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Carmel Formation in the Gunlock Area,
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DCM/Joyal Engineering, Walnut Creek, California 94595

Thesis Chairman: ]J. KEITH RIGBY

ABSTRACT

The Carmel Formation near Gunlock is composed of 240 m of shallow-marine to peritidal sedimentary
rocks that accumulated in two major transgressions and one regression, composed of seven, second-order,
shallowing-upward cycles in an arid climate near the southern margin of the Middle Jurassic Western
Interior seaway. The sedimentology of the Co-op Creek Member and approximately 100 m of previously
unreported section including the Crystal Creek and parts of the Paria River(?) Members is described from
10 laterally equivalent measured sections spanning nearly 15 km.

Sedimentary features include bivalve-inhabited bored hardgrounds, oyster colonies, salt-hopper casts,
mudcracks, raindrop impressions, fenestrae, algal stromatolites, tidal channels, evaporite solution breccia,
ripple marks, cross-bedding, and seven volcanic ash beds that give isotopic and fission track ages from Late
Callovian to Early Oxfordian. Gastropods, bivalves, Pentacrinus columnals, bryozoans, ostracodes, radio-
larians(?), foraminifers, echinoids, corals, and trace fossils of the Trypanites, Skolithos, and Cruziana
ichnofacies occur. Diagenetic influences include evaporite dissolution, replacement crystallization,
neomorphism, oxidation, and minor dolomitization. Geochemical analyses of carbonate lithologies docu-

ment inverse relationships between insoluble residue percentages and that of Ca/Mg ratios.

INTRODUCTION

The Carmel Formation near Gunlock, northwest of St.
George, Utah, records a variety of sedimentary environ-
ments near what was the southern end of the Middle
Jurassic Western Interior seaway (Blakey and others
1983). These rocks are the westernmost exposures of
marine Jurassic rocks in the Cordilleran region. Over five
square kilometers of excellent exposures of Carmel For-
mation exist near Gunlock. These rocks contain fine ex-
amples of shallow marine to tidal flat carbonates and
document two periods of major transgression and regres-
sion with second- and third-order transgressive and re-
gressive cycles and lateral shifts of environments. The
Carmel in the Gunlock area is here divided into six infor-
mal members labeled A-F. Members A-D are part of the
Co-op Creek Member of Doelling (1988). Members E
and F are believed to be equivalent, respectively, to the
Crystal Creek and lower Paria River(?) Members of
Thompson and Stokes (1970).

This report describes the sedimentary facies, struc-
tures, and spatial relationships within these local mem-
bers. From these descriptions a model of deposition is
postulated. This report also discusses the effects of diage-
nesis on the rocks, the rock’s fossil character, and geo-
chemical analyses of the major constituents within the
carbonate lithologies. The stratigraphic location of seven
volcanic ashes within the Carmel in the study area is
recorded as well as preliminary fission track and isotopic
ages obtained from some of these horizons.

LOCATION

The study area is in southwestern Utah (fig. 1) near the
Beaver Dam Mountains on the western margin of the
transition zone between the High Plateaus and Basin and
Range Provinces. Access is by paved and unpaved roads
from St. George and Gunlock. Approximate locations of
the measured sections are shown on figure 1. Detailed
locations are given on the heading of each section descrip-
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FIGURE 1.—Index map of the study area in the Beaver Dam Mountains area showing locations of measured sections.
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tion in the appendix of Nielson (1988). Section descrip-
tions are also available from the Department of Geology at
Brigham Young University.

METHODS

Ten sections were measured along linear outcrop
trends near Gunlock, Utah, during the 1987 and 1988
field seasons (fig. 1). The sections were measured to the
nearest 0.1 m with a 1.5 m Jacob’s staff. Individual units
were correlated between sections by walking bedding
planes where feasible or through aerial photographic
methods and/or by the relationships to key stratigraphic
marker beds such as volcanic ashes. The color of each unit
was described using the GSA rock-color chart (Goddard
and others 1984). Grain sizes were classified according
to the Wentworth-Udden grain-size scale (Lewis 1986,
p. 59).

Seventy thin sections were made from representative
samples of each carbonate rock type as well as from con-
solidated terrigenous-dominated lithologies. Thin sec-
tions were stained with Alizarine Red S solution to distin-
guish calcite from dolomite, as described by Friedman
(1959). Binocular and petrographic microscopes were
used to identify the microfauna, sedimentary structures,
textures, and constituent mineral grains. Unconsolidated
terrigenous sediments were examined under a binocular
microscope.

Seventy-one carbonate units from sections 1 and 10
were analyzed for calcium and magnesium using an In-
ductively Coupled Plasma Atomic Emission Spectro-
scope (ICPAES). One gram of each sample was dissolved
in concentrated hydrochloric acid. The undissolved por-
tion was filtered, dried, and weighed. The filtered solu-
tion was diluted with distilled water. Parts per million
(ppm) calcium and magnesium were determined usinga 1
to 1000 dilution. Standards for each analyzed element
were prepared with stockroom chemicals by Dr. Angus
U. Blackham from the Department of Chemistry at
Brigham Young University.

Carbonate nomenclature in this study follows the
scheme of Embry and Klovan (1971) as modified from
Dunham (1962), which classifies rocks on the basis of
depositional texture. The use of prefixes like “lime” in
“lime mudstone” is used to distinguish Dunham’s carbon-
ate mud from the more commonly associated terrigenous
“mudstone,” used here in the sense of Ingram (1953) as a
fine-grained, nonfissile sedimentary rock consisting of at
least 50% silt and clay with no connotation concerning the
relative percentages of silt and clay. Modifiers such as
“sandy-oolitic” in “sandy-oolitic grainstone” were added
to convey additional description of minor constituents.
Terrigenous rocks described in this study were classified
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according to a similar modifying scheme as proposed by
Friedman and Sanders (1978, p. 189).

PREVIOUS WORK

Localized studies of the Carmel Formation, similar to
this one, have been done in various parts of Utah. Bordine
(1965), Bullock (1965), and Hinman (1957) analyzed the
facies and paleoecology of the Carmel-equivalent Twin
Creek Limestone in north central Utah. Bagshaw (1977)
and Dover (1969) studied the lithology and paleoecology
of the lower Carmel rocks in the San Rafael Swell, and
Fritz (1977) and Lowrey (1976) did the same for rocks in
the Uinta Mountains. Richard’s (1958) study concerned
the cyclicity of the Carmel in northeastern Utah. Taylor
(1981) explored the facies, paleoenvironments, and depo-
sitional history of the Carmel Formation at its type local-
ity near Carmel Junction in southwestern Utah.

Regional studies and reviews that include the
Carmel-Twin Creek Formation within Utah include
those by Blakey and others (1983), Caputo (1980), Cash-
ion (1967), Freeman (1976), Geesaman (1979), Imlay
(1953, 1967, 1980), Peterson and Pipiringos (1979),
Thompson and Stokes (1970), Voorhees (1978), Williams
(1952), and Wright and Dickey (1963a, 1963b, 1978a,
1978b, 1979).

No detailed study of the Carmel Formation has been
done in the Gunlock area. However, section 7 was mea-
sured as part of regional studies of the Carmel and associ-
ated units by Wright and Dickey (1979). Peterson and
Pipiringos (1979) and Voorhees (1978) also measured
stratigraphic sections near section 7 of this study. In other
regional studies, Baker, Dane, and Reeside (1936), E. F.
Cook (1957), and Reeside and Bassler (1922) included
measured stratigraphic sections of Carmel rocks exposed
16 km east of the study area in Diamond Valley. Short
stratigraphic descriptions of the Carmel Formation
within the study area were included in reports associated
with geologic mapping of the Gunlock area by E. F. Cook
(1957, 1960), Hintze (1986), Hintze, Embree, and Ander-
son (in press), McCarthy (1959), and Wiley (1963).

In conjunction with this study, students of Brigham
Young University’s geology field camp measured prelimi-
nary stratigraphic sections of the lower parts of the forma-
tion in the Gunlock area (Rigby 1986a, 1986b).

STRATIGRAPHIC NOMENCLATURE

The Carmel Formation is one of the most conspicuous
marine sequences in the dominantly nonmarine Meso-
zoic section (fig. 2) of the Colorado Plateau (Hintze 1988).
It was first reported by John Wesley Powell (1875) as a
distinct unit in the Flaming Gorge Group above the
Vermillion Cliffs during his exploration of the Colorado
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FIGURE 2.—Generalized columnar section of Mesozoic rocks
exposed in the Beaver Dam Mountains showing the position of
the Carmel Formation.

River and its tributaries. These rocks were later named
the Carmel Formation in 1926 at a meeting of H. E.
Gregory, R. C. Moore, and J. B. Reeside (Wilmarth 1938,
p. 351). Exposures near Mount Carmel] Junction, ob-
served by Gregory and Noble (1923), were designated as
the type locality, but they were not described until 1931
by Gregory and Moore. Previous workers like Leith and
Harder (1908) and Walcott (Cross and Howe 1905, Gre-
gory and Noble 1923) called Carmel strata such names as
“Marine Jurassic” and “Carboniferous Homestake Lime-
stone.” Later, Mackin (1954) showed that Leith and
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Harder’s “Carboniferous Homestake Limestone” of Iron
County was equivalent to the well-known Jurassic Carmel
Formation to the east. The earliest report using the for-
mal name Carmel Formation was by Gilluly and Reeside
(1928).

Even following its formal proposal, Carmel and related
strata have been subject to frequent misidentification.
Gross lithologic similarity of units within the Carmel to
other Jurassic formations caused pioneering stratigra-
phers in southwestern Utah to miscorrelate Carmel units
with the Entrada, Curtis, Summerville, and Morrison
Formations (fig. 3). Later stratigraphic problems related
to the Carmel Formation were primarily concerned with
member nomenclature.

Formal members of the Carmel Formation in south-
western and south central Utah were proposed by Cash-
ion (1967) and Thompson and Stokes (1970) as the Kolob
Limestone, Crystal Creek, Paria River, Winsor, and
Wiggler Wash Members from bottom to top. Thompson
and Stokes (1970) correlated some of the lower Carmel
members westward from the type locality of the formation
near Mount Carmel Junction to one measured by E. F.
Cook (1957) afew kilometers northeast of the Beaver Dam
Mountains. The lower members have been generally
accepted by subsequent workers in southwestern Utah.
The name Kolob, however, was previously used for a
latite flow unit near Cedar City, Utah (Averitt 1962;
Keroher 1970, p. 402). As a result, workers in southwest-
ern Utah have referred to the lower limestone unit of the
Carmel as either the “limestone member” of Cashion
(1967) or followed Wright and Dickey (1963b) and called it
the Judd Hollow Member. The extension of the name
Judd Hollow Tongue also has lithologic difficulty because
the Judd Hollow was originally defined in south central
Utah as a horizontally bedded sandstone unit equivalent
to the lower part of the Carmel at the type section (Kero-
her 1970, p. 377; Phoenix 1963). H. H. Doelling and F.
D. Davis (1989) have simplified the nomenclatural prob-
lem by redefining the limestone member of Cashion
(1967) as the Co-op Creek Member of the Carmel.

PALEOGEOGRAPHY

Climate, location, and tectonic setting of the western
margin of the craton in North America resulted, during
the Jurassic, in the development of widespread ergs,
sabkhas, and shallow restricted seas. The Jurassic western
coast of North America was characterized by an “Andean-
type” magmatic arc with sea-floor subduction occurring
during emplacement of Middle Jurassic batholithic intru-
sions and related volcanics (Dickinson 1981). In early
Middle Jurassic time, a shallow epeiric sea advanced
southward across western Utah and into southeastern
Nevada (Peterson 1988a) in a retroarc to craton-margin
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FIGURE 3.—Stratigraphic nomenclature
southwestern Utah and the Beaver Dam Mountains.

basin possibly resulting from interplate convergence oc-
curring at this time along the western margin of North
America.

During this period the Gunlock area lay near the south-
ern margin of the long, narrow, occasionally restricted
seaway (fig. 4). The eastern depositional edge of this
seaway is well documented (Blakey and others 1983), but
the original western depositional limit is not preserved.
Marine deposits probably did not extend more than a few
tens of kilometers west of their present eroded edges
since no Jurassic sediments have been found in Utah west
of the Sevier geanticline, and thicknesses of sections on
the east side of that structure show rapid westward thin-
ning east of where they pass beneath Sevier-age thrust
faults (Hintze 1988). During Carmel deposition the re-
gion was about 20° north paleolatitude within the trade
wind belt (Kocurek and Dott 1983) and had a hot, arid
climate marked by periodic storms. Frakes (1979) postu-
lated that the global mean temperature was 10° C warmer
in the Mesozoic than at present.

The siliciclastic rocks that occur in Middle Jurassic
units of the Western Interior (Arapien Shale, Carmel and
Twin Creek Formations) were probably derived from the
remnant highlands of the ancestral Rockies to the east and
the Mogollon highlands to the south of the Carmel-Twin
Creek seaway. The lack of coarse terrigenous sediments
suggests that Middle Jurassic subsidence probably re-
flected tectonic events that took place farther west than

of the Carmel Formation and associated strata as applied by various workers in

the Sevier Orogenic belt (Heller and others 1986) and that
the orogenic activities in the Western Cordillera had not
progressed to the point that associated tectonic elements
were highly elevated. Magmatic activity associated with a
Jurassic magmatic arc, west and southwest of the study
area in a belt across Nevada, California, and Arizona
(Allmendinger and Jordan 1981; Armstrong and Suppe
1973; Dickinson 1977; Stanley, Jordan, and Dott 1979),
must have been far enough away from the Carmel-Twin
Creek seaway to only allow accumulations of volcanic ash
in low-energy sedimentary environments of this time.
Chapman (1986, 1987) documented the existence of large
rhyolitic boulders and cobbles in the uppermost part of
the Carmel in south central Utah and has plotted the
existence of dated Jurassic source granites for these boul-
ders in the southwestern U.S. She suggested that the
closest dated granites that may be related to the rhyolitic
materials are ones noted by Armstrong and Suppe (1973)
at 160—189 Ma in the Ivanpah Mountains of California,
300 km from the Gunlock area.

STRATIGRAPHY
TEMPLE CAP FORMATION

The Temple Cap is a nonresistant series of reddish
brown, gypsiferous, dolomitic mudstone and sandstone
beds that overlies the Navajo Sandstone and underlies the
Carmel Limestone. A massive bed of gypsum, up to 5 m
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thick, occurs in the upper part of the Temple Cap a few
meters below the basal limestone of the Carmel Forma-
tion. This gypsum is an excellent marker bed that accu-
mulated as a shoreward forerunner of the Carmel Lime-
stone in the Gunlock region. This gypsum and inter-
bedded red-bed sequence was deposited on a sabkha to
tidal flat, where the shoreline transgressed and regressed
across a nearly flat surface in the Gunlock area. The
Temple Cap Formation consists of an upward-increasing
gypsiferous red-bed sequence that culminates in the ma-
jor transgressive gypsum bed, which is followed by a
minor regression and accumulation of interbedded yellow
gray and red siltstone. This regression was followed
abruptly by the lower Carmel transgression, which pro-
duced the basal Carmel limestone. The Temple Cap For-
mation is about 450 m thick.

CARMEL FORMATION

The Carmel in southern Utah was designated as Middle
Jurassic in age by Imlay (1980) based on certain bivalves in
Carmel strata that are known elsewhere in the Western
Interior region only in beds that contain Middle Jurassic
ammonites. A Middle Jurassic age is also supported by
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the presence of the coral Astrocoenia, which has been
found only in Bajocian age beds of Montana and
Wyoming, and by the discovery of the bryozoan Mesen-
teripora, which is usually restricted to the Bathonian of
northern Europe (Taylor 1981). A Middle Jurassic iso-
topic age of 165 Ma has been reported by Marvin and
others (1965) from a volcanic ash in the Gunlock area that
appears to correlate to this study’s ash A in upper member
B. A 165 Ma age has also been reported by Hintze (1986)
from ash E in the lower part of member E. Brent Everett
and Bart Kowallis, from the Department of Geology at
Brigham Young University, are currently working on fis-
sion track and argon-argon dating of all seven volcanic
ashes identified in the Carmel near Gunlock during this
study. Their preliminary results indicate that the ashes
range from late Callovian to early Oxfordian age (personal
communication). An Oxfordian age conflicts with Callo-
vian ages of strata younger than the Carmel (Entrada,
Curtis, and Summerville Formations) according to Imlay
(1980), and resolution of this discrepancy awaits further
research.

Carmel rocks of the Gunlock area have been mentioned
only briefly in prior regional correlations. This most likely
resulted from their isolation from other outcrops of
Carmel rocks and the mistaken assumption that sections
measured near Gunlock Reservoir, in which only the
lower limestone of the Carmel is preserved below a re-
gional unconformity, is representative of all exposures of
the formation in the area. However, measured sections 1,
3, and 4, of the present study contain not only the Co-op
Creek Limestone Member, but also parts of the Crystal
Creek and Paria River(?) Members.

Carmel rocks are exposed in the study area at Gunlock
Reservoir, in isolated exposures along the Gunlock-Veyo
highway east of the reservoir, and in exposures in cuestas
and strike valleys that extend from the west shore of the
reservoir westward to the vicinity of Square Top Moun-
tain and Jackson Peak (fig. 5). The lower, calcareous part
of the formation (member C) forms the shoulders of the
prominent cuesta above a strike valley carved in the
underlying reddish brown Temple Cap Formation. The
upper, silty part of the formation (member D) forms the
upper half of the cuesta and the strike valley and slope
below the next cuesta capped by cliff-forming Dakota(?)
Conglomerate.

Other Carmel exposures are present northeast of Gun-
lock along the Santa Clara River (fig. 6). Here exposures
are part of a volcanic-covered belt of Jurassic rocks that
extend eastward from the Santa Clara River valley around
the southern margin of the Pine Valley Mountains. The
belt of Jurassic rocks is broken at the west and is offset to
the south along the Gunlock Fault. This fault is displayed
along the Gunlock-Veyo highway near the top of section
9. There the fault juxtaposes olive gray limestone of the
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FIGURE 5.—View northwest across Gunlock Reservoir toward Square Top Mountain (STM) and Jackson Peak (JP). The cuesta
running from the Reservoir to Square Top Mountain is held up by Carmel strata. The letters A-D are approximately on line with
measured section 7 and represent members within the Carmel Formation. The Carmel is bounded by Temple Cap Formation (Jt)

below and Dakota(?) Conglomerate (Kd) above.

FIGURE 6.—View northeast from the Gunlock-Veyo highway (seen in the extreme left of photo) to Carmel bluffs measured in
section 9. The letters C and D represent members within the Carmel Formation. Members A and B are hidden behind trees in
middle right-hand portion of photo.

Co-op Creek Member of the Carmel Formation against
white and reddish sandstone of the Cretaceous Iron
Springs Formation.

The lower contact of the Carmel Formation has been
mapped at the base of the lowest persistent limestone,
above the gypsiferous red beds here included in the
Temple Cap Formation (Hintze 1986). The 2-m-thick
limestone is clearly identifiable along the cuesta face

northeast of Manganese Wash (fig. 5), but thins to only 1.2
m north of Gunlock in section 9 and is obscured or faulted
below valley fill along the Santa Clara River valley in
section 10. Peterson and Pipiringos (1979) included the
upper parts of underlying reddish beds, considered here
within the Temple Cap Formation, as part of the lower
limestone member. They showed the “J-2” regional un-
conformity of Pipiringos and O’Sullivan (1978) as separat-
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ing these reddish gypsiferous mudstones from the under-
lying Temple Cap Sandstone in areas to the east. They
continued this unconformity, even though poorly de-
fined, westward above grossly similar red beds and gyp-
sum of the Temple Cap Formation (fig. 3) in the Gunlock
area (Voorhees 1978, p. 14, 125). If the J—2 unconformity
does indeed split the apparently homogenous gypsiferous
mudstones below the basal Carmel limestone, then these
red beds below the limestones and above the “J—2” post-
Temple Cap unconformity should be included within the
Carmel Formation. I could not find an unconformity
within the red-bed section and have placed the formation
contacts at the red-bed—carbonate contact for purposes of
convenience.

The upper boundary of the Carmel Formation is an
unconformity below Cretaceous Dakota(?) Conglomer-
ate. This relationship occurs throughout the study area,
except near measured sections 2 and 9, where Cretaceous
Iron Springs Sandstone is faulted against the Carmel, and
near section 8, where Quaternary colluvium rests uncon-
formably on the upper part of member D. The contact of
the Carmel Limestone and the overlying Dakota(?) Con-
glomerate is a regional angular unconformity (Blakey and
others 1983), but it is only locally disconformable in the
Gunlock area (Wright and Dickey 1963a). The unconfor-
mity is well exposed along bluffs near the Santa Clara
River north of Gunlock in section 15, T. 40 S, R. 17 W,
where a conglomerate-filled channel of Dakota(?) is
deeply entrenched into the upper part of the Co-op Creek
Member (fig. 7). Variations in pre-Dakota(?) Conglomer-
ate erosional depths are documented by differences in
stratigraphic thickness of underlying (fig. 8, in pocket)
Carmel strata, which range from 120 m in faulted expo-
sures at section 10 to approximately 240 m in cuestas near
sections 1a and 1b. The difference in thickness is a result
of pre-Dakota erosion during an interval of nearly 80
million years (Hintze 1986). This variable erosional depth
caused earlier workers, who measured the deeply trun-
cated section near Gunlock Reservoir (section 7), to con-
clude that only part of the lower Co-op Creek Member
was preserved in the Gunlock region.

Regional correlations between members of the Carmel
Formation in southern Utah with the members.of the
Arapien Shale and Twin Creek Formation suggests that
the Co-op Creek Member of the Carmel Formation is
equivalent to the Sliderock and Rich Members of the
Twin Creek Limestone of Imlay (1967) in northern Utah

_ (Blakey and others 1983). Similarly, the Crystal Creek
and Paria River Members of the Carmel are correlative to
the Boundary Ridge and Watton Canyon Members of the
Twin Creek Formation. The Gypsum Spring Member of
the Twin Creek:Limestone is thoughit to be equivalent to
the Temple Cap Formation (Peterson and Pipiringos
1979). Imlay (1964) claimed that bivalves from the
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Twelve-Mile Canyon Member of the Arapien Shale in
central Utah show that it is equivalent to the Twin Creek
Limestone and Carmel Formation and ranges from Bajo-
cian to Callovian.

DAKOTA(?) CONGLOMERATE

The Dakota(?) Conglomerate of Cretaceous age lies on
various stratigraphic levels of the Carmel in the Gunlock
area. Relief on the unconformity beneath the Dakota(?)
amounts to more than 100 m within the study area (fig. 8,
in pocket) and, according to Hintze (1986), represents an
elapsed time of about 80 million years. Dakota(?) rocks are
missing and the Iron Springs Formation is in fault contact
with Carmel rocks in the central third of the study area.

The massive Dakota(P) Conglomerate ranges from 13 m
thick near section 10 to only several centimeters thick
near section 4b. A moderate red bentonite that contains
walnut-sized barite nodules is present between the Da-
kota(P) Conglomerate and Iron Springs Formation every-
where in the study area. Zircons from the bentonite
yielded a fission track age of 80 = 10 Ma (Hintze 1986).
Well-rounded quartzite and chert clasts constitute 70% of
the conglomerate. They range up to 25 cm across but
generally are 4 to 10 cm in diameter. Sandstone lenses up
to 30 cm thick and 10 m across occur within the conglom-
erate but are rare. Calcareous sandstone matrix occupies
the remaining rock volume. The conglomerate weathers
to dark brownish black. Stokes (1952) concluded that
Dakota(?) sands and gravels elsewhere accumulated in a
complex braided stream environment on a pediment sur-
face. Such may also be the environment of deposition
here.

SEDIMENTOLOGY

The Carmel Formation can be divided into six mem-
bers based on outcrop appearance and lithology. These
members are herein labeled A through F in ascending
order (fig. 8). Members A—D are part of the Co-op Creek
Limestone Member of Doelling and Davis (1989). Mem-
ber E is believed to be equivalent to the Crystal Creek
Member and member F is believed to be equivalent to
the lower Paria River(?) Member of Thompson and Stokes
(1970). Figure 8 shows the ten measured sections and
documents lateral and vertical facies relationships within
the formation.

MEMBERA

Member A is a ledge-forming carbonate sequence that
ranges from silty dolomitic lime mudstone, at the base, to
an intensely ripple-marked, oolitic packstone at the top.
Base of the member is at the Temple Cap—Carmel For-
mation boundary and is marked by the lowest recogniz-
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FIGURE 7.—View northeast from the ranch road toward the upper part of measured section 10. Channel-filling Dakota(?)
Conglomerate (Kd) unconformably caps bluffs of Carmel Formation (arrow). The letters D and C represent members within the
Carmel Formation.

able yellowish gray, ledge-forming carbonate above the
reddish brown terrigenous, slope-forming Temple Cap
Formation. A massive bed of gypsum (fig. 9), up to 5 m
thick in some localities, occurs in the upper part of these
reddish brown deposits. These rocks are well exposed
near the base of the Carmel cuesta, northwest of Gunlock
Reservoir, as seen in figure 5. Member A extends upward
from this boundary ledge to slope-forming reddish brown
mudstone. The member thins from 2.4 m thick in section
la to 1 m in section 9 (fig. 8). Analysis of the measured
sections indicates a general southwest to northeast thin-
ning rather than truncation or facies changes at the base.
Member A is not exposed in sections 8 and 10.

Dolomitic Lime Mudstone

Dolomitic lime mudstone forms the bottom half of
member A. This rock is moderate yellow, thin bedded,
slabby, and appears to be gradational from the underlying
siltstones of the Temple Cap Formation. This basal
Carmel unit contains abundant silt and sand. It grades
upward into oolitic packstone. Organic activity was lim-
ited during deposition of the dolomitic lime mudstone; no
fossil fragments nor bioturbation are evident.

Oolitic Packstone

Oolitic packstone makes up the top half of member A.
This rock is yellowish gray, thin bedded, blocky, heavily

pitted, intensely ripple marked, and cross-bedded. It is
capped with a 5-mm-thick biotite rich siliceous rind.
Oolites, gastropods, and bivalve fragments in the rind
have been replaced by chalcedony and microcrystalline
quartz (fig. 10).

This rock is directly overlain by the basal volcanic ash
and siltstone of member B. These ashy clastic rocks prob-
ably served as the source for silica that replaced the upper
carbonate grains and cement. Carbonate grains, though
not replaced below the upper 5-mm-thick siliceous rind,
are visibly altered and consist of fine- to medium-grained
oolites and occasional immature gastropods and bivalve
fragments. Spherical, perhaps windblown quartz grains
account for less than 1% of the constituents.

Cavernous porosity, made of interconnecting pores up
to 3 mm in diameter, produce 15%—20% total pore space.
Early lithification, before compaction, probably resulted
in preservation of primary porosity, which served as path-
ways for acidic solutions that formed the cavernous pores
and for silicic solutions that later filled the upper pore
spaces.

Straight-crested wave ripples occur on the surface of
these packstones (fig. 11). These ripple marks reach 10 cm
in amplitude and 20-30 cm in wave length and are best
preserved in sections 1-4. The association of large wave
ripples below volcanic material leads to conjectures that
seichelike currents associated with distant volcanic erup-
tions shaped the upper surface of the shallow-water car-
bonates before they were buried by ash fall.



FIGURE 9.—Massive gypsum in the Temple Cap Formation
just below the Temple Cap—Carmel contact near section 9.
Jacob’s staff for scale, 1.5 m.

MEMBER B

Member B is a slope-forming, terrigenous, and vol-
canics-rich sequence of rocks that extends from the top of
member A to the base of the next ledge-forming carbon-
ate in member C (fig. 5). Member B varies in thickness
from 12.7 m in section la to 8.6 m in section 6 and
generally thins in a northwest to southeast direction (fig.
8). Member B becomes increasingly gypsiferous toward
Diamond Valley, where massive gypsum units range up
to 1 m thick in exposures in the southwest quarter of
section 1, T. 40 S, R. 16 W, 14 km east of Gunlock.
Member B is covered in section 8 and 10 by valley fill.
Member B consists of two rock types: a siltstone to mud-
stone unit sandwiched between volcanic ashes.

Siltstone-Mudstone

Siltstone to mudstone beds make up the middle 6-10m
of member B. It is moderate reddish brown, laminated,
slope forming, and composed of subangular feldspar and
quartz silt with scarce biotite grains. Vugs lined with
calcite crystals, possibly after gypsum, suggest a period of
arid and hypersaline conditions. Body fossils, trace fos-
sils, and bioturbation are absent.

Volcanic Ash

Pale green volcanic ash constitutes the upper 2.5 m and
the lowest 1.5 m of member B. These horizons are labeled
ashes AA and A in column la of figure 8. They are com-
posed of thin-bedded pale green clay and unconsolidated
feldspar, and quartz silt. Black biotite grains in Ash A, as
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FIGURE 10.—Photomicrograph of silicified oolitic margin
(bright white color) in upper unit 1, section 7. Bar is 2mmlong.

much as 2 mm in diameter, generally lie parallel to bed-
ding and are evenly distributed within the surrounding
matrix. Biotite accounts for 5%-10% of the volume.
Heavy minerals include traces of zircon, sphene, apatite,
and Fe-Mg minerals. Schultz and Wright (1963) chemi-
cally analyzed samples selected from bentonitic layers in
the Carmel throughout Utah, including a sample that
appears to have been taken from ash A in the Gunlock
area. Their results indicate that the bentonites range from
dominantly montmorillonite to kaolinite and illite.

MEMBER C

Member C is a ledge-forming carbonate sequence with
scattered slope-forming terrigenous siltstone and vol-
canic ash units. Member C consists of four cycles. Each
cycle generally includes, from bottom to top, an oolite
grainstone-packstone, lime mudstone-wackestone, intra-
clastic packstone, algal stromatolite, volcanic ash, and
siltstone (fig. 8). Evaporite solution breccia and sandstone
also is present in some cycles. Member C ranges in
thickness from 76 meters in section la to 65 meters in
section 7. Alluvial cover in section 8 buries members A,
B, and the lower two thirds of C. Analysis of the measured
sections shows a northwest to southeast thinning of mem-
ber C. The lower third of the member becomes increas-
ingly gypsiferous eastward in exposures in Diamond Val-
ley, similar to that described in member B.

The lower contact of member C was placed at the base
of the first ledge-forming carbonate above the slope-form-
ing, pale green ash and moderate reddish brown mud-
stones of member B (fig. 5). The upper contact of member
C was placed at the top of the upper ledge-forming,
yellowish gray, algal stromatolite bed below slope-form-
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FIGURE 11.—Straight-crested wave-ripples, unit 2, section 2.
Hammer head for scale.

ing, pale olive brown, oolitic-rich siltstone of member D.
This transition is midway up cuesta fronts near Gunlock
Reservoir, as shown in figure 5. The same sequence is
exposed in sections 9 and 10.

Oolite Grainstone-Packstone

Oolite grainstones to packstones occur as ledges that
make up 5% of member C. They are distinguished from
other rock types in the field by their oolites and siliceous,
rusty-appearing, dark yellowish orange weathering color.
Oolite grainstone units, in member C, are 0.5 m thick and
underlie massive lime mudstone and wackestone. An
unusual sequence of fluted oolite packstone is located in
the upper third of member C in sections 9 and 10. These
isolated sequences contain undulatory small current rip-
ples, flute casts, and herringbone cross-bedding.

Oolite grainstones to packstones contain fine- to
medium-grained oolites with minor amounts of echino-
derm, bryozoan, and bivalve fragments. Oolite nuclei are
bioclasts, fecal pellets, and occasionally quartz silt. Com-
pound oolites and grapestones also occur. Numerous yel-
lowish gray, flat, subrounded concretions, 2-3 mm in
diameter, occur on bedding plane surfaces (fig. 12). Pen-
tacrinus columnals as well as bivalve fragments differen-
tially weather out on rock surfaces. A small coral colony 2
cm in diameter was found on the surface of unit 34,
section 9 (fig. 13B).

Lime Mudstone-Wackestone

Ledge- and cliff-forming lime mudstone to wackestone
accounts for 60% of member C. Lime mudstone and
wackestone rock types are combined here because they
represent similar low-energy environments and grade
into each other in the field. Wackestones in member C
occur within thicker beds of similar-appearing lime mud-
stone.’

Lime mudstone to wackestone units are yellowish gray,
laminated, and form the base of the thick resistant “stair
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FIGURE 12.—Yellowish gray, flat, subrounded, muddy intra-
clasts surrounded by yellowish brown oolitic material, unit 49,
section 10. Pencil for scale.

steps” midway up the Carmel cuestas northwest of Gun-
lock Reservoir (fig. 5). These rocks also form the base of
ledges midway up faulted exposures northeast of Gunlock
(fig. 6). Lime mudstones fracture easily and form slopes
covered with pencil-shaped fragments. Much of this rock
type is argillaceous and forms less resistant, ledgy slopes.

The lime mud is interlaminated with wispy lenses of
ostracodes, quartz silt, and scattered calcitized gypsum
crystals (fig. 14A). Most of the lime mudstone to wacke-
stone units grade upward into algal stromatolites and may
also have algal origins. Miliolid foraminifers, oolites, radi-
olarians(?), and fragments of bryozoans, crinoids, ostra-
codes, and bivalves were observed in thin section (fig.
14B-D). Shallow-water wave ripples of oolitic grainstone
to packstone are preserved within uppermost lime mud-
stones of member C (fig. 15).

Intraclastic Packstone

Intraclastic packstone constitutes 1% of member C.
These rocks are light olive gray, thin-bedded, slabby,
ledge formers that fill channels cut into lower units. Unit
24, section 7, is typical of this rock type. Medium- to
very coarse-grained lime mudstone intraclasts make up
80% of the grains (fig. 16), whereas bivalve, bryozoan,
gastropod, crinoid, and ostracode fragments, intermixed
with oolites and botryoidal-shaped grapestones, consti-
tute the remainder.

Algal Stromatolite

Algal stromatolites cap the resistant ledges midway up
the Carmel cuestas northwest of Gunlock Reservoir as
well as the faulted exposures northeast of Gunlock. Ten
percent of member C is composed of algal stromatolite.
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FIGURE 13.—(A) Regular echinoid from section 10, unit 56, X3 (BYU 4001). (B) Colonial coral, Astrocoenia Milne Edwards and
Haime (), section 9, unit 34, X3 (BYU 4002). (C) Echinoid spine (¢) and turreted gastropods (g) with oolites and echinoderm debris,
section 8, unit 27, X3 (BYU 4003). (D) Large echinoid spine in the upper right and a Pentacrinus columnal in upper left mixed with
oolites and echinoderm debris, section 9, unit 34, X2.5 (BYU 4004). (E) Cyclostome bryozoan, section 10, unit 56, X1.6 (BYU 4005).
(F) Bivalve-inhabited bored hardgrounds, section 8, unit 32, X1.6 (BYU 4006). (G) Lima (Plagiostoma) occidentalis Hall and
Whitfield, section 10, unit 56, X1 (BYU 4007).

Two types were distinguished, based on classification of
Recent stromatolites by Logan and others (1964) in Aus-
tralia: a discrete vertically stacked (SH) columnar type
(fig. 17A), and a laterally linked hemispheroid (LLH) type
(fig. 17B).

Columnar stromatolite was found in a 1.3-m-thick bed
(unit 29 of section 10) that is well exposed in section 10.
The unit thins southwestward and pinches out before it
reaches sections measured near Gunlock Reservoir. The
stromatolite columns are dolomitic, generally 3 cm in
diameter, and are separated by 0.5-cm-thick, calcite-
filled porous zones. Dolomitization of the individual
columns and interspaces probably occurred soon after
deposition and before replacement of the interstitial de-
bris. The columnar stromatolite rests upon an evaporite
solution breccia.

The most common algal stromatolite in member C is
the LLH type. This type is yellowish gray, argillaceous,
and forms wavy-laminated packages, 0.5-1.5 m thick. It
caps resistant shoulders midway up the Carmel cuestas
north of Gunlock Reservoir. In general, the stromatolite’s
upper contact is sharp, but the lower is gradational from
cryptalgalaminate below. The stromatolites become more
argillaceous upward, and intensely mudcracked bedding
planes are common. Small-current ripples, selenite crys-
tal casts, raindrop impressions, and parting lineations are
associated with these argillaceous partings (fig. 17C-D).

Small, bubblelike calcitized gypsum rosettes, 0.5—1 cm
in diameter, occur at midthickness in the stromatolite
packages. The quantity of rosettes increases upward until
the top surface of some stromatolites are entirely covered
with a thin glistening layer (fig. 17D-E). These layers are
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FIGURE 14.—(A) Photomicrograph of lime mudstone with scattered silt, ostracode valves, and small peloids, section 9, unit 38.
Bar is 2 mm long. (B) Photomicrograph of lime mudstone with Pentacrinus columnal and scattered silt, section 10, unit 17. Baris 2
mm long. (C) Photomicrograph of a siliceous radiolarian(?) in lime mudstone, section 9, unit 16. Bar is 0.2 mm long. (D)
Photomicrograph of a miliolid foraminifer in lime mudstone, section 10, unit 14. Bar is 0.2 mm long.

especially characteristic of stromatolites in upper mem-
ber C. Undulatory lime mudstone laminae and iron-
stained filaments (?) formed by original trapping algae are
interspersed with quartz silt and calcitized anhydrite
casts, 0.25 mm long. Algal stromatolites are typically
bounded above by terrigenous mudstones. These stroma-
tolites are similar to most fossil algal mats in that the
original algal filaments are not preserved. The absence of
recognizable filaments in most ancient stromatolites is
probably due to collapse of algal filaments upon desicca-
tion (Aitken 1967).

Evaporite-Solution Breccia

Evaporite-solution breccia forms a 20-cm-thick, red-
dish yellow ledge in member C. It is thickest in sections 9
and 10 and thins southwestward to less than 10.cm in
section 7. Angular dolomitic fragments, 0.5—1 cm across,
are chaotically oriented in a calcite cement (fig. 18) heav-

ily pockmarked with small masses of chalcedony. Dissolu-
tion of gypsum interbedded within semilithified carbon-
ate mud resulted in their collapse and angular fragmen-
tation. Later calcification and silicification have rece-
mented the clasts. The thinness of the unit, as well as
visible remnant bedding, suggest that the remaining frag-
ments were only displaced several millimeters from their
original position.

Volcanic Ash

Pale green volcanic ash accounts for 5%—-10% of mem-
ber C in three slope-forming horizons labeled ashes B, C,
and D in column la of figure 8. These ashes are similar to
the ashes of member B and range from 10% to less than
1% biotite. Ash B is thickest and most easily recognized.
Ashes C and D.generally appear as broad soily slopes, yet
are excellently exposed in-roadcuts at section 8.
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FIGURE 15.—Wave ripples of oolitic packstone sandwiched
between lime mudstone, unit 33, section la.

Sandstone

"Only one sandstone unit was recognized in member C
along measured sections 6, 7, 9, and 10. It changes west-
ward to a siltstone. The unit thins northeastward from 3 m
in section 7 to only 1.5 m in sections 9 and 10. It is a
grayish yellow, medium-bedded, well-sorted, subangu-
lar, and fine-grained oolite-feldspar-quartz sandstone
that weathers into spheroidal blocks and outcrops (fig.
19).

Oolites, marine bioclasts, and lithoclasts constitute
10% of the grain, feldspar fragments 13%, and quartz sand
makes up the remainder. The presence of evaporites such
as large, sucrosic, calcitized gypsum vugs in the sand-
stone in section 9 and several 10-cm-thick lenses of open-
marine, oolite-grainstone units interbedded within the
same sandstone horizon in section 7 suggest that marine
conditions prevailed to the west and nonmarine condi-
tions to the east.

Siltstone-Mudstone

Medium- to fine-grained clayey quartz siltstone and
mudstone constitute 10% of member C. Rare horizons of
lime siltstone also are present. Slope-forming siltstones
and mudstones range from pale yellowish orange to light
olive gray. In fresh exposures, the siltstone weathers into
small, 0.1-5 cm-sized polygonal chips. Excellent ripple-
marked siltstone exposures occur in recently exposed
undercut banks above the Santa Clara River in section 10.

Gypsum beds, 0.5 cm thick, occur in lower siltstone
units of member C in section 10. Residual biotite grains,
probably reworked from adjacent volcanic ashes, are
common on surfaces of siltstone bedding planes.
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FIGURE 16.—Photomicrograph of intraclastic packstone, unit
24, section 7. Bar is 2 mm long.

MEMBERD

Member D is a single 70-m-thick, shallowing-upward
carbonate sequence similar to the four smaller cycles in
member C. Member D contains interbedded, ledge-
forming, sandy-oolite grainstone and slope-forming
lenticular-bedded oolite-siltstone. Intraclastic-fossilifer-
ous packstone, argillaceous lime mudstone, terrigenous
mudstone, and oyster boundstone also occur in lesser
amounts. Slope-forming, terrigenous mudstones in mem-
ber D occupy the same position in the depositional se-
quence as do lime mudstones to wackestones in deposi-
tional cycles of member C. The lower contact of member
D was placed at the top of the highest algal stromatolite in
member C and below major slope-forming siltstone at the
base of member D. This transition occurs midway up the
Carmel cuestas, northwest of Gunlock Reservoir as seen
in figure 5. The same sequence is exposed midway up
faulted exposures northeast of Gunlock (fig. 6).

The upper contact of member D was placed below the
first moderate reddish brown siltstone in member E and
above the last lime mudstone and stromatolite sequence
of member D. This boundary is exposed in sections 3b,
4b, and 7. Elsewhere, pre-Dakota(?) erosion and/or sub-
sequent faulting has eliminated Carmel exposures above
the middle part of member D (fig. 8).

Oolite-Siltstone

Pale yellowish orange, slope-forming, oolite-rich ter-
rigenous siltstone makes up 37% of member D and forms
broad dip slopes behind the Carmel cuestas north of
Gunlock Reservoir. Rippled lenses of fine-grained oolite
sands and silts, 1-5 mm thick, are sandwiched between
thicker layers of weakly consolidated, muddy, quartz silt.
Adjacent slopes are often covered with rippled oolite
flakes and chips, up to 7 cm across, that weather out from
the surrounding siltstone. Oolite grainstone beds, up to
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FIGURE 17.—(A) Plan view of vertically stacked columnar stromatolites, unit 29, section 10. (B) Side view of laterally linked
hemispheroidal stromatolites, unit 25, section 10. (C) Plan view of parting lineations trending north—south along the length of
pencil, unit 41, section 10. (D) Plan view of dessication-cracked mudstone surface with raindrop impressions, unit 25, section 10.
(E) Plan view of bubblelike, calcitized gypsum nodules that increase upward in unit 39, section 10, until they completely cover the
top surface of the unit. (F) Side view of bubblelike calcitized gypsum nodules midway up unit 39, section 10.
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FIGURE 18.—Photomicrograph of evaporite-solution breccia,
unit 28, section 10. Most of the calcite cement has been replaced
by chalcedony. Bar is 2 mm long.

10 cm thick, containing high-spired gastropods, oysters,
and Pentacrinus fragments, are often interbedded in the
siltstone. Trace fossils are commonly preserved on the
undersides of rippled units (fig. 20A). -

Sandy-Oolitic Grainstone

Sandy-oolitic grainstone accounts for 20% of member
D. These rocks are pale yellowish orange, medium bed-
ded, and hold up the Carmel cuestas north of Gunlock
Reservoir. They also form ledges below the Dakota(?)
Conglomerate in section 10. These rocks often have rusty
brown siliceous crusts.

Medium-grained oolites account for 50%—70% of the
allochems, quartz sand 20%—40%, and various fossil frag-
ments the remainder (fig. 21). Oolite nuclei are peloids,
bioclasts, quartz silt, and occasionally silt-sized oolites.
Compound oolites and grapestones occur in some hori-
zons. Fine-grained quartz grains differentially weather
out in relief on grainstone surfaces and give the rock a
misleading sandstone appearance. Some units contain
large quantities of quartz sand lenses interbedded with
oolite lenses (fig. 22). However, only one quartz sand-
stone bed, 0.6 m thick, occurs in member D. Itis near the
base of the member and, except for its light yellowish gray
color, appears similar to oolitic grainstones. Fossil frag-
ments consist of disarticulated bivalves, Pentacrinus
columnals, and high-spired gastropods. Lower-spired
gastropods, as well as bryozoan and ostracode fragments,
are seen in thin section. Trace fossils occur on most
bedding surfaces (fig. 20B—-C).

Beautiful cross-bedded exposures and rippled surfaces
(fig. 23A-F) exist in grainstones that hold up cuestas
north of Gunlock Reservoir, as well as in grainstones
capping the Carmel sequence northeast of Gunlock.

FIGURE 19.—Photomicrograph of oolite-feldspar-quartz
sandstone, unit 13, section 7. The small dark-colored circular
grains are oolites. Bar is 2 mm long.

Mudstone

Slope-forming, light olive gray mudstone constitutes
40% of member D. It is calcareously cemented, yet
weakly consolidated, and weathers into polygonal chips
0.5 cm across. It is well exposed in units near the top of
section 7, where it surrounds subspherical oyster
colonies.

Opyster Boundstone

Pale yellowish brown oyster boundstone occurs in 3 to
4, laterally traceable, 10—40-cm-thick ledges toward the
top of member D. Erosion and/or faulting have removed
part or all of these horizons from sections 1, 2, 3, 8, 9, and
10. Oyster boundstone is made of subspherical accumula-
tions of Ostrea valves ranging from 10 cm to 2 m in
diameter. These subspherical balls contain mature oys-
ters intensely overgrown by juveniles. In most cases,
juvenile oysters coat the balls with no preferred growth
direction. In some locations, disk-shaped oyster masses
occupy hardgrounds on fossiliferous packstones. This re-
lationship occurs midway up section 5 in the NW 1/4,
section 30, T. 40 S, R. 17 W, in the Gunlock Quadrangle.
Local Gunlock residents have collected many of these
oyster balls for their rock gardens (fig. 24).

Intraclastic-Fossiliferous Packstone

Ledge-forming, pale orange, thin-bedded, intraclastic-
rich, fossiliferous packstone occurs in a few horizons
within member D. This rock is made of a variety of
bioclastic debris cemented by lime mudstone matrix (fig.
25). Oolites and quartz sand are rare. Bioclasts include
oysters, bryozoans, Pentacrinus columnals, and echi-
noids (fig. 13A). Shell fragments of other bivalves, gas-
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FIGURE 20.—(A) Intrastratal, unilobate feeding structures on the underside of lenticular-bedded oolite grainstone chips, unit 26,
section 8 (BYU 4008). (B) Unusually large trailway, unit 39, section 1a (BYU 4009). (C) Sinuous, bilobate-ridged, crawling trail
with obliquely placed transverse pads, unit 53, section 10 (BYU 4010). (D) Plan view of bored hardgrounds, unit 56, section 5.

tropods, and ostracodes are seen in thin sections. Bored
hardgrounds occur in this rock type. They are particularly
well exposed in gully exposures midway up section 5
below oyster colonies described above (fig. 20D). In rare
cases, bivalves in growth position still remain within indi-
vidual borings (fig. 13F). These hardgrounds provided
ideal substrates for benthic organisms.

A layer of fossiliferous packstone fills channels cut into
siltstone below Dakota(?) Conglomerate-capped bluffs in
unit 56, section 10 (fig. 26). This is the same unit where
echinoids and bryozoans were found.

Argillaceous Lime Mudstone

Thin-bedded, yellowish gray, argillaceous, lime mud-
stone is at the top of member D below moderate reddish
brown siltstone of member E. There, light olive gray,
terrigenous mudstone grades upward into platy, argilla-
ceous lime mudstone that contains external molds of
halite hopper crystals (fig. 27). Exposures of this vertical

relationship are on the west flank of Limekiln Wash in
section 4b. There, the uppermost 1.5-m-thick lime mud-
stone unit, below member E, becomes undulatory and
stromatolitic upward. Erosion and faulting has cut and
removed some or all of rocks equivalent to this bed from
sections 1, 2, 8, 9, and 10.

MEMBERE

Member E is a dusky red siltstone, mudstone, and
sandstone sequence interbedded with pale green vol-
canic ash. Its lower boundary was placed at the top of the
highest occurrence of argillaceous lime mudstone in
member D and at the base of the lowest occurrence of
dusky red mudstone in member E. Its upper boundary
was placed at the top of the highest slope-forming silt-
stone in member E and just below the cliff-forming car-
bonate sequence in member F. Normal faults in Limekiln
and Manganese Washes have isolated exposures of mem-
ber E in small cuestas eastward from the large cuestas
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FIGURE 21.—Photomicrograph of fossiliferous oolitic grain-
stone, unit 45, section 9. The unit contains numerous oolites and
thinly coated bivalve fragments, gastropods (g), echinoderm
fragments (e), bryozoans (b), and grapestones (p). Many oolite
nuclei are made of quartz silt and sand. Bar is 2 mm long.

containing the lower portions of the Carmel seen in figure
5 (fig. 28). The most complete section of member E is in
section 1b and is 48.5 m thick. Sections 3b, 4b, and 7
contain only parts of lower member E. All other sections
lack rocks of member E owing to pre-Dakota(?) erosion
and/or subsequent fault displacement (fig. 8). No fossils
were seen in the member. Member E consists of 80%
siltstone-mudstone, 15% sandstone, and 5% volcanic ash.

Siltstone-Mudstone

Thin-bedded, slope-forming, dusky red, quartz silt-
stone and mudstone dominate in member E. Subrounded
to subangular quartz silt constitutes 60% of the particles
and iron-stained clay the remainder. Thick, blocky calcite
cement (fig. 29) constitutes 40% of the rock volume and
probably formed by laterally wicking of calcium carbonate
saturated waters in an evaporative setting. A thin-bed-
ded, grayish yellow siltstone bed, 4.4 m thick, occurs at
the top of member E in section 1b below the lowest
carbonate bed of member F.

Sandstone

Two thin beds of moderate orange pink sandstone are
also present in member E. The sandstone is well sorted
and medium grained; it consists of 90% quartz grains (fig.
30) and 10% feldspar, chert, and lithic grains. The sand-
stone was differentiated from siltstone in the field by
estimates of its mean grain size as well as by its ledge-
forming nature and lighter color.

Volcanic Ash

Ledge-forming, pale blue green volcanic ash occurs in

BYU GEOLOGY STUDIES 1990, VOL. 36

FIGURE 22.—Photomicrograph of sandy-oolitic grainstone,
unit 43, section 5. Note the distinct bedding boundary between
predominantly oolite material and that of quartz silt and sand.
Baris 2 mm long.

two, 1-1.5-m-thick beds in member E labeled ashes E
and F in column 1b of figure 8. These two ashes are
mineralogically similar to the older ashes of members B
and C. Ash E is well lithified and calcareous. It contains
10% biotite and is an excellent marker bed for lateral
correlation. The biotite grains are dark black and 1-2 mm
in diameter. Ash F is more clayey, contains 1%—5% bi-
otite, and is only preserved in section 1b.

MEMBERF

Member F is a 36-m-thick, fractured, cliff-forming,
lime mudstone sequence. It is only preserved under
Dakota(?) Conglomerate in section 1b. Elsewhere, the
member has been removed by pre-Dakota(?) erosion and/
or subsequent faulting (fig. 8). Section 1b is less than one
mile from where Cretaceous age thrust faulting has dis-
placed Permian allochthonous material, which makes up
Square Top Mountain and Jackson Peak, over the Carmel
and the other Mesozoic units below (fig. 31).

The lower boundary of member F was placed at the top
of the highest occurrence of slope-forming siltstone in
member E and below the lowest cliff-forming carbonate
in member F. The upper boundary was placed at the top
of the carbonate sequence at the base of the Dakota(?)
Conglomerate. Member F rocks are similar to lime mud-
stones and wackestones of member C. Well-preserved
calcitized gypsum crystal casts are common (fig. 32).

The upper half of member F is fractured and micro-
faulted. Fluids that filtered into the member along these
fault and fracture planes have altered the rocks to a mot-
tled reddish pink color. A single altered, though vaguely
discernible, Pentacrinus columnal was found. Blocky cal-
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FIGURE 23.—(A) Shallow-water wave ripple marks in oolitic grainstone, unit 51, section 5. (B) Ripple markings on underside of
fallen grainstone block, unit 51, section 7. (C) Three-dimensional view of herringbone cross-bedding in oolitic grainstone, unit 51,

section 7. The pen is aligned in the direction of one rock face, and normal to it is the shadow of the pen on the other rock face. (D)
Wave ripple cross-bedding in oolitic grainstone, unit 51, section 5. (E) Several sets of large planar cross-bedding, unit 51, section 9.

Jacob’s staff for scale, 1.5 m. (F) Medium scale festoon cross-bedding in oolite grainstone, unit 51, section 5.
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FIGURE 24.—A group of oyster colonies piled in the backyard
of Milt Holt of Gunlock, Utah. Lens cap for scale. An oyster
colony specimen is stored at BYU as #4011.

cite cement fills pores between cryptic allochems that
may be peloidal ghosts of oolites or bioclasts.

PALEONTOLOGY

Fossils were found in oolite-rich parts of members A,
C, and D. Body and trace fossils were concentrated in
member D. No fossils were found in members B, nor E.
Only peloidal material and one recrystallized Pentacrinus
columnal were observed in member F. Body fossils in the
Carmel Formation of the study area represent a restricted
molluscan fauna dominated by bivalves. Gastropods,
echinoderms, coelenterates, bryozoans, foraminifers, os-
tracodes, and radiolarians(?) are also present. Most fossils
are disarticulated and broken. Only oyster colonies in the
upper part of member D and various stromatolites in
members C and D grew in situ.

MOLLUSKS

Abraded and transported mollusk fragments are the
predominant macrofossils in the Carmel near Gunlock.
Bivalves constitute over 90% of the mollusk debris, and
gastropods the remainder.

Bivalves

Bivalves occur in members A, C, and D. Densely
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FIGURE 25.—Photomicrograph of borings in bivalve frag-
ments (b) of fossiliferous packstone, unit 58, section 7. Qolites,
gastropods (g), echinoderm fragments (e), intraclasts (i), quartz
silt, and Ostrea fragments (0) are cemented together in lime
mudstone matrix. Bar is 2 mm long.

FIGURE 26.—Fossiliferous packstone, unit 56, section 10, fills
channels (arrow) cut into siltstones below. Pencil for scale.

populated layers are in semiresistant oolite-siltstone of
member D immediately below the Dakota(?) Conglomer-
ate in section 10 (fig. 7). There isolated valves of Camp-
tonectis platessiformis (White), Lima (Plagiostoma) occi-
dentalis Hall and Whitfield (fig. 13G), and Ostrea
(Liostrea) strigilecula White were collected. Oyster
colonies (fig. 24) of Ostrea (Liostrea) strigilecula White
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FIGURE 27.—Halite hopper crystal molds in unit 67, section 7
(BYU #4012).

occur in the upper parts of member D in sections 4b, 5, 6,
7, and 8 (fig. 8). Oyster boundstone horizons have been
removed from other sections by pre-Dakota(?) erosion
and/or subsequent faulting.

Poorly preserved steinkerns of Modiolus subimbrica-
tus (Meek) and Pronoella cf. P. uintahensis Imlay were
observed on upper bedding surfaces of lime mudstone in
member C. Bivalve shells replaced by silica weather out
in relief on the top surface of member A. The bivalves
Gervilla f. G. montanaensis Meek, Vaugonia conradi
(Meek and Hayden), Astarte (Coelastarte) cf. (C.) living-
stonensis Imlay, and Trigonia americana (Meek) have
been collected in the study area from the Co-op Creek
Member by Imlay (1964). Ostrea and Modiolus were
typically shallow-water attached forms, Vaugonia and
Pronoella were bottom-dwelling forms, and Camp-
tonectes was a free-swimming form (Imlay 1964).

Gastropods

The second-most abundant group of fossils in the
Carmel of the study area are gastropods. They are seen in
thin sections (figs. 21, 25) and often occur on the tops of
oolite beds or as debris within oolite sands (fig. 13C).
Gastropods are abundant in members A and D. Numer-
ous Cylindrobullina? sp. were found among neritid gas-
tropods on the top surface of member A near section 4.
Rhabdocolpus viriosus Sohl occurs on bedding planes of
oolitic units near the middle of member D. Sohl (1965)
collected Lyosoma powelli White, Lyosoma enoda Sohl,
and Neritina phaseolaris White from lower portions of the
Co-op Creek Member near section 7. Sohl (1965) also
identified and photographed specimens of Globularia?
sp. and Tylostoma? sp., collected from the same locality.
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FIGURE 28.—View east to section 4b, with Pine Valley Moun-
tains in the background. The upper part of member D and the
lower part of member E are preserved below a thin layer (3 cm)
of Cretacous Dakota(?) Conglomerate and a sequence of Creta-
ceous bentonite (Kb) in this section.

COELENTERATES

Colonial corals, probably belonging to the genus Astro-
coenia Milne Edwards and Haime, have been reported
from several localities within the Co-op Creek Member in
Garfield, Kane, and Iron Counties (Wells 1942). A similar
specimen, 2 cm in diameter, was collected from among
bivalve debris on the top surface of unit 32 in section 9
(fig. 13B). The coral, Astrocoenia Milne Edwards and
Haime, occurs in Montana and Wyoming only in Bajo-
cian-age beds (Imlay 1964).

ECHINODERMS

Crinoids

Numerous Pentacrinus columnals were observed in
members C, D, and F (fig. 14B). These star-shaped
columnals measure up to 2 mm in diameter and are found
mixed within oolite-sands (fig. 13D). The species Pen-
tacrinus californicus, Pentacrinus asteriscus Meek and

Hayden, and Pentacrinus whitei Clark occur in Carmel
strata throughout Utah (Clark and Twitchell 1915).



174

BYU GEOLOGY STUDIES 1990, VOL. 36

FIGURE 29.—Photomicrograph of quariz siltstone, unit 19,
section 4b. Note the large proportion of blocky calcite lenses.
Baris 2 mmlong.

Echinoids

Several regular echinoids were collected from unit 56
in section 10 (fig. 26). Specimens measure 12—14 mm in
diameter and 4—6 mm in height (fig. 13A). The echinoids
were found with bryozoan debris and large fragments of
disarticulated mollusks. Echinoid spines up to 4 mm long,
echinoid fragments, and disassociated echinoid plates are
also preserved in many oolitic units (fig. 13C-D).

An echinoid from the lower part of the Co-op Creek
Member near Carmel Junction was identified by Taylor
(1981) as belonging to the genus Diademopis Desar. Echi-
noids have been found in correlative strata in northern
Utah, Wyoming, and Idaho (C. W. Cook 1957; Miller
1928, 1929; and Phillips 1963).

BRYOZOANS

Sheets of cyclostome bryozoans were collected from
echinoid-bearing beds described above (fig. 13E). Bry-
ozoans were observed in most thin sections of fossiliferous
packstone to grainstone (fig. 21). Bryozoans found near
Mount Carmel Junction were identified as Mesenteripora
Blainville by Taylor (1981).

MICROFOSSILS

Ostracodes, foraminifers, and radiolarians(?) were ob-
served in thin sections of lime mudstone from members C
and D (fig. 14A-D). Blakey and others (1983, p. 84)
identified a Jurassic foram, Vauginulina, in pellet-rich
lime mudstone of the Co-op Creek Member in southern
Utah.

TRACE FOSSILS

Trace fossils observed in members C and D are usually

FIGURE 30.—Photomicrograph of quartz sandstone, unit 15,
section 3b. Bar is 2 mm long.

visible beneath ripple-marked siltstone surfaces and on
the upper surfaces of oolite grainstone beds. Trace fossils
in the study area can be grouped into the Trypanites,
Skolithos, and Cruziana ichnofacies (fig. 20A-D) as de-
fined by Frey and Pemberton (1984).

Trypanites

The Trypanites hardground ichnofacies occurs on up-
per surfaces of fossiliferous packstone to wackestone in
member D as several mm deep and 5-mm-diameter cylin-
drical to vase-shaped borings, oriented normal to the
surface (fig. 20D). Some borings also penetrate Ostrea
shells scattered on the rock surface. This suggests that
some lithification of the sediments occurred prior to the
excavation by boring organisms. In rare instances, small
bivalves in growth position were observed in the borings
(fig. 13F).

Cruziana

The Cruziana ichnofacies is characterized by a variety
of crawling and feeding structures formed by suspension-
and deposit-feeding organisms in moderate-energy, sub-
tidal zones below fair-weather wave base but above storm
wave base. These types of conditions are found in estuar-
ies, bays, and lagoons, as well as in epeiric seas (Frey and
Pemberton 1984). This ichnofacies was observed on the
surfaces of sandy-oolite grainstone as well as beneath
rippled oolite-siltstone beds in member D.

Three general forms of trace fossils in the Cruziana
ichnofacies were observed in the study area. The first
type occurs on the surface of sandy-oolitic grainstone and
consists of 2—3 mm wide, sinuous, bilobate-ridged crawl-
ing trails with obliquely placed transverse pads (fig. 20C).
The bilobate ridges are separated by a median furrow.
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FIGURE 31.—View northwestward toward section 1b with Jackson Peak in the background. Cretaceous age Dakota(P) Conglom-
erate (Kd) underlies Iron Springs Formation (Ki) and rests unconformably on member F of the Carmel Formation. Member E of the

Carmel is hidden by trees in the valley bottom.

The second type of trace fossil is found on the undersides
of rippled siltstone beds and consists of intrastratal, unilo-
bate feeding structures formed by an interweaving net of
tube structures 1-5 mm in diameter (fig. 20A). The other
trace fossil observed is a peculiarly large, 10-cm-wide
crawling structure observed in sandy-oolite grainstone in
upper member D, section 1a (fig. 20B).

The ichnogenus Thallasinoides has been reported from
the Co-op Creek Member in Kane County (Voorhees
1978, p. 52).

Skolithos

The Skolithos ichnofacies is found in sedimentary rocks
that accumulated in moderately high energy conditions,
such as in shoals and spits. The ichnofacies is character-
ized by vertical to subvertical dwelling structures formed
by suspension feeders as a result of substrate aggradation
or degradation (Frey 1975). Subvertical burrows were
observed in oolite-siltstone and rarely in grainstone of
member D (fig. 20F). Intense reworking of shoal sedi-
ments and associated biogenic structures probably oblit-
erated most of the Skolithos ichnofacies-type traces from
grainstone deposits.

Subvertical burrows in oolite-siltstone were probably
formed by burrow makers that were carried into lagoonal
environments by storm currents. Conditions remained
favorable for burrowing organisms for a period of time.
However, stagnant lagoonal sedimentation eventually

FIGURE 32.—Photomicrograph of calcitized gypsum crystals
in lime mudstone, unit 11, section 1b.

prevailed, preserving the burrows formed by these dis-
placed burrowers.

DEPOSITIONAL ENVIRONMENTS

Low-energy sedimentary rocks in the Carmel Forma-
tion of the study area (such as lime mudstone, algal stro-
matolites, oyster colonies, and red beds) mixed with typi-
cal high-energy sediments and sedimentary structures
such as herringbone and wave-ripple cross-bedded oolite
grainstone, indicating deposition in arid, warm, shallow-
marine to peritidal environments. These environments
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FIGURE 33.—A schematic representation of the depositional environments in the study area during Carmel sedimentation.

range from partially open marine or barrier shoals and
sand bars to tidal flats and terrestrial conditions (fig. 33).
Many similarities exist between the sedimentary record
observed in the study area and that recorded by re-
searchers (Ginsburg 1975, Hardie 1977, Heckel 1972,
James 1984, Logan and others 1970, Newell and Rigby
1957, Shinn 1983) in studies of shallow-marine and tidal
flat environments in modern-day coastal areas of Western
Australia, the Bahamas, and in numerous ancient de-
posits. However, the best modern analogue for Carmel
sedimentation is along the hot, arid, coastal region of the
Persian Gulf. The Persian Gulf is similar to paleogeo-
graphic reconstructions of the Carmel-Twin Creek sea-
way in several ways (fig. 4). The Gulf area lacks an abrupt
shelf margin, is isolated from direct oceanic influences, is
close to the equator, and is adjacent to eolian sand seas
(Purser 1973). Carmel strata of the Co-op Creek and
Crystal Creek Members are replaced by eolian beds of
the Page Sandstone farther east in south central Utah, and
strata equivalent to the Winsor Member also contain

scattered eolian sandstone lenses farther east (Blakey and
others 1983).

SHOAL ZONE

Holocene deposits of oolite shoals, often referred to as
bank-margin carbonate sand buildups, have been studied
extensively by workers in modern shallow-marine seas
near the Bahamas (Ball 1967; Halley and others 1983;
Harris 1983; Hine 1977, 1983; Hine and others 1981;
Iling 1954), in the Persian Gulf (Loreau and Purser 1973),
and in Western Australia (Davies 1970a). Sediments and
sedimentary structures indicative of shoals in the Carmel
include intensely cross-bedded, sandy-oolite grainstone
to packstone in members D and C. The continuity of thin
intertidally deposited units over great distances (fig. 8)
and the thinness of oolite grainstone to packstone bar
deposits and shoals indicate that the Carmel sea in the
study area was shallow and the sea-floor gradient low.
Oolite grainstone units are less than 2 m thick, and shal-
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low-water wave ripples occur on their bedding surfaces.
Blakey and others (1983) suggest that the Carmel sea was
less than 5 m deep in this area.

Shoals and bars formed barriers to currents and waves
in the shallow sea and allowed low-energy lime mud and
siltstone to accumulate in protected lagoons and tidal flats
(fig. 33). Large foreset beds of planar cross-bedded and
small- to medium-size festoon cross-bedded oolites (fig.
23E-F) in member D, probably formed on the leeward
side of these shoals and bars. Planar cross-bedding devel-
ops in modern shoals as a result of sand spillover (Ball
1967), foreshore accretion in beach deposits (Inden and
Moore 1983), and by longshore currents over spitlike
platforms (Friedman and Sanders 1978). Small- to
medium-size festoon cross-beds form in oolite sand bars
(Wilson and Jordan 1983, p. 308).

Shallow-water wave ripples and herringbone cross-
bedding (fig. 23A, C) occur near the top of oolite grain-
stones and probably formed on the mid-to-shallow land-
ward side of shoals. These rocks lack in situ organisms and
trace fossils. Sediments of the central portions of modern
shoals in the Bahamas are intensely ripple marked and
devoid of in situ organisms and biologically produced
structures (Halley and others 1983). Most muddy oolitic
sediments, formed near the shoal zone of the Carmel Sea,
were carried by ebb and flood tides into lagoonal and
open-marine waters over shoal surfaces and through tidal
channels. These sediments were lithified as oolitic pack-
stone and are now interbedded with lime mudstone to
wackestone and siltstone (fig. 15). The presence of oolites
in lagoonal rocks is typical of modern sedimentation pat-
terns in the Persian Gulf, where bars of rippled oolites
form at the mouths of tidal channels that empty into
lagoons (Purser and Evans 1973, p. 279). It is in rocks
composed of mixed high-energy, well-oxygenated oolite
sands and low-energy lime mud that trace fossils are
observed in the study area (fig. 20). Bioturbation and
burrows occur seaward and landward of modern Ba-
hamian shoals, where ooid sands are mixed with mud and
other grain types (Halley and others 1983).

TIDAL FLAT SYSTEM

Sedimentation within tidal flat systems occurs in three
zones: the subtidal, intertidal, and supratidal environ-
ments. Most sedimentary structures used to identify
zones of deposition within tidal flat systems overlap into
adjacent environments. Recognition of sedimentary
structures and stratigraphic relationships common to the
tidal flat facies is important for classification of tidal flat
environments. Studies of modern carbonate tidal flat sys-
tems in the Bahamas (Shinn and others 1969), the Persian
Gulf (Schneider 1975), and in Western Australia (Davies
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1970b; Hagan and Logan 1975) provide modern-day ana-
logues for tidal flat facies in the study area.

Subtidal

Two subtidal zones were present in the study area
during Carmel deposition. They are the lagoon and tidal
channel environments.

Lagoon. Lagoons are protected, low-energy, shallow-
water areas often bordered seaward by shoals, barrier
islands, or reefs. Landward they are bordered by inter-
tidal to supratidal flats. The restrictive nature of lagoons
results in inefficient water circulation and subsequent
increases in salinity and temperature and depletion of
nutrients and oxygen. A restricted fauna is expected.

Lagoonal rocks in the study area are mainly accumula-
tions of massive yellowish gray lime mudstone and storm-
induced, rippled oolitic packstone and wackestone. Lime
mudstones contain small amounts of quartz silt, peloids,
gastropods, miliolid foraminifers, radiolarians(?), ostra-
codes, and bivalves (fig. 14). Calcitized gypsum crystal
casts are also preserved (fig. 32).

Siliciclastic-dominated mudstone and siltstone la-
goonal rocks of member D accumulated as a precursor to
the large progradational clastic wedge of terrestrial sedi-
mentary rocks preserved in member E. Lenticular- and
flaser-bedded terrigenous lagoonal sediments, like those
in member D, are related to tidal rhythms of alternating
currents and slackwater in modern deposits (Reineck and
Singh 1980, p. 101). '

Crawling and grazing trace fossils such as those associ-
ated with lenticular-bedded oolite-rich siltstone in mem-
ber D (fig. 20A) are typically found in normal open-
marine conditions (Wilson and Jordan 1983). Horizons of
oyster colonies (fig. 24) in upper member-D also suggest a
period of more suitable conditions for benthic organisms.
Disk-shaped colonies are near bivalve-inhabited, bored
hardground surfaces formed on fossiliferous packstone
(fig. 13F). Spherical oyster colonies, on the other hand,
are encased in mudstone. Encrustation and radial growth
of the spherical colonies may have increased their mass
and caused them to sink into the soft, muddy substrate,
killing the colony. Such a development may explain their
small dimensions. A similar scenario has been proposed
for preservation of microbioherms in the Waldron Shale
of Indiana (Archer and Feldman 1986).

Further evidence for lagoonal sedimentation of these
units exists in their stratigraphic relationships and paleo-
geographic setting, which is similar to that described for
modern lagoonal deposits where low-energy sediments
grade into shoal deposits in a seaward direction and into
intertidal sediments in a landward direction. This vertical
relationship was observed numerous times in the mea-
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Composite Carmel Section from the Study Area
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FIGURE 34.—A complete columnar section of the Carmel
Formation in the study area constructed from sections 1b, 4b,
and 7 showing parameters of the seven shallowing-upward
depositional cycles and their relationships to members A-F.
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sured sections (fig. 34) and is expected for typical shallow-
ing-upward shoreline sequences (Enos 1983).

Tidal channel. Tidal channels and their tributaries are
followed by tidal currents moving into and out of tidal
flats. Tidal channel deposits in the study area are inferred
from relict channel shapes, channel-fill bedding, and by
the abundance of intraclastic debris that fills these chan-
nels. Several tidal channel units in the upper part of
member D (fig. 26) show thin channel-fill bedding that
conforms to relict trough-shaped channels. Tidal chan-
nels are mostly filled with coarse sand- to granule-sized
lime mudstone and bioclastic intraclasts (fig. 16). The
intraclasts probably originated from desiccated supratidal
or intratidal flats eroded by tidal bores perhaps associated
with storms.

Intertidal Flat

Sedimentary structures characteristic of intertidal flats
include parting lineation, small current ripples, and algal
stromatolites (fig. 17A-B). The absence of burrowing
organisms suggests high environmental stress, and this,
coupled with the presence of evaporites in the upper
parts of algal stromatolites in members C and D, suggests
that the stress was caused by extreme evaporation, such
as on tidal flats in a hot, arid climate.

Intertidal environments are suggested by the presence
of laterally linked hemispheroidal and columnar stroma-
tolites (fig. 17A-B) (Logan and others 1964, Lucia 1972).
Stromatolites in intermittently exposed tidal flats have
been studied by Logan (1961) and Logan and others
(1964) in very shallow water to intermittently emergent
and hypersaline tidal flat conditions in Australia. They
noted that columnar stromatolites are generally restricted
to more turbulent exposed headlands while laterally
linked hemispheroidal stromatolites are usually charac-
teristic of lower-energy, protected flats and tidal ponds.
Stromatolites are confined to high intertidal and low
supratidal environments in the Persian Gulf (lling and
others 1965) and may indicate the same position in
Carmel rocks.

The presence of evaporites in the upper part of the
intertidal zone in arid climates of the Persian Gulf pre-
cludes the presence of most burrowing organisms (Shinn
1983). The existence of calcite-filled evaporite nodules
(fig. 17E—F) interspersed within laminated horizons in
the study area suggest similar reasons for absence of
burrowing organisms in tidal flat deposits of the Carmel.

Supratidal Sabkha

The supratidal sabkha is the coastal area above normal
or mean tide, submerged only during spring and storm
tides. Sedimentary structures and rock types in the study
area that are characteristic of supratidal sedimentation
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include desiccation cracks, raindrop impressions, fenes-
trae, solution breccia, and evaporite structures. The pres-
ence of evaporites in sabkhas is controlled by climate
(Shinn 1983). Sabkhas in the hot, arid environment of the
Persian Gulf contain evaporites, but those in the more
humid Bahamas do not.

Desiccation cracks occur on subaerially exposed water-
saturated sediments, such as on dried-up lagoon surfaces
and sabkhas. They are locally associated with raindrop
imprints (fig. 17D). These features indicate subaerial ex-
posure of sediment surfaces. Raindrop imprints in muddy
sediments are preserved chiefly in areas receiving only
occasional and brief rains. Thus they have been reported
mainly in arid and semiarid climates (Reineck and Singh
1980). Fenestrae (fig. 17E-F) and gypsum crystals, like
those in the study area, are also considered reliable indi-
cators of supratidal deposition (Shinn 1983).

Fenestrae in rocks of the Carmel Formation generally
exist as irregularly distributed, calcite-filled, bubble-
shaped vugs that increase in quantity toward the top of
stromatolitic units and are an indication of increases in
salinity that may have finally deterred algal growth. The
nodules probably represent expansion during develop-
ment of supratidal gypsum rosettes. Nodules of gypsum
occur as large isolated rosettes several centimeters across
in modern tidal flats of the Persian Gulf and increase in
abundance and size landward Shinn 1983). Chalcedony
fills some of the fenestrae in the study area and is reported
to be of a length-slow type in void-fillings of the Carmel
east of the study area (Voorhees 1978). Length-slow chal-
cedony is found almost exclusively in chalcedony replace-
ments of evaporites formed supratidally (Folk and
Pittman 1971).

Halite hopper casts in member D (fig. 27) and evaporite
solution breccia (fig. 18) in member C are supportive
evidence for supratidal deposition in parts of the Carmel.
A supratidal origin for gypsum associated with evaporite
solution breccia is suggested (James 1984, Lucia 1972).

Large ripples on the upper surface of oolitic packstone
in member A (fig. 11) may have formed by seiche currents
moving across the supratidal zone. Studies of storm de-
posits on tidal flats of Florida and the Bahamas indicate
that large quantities of subtidal sediments are washed
onto supratidal flats during storms (Ball, Shinn, and Stock-
man 1963). Scarcity of erosional processes on supratidal
flats tends to allow preservation of storm accumulations.
Member A may have formed this way. It is a 2-m-thick,
isolated, yellowish gray carbonate unit underlain and
overlain by thick sequences of reddish brown siliciclastic
strata deposited high in the supratidal zone. The strati-
graphic location and intensely ripple-marked surface of
the oolitic packstone suggest that its sediments were
transported from offshore to a supratidal location by vig-
orous and perhaps storm-driven currents.
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TERRESTRIAL

The term terrestrial is applied to environments high in
the supratidal zone where sediments uninfluenced by
marine processes accumulated. Deposits labeled terres-
trial in this study may have accumulated in the same
physiographic location as the supratidal zone. However,
the change from carbonate to siliciclastic deposition indi-
cates a distinct difference in sedimentation styles and
therefore seems to warrant a separate category. The tran-
sition from supratidal carbonates to siliciclastic red beds is
common in tidal flats of Permian age in west Texas and
New Mexico (Dunham 1972). Modern Baja California
sediments grade laterally from reduced gray silt in the
intertidal zone to oxidized brown silt in the supratidal
environment (Thompson 1968).

The red beds of members B and E constitute the major-
ity of sediments in this category. Volcanic ashes in mem-
ber C, grouped under terrestrial environments, may have
been deposited in low-energy intertidal or perhaps
lagoonal settings. They are grouped with other terres-
trial environments in this report, based on stratigraphic
position.

The thick sequence of red-bed mudstone, siltstone,
and two thin sandstone beds in member E, as well as the
thinner red-bed sequence in member B, represent ter-
rigenous deposition during progradation of a siliciclastic
wedge into the Carmel basin. Red beds of member B are
separated from similar red beds in the Temple Cap For-
mation by member A. Temple Cap red beds were proba-
bly deposited on a broad tidal flat (Rigby 1986b). Similarly
red beds in member E occur conformably over a se-
quence of algal stromatolites and supratidal rocks contain-
ing salt crystal casts and three thin, mottled, pale green to
reddish brown zones with rootlike features.

In general, brown- to red-colored sedimentary rocks
containing evaporites indicate deposition in oxidizing
subaerial environments. Red beds often form by postde-
positional, interstratal oxidation of iron-bearing grains to
hematite in warm, arid environments (Walker 1967). The
source of the iron is usually ferromagnesium minerals
(Reineck and Singh 1980) such as biotite commonly found
in volcanic ash beds in the study area. The presence of
broad, blocky calcite lenses interpreted as caliche zones
(fig. 29) in the Carmel red beds, as well as the strati-
graphic position of the red beds above and below suprati-
dal deposits, suggests that the red beds were deposited
subaerially in an arid environment.

CYCLIC DEPOSITION

Sediments in the Carmel Formation near Gunlock
record two major transgressions documented in Middle
Jurassic rocks of the Western Interior (Imlay 1957) and at
least seven secondary, shallowing-upward carbonate se-



180

quences. The two major transgressions correspond to
global fluctuations of sea level in Middle to Late Jurassic
time (Vail and others 1977, fig. 2). The global rise in sea
level and formation of worldwide Jurassic cyclothems is
attributed to tectonically controlled eustatic sea-level
changes caused by episodic plate movements and rising
oceanic spreading centers (Hallam 1975). Heller and oth-
ers (1986) suggested that subsidence of the Western Inte-
rior during the Middle Jurassic probably reflected tec-
tonic events west of and prior to the Sevier orogeny, since
no coarse clastic material that came from the Sevier oro-
genic belt exists in the Carmel and other units of this age
(Imlay 1980). They suggested that thermal subsidence
following a Middle Jurassic thermal metamorphic event
in northwest Nevada (Snoke and Lush 1984) or perhaps
flexural subsidence as a result of thrust plate emplace-
ment and loading in Nevada and northwest Utah (All-
mendinger and others 1984) may have formed the Middle
Jurassic basin in the Western Interior.

Portions of seven asymmetric shallowing-upward car-
bonate sequences occur in the Carmel Formation within
the study area (fig. 34). One partial cycle spans members
A and B, four small cycles occur in member C, one large
cycle spans members D and E, and the beginning stages
of a seventh cycle is in member F. These cycles represent
rapid rises in sea level, or abrupt basin subsidence, fol-
lowed by sedimentary progradation and fill. The cycles
may reflect second-order changes in the basin caused by
tectonic movement at or near the Andean-arc-type mar-
gin of western North America or perhaps minor sporadic
rises in sea level. The seven volcanic ashes within the
secondary cycles in the study area document that sedi-
mentation was contemporaneous with nearby volcanic
disturbances. Others have suggested that the second-or-
der cycles in the Carmel Formation may be a result of
minor epirogenetic movements or climatic changes re-
lated to Milankovitch processes or orbital variations and
axis translation (Richards 1958).

An idealized shallowing-upward sequence grades ver-
tically from an oolite shoal-zone lithofacies to a lagoonal
lithofacies, followed by intertidal and supratidal lithofa-
cies, and finally to terrestrial lithofacies (fig. 35). This
model is similar to idealized models of shallowing-upward
carbonates proposed by James (1984) and Wilson (1975).
Third-order transgressions and regressions and incom-
plete sequences resulting from nondeposition are present
in each cycle.

- GEOCHEMISTRY

Chemical analyses were performed on carbonate sam-
ples taken from sections 1 and 10. The analyses were
performed to measure differences, if any, in chemical
composition of carbonate lithologies between the two
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ldealized Shallowing -Upward Cycle for the Carmel near Gunlock

Sedimentary Features Lithofacies | Environment

Ideal Cycie

Terrigenous siltstone,

shale, and sandstone
Volcanic ash .
Caliche cement [-] Terrestrial

Calcitized gypsum or
anhydrite crystals, and vugs

___— Collapae breccla

m — Halite hopper casts
~U—" ™~ Raindrop impressions
Mudcracks

Fenestras

d Supratidal
—
—_—

Columnar lites

——— Hemispheroidal stromatolites

5/ ~Parting lineations

S .

Small current ripples and
small ripple bedding ¢

Tidal channels
Intraclasts

Intertidal

Pelletal, ostracodal,
iliolical, radiolarian (?), and
argillaceous lime mudstone

__—~  Opyster boundstone

_——— Bored hardgrounds b Subtidal

Epifaunal and infaunal
~ trailways
Lentlcular and flaser bedded
oolites and mudstone
Bivalve wackestone

Cross-bedded fossiliferous-
— oolite grainstons

Wave ripples and
wave ripple bedding

a Shoal Zone

_—

FIGURE 35.—An idealized shallowing-upward cycle for the
Carmel Formation near Gunlock showing five lithofacies (a—e)
and their associated sedimentary features and environmental
classification.

geographic extremes of the study area. It was postulated
that chemical alteration from fluids migrating along the
Gunlock fault may have enhanced dolomitization of the
sediments in section 10, but the analyses do not substanti-
ate this. However, the data does document chemical
differences in units that correspond with shifts in environ-
ments of deposition vertically within sections and later-
ally between sections. Analyses for element enrichment
(Cu, Ag, B, Fe, Sr) typically found in sabkha deposits
were also performed on rocks of section 1. The results
were nonconclusive (see Nielson 1988).

INSOLUBLE RESIDUES

The amount of insoluble residue in marine deposits
generally is inversely proportional to the distance from
shore (Trask 1937). Percentages of insoluble residue from
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carbonates in this study are higher in facies deposited
closer to shore, with the exception of some sandy-oolite
grainstone in member D (fig. 36). Units with high propor-
tions of insoluble residue generally contained fewer fos-
sils than those with moderate levels.

Percentages of insoluble residue generally increase in
rock type from grainstone to packstone to wackestone to
lime mudstone and algal stromatolite. High percentages
measured in some oolite grainstones resulted from the
large amount of quartz sand and silt that served as nuclei
to the oolites, as well as the abundant quartz sand and silt
lenses that exist without carbonate coatings in some grain-
stone units in member D (fig. 22).

An eastward increase in percent insoluble residue is
evident between comparison of equivalent units in sec-
tions 1 and 10. This is consistent with regional paleogeo-
graphic reconstructions showing an eastward gradation of
Carmel strata into nonmarine siliciclastic deposits (Peter-
son 1988b, p. 71).

CALCIUM AND MAGNESIUM

Thin-section analysis of carbonates indicates that no
major amount of dolomitization has occurred. Magne-
sium carbonate reaches a maximum in section 1 (unit 14)
of less than 14% by weight, and only slightly more than
twice that in section 10 (unit 29). These higher MgCO,
percentages occur in algal stromatolites formed in highly
evaporative supratidal zones.

Data plots illustrate an inverse relationship between
Ca/Mg ratios and insoluble percentages in all rock types of
the study area, except for some sandy-oolite grainstones
in member D (fig. 36). Studies by Chilingar (1953, 1956,
1960, 1963) and Siegel (1961) show that Ca/Mg ratios in
calcareous sediments from the Florida Keys, the Great
Bahama Bank, and the Persian Gulf increase seaward and
in water depth. Chilingar concluded that the Ca/Mg ratio
lines parallel isothermal lines (1953, p. 207) and, hence,
most likely paralle] isosalinity lines also. In sulfate-rich
waters, calcium first precipitates as CaSO, in gypsum.
The enhanced magnesium percentage in the remaining
sulfate-poor waters favors precipitation of high magne-
sium calcite. Most ancient sedimentary deposits with
high concentrations of magnesium are associated with
evaporite deposits. Units in the study area that have
higher magnesium percentages (fig. 36) accumulated un-
der more hypersaline conditions. Units that contain
abundant fossil remains have lower magnesium percent-
ages than those that contain few or no fossil remains.
Magnesium concentrations are higher in section 10 than
section 1. This relationship also suggests eastward shal-
lowing toward the ancient shoreline.
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Ca/Mg ratio w=es==s=
Unit | Lithology % Insolubles ———
0 50 100
laaalasarl

11* | Lmdst.

10* | Lmdst.

9* | Lmdst.

41 | Grnst.

39 | Pckst.

36 | Arg. Lmdst.

34 | Algl. Strmtit.

33 | Lmdst.

32 | Grnst.

31 | Arg. Lmdst.

30 | Grnst.

27 | Algl. Strmtit.

26 | Arg. Lmdst.

24 | Wckst.

22 | Algl. Strmtit.

21 | Lmdst.

20 | Grmst,

19 | Lmdst.

18 | Wckst.

17 |} Grnst.

16 | Lsltst.

14 | Algl. Strmtit.

13 | Lmdst.

11 | Arg. Lmdst.

10 | Arg. Lmdst.

9 Lmdst.

8 | Arg. Lmdst.

7 Lmdst.

6 Wekst.

3 Woekst.

1 Lmdst.

* S8amples from section 1b

FIGURE 36.—Plots of geochemical data from carbonates in
section 1.
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FIGURE 37.—Photomicrograph of oolites under cross-polar-
ized light showing isopachous stubby calcite cement, unit 52,
section 7. Bar is 50 microns long.

DIAGENESIS

Diagenesis in Carmel rocks near Gunlock has done
little to destroy their original microsedimentary struc-
tures, fabric, and allochemical constituents. The main
diagenetic effects are evaporite dissolution, replacement
crystallization, neomorphism, and minor chemical alter-
ation. Carbonate allochems are cemented by thin isopac-
hous layers of stubby calcite cement in grainstone rock
types. Interparticle porosity is filled with coarse, sparry
calcite (fig. 37). Some ooids exhibit grain interpenetra-
tion, yet generally there are no grain-to-grain contacts. In
most cases a cement rim intervenes. These types of grain
boundaries generally result from compaction and grain
interpenetration postdating cementation (Scholle 1978,
p. 207). The preservation of original allochemical mor-
phology also suggests early cementation.

Calichification is believed to have caused the thick
calcite cement layers that occur between silt layers in red
beds of members E and B (fig. 29). Fluids saturated in
calcite were drawn between supratidal laminations by
capillary wicking. The saturated solutions precipitated
calcite, which caused contemporaneous layer expansion
during crystallization.

CHEMICAL ALTERATION

Both thin section and geochemical data suggest that
little or no secondary dolomitization in Carmel rocks
occurred. Only collapsed breccia fragments of member C
(fig. 18) and the mudstone matrix of member A were
dolomitic. The formation of ¢alcium sulfate in gypsiferous
beds of the upper Temple Cap Formation and in the
cementing media of the collapse breccia, before dissolu-
tion, increased the magnesium ion concentration in the
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FIGURE 38.—Secondary banding in recently exposed rock
near the base of section 10, unit 11. Pencil or scale.

remaining solutions high enough for dolomite formation
during or soon after deposition of the carbonate units.

Peculiar, 8-cm-diameter, black and white, calcite-
rimmed voids occur in joint intersections in lime mud-
stone in member F. The lime mudstone units contain
numerous layers of calcitized gypsum crystals (fig. 32).
Calcification of these units subsequent to faulting may
explain the anomalously high Ca/Mg ratios recorded in
the geochemical analyses (fig. 36) of this horizon.

Carbonate units in the study area contain a distinctive
yellowish gray to orangish brown rust-coloration. This
coloration is attributable to individual oolites and lime
mudstone matrix and clasts. Fossil fragments and sparry
calcite fillings show no such coloration. The rusty color is
particulary intense on hardground surfaces. Hard-
grounds, here and elsewhere, commonly have a rust-col-
ored hue produced by oxidation of ferrous iron salts im-
pregnated on their surfaces from prolonged exposure to
sea water (Scoffin 1987, p. 96). Exposed bedding surfaces
of strata in the Carmel Formation near the base of section
10 have been cut recently by the Santa Clara River.
Carbonate units in these stream cuts exhibit a type of
secondary banding along joint surfaces where oxidized
yellowish brown to orangish brown material of the outer
rings contrast against light bluish gray material from the
unoxidized core (fig. 38).

REPLACEMENT CRYSTALLIZATION AND
NEOMORPHISM

Replacement crystallization from aragonite and gyp-
sum to calcite, and from calcite, aragonite, and gypsum to
chalcedony occurred within select fossils, oolites, voids,



FIGURE 39.—Partially micritized oolites, unit 30, section la.
Baris 0.5 mm long.

and beds. Minor degrading neomorphism is evident in
some layers where micritized oolites (fig. 39) and micritic
coatings of allochemical particles occur. These beds are
sandwiched between lime mudstone. The micritic en-
velopes may have been created by precipitation of clay-
sized calcite or aragonite in abandoned microborings as
those described by Bathurst (1975, p. 90) are in the
Bahamas. Small-scale borings are evident in many thin
sections (fig. 25).

Calcite and, on occasion, chalcedony have replaced
parts of gypsum nodules in algal stromatolites (fig. 17) and
parts of gypsiferous beds in evaporite solution breccia
near the top of member C (fig. 18). Calcite also replaced
gypsum vugs in the red-bed parts of members B and E as
well some gypsum crystals that retained their crystalline
form in lime mudstone beds (fig. 32) of members C and F.
Length-slow chalcedony has replaced gypsum rosettes in
beds of the Carmel to the east of the study area (Voorhees
1978, p. 53). Chalcedony has replaced oolites in member
A (fig. 10).

Neomorphic change from aragonite to calcite is evident
in all fossiliferous thin sections. Bivalve and gastropod
shells show change to calcite from aragonite by either
inversion or dissolution precipitation mechanisms, both
of which commonly eliminate original shell microstruc-
ture (fig. 25). Fragments of originally calcitic fossils, in-
cluding Ostrea and most echinoderm and bryozoan frag-
ments, show little or no neomorphism or replacement
crystallization. Oolites exhibit the commonly developed
radial fabric found in many ancient oolite deposits
(Scholle 1978, p. 118). The concentric laminations of the
oolites are still visible and are cut by thin, disruptive
radial crystals (fig. 40). Preservation of this concentric/

FIGURE 40.—Photomicrograph of oolites in oolitic grain-
stones with concentric-radial fabric, unit 52, section 7. Bar is
0.5 mm long.

radial structure has been utilized elsewhere to suggest a
previous Mg calcite composition (Richter 1983, p. 112).

SUMMARY

The Carmel Formation near the town of Gunlock in
Washington County, Utah, is composed of 240 m of shal-
low-marine to peritidal sediments that accumulated in
the southern end of the narrow, restricted, Middle Juras-
sic Western Interior seaway (fig. 4). Carmel outcrops in
the study area are the westernmost exposures of marine
Jurassic rocks known in the Cordilleran region and record
two major transgressions, a regression, and seven second-
order shallowing-upward sequences. The study area was
near 15° north paleolatitude and had a hot, arid climate
during deposition. Recent low-energy sedimentation
along the Trucial Coast in the Persian Gulf is a modern
depositional analogue for Carmel sedimentation in the
study area.

One hundred meters of Carmel strata, previously not
reported to be preserved below the regionally uncon-
formable upper contact of the Carmel in the area, is
described in six informal members, labeled A—F, that
include the Co-op Creek Member of Doelling and Davis
(1989) and the Crystal Creek and part of the Paria River(?)
Members of Thompson and Stokes (1970).

Diagenetic influences on the rock of the study area
include evaporite dissolution, replacement crystalliza-
tion, neomorphism, oxidation, and minor dolomitization.
Geochemical analyses of the carbonate rock types docu-
ment inverse relationships between insoluble residue
percentages and calcium/magnesium ratios.

Seven biotite-rich volcanic ashes, up to 1 m thick, occur
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interbedded in the section. Preliminary results of argon-
argon and fission track studies suggest that these ashes
range in age from Late Callovian to Early Oxfordian.
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APPENDIX

SECTION 1B—JACKSON PEAK

Section 1b starts 700 m west and 700 m south of the
northeast corner of section 10, R. 18 W, T. 40 S, in the
Gunlock 7Y2-Minute Quadrangle at the first reddish
brown siltstone that occurs below biotite-rich, pale blue
green volcanic ash. This is near the base of member E just
below major limestone cliffs of member F. Section 1b is
separated from the continuity of section 1a by afew tens of
stratigraphic meters due to faults in the valley that sepa-
rate them (fig. 8, in pocket).

Unit Cumulative
Thickness Thickness
Unit  Description (meters) (meters)
Dakota(P) Conglomerate: Dark
brownish black to weather-stained
reddish pink conglomerate.
Unconformity
Carmel Formation
Member F
11 Limestone: altered lime mud- 11 84.5

stone; mottled reddish pink to yel-
lowish gray, highly fractured, thin
to thick bedded, slabby to blocky,
cliff former, 8-em-diameter vugs
filled with black to white calcite
crystals rare, horizontal slicken-
sides on rock surfaces abundant,
gradational.
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10 Limestone: altered lime mud- 14 73.5
stone; pinkish gray, highly frac-
tured, thin bedded, slabby to
blocky, cliff former, gradational.

9 Limestone: lime mudstone; light 11
olive gray weathers yellowish
gray, thin bedded, slabby, cliff
former, 5-cm-diameter calcite-
filled vugs rare, one altered Pen-
tacrinus columnal, gradational.

59.5

Member E

8 Mudstone: grayish yellow, thin 3.9 48.5
bedded, chippy to flaggy, resis-
tant slope former, gradational.

7 Ash F: pale olive green, thick bed- 1.5
ded, chippy, slope former,
bronze-colored biotite 1%—2%,
sharp contact.

6 Siltstone:  moderate
brown, thin bedded,
ledge former, gradational.

5 Mudstone: moderate reddish 6 39
brown, laminated, chippy, slope
former, gradational.

4 Siltstone: ~ moderate
brown, thin bedded,
ledge former, gradational.

3 Mudstone: moderate reddish
brown, interbedded with silt-
stone, poorly exposed in several
hills and dip slopes, laminated,
chippy, slope former, sharp
contact.

2 Ash E: pale blue green, 2-mm-di- 1 2
ameter black biotite 10%, thick
bedded, ledgy slope former, sharp
contact, correlates with unit 13,
section 4b.

1 Mudstone: moderate reddish 1 1
brown, laminated, chippy, slope
former.

reddish 4.1
slabby,

43.1

reddish
slabby,

0.4 33

30.6 32.6

SECTION 4B—MANGANESE WASH

Section 4b starts 60 m east and 180 m north of the
southwest corner of section 19, T. 40 S, R. 17 W, in the
Gunlock Quadrangle at the first limestone ledge in gray-
ish green slopes exposed below red beds of member E.
This is northwest of the dirt road in Limekiln Wash.
Section 4b is separated from the continuity of section 4a
by afew tens of stratigraphic meters as a result of faults in
the valley that separate them.

Unit Cumulative
Thickness  Thickness
Unit  Description (meters) (meters)
Cretaceous Bentonite
Dakota (?) Conglomerate 0.3

Unconformity
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Carmel Formation
Member E

22

21

20

19

18

17

16

15

14

13

12

11

10

Mudstone: dusky red, thin bed-
ded, soily, slope former, thin pale
green horizon near the top, sharp
contact.

Mudstone: moderate yellowish
red, interbedded with pale olive
green mudstone, thin bedded,
soily, slope former, occasional bi-
otite, gradational.

Mudstone: moderate yellowish
red, thin bedded, soily, slope for-
mer, gradational. ‘

Siltstone: moderate  reddish
brown, thin bedded, slabby, cal-
citized gypsum vugs, ledge for-
mer, gradational.

Mudstone: moderate yellowish
red, thin bedded, soily, slope for-
mer, gradational.

Siltstone:  moderate  reddish
brown, thin bedded, slabby, cal-
citized gypsum vugs, ledge for-
mer, gradational.

Mudstone: dusky red to moderate
red, thin bedded, soily, slope for-
mer, sharp contact.

Mudstone: mottled dusky red and
pale green, possibly root pertur-
bations, thin bedded, soily, slope
former, sharp contact. )
Mudstone: dusky red to moderate
red, thin bedded, soily, slope for-
mer, sharp contact.

Ash E: pale blue green, abundant
biotite up to 10%, ledgy slope for-
mer, correlates with unit 2, sec-
tion 1b. :
Mudstone: dusky red, indiscrimi-
nate bedding, soily, slope former,
sharp contact. »
Siltstone: grayish yellow, thin
bedded, flaggy, slope former, gra-
dational. o
Mudstone: dusky red, indiscrimi-
nate bedding, soily, slope former,
sharp contact.

Member D

9

Limestone: algal stromatolite; yel-
lowish gray, wavy laminated,
shaly, ledge former, gradational.
Dip slope: yellowish gray argilla-
ceous lime mudstone, thin bed-
ded, slope former, gradational.
Limestone: argillaceous lime
mudstone; yellowish gray, lami-
nated, shaly, stromatolitic? resis-
tant ledgy slope former, grada-
tional.

0.2

‘1.5

0.1

a1

0.2

4.3

0.3

5.5

1.8

1.5

1.8

35.5

32.5

32.3

308

30.7

286

28.4

23.8

1 18.3

17.3

15.5

15.2

13.7

11.9

8.9

6 Mudstone: yellowish gray, lami-
nated, chippy, slope former, gra-
dational. :

5 Mudstone: yellowish gray, lami-
nated, chippy, slope former.

4 Mudstone: yellowish gray, lami-
nated, soily to chippy, slope for-
mer, sharp contact.

3 - Limestone: oolitic packstone;
light olive gray weathers moder-
ate yellow, thin bedded, slabby,
ledge former, 1 by 2 cm flat oyster
colonies, sharp contact.

2 Mudstone: yellowish gray and
orangish yellow gray, laminated,
chippy, slope former, sharp
contact.

1 Limestone: silty packstone; light
olive gray weathers orange gray,
thin bedded, slabby, oolites,
ledge former, symmetrically rip-

- : pled upper surface of wavelength
10 ¢m and wave height 1 cm indi-
cates 150° and 330° azimuths of
sediment transport, small 6-by—8-
cm-diameter oblong oyster colon-
ies, Cruziana ichnofacies, corre-
lates with unit 58, section 7.

Quaternary colluvium

SECTION 7—RESERVOIR -

2.2 .

0.1

3.4

0.2 .

0.8

0.2

6.9

4.7

46

1.2

1.0

0.2
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Section 7 starts 550 m west and 850 m south of the
northeast corner of section 32, T. 40 S, R. 17 W, in the
Gunlock Quadrangle at the lowest limestone ledge above
reddish brown siltstone of the Temple Cap Formation.

This is adjacent to Gunlock Reservoir.

Unit  Description

Dakota (?) Conglomerate: con-
glomerate, dark brownish black,
very thick bedded, cliff former,
sharp contact.

Unconformity

Carmel Formation
Member E

68 Covered: exposed slope toward
the east shows moderate reddish
brown mudstone and siltstone.

Member D

67 Limestone: argillaceous lime
mudstone; yellowish gray, lami-

Unit
Thickness
(meters)

1.6

144.9

141.9

Cumulative
Thickness
(meters)
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66

65

64

63

62

61

60

59

58

57

56

nated, shaly, ledge former, mud-
cracks and calcitized gypsum nod-
ules common, halite hoppers rare,
gradational.

Mudstone: yellowish gray, lami-
nated, chippy, slope former, gra-
dational.

Siltstone: light olive gray, lenticu-
lar bedded with thin rippled
lenses of oolites, flaky, ledgy slope
former, gradational.

Mudstone: light olive gray, lami-
nated, chippy, slope former,
sharp contact.

Limestone: oyster boundstone;
pale yellowish brown, thin bed-
ded, weathers into 7-cm-diameter
spherical oyster masses, encrust-
ing oyster shells are 0.5 cm wide
and 0.5 cm long, ledge former,
gradational.

Limestone: fossiliferous pack-
stone; yellowish gray, thin bed-
ded, slabby, ledge former, high-
spired gastropods  common,
bivalve fragments abundant,
sharp contact.

Mudstone: yellowish gray, lami-
nated, chippy, slope former,
sharp contact.

Limestone: oyster boundstone;
pale yellowish brown, thin bed-
ded, weathers into 15 cm to 20 cm
diameter, subspherical oyster
masses, encrusting oysters shells
are 2.5 cm long and 1.5 cm wide,
ledge former. A 10-cm-thick hori-
zon of fossiliferous packstone con-
taining high-spired gastropods
forms a thin substrate for the oys-
ter colonies, sharp contact.
Mudstone: yellowish gray, lami-
nated, chippy, slope former,
sharp contact.

Limestone: oyster boundstone;
pale yellowish brown, thin bed-
ded, weathers into 15 cm to 20 cm
diameter, subspherical oyster
masses, encrusting oyster shells
are 2.5 cm long and 1.5 cm wide,
ledge former. A 10-cm-thick hori-
zon of fossiliferous packstone con-
taining high-spired gastropods
forms a thin substrate for the oys-
ter colonies, sharp contact, corre-
lates with unit 1, section 4b.
Siltstone: light olive gray, lenticu-
lar bedded with thin-rippled
lenses of oolites, flaky, slope
former, Skolithos ichnofacies,
gradational.

Siltstone: pale yellowish orange,
shaly, slope former, interbedded
with several 5-10-cm-thick beds
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of oolitic grainstone, light olive
gray, shaly, ledgy, bivalve frag-
ments and Pentacrinus columnals
common, Skolithos ichnofacies,
3-4-cm-diameter oyster masses
on bedding planes rare, cross-
bedding indicates 20° and 200° az-
imuths of sediment transport, gra-
dational.

Limestone: oolitic grainstone; yel-
lowish gray, thin bedded, flaggy,
ledge former, bivalve fragments
common, Pentacrinus columnals
rare, gradational.

Siltstone: pale yellowish orange,
laminated, shaly, slope former, in-
terbedded with several 5-10-cm-
thick light olive gray oolitic grain-
stones, shaly, ledgy, high-spired
gastropods rare, bivalve frag-
ments and Pentacrinus columnals
common, Cruziana ichnofacies,
cross-bedding indicates 20° and
200° azimuths of sediment trans-
port, gradational.

Top of Carmel Cuesta

53

52

51

50

Limestone: oolitic grainstone; yel-
lowish gray, weathers pale yellow-
ish orange, thin bedded, slabby,
ledge former, bivalve fragments
and Pentacrinus columnals com-
mon, Cruziana ichnofacies, cross-
bedding indicates 170° and 350°
azimuths of sediment transport,
one 50-cm-thick planar cross-bed
indicates a 330° azimuth of sedi-
ment transport, several 3-7-mm-
thick mudstone layers divide the
grainstone into slabs, forms the
foundation of a dip slope.
Limestone: oolitic grainstone; yel-
lowish gray weathers pale yellow-
ish orange, interbedded with light
olive gray mudstone, thin bed-
ded, chippy, ledge former, grada-
tional.

Limestone: oolitic grainstone; yel-
lowish gray, weathers pale yellow-
ish orange, thick bedded, slabby,
ledge former, bivalve fragments
and Pentacrinus columnals com-
mon, Cruziana ichnofacies, cross-
bedding indicates 20° and 200° az-
imuths of sediment transport,
several 3-7-mm-thick mudstone
beds divide the grainstone into
slabs, gradational.

Limestone: oolitic grainstone;
yellowish gray, weathers pale yel-
lowish orange, interbedded with
light olive gray mudstone, thin
bedded, chippy, ledge former,
gradational.
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Limestone: oolitic grainstone; yel-
lowish gray, weathers pale yellow-
ish orange, thin bedded, slabby,
ledge former, bivalve fragments
and Pentacrinus columnals com-
mon, Cruziana ichnofacies, cross-
bedding indicates 20° and 200°
azimuths of sediment transport,
gradational.

Siltstone: light olive gray with yel-
lowish bands, lenticular bedded
with 40% pale orange oolite grain-
stone lenses, shaly to flaggy, slope
former, gradational.

Limestone: oolitic grainstone; yel-
lowish gray, weathers pale yellow-
ish orange, thin bedded, slabby,
ledge former, bivalve fragments
and Pentacrinus columnals com-
mon, high-spired gastropods rare,
Skolithos and Cruziana ichnofa-
cies, cross-bedding indicates 0°
and 135° azimuths of sediment
transport, asymmetrical ripples
indicate a 50° azimuth of sediment
transport, gradational.

Sandstone: fine grained; yellowish
gray, thick bedded, slabby, ledge
former, gradational.

Siltstone: yellowish gray, weath-
ers pale orange, lenticular bedded
with lenses of oolitic grainstones,
platy, slope former, Cruziana ich-
nofacies, gradational.

Limestone: oolitic grainstone; yel-
lowish gray, weathers pale yellow-
ish orange, thin bedded, slabby,
ledge former, bivalve fragments
and Pentacrinus columnals com-
mon, Cruziana ichnofacies, cross-
bedding indicates 20° and 200° az-
imuths of sediment transport,
gradational.

Siltstone: yellowish gray, weath-
ers pale orange, lenticular bedded
with lenses of oolitic grainstone,
platy, slope former, Cruziana ich-
nofacies, gradational.

Limestone: oolitic grainstone;
yellowish gray, weathers pale yel-
lowish orange, thin bedded,
slabby, ledge former, ripple
marks and cross-beds indicate 20°
and 200° azimuths of sediment
transport, Pentacrinus columnals
and bivalve fragments common,
gradational.

Limestone: sandy-oolitic grain-
stone; pale greeénish yellow, thin
bedded, flaggy, ledge former,
Cruziana ichnofacies, gradational.
Mudstone, ashy: olive green, lam-
inated, chippy, slope former,
sharp contact.
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Limestone: sandy-oolitic grain-
stone; yellowish gray, weathers
moderate reddish brown, thin
bedded, flaggy, ledge former, bi-
otite grains on bedding planes
rare, cross-bedding indicates 10°
and 190° azimuths of sediment
transport, sharp contact.
Mudstone: olive green, very thin
bedded, chippy becoming shaly
upward, slope former, biotite on
bedding planes common, grada-
tional.

Member C

37

36

35

34

33

32

31

30

29

28

Limestone: argillaceous lime
mudstone; yellowish gray, shaly,
ledge former, stromatolitic?,
gradational.

Mudstone: yellowish gray, lami-
nated, shaly, slope former,
capped with a 0.5-cm-thick crust
of calcitized gypsum nodules,
gradational.

Limestone: argillaceous lime
mudstone; yellowish gray, lami-
pated, shaly, slope former,
capped with a-0.5-cm-thick crust
of calcitized gypsum nodules,
gradational.

Mudstone: dusky yellow, ashy,
laminated, chippy, slope former,
sharp contact.

Limestone: algal stromatolite;
light olive gray, wavy laminated,
shaly, calcitized gypsum nodules
appear midway up the unit and
increase in quantity upward to
20% at the top, ledge former, gra-
dational.

Limestone: argillaceous lime
mudstone; light olive gray, weath-
ers yellowish gray, thin bedded,
pencilly to blocky, fractures con-
choidally, resistant slope former,
gradational.

Limestone: lime mudstone; light
olive gray weathers yellowish
gray, thin bedded, pencilly to
blocky, fractures conchoidally,
ledge former, sharp contact.
Mudstone: mostly covered; yel-
lowish gray, interbedded with
pale olive green ash, laminated,
chippy, slope former, biotite on
bedding planes rare, gradational.
Part of this unit is equivalent to
ash D.

Ash C: grayish olive, thick bed-
ded, chippy, slope former, black
biotite 5%, sharp contact.
Mudstone: yellowish gray, weath-
ers pale orange, laminated, shaly,
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27

26

25

24

23

22

21

20

19

18

17

16

15

14

slope former, capped with 5-cm-
thick pale orange evaporite-solu-
tion breccia, sharp contact.
Limestone: algal stromatolite;
light olive gray, wavy laminated,
shaly, ledge former, gradational::
Limestone: argillaceous lime
mudstone; light olive gray weath-
ers yellowish gray, thick bedded,
pencilly, resistant slope former,
gradational.

Limestone: lime mudstone; light
olive gray, weathers yellowish
gray, thick bedded, blocky to pen-
cilly upward, ledge former, sharp
contact.

Limestone: fossiliferous-intraclas-
tic packstone; light olive gray,
thick bedded, slabby, ledge for-
mer, bivalve fragments and Pen-
tacrinus columnals common, unit
thins in 150° and 330° az1muths
sharp contact.

Limestone: algal stromatolite; yel-
lowish gray, wavy laminated,
shaly, ledge former, gradational.
Limestone: argillaceous lime

mudstone; yellowish gray, thin .

bedded, flaggy, slope former,
gradational.

Limestone: fossiliferous wacke-
stone; light olive gray, thick bed-
ded, slabby and pencilly, ledge
former, crinoidal debris, fractures

. conchoidally, gradational.

Limestone: fossiliferous pack-
stone; pale yellowish orange, thin
bedded, slabby, ledge former,
Pentacrinus columnals common,
gradational.

Limestone: wackestone; yellowish
gray, thick bedded, chippy, in-
terbedded  with  packstone,
blocky, ledgy slope, biotite on
bedding planes rare, gradational.

Limestone: oolitic grainstone; :

grayish yellow, thin bedded,
slabby, ledge former, gradational
contact.

Limestone: argillaceous lime
mudstone; yellowish gray, thin
bedded, slabby, ledgy slope for-
mer, gradational.

Ash B: grayish green, laminated;
chippy, slope former, black biotite
10%, sharp contact.

Limestone: algal stromatolite; yel- :

lowish gray, wavy laminated,
shaly, ledge former, calcitized
gypsum nodules 1-2 cm in diame-
ter increase in quantity upward to
50%, gradational,

Siltstone: yellowish gray, lami-
nated, chippy, slope former, in-
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terbedded with 20-cm-thick,
grayish orange, ledge-forming,
oolitic grainstone, unit thickens
and thins in 140° and 320° az-
imuths, gradational.

Sandstone: fine grained, grayish
yellow, thick bedded, blocky,
ledge former, weathers spheroi-
dally, four bivalve-fragment-rich
beds 2 mm thick oceur 2 m up,
biotite on bedding planes rare,
gradational.

Siltstone: yellowish gray, very

thin bedded, shaly, ledgy slope
former, gradational.

Limestone: arg1llaceous lime
mudstone; yellowish gray, thick
bedded, chippy to pencilly, resis-
tant slope former, 5 cm thick
oolitic grainstone bed midway up,
gradational. .
Limestone: oolitic grainstone; yel-
lowish gray to dusky yellow, thin
bedded, flaggy, ledge former,

cross-bedding and rippled surface-

indicate 20° and 200° azimuths of
sediment transport, sharp con-
tact.

Limestone: argillaceous lime
mudstone; yellowish gray, thick
bedded, pencilly to slabby, ledgy
slope former, gradational.
Limestone: pelletal, lime mud-
stone; light olive gray, thin bed-
ded, blocky, ledge former, friable,
bivalves rare, sharp contact.

Member B

7

Siltstone: moderate yellow, very
thin bedded, chippy, slope for-
mer, gradational. .

Ash A: pale green, reworked,
thick bedded, chippy, black bi-
otite 10%, slope former, sharp
contact.

Mudstone: dark reddish brown,
very thin bedded, chippy, slope
former, gradational.

Siltstone: yellowish gray, thin ‘

bedded, flaggy, ledgy slope for-
mer, biotite grains,on bedding
planes rare, gradational.

Mudstone: bentonitic; dusky yel-
low, thin bedded, chippy, slope
former, biotite grains on bedding
planes rare, sharp contact. Par-

- tially equivalent to ash AA.

Member A

2

Limestone: sandy-oolitic back—
stone; white, weathers yellowish
white, thin bedded, blocky, vuggy
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porosity 10%, cross-beds 10-30

cm wide by 2-25 cm thick, shal-

low-water ripples indicate 170°

and 350° azimuths of sediment

transport, biotite on bedding

planes common, gradational.

1 Limestone: dolomitic lime mud- 0.9 0.9

stone; moderate yellow, thin bed-

ded, flaggy, ledge former, grada-

tional.

Temple Cap Formation: interbedded dark to medium
reddish brown siltstone and mudstone with occasional
horizons of pale green volcanic ash, slope former.
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