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DEPOSITIONAL ENVIRONMENT OF UPPER CRETACEOUS
BLACK SANDSTONES OF THE WESTERN INTERIOR

By ROBERT S. HOUSTON and JOHN F. MURPHY

ABSTRACT

Black sandstones of Late Cretaceous age that are fossil
marine placerdeposits of heavy minerals have been known in the
Rocky Mountains since 1914 when Stebinger reported occurrences
in northwestern Montana. More than 100 of these deposits have
been located inrecent yearsin Alberta, Montana, Wyoming, Utah,
Colorado, New Mexico, Arizona, and northeastern Mexico. These
deposits are unquestionably of beach placer origin and have many
characteristics in common with modern beach placers such as
those on the southeast coast of Australia. Study of these deposits
in Wyoming and throughout the Rocky Mountains region has
provided basic information on Late Cretaceous shoreline trends,
beach slopes, and sediment source areas. Recent investigations
of better exposed deposits, especially in Montana, have added
information and modified earlier concepts.

Black sandstone deposits are characteristically found in
regressive sandstones; deposition during regression is evident
from internal structure of individual deposits and from general
stratigraphic relationships. Typical black sandstone is underlain
by white nearshore marine sandstone and is overlain by non-
marine fine-grained sandstone, carbonaceous shale, and coal.
QOyster-bearing beds, characteristic of lagoon and near-marine
swamp deposits, are also fairly common in overlying deposits. In
some localities the white nearshore marine sandstone can be
divided into three structural units: a lower unit with horizontal
laminations and low-angle medium- to large-scale trough and
planar cross-lamination which contains nonabraded fossils and
which is probably deposited in offshore areas seaward of the
breaker zone; a middle unit with low- and high-angle medium-
scale trough cross-lamination that may have formed on beach-
point bars in the breaker zone; and an upper unit containing the
black sandstone marked by large-scale very low angle wedge-
planar cross-lamination thought to have developed in the fore-
beach.

The black sandstone deposit proper is characteristically a
laminated black and white sandstone, averaging about 15 percent
heavy minerals at the base, and a massive black sandstone
composed of layers containing as much as 90 percent heavy
minerals at the top. In some deposits the lower and upper parts of
the black sandstone deposit characterized by seaward-dipping
large-scale very low angle wedge-planar cross-lamination are
separated from one another by crossbedded units with high-angle
laminae that dip seaward and landward, with steeper dips, as
much as 32°, landward. The lower black and white sandstone,
lowermost part in particular, contains worm and possible Ophio-
morpha burrows. The black sandstone deposit is itself considered
to be a regressional deposit; the lower black and white sandstone

is considered to be a foreshore deposit, the high-angle crossbedded
middle unit foreshore ridge deposits, and the upper heavy-mineral-
rich unit upper foreshore and backshore deposits. By analogy with
modern deposits the black and white layers are thought to be
deposited by traction processes operating in the swash zone which
require constant deposition and reentrainment and which result
in an association of light minerals too large to be hydraulic
equivalents of associated heavy minerals. The thick black layers
rich in heavy minerals deposited at the top of the beach are
thought to be storm generated and deposited by combined gravity-
shear sorting. This gravity-shear sorting causes a sorting of large
light grains to the top of a layer and small heavy grains to the
bottom of a layer, and during storms the processis thought to be so
effective as to remove most of the upper layer leaving behind a
layer composed mostly of heavy minerals.

Black sandstone deposits are not uniformly distributed in the
Upper Cretaceous rocks of the Rocky Mountains region. They are
most abundant in Montana and northern Wyoming. Major epi-
sodes of black sandstone formation took place in the 80-82-m.y.
and 71-72-m.y. time span in the northern areas. These episodes of
black sandstone formation are thought to be related to igneous
activity or to deformation associated with emplacement of the
Idaho and Boulder batholiths, or both, in part because minerals of
volcanic or igneous origin are more common in these northern
area deposits and because the igneous activity could produce a
larger supply of heavy minerals. The 80-82-m.y. period of black
sandstone formation may relate to a part of the events associated
with the Telegraph Creek-Eagle regression that Gill and Cobban
believe was caused by tectonism and volcanism in western Mon-
tana.

The black sandstone is perhaps the most reliable shoreline
marker known in rocks of Cretaceous age. If exposed in three
dimensions and if the top of the deposit is uneroded, the thickest
and most abruptly terminating part of the deposit is located
landward, and the long axis of the deposit is the local shoreline
trend. Although black sandstone deposits yield information on
local shorelines only, the strike of shorelines deduced from black
sandstone corresponds quite well with that determined by Gilland
Cobban from regional stratigraphic studies.

The overall shape of a black sandstone deposit and the distri-
bution of heavy minerals along strike may yield clues to storm
wind directions during the Late Cretaceous. Tentative models
developed in Gardner’s study of Australian deposits suggest that
black sand deposits should thicken toward headlands that face
the direction of storm wind attack and that zircon tends to lag
behind other minerals as clastic material is transported toward
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the headland. Evidence from black sandstone of Late Cretateous
age, though not conclusive, suggests that storm waves struck the
Cretaceous coasts from the southeast.

The extraordinary width of individual black sand lenses per-
pendicular to strike, the very flat dip of laminae in deposits, and
the very fine grain size suggest that Cretaceous beaches, espe-
cially in some Montana areas, may have been wide and flat. If
subsidence and compaction were negligible, orif a given depositis
a product of progradation only, the thickness of a deposit may be
an approximate measure of tidal range. In general, deposits are
thicker in the northern Rocky Mountains, suggesting that tidal
ranges may have been higher.

INTRODUCTION

Black sandstones of Late Cretaceous age that
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are fossil marine placer deposits of heavy minerals
have been known in the Rocky Mountains region
since 1914 when Stebinger (1914) reported occur-
rences in the Horsethief and Virgelle Sandstones of
northwestern Montana. Subsequently, similar de-
posits have been found sporadically, but exclusively,
in regressive-type littoral sandstone along the entire
belt of Upper Cretaceous rocks that crop out from
Alberta southward throughout the Rocky Mountains
to Arizona and New Mexico and into northeastern
Mexico (figs. 1-5). They occur in southwestern
Alberta (Mellon, 1961) in the Belly River Formation;
in Wyoming (Houston and Murphy, 1962) in the
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FIGURE 1.—Index map showing distributions of Upper Cretaceous rock (black)in which black sand-
stone deposits are found in the Rocky Mountains region. Faults are heavy black lines.
Modified from Stose and Ljungstedt (1932).
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WYOMING

DEPOSIT STRATIGRAPHIC POSITION
2. Cowley-------=m-memuu-annu- Mesaverde Formation
22 Lovell------c-mcccmceeanan- Do.
23. GrassCreek---~-«-----on--- Do.
24, Mud Creek----~------nou--- Do.
25.  Buffalo Creek--------------- Do.
26.  Dry Cottonwood Creek-------- Bacon Ridge Sandstone
27.  Shotgun Bench-------------- Mesaverde Group
28.  Coalbank Hills-------------- Do.
29. SaltCreek----------cce-un-- Fox Hills Sandstone
30. Poison Spider Creek---------- Lewis Shale
31. Clarkson Hills--------------- Mesaverde Group
32. Seminoe----------------oan Fox Hills Sandstone
33.  Fiddlers-------=~------=---- Lewis Shale
34. Rock Springs- - ------------- Rock Springs Formation
35. Cumberland Gap------------- Frontier Formation
36. Sheep Mountain------------- Mesaverde Group
37.  Clay Basin (Utah-Wyoming)- - - - Rock Springs Formation

FicURE 3.—Distribution of Upper Cretaceous rocks (patterned) and black sandstone
deposits (X), Wyoming. Faults are heavy black lines. Modified from Stose and
Ljungstedt (1932).

Mesaverde (also of group rank which locally includes
the Rock Springs and Frontier Formations), and in
the Lewis Shale; in Colorado (Houston and Murphy,
1962) in the Mesaverde Formation at Grand Mesa;in
the San Juan Basin of New Mexico and Colorado
(Chenoweth, 1956; Dow and Batty, 1961; Murphy,

1956) where the deposits are in sandstones of the
Mesaverde Group including the Gallup, Point Look-
out, and Pictured Cliffs Sandstones; in Utah (Dow
and Batty, 1961) in the Straight Cliffs Formation
and Ferron Sandstone Member of the Mancos Shale;
in Arizona (Murphy, 1956) in the Toreva Formation;
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DEPOSITIONAL ENVIRONMENT

and in northeastern Mexico where the deposits are at
the base of the Upper Cretaceous in Canon Del Tule
(Baker, 1970, p. 218-219).

The most abundant heavy minerals in the black
sandstone deposits are opaque iron-titanium oxides
and zircon. Other minerals of lesser abundance are
rutile, chromite, monazite, tourmaline, garnet, staur-
olite, amphibole, pyroxene, sphene, apatite, alla-
nite, niobium-bearing opaque minerals, anatase, bio-
tite, brookite, chlorite, epidote, kyanite, pyrite,
spinel, and gold.

These deposits are unquestionably of beach
placer origin and have many characteristics in
common with modern beach placers such as those on
the southeast coast of Australia (Gardner, 1955;
Whitworth, 1959; Connah, 1961). Study of these
deposits in Wyoming and throughout the Rocky
Mountains region has provided basicinformation on
Late Cretaceous shoreline trends, longshore current
directions, beach slopes, and sediment source areas.
Some of these features, relative to Wyoming deposits,
have been described (Houston and Murphy, 1962),
but investigations of better exposed deposits, espe-
cially in Montana, have added new information and
modified earlier concepts.

ACKNOWLEDGMENTS
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of the U.S. Geological Survey supplied critical infor-
mation on the age of deposits from throughout the
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FACTORS CONTROLLING THE DEVELOPMENT
AND PRESERVATION OF BLACK SANDSTONE

Black sandstone deposits are not uniformly
distributed in Cretaceous beach deposits. They occur
in regressive sandstone deposits (Houston and Mur-
phy, 1962, p. 14) and are unknown in transgressive
sandstone deposits (fig. 6). In the regressive sand-
stone beds of some areas, such as the Choteau area of
northwestern Montana, black sandstone is very
abundant, but in other areas of similar depositional
environment, such as the Kaiparowits area of south-
western Utah, it is relatively uncommon.

A critical factor in black sand accumulation is
the supply of clastic debris containing heavy min-
erals that is brought to the sea by rejuvenated

A7

Nonmarine fluvial deposits

Marine shale

deposits

Littoral and nearshore

. rine deposits
Volcanic rocks marine depo

Nonmarine fluvial end
brackish-water deposits

FIGURE 6.—Diagram showing idealized stratigraphic position of
major occurrences of black sandstone in Montana.

streams and rivers. For example, although black
sand has been reported on most modern beaches,
some of the major deposits are on beaches where the
geomorphic history suggests that uplift in the source
areas, and therefore increased detritus, has preceded
the development of the deposits. Gillson (1959) noted
that the major black sand deposits of Travancore
and MK in India accumulated after uplift and ero-
sion from a piedmont or upland undergoing lateritic
weathering, and Gardner (1955, p. 17-33) empha-
sizes that geologic evidence suggests successive
emergence and submergence of the land adjacent to
Australian beaches during the Pleistocene and that
an emergence of about 25 feet (6.2 m) in Holocene
time took place during the development of major
black sand deposits on the southeast coast of
Australia.

The association of black sand deposits with
regressive sandstone beds is in part related to the
increase in detritus resulting from stream rejuvena-
tion which was brought about by uplift and retreat
of the sea. Evernden and Kistler (1970) haveshowna
remarkable correlation between Mesozoic plutonic
episodes of California and Nevada and regression.
They indicate five major episodes of batholithic
emplacement and deformation during the Mesozoic
and correlate each with a temporary regression of
the epicontinental seas in the North American
continent.

Temporally and genetically, the black sand-
stone deposited in Montana and Wyoming during
periods of regression suggests relationship with the
igneous activity and deformation associated with
the emplacement of the Idaho batholith. Like the
Mesozoic plutons of California and Nevada, the
Idaho batholith is a composite intrusive with a long
history of emplacement. Facies of the batholith have
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been dated as old as 217 m.y. (million years) and as
young as 38 m.y. Although there is a clear overlapin
age determinations between rocks of the Idaho bath-
olith and rocks of the Mesozoic plutons of California
and Nevada (Larsen and others, 1958), the dating is
inadequate to relate the individual pulses of magma
emplacement. If a relationship can be inferred, it is
that a major magmatic episode in the emplacement
of the Idaho batholith may have occurred during the
Late Cretaceous in the period 90-79 m.y. ago
(Evernden and Kistler, 1970, p. 24, fig. 10). Figure 7
shows that this is the period during which more than
50 percent of the known fossil black sandstone
occurrences were deposited. Most of the deposits
shown in figure 1 arein Wyoming and Montana, and
their mineralogy indicates a significant contribution
from igneous and (or) volcanic sources (Houston and
Murphy, 1970, p. 246-248). In general, the deposition
of black sandstone increases toward the end of the
90-79-m.y. period.

Another major period of black sandstone deposi-
tion in Montana occurred between 72 m.y. and 71
m.y. ago (fig. 7). These deposits also contain abun-
dant minerals derived from the intrusive and extru-
sive rocks associated with the Boulder batholith of
Montana. Volecanism associated with the emplace-
ment of the Boulder batholith began 85 m.y. ago,
reached maximum intensity about 78 m.y. ago, and
ceased about 72 m.y. ago; plutonism began 78 m.y.
ago, peaked about 76 m.y. ago, and ceased about 68
m.y. ago (Robinson and others, 1968, p. 551-576).

If the frequency of occurrence of black sand-
stone reflects in some degree igneous activity and
deformation associated with the emplacement of
either the Idaho or the Boulder batholith, or both, the
deposits are more likely to mirror local events such as
those suggested by Gill and Cobban (1973, p. 20-33)
than regional events such as those suggested by
Evernden and Kistler (1970). The major episodes of
black sandstone formation are in the 80-82-m.y. and
71-72-m.y. time span, much briefer episodes than the
dating of either batholith indicates (in fact, if
Gilluly’s plots of the number of ages of salic plutons
and volcanics in the North American cordillera
(Gilluly, 1973, p. 505) are representative of the re-
gional events, the 80-82-m.y. episode is a regional
low in the number of ages reported in the period 45-
105 m.y.). The 80-82-m.y. period of black sandstone
formation, largely representing depositsin Montana
and northern Wyoming, may relate to a part of the
events associated with the Telegraph Creek-Eagle
regression that Gill and Cobban (1973, p. 20) believe
was caused by tectonism and volcanism in western
Montana. The 71-72-m.y. period of black sandstone

UPPER CRETACEOUS BLACK SANDSTONES OF THE WESTERN INTERIOR

deposition, largely in Montana, corresponds, in part,
to the Fox Hills regression (initial phase) which Gill
and Cobban (1973, p. 28) could not relate to either
volcanism or tectonism but which they suggested
possibly was caused by uplift related to late stages of
emplacement of the Boulder batholith.

The absence of black sand deposits in trans-
gressive littoral sandstone is due to the fact that
transgressive littoral sandstone bodies are not pre-
served or were not formed because rates of trans-
gression were more rapid than rates of regression.

It is also quite possible that the black sand
concentrating process is more effective, all other
factors being equal, if more time is available to work
on a given volume of sand before that volume is
covered by newly supplied sediment (Ralph E.
Hunter, written commun., 1973). This possibility
might suggest that some of the major black sand-
stone concentrations are evidence of temporary still-
stands during regression. Perhaps factors that
influence outcrop of black sandstone-bearing rocks
play as important a role in determining their present
known distribution and apparent abundance as any
of the preceding considerations, but we consider
volcanism the key factor that directly or indirectly
causes major black sandstone concentrations in any
given area.

HOLOCENE BLACK SAND DEPOSITS

Connah (1961, p. 3-5) classified Australian black
sand deposits of Holocene age into four types
according to origin: (1) storm-wave deposits at top of
beach, (2) wind-sorted deposits in dunes, (3) tidal-
current interaction deposits, and (4) high-grade dune
deposits of unknown origin. The fossil black sand-
stone deposits of Late Cretaceous age most closely
resemble storm-wave deposits at the top or landward
edge of the beach. According to Gardner (1955, p. 38)
the storm-wave deposits on the southeast coast of
Australia are formed by the surf on the upper or
landward part of a beach during stormy weather.
These deposits are dark layers of heavy minerals 30-
50 feet (9.2-15.2 m) wide that may extend along the
beach for the greater part of its length. In cross
section, they appear wedge shaped, tapering gradu-
ally seaward toward the foreshore and dipping
seaward at a low angle. In southeast Australia the
thickest of these deposits occur in beaches that
terminate northward in a headland or other natural
barrier. Such deposits may be 5feet (1.5 m) thick near
the headland and taper gradually to the south.
Connah (1961, p. 3-5) stated that storm-wave de-
posits show all degrees of concentration from single
to repeated pencil streaks to layers of pure black sand
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Stages and substages

K/Ar or other
dates

Estimated
dates

Millions of years

before pr

esent

Waestern Interior ammonite sequence|

Maestrichtian

lower

Campanian

upper

lower

Santonian

upper

middle

lower

Coniacian

upper

middle

lower

Turonian

upper

middie

fower

Cenomanian

70

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

Discoscaphites nebrascensis
Hoploscaphites nicolleti
Sphenodiscus (Coahuilites)
Baculites clinolobatus
Baculites grandis

Baculites baculus

Baculites eliasi

Baculites jenseni

Baculites reesidei

Baculites cuneatus

Baculites compressus
Didymoceras cheyennense
Exiteloceras jenneyi
Didymoceras stevensoni
Didymoceras nebrascense
Baculites scotti

Baculites gregoryensis

Baculites perplexus (late form)
Baculites gilberti

Baculites perplexus (early form)
Baculites sp- (smooth)
Baculites asperiformis

Baculites mclearni

Baculites obtusus

Baculites sp. (weak flank ribs)
Baculites sp. (smooth)
Haresiceras natronense
Haresiceras placentiforme

Haresiceras moritanaense

Desmoscaphites bassleri

Desmoscaphites erdmanni

Clioscaphites choteauensis

Clioscaphites vermiformis

Clioscaphites saxitonianus

Secaphites depressus

Scaphites ventricosus

Scaphites preventricosus

Barroisiceras

Scaphites corvensis
Scaphites nigricollensis
Prionocyclus wyomingensis
Scaphites ferronensis

Scaphites warreni

Prionocyclus hyatti

Collignoniceras woollgari

Inoceramus labiatus

Sciponoceras gracile

Dunveganoceras albertense
Dunveganoceras pondi
Plesiacanthoceras wyomingense
Acanthoceras amphibolum

Calycoceras gilberti

RS mf‘w

T T
5 10 156

PERCENT OF KNOWN BLACK SANDSTONE DEPOSITS

FicURE 7.—Percentages of known Upper Cretaceous black sandstone deposits of the Rocky Mountains region deposited
during time periods represented by Western Interior ammonite zones.
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as much as 8 feet (2.4 m) thick. Two or more layers
may be deposited successively and overlapping en
echelon. By inference Connah (1961, p. 12-13) sug-
gested that where deposits overlap each other the
combined thickness of both low-grade (3 percent
heavy minerals) and high-grade (as much as 80
percent heavy minerals) layers may exceed 20 feet
(6.2 m).

According to Foxworth, Priddy, Johnson, and
Moore (1962, p. 35-41), who studied modern black
sand deposits on beaches of the Mississippi Gulf
Coast, heavy minerals are deposited primarily by
wind-generated waves that result from squalls or
storms at sea. The heavy minerals may be deposited
on different parts of the beach depending on the
wave height and tide. Waves generated by winds of
low intensity are capable of depositing layers of
heavy minerals on the foreshore. (See fig. 8 for beach
terminology used in this report.) The heavy and light
minerals are carried to the foreshore, and the retreat-

BACKSHORE

FORESHORE
A

UPPER CRETACEOUS BLACK SANDSTONES OF THE WESTERN INTERIOR

ing low-energy wave returns most of the light min-
erals, leaving the heavy minerals marooned on the
upper foreshore in thin laminae that outline the
relatively steep slope in this area of the foreshore.
Moderate-intensity waves carry the heavy minerals
to and over the berm crest. The heavy minerals are
frequently draped over the berm crest and in cross
section outline a depositional anticline with dips on
one side toward the forebeach and on the other
toward the backshore. Erosion and redeposition on
these berms (especially on the foreshore side) may
result in truncation of one set of black sand beds and
redeposition of another set at a slightly different dip.
The black sand is interlayed with white quartz-rich
layers and shows distinct laminations. High-
intensity waves, generated at high tide or during
major storms, carry sediment over the berm crest to
the backbeach and return light minerals seaward
back over the berm crest. Gulf Coast backbeach
deposits are rich in heavy minerals and are appar-

INSHORE -

OFFSHORE
A A

Swash, backwash |Collision

=

Upper

Swamp or
lagoon

Backbeach
or berm

Dune Berm crest

1
foreshore Runnel

! Ridge- and- runnel system may be replaced by low-tide terrace
or by planar slope. At low tide, swash uprush and backwash occur
on seaward edge of foreshore.

2Step is present at lower edge of foreshore on low-energy sand
beaches and on most pebbly beaches.

~
Bores, longshore

currents, seaward | Wave-
return flow, collapse
rip currents breaker

Oscillatory waves

Lower

¥ 1
Ridge foreshore’

Path of water movement

Facies

Characteristics

Swamp or lagoon

Burrowed lagoonal silt and clay; rich in organic material; disrupted laminations; small-scale low-angle

trough and planar cross-lamination; ripple marks; oyster and coquinoid lime deposits

Dune
Backbeach

Very fine sand! ; trough cross-laminations; vertical root traces; laminated to structureless
Fine sand; low-angle landward, seaward, or horizontal, dipping wedge-planar cross-lamination;

channels common; nonfossiliferous

Berm crest
Upper foreshore

Fine sand; convex laminae; low- to moderate- to high-angle planar cross-lamination; nonfossiliferous
Fine sand; low-angle seaward-dipping wedge-planar cross-lamination; rare micro-cross-lamination;

burrows present but not abundant

Ridge and runnel
burrows uncommon
Lower foreshore
at lower edge of foreshore
Trough
Bar
than on bar
Offshore

Fine sand; locally coarser and bimodal on ridge; high-angle cross-lamination; trough cross-tamination;
Fine sand; low-angle wedge-planar cross-tamination dipping seaward; burrows common. Coarse sand

Fine sand, high-angle trough and planar cross-tamination; shell fragments
Locally coarser sand; high-angle cross-lamination in some examples. Sand in trough may be coarser

Very fine sand; thin bedded; undulatory wave ripples; plants and animals in growth position;

structureless where bioturbated

1 . - . . e . -
Grain size may vary in all facies because it is, in part, dependent
on material supplied.

FIGURE 8.—Major facies of idealized beach cross section (modified from Ingle, 1966).
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Thus the forebeach environment, and black sand-
stone in particular, is an exception to the general
trend of upward increase in grain size in a regressive
marine sequence (Sabins, 1965).

In many of the black sandstone deposits the
principal heavy mineral is magnetite and the princi-
pal light mineral is quartz. The modal diameter of
the heavy minerals is 0.10 mm, whereas the modal
diameter of associated light minerals varies depend-
ing on the percentage of heavy minerals of the
sample. Light minerals in samples with alternating
laminae of black and white sand that average more
than 50 percentlight minerals have modal diameters
of 0.21 mm. Light minerals in samples composed
largely (more than 60 percent) of heavy minerals
have modal diameters that average 0.15 mm (fig. 18;
also Houston and Murphy, 1962, fig. 4, pl. 3; Mellon,
1961, table 1). Grains transported in suspension and
deposited as current velocity decreases should have
the same settling velocity (Rubey, 1933) or be
hydraulic equivalents (Rittenhouse, 1943). Light and
heavy minerals in fossil black sandstone approxi-
mate this ideal in that the heavier mineral grains are
smaller than light mineral grains, but they are not
exact hydraulic equivalents. Ideally, a singlelamina
(depositional unit of Apfel, 1938) should be used to
test for hydraulic equivalency so that grains de-

Wentworth scale | Tyler sieve

Mm Mesh
No.

Medium sand
14 0250 60

Fine sand 80

1/8 0.125 115

Very fine sand | 170

1/16 0.0625 | 250

N E

i B .

I I I L J

Sik 325

10 15 200

5 10 15 200 5 10 15 20

PERCENT

PERCENT PERCENT

Wentworth scale | Tyler sieve

Mesh

Mm
No | Mm

Medium sand
1/4 0.250

Fine sand

1/8 0125

Very fine sand

1/16 0.0625

Siht

L L T | 558
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Ficure 18.—Histograms relating grain-size variation to light (no
pattern) and heavy (black) mineral fractions in black sand-
stone deposits. Line pattern represents ferromagnetic
fraction (ferric iron and carbonate matrix removed by 10 per-
cent HCI). A, Rollins(?) Sandstone Member of Mesaverde
Formation, Grand Mesa, Colo. B, Straight Cliffs Formation,
Escalante, Utah. C, Point Lookout Sandstone (of Shiprock
deposit), Salt Creek Wash, N. Mex. D, Gallup Sandstone,
Sanostee, N. Mex. E, Gallup Sandstone, Toadlena, N. Mex.
F, Toreva Formation, Tah Chee Wash, Ariz.
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posited together may be compared. The higher grade
(60-90 percent heavy minerals) samples are from
single layers rich in heavy minerals, and they should
be ideal depositional units; for example, if the
dominant heavy and light minerals, magnetite (sp.
gr. 5.18) and quartz (sp. gr. 2.67), are used to test for
hydraulic equivalency, and assuming the grains to
be spherical, a magnetite grain of 0.10 mm diameter
should be associated with a quartz grain 0.16 mm in
diameter. The observed modal size of the light
minerals is 0.15 mm and therefore is slightly smaller
than it should be. Quartz in black sandstone (fig.
18F, C) has a modal diameter of 0.21 compared to the
0.10 of the associated heavy minerals, somewhat
larger than would be expected if deposition was
controlled by settling velocities.

Clifton (1969) has demonstrated that heavy
minerals are deposited in the swash zone of Oregon
beaches as a type of reverse graded depositional unit.
The base of a unit is a fine-grained layer rich in
heavy minerals, and this grades upward into a
coarser grained light-colored layer with a high pro-
portion of light minerals. Constant erosion and rede-
position in the swash zone causes this layering to
vary, in that part or all of somelayers are removed so
that individual depositional units may not be com-
plete, but the process results in the development of
alternating light and dark laminae very much like
that in the lower parts of black sandstone deposits.
Clifton suggested that the reverse graded bedding is
formed by sorting action that takes place as sedi-
ment is transported by traction. He stated (Clifton,
1969, p. 557) “segregation between coarse and fine
grains, and between light and heavy grains occurred
very quickly within a moving layer of sand following
the maximum erosion during backwash.” This
general type of sorting in dense layers of sand has
been discussed from a theoretical viewpoint by
Bagnold (1954, p. 62), who stated that when grains of
mixed sizes are sheared together the larger grains
should drift toward the zone of least shear (top of the
layer). It is also reasonable to assume (Clifton, 1969,
p. 557) that grains of higher density will work their
way to the bottom of a layer even if all grains are of
equal size. This general process of combined gravity-
shear sorting has been observed not only by Clifton
but by many others including Inman (1949) and
Krumbein (1944).

Hand (1967) has demonstrated by use of settling
tube techniques that heavy minerals are too small to
be the hydraulic equivalents of light grains on New
Jersey beaches. He noted that once a grain is
entrained, the distance it will travel should be con-
trolled by settling velocities and that under these
circumstances grains that are deposited in a given
area should be hydraulic equivalents, but he stressed
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the point that an additional and perhaps more
important control on whether a grain will remain in
a particular placeis the ability of the existing current
to remove it—the process of reentrainment. He noted
thatif two grains have the same settling velocity but
different densities, the denser grain will be smaller,
and that since a small particle among larger ones is
physically removed and shielded from high velocity
flow, its movement will be blocked by the larger
grains. He further stated (Hand, 1967, p. 516)

It follows that in a mixture of quartz (S.G. 2.65) and garnet (S.G.
4.0), all of whose grains had the same settling velocity, the quartz
should be less likely to remain as part of the permanent deposit
than the garnet. To make the garnet equivalent to the quartzin a
true sense, it would be necessary to decrease the settling velocity
(grain size) slightly. With only a slight change, the geometric
disadvantage of the garnet will not be greatly increased, but the
ratio of fluid drag to grain mass will be substantially increased.
When the probability of entrainment for garnet just equals that
for associated quartz, the grains should be truly equivalent.

Hand’s concept therefore emphasizes the role of
reentrainmentin controlling grain size of associated
minerals of different specific gravity and would seem
to apply best to areas on a beach where there is
constant erosion and redeposition of grains—the
swash zone. The overall tendency with time mightbe
an association of heavy minerals that are too small
or light minerals that are too large to be hydraulic
equivalents in the sense of having equal settling
velocities.

The preceding discussion suggests that there
may have been two processes at work on the
Cretaceous beaches: one that resulted in the deposi-
tion of alternating black and white sand on the fore-
beach (swash zone) where light minerals are too
large to be hydraulic equivalents of associated heavy
minerals and one that resulted in the deposition of
black layers composed of at least 60 percent heavy
minerals, and often more than 80 percent heavy
minerals, on the landward edge of the beach where
associated heavy and light minerals are nearly
hydraulic equivalents. Deposition of the black and
white sand on the forebeach may be the result of the
traction processes described by Clifton (1969) and
Hand (1967), but deposition of the black layers on the
landward edge of the beach may be the result of a
different process.

The thick black layers rich in heavy minerals
found at the top of the black sandstone deposit are
thought to be storm generated. High-energy storm
waves are capable of destroying and flattening parts
of the forebeach, and they probably carry in suspen-
sion grains that were previously deposited on the
forebeach plus other clastic particles picked up sea-
ward of the forebeach. When this material is carried
to the top of the beach, the wave energy decreases
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and grains must begin to settle from suspension as
the wave moves along the beach. As the wave moves
along the beach and eventually returns seaward,
traction processes may take over and the mech-
anism of combined gravity-shear sorting as dis-
cussed by Clifton (1969) may be carried almost to
completion with the removal of most of the upper
coarser grained light-colored layer, leaving only the
black fine-grained layer rich in heavy minerals. The
process of combined gravity-shear sorting would be
carried to completion because of the higher energy of
the storm wave as it moves along the beach and
eventually seaward.

Light and heavy minerals in the lower layer of a
storm-generated deposit of this type would not be
affected by the reentrainment process of Hand and
would therefore be closer to hydraulic equivalents.

SHORELINE TRENDS

The black sandstone is perhaps the mostreliable
shoreline marker known in rocks of Cretaceous age.
If exposed in three dimensions and if the top of the
deposit is uneroded, the thickest and most abruptly
terminating part of the deposit is located landward
(fig. 9). The deposit thins and feathers out seaward or
may be made up of an en echelon series of black sand
lenses that are repeated slightly higher in the
section seaward. The long axis of the deposit is the.
local shoreline trend. However, if the depositis made
up of lenses that are en echelon in a horizontal plane
as well asincross section, thelong axis of the deposit
may diverge from the shoreline direction, and the
observer should thus make certain that he considers
a single black sand lens when a shoreline direction
is determined.

Table 1 compares shoreline trends deduced from
black sandstone deposits with those determined by
Gill and Cobban (1969) from regional stratigraphic
studies. Although the comparison cannot be made at
exactly the same instant of Late Cretaceous time,
there is reasonably close agreement. Significant
departures between the two methods occur only
where there are known major age differences be-
tween the black sandstone and the stratigraphic unit
used by Gill and Cobban.

SOME AREAS FOR FUTURE RESEARCH

In the course of this study, which was primarily
to consider the economic potential of fossil black
sandstone, a number of concepts were considered
that we believe will be useful in determining more
about the Late Cretaceous environment. The results
of studying these concepts were not conclusive partly
because detailed information on modern black
sandstone deposits is not available and partly
because of less than adequate study of fossil
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TABLE 1.— Trends of Upper Cretaceous shorelines determined from black sandstone as compared with trends of shorelines established

by Gill and Cobban (1969) from regional stratigraphic and paleontologic study

Stages and Age from Western Interior Location of black sandstone Shoreline trend from Shoreline trend of closest age
substages ammonite sequence deposits Stratigraphic unit black sandstone from Gill and Cobban (1969)
. Sphenodiscus Colorado Fox Hills North-northwest Northwest (approx.)
K] (Coahuilites) (northwest of Limon) Sandstone (approx.) (Baculites clinolobatus)
= ) )
g Lower Baculites clinolobatus
Q Baculites grandis Wyoming Fox Hills N. 10° W.(?) North (approx.)
§ (southeast of Midwest) Sandstone (Baculites clinolobatus)
Baculites baculus
Montana - Horsethief N. 25°-30° W. N. 25° W.
Baculites jenseni (north of Browning) Sandstone (Baculites reesidet)
Montana Horsethief N. 40° W. N. 25° W.
(west of Browning Sandstone (Baculites reesidei)
Kiowa Junction area)
Baculites reesidei
Baculites cuneatus Northern Montana Horsethief N. 65° W. N. 30° W.
(near Augusta) Sandstone (Baculites reesidei)
Baculites compressus New Mexico (Star Lake Fruitland N. 60° W. N. 55° W.
Trading Post) Formation (Baculites reesidei)
Didymoceras cheyennense
Exiteloceras jenneyi
Upper Didymoceras stevensoni Wyoming Mesaverde Group North-northwest North
(west of Laramie) (approx.) (Baculites scotti)
Didymoceras nebrascense
Baculites scotti
Baculites gregoryensis
Baculites perplexus Wyoming Parkman Sand- North North
(late form) (southwest of Casper) stone Member (Baculites scotti)
of Mesaverde
Formation
Baculites gilberti
Baculites perplexus Wyoming Mesaverde N. 15° E. North
(early form) (south of Tensleep) Formation (Baculites scotti)
Wyoming Mesaverde Northwest North
(south of Hiland) Formation (Baculites scotti)
Baculites sp. (smooth)
§ Baculites asperiformis
5 Baculites mclearni
=%
g Baculites obtusus Wyoming (northern Mesaverde N. 45° W. N. 45° W.
&) Bighorn Basin) Formation (Baculites mclearni)
Baculites sp. Wyoming (southeast Rock Springs Northeast Northeast
(weak flank ribs) of Rock Springs) Formation of (Baculites mclearni)
Mesaverde
Grou
Lower P
Baculites sp. (smooth) New Mexico Menefee N. 70° W N. 70° W.
(northeast of Shiprock) Formation - (Baculites sp. [smooth])
Haresiceras natronense ~ Wyoming (southeast Mesaverde N.15°W N. 15° W.
of Bighorn Basin) Formation (Baculites sp. [smooth])

deposits; however, these results are discussed below | helpful in the study of fossil black sandstone and

to suggest areas where future research may be

modern analogs. Interpretations are tentative, and it
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TABLE 1.—Trends of Upper Cretaceous shorelines determined from black snadstone as compared with trends of shorelines established
by Gill and Cobban (1969) from regional stratigraphic and paleontologic study—(Continued)

Stages and Age from Western Interior Location of black sandstone Shoreline trend from Shoreline trend of closest age
substages ammonite sequence deposits Stratigraphic unit black sandstone from Gill and Cobban (1969)
Wyoming (northwest Mesaverde North North
Wind River Basin) Formation (Baculites sp. [smooth])
New Mexico . Point Lookout N. 60°-70° W. N. 60°-70° W.
Haresiceras placentiforme (northeast of Shiprock) Sandstone (Baculites sp. [smooth] )
New Mexico (Standing Point Lookout N.54° W. N. 50° W.
Rock Trading Post) Sandstone (Baculites sp. [smooth] )
New Mexico Point Lookout N. 50° W. N. 50° W.
Lower (west of Cabezon) Sandstone (Baculites sp. [smooth])
(Con.) Montana Virgelle N. 55° W. N. 50° W.
(east of Valier) Sandstone (Baculites sp. [smooth])
Montana Virgelle N. 55° W. N. 50° W.
Haresiceras montanaense  (northeast of Pendroy) Sandstone (Baculites sp. [smooth] )
Montana Virgelle N. 45° W. N. 50° W.
(near Choteau) Sandstone {Baculites sp. [smooth])
Desmoscaphites bassleri Utah Straight Cliffs N. 15° W. N.20° W.
o Upper (south of Escalante) Formation (Desmoscaphites)
‘g Desmoscaphites erdmanni
Q
-~ . . .
s Middle Clioscaphites choteauensis
u Clioscaphites vermiformis Utah (southeastern Straight Cliffs N. 35° W. N. 40° W.
Kaiparowits Plateau) Formation (Desmoscaphites)
Lower Clioscaphites saxitonianus
Upper Scaphites depressus
Middle Scaphites ventricosus
= Arizona Toreva Forma- Northwest N. 55° W.
g (north of Pinon) tion of Mesa- (Desmoscaphites)
'E Scaphites preventricosus verde Group
8 Lower Arizona Toreva Forma- Northwest N. 55° W.
(Tah Chee Wash) tion of Mesa- (Desmoscaphites)
verde Group
Barroisciceras New Mexico (west Gallup N. 30° E.(?) N. 65° W.
of Laguna Pueblo) Sandstone (Desmoscaphites)
Scaphites corvensis
New Mexico Gallup N. 25° W. N. 60° W. )
Scaphites nigricollensis (Sanostee) Sandstone (Desmoscaphites)
New Mexico Gallup N. 25° W. N. 60° W.
a (southwest of Gallup) Sandstone (Desmoscaphites)
'E Upper Prionocyclus Arizona (north of Toreva Forma-  Northwest N. 55° W.
e pp wyomingensis Black Mountain tion of Mesa- (Desmoscaphites)
ﬁ Trading Post) verde Group
Utah Ferron Sandstone N. 40° W. North
(southeast of Emory) Member of (Desmoscaphites)
Scaphites ferronensis Mancos Shale
Utah (south Ferron Sandstone N. 27° W. North
of Mount Hillers) Member of (Desmoscaphites)

Mancos Shale

will be clear to the reader that comparisons with
modern analogs are inconclusive and that similar-
ities and differences may cancel each other in our
present state of knowledge.

POSSIBLE WIND DIRECTIONS DURING

2

LATE CRETACEOUS STORMS

In an earlier study (Houston and Murphy, 1962,
p. 72-74) it was suggested that the form and shape of
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black sandstone deposits and their heavy mineral
distribution might give clues as to prevailing storm-
wind directions. This suggestion was based on the
work of Gardner (1955), who reported a relationship
between shape of black sand deposits and mineral
distribution in black sand deposits in Australia and
the direction that storm waves strike the Australian
beaches. Gardner (1955, p. 38) stated that the width
(plan view) of a seam of heavy minerals is 30-50 feet
(9.2-15.2 m) and that the thickest deposits (cross
section) occur on beaches that terminate northward
at a headland or other natural barrier. This type of
deposit may be 5 feet (1.5 m) thick near the headland
and thins gradually toward the south. Gardner did
not state whether the entire beach interval thickens
northward or just the heavy mineral deposits.
Gardner (1955, p. 53-61) also stated that heavy
minerals in Australia deposits are dis tributed
according to their relative rates of transport, all
other factors being equal. He ranked zircon slowest,
ilmenite as intermediate, and rutile as having the
most rapid rate of transport. He demonstrated that
in deposits that terminate in a headland or creek
mouth there is a small but steady decrease in zircon
and increase in rutile from south to north. The
Australian deposits studied by Gardner are on north-
trending beaches located on the southeast coast.
Storm waves strike this coast from the southeast,
and Gardner believed that both the increase in
thickness toward headlands at the northern termin-
ation of a deposit and the mineral distribution result
from northern transport of sediment during storms.

Information on both shape and mineral distri-
bution in Upper Cretaceous black sandstone is
limited to two deposits, one in Wyoming and one in
New Mexico. The best exposed depositin Wyomingis
at Buffalo Creek (secs. 34 and 35, T. 45 N., R. 89 W,
and secs. 2and 11, T. 44 N, R. 89 W ; fig. 19; fig. 3, No.
25) in the southeast Bighorn Basin. This deposit is
thin at its southern end and gradually increases in
thickness (cross section) to the north, which suggests
northern transport using the Australian analog. At
Buffalo Creek zircon decreases in abundance to the
north (table beneath fig. 19), again suggesting
northern transport using the Australian analog. At
Buffalo Creek, however, the northern decrease in
abundance of zircon is with respect to magnetite
rather than ilmenite and rutile asis the case with the
Australian analog. If the ratio of rutile to zircon is
considered, a first approximation might be to as-
sume that the lighter mineral rutile is being trans.
ported farther, but if the ratio of zircon to magnetite
is considered, the reverse would have to be true or we
must state that transport is southerly in the Wyo-
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D-4 .025 .09
D-6 017 .36
D-3 056 72
D-8. 020 23
D-9 120 55
D-10 .097 45
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FIiGURE 19.—Planetable map of Buffalo Creek black sandstone
deposit, Washakie County, Wyo.

ming deposit according to mineral distribution
evidence and northerly according to deposit shape.
We believe that size is a more important factor in the
transport of a mineral than specific gravity, as
reviewed in the discussion on significance of grain
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the Cretaceous seaway. Hayes (1971) classified
depositional coasts that have strong downwarp
and rapid sedimentation (Hayes, 1964) into hypo-
tidal [tidal range 0-5 ft (0-1.5 m)], mesotidal [tidal
ranges 5-10ft(1.5-3 m)], and hypertidal [tidal ranges
greater than 10 ft (3 m)]. Hayes noted that, as a rule,
coasts with small tidal ranges are dominated by
wave enrgy and that they are characterized by well-
developed deltas of the arcuate and cuspate types
at the mouths of major rivers. Between major rivers,
long barrier islands are present with beaches
marked by a series of breakpoint bars parallel to
the beach. Hayes cited the Gulf Coast of the
United States, the southern Baltic coast, and
coasts of southern Australia and the Mediter-
ranean as having beaches of this type.

The Late Cretaceous beaches, especially those of
New Mexico and Utah, seem to fit the hypotidal
category very well; Peterson’s (1969, p. 193)
reconstruction of the paleogeography during the
time of deposition of the John Henry Member of the
Straight Cliffs Formation of southwestern Utah is
an almost perfect analogy of a hypotidal coast.

The landward-facing foreshore ridges that are
well substantiated in Montana have been considered
by King (1959, p. 338) to be typical of very flat
beaches with high tidal ranges. According to King,
the development of a ridge-and-runnel system
depends on several factors:

1. The beach should be very flat and have a high

tidal range.

2. The ridge-and-runnel system is developed on
flat beaches where waves striking the
beach have a short fetch because thereisan
attempt to steepen the beach gradient to
adjust to shorter waves. Flat beaches ex-
posed to the open ocean may not develop
ridge-and-runnel systems because the long
fetch of the waves may adjust more readily
to the flatter beach.

3. Ideally a large supply of sand-sized material
also enhances the development of beach
ridges, as the sand is needed to build up the
gradient in response to the short fetch
waves.

King’s criteria seem opposed to those used to
support the classification of the southern Cretaceous
beaches as hypotidal, but Davis, Fox, Hayes, and
Boothroyd (1972) cited evidence that suggests that
ridge-and-runnel systems may develop on beaches
with low tidal ranges. They compared beaches on
Lake Michigan where tidal ranges are small with
beaches of the northern Massachusetts coast where
tidal ranges are large, and they showed that both
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types of beaches may have well developed ridge-and-
runnel systems. Davis, Fox, Hayes, and Boothroyd
(1972, p. 416) showed that ridge-and-runnel systems
develop after storms when erosion of the beach and
adjacent dune areas supplies a source of sediment for
ridge development. Therefore the presence of a
foreshore ridge does not seem definitive of tidal
range.

If subsidence during progradation was negli-
gible and postdepositional compaction is negligible,
the thickness of a black sandstone deposit may be
used to approximate tidal range. The thickness may
be representative of the height of a beach from the
lower foreshore to the base of the dune, if the
environmental interpretations are correct. The
thickness, therefore, may be an indicator of tidal
range plus height of swash. The 18-foot (5.5-m)
thickness of the Marias River deposit suggests a
substantial tidal range or that the beach was subject
occasionally to very large waves. We do not suggest
that the thickness of individual black sandstone
deposits is a direct measure of tidal range because
we are not certain that subsidence was negligible,
compaction was negligible, or that a given depositis
a product of progradation only, but if the same
general processes operate to form the wvarious
deposits, thicker deposits may beindicative of higher
tidal ranges. In general, thicker deposits are in
northern Wyoming and Montana, although thick-
ness varies greatly even in a local area.

Summarizing, the hypotidal classification seems
appropriate for the overall characteristics of the
Utah, New Mexico, and perhaps the southern
Wyoming beaches as they have been described, but
evidence from the black sandstone deposits suggests
that tidal ranges may have been higher in northern
Wyoming and Montana.

SUMMARY

Fossil black sandstones may aid in reconstruct-
ing the characteristics of beaches of the Late
Cretaceous seaway of the Rocky Mountains region.
Although the character of the deposits varies
considerably from one locality to another, most of
the interpretations have been formulated through
study of the better exposed deposits in Montana and
Wyoming, and these deposits are different from
those in Utah, New Mexico, and Arizona. Certain
characteristics of Upper Cretaceous black sand-
stones seem common to all or most deposits and are
reasonably well documented:

1. The deposits occur only in regressive sand-

stone where alarge supply of heavy-mineral
rich detritus was available.
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2. The black sandstone deposit is itself a small-
scale example of a regressive unit. Each
deposit typically has a laminated sand-
stone at the base overlain by thick bedsrich
in heavy minerals. The laminated black
sandstone was deposited on the lower part
of the beach, and the heavy-mineral-rich
layers on the upper part. Each deposit is
typically overlain by carbonaceous shale,
coal, or oyster beds deposited in lagoons or
swamps during regression.

3. The upper heavy-mineral-rich layers are
probably formed during major storms.
Berm crests and structures typical of the
backshore are largely destroyed during the
storms, and so most laminae dip seaward.

4. Evidence of original dune deposits is lacking;
presumably the dunes were destroyed dur-
ing regression by lateral planation or by
action of plants and ground water.

5. Processes of reentrainment and gravity-shear
sorting may have played major roles in the
deposition of laminated black sandstone.
The heavy-mineral-rich layers probably
resulted chiefly from gravity-shear sorting.

6. Well-exposed black sandstone deposits are
useful in determining local shoreline direc-
tions.

7. The very fine grain size and low dip of
laminae of most black sandstone suggests
deposition on flat beaches.
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