derived
from decaying vegetal matter (Granger and others,
1961). This controversy, which is still unresolved,
stems fro1n the fact that the carbonaceous matter has
been altered by radioactivity from its original form, so
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!l;}.-Qompnrlsou of infrared nosoi•ption spectrograms
of •bobryoidul m·aniferous carbonaceous matter from ring fault
around collnpse feature, .Jackpile mine (A) ·and calcium
oxulnte (JJ). Snmples col·lected l>y A. P. Pierce; analyzed by
Spectrnn La.borntories, Denver, Colo.
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that it is difficult to characterize the original substance.
All available data from the Laguna district, combined
with the data of Granger, Santos, Dean, and ~oore
( 1961) for the Ambrosia Lake district, favor a humic
origin for the carbonaceous matter.
The infrared spectrograms of :r:tonuraniferous and
uraniferous coal fragments and of uraniferous carbonaceous matter that impregnates sandstone in the Jackpile. and Woodrow mines (fig. 24) indicate that the
structures of these diverse substances are closely allied
(I. A. Breger, written commun., 1960). Like spectrograms of typical coals (Friedel and Queiser, 1956;
Brown, 1955), these spectrograms indicate a dominance
of oxygenated aromatic structures over aliphatic structures. In fact, the three nonuraniferous combustible
coal specimens apparently contain more petroleumlike
aliphatic material than does any of the more controversial carbonaceous matter. Further, the . spectrograms of figure 24 differ considerably from those of
Pierce, Mytton, and Barnett (1958) for uranium-bearing carbonaceous mineraloids from Panhandle Field,
Texas, Eddy County, N.Mex., and the Temple Mountain district, Utah, which evidently formed fron1 organic esters, acids, and other substances related to
petroleum.
In spite of inevitable radiochemical damage (Breger,
1948; Charlesby, 1954; Pierce and others, 1958), it is
likely that uranium-bearing plant extracts and petroleum-derived materials would be distinguishable by
infrared analysis. A possible example of such differences was cited in the previous paragraph. Friedel and
Breger (1959) showed that the aromatic and aliphatic
constituents of coal are changed proportionately when
subjected to radiation; the infrared spectra of irradiated coals are more diffuse than those of nonirradiated
coals, but the wavelengths and relative intensities of
the absorptions are unchanged. The proportion of
aromatic to aliphatic stnlCtures is greater in coals than
in petroleums (Friedel and Queiser, 1956; Brown,
1955); though these structures will be damaged by radiation, their proportions should remain about the same,
and their differences should be distinguishable by infrared analysis. For this reason the similarities of the
spectrograms in figure 24 to those of coal, as well as their
dissimilarity to tho8e of petroleum, are good evidence
for a coal or coal extract origin. Abdel-Gawad and
!(err ( 1961, fig. 1) showed a somewhat disproponionate
decrease in the amplitudes of aliphatic relative to
aromatic infrared absorptions when they heated asphalt to 300°C, but they did not report whether this
experiment was carried out in the absence of oxygen.
If oxygen had been present, their finding could be at-
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tributed to differential oxidation of aliphatic and aromatic compounds.
The tentative identification of an oxalate in one and
possibly two specimens is further evidence for the plant
derivation of the uraniferous carbonaceous matter. Calcium oxalate (the mineral ·whewellite, CaC20 4 • H 2 0),
for .example, is a common associate of vegetal remains
and coals (Palache and others, 1951, v. 2, p. 1100).
Oxalic acid, regardless of what cation it reacts with to
form the oxalate salt, is largely of plant origin.
The chemical composition of uraniferous carbonaceous matter from the sandstone pipe in the J ackpile
mine, whose low hydrogen content results from radiochemical dehydrogenation, is similar to that of many
coalified logs from the Colorado Plateau, and to that of
sandstone-type ores in the Ambrosia Lake district, New
Mexico, and at Gas Hills, Wyo. (I. A. Breger, written
commun., 1959, 1960). These materials are closely allied to coal in composition, which suggests that they are
coal or plant extracts.
Petroleum or petroleum residue has not been found
in the Jurassic rocks of the district and is not a likely
source for the carbonaceous matter unless it has been
flushed from other rocks. Although Johnson, MacFarlane, and Breston ( 1952) showed experimentally that
carbonated water can displace petroleum from sandstone, the maximum displacement they obtained left
about 5.5 percent petroleum saturation of the pore volume of the sandstone. Different petroleums probably
would give somewhat different results, but it is reasonable to infer that if petroleum were present in the rocks
of the district, some residue of it should be detectable.
Granger, Santos, Dean, and Moore '(1961, p. 1194)
concluded that the carbonaceous matter in the Ambrosia
Lake ores was probably derived from decaying vegetal
matter. They listed three possible sources of watersoluble humic compounds: ( 1) highly vegetated swamps
that covered Morrison sands during deposition of the
Dakota Sandstone, ( 2) streams that transported dissolved humic compounds from vegetated areas in the
headwaters during Morrison deposition, and (3) plant
debris that was trapped in the Morrison sands. They
favored the first-listed possibility.
The three possible sources listed by Granger, Santos,
Dean, and Moore (1961) can be applied to the Laguna
district as well. Here, black shales representing
swampy conditions are abundant in the Dakota Sandstone directly over the J ackpile sandstone, as well as
elsewhere; the presence of silicified and coalified plant
·fossils in the Morrison sandstone suggests that vegetation was locally dense during Morrison deposition; and
plant fossils also provide a likely source of humic compounds after burial.

The fact that plant fossils appear to be more abundant
in the vicinity of the J ackpile sandstone than elsewhere
supports the local "internal source hypothesis" of
Granger, Santos, Dean, and Moore. (1961, p. 1198).
Around the margins of the J ackpile deposit, plant fossils, which include logs as much as 3 feet thick and 60
feet long, are silicified. If silicification of woody material results in the release of soluble humic compounds,
or if these compounds are extracted prior to silicification, this debris would provide a ready source of carbonaceous matter. That humic compounds are extractable in alkaline solutions from most woody materials
and coals is well known. Further, the fact that Breger
(written commun. 1959) was unable to extract humic
acid from nonuraniferous low-rank coal from_the collapse feature (fig. 24, 'sample J) by using 5 percent
alkali at 100°C indicates that the soluble humic compo~nds had been preextracted from this sample by natural processes. Alkaline solutions may have permeated
the sands and removed the soluble humic compounds
from the abundant plant fossils before or during silicification. The dissolved humic compounds could then
have been precipitated at the sites of ore deposition by a
drop in pH or by an increase in salinity (Vine and
others, 1958). Some problems of source, transportation,
and precipitation of carbonaceous matter and associated uranium are discussed in the section on origin of
uranium deposits (p.105).
ORE TEXTURES

The relative time the principal components of uranium ores were introduced is a major problem of
uran1um-ore genesis. Textural rel·ations 'between the
ore minerals and carbonaceous matter in the ores of the
Laguna digtrict suggest, but do not prove, that these
substances were introduced aibout contemporaneously.
JACKPILE DEPOSIT

Uraniferous carbonaceous matter is, volumetrically,
by far the most abundant introduced component of the
J ackpile ores. For this reason, the chief textures· of
the deposit are those that exist between this m·aterial
and sulfides, vanadium clay, and the detrital grains and
cement of the original sandstone.
Uraniferous carbonaceous matter embays the cement.ing materials of the host sandstone and detrital s'ilicates; where quartz overgrowths are present, it emthays
them ·boo. These rel•ations can be seen in typical gray
ore and are moot obvious in the massive high-grade
concentrations of carbonaceous matter. In the m·assive
concentrations, deeply embayed detrit-al grains are
sparsely disseminated in a matrix of solid uraniferous
carbonaceous matter. In the specimen shown in figure
26F, detrital sili~tes with authigenic quartz over-
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growths ·are strongly embayed by opaque uraniferous
cat~bonaceous ma;tter. This specimen is from a m-ass
of cn,t;bonaceous matter ·about an inch thick tha;t surrounds a mud gall. The surrounding sandstone is
light colored, friable, clay cemented, and unmineralized; authigenic quartz overgrowths surround individual sand grains. V'iewed in thin section, the
boundary between the unminet'alized sandstone and the
mass of carbonaceous 1natter is 1narked by a thin zone
in which the .interstrt.ial clays darken towa1-d the carbonaceous 1natter; 1th:in veinlets of carbonaceous maJtter
follow 1nineral grain boundaries and sm·all m·asses fill
pores. Inward, the oarbonnceous 1natter becomes more
n.bundant nnd occupies grain interstices at the expense
of chty cement. W~thin the 1nass, detrital grains are
deeply emhayed. Vanadium clay ( ~) partly surrounds
n. few quat•tz grains within the ma;ss. A·t one place
vttnadimn clay(~) coa:ts ·a quartz overgrowth which
appears to be selectively embayed by uraniferous carbonaceous 1na:tJter.
Similar replacement textures were observed in many
thin n.nd polished sections of moderate- to high-grade
ore samples. At places concentrically banded structures outline the replaced detrital grains. Where
authigenic quartz overgrowths occur, they are conspicuous in unmineralized sandstone or low-grade ore
but are deeply embayed by carbonaceous matter in
nearby high-grade ores.
Sharp contacts between high-grade black ore and unmineralized white or very pale orange sandstone are
commonly marked by thin light-olive-gray zones less
than half an inch thick. They are most conspicuous
adjacent to the blackest, most massive parts of nearby
vertical ore rods and masses of carbonaceous matter
that surround mud galls or line intraformational faults,
but similar material also is disseminated through typical gray ore.
Viewed in thin section, the light-olive-gray zones contain light-brown to olive-gray extremely fine grained
homogeneous clay that locally fills interstices to the
c01nplete exclusion of other substances (fig. 260). The
birefringence of the clay is at most rather low; it is
variable within the distance between detrital grains,
and is generaJly strongest near the detrital grains. Under crossed nicols the clay exhibits mass extinction that
tends to conform to detrital grain boundaries. The
var.iable birefringence n.nd mass extinction appear to be
strain phenomenn and probably are not characteristics
of the minernl species that make up the mass. The
refrnctive indices of the mass are somewhat greater
than that of balsam. Optic figures, where obtainable,
are negative with a small 2V; such figures are given by
aggregates containing innumerable clay partic1es. X-
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ray patterns show that the clay is composed of kaolinite
and mica, which at places coarsens to discrete flakes of
what is probably vanadium clay. The vanadium
clay(~) is more birefringent, darker olive gray, and
slightly pleochroic.
Textures suggest that the olive-gray kaolinite-mica
mixtures have replaced kaolinite clots and other finegrained interstitial materials and have in turn been
replaced by uraniferous carbonaceous matter. Colorless kaolinite in unmineralized sandstone may lose its
booklike habit toward ore, become darker colored, and
blend into massive fine-grained olive-gray clay; or the
olive-gray clay may embay clots of coarser kaolinite
along boundaries between detrital silicates and the clots.
Other fine-grained interstitial materials and detrital
grains that appear to have been previously altered to
clay also may be engulfed by olive-gray clay.
Along the inner boundary of a light-olive-gray zone,
the kaolinite-muscovite mixture commonly grades
sharply into opaque black submetallic uraniferous carbonaceous matter (fig. 26D). Toward ore the amount
of opaque uraniferous carbonaceous matter increases at
the expense of the olive-gray clay. At places olivegray clay is veined by opaque carbonaceous matter.
Where the olive-gray clay is absent, the contacts between opaque uraniferous carbonaceous matter and
kaolinite clots are sharp. The carbonaceous matter
embays the kaolinite clots along contacts with detrital
silicates.
In places the ore has distinct black and white bands.
The black bands are rich in uraniferous carbonaceous
matter; the white bands, which are generally less than
5 mm thick and follow bedding, intraformational fractures, or sandstone dikes, are rich in kaolinite. Thin
sections show that the kaolinite fills pore spaces in fairly
continuous layers, and these layers appear to have
formed small barriers to the ore-bearing solutions. The
textures, similar to those described above, suggest that
the kaolinite is older than the carbonaceous matter.
Silicified wood in the J ackpile deposit is black, gray,
or brown; and it contains many veinlets and. pockets of
uraniferous carbonaceous matter, vanadium, clay, pyrite, and barite. Viewed in thin sections, the cell structure is well preserved. The darker shades of gray, observed in hand specimens, are imparted by varying
degrees of replacement of silica by black opaque uraniferous carbonaceous matter. The carbonaceous matter
invades silica along cell walls and locally replaces large
areas of silica. Vermicular trains of vanadium clay
line many fractures; associated pyrite occupies fractures and interstices in the vanadium clay. The barite
is in relatively coarse plates in fractures. It is com-
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26--Relation of uraniferous material and vanadium
clay to host rocks. A, Calcite cement (C) and detrital quartz
(Q) replaced by vanadium clay (V) ; Sandy mine. X 130.
B, High-grade ore, Pit 1 deposit, Sandy mine. uc, opaque
uraninite-coffinite mixture; V, vanadium clay; C, calcite; Q,
quartz; A, argillized grain; F, feldspar. X 130. 0, Sandstone cemented by kaolinite-muscovite mixture, km; Jackpile
mine. X 80. D, Gradation between kaolinite-muscovite mixture, km, and opaque unraniferous carbonaceous matter, uc;
Jackpile mine. X 90. E, Embayment of detrital silicates
by uraniferous carbonaceous matter ; Woodrow mine. X 125.
F, Embayment of detrital silicates by uraniferous carbonaceous matter; Jackpile mine. X 80. G, Vanadium clay
veinlet (V) in silicified wood; Jackpile mine. X 90.
Photographs by Richard B. Taylor.

FIGURE

B

monly colorless but is yellow near pyrite and uraniferous carbonaceous matter. These textures indicate
that the silicified logs have been replaced, but the age
relations among the uraniferous carbonaceous matter,
vanadium clay, pyrite, and barite are not clear.
A typical veinlet of vermicular vanadium clay in a
silicified log is shown in figure 26G. The vanadium

clay is da,rk brown, slightly pleochroic to yellowish
brown, and strongly birefringent. X-ray patterns are
similar to those of roscoelite or muscovite. Handpicked material contained 7 percent each of vanadium,
potassium, and aluminum, as determined by semiquantitative spectrographic analysis (Nancy M. Conklin,
analyst).
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Pyrite is present in both ore and barren sandstone as
disseminated small cubes, but its relative abundance in
each is not known. It commonly forms abundant
small cubes and irregular masses in gray mudstone in
the J ackpile deposit, and it locally is abundant in the
gray rim surrounding the red, hematite-rich core of
zoned mud galls. Pyrite is also present in high-grade
concentrations of uraniferous carbonaceous matter.
There it forms small veinlets between carbonaceous mat-

ter and detrital grains that have been embayed by the
carbonaceous matter, or veins and embays detrital
grains and is locally embayed by carbonaceous matter.
Galena has been found as small irregular grains in
some of the highest grade concentrations of uraniferous
carbonaceous matter.
Barite is sparsely disseminated in parts of the ore.
In one specimen of sandstone ore the barite is in small
irregular grains that are surrounded by pyrite.
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WOODROW DEPOSIT

Woodrow ore is notable for its high grade and··a:bundance of sulfides and for the variety of habits of the
minerals it contains. Thus, it also ex:hibits a variety
of ore textures.
As in the Jack pile dep·osit, excellent replacement textures have "been produced where uraniferous carbona~
ceous matter has replaced original d~trital and
cementing m·a;teri·als. Where most- concentrated, ·the
uraniferous oarbo:r):aceous mat1ter occupies !nterstices,
having replU!Ced the original silt and clay, 'and strongly
embays detrital fragments. Where quartz overgrowths
on sand grains were originally present, they remain only
as relicts that 'are cut sharply by the uraniferous carbonaceous m'atter (fig. 26 E).
In typical high-grade specimens the uraniferous
carbonaceous matter coats grains of pyrite, fills interstices between pyrite grains, 'and embays pyrite to some
extent. Where uraniferous carbonaceous matter is in
contact with calcite or dolomite, it commonly embays
the carbona-tes along the cleav;ages.
At pl'aces near the boundary ring fault, sulfide minerals and uraniferous carbonaceous matter form boxwork textures that are governed by the· intersections
between bedding and fractures. Megascopically, pyrite
and marcasite form the intersecting veinlets of the boxwork; microscopic study, however, suggests that the
uraniferous carbonaceous matter formed later than the
sulfide minerals. Pyrite and marcasite strongly embay
the detrital grains; in :turn, the uraniferous carbonaceous ma·tter coats the sulfides and embays them slightly
along cracks, grain boundaries, and growth lines. Most
likely the pyrite and marcasite first invaded the rock,
:forming interseeting veinlets along bedding planes and
fractures. Subsequently, uraniferous carbonaceous
matter impregnruted 'and partly replaced the sandstone,
and repl'aced the sulfides to a lesser extent.
Pyrite ·and marcasite evidently replaced sandstone
and mudstone. Although l·arge hand specimens contain more than 90 percent intergrown pyrite and marcasite, relict bedding is obvious; the outlines of the
original sand grains can be seen in places. Where the replacement has not gone to completion, pyrite and
marcasite fill interstices between sand grains; some
grains of d~tri1tal quartz and feldspar are crossed by
veinlets of the sulfide minerals. The i·solruted fragtnel}ts of quar.tz and feldspar grains are optically continuous and have ndt been disoriented; thus, the veinlets
probably formed by replacement along cleavages and
fractures. Pyrite and marcasite ·appear to have first
filled pore space, then replaced the clay ·cement and
altered feldspars, ·and then invaded the fresh feldspar
and quartz. This conclusion is drawn from the obser-

vation that ·~s degrees of replacement increase, theremaining detrittal grains are progressively fresher; that
is, less of the ·altered materi;al rem·ains.
Chalcopyrite is loc·ally disseminated rubundantly in
the uraniferous carbonaceous m·atter and is rarely ndt
associated. with ~this material. Most of the boundaries
between chalcopyritte ·and carbonaceous matter do not
show age relations. At places short prongs of chalcopyrite e:xttend into uraniferous -carbonaceous m·atter.
Oalcite, dolomite, pyrite, and marcasite fill some of
the sparse vligs in the pipe. The dolomite lines the vug
walls and penetraJtes the surrounding mudstone. The
ealcite, which has good rhombohedral terminations,
encrusts the dolomite. Marcasite and pyrite are associruted mogtly wi'th the dolomite. Marcasite is concretionary, in radiating blades, and appears to have replaced
dolomite. At some pl,aces pyrite forms the centers of
the marcasite concretions; at other places i't coats the
concretions, apparently replacing dolomite 'wt the
boundaries.
·
A bone fragment about 2 inches in diameter was
found in the high-grade part of the ore. The core of
the bone consists mainly of fine-grained apatite and
sand, whereas the outer part consists dominantly of
apatite and has clos~ly spaced concentric partings. The
partings are filled 'vith coffinite, pyrite, marcasite, and
quartz. Coffinite was determined by X-ray; its distribution along concentric, radial, and irregular fractures
was shown by autoradiograph. Viewed in polished section, the coffinite appears ·to grade sharply into softer
dull black apatite; in thin section a sharp gradational
color change can be seen between opaque, probably
carbon-bearing, coffinite and deep-brown apatite ..
Quartz veinlets cut coffinite. Pyrite is associated with
both coffinite and quartz; its textures and distribution
suggest that some pyrite formed contemporaneously
with coffinite, some later than coffinite but earlier than
quartz, and some contemporaneously with quartz. As
seen under oil immersion at high magnification, some
coffinite contains finely disseminated pyrite. This
fine-grained pyrite is locally sufficiently concentrated to
form larger areas of rough-reflecting pyrite. These
areas and the coffinite are veined by smooth -surfaced
pyrite, probably of the same generation as that which is
associated with quartz. Some pyrite in the veinlets is
strongly embayed by quartz, but some is so intergrown
with quartz that the two appear to have formed simultaneously. Marcasite is associated with the youngest
pyrite.
Well-crystallized botryoidal coffinite was found in a
small vug in Woodrow ore (Moench, 1962b). The
coffinite is associated with pyrite, barite, and small
amounts of cobaltite, wurtzite ( ~), galena, chalcopyrite,
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and possibly vanadium clay. A mudstone fragment
within the vug is partly replaced by fine-grained coffinite thn.t is probably mixed with carbonaceous matter;
these mn.t:erials in turn are cut by anastomosing veinlets
of pyrite and cobaltite. The relict mudstone fragment
:is encrusted with botryoidal coffinite, which contains
small contemporaneous concretions of cobaltite and
gra.ins of wurtzite(
chalcopyrite, and galena. In
turn, the botryoidal coffinite is encrusted with pyrite,
and the pyrite is encrusted with barite. Vanadium
clay ( ~) occupies interstices between the pyrite and
barite crusts.

n,

PIT I

D~OSIT,

SANDY MINE

The Pit I deposit, in the Entrada Sandstone, is small
but is locally high grade and relatively unoxidized. As
carbonaceous matter is less abundant and vanadium is
.more abundant than in deposits in the Jackpile sandstone, textures between vanadium clay and uraninite or
coffinite are more readily seen. Uraninite and coffinite
in this deposit, however, are not distinguishable except
by X-ray. They are assumed to be intimately mixed in
various proportions.
As in the J ackpile and Woodrow deposits, replacement textures nre conspicuous in the Pit I deposit.
High-grade ore characteristically has a mottled appearance. At places the mottling between black ore and
light-gray or white relatively unmineralized sandstone
rese1nbles graphic intergrowths; the dark areas appear
to have invaded the Hght along bedding planes and in
irregular patches between bedding planes. At places
the mottling has the appearance of sinuous concentrically banded rods (fig. 27). The significance of this
feature is not known.

Microscopic study of mottled textures shows that they
are due to vanadium clay and the coffinite-uraninite mixture replacing the cement and detritus of the sandstone.
Viewed in thin sections, mixtures of vermicular vanadium clay, coffinite, uraninite, and pyrite completely
occupy grain interstices in the dark areas, whereas calcite and subordinate clay cement the sandstone in the
light areas. Along boundaries between light and dark
areas, vanadium clay lines the contacts between calcite
cement and detrital grains; but toward darker areas the
vanadium clay increasingly embays and veins calcite
and locally fills grain interstices, where "islands'' of
relict calcite cement remain (fig. 26A). At places
separate "islands"· have the same optical orientrution, and
locally calci1te is veined by vanadium clay along calcite
cleavages. In the darkest areas, opaque coffinite-uranini te mixtures coat sand grains and form irregular
intergrowths with vanadium clay (fig. 26B)~ Uraninite-coffinite emhays sand grains, and intergrowths of
vanadium clay and uraninite-coffi.nite occupy spaces
that evidently were once occupied by detrital grains (fig.
26B). The argillized grains, probably originally feldspar or rock fragments, are composed of a greenishbrown micaceous substance, probably vanadium clay.
The replacement of detrital grains and cement by ore
minerals is also illustrated by the modal analyses listed
in table 5.
Sulfides, mainly pyrite, are distributed in and around
the deposit. Within the deposit pyrite is generally
anhedral and particularly associated with vanadium
clay. Near the west end of the deposit, several s1nall
concretions of pyrite and uraninite are exposed. The
concretions are an inch or two across and are flattened
parallel to the bedding. Uraninite, which locally has
colloform structure, forms the core of the concretions
and strongly embays sand grains. Pyrite forms the rim
of the concretions and also appears to embay detritus.
The central position of the uran~nite in the concretions
suggests that it formed earlier than the pyrite. Pyrite
appears to have formed in two generations, for equidimensional pyrite grains are locally rimmed by
additional pyrite.
A trace of galena was found in the highest grade ore.
The galena forms minute equidimensional grains associated with vanadium clay and the uraninite-coffinite
mixture.
CRACKPOT DEPOSIT

0

1 INCH

ll'rouuE 27.-0oncentrically banded ore
rods in small hand specimen, Pit 1
deposit, Sandy mine.

Because the Crackpot deposit had been mined out at
the time of this study, the only ore specimens available
to us were collected from the mine dump or were given
by Lowell S. Hilpert, of the U.S. Geological Survey.
These specimens are adequate, however, to show· .the
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common textures of the ore minerals in both the bedded
and massive limestone units of the Todilto Formation.
Vanadium clay, uraninite, and sparse pyrite are distributed mainly along the silty laminae in the stratified limestone and along irregular silty laminae in the
massive limestone unit. At places they also line
the walls of carbonate-filled intraformational fractures
that probably formed by shrinkage during consolidation of the limestone. In the fractures, where the vanadium clay and associated uraninite form a thin layer
separating coarse calcite in the fracture and the finegrained laminated limestone of the wall, contacts
against the coarse calcite are sharp, whereas those
against the limestone are gradational. The textures
indicate that the vanadium clay and associated uraninite postdated the fractures, but the age relations
between the ore minerals and the coarse calcite in
the fracture are dbscure.
Viewed in thin sections, vanadium clay commonly
surrounds small equant grains of pyrite ·and embays
calcite and detrital silt and clay. U raninite occurs
in thin ·veinlets along the contact between vanadium clay and calcite.
SUMMARY

The study of ore textures dearly indicates that
replacement ·was a major process in uranium ore
deposition. Uraniferous carbonaceous matter and
pyrite have strongly replaced detrital silicates, quartz
overgrowths, and day cement in the J ackpile and
Woodrow deposits. Vanadium clay, pyrite, and the
assumed mixture of coffinite and uraninite have replaced
detrital silicates and carbonate and clay cement in the
Sandy mine. Evidently, vanadium clay, uraninite, and
pyrite have replaced calcite and clay- and silt-sized
detrital silicates in the Crackpot deposit.
Except in a few specimens, no consistent paragenetic
sequence of deposition of ore minerals can be listed
from observations made to date. The best evidence for
a close temporal relation between coffinite, pyrite, and
other sulfides was found in the Woodrow deposit
(Moench, 1~62b). There, botryoidal coffinite and co~
baltite in a vug closely followed or overlapped in time a
generation of pyrite and cobaltite, and was followed
successively by more pyrite, barite, and still more.pyrite.
However, the massive pyrite-marcasite replacement deposits in the Woodrow evidently formed before most of
the coffinite and the coffinite-bearing carbonaceous matter. The scant vanadium clay (?) in the deposit evidently followed coffinite and at least one postcoffinite
generation of pyrite.

In other deposits pyrite evidently both predates and
postdates uraniferous carbonaceous matter or the assumed coffinite-uraninite mixtures.
The textural relations between vanadium clay and the
other ore minerals do not definitely indicate the age relations between them. Textures seen in figure 26 suggest, but do not prove, that the uraninite-coffinite
mixture formed later than vanadium clay.
Textures observed in a mineralized log in the Jackpile deposit suggest .that pyrite formed during and after vanadium clay, and before and after uraniferous
carbonaceous matter.
SULFUR ISOTOPES

Jensen (1958, 1959) showed that the S 32 : S 34 rati(.
in sulfides from ore deposits of generally accepted hy·
drothe·rmal origin is remarkably uniform and is close
to that of meteoritic troilite, whereas the S 32 : S 34 ratio
for sulfides in sedimentary rocks ·and sandstone-type
uranium deposits are not uniform and differ considerably from that of meteoritic troilite. Jensen ( 1958,
1963) attributed the wide spread of S 32 : 8 34 ratios in
sulfides in sandstone-type uranium deposits to fractionation of the sulfur isotopes in the course of reduction of
sulfates by anaerobic sulfate-reducing bacteria. He
suggested that .this biogenic process has a strong bearing
on the origin of sandstone-type uranium deposits.
Many sulfide-bearing samples from the Laguna district, most of 'vhich were furnished by us, were anaiyzed
by Cyrus W. Field for their sulfur isotope ratios. Of
38 sam pies, 20 were from the Woodrow mine, 9 were
from the J ackpile mine ( 7 from black shale of the Dakdta Sandstone and 2 from ore), 3 were from the Saint
Anthony mine, 4 were from the Sandy mine, 'and 1 each
were from pyrite concr~tions in the Bluff ·and Gallup
Sandstones. The results of the ·analyses were publi~shed 'by Jensen, Field, ·and Naka;i (1960) and -by
Jensen ( 1963).
The most striking feature of Field's d·ata for the
Laguna district is the great range of isotope ratios in
the sulfides (Jensen and others, 1960, p. 195). The
S 32 : S 34 rrutios in the J ackpile and the Saint Anthony
deposi'ts vary 2.2 and 5.7 percent, respootively; some
samples 'are enriched in S 32 , and others in S 34 • Ratios
in the Woodrow deposi1t v-ary 6.1 percent, the greatest
variation noted by Field or previous workers within a
single deposit; of ·20 samples, all hut 3 ~are enriched in
S 34• This variation undoubtedly reflects in part the
large num'ber of samples obtained from the Woodrow
mine. Sulfur in pyrite from black shale in the D·akota
Sandstone is enriched in S 32 • All analyzed samples
from the Sandy mine are enriched in 8 32 ; these samples
include 1two from unmineralized limestone, one from a
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pyrite-uraninite concretion, and one, of pyrrhotite, from
a m~ba.m·orphosed uranium deposrt in limestone. 'J_'he
pyrrhdt.i•te proba;bly formed ;at the expense of pyrite
during mebamorphism. The two samples of pyrite
fron1 the Bluff ·n,nd Gallup Sandstones show less variation from gband·ard troilite than do sulfides from the
uranimn deposits.
The unusually great enrichment of the heavy isotope
in Woodrow 'Sulfides is difficult 'to explain, for many
sn,mples show grea;ter S 34 enrichment than is common
in sulfates. This means that if the sulfides formed by
bacterial reduction of sulfate, some of the sulfate must
luwe heen ex·ceedingly enriched in S 34 • Field (in Jensen 'ttnd othet~s, 1960, p. 196-205) suggested thart the S 34
enrichment resul•ted from bacteri·al reducJtion of a finite
qun.nt.ity of sulfate, which perhaps traveled up the
Woodrow pipe from tthe gypsum of the Todilto Formation. As bacterial action: continued to generate S 32 -rich
hydrogen sulfide, which escaped, 'the rem·aining sulfate
became increasingly enriched in S 34 • This source of
suHatte is unlikely, because the Woodrow pipe probably
does not extend below the base of the MorrisOn
Formrution.
Although some sulfur isotope da:ta for the district
are difficult 'to interpret, at lea;st the wide range of ratios
rs in m·arked contrast to the small range of ratios in sul.fides fr01n some "m'agmatic hydrotherm·al" .deposits
(Jensen, 1959). This difference suggests oat least that
the sulfides •associ·ruted with the uranium deposits of the
Laguna distrie;t have had •a more complicated history·;
either ttJhey were ndt derived directly from a common
source, or :the sulfur i sotopes were fractionated by bacterial ·action, or both.
1

DESCRIPTION OF URANIUM DEPOSITS

In 1960 only two deposits in the Laguna distric'trthe Jiackpile ll.nd Saint Anthony deposits-were being
rnined. The Paguate deposi•t is ·among the several other
hu·ge deposits tha;t had been blocked out by drilling.
Many small deposits had been prospected and partly or
c01npl~tely mined out 'before 1956. Those that· were
mined, prospected, or found prior to 1956 are described
in the following pages. Deposits in the Morrison ForJnation are described first, •then those in the Entrada
Sandstone 'and the Todilto Formation.
JACKPlLE MINE

The Jackpile mine, an open-pit operation owned by
the Anaconda Co., is one of the world's greatest producers of uranium. It is in the central part of the
Lngu.na district (pl. 3) , about 71j2 miles north of
Laguna, and is easily reached by gravel road.

The J ackpile deposit was discovered on November 8,
1951, by aerial radiometric reconnaissance by Woodrow
Bird House and Dale Terry. Examination and
sampling of the outcrop on the south siq.e of a low mesa,
by House, Terry, and J. B. Knaebel on the following
day revealed a uranium deposit with an exposed length
of about 100 feet, an average thickness of 81j2 feet, and
an average grade of 0.91 percent U 3 0 8 • The first work
was done on the outcrop· in December 1951 (Lowell S.
Hilpert, written commun., Nov. 16, 1959).
Subsequent drilling on the south end of the mesa
proved a d~posit of moderate size, now known as the
South ore body. In 1953, drilling in the central part of
the mesa, a short distance to the north, outlined a much
larger deposit, now called the North ore body. Active
mining began in 1952, and full production-about 3,000
tons of ore per day-was achieved in 1956. A spur railroad line was extended north from Laguna, and over
this line the· ore is shipped to Anaconda's mill at Bluewater, N. Mex. By 1958 more than 3 million tons of
uranium ore had been shipped; and by 1963 about 6.5
million tons of ore, including some from the Paguate
deposit, had been shipped. This ore yielded about 28
million pounds of UsOs (Ki·ttel, 1963, p. 167).
According to production and assay data, the first 3
million tons of ore shipped from the mine averaged 0.23
percent UsOs and 0.13 percent V20 5 (table 6); the total
production to 1963 averaged slightly less than 2.~ percent UsOs. The calcium carbonate content of the ore is
low, averaging 0.8 percent in 2.3 million tons.
DIMENSIONS AND CHARACTER OF DEPOSIT.

The deposit is in an area where the Dakota Sandstone
dips about 1° N. into· the San Juan Basin. In the area
of the open pit, the Dakota Sandstone strikes N. 60°-90°
E. and ranges in dip from horizontal ·to about 2° N.
The deposit is semitabular and is roughly conformable
to the strata.
The dimensions and form of the J ackpile deposit are
shown on plate 6B, a fence diagram prepared largely
from Anaconda Co. drill-hole data. The South ore
body is shown along sootion A.-A.'; the North ore body
generally comprises the ore shown in the rest of the
fence diagram. Actually the North and South ore
bodies are connected by weakly mineralized zone, and
the separation is arbitrary. The ore bodies consist of
many overlapping layers which aggregate over 6,000
feet in length and about 1,200-3,000 feet in width and
have an average combined thickness of about 20 feet.
Section Ii-H' ..(pl. 6B) follows the approximate center
of the thickest part of the ore; along this line, single ore
layers locally exceed .60 feet in thickness, and the total
thickness of ore locally approaches 100 feet.

a
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The ore is outlined on plate 6B with varying degrees
of confidence. At the south end of the area shown, section 0-0' and southward, drill holes are close spaced-'in many places on 50-foot centers or closer. This part
of the deposit was being worked at the time of this study
( 1956), and ore distribution is ·shown· accurately.
Northward from section 0-0', drill holes are wider
spaced, mostly on 100- or 200-foot centers, and the ore
distribution is more interpretive. ·In this area ore
layers were projected between drill holes where they
closely conform to the stratigraphic laye:ring or show a
consistent rise or fall between several holes. Here the
general distribution is assumed to he as. ·shown, but
further drilling ·and mining undoubtedly will change
the picture somewhat.
.
The J ackpile deposit may be characterized as several
ore layers that in part overlap successively and in part
split and diverage to the north and northwest. Only
locally do individual layers not conform with the northnorthwesterly dip of the Dakota Sandstone, but the
crude overlapping tends to place -the uppermost layers
successively higher in the J ackpile sandstone· toward
the north-north west (pl. 6 B) . The high layer shown
along the west side of section F -F' and near the \vest end
of section E-E' is called the Wind whip horizon by Anaconda Co. geologists, because the Windwhip deposit is'
at the same elevation ·a short distance west of "E" on sec-·
tion E -E'. Northward from the intersection of :sections
F-F' and H-H', the North ore body appears to break up
into many discontinuous layers that are distributed
through the full thickness of the J ackpile sandstone.
The lowermost ore may follow the base of the J ackpile
sandstone, as is suggested in parts of most sections on
plate 6B; locally ore appear-S to. extend below the base of
the sandstone, pal'iticularly in parts of D-D' and near
the east side of 0-0'. Some ore may erroneously be
shown below the base of the.Jackpile sandstone, because
in many places the contact is necessarily placed arbitrarily. The deepest that ore has been found below the
base of the J ackpile sandstone is in a single drill hole
near the east end of section D-D':
The uppermost ore locally follows the base of the Dakota Sandstone, as in section B-B' and in a few places
near the north end of the deposit. None of these occurrences were exposed in mine workings at the time of this
study.
·
'
.

ore body. The ore was sketched on the basis of darkness
of sandstone, which shows the concentration of organic
carbon but is roughly indicative of uranium content as
well· (figs. 22, 23) .: · ·
As can be seen from plate 6C, the upper boundary of
ore in most places is sharp, generally continuous, and
gently undulant. In contrast, the lower boundary,
where.exposed, is poorly defined and mostly gradational
and is not marked by any specific surface. Unfortunately, in much of the area shown on plate 6C the base
· of ore is not exposed, and drill-hole data reveal little
about the character of the ore boundaries in other parts
of the deposi't. The ore feathers out at its edges, but
. thin wisps and rods of ore are found at about the same
elevation as the main deposit but several tens of feet
. thick outside of it.
. Within the deposit the ore assumes a nearly infinite
. variety of forms, some of which are controlled by sedimentary strrtctures or intraformational fractures, but
others of~which appear to be independent of host-rock
. stru~tures. The apparently independent forms include
ore rolls· that are simila·r in many respects to rolls that
: have been studied in other parts of the Colorado Plateau,- semispherical forms, nearly vertical ore rods, and
· a multitiude of nondescript forms.

Plate 6C provides a comparison between: the distribution of ore exposed in a wall of the mine and the distribution of ore determined from drill-hole druta; shown on
plate 6B. Plate 60 is much :reduced from the scale of 1
inch: 5 foot at which it was sketched in the· field, but it
shows the general distribution of. the ore in· an incomplete cross section through the south end of the North

ORE RODS

ORE ROLLS

Many rolls, or boundaries of large masses of ore that
cut arcuately across sedimentary structures, can be seen
on plate 6C. ·In places the roll boundaries are sharp ;
more typically they are gradational and lack distinct
banding. In places mirror images of rolls are exposed,
as at the top of the ore near the center of plate 60.
Data on the orientation of the axes of ·rolls are scant.
Ore extends un1,1.sually deep into the Brushy Basin Member near the east end of section 0-0' (pl. 6B), on section
H-H' about halfway between sections 0-0' and D-D',
and on section D-D' about halfway between sections
G-G' and H-H'. These three downward extensions
may represent. a single east-southeast-trending roll. If
so, the roll: axis is ab9ut parallel to the dominant crossbedding dip direction as determined along the line of
plate 60, and it is parallel to the local J ackpile sandstone isopachs (pl. 6A). .In contrast, the inferred roll
is oriented at a wide a-ngle to the north-northwest
orientation of the North ore body.
Ore rods, or nearly. vertical cylindrical to conical
of uraniferous carbonaceous m·atter (fig. 33A) ,
are commoi1 in the Jackpile deposit. They·are widely
distributed in th~ lower grade parts of the deposit (pL
60), particularly in the'low-grade zones that separate
large ore layers. ·A few .rods,: ·as near the southwest

m~tsses
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side of plate 6C, appear to be isolated from large bodies
of ·ore. The rods range from less than half an inch in
diameter 'Hnd a few inches 'in height to as much as 5
inches in diameter and 4 feet in height. Rods typically
widen downward, •though a few 1~emain 'rubout constant
in 'v.idth. The apex of a large rod may he a fraction of
an ·inch in diruneter n,nd may be composed of massive
uraniferous carbonaceous matter that impregnates the
sandstone ·ru1d, in thin sections, strongly ~mbays the
sn.nd grains; downward such a rod gradually widens,
a.nd •the oarbonaceous ma!tter becomes more diffuse.
Rarely, n. coniO<<tl rod may be ·a:s wide at its base as it is
high. (See fig. 33B, Saint Anthony mine.) Though
the· upper end of -a rod is typically independent of any
recognized sedimentary structure, ·a few rods eX'tend
downward from ore-bearing·bedding planes. A rod may
gra.de downward into •a l'arge mass of gray ore, or it may
bottom in ligh!t-colored unmineralized sandstone.
801ne rods :are surrounded by halos of fine-grained olivegray clay composed of mixed kaolinite and mica.
1~he ·composition, the downward widening 'alld dispersion, and the nearly vertical orientation of the rods suggest 'that they formed by downward flow of an organic
fluid. Conceivably, carbonaceous matter was originally
precipitated from ground wruter in small semifluid or
jellylike concretionary 1nasses of humic acid. This
substance then flowed downward m1der gravity, ·and ·as
i•t flowed it tended to be dispersed by .the sandstone. If
it flowed downward, it 1nust have been denser than the
surrounding pore fluid. A high relative specific gravi•ty may be ·attribu'table to a high uranium content and
to ash 'in the carbonaceous matter. If so, the surrounding pore fluid must have ·been nearly 'stagnant; otherwise the rods would ba inclined in the direction of flow;
It is ·also possible that 'the carbon:aceous m'atter was· precipitated a short dista11ce below a water table, which
then dropped temporarily, permitting the carbonaceous
m-atter to flow downward or to be dissolved and reprecipi1tated by downward-1noving water.
If the ore rods were vertieal when formed, detJailed
1nea,sureme.nts ·of their bearing and plunge should indica.te whether or not they have been tilted. One rod
that was sufficiently large, well defined, ·a11d accessihle
for 11 detailed measurement was excavated to ;a depth
of more than 3lj2 feet. A plumb hob was hung from
the ltpex :to the ·u.pproxim•ate center of the base so tll'ait.
the line -and rod were ,alined in the srune vertical plane.
1'his plane is ·approxima·tely parallel'to the dip direction
of the Dakota Sandstone and defines the ··bearing of the
rod. The 'u.ngle between the rod. •and the line in this
plane de.fines 'the plunge of the ·rod. These detailed
measurements, •and the dip of the Dalrota Sandstone

dirootly above, determined by planetable mapping, are
shown· in figure 28. The centerline of the rod could be
measured accurately only in the upper 18 inches. Here
the rod plunges .S8°-88lf2° S. 15° E., almost exactly
normal to the·strike and dip of the Dakota Sandstone.
At greater depth 'the plunge of the rod apparen1tly fiattens to ·rubout 86lf2 °, bu't the margin of error in determining plunge is considerably greater at depth because
the rod becomes less well defined. Photographs of this
rod have 'been published (Moench, 1963a, fig. 5A, B).
These measurements suggest thaJt the J ackpile deposit
has been tilted, but many more measurements -are necessary to confirm this theory.
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28.-Sketch 'Of exca vaoted ore rod, J ackpile mine,
showing dOwnward convergence with plumbline
(after Moench, 1963a).
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RELATION OF DEPOSIT TO SEDIMENTARY TRENDS AND JURASSIC
FOLDS

LOCALIZATION BY MINOR STRUCTURAL FEATURES

Although bedding features -are commonly cut at various angles by ore boundaries, any feature that was
present prior to mineralization may have had a localizing effect on ore deposition. Concentrations of uraniferous carbonaceous matter within trough-shaped sets
of crossbeds, -along single bedding planes, above or
below mudstone beds, ·and around mudstone galls are
common features of the Jackpile deposit. Examples of
some of these relationships can be seen on plate 6C.
The 1top of parts of the Jackpile deposit cut horizon1tally
across inclined bedding planes (Hilpert and Moench,
1960, fig. 10), but within the deposit ore is partly localized along bedding planes.
.
A few small fra·ctures that formed during sedimentation ·also have localized deposition of uraniferous carbonaceous m·aJtJter (fig. 29). Most such fractures in the
Jackpile mine strike N. 5°-25° E. and dip 50°-80° E. or
W. Uraniferous carbonaceous matter is localized along
·the left side of two small fractures shown in figure 29.
The fracture ~shown in the left side of figure 29 is ·a small
normal fault. The lower part of the fracture shown
just left of center in figure 29 is a high-·anglethrust fault
thaJt deforms the lower part, but not the top, of the thin
mudstone lbed; this fracture extends upward as a joint
and joins a normal faultt, which,- upward, is truncated
by cross-stratified sands~tone ·and, downward, becomes a
thin sandstone dike. All these fractures evidently
formed by slumping that accompanied Jackpile
sedimentation.
Northeast

Southwest
15'

10'

The Jackpile deposit appears to he more closely related to a set of broad Jurassic folds than to sedimentary
trends in the Jackpile sandstone. As shown on plate
6A, the long dimension of the deposit is about parallel
to the inferred north-northweSt-trending folds in the
mine ·area hut ndt to ·a west-northwest-trending channel
inferred on the basis of isopach trends ·and the ·average
dip dirootion of crosSbedding in part of the mine.
Isop3ichs of the J ackpile sandstone exhibit two dominant trends in the mine -area (pl. 6A) -north-north west
and west-northwest: These two trends 'are interpreted
to reflect 1the i:ntterseetion between a west-northwesttrending channel and ·a set of Jurassic folds that trends
north-northeast. The channel ·and the synclines prob·rubly account for looal thickening of the Jackpile, and
the anticlines proba1bly account fur the areas of tthin
Jackpile. In 1958 the major anticline shown was exposed in the open pit, as then developed, in the general
area of .section E-E' (pl. 6A). At that time the anticline was defined by two thin discontinuous mudstone
beds that arched gently over the deposit and converged
with the base of the Dakota. The total relief of the beds
in the open pit was about 20 feet, but this is a minimum
figure for the whole structure because the fold limbs
probably extended beyond the limits of the pit. The
exact trend of the anticline could not be determined from
its exposure in the open pit, but it is probably parallel
to a set of north-northwest-trending Jurassic folds that
are welLexposed about 2 miles southwest of the pit (pl.
3). In the mine area the J ackpile sandstone isopachs
north of section E-E' (pl. 6A) have a marked northnorthwest grain and very .likely define the Jurassic anticline that was exposed in the pit in 1958. The marked
·west-northwest-trending trough, or thickening of the
J ackpile, probwbly represents a paleochannel, because it
is about parallel to the average dip direction of crossbedding in the same local ·area (pl. 6A) .
SANDSTONE PIPE

5'

0'

0

5

10 FEET

29.-Sketch showing distribution of uraniferous carbonaceous matter along penecontemporaneous fractures, North
ore body, Jackpile mine. Density of dots indicates degree of
ore concentJ.'Iation (after Moench, 1963a).

FIGURE

A large cylindrical subsidence structure, or sandstone pipe, is exposed on the east side of tthe North ore
body (pl. 6B). Figure 30 is ·a detailed map of the wall
in which the top of the pipe is exposed. Original
stripping operations exposed the upper 25 feet of the
pipe in ·a wall that nearly bisected i~; laJter mining exposed the lower part shown in figure 30 but removed the
upper part; still later mining exposed a part of the pipe
that i~ below the level shown in figure 30. Horizontal
drilling from a lower bench con~rmed the cylindrical
shape of the strudture.
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30.-Upper part of sandstone pipe, Jackpile mine. Location of sketch shown on plate 6.
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The pipe is composed largely of sandstone fragments
embedded in ·a sandy mudstone matrix. Although the
mixture is described as !breccia in figure 30 (for want of
a better term) the fragments are rounded and many
have poorly defined borders. The mixture is compact
and wi~thout voids and in places appears to have been
folded or 1to have flowed as an unconsolidated mass.
The boundary of the pipe is marked by one or more ring
fau~ts, or by the broken edges of strata outside the pipe.
Gross units, dominantly of sandstone or mudstone, can
be mapped, but they cannot be correhvted with units outside the pipe. The sandstone and mudstone beds near
the pipe sag inward, and strata directly overlying the
pipe sag slightly. A single cross-stratified sandstone
lens directly over the pipe occupies a shallow depression
and appears to represent the last stage in the formation
of 1the pipe, for it is overlain by undeformed sandstone.
A thin sill cuts across the pipe 'below the level shown in
figure 30. Superficially, the sill looks as though it has
been displaced downward by the pipe; close inspection
shows, however, that the sill is continuous across the
pipe, and reveals no evidence that the sill has boon
broken or otherwise deformed by the pipe.
The pipe contains ·abundant fragmental ·and virtually
nonuraniferous low-rank coal, some of which is so
finely divided thrut it colors the sandstone and mudstone
gray. Larger fragments of brown -coal, jet-black coal,
and charcoal-like material are ·also present and have
been described in the section on fossil wood.
By 1963 ·a large mass of ore had been extracted from
the pipe below 1the level shown in figure 30. According
to Ernegt T. Wylie (geologist for the Anaconda Co.,
oral-commun., 1963), the m·ass was high grade but contained much less sulfide than did the ore from the
Woodrow pipe. Wylie reported that the ore 'body was
n, erescent-shaped mass (plan view) thrut bordered the
weSt side of the pipe and extended several feet into the
Jackpile sandstone outside the pipe. Uraniferous carbonaceous matter forms bdtryoidal masses along a
fau~t; on both sides of the :fault similar material impregnaJtes sandstone in a thin zone directly on top of a
mudstone bed.
CENOZOIC STRUCTURAL FEATURES

In the vicinity of the Jackpile mine, the 100-foot contours drawn on the base of the Dakota Sandstone (pl. 4)
indicate a northward dip of about 1 o. PlanetaJble m·ap-·
ping of a thin but widespread stratum of blaek shale
indicrutes 'thaJt the· Dakota strikes N. 60°-90° E. and
dips 2° N. in the northern part of the pit and lf2 o N. in
the southern part. The base of the Dakota is not a

reliable m·arker for detailed work because it locally
channels deeply into the Jackpile sandstone.
Joints measured in the Dakota Sandstone and in the
J ackpile sandstone are entirely consistent with the regional fracture pattern (fig. 14).
Neither the northward tilt nor the Cenozoic joints
exhibit any controlling influence ·on the Jackpile deposit. Recognized structural terraces are neither sufficiently large nor correctly placed to have localized ore
by any knm~n process. Although one joint set is -about
parallel to the long dimension of the Jackpile, the other
sets show no relation to the deposits; and· joints of all
sets cut ore. At places joints contain minerals of highvalent uranium and vanadium that 'apparently formed
during recent oxidation and redistribution.
RELATION OF DEPOSIT TO DIABASE

During the early stages of mining operations many
geologists poin'ted to the discovery of a diahasic sill in
the South ore body as evidence of ·a relation 'between
uranium deposits and igneous rocks. Further mining
development and study of the deposit have shown that
the diabase, which is of late Tertiary age, intruded a
preexisting uraniun1 deposit. In ~the south end of the
open pit, sills cut various parts of the South and N otth
ore bodies. Though nearly concordant, they cross bedding planes along preexisting joints or on irregular
surfares (pl. 6C), and in places the sills rise several
tens of ·feet albove the ore bodies. Toward the north
end of the open pi't, the sills rise stratigraphically well
above the ore body and pass into the Dakota Sandstone.
In places diabase sills even displace parts of the ore
bodies, further demonstrating their younger age
(Moench, 1963a, fig. 3).
Din;base sills in the Jackpile mine contain far more
uranium than do sills that :are well ·away from known
uranium deposi ts, and uranimn tends to be most rubundant in the chilled borders of sills ~that ·are in direct
contact with ore (taJble 16). In one specimen from a
chilled border of a sill (fig. 31), uranophane is distributed 'along primary joints that parallel the contact of
the sill. In another sample, fine-grained uranophane
and <Jither, unidentified minerals of hexavalent uranium
are disseminwted in the dense m·atrix and are distributed
along phenocryst boundaries and joints. These relations suggest that the diabase acquired uranium from
the deposits during or after emplacement of 1the sills.
The metamorphic effects adjacent to the dirubase are _
not g-reat, bU't some local ·alteration is related to the diabase. The contacts of the sills commonly are bordered
by a. thin film of gypsum; and as far rus 3 feet ·above or
below the sills, poikiloblasts of gypsum as large as 5 mm
1

93

URANIUM DEPOSITS
·TABLE

16.-Uranium content of diabase sills and dikes in and near Jackpile mine
[Analysts: C. G. Angelo, E . J. Fennelly, and H . H. Lipp]
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25498&
254990

Upper chilled border . . .. ..........
Center.... . . . . .............. . .... .
Lower chilled border . ... .. .. ......

.3
3. 7
.3

. 008
. 001
. 003

. 008
. 0016 }sill cuts" barren" sandstone 20ft
.003

254984
254985

Center.. .......................•..
Chilled b!Jrder....................

3. 0
.3

. 001
. 054

.0006 }cuts " barren" sandstone 30 ft west of North ore body.
. 055

259983

Whole sill.. .............. . ...... . .

.9

. 010

. 009

256203
256204

Center.. ......................... .
Chilled border. ............... . .. .

3.0
.3

< .001
< . 001

Laboratory
No .

Part of sill or dike

254978
254979

Center ..... . . . ....................
Lower chilled border . . . .....•.. . ..

Thickness
(feet)

R emarks

}center and chilled borders intensely altered to clay; cuts low-grade ore.

ab~v: ore . ,

Cuts "barren" sandstone 150ft east of North ore body .

. 0001 }niabasic dike exposed 5,000 ft east of Jack pile mine and 1,000 ft north of Woodrow mine.
. 0001

in diameter ·a re disseminated t hroughout the ore. Galcite poikiloblasts are also common in the same zones,
and in places the rocks are largely calcite cemented.

Hydrous iron O}.'ides, probably after pyrite, commonly
are abundant in zones an inch thick directly above and
below the sills. Many thin sections prepared from
rocks sampled within a few inches of a sill contain
abundant fine-grained chlorite; in some thin sections
small amounts of ragged fine-grained biotite have been
identified. In ·a ddition, a small quantity of coarse
colorless highly birefringent mica, possibly muscovite,
appears to have formed at the expense of fine-grained
clay minerals.
SAINT ANTHONY MINE

31.-Microscopic appearance ·of chilled border of diabase
sill, J-ackpile mine. Uranophane is a long sinuous prim-ary
longitudinal joints. Plane-polarized light, X 90. Photo. graph by Richard B. '11aylor.

FIGURE

The Saint Anthony mine is on the northeast end of
the Paguate-Saint Anthony group of deposits (pl. 3).
It is most easily reached by a road that extends east
from the Laguna-Paguate road at a point about 2%
miles north of Laguna. The uranium deposit, known
rus the M-6 ore body, is below the water table and is
worked underground through a shaft about 275 feet
deep.
Because the shaft was not sunk until October 1956, at
the end of the lUJst complete field season of this project,
the Saint Anthony mine was not mapped. Our knowledge of t he deposit is based on drill da,ta furnished by
the Saint Anthony Uranium Corp., and on data
acquired on a brief trip by the authors through the mine
in April 1958. Only general fewtures of the deposit
are described.
The M-6 ore 'body is the largest of several small deposits in a narrow eastctrending group about 11/2 miles
long (pl. 3). The small, so-called Hanosh deposits are
at the east end of the group. Most of the deposits are
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indicated by single ore holes and can he considered as
part of a broad low-grade zone that su~roun~s the M-6.
ore body. A few ore.holes were drilled north and south
of 1the M-6 ore body. Anaconda's L-Bar deposit, which
is probably somewhat larger.than the M-6 ore body, is
aJbout 7,000 feet 1to the north-north west.
The ore is in the ·Jackpile sandstone, which in the
mine area is about 90-130 feeJt thick. The J ackpile isopac,hs in this area show several circular lows and highs,
but no particular elongaJtions that might reflect channels
or Jurassic folds (pl. 3) .
Strata in the area of the Saint Anthony mine dip ,
gently northwestward, but contours .( 5-f.t. interv'als)
drawn on the top of the Dakota Sandstone by geologists
of 1the Saint Anthony Uranium Corp. ·also show •a small
· structural terrace over the M-6 ore body, and possible
closure of one contour on the northeast side of the deposit. Other more pronounced terraces in the vicinity
do not have associated ur.anium deposits. The east-·
trending group of deposi1ts that includes the M~6 ore
body, the Hanosh deposits, and numerous other small
deposits is oriented at ·a wide angle to the trend of the
structure contours.
The M-6 ore body is roughly equidimensional in pl11n
and aJboui 1,000 feet in diameter (fig. 32). In places it
is as much as 25 feet 'thick, but its average thickness is
considerably less. Because figure 32 was constructed
wholly from drill data, at 100-foot centers, connootions
between some layers may be in .error. Most o£ the ore
is in the central part of the J ackpile sandstone, and
apparently nowhere is it ;at the bottom or top of this
unit. The deposit consists largely of subhorizontal
interconnecting layers, none of which extends through
the whole deposit. Individual ore layers are strongly
undulant, with as much as 35 feet of relief in a hori~ontal distance of abou1t 300 feet; undulations have little
apparen t relation to the thickness variation~ of the
J·ackpile sandstone or to the structural relief of the
Dakota Sandstone.·
The abrupt .changes 41 ore thickness probably reflect
roll structures. In places, especially in the southern
part of the deposit, .the rolls were located· by drilling
that w~s so closely spaced that it cannot conveniently be
shown in figure 32. Here, "barren" holes are less than
50 feet from ore holes that penetrate as much as 20 feet
of ore. In one place in the north-central part of the deposit, thickness and ore grade· range from 2 'feet of lowgrade material to 25 feet of ore that averages 0.26
percelllt UaOs within a horizontal distance of 50 feet.
The ore is gray to black, and from :fts general appearance it is undoubtedly similar· in composition to·Jackpile ore. The few data available indicate that the
vanadium and calcium carbonate contents of the ore are
1

low. ·Few assays are in exceSs of 1.0 percent U 3 0 8 , and
most are· well b~low 0.5 percent Ua0 8 • A few highgrade assays represent ore nearly 5 feet thick, but most
repr~nt ore .a foot or less thick. According to U.S.
Atomic Energy Commission production data, 2,658
tons of mined ore averaged 0.20 percent UaOs; vanadium was not reported.
The ore in the Saint Anthony mine, like that in the
J ackpile, tends to be concentrated along bedding planes,
but it shows many forms that cut sharply across bedding plane~. Because the ore in the walls of the Saint
Anthony mine is generally less oxidized and cleaner
than that in the walls of the J ackpile, the typical ore
habits can be seen to better advantage (fig. 33B ,O,D).
Ore rods, which are common, are locally cone shaped
(fig. 33B), unlike any that have been seen in the Jackpile deposit. The irregular patchworks of ore have the
appearance ofhaving been partly leached (fig. 330,D)
and locally show evidence of two generations of ore.
The patchwork ore shown in figure 33D, for example,
inay have formed by partial irregular leaching of ore
that once impregnated a larger volume of sandstone, and
th~ wispy broadly S-shaped roll may have formed
subsequently.
WINDWHIP MINE

.The Windwhip mine, a small open pit a short distance
west of the Jackpile open pit (pl. 3), is one of several
small satellite bodies around the . J ackpile deposit.
Since the mapping in 1955, the mine has been buried by
dumps extending from the J ackpile mine.
A total of 2,788 tons of ore was shipped from the mine
before 1955; this ore averaged 0.31 percent UaOs and
·0.17 percent V 2 0 5 (table · 6). The CaCOa content
averaged about 1.2 percent, considerably more than that
of the Jackpile ores.
The Windwhip deposit is in the upper part of the
J ackpile sandstone; about 15 feet below the base of the
Dakota Sandstone. It is at about the same elevation
and stratigraphic position as the so-called Windwhip
horiz-~n. in the J ackpile mine (pl. 6B).
Bec~use it was only a short distance below the surface
before mining, the Windwhip deposit is more oxidized
than .the Jackpile but is otherwise similar to the Jackpile in appearance and composition. Hydrous iron
o;xides are locally abundant, and minerals of hexavalent
uranium p~obably contain much of the uranium.
N everthe_less, the form of the deposit is outlined by its
gray color-contrasting with the white or light tan of
the host sandstone.
The general form of the deposit-several well-defined
rolls-and local ore concentrations along bedding planes
were shown by Hilpert and Moench (1960, fig. 13). A
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EXPLANATION
Greater than 0.1 percent U8 0 8
0.01-0.1 percent U3 0 8

u......

Datum assumed

Compiled by R. H. Moench and W. D. Allan, 1959.
Constructed from Saint Anthony Uranium Corp.
drill-hole data

FIGURE

32.----Shape of the M--6 ore body, Saint Anthony mine.
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A

B

a

D

FIGURE 33.-Features of black ore, Jackpile and Saint Anthony mines. .d., Typical ore l'Ods, Jackpile mine. B, Ore rods and
cones, Saint Anthony mine. a, Patchwork ore in crossbeddecl sandstone, Saint Anthony mine. D, Irregular ore patches
apparently crossed by younger wispy S-shaped roll.

small part of the deposit is shown at a larger scale in
figure 20 of the present report. Axes of the rolls trend
about N . 60° W ., about parallel to the average strike of
the crossbedding.
WO O DROW MINE

The Woodrow mine, about 1 mile east of the J ackpile
mine (pl. 33), was discovered in 1951 by aerial radiometric prospecting. The deposit is in a nearly vertical
sandstone pipe and was mined through a vertical shaft
about 230 feet deep and two lateral shafts at the 100and 200-foot levels (Wylie, 1963, fig. 1). Mining began
in 1954 and ended in 1956, when the sq' are-set timbering collapsed.
The Woodrow mine was described briefly by Hilpert
and Moench ( 1960, p. 456), and in greater detail by

Wylie (1963, p . 177) . The following description summarizes \iVylie's data and our observations. The
mineralogy and ore textures were previously described
(p. 58, 84, this report; Wylie, 1963, p. 179-181; and
Moench, 1962b) . .
According to U.S. Atomic Energy Commission production data, 5,326 tons of ore has been shipped from
the mine (table 6). This ore averaged 1.26 percent
U 3 0 8 , 0.04 percent V 2 0 :;, and 1.4 percent Ca COa. According to Wylie (1963, p. 177), ore from above the 100foot level averaged 1.53 percent U 3 0 8 and 0.05 percent
V 2 0 5 , whereas ore from belo'v the 100-foot level averaged 0.32 percent U aOs and 0.03 percent V 2 0s.
The pipe crops out in the J ackpile sandstone and
probably extends more than 200 feet in depth, the maxi-
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mum depth of mining. Drilling, however, has failed to stone and the Brushy Basin Member of the Morrison.
intersect the pipe at greater depths. The pipe is cir- Pertinent information is summarized here.
cular in plan and ranges from about 24 to 34 feet in
The Paguate deposit, a short distance west of the
diameter; from the surface to a depth of 50 feet it J ackpile (pl. 3) , was discovered by core drilling in
plunges about G7° S. 50° E., :.mel below this depth it June 1956. Subsequent drilling revealed a uranium
spirals to a plunge of about 83° N. 45° E. (Wylie, 1963, deposit almost as large as the J ackpile. By 1963 a
p.177, and fig.1).
large open pit had been developed by stripping operaThe interior of the pipe "is a con1pact mixture of tions, and ore was being mined.
broken mudstone and sandstone fron1 the J ackpile sandIn plan view the Paguate deposit is about 9,500 feet
stone a.nd Brushy Basin ]\{ember of the Morrison. long and generally less than 1,000 feet wide and trends
~Tackpile sandstone is dominant in ·the upper part of
sinuously northeast (pl. 3). In the eastern part of the
the p"ipe, whereas mudstone is dominant in the lower deposit, most of the ore is in the upper third of the
pari'. Though commonly called a breccia, the sandstone Jackpile sandstone, which here is 140 to about 200 feet
and mudstone fragments tend to be rounded or rather thick; at places ore layers abut directly against overragged and .irregular in shape rather than sharply an- lying Dakota Sandstone (IGttel, 1963, p. 170 and fig.
gular, and the mudstone or sandstone in which they 4) . In the western part, most of the ore is in the lower
are embedded ·is compact; vugs are sparse. The bor- two-thirds of the J ackpile sandstone, which here is
der o:f: the pipe is locally marked by a complex pattern of about 80-140 feet thick (ICittel, 1963, p. 170). The
n.Iuts·tomos.ing ring faults (pl. 7) or by the broken Paguate deposit trends about at right angles to the
edges o:t: the surrounding strata. According to Wylie Jackpile but is similar to the J ackpile in form, char(1963, p. 177), the strata around the pipe do not sag in- acter, and composition.
wn.rd, contrary to the illustration shown by Hilpert
One deposit about 114 miles east-northeast of the
a.ncl Moench ( 1960, fig. 15).
.
Woodrow mine (pl. 3) is as much as 5 feet thick and
The bottom of the J ackpile sandstone within the pipe
about 600 feet wide where exposed along the face of an
.is either 30 feet or 45 feet lower than the bottom of the
open prospect cut. The deposit is at the base of the
~Tackpile outside the p.ipe, depending upon which zones
Jackpile sandstone, which here is only about 50 feet
are correlated.
, thick. Most of the exposed sandstone is friable, but
The high-grade ore in the upper part of the pipe is
that in the middle of the unit, well above the uranium
eoncentrn;ted along the ring faults; it looally permeated
deposit, for1ns a prominent bench. The bench-forming
the interior of the pipe, in zones where the ~andstone
sandstone, in a, strongly silicified zone as much as 15
was thoroughly broken, and locally ex·tended as much
feet thick, contains many nonradioactive gray, tan, and
n:s 10 feet into the surrounding strruta (Wylie, 1963, p.
orange silicified logs. The uranium deposit, at the base
177). Below n, depth of about 90 feet, ore is confined to
of the J ackpile sandstone, is composed mostly of urathe interior of the pipe; in the upper part of this zone
niferous carbonaceous matter, though yellow-green
the ore permeates and darkens the 1nudstone, whereas
minerals of hexavalent uranium are exposed locally.
in the lower part it is largely confined to the interstices
Carbonaceous matter forms wispy rolls, sparse to a bunof fragments (Wylie, 1963, p. 177).
dant spots about 1 mm in diameter, and nearly pure
The ore along the boundary ring faults occurs as pore
botryoidal nodules.
fillings and replacements, not fissure fillings (p. 84).
A small unprospected uranimn-vanadimn deposit is
Vugs hn.ve locally been filled with ore minerals (Moench,
exposed
about 2.8 miles S. 35° W. of the Woodrow de1D62b), but such occurrences are rare.
posit
(pl.
3) . Its base is about 30 feet above the base
The outcrop (pl. 7) is thoroughly weathered. Sulof
the
J
ackpile
sandstone, which here is about 100 feet
fi.des arc absent and hydrous iron oxides are abundant;
The
deposit
is a series of large rolls, which
thick.
v.iewed :in t·.hin section, 1nany speci1nens are thoroughly
20
feet
high and 40 feet wide (fig. 34).
aggregates
about
cemented with silica, much of which is opal. As shown
The
top
of
the
zone
is
about
2 feet below a thin n1udstone
on plate 7, the outcrop is highly r~dioactive, particularly
On
the
surface
the
deposit
is dark gray, although
bed.
in an arcuate zone that roughly conforms with the
it
contains
tyuyamunite.
Some
of the gray coloring
arcuate fractures. The black carbonaceous material is
imparted
by
carbonaceous
material,
but much is imis
highly urrmiferous, but most of the outcrop is nearly
parted
by
dark-brown
fine-grained
vanadium
clay,
barren of uranium.
which completely fills pore spaces in the darkest parts
O'l'HEU J>EPOSI'rS IN THE J AOKPILE SAND•STONE AND
UUUSHY BASIN MEMBER OF MORRISON FORMATION
of the deposit. Two samples of the darkest material
Many deposits for which data are inadequate for de- contain 0.086 .and 0.061 percent uranium and 1.01 and
tailed description have been found in the J ackpile sand- 0.50 percent vanadium, respectively.
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APPROXIMATE SCALE

34.-Sketch of small uranium-vanadium deposit in Jackpile sandstone about 2% miles south-southwest ·of the Jackpile
mine.

FIGURE

On Seama Mesa, at the w.est side of the district, a
deposit that is exposed intermittently for 600 feet along
an open cut has been prospected just below the Dakota
Sandstone (pl. 3). Most of the deposit is in a sandstone
stratum in the Brushy Basin Member of the Morrison,
but it locally extends upward into a sandstone lens of
unknown correlation between the Brushy Basin and
Dakota strata. The sandstone lens
5-15 feet thick
and is composed of quartz sandstoi1e and local quartz
pebble and cobble conglomerate; it locally contains
abundant coalified plant debris. Much of the mineralized sandstone is pink or violet and contains finely
disseminated hematite and sparse yellow minerals of
high-valent uranium and vanadium. In places the
yellow minerals coat joints.
On the west side of Mesa Gigante, about 4 miles
S. 10° E. of Piedra Lumbre (pl. 3), a small deposit was
found near the top of a sandstone unit in the Brushy
Basin Member. The sandstone unit is about 50 feet
thick and is fairly continuous; its top is about 100 feet
below the base of the J ackpile sandstone. The deposit,
which has not been prospected, is associated with silicified and coalified logs.

is

CHA. VEZ MINE A.ND OTHER DEPOSITS ON THE EAST
SIDE OF MESA. GIGANTE

On the east side of Mesa Gigante several small deposits occur in sandstone near the bottom of the Morrison Formation (pl. 3). Some of these have been prospected, but only the Chavez has produced ore. Most
of these deposits have similar host rock, composition,
and association with fragmental carbonaceous material;
three are described here.
The Chavez mine is a short distance south west of the
small Navajo Indian village of Canoncito and can be

reached by a jeep road that extends almost to the mesa
rim and, thence, by a foot trail that extends north rubout
half a mile from the end of the road. The workings
(fig. 35) consist of a short adit and a drift. The mine
is close to the surface throughout, and is in an area that
is extensively covered by colluvial debris. The area is
well drained, so the deposit has undoubtedly been above
the water table for a considerable period of time.
The Chavez mine produced 190 tons of ore, according
to U.S. Atomic Energy Commission records. This ore
averaged 0.21 percent UaOs and 0.56 percent V 2 05 (table
6). Vanadium is -much more abundant relative to
uranium than in any of the other mined ores in the
district. The high ·relative vanadium content is also
shown by three selected specimens: two contain 0.41
and 0.56 percent uranium and 0.90 and 0.99 percent
vanadium, respectively, and one contains 4.85 percent
uranium and 3.51 percent vanadium. The calcium
carbonate content is also high, averaging 9.4 percent,
which is much more than in the other Morrison ores of
the district.
The Chavez deposit is in arkosic sandstone in the
Westwater Canyon Member of the Morrison Formation, which in the mine area is as much as 100 feet thick,
including several thin mudstone splits. The sandstone is fine to coarse grained and poorly sorted and
is locally well cemented with calcite; in places it contains abundant fragmental plant remains. In the
mine the host sandstone is separable into an upper,
coarse-grained sandstone and a lower, fine- to mediumgrained sandstone. Both units, particularly the upper,
contain coalified plant debris·. · The debris -in the upper
unit is unmineralized.
The Chavez deposit has the form in section of a flat~
tened $-shaped roll (fig. 35). The axis of the roll
trends northwest parallel to the general strike of crossbedding. The projection of ore in plan appears as a
long narrow trace (fig. 35) ; datum for the projection
is about 3¥2 feet above the floor of the mine.
The ore is highly oxidized, and carnotite is the most
abundant uranium ore mineral. Black uraniferous
carbonaceous matter that coats sand grains is abundant but does not give an X-ray pattern. Vanadium
is in carnotite and vanadium clay. Thin sections of
the highest grade material show sandstone that is almost wholly cemented by fine-grained brown
pleochroic moderately birefringent vanadium clay,
which gives an X-ray pattern similar to that of'
roscoelite.
The Section 4 prospect, a short adit about 31/2 miles
north-north west of the Chavez mine (pl. 3) , is in . a
thin lens of fine-grained carbonaceous sandstone in tho
upper part of the Recapture. Member of the Morri-
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35.-Geologic map and sections of the Chavez mine.
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son. At the portal the lens is about 5 feet thick, hut
it pinches out about 60 feet north and 20 feet south of
the adit. The uranium deposit is about 3 inches thick
and follows the contact between the carbonaceous and
conglomeratic sandstones. The carbonaceous material
in both units is fine-grained coalified plant debris. The
carbonaceous sandstone above the deposit is slightly
radioactive, but no correlation is apparent between
abundance carbonaceous material and radioactivity.
SANDY MINE

The Sandy mine is in the southern part of the Laguna
district, about 3 miles southwest of Mesita (pl. 3) ; it
is accessible from U.S. Highway 66 only 'by poor road.
The mine includes many small uranium deposits in a
small area in the Entrada Sandstone and limestone of
the Todilto Formation.
The Sandy mine, discovered in 1950 or 1951, is not
economically significant, having shipped only 939 tons
of ore that averaged a scant 0.12 percent Ua0 8 and 0.14
percent V20s (table 6). The mapping of the mine area
by planetable at a scale of 1 inch : 200 feet, combined
with Anaconda Co. drill data, delineated the distribution of uranium (pl. 8).
LITHOLOGIC UNITS

The Sandy mine is underlain by the Entrada,
TodiJ.to, and Summerville Formations, all intruded by
diabasic sills and a few dikes.
The Entrada Sandstone in this area consists of only
the middle siltstone unit and the upper sandstone unit.
The base of the siltstone is not exposed in the mine area,
but nearby exposures indicate that the siltstone is probably aJbout 80 feet thick. The upper sandstone unit
is about 95 feet thick. In most of the area the upper
approximately 30 feet of the unit is nearly white, whereas the lower part is red; at places near the diabase
dikes and sills the lower part has been pyritized · and
changed from red to tan or very pale orange.
The Todilto in the mapped area consists of a lower
unit of limestone and an upper unit of leached gypsum
breccia. The limestone is about 30 feet thick in the
structurally low part of the ~rea, and thins northward
to about 15 feet in the structurally high area. It is
divisible into a lower zone of stratified limestone and an
upper zone of massive limestone. The thickness of the
stratified limestone ranges from 15 to 18 feet, but the
thickness of the massive limestone is more variable and
accounts for much of the thickness variation of the
unit. The leached gypsum breccia is about 15 feet
thick in the northern part of the area, but ranges from
zero to more than 30 feet in thickness farther south.
The Summerville Formation is composed of interstratified sandstone and mudstone or siltstone. In the

northern part of the area mU:dstone or siltstone is at the
base of the unit, but farther south sandstone directly
overlies the Todilto.
Many diabase sills and a few dikes, which interconnect (pl. 8) , intruded the sedimentary rocks and metamorphosed them at the contacts. The dikes, which are
8 feet or less thick, strike about north and are nearly
vertical. The sills, which are less than 1 foot thick to
slightly more than 80 feet thick, have a far greater
aggregate volume than do the dikes. The sills, though
subparallel to the stratification, loc.ally break at a low
angle across stratigraphic units. Deformation by diabasic magma was so gentle in most places that the
preexisting structural features are well preserved.
STRUCTURE

The dominant structural feature at the Sandy mine
area, disregarding that related to diabase, is a southfacing Jurassic monocline whose limb dips as much as
12° S. (pl. 8, section A-A'). On this steep limb are
several smaller discontinuous structural terraces which
are best exposed near Pits I and IV (pl. 8) . In addition, the Todilto limestone is deformed by many intraformational folds, which tend to be largest in the structurally low areas and account for some of the thickening of the limestone there. Though sinuous, the axes
of these folds tend to parallel the larger structures.
The Cenozoic joint pattern contains one set that
trends north, two sets that trend slightly east and west
of north, and one set that trends east (fig. 13). The
joint sets in the limestone, sandstone, and diabase differ in some respects, but their similarities suggest a
common origin.
DISTRIBUTION AND CHARACTER OF URANIUM DEPOSITS

The distribution of uranium deposits in the Sandy
mine (pl. 8) was determined by the use of a scintillation counter, by observation of exposed uranium minerals, and by drilling by the Anaconda Co. In general, most of the deposits are confined to an elliptical
belt at least 3,000 feet long and about 1,200 feet wide.
The belt of deposits is almost wholly on the steep limb
of the main Juarassic monocline; it is oriented northeastward about parallel to the monocline. The original
preerosion length of the belt is not known; but the indicated width of 1,200 feet is probably ~epresentative,
because the host rocks are well exposed on either side
farther north and south. The 3,000-foot length is a
minimum, because on the northeast end the host rocks
have been eroded, and on the southwest end (west of
the mapped area shown on pl. 8) they have not been
prospected thoroughly.
The largest deposits are clustered near the north side
of the belt, so that the northern limit of the belt of
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deposits is sharply defined. To the south the deposits
become smaller and more widely spaced; therefore the
southern botmdary is only arbitrarily defined. An
isoradioactivity line could be drawn with reasonable
assurance only on the north side of the belt. North of
the isoradioactivity line the radioactivity of the host
limestone and sandstone, as determined by scintillation
counter, is generally equal to or less than 0.005 milliroentgens per hour, whereas south of the line it is variable, but mostly aibove 0.005 milliroentgens per
hour.
In the structurally high area, near the anticlinal bend
of the monocline and on the limb, most, uranium deposits are near the top of the Entrada Sandstone;
locally they extend upward into the limestone. In the
structurally lower area, deposits are well within the
stratigraphically higher limestone. Thus, any one section across the belt would show that the deposits are in
a narrow zone that passes from the Entrada in the structurally high area to the Todilto in the lower area (section B-B', pl. 8 this report; Hilpert and Moench, 1960,
fig. 15). The group of deposits, in other words, is
tilted toward the syncline less steeply than the host
rocks.
The deposits in limestone, none of which have be.en
exploited, are largely associated wi·th intraformational
folds. The deposits are probably elongate and sinuous

like the folds, and possibly split into two or more deposits where the folds split. They are characteristically
low grade; very few samples assayed more than 0.1 percent uranium, and samples from only two of the man}'
holes that the Anaconda Co. drilled revealed more than
0.08 percent uranium. The highest grade samples contained only 0.22 percent uranium in a 2-foot interval.
Figure 36 illustrates a typical mineralized intraformational fold. The uranium deposit, outlined by the
one-tenth milliroentgen isoradioactivity line, is largely
in the massive thick-bedded limestone in the center and
at the base of the fold. Chemical data substantiate the
isorads fairly well (fig. 36). The uranium deposit is
separated inro three parts by two diabase sills; but as
the lower sill is about 20 feet thick, the lowest segment
of the deposit is not shown in figure 36.
Minerals of hexavalent uranium, mostly tyuyamunite
or metatyuyamunite, are abundant; carnotite is sparse.
Much of the vanadium is in vanadium clay along the
bedding planes in the limestone.
Deposits in the Entrada Sandstone are. semitabular,
roughly parallel to the stratification, and are generally
larger and higher grade than deposits in the limestone.
Their tabular form is modified by rolls. Drilling by
the Anaconda Co. revealed considerably more ore-grade
maJterial in the Entrada than in the limestone, and
EXPLANATION

5936'

5934'

Limestone breccia

Diabase

Massive
5932'

5930'

Aragonite

Limestone
Laminated

~
~

5928'

Coarse calcite

Limestone

5926'

Massive, thick bedded
-,--,-,-rO. 5-.--r-r-r

Isorad
5922'

Radioactivity in milliroentgens per hour;
hachures point in direction of higher
radioactivity

5920'

Channel sample

F61----i~:~~l
Geology by Frank Hensley
0

2

4

Showing percentage of uranium (upper)
and vanadium (tower) . Analyses: E. J.
Fennelly and J. Wahlberg

6 FEET

DATUM IS APPROXIMATE MEAN SEA LEVEL

FIGURE

F9+0.11
0.028

Selected specimen

36.-Section across uranium deposit in Todilto limestone, Sandy mine.
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assays of several samples revealed more than 1 percent
U30s.
The deposit prospected by Pit II (pl. 8) is a single
roll that connects two thin ·tabular layers (fig. 37). ·In
a gully northeast of the prospect pit, the deposit is a
thin tabular horizontal layer that is exposed about 7 feet
below the Todilto-Entrada contact. In the pit this
layer thickens and curves sharply upward in a roll. and
thence flattens farther southwest in a thin layer about
2 feet below the formational contact. As seen in outcrops farther west, this layer rises stratigraphically and
crosses the contact near the anticlinal bend of the monocline (pl. 8). The roll is about 5 feet high and 5 feet
wide and trends about N. 45° W. This direction is not
parallel to any known sedimentary or tectonic
structural feature.
The deposit is la;rgely oxidized, and probably all of its
uranium is in the hexavalent state. Uranium is dominantly in carnotite, and vanadium is partly ·in vanadium
clay. The higher grade or~ sample from the deposit
contains 0.044 percent uranium, and 0.576 percent
vanadium (fig. 37).
The Pit I deposit is the largest single deposit in the
Sandy mine and is the chief source of ore mined in this
area. It is on the west end of a n3irrow east-trending
belt of deposits about 600 feet long (pl. 8) which, prior
to erosion, may have been a single deposit. At its west
end the belt is well below the ·Entrada-Todilto contact,
but near its east end it is directly under the contact and
locally extends upward into the limestone.
The ore exposed in Pit I is various shades of gray,
which contrasts with the nearly white barren Entrada
Sandstone, and is only partly oxidized. Relatively lowgrade ore is mostly homogeneously light to medium
gray, but the highest grade ore is black and strongly
Southwest
10'

mottled. Exposed near the west end of the deposit are
a few 1- to 2-inch-thick concretions of uraninite surrounded by pyrite that are flattened parallel to the bedding.· The dark shades of the ore are given by coffinite,
uraninite, and vanadium clay; carbonaceous matter is
sparse. The highest grade ore specimen contained 1.38
percent uranium and 0.5 percent vanadium; the average
ore grade is about 0.1 percent uranium and 0.08 percent
vanadium (table 6).
The general form and stratigraphic position of the
deposit in Pit I are shown in figure 38. Section A -A'
is based on logs of six drill holes, as well as a map of the
surface exposure. The other three sections are based
largely on a map of the surface exposure. Drill holes
that are outside the pit and are not on the lines of section outline the limits of the deposit. The low-grade
halo is mostly below the Entrada-Todilto c;ontact; only
in the westernmost section does the halo rise as high as
this contact.
Roll structures have gradational boundaries marked
,only by -a subtle darkening of the rock. A sequence of
nine samples across the concave roll boundary exposed
in the north side of the pit (fig. 39) shows a gradual increase in uranium and vanadium content from light to
darker sandstone. The -sample representing the full
thickness of mineralized rock ·and the samples taken
above and below the deposit also confirm the visible
distribution of ore. The roll axis trends about parallel
to the cross-stratification in the Entrada, which here
strikes about east and dips as much as 30° S.
RELATION OF D.IABASE TO URANIUM DEPOSITS

The diabase sills and dikes intrude, displace, and locally metamorphose the uranium deposits. (See fig.
36, this report; Moench, 1962·a; and Moench and Meyrowitz, 1964.) At least five holes drilled by the Ana-
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FIGURE 37.-Pit II deposit, Sandy mine, showing sample distribution and uranium and vanadium contents.
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38.-Uranium deposit in Pit I, Sandy mine. .Solid line in each profile is outline of open pit.

conda Co. penetrated mineralized limestone or sandstone that is intruded and separated by 18- to 54-footthick unmineralized dia;base sills. An inclusion of mineralized limestone in the diabase was mined in Pit III
(center of section A -A', pl. 8) ; drilling revealed a
uranium deposit directly below the sill.
Amount and distribution of uranium in the sills here
and in the J ackpile mine are similar in some respects.
Al•though the sills in the Sandy mine now here are ore
grade, uranium does appear to be concentrated in the
chilled borders where the sills intrude deposits. Chilled
borders in contact with ·the uranium deposits shown in
~ figure 36 contain as much as 0.0055 percent uranium,
whereas diabase elsewhere in themine·area, but far from
a known uranium deposit, contains 0.0005 percent or less
· uranium (analyst, Dorothy L. Ferguson).
CRACKPOT MINE

The Crackpot mine is in the southern ,part of the
Laguna district, about 7 'miles southwest of Laguna
(pl. 3); it is accessible by p~or roads south from M.esita,

on U.S. Highway 66, and east fro~ the road to Acoma.
The deposit, mined by a small open-pit operation, is
the only one in limestone of the Todilto Formation
that has produced a significant amount of uranium ore.
In August 1955, when this study was made, the deposit
was mined out; its total production was 3,214 tons of
uranium ore averaging 0.13 percent UaOs and 0.33 percent V20~ (table 6).
The unoxidized ore minerals---uraninite ( ~) , vanadium clay, and pyrite--are distributed along bedding
planes in the stratified limestone and along grain boundaries in the massive limestone. Tyuyamunite appears
the dominant mineral of hex·avalerit uranium..
to
The limestone at the Crackpot mine is distinctly
separable into a stratified unit .6-8 feet thick and an
overlying massive unit 15 feet or more thick. · In the
stratified unit siltstone laminations at intervals of about
2 inches give the rock ·a slabby or platy parting. The
massive unit is composed of relatively massive coarser
grained limestone that is traversed by irregular subhorizontal deformed bedding planes.

be
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Slickenside striae are conspicuous on these faults where
they cut the steep fractures. Some slickenside~ bedding-plane faults, however, are sharply cut and shghtly
6'
displaced by steep calcite- and dolomite-filled fractures.
These relations indicate that the two fraoture zones
5'
formed contemporaneously with bedding-plane slipMineralized
4'
page-arraprobably
during the formation Qf the small
sandstone
asymmetric folqs. Because of the width of t~e frac3'
tures and their limited vertical extent, they are mferred
to have formed by shrinkage of bedded limestone dur2'
ing consolidation. Their orient~tion·. might have been
0.001 percenti1'\<0.06 percent 1'
gov'er;ned by the doubly plunging anticline that is exBarren sandstone
uranium 'W vanadium
pressed
by the top of the Entrada (pl. 9) .
~--------------------------------------~0'
Cenozoic joints are abundant in the open pit, and the
4 FEET
2
pattern is consiste~t with that recognized throug~out
FIGURE 39.-Sma:H roll in north side o:( .Pit I, S·andy mine,
the district (pl. 4) .· Except for local coatings of highshowing sample distribution and uranium and vanadium
valent uranium minerals and some soft fine-grained
content. Analysts:. E. J. Fennelly, w. D ... Goss, .. ~pd :.H. ~.> carbonate minerals, these joints are not mineralized.
Lipp.
· ·~'~~-<Plate 9. shows the areal distribution of the uranium
ore and ~i th~ 'halo-.of low-grade material surrounding
The top of the Entrada Sandstone immediately north the ore. The ore body occupies the crest. of the main
of the mine strikes west-northwest and dips gently northwest-trending doubly plunging anticline, and a
north, forming a north-facing monoCline which is prob- narrow arm of the deposit extends along the southwestably related to the -'Jur.~ic system of folds (pl. 9) · trending extension of the anticline. The ore body is
In the mine and to .the _.1vest and south·this )lori~on: is.,. about 110 feet long and 60 feet wide, except in the
characterized by sever~I"lo~-a~·plitucie·srilall' domes{ ·~~t~rision;- ~riii~hoie d~ta indicate that the deposit is
and basins. The domiwint stl1J.ctur~l feature formed about 11 feet thick near the center. The halo of lowby the top of the Entrada' 'in the 'mine is a doubly grade ma;terial extends from the deposit in three arms.
plunging northwest-trending anticline, which is part of. Two arms extend west-northwest and east, respectively,
a broad fold that diverges southeastward from the from the ore body, and approximately conform with
trend of the monoclipe. In. the open pit the major structural highs. . The third extends southeast beyond
structures in the Todilto reflect the form of the top of the southwest extension of the ore body and appears
.
the Entrada fairly wei~, but minor structures co~m~mly to have little. relation to structural feature,s.
The Crackpot ~ep~itjs shown in three.dlmensjons i~1
have very different orientations. The top· of the stratified lime~~one unit,' o~ly appr?ximately confornis t? th~ the fence. diagram on plate .9, which w.as compiled
. ·
. .
from. maps of the open pi~ .and from Anaconda Co.
top of the .Entrada. .
· The. stratified lime~ tone is deformed by many small drill;_ hole da;ta. The ore body is dominantly in the intraform~tiona1 asymmetric fold$ whose, a2(i3;1 planes str~tified limestone; but .it extends upward several feet
dip ~t..low angles tow.~r'd th~ir structuraliy raised .sides into the massive limestone. The bottom of the deposit
(pl. 9). Their axes 'bear east-west ,to northeast, and is .,locally on the top o£ the 'Entrada- Sandf:)tone, but in ~.
rarely northwest. The .. axi.~l plane. o~ eaGh minor, most place$ it is ~ foot or more above this contact.
asymmetric fold'passes downward w~thin a foot or tw9 Th~ l:;tteral boundaries .of the ore body have ~oil-like
into a: beddi_ng-pl~ne, fault, or into. a lo.w~~:r:J.gle 'thrust eonstructions abo~t on the ~qntact between th~ stratified
.
faulrt that breaks across t-\v'o or three beds. The fact and ~a~ive uni~. .
that these faults h~ ve slickerisid'e. ~t~iae that are orient~d
.AJGE. OF· URANIUM DEPOSITS.
about normal to the foid axes' (pl. ~) .sugg~~t~ 'th~a~ ~he
n)inor. folds and fault.s ·are· dire~t~y relat~d,~
.....
'Many· aspeCts ' of·· the origin of · Colorado Plateau
. Two northwes.t-trendii?:g . fracture zon~s iJ?. th~. s.trati.:. uranium deposits remain enigmatic, ·partly because
fied limestone, ";h~~h. are' exposed in 'the' open 'p.it' (pl. ·there is no conclusive evidence of·the age of uranium
9),; are ·.about' .5. foo.t high an~ .·a fe~ ·_feet wiqe and d.ip deposition: r:ela:tive tp the age 9f major geologic events
steeply· toward orie ·.another. · Openings alop.g th~ frac~: that . aff~ted t~e surrounding te~ane. For lack of
tures are as' much as 4 inches wide and-are: filled with . definlte g~logi~ ev.idence, ,the postulate~ La-te. Cret~;
calcite and: 'dolomit~. · C~rbonate~filled fr~ct~res hav'e ceous or early Tertiary ~ge of 1?-ra:nium deposits i:n the
been displaced laterally along. ·bedding-p.lane :faults. Uravan mrneral belt, ·determined from lead-uranium
Northeast
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isotope data ( Stieff and others, 1953), is accepted by
1n~tny plateau geologists. In spite of .the discordant
ages obtained from these data ( Stieff and Stern, 1956),
this work appears to have :influenced many plateau geologists more than all other geologic evidence combined.
More recent isotopic data nre simila.rly discordant and
likew:ise do not indicate absolute age (Miller and 1\:ulp,
1968). T.he geologic relations summarized here for the
Laguna district favor greater ages than are commonly
postulated for other parts of the plateau. Briefly, the
deposits a,re closely associated with Jurassic structural
features and appen,r to be older than Cenozoic features
and igneous rocks.
lJranium deposits in the J ackpile and Sandy mines
were intruded and metamorphosed by Tertiary diabase
dikes and sills, which are probably the oldest igneous
rocks in the district. The deposits also appear to be
older than the Cenozoic fractures, as these fractures
have neither localized uraniferous carbonaceous matter
nor influenced the trends of ore bodies. The relations
between. Cenozoic fractures and ore in the Laguna district are consistent with those described by Granger,
Santos, Dean, and Moore (1961, p. 1188-1191) in the
Ambrosia Lake district, but they are less complicated.
There, stratigraphically controlled unoxidized prefault
ores are distinguishable from unoxidized postfault ores
that tend to pn,rallel the strike of faults and probably
formed by redistribution of prefault ores. Unoxidized
postfault ores have not been recognized in the Laguna
district.
On the assumption that the inclined ore rods were
vertical when formed, it is postulated that the deposits
formed before Late Cretaceous or early Tertiary tilting
on the margin of the San Juan (fig. 28) . That the
main J ackpile ore layers approximately conform to the
gentle northwest dip is consistent with this interpretation. If the ore layers formed during or after tilting,
they might be more nearly horizontal than the ·stratification, as they are in the group of deposits at the
Sandy mine. (See I-Iilpert and Moench, 1960, fig. 15.)
In contrast to Cenozoic structural features, those of
· Jurassic age have localized uranium deposits in many
ways. Intraformational folds in Todilto limestone
(fig. 36; pl. 9), small penecontemporaneous faults in
· the ,Jackpile sandstone (fig. 29), and sandstone pipes
all exhibit marked localizing effects. These structures
formed during or shortly after accumulation of the
units that contain them. In the Sandy mine, uranium
deposits are localized mainly along the steep southfacing limb of a Jurassic fold (pl. 8). Because the
•· Todilto limestone is thickest in the structurally low
area, this fold probably formed during or shortly after
ttccumuhttion of the limestone. The uranium deposits

form a zone that is more nearly horizontal than the
stratification and that crosses from the Entrada, in the
structurally high area, to the stratigraphic.:'llly higher
Todilto in the low areas. (See Hilpert and Moench,
1960, fig. 15.) This transection probably means that
the deposits are, in part, younger than the folding. The
fact that the zone of deposits is also tilted toward the
syncline could mean that the deposits formed during
folding. Further, the Jackpile deposit is elongate
parallel to an inferred Jurassic anticline (pl. 6A) ,
which suggests that this anticline somehow influenced
localization of the deposit.
In summary, the· geologic evidence appears to bracket
uranium deposition to the period between the formation
of Jurassic structural features and Late Cretaceous or
early Tertiary tilting. Within this interval, all deposits
could have formed at the same time or at widely
separate times. They could have formed during or
shortly after the accumulation of the sediments that
contain them, or much later, after deep burial. In our
opinion the deposits in the Entrada Sandstone and
Todilto Formation formed shortly after Todilto sedimentation, and deposits in the Morrison Formation
formed during or shortly after Morrison sedimentation,
or at the latest before Dakota sedimentation. This
interpretation is consistent with the structural and
stratigraphic evidence, and it is likely that the environments for the various processes involved in the formation of the deposits were optimum then.
ORIGIN

The southern San Juan Basin mineral helt was localized by sedimentary and tectonic features that existed
or originated when the Late Jurassic host sediments
accumulated. At that time a broad east-trending highland existed south of a broad but shallow basin in which
continental sediments were being deposited (McKee and
others, 1956), and this highland was the major source of
sediments in the southern part of the basin. Near the
approximate boundary between erosion and accumulation, and perhaps elsewhere, gentle warps formed along
axes that were about parallel to the highland. At
places these warps loc·alized streams and received unusually thick lenticular accumulations of fluvial sands,
as the J ackpile sandstone. Surface and ground waters,
of the type outlined by I-Iostetler and Garrels (1962),
flowing from the highland may have extracted uranium
and vanadium from the rocks and transported them to
the sites of deposition. Such waters might also have
extracted soluble humic compounds from surficial or
buried decaying plant debris (Vine and others, 19-58).
These substances may have been precipitated together
where the flow was impeded by the prominent stratigraphic and Jurassic tectonic structures that character-
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ize the mineral belt. Impedence of flow might lead to
reduced oxygen supply and increased activity of anaerobic sulfate-reducing bacteria; the resulting chemical
changes in the ore-bearing ground waters would reduce
its capacity to carry uranium, vanadium, and perhaps
humic compounds.
SOURCE

porting abundant uranium and vanadium. Briefly,
they reported that the optimum expectable solutions
are weakly alkaline and moderately reducing and have
an average, or larger than average, concentration of
dissolved carbonate minerals. Such a solution is similar to some natural ground waters. Significantly, optimum solutions for the transportation of uranium and
vanadium could also carry large amounts of akalisoluble humic compounds, or humic acids (Vine and
others, 1958). Although Hostetler and Garrels ( 1962)
considered the problem of uranium-vanadium transport
in terms of rather deep subsurface waters, near-surface
or surface waters of the type they described are neither
unlikely nor uncommon.
Surface and ground waters of this type flowing from
the Jurassic Mogollon Highland conceivably extracted
uranium and vanadium from the rocks and transported
them t.o the area of the· mineral belt. Humic compounds
might have been extracted from decaying plant debris
in the source area, in the area of the mineral belt. or
in the full distance between. In the course of the
journey, uranium and vanadium may have been precipitated at places as carnotite by locally more oxidizing
conditions (Hostetler and Garrels, 1962), or as uraninite, coffinite, and vanadium clay by locally more reducing conditions, only to be re~issolved and carried
to· a permanent site of precipitation, much as postulated by Gruner (1956b).

Although the source of the major ore components is
unknown, we believe that the most logical place is the
host sandstones, and perhaps the rocks that were exposed
in the broad Jurassic highland in Jurassic time. Both
the Entrada and J ackpile sandstones have been partly
altered, and both alteration zones can be tra~d considerable distances south of the mineral belt. Kaolinization of the J ackpile sandstone and stratigraphically
lower standstones where they are truncated hy the Dakota Sandstone a_pparently occurred during. extensive
weathering and erosion prior to Dakota sedimentation.
Though we have no supporting evidence, it i_s conceivable that uranium, vanadium, and other elements
were extracted from the rocks during weathering.
Alteration of the Entrada Sandstone may also have been
an early postsedimentation phenomenon. Preliminary
chemical and petrographic data indicate ·that iron,
vanadium, copper, and possibly titanium, silver, lead,
zinc, and uranium have been leached from the sandstone
(table 2). These data are in approximate accord with
those resulting from the more detailed work of Shawe~
PRECIPITATION
Archbold, and Simmons (1958, 1959) in the Slick Rock
district of Colorado.
Uranium, vanadium, and humic compounds may have
The abundant relict volcanic rocks 'of the Brushy been precipitated where ground-water flow was impeded
Basin Member of the Morrison should not be overlooked somewhat by the prominent stratigraphic and tectonic
as a possible source of elements. Waters and Granger structures that characterize the mineral belt. Im(1953) suggested that ground waters may have leached pedence of flow would induce chemical changes in the
alkali metals, uranium, and vanadium from volcanic ash ore-bearing solution and reduce its capacity to carry
during devitrification. Garrels (1957) suggested that the main ore components. For example, stagnation in
the devitrification of volcanic ash in the presence of areas of impeded ground-water flow might stimulate
ground water will produce optimum solutions for the reduction of sulfate by ·anaerobic bacteria; the hydrotransportation of uranium and vanadium, and that these gen sulfide thus generated might effect reduction and
solutions will extract uranium from almost any medium precipitation of uranium (Jensen, 1958). In addition,
they meet. This possibility cannot be tested by petro- weak acidification by hydrogen sulfide might also cause
graphic and chemical studies, however, because devitrifi- precipitation of humic compounds, which in turn would
cation apparently destroyed the evidence. The paucity tend to extract more uranium from solution. The
of relict volcanic tuffs stratigraphically near t~e En- great affinity of uranium for humic acid is well known
trada Sandstone and Todilto Formation almost .pre- (Vine and others, 1958; Szalay, 1954, 1958; Manskaya
cludes th~s source for elements in deposits of this inter- and others, 1956).
Although impedence of ground-water flow would unval, although the thick bentonitic deposits in the Chinle
Formation a short stratigraphic distance below are a deniably reduce the supply of uranium and vanadium
to a given site of precipitation, it seems that the probpossible source.
lems of precipitation are greater than those of supply
TRANSPORTATION
per unit time, and that these problems are most easily
Hostetler and Garrels ( 1962) defined limitations on satisfied by impedence. Complete stagnation would
low-temperature , natural solutions capable of trans- mean that supply had been cut off; but impedence, or

~

URANIDM DEPOSIITS

107

reduction of ground-water flow velocity, would result through which they passed, nor above common average
in a favorable environment for precipitation while some annual surface temperatures in regions having warm
supply was maintained. In fact., possibly neither thP climate. Temperatures where the ore was deposited,
total ground-water input to the zone of impedence nor based on maximum depth of burial in Late Cretaceous
the discharge would be reduced at all. Impedence or early Tertiary time, are unreliable because of the wide
might mean only t.hat a given amount of ground water range of possible geothermal gradients (Weeks and
flowed through a htrger volume of sand, and, hence, Garrels, 1959, p. 8); possibly, however, the ores were
flowed more slowly; this type of impedence implies not deposited at maximum depths of cover. Temperasome degree of ponding.
tures postulated from scant mineralogic evidence (ColeThe shape of the ,Jackpile sandstone body (pl. 3; man, 1957) and from the experimental extraction of
Schlee and Moench, 1961, .fig. 3) is ideal for partial humic compounds from coal (Breger and Chandler;
ponding and impedence of ground-water flow. All the 1960) for other parts of the Colorado Plateau roughly
signifieant uranium deposits are in the generally thick- agree at about 100° + 45°C. This may only represent
est part of the sandstone body-hence, in the deepest the prevailing temperature range at maximum depths
parts of the ,Jurassic syncline in which the J ackpile was of burial. If sulfate-reducing bacteria had a major role
deposited. In all directions, except northeastward, this in the mineralization (Jensen, 1958, 1963; Jensen and
unit :is uneonformably truncated by the Dakota Sand- others, 1960), the maximum temperature was probably
stone; even northeast of •the major uranium deposits the less than 60°C (Jensen, 1963, p. 185). The suggestion
unit thins markedly. Thinning to the northeast is ex- of Abdel-Gawad and Kerr (1961, p. 417) that the cofpressed in a broad north-northwest-trending zone that finite-bearing deposits of the Colorado Plateau formed
1nay reflect a broad ~T urassic anticline that trends about at temperatures of 200°-360°C is based on the highnormal to the length of the sandstone body. This temperature laboratory synthesis of coffinite by Fuchs
1neans that most of the uranimn deposits are in a basin- and Hoekstra ( 1959) and on the presence of coffinite in
like depression that formed prior to Dakota deposition. some vein deposits. The same reasoning can be applied
As ground-wn1ter flow was probably eastward or north- for the formation of pyrite, which is also abundant in
eastward a way frmn the Mogollon fiighland, constric- some recent sediments. However Abdel-Ga wad and
tion of the sandstone northeast of the main group of J(err ( 1961) failed to mention that Fuchs and Hoekstra
uranium deposits would almost certainly have trapped ( 1959, p. 1060) believed that coffinite might form in the
ground water in the depression both before and after laboratory at considerably lower temperatures if it were
Dakota sedimentation. Partial stagnation in an area given more time.
Many deposits in the district may have formed below
of many square 1niles within the depression would have
provided an ideal environment for the precipitation of a water truble. A water table might ·account for peculiarities in tthe distribution of uranium deposits ;and of
uranium.
If n. fairly eontinuous flow of 'uranimn-bearing water unmineralized carbonaceous materials. The J ackpile
:into Huch a depression is required for the formation of deposit contains several ore layers that are wholly
large uranium deposits, mineralization in the district within the sandstone. A sandstone pipe (pl. 6B) well
probably predated Dakota sedimentation. After the above the main ore layer in the southern part of the mine
Dakota was laid down, ground-water recharge of the contains abundant unmineralized low-rank coal frag,Tackpile was undoubtedly greatly reduced. The Jack- ments. As some low-rank coal is capable of extracti1;1g
pile sn.ndstone is bounded laterally and below by virtu- nearly all uranium from an aqueous solution (Moore,
ally im.pern1eable mudstones of the Brushy Basin Mem- 1954), the coal in the pipe probably would be mineralber of the Morrison, and it is capped by Dakota Sand- ized if uranium-bearing solutions ever came in contact
stone. In the Laguna district the Dakota has low or with it. This relationship might be explained by postumoderate lateral transmissivity (Jobin, 1962) ; it is not a . .Jating that a water table extended below the coal and
good aquifer (Dinwiddie, 1963, p. 217). The thin but above the main ore body during mineralization. Likeextensive black shale strata, particularly where they are wise, the distribution of uranium deposits in the Sandy
at the base Qf the Dakota, would inhibit the exchange of mine might be explained by postulating that the dewater between the Dakota and . ,Jackpile sandstone posits formed below a water table that crossed the gently
bodies.
folded Entrada-Todilto cont-act.
If the ores formed shortly after accumulation of the
W-ater-table conditions could have prevailed in the
host sediments, as postulated, the prevailing tempera- zones of the uranium deposits only immediately after
ture must have been low. No available evidence con- sedimentation of 1the host rocks. Subsequently, the
clusively indica;tes that temperatures of ore-bearing rocks must have remained saturated until recent uplift
solutions were any greater than those of the rocks and erosion. The Entrada Sandstone might have been
221-688 0-66---S
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partly desaturated shortly after the Todilto gypsum
evaporites formed, or perhaps when Bluff sedimentation
became dominantly eolian. Water-table conditions undoubtedly also existed during accumul<ation of the
fluvial Morrison sands, and also during the possibly long
period of erosion that preceded Dakota sedimentation.
Other geologists have recognized the possible role of
water 1tables in the formation of uranium depOsits.
Fischer, Haff, ·and Rominger (1947, p. 127) suggested
that the vanadium deposits near Placerville, Colo.,
formed at a slightly uneven water table, or ·at the contact
between ground waters of two types, and definitely before major structual events affected the region. Marks ·
( 1958), in· his study of ground water in the Gas Hills,
Wyo., uranium area, noted thaJt "most ·above-normal
concentrations of uranium occur at local water-table
depressions or at wa!ter-btble terraces where the gradients of the waJter table fl·attens." He n:ttrrbulted such
concentrations to local impedence of ground-water flow,
which permitted reducing agents to precipitate larger
~tmounts of uranium. In the Maybell district, Colorado, Woodmansee ( 1958) postulated thaJt uraninite
and coffinite deposits pro'ba;bly formed originally ·at and
below a paleowater table. As the water table lowered,
reduced deposits "stranded" above the water table became oxidized; urani urn was leached by down wardmoving walter and was concentra~d along 'the oxidaJtion
boundary some distance a:bove the water taJble.
·
Other types of subhorizontal fluid boundaries might
have limited the vertical distribution of ores in the .
Laguna district, but their actions are less plausible. A
petroleum-water interface would be subhorizontal and
would limit the vertical distribution of any deposits
that might form near the boundary. There is no evidence, however, that large quantrties of petroleum ever
passed through the rocks of the area. The fluid bound-.
ary might also have been the contact between two fluids
of contrasting salinity. The saline waters that produc~d the Todilto limestone and gypsum may wei~ have
been in contact with fresh waters that flowed into the
basin from the sourth west. Wh(m the Cretaceous sea
advanced, sea water undoubtedly encroached on and
displaced fresh 'Yater contained in the Morrison Formation. As the density of salt water is greater than that
of fresh water, the contrasting ·bodies of walter should
have been 'stratified. Density stratification is known to
occur on Long Island, N.Y., where.pumping has caused
the landward movement of salt-water tongues at the
base of fresh-'Yater-b~aring sand aquifers (Perlmutter
and other8, 1959; Lusczynski and Swarzenski, 1960).
The salt
water-fresh
water boundaries
have gentle land'
..
.
i.
.
.

ward gradients and are characterized by diffusion zones
that range from a few tens of feet. to more than 200
feet vertically. The existence of such broad diffusion
boundaries in this area of rapid salt-water encroachment----as much as 2,000 feet in 6¥2 years (Lusczynski
and Swarzenski, 1960)-suggests that comparruble interfaces in the JuraSsic sediments are not likely to have
been responsible for the observed vertical distribution
of ore. Also, changes in salinity might not have had
much effect on the capacity of ground water to oarry
uranium and vanadium (Hostetler and Garrels, 1962,
p. 154, 155). Possible subhorizontal bound·aries between ground waters of contrasting temperature are not
likely, because there was no evident source of abnormally warm wat'er prior to Tertiary fracturing and
igneous activity.
Two lines of evidence against 1the water-table hypothesis for the J-ackpile deposit may ·be cited, but hoth are
inconclusive. First, the careful observer will note the
sm·all mass of ore near 'the sandstone pipe and· about at
the level of the unmineralized coalified debris (pl. 8B;
fig. 30). Though this indicates that ore-bearing solutions did, in fact, pass through the vicinity of the unmineralized coal, it does hot preclude the water-table
hypothesis. The small mass could have formed during
a brief period of mineralization when 1the water table
rose after the main mineraliz·ation ; the small amount of
uranium ('about 10-15 ppm) in the coal could have been
acquired during the later stage. Second, the fact that
I. A. Breger (written commun., 1959) was unable to extract humic acid from a fragment of coal from the pipe
in warm alkaline solutions may mean that soluble humic
acids were le·ached prior to mineralization, and hence,
the coal lost its uranium-fixing capacity. Szalay
(1958) noted that when humic acids are extracted from
peat b:y ·an alkaline ·solution,' the peat loses much of its
uranium-fixing :capacity; On the other hand, most of
the coaly mruterials in the pipe ·contain resinlike substances for which uranium should have some affinity,
b,ecause resin is used in milling to extract uranium from
solutions.
With the possible exceptions of local barrier effects
and possible flowage phenomena (such as ore rods),
there is no satisfactory explanation for the boundaries
of ore. Boundaries are sharp or gradational, and many
cut steeply across sedimentary structures. At places,
entire ore layers are in the middle of otherwise homogeneous sandstone, which suggests that ore was precipitated at the interface between contrasting solutions.
In the Slick Rock district, Sha we ( 1956) postulated
that ore was precipitated at the boundary between cool
connate water and warm ore-bearing water. In the
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Laguna district, however, there was no ready source of
warm water at the appropriate time.
It is possible that ore was precipitated at the boundary
between solutions of contrasting pH and Eh. Consider
a rnodel in which uranium- and vanadium-bearing
ground waters n1ove slowly through. thick alluvial
sands. At places the flow of ground water would be
impeded by sedimentary structures, abrupt changes in
the thickness of the sand, slump structures, and folds.
"There in1peded, the ground water would become more
stngnant, more poorly aerated, and the action of sulfatereducing bn.cteria would be enhanced. Hydrogen sulfide thus genera.ted (~Jensen, 1958) would render the impeded water more reducing and probably more acidic
than the. more freely flqwing water. Uranium and
vanadium would then be precipitated by reduction
( liostetler and Garrels, 1962) at the contacts between
the :impeded and free-flowing waters. If humic acids
also happened to be .in the free-flowing ore-bearing solution, they would be precipit~lJted in stagnant water areas
by an increase in acidity and would, in turn, tend to
extract more urn.nium from solution (Vine and others,
1958).
The boundaries between such solutions would have
various shapes tlmt would partly depend on the direction and velocity of ·the moving wa:ter and the kind of
impeding structure. 'Vhere the boundaries curve
sharply across bedding, roll forms would result; where
the position of such curved boundaries fluctuated,
banded rolls would result.
Clearly the problen1s of localization and precipitation
of the major ore components are far from being solved.
One critical problem concerns the nruture of the association of uranimn and carbonaceous matter. The humic
origin of the carbonaceous matter, though likeliest, has
not been established satisfactorily. Further, it is not
known whether uranium and carbonaceous matter were
transported and precipitated tJogether or separately. It
:is commonly assumed that carbonaceous matter,
whether indigenous or epigenetic, caused the reduction
and precipitation of uranium. This idea is plausible
because it permits extraction of uranium by carbonaceous m:atter fr01n very dilute ground waters over long
periods of time. On the other hand, it is conceivable
that uranium was precipitated first and later extracted
en.rbonaceous matter from ground wn. ter by polymerization n.nd dehydrogenation of petroleum or gaseous
hydrocn.rbons (see Charlesby, 1954; Davidson and
Bowie, 1951; Pierce and others, 1958; Hoekstra and
Fuchs, 1960, for discussions of the processes). 'Ve
:favor the view 1that uranium, vanaditml, and soluble
humic compounds were transported in dilute concentrations and were prec.ipita;ted together.
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Because the ore-bearing units in the Laguna district
dip generally northwestward, uranium deposits are exposed at the surface ·only in one outcrop belt. Northward and northwestward the Jurassic ore-bearing
units are buried by Cre;taceous stra;ta to depths of several thousand feet below Mesa Chivato and Mount
Taylor. We suspect that the southern San Juan Basin
mineral belt extends northwestward beneath the Mount
Taylor volcanic field and the McCarty's syncline to the
Ambrosia Lake district, but there excessive depths will
prohibit prospecting for many years. East of the
north-trending San Ignacio faulted monocline on the
east side of the district, :the ore-bearing beds are buried
beneath thick Cretaceous and Tertiary strata in the Rio
Grande depression. Again excessive depths, combined
with complex structure, will prohibit immediate prospecting. Also, it is not likely that large deposits exist
in units other than the Jackpile sandstone. However,
prospectors should not overlook the possibility that
uranium deposits may be found on the eastward projection of the mineral belt in Jurassic rocks east of the Rio
Grande depression and the Sandia-Manzano Mountains.
Areas to the north and south of the known limits of
the mineral belt are not generally favorable for prospecting. To the south the ore-bearing units wedge out
on depositional and erosional edges on the north flank
of the Jurassic Mogollon Highland. The northern side
of the mineral belt, 10-15 miles north of the Jackpile
mine, has been prospected, and a few·small deposits have
been found. The J ackpile sandstone exterids northeastward toward the Nacimiento Mountains and may contain deposits well northeast of any known occurrence.
If the mineral belt is genetically related to the south
margin of Jurassic sedimentation on the flank of the
Mogollon Highland, as we believe, significant deposits
probably will not be found much beyond the present
northern limit of the mineral belt.
We believe that the most major deposits will be found
in a west-northwest-trending zone about 10 miles wide
that is centered a:t the Jackpile mine. The most favorable area for prospecting in the J ackpile ·sandstone is
probably west of the Paguate deposit, along the projection of the Paguate-Saint Anthony group of deposits.
The north and south margins and the northeast end of
this belt have been defined by drilling and surface exposures. Exce~sive depth of the ore-bearing unit farther
west has inhibited sufficiently close-spaced drilling there
to define ore bodies.
Because theWestwater Canyon Member of the Morrison is the major ore-bearing unit in the A1nbrosia Lake
district, and because it contains a few small deposits on

110

GEOLOGY AND URANIUM DEPOSITS OF THE LAGVNA DlS'TIRICT, NEW MEXICO

the east side of Mesa Gigante, it may have ore-bearing
potential in the Laguna district. If so, the area of
likely ore occurrences in the Laguna district is considerably enlarged. The Westwater Canyon, as well as other
sandstone units in the Morrison Formation, may be
thickest in the broad Jurassic syncline that localized the
J ackpile sandstone. In the northeast corner of the Laguna district the Westwater Canyon Member is exceptionally :thick but not strongly mineralized. As the
J ackpile sandstone contains only small deposits here, so
may the Westwater Canyon, possibly because of its distance from the Mogollon Highland. Southwestward
toward the J ackpile mine, and then west-northwestward
toward the Ambrosia Lake district, the Westwater
Canyon Member may contain significant deposits.
The best prospecting procedure in these areas, we
believe, would be first to drill through the Morrison
Formation on 1-mile centers in an area slightly broader
than that of the J ackpile sandstone. This likely would
outline the thickest parts of the West water Canyon
and possibly disclose the shape of the unit. With the
target thus delimited, closer spaced drilling on 1,000foot or closer centers could then be concentrated in the
thickest parts of the unit. Because deposits rarely
exceed 1,000 feet in width, though they may be several
thousand feet long, wider spaced drilling might easily
miss a large deposit. We recognize, however, that the
present economics of exploration are not amenable to
such deep drilling. If the economics of deep exploration and mining improve sufficiently, the whole area
between the J ackpile mine and the Ambrosia Lake
district may be considered favorable ground, and the
Westwater Canyon Member as well as the J ackpile
sandstone should be prospected.
Future exploration, in our opinio·n, should be consistent with the concept of the southern San Juan
Basin mineral belt. Within the mineral belt the geometry or shape of the potential host units, particularly
the Westwater Canyon Member of the Morrison, should
be marked out before detailed prospecting for ore deposits is attempted. We believe that the· or~ probably
formed shortly a.fter sedimentation of the rocks that
contain them, or at least before deep burial, and that
the mineral belt was controlled by near-surface conditions that prevailed in a limited zone along the north
margin of the Mogollon Highland and the south margin of Jurassic sedimentation. If this is true, as is indicated by paleogeographic maps by McKee and others
( 1956), uranium deposits may well be found east of
the Rio Grande on the approximate projection of the
mineral belt, as well as west or northwest of the Laguna
district, provided favorable host rocks are present

there. Such rocks include deformed limestone of the
Todilto Formation and fluvial deposits of the Morrison
Formation.
In summary, paleogeographic maps probably provide
the best guides to the discovery of uranium districts.
In our opinion the most favorable regions are those in
which sediments were shed from a broad area of weathered granitic rocks, acidic volcanic rocks, or immature.
clastic sedimentary rocks into an adjacent shallow basin
of dominantly fluvial sedimentation. In addition, the
permeable sediments near the margins of the basin
should be characterized by. many thickness changes and,
perhaps, by many subtle structural features. These
features would impede the flow of ground waters,
change their character from weakly oxidizing or moderately reducing to strongly reducing and from weakly
alkaline to weakly acid, and provide the conditions under which uranium, humic acids, and other ore components could precipitate.·
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