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ABSTRACT

The stratigraphic seauence of the Robinson Canyon-
Laureles Grade area in Monterey County represents at least
two periods of deposition upon a pre-Cretaceous to Cretaceous
crystalline basement. The oldest observable sedimentary unit
is the middle Miocene or older Chamisal Formation which is
composed of nonmarine and shallow marine sequences of rocks.
Overlying the Chamisal Formation unconformably, is the middle
Miocene to late Miocene Monterey Formation. The Monterey
Formation represents a relatively deeper water marine se-
auence of rocks compared to the Chamisal Formation and is
made up of rocks which were deposited in neritic, transition-
al outer neritic to middle bathyal, and lower middle bathyal
depth environments. Interbedded with the transitional member
of the Monterey Formation are pelletal phosphoritic rocks.
Most of these phosphoritic rocks represent fecal pelletal
material, formed in shallow-water environments, which was
then transported by fluidized grain flows to much deeper
water environments. The fecal material originally contained
phosphorus and may have been enriched in phosphorus further
by metasomatic processes. The paleogeography of the basin in
which the Monterey sediments were deposited had character-
istics of a continental borderland trough which was an ideal
setting for the phosphatic enrichment of fecal material al-

ready rich in phosphorus.

xii



INTRODUCTION

Purpose of Investigation

Several exposures of oolitic, pelletal, and pebbly phos-
phoritic rock have been reported previously in the Carmel
Valley area of Monterey County (Galliher, 1931; Rogers, 1944;
Brown, 1962; Gower and Madsen, 1964; and Dickert, 1970).
Stratigraphically, these phosphoritic rocks are restricted to
the lower portion of the Monterey Formation in beds ranging
in age from middle to late Miocene. This study involves a
detailed description of the stratigraphy and characteristics
of different types of phosphoritic rock in the Carmel Valley
area. It was felt that this study would add more knowledge
on the phosphoritic rocks with respect to several features:
stratigraphic restrictive nature of occurrence; difference in
character of phosphorus constituents related to possible lat-
eral or vertical occurrences in stratigraphy; final deposi-

tional environments; and possible mode(s) of formation.

Previous Studies

Previous general geological studies have been conducted
in the Carmel Vvalley area by Trask (1926), Galliher (1930),
Cassel (1949), Brown (1962), Bowen (1965), Clark, Dibblee,
Greene, and Bowen (1974), and Graham (1976). Specific

studies in the fields of geophysics (Sieck,1964), groundwater
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(Thorup, 1976), stratigraphy (Bramlette, 1946), and biostra-
tigraphy (Kleinpell, 1938) also have been done in the study

area.

Location and Accessibility

The Robinson Canyon-Laureles Grade area is situated in
Carmel Valley. The area is located in the southeast sector
of the 7 1/2' Seaside quadrangle and is framed by latitudes
36°32'30"N, 36°30'00"N, and longitude 121°49'00"W, which
serve as the north, south, and western limits (fig. 1). The
eastern limit of the study area is the Laureles Grade road
(G20). The study area can be reached by driving east on
Carmel Valley road (Glé6) off of Highway 1 near the city of
Carmel. Access to different parts of the study area is pro-
vided by Robinson Canyon road, Tierra Grande drive, Laureles
Grade road, and several unimproved, privately owned, dirt

roads. The total area studied is approximately 25 kmZ2.

Geography

The study area is divided by the Carmel River into
northern and southern areas. Each area has its own distinct
geography which is a reflection of the underlying bedrock.
The northern area is characterized by smoothly rounded, grass
covered hills which range in elevation from 45m at the Carmel

Valley floor to 400 m near the top of Laureles Grade road.
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Vegetation consists of tanoaks, chapparal, huckleberry and
grassland. Hillsides and slopes are brushy, whereas hilltops
and knolls are grassy and provide good range land for cattle.
Wildlife consists of deer, rabbits, and snakes. The southern
area differs from the northern area in being characterized by
steep and rugged canyons which range in elevation from 45 m
at the Carmel Valley floor to nearly 550 m on top of Sniv-
ley's Ridge. Vegetation ranges from very dense in the can-
yons to sparse on the hill tops and ridge lines. Redwoods,
ferns, and a variety of vine plants grow in the canyons.
Vegetation not restricted to the canyons includes oak trees,
chapparal, and manzanita. Grasses predominate on the hill
tops, and ridge lines. Wildlife consists of deer, rabbits
and boar.

The north and south parts of the Carmel Valley have a
moderate to mild climate. Rainfall is seasonal and is con-
centrated during the months of November through April; the
annual average rainfall is 16-18 in.

Land use in descending order of area within the Carmel
Valley is urban residential, pasture, and truck crops. The
study area is predominantly used for pasture land, but hous-
ing developments have steadily increased on the Carmel Valley

floor.



METHODS OF STUDY

Preliminary Investigation

A preliminary survey of all pertinent literature relat-
ing to the general geology of the study area was made before
fieldwork was begun. A bibliography of regional geologic
literature and specific literature on phosphate deposition
was assembled, and then private-property ownership was sur-
veyed and permits for trespassing were secured. Once per-
mission had been obtained, a preliminary geologic investi-

gation was made with the aid of aerial photographs.
Fieldwork

A total of 48 days was spent in the field, the majority
of time being spent in the summer of 1977 and the spring of
1978. Fieldwork consisted of detailed geologic mapping of
the study area plotted on a topographic map at a scale of
1:6,857. Older geologic maps were used for comparison, and
in some cases added to or corrected. The final compiled map
is shown on plate 1. An enlarged aerial photograph at a
scale of 1:6,000 was utilized also as an aid for plotting and
locating purposes. Detailed measured sections were made of
rock exposures of reasonable accessibility showing the maii-
mum measurable thickness with the least deformation, and the

least weathering. Selective samples were taken from measured
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sections for slabbing and thin section preparation, and for
study of the megafossils and microfossils, phosphate content,
and the total chemistry. Nomenclature used in describing
measured sections is based on standard references (Wentworth
grain size parameters; 1963 Geological Society of America
rock color chart; Maurice Powers 1953 visual grain roundness
determinations), and textural rock names used are those of
C. M. Gilbert (in Williams, Turner, and Gilbert, 1954).
Field presence of CaCO3 was indicated by HCL; P05 presence
was tested by a vanadomolybdate solution. Supplemental
photographs were taken of selected measured sections. Labo-

ratory work and procedures are described in Appendix 1.



STRATIGRAPHY

The Carmel Valley area is underlain by a crystalline
basement that is overlain by sediment representing at least
two major periods of deposition. Locally within the Robinson
Canyon-Laureles Grade area, the first marine transgressive
sequence started about middle, or possibly early Miocene time
and is represented by the nonmarine-to shallow-marine-Chami-
sal Formation. A possible regressive phase, which may have
occurred during late middle Miocene time, terminated deposi-
tion of the Chamisal Formation. The second marine transgress=-
ive sequence started during late middle Miocene time and is
represented by the outer-littoral-to deep-water-marine
Monterey Formation. Subsequently, the Monterey Formation was
unconformably overlain on the Chamisal Formation and on grano-
diorite basement where the Chamisal Formation may have been
stripped from or was never deposited on. Figure 2 is a gener-

alized stratigraphic column of the study area.

Basement

The basement of the study area is made up of pre-Tertiary
igneous and metamorphic rocks which constitute 15 percent of
the total surface area. The first mention of igneous rocks in
the Monterey-~Carmel area was by Lawson (1893), who called the

granitic rocks there the Santa Lucia Granite. The term Santa
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Lucia has since been applied by many workers to all types of
granitic rocks included within the Santa Lucia Range. In re-
sponse to this usage, Ross (1976a) proposed a more restric-
tive terminology, the prophyritic granodiorite of Monterey,
to distinguish the Monterey-Carmel rocks from other granitic
rocks within the Santa Lucia Range.

Granitic rocks noted by the author in the study area are
granular, medium-grained, and biotite granodiorite to quartz
diorite in composition. The average composition observed in
stained samples is 5-10 percent K-spar, 15-20 percent quartz,
70-80 percent plagioclase, and 10-20 percent biotite. The
predominant feldspars are plagioclase ab70 an30 and micro-
cline. Accessory minerals including magnetite and zircon
also are present. Quartz shows consistent undulatory
extinction. The granodiorite weathers moderate pink (5R7/4)
to moderate reddish-orange (1l0R6/6) in color. Weathered pro-
ducts consist of rubble and very coarse sand.

Present within the study area, but not mapped because of
insignificant size, are small outcrops of metamorphic rock
belonging to an assemblage of rocks called the Sur Series
Schists by Trask (1926). These outcrops occur only along the
Laureles Grade road area. The predominant metamorphic rock
is a quartzofeldspathic schist. This schist is similar to
rocks called the Sierra de Salinas Schist by Ross (1976a)
which occurs to the east of the study area. The schist

weathers to a moderate reddish-brown (1l0R4/6) color.
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If these metamorphic rocks in the study area are re-
lated to, or eaquivalent to, the Sierra de Salinas Schist,
they may be Mesozoic in age (Ross, 1976a). The granodio-
rites which have intruded the metamorphic rocks are Cre-
taceous in age and range from 77 my to 106 my (Compton,
1966). A much more thorough discussion of the crystalline
basement rocks of the Santa Lucia Range has been given by

Compton (1966), Wiebe (1970), and Ross (1973, 1976a,b).

Chamisal Formation

The name Chamisal Formation was first proposed by Brown
(1962) for exposures of arkosic sandstone of middle Miocene
age overlying granodiorite basement and underlying the
Monterey Formation in the Robinson Canyon vicinity. Trask
(1926) originally assigned these sandstones to the Temblor
Formation. Brown (1962) divided the Chamisal Formation into
the nonmarine Robinson Canyon Member, the intermediate con=-
glomeratic Chamisal Member, and the upper marine Chamisal
Member. Identical rocks located southeast of the study area
in the Jamesburg quadrangle were mapped as Vaaqueros-Temblor
sandstone by Fiedler (1944) and as the Cachagua Member of the
Chamisal Formation by Neel (1963) and Wiedman (1964). Bowen
(1965) proposed the name Los Tularcitos Member for Brown's
intermediate and upper marine Chamisal members. Clark,

Dibblee, Greene and Bowen (1974) lumped all marine sandstones



11
within the study area including the Laureles Sandstone into a
"Middle Miocene Sandstone." Thorup (1976) considered all
sandstone units in the area as the "Tularcitos", a name pri-
marily intended to designate a single groundwater aquifer
unit or zone.

The author has elected to use the name Chamisal Forma-
tion as originally proposed by Brown and the names Robinson
Canyon Member to designate the lower nonmarine portion of the
Chamisal Formation, and Los Tularcitos Member as proposed by
Bowen (1965) to designate the intermediate and upper marine
portions of the formation. The Laureles Sandstone is not in-
cluded here in the Chamisal Formation and will be discussed
under the Monterey Formation.

The type locality for the Chamisal Formation is located
along Robinson Canyon, from the crest of Chamisal Ridge to
the alluviated floor of Carmel Valley (Bowen, 1965). Brown
(1962) reported a maximum exposed thickness of 290 m and
showed a general thinning in a westerly direction. Within
the study area the Carmel Valley test well (Appendix 2) indi-
cated a possible thickness of at least 210 m for the Chamisal

Formation.

Robinson Canyon Member

Distribution and Thickness. Outcrops of the Robinson

Canyon Member constitute less than five percent of the total
surface area mapped. Fair exposures occur on the flanks of

an east-west-trending syncline in the southwest sector of the
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study area (plates 1 and 2). The characteristic red colored
portion crops out only at the mouth of Robinson Canyon within
the study area. No exposures were found north of the Carmel
River. The Robinson Canyon Member is easily erodable and
forms an almost badland-type of topography in the south; ex-
posures at the mouth of Robinson Canyon are the exceptions in
that they are more indurated and fairly resistant.

A maximum exposed thickness of the member in the study
area is approximately 30 m; the Carmel Valley test well, how-
ever, which reached granodiorite basement, shows a possible
thickness of 115 m (Appendix 2). One mile south of Sniveleys
Ridge, outside of the study area in the vicinity of Pinyon
Peak, a maximum exposed thickness of 125 m with thinning in a
westerly direction was reported for the member (Brown, 1962).

The basal contact of this member with granodiorite base-
ment is exposed in only a few areas. One outcrop at the mid-
dle western edge of the study area shows a possible contact,
but it is too poorly exposed for a definitive description of

the type of contact.

Lithology. The Robinson Canyon Member is a granule to
very coarse, in part cobbly, pebbly, arkosic sandstone. Rocks
exposed in the southern part of Robinson Canyon are textural-
ly identical to those in the north at the mouth of Robinson
Canyon, but differ in lacking the red coloration and being

less indurated. Fresh and weathered exposures in the south
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exhibit a pale olive (10Y6/2) color, as contrasted with a
fresh yellowish=-gray (5Y7/2) to weathered moderate red
(5Y4/6) coloration of northern exposures. All exposures are
characterized by a somewhat salt and pepper color distribu-
tion and they weather to a coarse, sandy soil.

All rocks are composed of very coarse, poorly sorted,
equant to tabular, angular, and subangular grains. Grain
surfaces are dull and stained by iron oxides. Composition is
predominantly aquartz (50 percent), feldspars (40 percent},
biotite (8 percent), and other ferromagnesium minerals. The
Robinson Canyon Member is framework-supported and lacks clay-
or silt-sized material. Ferruginous cement amounts to less
than one percent of the total rock composition. Cobbles and
pebbles dispersed within the member constitute less than one
percent of the total rock. Included within this coarser
fraction are grayish, mud-cemented, spherical concretions of
coarse sand ranging from 2.5 cm to 5 cm in diameter; well
rounded, 0.5 cm to 5 cm, biotite-schist clasts; abundant,
rounded, 0.5 cm to 5 ¢cm, aquartz clasts; and a characteristic
predominance of rounded to rectangular, 0.5 cm to 5 cm, pink
feldspars. Where the member is fairly well indurated, cohe-
siveness appears to be the result of compaction.

Outcrops are generally massive, but where bedding does
occur beds range in thickness from 1 m to 2 m. These beds
are traceable for only 8 m to 10 m and consist of boulder to

cobble conglomerates composed of well rounded to subangular
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guartz diorite, gneiss, and schist clasts. Numerous, 7-cm-to
15-cm-thick by 3-m-to 5-m-long lenses of gravel to pebbly
conglomerate made up of well rounded, 0.5 cm to 1 cm pebbles

of granodiorite, schist, and quartzite, also are present.

Age and Correlation. No fossils were found in the

Robinson Canyon Member; therefore, no precise age can be
assigned. Judging by the gradational contact with the over-
lying Los Tularcitos Member, which contains Temblor stage
(middle Miocene) invertebrate megafossils near the top, the
upper part of the Robinson Canyon Member is considered to be
at least early middle Miocene in age. The Robinson Canyon
redbeds best correlate lithologically with the nonmarine,
late Oligocene Berry Formation located farther to the south

of the study area (Brown, 1962).

Depositional Environment. Because of the paucity of ex~-

posures of the Robinson Canyon Member within the study area,
an interpretation of the depositional environment is greatly
impeded. Despite this limitation, however, the author postu-
lates that the Robinson Canyon Member is representative of an
alluvial facies because of the following features. The
source rock of the Robinson Canyon Member is considered to
have been the granodiorite basement because of the predomi-
nance of quartz and feldspar in the sediment with the occur-
rence of granodiorite, gneiss and schist clasts. The basement

is predominantly granodiorite, but does contain scattered
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remnants of the Sur Series Schists. The poor sorting, angu-
larity, and coarseness of the sediment with the occurrence of
occasiocnal conglomerates are indicative of the close proximi-
ty of source rock. Lenses of gravel and pebbles are sugges-
tive of small channels; discontinuous boulder to cobble con-
glomerates possibly represent larger channels. The lack of
clay matrix and abundance of feldspars may be indicative of
either an arid or cold climate, but the red cocloration of the
member often is attributed to a warm, humid climate (Folk,
1974). Intrastratal oxidation (Walkerx, 1967), commen in dry
climates, however, coculd explain the development of these
features. The red ccloration strongly suggests a subaerial
environment, as does the lack of marine fossils.

Sediment transport probably generally was southward.
Paleocurrent indicators at localities 482 and 467 near the
contact between the Robinson Canyon Member and the Los Tular-
citos Member (table 1, plate 3) indicate transport scuthward.
Paleocurrent data at locality 537 within the Los Tularcitos
Member alsc indicate a southerly flow. A westerly component
to the sediment transport is shown by paleocurrent indicators
453 and 509. The lack of Robinson Canycn Member to the north
of the Carmel River, where perhaps it never was deposited,

supports the idea of sediment transport to the south.
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Table 1. Paleocurrent indicators in rocks from the
Robinson Canyon-Laureles Grade area
(refer plate 3 for locations).
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Los Tularcitos Member

Distribution and Thickness. The Los Tularcitos Member

is exposed primarily on the south side of the Carmel River,
predominantly in the southwestern sector of the study area,
and along the northern edge of the Tularcitos Fault. A few
scattered outcrops of the member occur north of the Carmel
River, fairly close to the valley floor. The total exposed
area of the member constitutes 20 percent of the study area.
The topographic expression of the member varies due to dif-
ferences in degrees of induration and coarseness. On the
northward-facing flanks of Pinyon Peak, located directly
south of Snivleys Ridge, just at and beyond the mid-southern
edge of the study area, the Los Tularcitos Member exhibits a
resistant, massive, cliff-forming, carvernous character. This
same formidable character is exhibited in the southeastern
extremity of the study area at the Garland Ranch Regional
Park and along the northern side of the Tularcitos Fault.
Along the fault are vertical cliffs with drops of 60 m which
have been called the "Palisade Cliffs" (Thorup, 1976). Other
less prominent outcrops occur in landslide areas flanking
Robinson Canyon.

The thickness of the Los Tularcitos Member at the type
locality of the Chamisal Formation is 120 m with a general
thinning to the west (Brown, 1962; Bowen, 1965). The Carmel
Valley test well (Appendix 2) shows a thickness of at least

100 m for the member. The Los Tularcitos Member is
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considerably thinner north of the Carmel River where measured
thicknesses range from 0 m to 30 m.

The character of the Los Tularcitos basal contact dif-
fers between north and south portions of the study area. To
the south, the Los Tularcitos Member conformably overlies the
Robinson Canyon Member and shows a gradual upward trend in
decreasing grain size from very coarse to coarse to medium
size, and a relative increase in calcium carbonate content.
In some exposures a basal l-m-~to 2-m-thick zone is burrowed
(fig. 3, plate 3). All these features are indicative of a
change from nonmarine to marine conditions. To the north,
the marine portion rests on a 3-m—-thick, siliceous shale to
claystone which in turn lies nonconformably on granodiorite

basement.

Lithology. The Los Tularcitos Member is a coarse to
medium grained, arkosic sandstone. Northern and southern
exposures, excluding the Tularcitos Fault and Garland Ranch
Regional Park areas, have identical characteristics. Fresh
rock surfaces exhibit a very pale orange (1l0YR8/2) color and
weathered surfaces show a dark yellowish-orange (10YR8/2) co-
lor. Grains are coarse to medium sized, equant shaped, and
angular with somewhat rough surfaces. Sorting is fair to good.
Feldspars (albite and microcline) and aquartz occur in sub-
equal amounts. Biotite grains, 0.7-mm-to 0.8-mm-long, occur
in a few samples. The Los Tularcitos Member is predominantly

framework-supported. Matrix material, when present, consists
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of micrite which normally amounts to less than two percent,
but it increases toward the top of the member. Collophane
cement is present in amounts less than two percent at the top
of the member at localities T457 and T60-1. Pore space and
degree of compaction are variable as reflected in geomorphic
expression which ranges from friable, somewhat nonconsoli-
dated material on hillsides to more highly indurated cliff
exposures. Well rounded quartz, feldspar, and very friable,
green clay pebbles 1 to 2 cm in diameter also are present in
the sandstone. The member weathers into a coarse-medium
grained, sandy soil.

The Los Tularcitos Member generally is massive in the
vicinity of Robinson Canyon, and contains 0.5-m-thick, bio-
clastic, sandy, limestone beds at the top. 1In the bottom
portion of the member, there are very large, calcareous,
coarse~to medium~grained concretions up to 1 m by 1.5 m.
These large concretions occur in a definite zone and are
aligned parallel to bedding which is conformable with the
underlying Robinson Canyon Member. They also show a definite
decrease in size up section. At and within 2 m from the top
of the member, there is a graded, boulder-cobble conglomerate.
This conglomeratic zone consists of both well rounded and an-
gular, 5-cm to 25~-cm, granite, felsite, rhyolite, cquartz, and
quartzite clasts set in a very coarse, calcareous, sandy ma-
trix. This composition is slightly different from that of

conglomerates in the Robinson Canyon Member. The capping
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conglomerate zone ranges from 3 m to 5 m in thickness. A
similar conglomerate on Pinyon Peak due south and outside of
the study area was reported by Brown (1962), who also noted
the difference in composition between this conglomerate and
others in the underlying Robinson Canyon Member. He postu-
lated that these conglomerates are related to the Paleocene
Carmelo Formation, but this has been shown by stratigraphic
studies to be impossible. Graham (1976) suggested the possi-
bility that this material may have come from the late Oligo-
cene to early Miocene (Zemorrian) Pinnacles Formation.

Outcrops along the Tularcitos Fault and in the Garland
Ranch Regional Park are much coarser than those in the Robin-
son Canyon vicinity. Because marine fossils similar to those
in the Los Tularcitos Member have been recovered from these
coarser rocks at the northwestern extremity of the Tularcitos
Fault, the name Los Tularcitos Member was applied to these
outcrops despite the differences in lithology compared to
outcrops along Robinson Canyon. These coarse exposures are
predominantly conglomerates with sandy interbeds. The con-
clomerates consist of poorly sorted, angular, 0.5 cm to 20
cm, rhyolite, granite, and schist clasts set in a matrix of

coarse to very coarse, angular, feldspar and quartz grains.

Age and Correlation. All fossil localities in the Los

Tularcitos Member are near or at the top of the marine member.

Brown (1962) reported fossils within 45 m of the base, but
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also noted the greater abundance of fossils near the top of
the member. Locations of megafossils shown on table 2 are
plotted on plate 3. The most common guide fossil in the Los

Tularcitos Member is the Pecten andersoni Arnold. Most pec-

ten localities are in Robinson Canyon and to the north at lo-
cality M-Y¥-60-1. Northern sandstone outcrops at localities
M-¥-216 and M-Y-228 were assigned to the Los Tularcitos Mem-
ber rather than the Laureles Sandstone because they are more
indurated compared to the later sandstone unit. These north-
ern sandstone outcrops have a feldspar/auartz ratio of 1:1,

a burrowed zone comparable to those overlying the Robinson

Canyon Member, and the pelecypod Arca montereyana Osmont, one

of the more typical quide fossils of the Los Tularcitos Mem-

ber (Bowen, 1965). Fossils occur in bioclastic, sandy, lime-
stone beds near the top of the member. All fossils indicate

a middle Miocene age for the Los Tularcitos Member.

The Los Tularcitos Member best correlates lithologically
with the lower Miocene Vaaueros Formation located to the
south of the study area. This suggests the possibility that
the Los Tularcitos Member is a time-transgressive equivalent

of the vVaqueros Formation (Brown, 1962).

Depositional Environment. The similarity in composition

and the conformable gradational basal contact with the Robin-
son Canyon Member indicate that the underlying nonmarine mem-

ber was the source rock or that both that unit and the marine
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Los Tularcitos Member were derived from the same source.
Based on megafossil content, however, the Los Tularcitos Mem-
ber is believed to have been deposited in a shallow-marine en-
vironment. The more conglomeratic beds along the Tularcitos
Fault and in the Garland Ranch Regional Park probably were
deposited in transitional nonmarine to marine environments.

Paleocurrent data observed at localities 482, 467, and
537 (table 1, plate 3) indicate sediment disbursal from north
to south. A possible westerly component is shown by paleo-

current indicators at 453 and 5009.

Monterey Formation

Blake (1855) proposed the name Monterey Formation for
rocks of Tertiary age on a hill two miles southeast of the
town of Monterey. Lawson (1893) used the name Monterey
series as a group name for rocks of Miocene age near Carmel.
Galliher (1932) formally established the name Monterey Forma-
tion and designated the type locality which is a composite
section made up of several outcrops near the town of Monterey.
He further divided the formation into 5 members exclusive of
a basal sandstone, based upon lithology and microfaunal zones.
In 1938, Kleinpell studied the Monterey Formation at Reliz
Canyon on the west side of the Salinas Valley, subdividing it
into stages based on benthonic Foraminifera. Bramlette

(1946) studied the Monterey Formation and restricted the
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name to strata of Miocene age characterized by an unusually
high proportion of silica covering a wide regional area ex-
tending from just north of San Francisco to slightly south of
Los Angeles. Cassel (1949) studied the Monterey Formation
adjacent to and east of Galliher's area. He separated the
siliceous portion of the formation into four units and intro-
duced the name Laureles Sandstone Member for a basal sand-
stone unit. Bowen's (1965) study of the Monterey and Salinas
qguadrangles resulted in a three-member division of the for-
mation consisting of a basal member called the Laureles Sand-
stone after Cassell (1949), a middle siliceous-~shale porce-
lanite called the Aguajito Shale Member, and a locally cap-
ping unit called the Canyon Del Rey Diatomite Member.

Graham (1976) subdivided the Monterey Formation into two
parts based on Durham's (1974) lithological division of the
Monterey Formation in the Salinas Valley. These divisions
are a lower calcareous mudstone called the Sandholdt Member
and an upper siliceous shale to porcelanite seauence called
the Hames Member. Graham considered the Laureles Sandstone
a sub-Monterey sandstone, and included it within a Middle
Miocene Sandstone category.

The Monterey Formation in the study area consists of a
basal sandstone, a transitional sandy shale and claystone
unit which is in part calcareous, and a siliceous shale and

porcelanite unit. The basal sandstone unit is much finer
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grained and more friable than the Los Tularcitos Member of
the Chamisal Formation and is here assigned the name Laureles
Sandstone as proposed by Cassell (1949). The transitional
calcareous unit and overlying siliceous unit are assigned the
names Sandholdt Member and Hames Member respectively based on
‘the lithologic similarity to Durham's (1974) members of the
Monterey Formation.

The Monterey Formation is exposed over 50 percent of the
surface area studied. It is at least 300 m thick on the
northern edge of the area (Sieck,1964; Ross and Brabb, 1973).
Within the general Monterey-Carmel area, however, the Monte-
rey Formation may be as thick a 900 m (Bowen, 1965; Cassell,
1949), 1000 m (Galliher, 1930), 1050 m (Kleinpell, 1938) or
1100 m (Bramlette, 1946). The differences in thickness re-
ported are due primarily to post-depositional erosion of the

uppermost portion of the unit.

Laureles Sandstone Member

Distribution and Thickness. The Laureles Sandstone is

exposed primarily in the eastern portion of the study area,
but it also occurs as a thin veneer overlying the Chamisal
Formation in the southwest. The total outcrops of the Laure-
les Sandstone, however, account for less than two percent of
the surface area studied. This basal Monterey sandstone is

a very friable, non-resistant slope-former having a maximum

exposed thickness of 40m in Juan de Matte Canyon to a minimal
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3-m-thick blanket to the southwest. Bowen (1965) reported a
thickness of 60 m at the type locality at the northeastern
edge of the study area. Neel (1963) and Wiedman (1964) have
mapped this sandstone unit to the southeast of the study area
and noted a maximum thickness of 200 m.

The Laureles Sandstone overlies granodiorite basement
north of the Carmel River and overlies the Chamisal Formation
to the southwest. In some exposures, a friable, pebbly, very
coarse grained basal Laureles Sandstone with well-rounded
pebbles occurs in sharp nonconformable contact with grano-
diorite. The contact between the Laureles Sandstone and the
Chamisal Formation to the southwest probably is unconformable.
The Los Tularcitos Member is capped by a 3-m-to 5-m-thick
conglomeratic zone which overlies a predominantly calcareous,
coarse-to medium-grained sandstone. This conglomerate sepa-
rates the Los Tularcitos Member of the Chamisal Formation
from the overlying Laureles Sandstone. Bowen (1965) noted
the abruptness in graduation from the Los Tularcitos Member
to the Laureles Sandstone and used this as one of his criter-
ia to differentiate between the two sandstones. Bone beds,
which have been closely related to major and minor unconfor-
mities and submarine diastemic surfaces (Carozzi, 1960),
occur at or near the contact between the two sandstones.
These features all suggest that the Laureles Sandstone rests

unconformably on the Chamisal Formation.
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Lithology. The Laureles Sandstone Member is a friable,
medium-to fine-grained, arkosic sandstone. This basal
Monterey sandstone changes little in character between north
and south exposures within the study area. Outside the study
area, lithological differences also evidently are minimal
(Neel, 1963; Wiedman, 1964). Fresh and weathered exposures
differ in color from the base to the top of the member.
Fresh basal sandstones have a yellowish-gray (5Y7/2) color
and weather to a grayish-yellow (5Y8/4) color; both fresh and
weathered color distributions are homogeneous. The top
portion of the member has a fresh yellowish~-gray (5Y8/1)
color and weathers to a very light gray (N8) color; both of
these fresh and weathered color distributions are homogeneous
also. Sandstone grain sizes change from medium to fine up-
ward, whereas laterally there is a fining northward along
Juan de Matte Canyon. Sandstone in the southwest part of the
study area, which overlies the Chamisal Formation, is fine
grained. Grains are well sorted, equant, and subangular to
subrounded with mostly smooth surfaces. This sandstone is
composed of about 50 percent quartz and 50 percent feldspar;
the latter shows considerable sericitization. Biotite is
fairly common and accounts for one to three percent of the
rock. Brown (1962) noted subangular phosphatic clasts and
phosphatic matrix in the Laureles Sandstone in the San Jose

Creek area just southwest of the study area. At measured
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section 259 (plate 5) the upper part of the sandstone con-
tains a little phosphate. Two meters above this member,
within the Sandholdt Member, a high concentration of phospho-
ritic pellets is present in boulders of coquina at section
259. The small amount of matrix, which increases up section,
consists mostly of clay material. Calcium carbonate cement
ranges from minimal at the base to abundant at the top of the
sandstone near fossil beds. The sandstone is framework-sup-
ported, very friable, loosely compacted, and porous. At one
outcrop, where this sandstone overlies granodiorite basement,
the sandstone is coarse grained, very friable, and contains
abundant, well-rounded pebbles of granitic and felsitic mate-
rial up to 1 cm in diameter.

The Laureles Sandstone generally is massive in appear-
ance. Bedding rarely occurs and is indicated by poorly-to
well-cemented fossil zones made up of discontinuous, 0.5-m-
thick lenses of bone debris and pelecypod coaquinas. The
coquinas are characterized by whole articulated specimens
lining the bottom of beds overlain by smaller, less densely
packed, disarticulated specimens. Encompassing the bone and
shelly debris is fine-grained sandstone cemented by calcite.

The sandstone member weathers into a fine, sandy soil.

Age and Correlation. No microfossils were recovered

from the Laureles Sandstone within the study area. In mea-

sured section 467 (plate 4), microfossils within the
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Sandholdt Member directly overlying the Laureles Sandstone
indicate a Luisian age; therefore, the Laureles Sandstone is
Luisian or older in the study area.

Megafossils restricted to the upper portion of the Lau-
reles Sandstone are shown on table 2. Of particular interest
are concentrations of whale bones in zones at the top of the
member. These zones show a decrease in size of individual
bones in a southerly direction. Also present are inverte-
brate megafossils which form cocuinas. Chione sp? makes up
nearly 90 percent of the fauna, and in many beds, the two
valves are articulated. 1Identical coaquina zones were report-
ed by Neel (1963) who also noted that Chione sp? often was
articulated. He called these fossil-rich zones reefs.

The Laureles Sandstone Member cannot be correlated with
any other formation exposed nearby other than those mentioned
by Neel (1963) and Wiedman (1964). It appears to be a local-

ized depositional unit rather than a unit of regional extent.

Depositional Environment. At the Tularcitos Guard

Station just southeast of the study area, Graham noted that
the massive, fine-grained Laureles Sandstone grades upward
into the calcareous Sandholdt mudstone which contains an
upper-middle bathyal foraminiferal fauna. This sequence in
turn overlies the much shallower marine Chamisal Formation.
The same situation occurs in measured section 467 (plate 4).

At this section, microfossils in the Sandholdt Member
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immediately overlying the Laureles Sandstone and within 2 m
of the contact between the two, compose a Luisian fauna
characteristic of upper bathyal depths. Directly below the
thin Laureles Sandstone and within 9 m of the aforementioned
microfossil locality is a much shallower water seauence re-
presented by the Los Tularcitos Member. Phosphatic debris
and matrix also occur in the Laureles Sandstone.

The author postulates that the Laureles Sandstone repre-
sents a condensed sequence which was deposited in shallow wa-
ter as shown by the invertebrate megafossils. This interpre-
tation is supported by the previously mentioned bone beds,
foraminifera data reported by Graham (1976), forams found in
measured section 467, presence of collophane matrix, and the

type of contact with the underlying Tularcitos Member.

Sandholdt Member

Distribution and Thickness. The Sandholdt Member of the

Monterey Formation is exposed in the northern portion of the
study area and also as a thin veneer covering the Chamisal
Formation to the southwest. The member is exposed over less
than five percent of the area studied, but is of great impor-
tance with respect to phosphate deposition. The Sandholdt
Member consists of sandy shale and massive claystone, and is
transitional between the underlying Laureles Sandstone and
the overlying more siliceous porcelanite portion of the Mon-

terey Formation. This non-resistant to semi-resistant, gentle



32
slope-forming unit ranges in exposed ‘thickness from 80 m in
the central and western portions of the study area to 9 m in
the southwest; along Laureles Grade road there is none. The
unit thins both eastward and southwestward as does the
Laureles Sandstone.

The basal contact of this member differs at different
localities. In the central portion of the study area the
member overlies a 3-m-thick, siliceous shale and claystone
zone which in turn, overlies a granodiorite basement with an
irregular, nonconformable contact. The Sandholdt Member is
in fault contact with granodiorite farther to the southeast
at BM 236. The exposed basal contact with the underlying
Laureles Sandstone to the east and southwest 1s conformable
and gradational, and is accompanied by 30-cm-to 50-cm-thick,
bioclastic to massive limestone beds and concretions in both
members near the contact. In the north-central portion of
the study area, the Sandholdt Member conformably overlies and
also underlies the Hames Member. At this locality, the basal
contact is characterized by limestone beds and concretions as
is the upper contact with the Hames Member. This shows that
both the Sandholdt and Hames members interfinger (fig. 4).
The basal contact with the underlying Chamisal Formation at
measured section 60 (plate 4) indicates a very abrupt change
from fossiliferous, resistant, medium-grained Chamisal sand-
stone to Sandholdt claystone which suggests that it is uncon-

formable.
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Lithology. The Sandholdt Member consists of several
rock types, which may represent local depositional environ-
ments. Types represented include massive claystone, shale,
interbedded sandstone and limestone, and phosphoritic beds.

Massive claystones occur in the northern, eastern, and
southern exposures of the Sandholdt Member and are present
wherever the Sandholdt Member overlies the Laureles Sand-
stone. The claystone, however, is not restricted to the base
of the Sandholdt, but occurs in zones throughout the member
and in some outcrops, is the predominant lithoiogy.

Fresh claystone exposures differ in color with respect
to locality, but generally they are mottled, very light gray
(N8) weathering to grayish-orange (l10YR7/4). Petrographical-
ly the claystone is predominantly composed of clay sized, si-
liceous material with less freauent, angular to subangular
aquartz, feldspar, and chert grains 0.1 mm in diameter. Large
planktonic foraminifers are common. Claystones are biotur-
bated; whole crabs, crab appendages, and undestroyed burrows
occur in these bioturbated claystones. Some outcrops contain
minor amounts of phosphate which probably is in the form of
scattered phosphatic, organic, debris-like fish remains and
phosphate pellets in the claystones. Claystones weather into
a powdery, clayey soil. Claystone generally is massive, but
also occurs in 5-cm-to 7-cm-thick beds separated by l-cm-

thick shale, bentonite-volcanic ash, and/or gypsum beds. The
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gypsum is probably secondary in origin as indicated by its
discontinuous bedding and veinlets which cut across claystone
and shale bedding and the presence of deep-water foraminifers
which indicate an environment unlikely for the formation of
gypsum. The claystone generally grades into shale.

The shale is very friable and sporadically dispersed
within the Sandholdt Member. The thickness of individual
shale zones ranges from 5-cm-thick interbeds within claystone
lithology to 5-m-thick beds higher in the section. Tﬁe thick-
est zones of shale are in the central portion of the study
area. Toward the northeastern edge of the study area, shale
is minimal or absent, and in some of the eastern localities
the Sandholdt Member is missing. Shale also increases upward
through the Sandholdt Member. The color of the shale varies
considerably depending on the amount of organic debris, silt,
and fine sand present. Fresh shale color ranges from gray-
ish-orange-pink (5YR7/2) to very pale orange (10YR8/2) and
weathers to very pale orange (10YR8/2). Light brown (5YR5/6)
banding or staining is fairly common.

Shales also are characterized by 1l-to 2-mm~-thick,
alternating layers of clay and silt to very fine sand, and by
distinct layers of foraminifers. Silt to fine sand layers
are framework-supported and composed of well sorted, angular

to subangular, grains of quartz and feldspar about 0.05 mm in
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diameter which are cemented by calcite and some collophane.
Foraminifers are calcite-~filled and they lie flat within
laminations. Flat lying biotite flakes are fairly common in
clayey laminations. Glauconite 1is present in scarce amounts.
A possible paleocurrent indication from a ripple-like struc-
ture at locality 191 within shale indicates flow from SW to
NE. The shale weathers into a fine sandy, clayey soil.

Where the shale is sandwiched between claystones its top and
bottom contacts are gradational.

Interbedded sandstones within the Sandholdt Member are
less common, but very distinct in outcrops. Exposures of
interbedded sandstone occur only in the central portion of
the study area. The most notable exposures are in measured
section 8 (plate 4). The thickness of individual sandstone
beds ranges from 5 cm to 1 m. Sandstone beds at section 8
show a definite thinning up section. Fresh sandstones are
pale yellowish-orange (10YR8/6) and weather to grayish-orange
(10YR7/4). Their color is fairly homogeneous, but streaking
and staining are common.

The sandstone beds are massive, graded, and composed of
grains which are fairly to poorly sorted, equant shaped, ang-
ular to subangular, and 0.1 mm to 0.2 mm in size. Sandstones
range from matrix-to framework-supported. Framework con-
stituents are composed of feldspar, quartz, fairly large
amounts of biotite, muscovite, scarce phosphate pellets, and

glauconite. Cements are calcite, iron oxides, and some
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collophane. Matrix is predominantly siliceous, clay-sized
material; the amount of matrix is quite variable. The sand-
stone weathers into a fine sandy soil. Basal contacts of in-
dividual sandstone beds are sharp and undulatory, possibly
due to the development of load casts (fig. 5). Cross bedding
is present in some sandstones (fig. 6) and indicates south-
ward flowing paleocurrents. Where sandstone beds are not
truncated, individual beds grade upward into shale. The
sequential characteristics of these sandstone beds are very
much like turbidites and conform to Bouma's (1962) A and B
divisions.

Discontinuous limestone beds and concretions in the
Sandholdt Member are not laterally or vertically restricted.
Discontinuous limestone beds range in thickness from 8 cm to
50 cm. Flat, elliptical concretions range from 8-cm-to 30-
cm~-thick by 40-cm-to 2-m-wide, and are elongated along bed-
ding. These very resistant beds and concretions have a dark
yellowish~-orange (1l0YR6/6) color when fresh and weather to a
light brown (5YR5/6) color. Beds and concretions generally
are structureless, aphanitic, and composed of calcite,
quartz, and some dolomite. In contrast to the aphanitic va-
riety of limestone, are limestones at measured section 259
(plate 5). These rocks are composed of recrystallized and
well-cemented shelly coquinas with abundant pelletal phos-

phate. Limestones near the middle of measured section 191
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(plate’4) are composed of concentrated, cemented, and recrys;
tallized Foraminifera tests. Bones occur embedded in lime-
stone concretions at measured section 399 (plate 6). The
degree of silicification and dolomitization in limestone sam-
ples is aquite variable. Contacts between limestone and other

lithologies within the Sandholdt Member are very sharp.

Age and Correlation. Megafossils in the Sandholdt are

uncommon and predominantly occur in the claystone beds. Fish
remains and complete crabs, however, were found in a good
state of preservation, and one gastropod encrusted by a barn-
acle was found at locality M-Y-256. Possible Scolicia and

Parahantzchelinia trace fossils belonging to the Chondrites-

Nereites assemblage were found within a phosphoritic bed at
locality M~Y-332-6. The complete megafauna is listed on ta-
ble 2. Microfossils from the Sandholdt Member listed on ta-
ble 3 primarily occur in shale, but also in claystone and
mudstone. The age of rocks ranges from Luisian in the south-
west and north exposures, to late Luisian to Mohnian in cen-
tral exposures; to late Mohnian in the southeast exposures.
The Sandholdt Member in the study area is readily corre-
lated with Durham's (1975) Sandholdt Member of the Monterey
Formation in the Salinas Valley area. Lithologies are very
similar. Both are calcareous mudstones which contain silt-
stone and shale, abundant Foraminifera, thin sandstone inter-

beds, pelletal phosphoritic rocks, minor bentonite/volcanic
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Table 3. Checklist of microfossils from the Robinson
Canyon-~-Laureles Grade area (all microfossils collected by
the author were identified by Kristin A. McDougall).
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ash beds, dolomitic carbonate beds and ellipsoidal con-
cretions, and fish and crab remains. Durham's Sandholdt Mem~
ber, however, is Relizian to Luisian in age, whereas the mem-~
ber in Carmel Valley is Luisian to Mohnian in age. Durham's
Sandholdt Member also is considerably thicker, but despite
these differences, the author feels the correlation is valid
and supported by a strong similarity in lithology. The Sand-
holdt Member in Carmel Valley, although a little younger,
probably was deposited under similar environmental conditions

as that in the Salinas Valley.

Depositional Environment. A consistent deepening trend

with decreasing age is seen in the Sandholdt Member. Luisian
mudstones contain Foraminifera indicative of upper bathyal,
200-600 m (based on Arnal, 1976), depths (Appendix 3). Late
Luisian to early Mohnian outcrops contain Foraminifera indic-~
ative of 100-200 m depths, but they occur in turbidite beds
along with some outer neritic species showing signs of trans-~
port (McDougall, 1978), so these fossils probably do not in-
dicate true paleodepths. Some early Mohnian rocks contain
Foraminifera indicative of upper middle bathyal, 500-1500 m,
depths, and late Mohnian samples have Foraminifera indicative
of lower middle bathyal, 1500-2000 m, depths. Turbidite beds
at measured section 8 decrease in thickness up section and
thus suggest deepening water conditions due to either sub-
sidence or transgressive conditions. The megafossils indi-

cate much shallower conditions than the Foraminifera, but
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these fossils may have been transported. The presence of

possible Chondrites-Nereites assemblages in phosphoritic beds

are indicative of pelagic muds in deep bathyal environments
(Seilacher, 1967). The good preservation of fish is indica-
tive of low-oxygen environments typical of middle bathyal
depths in slope environments which may correspond to the
oxygen minimum zone. The presence of glauconite also is in-
dicative of low-oxygen environments and slope environments.
The thinning of the Sandholdt Member to the soutwest and
east may be a function of either more distal sedimentation or
possibly the result of onlapping onto relatively higher ar-
eas compared to centrally located deeper areas which contain
thicker deposits. The later case seems stronger. Brown
(1962) noted Mohnian microfossils at the base of the Monterey
Formation on Pinyon Peak just to the south of the study area.
This finding indicates that the Monterey Formation becomes
younger further south. The thinness of the Sandholdt Member
south of the study area could have resulted from onlapping
onto a relatively higher area compared to thicker sections
which resulted from deposition in a deeper northern area
located in the central portion of the study area. The de-
crease in age of the Monterey Formation to the east would
likewise indicate that the thinning of the Sandholdt Member
in that direction probably resulted from onlapping onto a
paleohigh area. The author feels that the Sandholdt Member
was deposited in upper bathyal or greater depths characteris-

tic of upper or middle slope environments. Deposition may
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have been partly in oxygen-poor waters and somewhat confined
by possible barriers which existed to the south and east in
the form of paleohigh areas which may or may not have been

subaerially exposed during middle Miocene time.

Hames Member

Distribution and Thickness. The Hames Member consti-

tutes over 50 percent of the surface area studied; the major-
ity of exposures are on the north side of the Carmel River.
The maximum exposed thickness is approximately 150 m.

The Hames Member generally overlies the Sandholdt Mem-
ber conformably. The two units are gradational, the basal
contact of the Hames not always being distinct. Where the
Hames Member overlies the Laureles Sandstone, the contact
is fairly abrupt between the sandstone and the overlying

siliceous claystone and porcelanite.

Lithology. The Hames Member is composed of thin bedded,
siliceous claystone, porcelanite, and rare chert with local-
ized thin interbeds of shale, limestone blebs, and very thin
interbeds of leached and non-leached pelletal, phosphoritic
material. The terms porcelanite and chert as used here are
defined by Murata and Larson (1975); namely, chert is a
relatively pure silica rock which is dense and vitreous and
consists mainly of chalcedony; porcelanite is softer, less

dense, and less vitreous than chert and is characterized by
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minute pore spaces which result in a dull matte luster re-
sembling that of unglazed porcelain. Both chert and porce-
lanite can be either cristobalite (opal-ct) or quartz in com-
position. A third rock type, siliceous claystone, is in-
cluded by the author. This rock type may have considerable
impurities which give it the dullest luster and least den-
sity of the three rock types.

The porcelanite has a fresh very light gray (N8) to
grayish-orange pink (5YR7/2) color and weathers to a light
brown (5YR5/6) color. The siliceous claystone has a fresh
very pale orange (10YR7/4) color and weathers to grayish
orange (10YR7/4). Both types of rocks are somewhat banded.
Chert, which is rare, consists of only very thin, discon-
tinuous interbeds within porcelanite. These interbeds
occur only south of the Carmel River. The chert has a fresh
and weathered translucent pale brown (5YR5/2) color which is
homogeneous in color distribution.

The porcelanite and claystone are cryptocrystalline ex-
cept for occasional scattered Foraminifera casts and rare
detrital quartz and feldspar grains. X-ray examination of
claystone, porcelanite, and chert samples show a range in
composition from cristobalite to predominantly poorly crys-
tallized quartz (table 4). Porcelanite samples overlying
turbidite seguences within the Sandholdt Member have X-ray

diffraction patterns of quartz with fairly low crystallinity
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X-ray diffraction data showing composition

and crystallinity of siliceous mudstone, porcelanite, and
chert from the Hames Member in the Robinson Canyon-Laureles
Grade area.

Cristobalite Quartz
Sample Type of rock D(101)A Crystallinity Index
96-2 porcelanite 3.24
466 chert 1.0
466 porcelanite 4.0767 1.0
60-16 mudstone 3.91
335 porcelanite 4.0860 1.0
389 porcelanite 4.0804
458 porcelanite 4.0767
253 porcelanite 4.0767
60-18 porcelanite 3.54
60-15 porcelanite 2.99
60-13 porcelanite 3.62

*Crystallinity index derived from methods of Murata and

Norman

(1976).
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indices which are consistent with Monterey Formation chert
and porcelanite samples analyzed elsewhere (Murata and
Norman, 1976). Cristobalitic porcelanite samples occur in
the southwest and east portions of the study area.

Claystone and porcelanite bedding is rhythmic in char-
acter., 1Individual porcelanite beds are 10 cm to 13 cm thick
and grade downward into shale interbeds 5 mm to 10 mm in
thickness. Laminations 2 mm or less thick are common in
porcelanites. Shale interbeds are siliceous, micaceous,
and contain Foraminifera casts. Shale partings decrease in
thickness up section. The claystone and porcelanite weather
into tabular, chippy rubble and soil.

Bramlette (1946) attributed the origin of claystones,
porcelanites, and chert in the Monterey Formation to a diage-
netic process involving the alteration of originally diato-
maceous rocks similar to those now locally present in the
uppermost part of the formation. Alteration occurred after
deposition through load deformation from late Miocene to
early Pliocene time. Bramlette also remarked on the direct
relationship of an increased depth of burial or overburden
to an increase in hardness and density of porcelanite. This
change in character of porcelanite is caused by a progress-
ive alteration of amorphous opal (original diatomaceous rock)
to cristobalite to quartz through an increase in temperature
(Murata and Larson, 1975) which is directly related to an

increase in depth of burial. Other factors of diagenesis to
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be considered also are the nature of host sediment, and pos-
sible tectonic influences like folding and faulting (Murata
and Randall, 1975) which may alter the original diatomaceous

rock without significant overburden.

Age and Correlation. Megafossils are relatively

scarce within the Hames Member and consist of specimens of
Macoma sp? and small crabs. Scarce, but well preserved,
fish remains also have been found. Microfossils (table 3)
in thin shale interbeds indicate ages ranging from Luisian
to late Mohnian from southwest to northeast, respectively.
The Hames Member as recognized here is similar to that
recognized by Durham (1974) in the Salinas Valley area; both
are composed predominantly of siliceous claystone, shale,
porcelanite, and less common phosphoritic rocks. Durham's
Hames Member is Luisian to Mohnian in age and is equivalent

in age to the Hames Member as recognized here.

Depositional Environment. Microfossils from the Hames

Member indicate conditions of outer neritic to upper bathyal
depths during Luisian time to lower middle bathyal depths
during late Mohnian time and thus indicate a deepening with
decreasing age (Appendix 3). The relative scarcity, small-
ness, and limited variety of megafossils along with the
preservation of fish remains suggest low oxygen environments
(Bramlette, 1946). These conditions may be related to the
oxygen minimum zone common in silled basins. The laminated

character of the porcelanite and general lack of detrital
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sediment suggest bathyal conditions of deposition. Bram-
lette (1946) remarked on the abundance of Foraminifera in
unexpected and presumably inhospitable environments within
the Monterey Shale, a paradox which may be explained by
faunas transported from oxygenated waters to deeper, less
oxygenated conditions. If one assumes that more sediment
collected in the central and deeper portions of a basin
relative to the edge, then the sediment thickness or over-
burden would be greatest in the deeper part of the basin.
Based on this assumption, a highly speculative paleogeo-
graphic scheme can be derived from X-ray data shown on table
4; these suggest that the central part of the study area,
indicated by quartzose porcelanites, was buried by greater
amount of overburden than areas to the southwest and east
parts of the study area which are characterized by cristo-
balitic porcelanites.

The author concludes that the Hames Member in the
study area probably was deposited under deepening bathyal
conditions as suggested by the foraminifers which represent
slope environments with less oxygenated waters suggested by
the scarcity and smallness of megafossils. Deposition may

have been partly restricted as within a silled basin.

Miscellaneous Surficial Deposits

Older and younger alluvium with landslide debris of

post-Miocene age unconformably overlie the Monterey
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Formation. Older alluvium, consisting of river terrace de-
posits at different elevations, occur predominantly on the
northern half of the study area and cover 15 percent of the
surface area studied. Differences in elevations of these
river terraces reflect a possible regional uplift of 100 m
(Bowen, 1965). Terraces are composed of granitic, well
rounded, boulder to cobble conglomerates set in very coarse,
micaceous, arkosic matrices. These deposits have been
assumed (Williams, 1970) to be no older than early Pleisto-
cene in age.

The most recent surficial deposits consist of sand and
gravel which make up the present Carmel Valley River bed,
and landslide debris on the flanking hillsides. Landslide
debris is composed of friable sand and shale, mostly de-
rived from the Laureles Sandstone and the Sandholdt Member,
but in part also derived from the friable portions of the
Los Tularcitos Member. Landslides probably have resulted

from the incompetency of source material.



TECTONICS AND STRUCTURAL EVQLUTION

The Carmel Valley area, and probably the entire West
Coast, was a tectonically active area during middle Miocene
time. The Robinson Fault just south of the study area was
active during deposition of the Robinson Canyon Member. The
Potrero Fault, also south of the study area, probably was
active during early Chamisal deposition (Brown, 1962). The
Tularcitos Fault appears to have been active during Chamisal
deposition and may have been instrumental in production of
conglomeratic material deposited in the Chamisal Formation
along the fault and at the Garland Ranch Regional Park.
Martin and Emery (1967) proposed a Carmel Valley Fault, ex-
tending up the valley (possibly the Tularcitos Fault?). This
fault presumably originated in the early part of the middle
Miocene due to initial compressional forces and subsequent
tensional forces which resulted in a trough-like feature or
basin framed in by relatively higher areas to the north and
south. A similar paleogeographic scheme proposed by
Graham (1978) shows a paleohigh area to the north, trough or
basinal area in the Carmel Valley proper, and a possible
shallower area farther south. The author's findings are in
general agreement with both paleogeographic schemes which are
typical of continental borderland topography and genesis.

The Carmel Valley area probably was a restricted or

silled basin characterized by steep slopes capable of
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generating fluidized or grain flows. The paleoshoreline
was probably to the north as indicated by paleocurrent
data, stratigraphic succession of rocks on top of grano-
diorite basement, and oolitic phosphate material being re-
stricted to the north half of the study area. A deeper
central trough, which may have been somewhat isolated from
the open ocean by a submerged paleohigh area to the south,
is suggested by X-ray data (table 4) of porcelanites, by
stratigraphic thinning of units to the south, and by depth
interpretations based upon benthonic Foraminifera.

Superimposed on this middle Miocene basinal config-
uration was folding which occurred during late Pliocene
time (Williams, 1970). The present topography was derived
from this folding which resulted from compressional forces
probably oriented in a northeast-southwest direction. The
folding is characterized by large, open, gentle folds ori-
ented southeast to northwest in the northern part of the
study area and east-west in the southern part. Differences
in trend of fold axes in the southern part of the study area
may have been due to obstructive paleohigh areas which
affected the net directional properties of primary com-
pressional forces on yielding strata.

Faulting resumed during late Pliocene to earliest
Pleistocene time (Williams, 1970). Faults apparently do not
offset the older alluvium of Pleistocene age. The southeast-

to northwest-oriented Berwick Canyon and Snivleys faults were
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formed during this time, and there was a resumption of move-
ment along the Tulcarcitos Fault. The Tularcitos Fault may
connect with the Berwick Canyon Fault (Thorup, 1976), head
out to sea toward the Carmel Bay submarine canyon (Bowen,
1965), or connect with the Navy Fault north of Carmel Valley
and continue under the Monterey Bay (Clark and others, 1974).
Faults concealed beneath the Carmel Valley alluvium have
been recognized on the basis of gravity studies done by
Sieck (1964). The faults are probably high angle and nor-
mal. It is postulated that right-lateral strike-slip move-
ment has taken place on the Tularcitos Fault (Bowen, 1965;
Graham, 1976) because similar facies apparently are offset

along the fault.



PHOSPHORITIC ROCKS

Nomenclature

"Phosphate rock" is a term applied to any rock contain-
ing more than 20 percent P,0g. "Phosphorite" is a genetic
term referring to phosphate rock which originated in a
marine environment (Cathcart and Gulbrandsen, 1973). By
these standards, the marine rocks of the Robinson Canyon-
Laurles Grade area, which contain less than 20 percent
P,0g5, are neither phosphate rock nor phosphorite. These
rocks are more appropriately called phosphoritic rocks.

Phosphate occurs in a variety of forms within the phos-
phoritic rocks. These forms are identical to some textures
in limestones; thus, the morphological basis which Folk
(1974) used in his classification of limestone constituents
has been adopted for the classification of the Carmel Valley
phosphoritic rocks. The phosphate is contained in a micro-
crystalline matrix material like micrite, in a colored trans-
lucent to transparent cement-like sparite, and in allochem-
ical constituents like ocolites, pellets, intraclasts, and
bioclasts. The more common constituents in the Carmel
Valley phosphoritic rocks are the allochemical constituents.
An additional and common category of allochems called non-
centered pellets, also is present. Different phosphoritic

forms dominate at different localities in the Carmel



54
vValley; thus, Galliher's (1931) description of phosphoritic
oolitic rocks (actual locality not found, but mentioned to
be 25 km from Carmel) and Roger's (1944) report of phos-
phoritic pelletal rocks at localities Mf-R-1 (T33-1) and

Mf-~-R-2 (T332-9) apparently both are accurate.

Stratigraphic Occurrence and Bedding Characteristics

Phosphoritic beds in the Carmel Valley occur as silty
to sandy beds similar in bedding characteristics to sandstone
interbeds within the Sandholdt Member (fig. 7). These phos-
phoritic beds have a greater area distribution than the
sandstone interbeds, occurring throughout the study area.
Despite such a vast areal spread, phosphoritic beds are
fairly restricted vertically. These beds normally occur at
the contact between the Sandholdt and Hames Members or with-
in the basal portion of the Hames Member.

Phosphoritic beds generally are 3 to 10 cm thick, but
they may be as thick as 25 cm. These beds have a fresh
color of medium light gray (N6) and a weathered color of
light brown (5YR5/6). Phosphoritic beds commonly show nor-
mal grading as indicated by concentrations of pelletal and
oolitic phosphate with pebbles of phosphate in the basal
portion. The upper portion of individual phosphoritic beds
grades into overlying siltstone and shale, but where beds
are encompassed by porcelanite in the Hames Member, contacts

are fairly sharp. Basal contacts of all phosphoritic beds
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and possibly represent turbidites subsequently modified
through liguefaction and fluidization. Phosphoritic beds
stratigraphically higher in the Hames Member have character-

istics consistent with that of debris flows.

Petrography

Oolites

Oolites, which occur only north of the Carmel River
within the study area, are present in the phosphoritic rock
in amounts ranging from zero to 27 percent (table 5). No
rock was found in which all the phosphate is in oolites; the
highest percentage is 60. The oolites generally are mixed
with other phosphate constituents, most commonly pellets.

In the oolite-dominated rocks the oolites range from
0.2 mm by 0.3 mm to 0.35 mm by 0.4 mm in size. Oolites are
fairly well sorted and are spherical to ellipsoidal in shape.
Surficial color ranges from a darker hue of pale brown (5YR-5
/2) to lighter hues of pale red (10YR6/2) and grayish-orange-
pink (10YR8/2). Gradations of color are probably a function
of oxidation (bleaching) due to weathering, although there is
a possibility that surficial colors may reflect depositional
environmental conditions just prior to burial. The presence
of iron oxides and organic material may affect coloration.

Internal concentric rings, differentiated by alternating
colors of light and dark hues, are common in these oolites.
Alternating colors may be a function of the concentration of

organic debris, oxidation, or iron oxide content. Such
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rings also may reflect changing environmental conditions
during oolite formation. Rings are both uniform and non-
uniform in thickness. Some rings show areas of thickening
and thinning, but individual rings are fairly homogeneous
in color. Some oolites contain no rings, but others have
as many as six (fig. 12). All rings, despite coloration,
are isotropic under polarized light. Some oolites have
siliceous rims; these rims may produce the semi-polished
surfaces common on pellets and oolites. Boundaries of
oolites are sharp, well defined, and smooth. 1Included
detrital grains near the oolite rims generally are conform-
able with the rim boundary and do not protrude through it.

A detrital grain centrally located or off-center is
present in most oolites. This grain commonly is monocrys-
talline, nonundulatory quartz, plagioclase, or K-spar, and
less freaquently a complete diatom, black carbonaceocus de-
bris, or phosphatic organic debris (fish scale, bone).
These grains show partial to almost complete replacement
by phosphate. Grains range from 0.1 mm to 0.2 mm in diam=-
eter and are ecuant and fairly angular. Differences be-
tween included detrital grains and surrounding exterior
framework grains are very subtle. 1Included grains may or
may not be similar in size and angularity to exterior
framework grains. Some included grains are slightly larg-
er than exterior counterparts, and others show a higher

proportion of plagioclase grains. The size of the included
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Phosphoritic oolites cannot be shown to be replace-
ments of calcareous oolites. In addition, no calcite
occurs either as matrix or cement in oolite-dominated
samples. The only replacement of phosphate material is
by silica, notably on the rims of oolites.

The matrix and other framework constituents in oolite-
dominated rocks are very similar to those in phosphoritic
rocks composed of non-oolitic-dominated constituents. There
are subtle differences, however. Oolitic rocks may or may
not be framework-supported, and oolites may or may not be
in contact with each other. Detrital grains are composed
predominantly of monocrystalline, non-undulatory quartz and
feldspar. Present, but less common, are broken oolites,
biotite, organic debris, and glauconite. The matrix gen-
erally is composed of clay minerals and other clay-sized
material, and averages 44 percent of the rock. Iron oxides
are fairly common as cement material and are disbursed with-
in the matrix in amounts up to 9 percent.

Overall, oolites indicate formation by mechanical
accretion as shown by oriented clay laths and included de-
trital grains. Coloration of concentric rings possibly
indicates variable environmental conditions during oolite
formation, which may have resulted from changes in oxygen

content brought about by organic activity or fluctuations
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in sea level. Burial diagenesis may have caused some
oclites to be recrystallized as indicated by radial orien-
tation of phosphatic material, but the majority of ocolites

show no indication of recrystallization.

Pellets

Pellets occur throughout the study area and with both
oolites and non-centered pellets. Pellets are present in
phosphoritic rocks in amounts of 3 to 45 percent.

Pellets are larger than oolites, ranging from 0.1 mm
by 0.2 mm to 0.5 mm by 0.7 mm with some as long as 1 mm.
Pellets in any one sample are more or less uniform in size.
Pellets generally are elongate, ellipsoidal, oblate, less
commonly spherical, and in some samples very irregular in
shape. Elongated pellets may or may not be oriented par-
allel to bedding. In matrix-supported samples elongated
pellets tend to lack orientation, whereas in framework-
supported samples elongated pellets show weak orientation
parallel to bedding.

Surficial and interior coloration are the same and
range from very light varieties of grayish-orange-pink
(10R8/2) to darker varieties of pale brown (5YR5/2). The
lightest colored phosphate-bearing constituents are pellets.
Color variations probably are due to the same conditions
which affected oolite coloration.

Pellets have no rings and show nc preferred orien-

tation of included material. Internally, the pellets are
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massive, but some samples exhibit a faint grapestone struc-
ture or crude mosaic pattern (fig. 15). Some pellets have
siliceous rims similar to those around oolites. Pellets
generally have distinct boundaries, although some have very
fuzzy boundaries (fig. 16). These less distinct pellets
contain detrital grains piercing the pelletal rim and
approach the condition of non-centered pellets. Fuzzy
boundaries of pellets could have been caused by leaching of
phosphate material, but several characteristics of fuzzy,
bounded pellets do not support such an interpretation. A
uniform coloration extends throughout the fuzzy pellets
rather than being a gradational or semi-zoned coloration
expected from a leaching process. Also, collophane occurs
only within the fuzzy pellet rather than in both pellet and
encompassing matrix as would be expected if phosphate mate-
rial had been leached out of the pellet. Arguments against
leaching and the encompassing of detrital grains along the
perimeter of fuzzy pellets more strongly indicate a process
of in situ concretionary growth of phosphatic material for
fuzzy pellets.

Pellets generally are composed of collophane and in-
cluded clay minerals and in some cases abundant diatom de-
bris (fig. 17). Inclusion of complete diatoms is not un-
common (fig. 18). Diatoms found included in Carmel
Valley pellets previously collected by Rogers (1944) and

identified by G. Dallas Hanna are listed on table 3.









Pellets commonly contain no detrital quartz or feldspar
grains. In some samples material in the interior of the
pellets looks finer than that in the matrix, but in others
it appears identical. Pellets tend to have fewer illite
laths than oolite.

No pellets contain remnant calcium carbonate or any
indication calcium carbonate has been replaced by phosphate.
In fact, a common feature is that in which calcite has re-
placed phosphate through embayed contacts, notably at the
rims of pellets embedded in calcareous matrices. Calcareous
sparite also occurs as vein fillings in cracked pellets.
Silica commonly has replaced both calcite and phosphate.

The mosaic pattern in some pellets may be caused by some re-
placement process.

Pelletal rocks may or may not be framework-supported.
Non-pelletal framework constituents are similar to those in
oolitic phosphoritic rocks; however, more angular phosphate
fragments, organic debris, calcite-filled foraminifers,
twinned plagioclase, lithic fragments (granitic and schis-
tose clasts), and biotite are present in pelletal rocks
than in oolitic rocks.

The matrix in pelletal rocks is more abundant than in
oolitic rocks and averages 50 percent. Most commonly the
matrix is clay, but there also are calcareous matrices,
and less frequently and in considerably smaller patches,

collophane. One sample (T259-3) exhibited phosphoritic
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pellets encompassed in calcareous sparite and shelly de-
bris. No material in this sample exhibited indications of
being phosphatized; the only replacement minerals noted
were calcite which had replaced rims of pellets and silica
which had replaced shelly debris and patches of micrite
matrix. Cementing agents range up to 13 percent in pelletal
rocks and include calcareous sparite, collophane, and lesser

amounts of iron oxides.

Non-centered Pellets

The non-centered pelletal category introduced by the
author includes pelletal phosphate with grain inclusion(s)
which are not oolites. This phosphate constituent con-
stitutes up to 10 percent of the total rock and may account
for 40 percent of the total phosphate constituents in some
rocks. At only one locality (T379) are the non-centered
pellets the dominant phosphate constituent. Despite this
lesser abundance, non-centered pellets occur commonly with
pellets, less commonly with oolites, and throughout the
study area.

Dimensions and shapes of non-centered pellets are vari-
able and comparable to that for pellets. Non-centered
pellets normally are poorly sorted. Surficial and interior
coloration, lack of included circum-oriented material, and
boundary definitions ranging from district to vague, are all

characteristics common to non-centered pellets and pellets.
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Non-centered pellets, however, are characterized by de-
trital grain inclusions of quartz and feldspar.

Non-centered pellets may contain one or more detrital
grains which may or may not be centered. Those with center-
ed grain inclusions are similar to oolites, but lack colored
zonation or rings and concentrically oriented illite laths.
Grain inclusions more commonly are off-centered. Included
grains are composed of monocrystalline, non-undulatory
quartz, feldspar, and chert. Grains range in size from
0.1 mm to 0.15 mm and are equant and angular. 1In non-center-
ed pellets with a single included grain, the grain to pellet
size ratio may range from 30 percent to as high as 90 per-
cent. Under polarized light, grain inclusions are indistin-
guishable from surrounding framework grains other than being
encompassed in isotropic collophane material (figs. 19 and
20). Many included grains protrude out from non-centered
pelletal rims (figs. 21 and 22).

Framework material, matrix, and cement are similar to
those in pellets as are the textures. Samples with signifi-
cant amounts of non-centered pellets commonly contain bio-

clastic material such as fish scales and microscopic bones.

Intraclasts
Phosphatic intraclasts are fairly common and are the
predominant constituent in phosphoritic beds in the basal

portion of the Hames Member. Phosphoritic materials other
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than bioclasts which are larger than pelletal material and
do not have an overall pelletal shape are considered intra-
clasts. Such intraclasts may be as large as 1.5 cm. They
normally are irregular in shape, angular to subrounded, and
tend to be a very pale orange (10YR8/2), a lighter color
than pellets and oolites.

Intraclasts may be composed of cemented pellets and
oolites or massive phosphoritic material. The density of
grain inclusions in intraclasts 1is variable, but never as
great as that in the surrounding material. These phospho-
ritic pebbles probably were eroded from bedded phosphates
or they may represent pseudo-nodules (Blatt and others,
1972) which were set free by the erosive actions of bottom

or turbidity currents.

Bioclasts

Bioclasts in phosphoritic rocks are minor constituents
in the form of fish scales, and large and small bone debris.
Phosphatic bioclasts are common in shale beds in the Sand-

holdt Member which contain abundant foraminifers.

Geochemistry

Previous chemical analyses have been made of the Carmel
Valley phosphoritic rocks by Rogers (1944) from localities
Mf-R-1 (T333-1]) and Mf-R-2 (T332-9). Pellets placed in hot

dilute nitric acid left an insoluble residue which amounted
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to approximately 5 percent of the original pellet weight.
Chemical analysis of individual pellets showed that they
were 33.11 percent P05 and contained large amounts of cal-
cium, moderate amounts of aluminum, no appreciable iron,
and a small amount of magnesium. The overall composition
of the pellets was determined to be collophane by Rogers
(1944).

Chemical analyses of the Carmel Valley pelletal and
oolitic phosphoritic rocks show a range of 3.4 to 16 per-
cent P70g content. Sandstones from the Tularcitos Member
and Laureles Sandstone, at localities C60-1 and C276-1
respectively, also show small amounts of P05 which petro-
graphically shows up as cement. Analyses of the Carmel
Valley phosphoritic rocks are shown on table 6.

Petrographically, pelletal and oolitic phosphoritic
rocks of samples geochemically analyzed indicated collo-
phane content ranging from 13 percent to 61 percent (table
5). If one assumes that all P,0g is contained in collophane
(Cajg[P0O4CO3]Fy_3) (Altchuler and others, 1958), then P05
content should be approximately 31 percent of the total
collophane content. Figure 23 indicates, however, that the
majority of samples are impoverished in P05, although some
samples, notably 108 which contains a significant amount of
collophane cement petrographically, are enriched. Figure 23
also indicates a trend for oolitic rocks to be slightly more

phosphatic than pelletal rocks. Pelletal rocks appear to
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have the widest scatter of P,0g content with respect to the
ideal percent P;05=31 percent collophane.line. These differ-
ences of Pp0g5 content are the results of different origins
of pellets and oolites and subsequent diagenesis which are
more thoroughly explained (hypothesized) under the section

"Origins of Phosphoritic Rocks and Conclusions."”

X-ray Analysis

Only pelletal and oolitic collophane material was X-
rayed in the phosphoritic rocks. Diffraction patterns show
that the collophane material is predominantly composed of
carbonate-fluorapatite. Oolitic-dominated and pelletal-
dominated collophane differ in composition as expected
(figs. 24 and 25).

Oolitic material (X176) contains considerably more
quartz and feldspar than the pelletal material as indicated
on X-ray diffraction patterns; quartz and feldspar content
probably are due to grain inclusion(s). All guartz may not
be due to detrital inclusion(s); some may be due to dia-
genesis of opaline material as shown in previous chert and
porcelanite samples (table 4). The X-ray diffraction peak
of quartz at 26 equals 67.74° was not strong enough to in-
dicate whether the quartz content is primarily due to in-
cluded quartz or possible diagenesis of opaline material.

A kaolinite peak is detected in X176. Kaolinite commonly

is formed by the alteration of alkali feldspars in an acid
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environment (Mason, 1966). High feldspar content may be
the source for the kaolinite, but an acid environment seems
highly improbable unless achieved through some biogenic-
related process.

Both pelletal and oolitic material are characterized by
the presence of small amounts of calcite, cristobalite,
illite, and some iron oxide. The calcite and cristobalite
probably are replacement materials within the collophane.
Illite probably was original material incorporated into the
formation of pellets. 1In oolites, illite laths oriented con-
centrically within the oolite probably were accreted.

A very rough épproximation of COy content was deter-
mined following the peak-pair method of Gulbrandsen (1971).
This method reauires the measurement of the angular differ-
ence (N28) between two X-ray diffraction peaks at 51.6°26
(410) and 53.1°286(004). Results are plotted in figure 26.
All plots show an average COj content of about two to three
percent. Such a small sampling and size of study area un-
fortunately prevents detection of lateral regional facies
or environmental changes as shown by Gulbrandsen in the

Idaho~Wyoming area.

Scanning Electron Microscopy

The scanning electron microscope was employed for the
study of sub-microscopic features of the phosphoritic rocks.

The Carmel Valley phosphoritic rocks viewed through the
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scanning electron microscope generally were devoid of crys-
talline form or clustering of apatite as shown within a
broken phosphate pellet with grain inclusion(s) (fig. 27).
Average EDAX analysis indicated an elemental make up of pre-
dominantly twice as much calcium with respect to phosphorus
(fig. 28) with variable amounts of silica. Calcium with
respect to phosphorus in carbonate-fluorapatite has an ap-
proximate ratio of two to one; the EDAX readout confirms
this ratio. Figure 29 shows a possible clustering of mate-
rial on probable diatom debris in a broken phosphate pellet
(S60-14). The cluster area when analyzed indicated a high
silica and aluminum content (fig. 30) so then probably is
some clay mineral. It has been concluded that the Carmel
Valley phosphoritic rocks photographed show no indication of

authigenic crystalline apatite growth.

Origins of Phosphoritic Rocks and Conclusions

Several origins for the formation of bedded marine
phosphates have been proposed. These include: 1) phosphate-
rich coprolites, fecal pellets, and fecal mud which subse-
quently serve as centers for further diagenetic accumulation
of phosphate (Moore, 1939; Dietz and others, 1942), 2) meta-
somatism involving the replacement of calcareous material by
phosphate (Emigh, 1958; Ames, 1959; Pevear, 1966; D'Anglejan,
1968), 3) inorganic precipation involving deep, phosphorus-

rich, bottom waters upwelling and subsequently precipitating
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carbonate-fluorapatite (Kazakov, 1937; McKelvey and others,
1953; Gulbrandsen, 1969), and 4) a combination of inorganic
precipitation and biogenic processes (McKelvey and others,
1959; Dickert, 1970; Cook, 1976; Burnett, 1974, 1977; Baturin
and Bezrukov, 1979). Most emphasis on the origin of phos-
phates has been centered on a combination of inorganic pre-
cipitation and biogenic-related processes. Very briefly, a
summation of conditions reaquired for such a phosphate origin
is: 1) a source of phosphorus supplied by phytoplankton re-
lated to upwelling and the subsequent death of these orga-
nisms, 2) anoxic conditions to retain concentrations of dead
organisms which supersaturate interstitial and overlying
waters with phosphorus, 3) alkaline conditions such that pH
is greater than 7.2, 4) fairly warm water temperatures, 5)
low partial pressures of COy, 6) formation in areas protect-~
ed from terrigenous input, and 7) deposition in water depths
ranging from 50 to 500 m. When such restrictive conditions
are satisfied, précipitation of carbonate~fluorapatite may
take place at the sediment water interface, but more probably
within interstitial pore spaces in the sedimentary column.
According to this hypothesis, such precipitation results in
formation of phosphatic gels which construct soft bodies of
various sizes which subseaquently, through lithification and
self-purification, harden and become enriched in P,0g con-
tent. Initial phosphatic sediments are then further concen-
trated in amount of phosphatic material through reworking

and winnowing caused by water flow actions.
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This scheme of phosphate generation has been applied to
the majority of known phosphate deposits, but does not ap-
pear to be the primary way in which the Carmel Valley phos-
phoritic rocks were formed. A direct biogenic origin for
phosphate deposition has been mentioned, yet not seriously
considered in recent literature. Lack of uncontested exam-
ples to substantiate such an origin have led many to consider
the more accepted precipitation-organic related processes.
The author is inclined to believe that the majority of phos-
phoritic rocks in the Robinson Canyon-Laureles Grade area
are the result of direct organic processes, namely organic
pelletization with subsequent metasomatic phosphate enrich-
ment.

The author believes that the majority of phosphoritic
rocks in the Carmel Valley area are the result of direct
biogenic processes for several reasons. The majority of
phosphoritic rocks in the Carmel Valley area are predominant-
ly composed of pelletal phosphate. The striking feature of
the Carmel Valley phosphoritic rocks is the size and shape
of the pellets; generally ovoid, elongate, and ellipsoidal
and from 0.1 mm to 1 mm, but more generally 0.3 to 0.7 mm in
diameter. Very few are spherical in shape. This size and
shape conforms with the morphology of excreted material by
marine organisms. A large variety of marine organisms pro-
duce coherent fecal material which ranges in size from con-

siderably less than 1 mm to 2 mm (Schrader, 1971; Pryor,
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1975). Such organisms include bivalves, worms, gastropods
(Hantzschel and others, 1968), echinoids, chitons, and cer-
tain arthropods (Hattin, 1975). The dominant type of fecal
material produced by these organisms is an unsculptured pel-
let of the simple ovoid type (Moore, 1939).

The concentration of organic material, notably diatom
debris within the Carmel Valley pellets is another charac-
teristic feature (figs. 17 and 18). Diatoms are an impor-
tant part of the marine food chain and in many cases are se-
lectively fed upon by higher order organisms. A diet consist-~
ing of phytoplankton material and the subsequent excretion
of concentrated diatom debris in the form of fecal pellets
by zooplankton or other organisms is a natural, uncomplicated
way of generating pelletal sediment enriched in organic de-
bris. Undigested waste (Hattin, 1975), diatom concentrations,
and in some instances complete diatom remains (Schrader,
1971), have been observed in modern fecal material.

Another internal feature common in many of the Carmel
Valley pellets is a crude mosaic or grapestone structure
(fig. 15). Such a feature may have been caused by mineral
replacement processes, or possibly by organic digestive pro-
cesses which involved wadding and packing of feces material
into coherent fecal pellets (Pryor, 1975). Moore (1939) ob-
served a definite sorting of coarser from finer material and
the segregation of such material within fecal pellets.

Modern deep sea fecal material shows internal almond or

grapestone structure (Reineck and Singh, 1975).
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The considerable scatter in P,0g5 content (fig. 23) of
the Carmel Valley phosphoritic rocks may be explained by bio-
genic pelletization. When phytoplankton are eaten by larger
organisms, the phosphate contained in the phytoplankton is
concentrated by a factor of up to 108. Subsequently, this
concentrated phosphate material is returned to the ocean as
excreted material or liberated upon death and decomposition
of the predator (Rhodes and Bloxam, 1969). The amount of
concentrated phosphorus in excreted material differs with
respect to the type of marine organism and its diet. Recent
determinations of P05 content in fecal pellets range from
0.13 percent to 0.68 percent (Pryor, 1975), 0.21 to 0.42
percent (Takahashi and Yagi, 1929) to as high as 3.9 percent
(Johannes and Satomi, 1966). 1In recent dog feces Py0g5 con-
tent was as high as 31.5 percent (Williams, 1972). Fecal ma-
terial can be a significant factor in the enrichment of sedi-
ments with organic material and phosphaté as shown by Haven
and Morales-Alamo (1968, 1970) in an estuary of the York
River in Virginia.

The occurrences of many phosphoritic beds in close prox-
imity to, if not adjacent to, thoroughly bioturbated clay
mudstone zones within the Sandholdt Member suggests a strong
relationship to organisms (plates 4 and 5). Zones of bio-
turbation in modern day oceans exhibit fluid, fecal pellet-
rich surfaces that are easily resuspended by low velocity

currents. In zones of extremely slow rates of sedimentation
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where bioturbation is intensive, concentrated fecal pellets
also occur (Reineck and Singh, 1975). The Carmel pelletal
phosphate occurs in calcareous muds similar to that in de-
posits described by Dietz and others (1942) off the coast of
California, which, presumably have a fecal origin.

The Carmel Valley pelletal phosphates have a large are-
al extent and foraminifers suggest a depth range from outer
neritic to lower middle bathyal, or at depths of approximate-
ly 100 m to 2000 m. Many of the phosphoritic beds probably
were emplaced by fluidized flows. Just how far phosphoritic
material was transported remains unanswered. Modern day fe-
cal pellets have been found at a wide range of depths, from
tidal flats and lagoons, down to 4000 m on abyssal plains
(Moore,1939; Schrader, 1971; Reineck and Singh, 1975).

Concentrations of modern fecal pellets range from as
few as 3.3 pellets per cm3 to as many as 175 pellets per cm3
(Moore, 1939). The concentration of pelletal material into
distinct phosphoritic beds may not be due entirely to trans-
port or current agencies, but may in part be due to initial
deposition by organic processes. Verwey (1952) estimated
that the Mytilus population in the Waddensee was capable of
producing enough fecal material to cover an area of 600 km2
to a depth of 0.25 mm in one year. Kornicker and Purdy
(1957) reported thick sequences of sediment in the British
West Indies region composed of 90 percent fecal pellets ex-

creted by the marine gastropod Batillaria minima.
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Frankenberg and others (1967) have reported Callianassa

fecal pellet densities of 770,000 per m2. Fecal muds as
thick as 5 cm have been reported off the coast of Panama.
These marine organisms show that fecal material can be gen-
erated in concentrations sufficient to form whole beds of
fecal material which in turn could be transported to deeper
waters by fluidized flow.

The stratigraphically restricted nature of the Carmel
Valley phosphoritic beds may reflect intense organic pro-
cesses during a cessation in terrigenous input. The only
non-clay sediment developed may have been of an organic
origin via fecal pelletization along with sparse grains
which together supplied the bulk material for fluidized or
grain flows. A subsequent rapid subsidence and change from
calcareous to siliceous deposition in the study area probably
altered the paleocecology to less hospitable or even toxic en-
vironments for the marine population and thus brought about
an abrupt cessation in biogenic pelletization.

Important questions arise in a fecal pellet origin of
the Carmel Valley pelletal phosphates. Just how resistant
is fecal material when originally excreted and what are the
possibilities of preservation or even transportation of such
material intact? Modern day fecal pellets consist of an out-
er membrane (Schrader, 1971) or mucous-like organic slime
which coats (Pryor, 1975) and protects the pellet from imme-

diate attact by bacteria. Fecal pellets may further be
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protected from predators which live on fecal material
(Frankenberg and Smith, 1967) by sinking into or being
transported into anoxic environments which may or may not be
within the oxygen minimum zone. Moore (1939) noted that mud-
eating polychaetes produced fairly resistant pellets, which
in the past may have survived to become fossilized. He also
reported that fecal pellets as old as 100 years may show no
evidence of breakdown. Kornicker and Purdy (1957) noted the

presence of hardened fecal pellets of Butillaria minima in

sediment cores from the British West Indies region, and con-
cluded that such fecal material was capable of preservation.
It also is probable that fecal material may reside in a de-
positional environment long enough to be further metasomati-
cally phosphatized and thus hardened prior to transport via
fluidized flows. The fact that fecal material has been iden-
tified in Pleistocene (Pryor, 1975) and Cretaceous rocks
(Hattin, 1975) as phosphatized fecal pellets (Cook, 1976)
attests to their durability.

A transporting mechanism of fecal material other than
sinking through the water column would be a fluidized sedi-
ment flow or grain flow. Concentrated fecal material probab-
ly would have a consistency very similar to loosely packed
sand and thus might be subject to liquefaction. Fecal mate-
rial entrained in such a transporting mechanism would be sup-
ported by pore fluid and thus behave like a fluid (Middleton

and Hampton, 1973). Features present in the Carmel Valley

1
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phosphoritic beds such as load casts, flame structures, sus-
pended clasts, and water-escape structures are characteristic
of grain flow or fluidized flows (Stauffer, 1967). The aver-
age thickness of phosphoritic beds of 5 to 7 cm conforms to
Lowe's (1976) findings in which he emphasized'a general
thickness of 5 cm for grain flows. The other possibility of
transport would be by turbidite mechanisms as indicated by
graded bedding and abundance of matrix material in phosphori-
tic beds. The abundance of matrix material could have served
as a cushion for fecal material during transport.

The most probable environment for oolites is in a tidal
flat setting (Blatt and others, 1972), or possibly in a high
to moderate energy shelf. Environments favorable for the
concentration of fecal material are just seaward of a tidal
flat. ©Oolitic material normally is rather rare in phospho-
rites (Cook, 1976), but in the overall Carmel Valley area
such material accounts for 20 percent of the phosphate compo-
nents. A mechanically accreted or snowball mechanism of
phosphate addition has been pointed out (figs. 13 and 14).

In nearshore environments it is possible to have fecal
muds not necessarily made up of pellets, but microsphorite
which is layered microcrystalline collophane (Freas, 1964).
Many marine orgnaisms such as gastropods produce fecal mat-
ter while still moving and thus generate threads of fecal
matter (Moore, 1939; Reineck and Singh, 1975) which conceiv=-

ably could develop into layers of microsphorite material.



96

In a tidal environment, for instance, given sufficient

microsphorite material available for plastering, it seems

possible tha;/ggiitic phosphate could be generated. Such

accreted oolites ma% not be restricted to tidal flat envi-

ronments, but could occur in deeper water environments.

The

zonation or ring-like structure emphasized by light and dark

colored zones due to probable

tions, however, would tend to
ment rather than deeper water
kaolinite in oolites also may
areas of terrigenous input or

result from organic processes

fluctuating oxidizing condi-
suggest a tidal flat environ-
environments. The presence of
indicate close proximity to

shoreline. Kaolinite may also

related to digestive systems

in organisms which have been shown to alter clay structures

significantly (Pryor, 1975).

The relative higher amounts of

P,05 content in oolites with respect to pellets may be the

result of leaching of nonphosphatic components which would

occur in tidal environments due to periodic subaerial expo-

sure.

The presence of oolitic material only on the north

side of the Carmel Valley further suggests a shoaling in that

direction.

Ghost and non-centered pelletal phosphate (figs.

22) are probably secondary in

16, 19-

situ phosphatic features. Ir-

regularity of shape, poor sorting, fuzzy boundaries, simi-

larity of composition of grain inclusions and exterior (of

pellet) framework grains, and

protruding and intruding detri-

tal grains in non-centered pelletal phosphate are features
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which indicate in situ phosphate deposition. The author
speculates that such in situ phosphate generation probably
developed from interstitial pore waters saturated with phos-
phorus derived from the original, phosphatic, fecal pelletal
material. Phosphatic intraclasts in the form of gravels and
pebbles represent lithified fecal pelletal material and pos-
sibly liberated pseudo-nodules which were ripped up and re-
deposited by bottom currents or possibly turbidity currents.

In conclusion, the majority of the Robinson Canyon-
Laureles Grade area phosphoritic rocks probably have a fecal
pellet origin. Pre-concentrated fecal pelletal sediment
supplemented also by shallow water-generated oolites supplied
the bulk of the material which was subsequently transported
from shallower waters (less than 300 m) to a wide range of
deeper bathyal environments. The paleogeographic setting
during deposition of the phosphoritic beds probably was that
of a continental borderland, the Carmel Valley probably re-
presenting a restricted or silled basin characterized by
steep slopes suitable for the generation of fluidized flows
or grain flows. 1Incorporated within these flows also were
minor amounts of much more lithified, phosphatic intraclasts.
Once final deposition had taken place within this basin,
minor amounts of secondary phosphate pellets formed, supple-
mented with possible further enrichment of the original fecal
pellets in P,0g through metasomatic processes. Figures 31
and 32 summarize the author's interpretations of the origin

and transport of the Carmel Valley phosphoritic rocks.
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APPENDIX 1

Laboratory Work and Procedures

Representative rock samples were slabbed for etching and
staining in order to emphasize internal structures and to aid
in preparing descriptions of phosphoritic rocks. Granitic
slabs were etched in HF and stained with cobaltinitrite solu-
tion in order to determine K-spar content. Plagioclase con-~
tent in granitic rocks was determined by etching rocks with
BaCl and subsequently staining with Aramath dye. Rocks were
slabbed both at San Jose State University and at the U.S.
Geological Survey in Menlo Park.

Thin sections were made at San Jose State University and
petrographic work was done at the U.S. Geological Survey in
Menlo Park. Sedimentary rock names proposed by Folk (1974)
were used to describe rocks studied in thin section. Estima-
tions of sorting, component percent distributions, pore
space, and compaction are based on a count of three hundred
points in thin sections at a set interval of 0.5 mm. Photo-
micrographs were taken of representative slides.

Semiquantitative chemical analyses on selected phospho-
ritic rock samples were performed at the U.S. Geological Sur-
vey facilities in Menlo Park, California, and Reston, Virgin-
ia. Nine elements, Si, Al, Na, K, Fe, Mg, Ca, Ti, and P,
with relative percentages were reported, and these percent-
ages then were converted into common oxides.

Samples selected for X-ray diffraction were analyzed at
Menlo Park. Both whole rock analyses and isolated oolite=-
pellet phosphate analyses were performed. Oolite and pellet
phosphates were segregated from whole rock samples by disag-
gregation and subsequent screening; further concentration of
pellets and oolites was accomplished by floating off equiva-
lent sized quartz and feldspars in bromoform. Samples were
crushed and mounted in aluminum planchets. A Norelco X-ray
diffraction spectrometer using nickel-filtered copper K o
radiation was used; scan rates were one degree 26 per minute
and one half degree 28 per minute. Diatomite, porcelanite,
and chert samples also were analyzed by X-ray diffraction
methods; scan rates were one fourth degree 28 per nminute.

Phosphoritic samples analyzed under the scanning elec-
tron microscope were mounted on aluminum plates and carbon
coated. The elemental makeup of the phosphate constituents
was obtained through analysis by a supplementary energy dis-
.bursive X~ray unit (EDAX) attached to the scanning electron
microscope. Photographs were taken both from the scanning
electron microscope and of EDAX readouts of selected samples.
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Invertebrate megafossil samples collected were identi-
fied by matching with photographs and descriptions of forms
included in previous faunal lists of the study area. Samples
collected for microfossil content were disaggregated, washed,
and screened at the author's residence. Disaggregation was
accomplished by soaking air dried samples in kerosene; sub-
sequently the kerosene was replaced by warm water, and then
the samples were heated to near boiling for approximately two
hours on an oscillating hot plate. Samples then were cooled,
washed, and wet sieved between a 32 mesh (0.495 mm) and 200
mesh (0.074 mm) guage sieves and left to air dry. Once dry,
samples were screened, picked, and identified.
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APPENDIX 2

Test Well Data (Thorup, 1976)

LOCATION: 1500 £t E and 2350 ft S of NW corner of Sec
25/T16S/1E on the east bank of Robinson Canyon
3500 £t south of Farm Center.

SURFACE ELEVATION: 250 ft

APPROXIMATE STANDING WATER LEVEL: 140 ft

TOTAL DEPTH: 600 ft

ELECTRIC LOG RUN: to a depth of 594 ft on September 24, 1974.

LITHOLOGY: (based on samples and electric log)
0-130 Sandstone, bluish gray and light gray, soft to
hard. Water at 140 ft.
130-190 Sandstone, hard with shale streaks.
190-290 Sandstone with granitic debris.
290-305 Claystone
305-325 Sandstone, medium-~grained, grains rounded.
325-420 Sandstone, coarse, gray, appears nonmarine and
permeable.
420-450 Interbedded red clay, minor sandstone.
450-530 Interbedded red clay and coarse sandstone, hard.
530-600 Sand and gravel, red claystone on bottom.

GEOLOGIC STRUCTURE: Synclinal
ESTIMATED DEPTH TO GRANITE: 700 ft

DATE OF DRILLING: September 18, 1974 to September 24, 1974
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APPENDIX 3

Paleobathymetry Determined From Foraminifers (based on
Arnal, 1976)
Sample Locality Age Paleodepth (m)
Mf-¥Y-462 middle Luisian upper bathyal 200-600
Mf-Y-520 middle Luisian outer neritic 100-200
Mf-¥Y-109-3 middle Luisian upper bathyal 200-600
Mf-D-57 middle Luisian upper bathyal 200-600
Mf-y-191-1 upper Luisian outer neritic 100-200
Mf-¥-191-8 upper Luisian outer neritic 100-200
Mf-Y-60-2 upper Luisian outer neritic 100-200
Mf-Y-60-6 upper Luisian outer neritic 100-200
Mf-Y-60-9 upper Luisian outer neritic 100-200
Mf-Bo-41 lower Mohnian upper middle bathyal
500-1500
Mf-Bo-36 lower Mohnian upper middle bathyal
500-1500
Mf-C-564 lower Mohnian upper middle bathyal
500-1500
Mf-C-565 lower Mohnian upper bathyal 200-600
Mf-C-566 lower Mohnian upper bathyal 200-600
Mf-y-228-2 lower Mohnian outer neritic 100-200
Mf-Y-191-10 lower Mohnian outer neritic 100-200
Mf-Y-60-10 lower Mohnian outer neritic 100-200
Mf-Y-60-17 lower Mohnian outer neritic 100-200
Mf-K-14 upper Mohnian lower middle bathyal
1500~-2000
Mf-Y-332-4 upper Mohnian non-diagnostic depth
indicators
Mf-Y-332-6 upper Mohnian non-diagnostic depth
indicators
Mf-C-567 upper Mohnian upper middle bathyal

500-1500
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Thickness (m)

(Hames Member continues upward)

45,
44,
43.
42,

41.

Hames Member (beds 41-45)

40.

39.

38.
37.
36.

35.

34.
33.
32.

31.
30.
29.
28.
27.
26.
25.
24.
23.
22.
21.
20.

19.

Porcelanite, very light gray (N8), in 5-
to 6_cm-thick beds.....................‘.
Pelletal phosphoritic sandston€...seeeees

Porcelanite,

same as Unit 45..cecseescons

Pelletal phosphoritic sandstone, same as

Unit 440000o...00l....ol...ooo..ooo..ooo.

Porcelanite,

same as uUnit 45¢cceccceccces

Claystone, siltstone, yellowish-gray

(5Y7/2),

in 5-to 6-cm-thick beds, in

part laminated, siliceous, sparse
pelecypods...............................
Claystone, shale, yellowish gray

(5Y7/2),

in part laminated, siliceous....

Limestone bleb zOn€..cieseesecsccnccecnass
Claystone, shale, same as unit 39%....c¢e..
Siltstone, yellowish gray (5Y7/2),
friable, calcareOUS.ceeceecsos
Sandstone, pale yellowish orange

laminated,

(LOYR8/6),

fine

grained, good sorting,

subangular to subrounded, siliceous......

Claystone,
Siltstone,

shale,

same

same as unit 3%..ceeees
as unit 36‘..............

Sandstone, same as unit 35, weakly
CalcareOUSooooooo.oo.ooooooooo.oo.ooooooo

Siltstone,
Sandstone,
Siltstone,

same
same
same

aS unit 36.....‘.........
As UNit 32cececesvcnsnsces
as unit 36"............‘

Limestone bleb ZONE...ceeeessecscasesoces

Siltstone,
Sandstone,
Siltstone,
Sandstone,
Siltstone,
Sandstone,
Siltstone,
Sandstone,
(10YR8/6),

same
same
same
same
same
same
same
pale

36.....'.0‘..0...
35, calcareous...

36‘..0.0.0000..00

as unit
as unit
as unit
as unit
as unit
as unit
as unit
yellowish orange

26000000..00...0-
3600-0.0...00.00.
26.000...0.000000

360...000..0000.0

medium to fine grained, good
sorting, graded, laminated in upper part,
predominantly subangular to subrounded
quartz, CcalcareoUuS..csesscessscssassscsss
Sandstone sequence same as in unit 20....

7.5 cm

© HOK © oo (o
L] . L] L) . - L] . L]
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Q Q
O 3 0 3
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Measured Section 8 cont'd

18.
17.
l6l

15.
14,
13.
12,

11.
lol

8.
6.
4.

3.
2.

Sandholdt Member (beds 1-40)

Siltstone,
Sandstone,
Siltstone,

phosphaticCivevveveasss
same as unit 26....00000
same as unit 45...ccccvercee
same as unit l6.eveessss

Sandstone,

Porcelanite,

Siltstone,

same
same
same

as
as
as

unit 36.

Thickness

UNit 26..eeeceronveres

unit 36,

LI

Sandstone, moderate pink (5YR7/4),
medium grained, fair sorting, arkosic,
weakly calcareous, crossbedded, grains

subangular....ceocevevssreorsrennnus
same as unit 16..
GYPSUMe s o aesvovsssnnerencsscs
Limestone bleb zone....

Siltstone,

Siltstone,
Sandstone,
Siltstone,
Sandstone,
Siltstone,
Sandstone,
Sandstone,
(10YR8/6),

dominantly subangular quartz,

same
same
same
same
same
same
pale

as
as
as
as
as
as

yellowish orange

unit 16.
unit
unit
unit
unit
unit

ls.
20.

26-....0-0'-0...!

16'-0001

26...'.."..."..

® e » e 0 0 " 0 s e e .

medium to fine grained,
good sorting, massive, friable, pre-

feldspar,

little biotite, calcareous, phosphatic,

carbonaceous,

Sands tone,

fish scales...
contains

same as unit 2,
several gypsum interbeds 2.5 cm thick....

(Dirt road base, Sandholdt Member possibly con-
tinues downward)

Total thickness........

37.5

113

(m)



Measured Section 60

(Hames Member continues upward)

40.

Claystone and porcelanite, very light
gray (N8), in 5-to 6-cm-thick beds,
few or no shale partings.ceceecececsecsee

Hames Member (bed 40)

39.
38.

37.

36.
35.
34.
33.

320 ’

31.
30.
29.
28.

27.

26.
25.
24,

23.
22.

21.

Limestone bleb ZON€ee.eceesevsoosocooocsse
Claystone and porcelanite, same as

UNL1E 40 ieceececoscessssccsvsnsssonsssonns
Siltstone, very pale orange (10YR8/2),
and fine sandstone, shaly in part,
friable, calcareous, phosphatic, con-
tains foraminifersS..eveeiseeoscocsscesans
Limestone bleb ZoONE.eseeesrseosessvsovoens
Siltstone, same as UNit 37cecevescoovoscns
Covered.seeeseseesosssescsssossssssssnsssssse
Claystone, very pale orange (10YR3/2),

in 8-to l6-cm-thick beds, siliceous,
contains fish scaleSeeeeesrsessescessvenns
Claystone and porcelanite, same as unit
40, contains 0.5-to l-cm-thick shale
interbeds, laminated in part.ieecieesveees
Claystone, same as unit 33....c.0ceveesces
Pelletal phosphoritic sandstone.....ceces
Claystone and shale, very pale

orange (10YR8/2), friable, weakly
CalCareOUS. ceeoseosorssoscoscsasonossnsssccs
Shale and fine sandstone, very pale
orange (1l0YR8/2), friable, calcareous....
Sandstone, very pale orange (10YR8/2),
fine grained, good sorting, massive,
friable, calcareous, grains subangular

to subrounded. cesecesosvorsorscrsorossronas
Bedding plane fault ZONE.eeiveossovovsven
Claystone, same as unit 33...ccc0cveecess
Claystone and shale, very pale orange
(10YR8/2), in 18-to 20-cm-thick beds,
siliceous, contains gastropods and
PEleCYPOdSe st evoresrsoecessoosnoscnscsonsss
Pelletal phosphoritic sandstone, same

@S UNit 30ceeceessesersosnssscsossnnsnsees
Claystone and porcelanite, same as

UNL1t 32 it eeeeesvevsvsonssvossssssnsssnsss
Claystone and shale, same as unit 29,
contains shale interbeds which decrease
in freauency up section, calcareous,
phosphatic, carbonaceous, contains
foraminifersS.iceeesessecsssscssonnsonnnsos

114

Thickness (m)

4

10 cm

12.5 cm

1.5
9.1

O O
L] . .
o U OO

7.9
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Measured Section 60 cont'd Thickness (m)

20.
19.

18.

17.

l6.
15.
14.
13.
12.

11.
lo'

9.
8.

3.
2.

Whale bone horizonN.eeeseeeeessosccsescenee 0.2
Claystone, shale, and fine sandstone,

grayish orange (5YR8/2), less sand up
section, rhythmic bedding, 1-~to 5-cm-

thick beds of alternating sandstone-

shale sequences, calcareous, phosphatic,
contains foraminifers.....ceveeeesceecess 4
Sandstone, very pale orange (1l0YR8/2),

fine grained, good sorting, friable,
predominantly subangular guartz, feld-

spar, and some biotite....eevevesvseseseces 0.
Claystone and shale, same as unit 29,
calcareous, contains fish scaleS...eeeees
Limestone bleb zone...:iieeiiiineneascnsns
Claystone and shale, same as unit 17.....
Sandstone, same as unit 18...ccctveescces
Claystone and shale, same as unit 17.....
Sandstone and siltstone, very pale
orange (1l0YR8/2), very fine grained,

good sorting, friable, laminated,
predominantly subangular quartz, feld-
spar, some biotite, calcareous, phos-
PhatiC.veecessesssssecosnssssanssscsneansess Lob
Sandstone, same as Unit 18...¢ceveeeeeess 0.3
Sandstone and siltstone, same as unit

12, NON=-CalCaAreOUS.:cceseceeestsssosesssssas
Sandstone, same as unit 18...ccceeunvvcenens
Sandstone and siltstone, same as

UNit 10..eeeeeeeereressacsonessnsnsasssnscns
Claystone, very pale orange (10YR8/2),
partly laminated, weakly calcareous,
contains small pelecypods, less common
occurrence of thin 5-~to 6-cm-thick fine
sandstone interbeds....ccceeeveevvsecesses 1.8
Claystone, same as unit 7, lacks

sandstone interbeds, contains less

common occurrences of 5-to 6-cm~thick

porcelanite interbeds, calcareous, con-

tains foraminifers. . ceoeeeeeecsssnsssanes 2.1
Sandstone, same as unit 18, cal-

CALEOUS: s e oo e vssosvosossssssnssscssossecsssscss 7.5 cm
Claystone, same as unit 7, lacks

sandstone interbeds..ceeeesereeersncnsees 1.2
Covered..eseessesososssosssssssssnsosasssnses 30
Claystone, same as unit 4....cc0000eeeeee 0.5

[\
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Measured Section 60 cont'd Thickness (m)
Sandholdt Member (beds 2-39)
1. Sandstone, very pale orange (10YR8/2),
coarse grained, fair sorting, pre-
dominantly subangular to subrounded
quartz, feldspar, some biotite, phos-
phatic, contains pectensS..ceeeecsseeesssss 4.5
Los Tularcitos Member (bed 1)

(Bottom of creek bed, Los Tularcitos Member possibly
continues downward)

Total thiCKNeSSeeeesooeocssoosssosocsssosssossssesse 87



117

Measured Section 109 Thickness (m)

(Hames Member continues upward)

25. Porcelanite, very light gray (N8),
in 3-t0 5-Cm—thick beds.-.-.-.---.-.-..-- 3

Hames Member (bed 25)

24, Covered.iieeeeesesococsscasssosasassssonseses 31
23. Claystone, very light gray (N8),

massive, friable, calcareouS..csceeeeeeees 0.
22, LimestONE..:.eeeeeecessssssssssssssssssesee 0.
21. Claystone, same as unit 23..ceceeeeereees 3.
20. Porcelanite, same as unit 25.¢ceceeessees O,
19. Claystone, same as unit 23, but

silty and in part shaly..eeeeeesoceseeess 0.8
18, LimeStONE..eveeeeeosvecsesssossssososcsssocsa 7.5 cm
17. Claystone, same as unit 23..cvvveveesacss 1~

16, LimesStOnNE..eeeececcsecsserscosasssssssssess 5 cm
15. Claystone, same as unit 23....cvccecceceee 3.6
14, LimesStONE.esssssesssosesssoscsnssssessssss 0.2
13. Claystone, same as unit 23...cc00c00e0ess 3

12, LimestON@..ceeeeesseeeseccssssssaseseonccee 0.2

11. Claystone, same as unit 23, con-
tains foraminifersS..ceeeceeseseevcecsesese 3.0
10. Pelletal phosphoritic sandstone,
PEDLDlY.eeeenscenssassseensccsossssessassnnsnse 7.5 cm
9. Claystone, very light gray (N8),
massive, friable, siliceOuUS..i¢eveeeveeess 0.6
8. Claystone, same as unit 9, in part
shaly, contains fish remains....¢¢eceeee. 0.6
7. Claystone, same as unit 9...c¢ceev0eeeussse 3.6
6. Claystone, same as unit 8, but
lacks fish remainsS....eeeeveesesesseeeees 1
5. Claystone, same as unit 9.....0000ce0sees 1.5
4, Porcelanite, same as unit 25...crevvvesee 1
3. Claystone, same as unit 9,
contains Ccrabs.ceeceeereiecsseccesenccncas
2. Porcelanite, same as uUnit 25.ccceccecccss
1. Claystone, same as unit 9...cciveeneenrne

U = W
- - .
NN

Sandholdt Member (beds 1-24)

(Dirt road base, Sandholdt Member possibly continues
downward)

TOtal thickness.n-o--v.-oo..lvoovtvo-.-oc...-.'o.. 69-5



Measured Section 191

(Hames Member continues upward)

55.

Porcelanite, very light gray (N8),
in 3-'('.0 4-Cm"thiCk beds.o'roooouvcoooooo

Hames Member (bed 55)

54.

53.
52.
51.
50.
49.
48.
47.
46.
45,
44,

43.
42.
41.
40.
39.
38.
37.
36.

35,
34.

33.

32.
31.
30.

29.

28.
27.

Claystone, very pale orange (1l0YR8/2),
massive, friable, calcare@OUS.eeeceesvecses
LimesStONe. it esseveesssoessessosnsosnonson
Claystone, same as unit 54.....c0000eeeees
Gypsum and bentonit€..seeececeevccccnenns
Claystone, same as Unit 54...c00ccecnvcss
LimeStONC.eveseesseeossoecsnsasonssosennces
Claystone, same as unit 54.....0c000c0ces
Gypsum and bentonite...ccesveecccoccences
Claystone, same as unit 54....cceeenveves
LimeStONe.: cveseeesssoossssososncessosnnosnss
Claystone, same as unit 54, contains few
volcanic ash interbeds 2.5 cm thick,
calcareous, contains foraminifers........
Gypsum and bentonite.....eeeevececcecccces
Claystone, same as unit 54, contains

fish scales and foraminiferS.ceeeesevesss
Gypsum and bentonite...ceeeeccesesssoooscss
Claystone, same as unit 54...ccccccvvvese
LimesStone.ceeieeesesesesscssosssssscsssnnsns
Claystone, same as unit 54, contains
foraminiferS.iveeeeeeesvsessesansecscscns
Limestone, made up in total by
foraminifera testS..iieeersceereesarsocasas
Claystone, same as unit 54, contains
foraminifers..iceecesveseccccecessososnncoes
Gypsum and bentonite.ceeceeesceescesonces
Claystone, same as unit 54, contains
foraminifersS..iieceereoeessoceroosossnnesnse
Claystone and shale, very pale orange
(10YR8/2), contains less common
occurrences of volcanic ash interbeds

2.5 cm thicKkeeeeervorooorssoesonsesssosonss
Pelletal phosphoritic claystone..........
Claystone and shale, same as unit 33.....
Pelletal phosphoritic, arkosic sand-
stone, pebbly in part..ccoeeeeerocessoces
Claystone and shale, same as unit 33,
contains gastropodS..ccesessessscscosocces
Limestone bleb ZONE..iveessveovesnsasasnes
Siltstone, grayish orange (10YR7/4),
laminated, calcareous, phosphatic,
contains fish scales and foraminifers....

2

1

oOHOMNONOMHFO™
L
UoppHWWWoOoOWWm

N
>
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Thickness (m)
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Measured Section 191 cont'd Thickness (m)
26. Claystone, same as unit 54, weakly
CAlCArEOUS s cosoeoorssesssscsssosssssosscne 2
25. Pebbly phosphoritic claystone..eeecececess 7.5 cm
24, LimeStONE..cecocsssssscscccsssssssssseases 0.4
23. Claystone, same as unit 54...cce0c0seseee 1.2
22. Pebbly phosphoritic claystone,
same as UNit 25.cieeceessssessssosssonsnss 7.5 cm
21. Claystone, same as unit 54, contains
few gypsum interbeds 1 cm thick.eseeeesss 0.8
20. Claystone, same as unit 54..cces00ees0ees 1.2
19. Pebbly phosphoritic claystone zone
made up of several beds like unit 25..... 0.3
18. Claystone, very pale orange (10YR/2),
in 10-to 15-cm-thick beds, contains
l1-to 2-cm-thick shale partings,
S11iCEOUS et eeesssecssssecccsossssscssscsces 0.3
17, LimesStONE.ceeciceccssccocscssscsssocsssocsns 12.5 cm
16. Claystone, same as unit 18....ce000000000s 0.3
15, GYPSUMeeoeeossososssscocoosonssssssssoncss 2.5 cm
14. Claystone, same as unit 18...¢60c00e0esess 1.8
13. Claystone, grayish orange (10YR7/4),
massive, friable, siliceous, contains
CrabSeeieesecscscesssscsossosscscsscsocscssssse 1lo8
12. Pelletal phosphoritic, arkosic sand-
stone, same as UNit 30ceeeessssscccecnsoss 0.2
11l. Limestone bleb zZonN€...cseeesocssscesseseces 0.6
10. Sandstone, very pale red (1l0R6/2),
very fine grained, good sorting,
laminated, calcareous, grains sub-
angular to subrounded....ssseesssssseseess 1.5
9. Claystone, same as unit 18....cc0c00eeeees 1.8
8. Shale, very pale orange (10YR8/2), cal-
careous, contains foraminifers...ec.ceeeee 0.6
Te GYPSUMeosoeesoocssssosssocossssssssscossscosss 2.5 cm
6. Shale, same as unit 8, possible ripple
StYUCEULES. eeesesaseossscossnsssssnesssces L
5. Sandstone, very pale orange (10YR8/2),
fine grained, good sorting, siliceous,
grains subangular to subrounded.¢...e.e.. 0.2
4., Claystone, same as unit 18...c.ec0000000.. 0.3
3. Limestone bleb zZONE€..iceesesssseessssnsess 0.2
2. Claystone, same as unit 18...ss00c0000eees 1
1. Claystone, grayish orange (10YR7/4),

massive, friable, calcareous, phos-
phatic, contains fish scales and
foraminifers.'.l.'.l........'.....l..b’.. 108
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Measured Section 191 cont'd Thickness (m)

Sandholdt Member (beds 1-54)

(Dirt road base, Sandholdt Member possibly continues
downward)

Total thickneSSoooo.ooo-ooo-oo‘ooooooooooooooov.-o 7205
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Measured Section 259 Thickness (m)

(Hames Member continues upward)

9. Porcelanite, very light gray (N8),
in 5-to 6-cm-thick beds...vecvv.. evsseves 3

Hames Member (bed 9)

8. Covered.:veseoeseosscssoes ce st e cevoses 1
7. Claystone, very pale orange (lOYR8/2

in 5~to 6-cm-thick beds.................. 1.5
6. Pelletal phosphoritic coquina, large

boulder ZONE.eieveseioesnesssossonsosnsssss 0.2
5. Claystone, very pale orange (10YR8/2),
massive, friable...ceveeeresesvenessessees 1.5

Sandholdt Member (beds 5-8)

4. Sandstone, yellowish gray (5Y8/1),
fine to very fine grained, good
sorting, massive, friable, weakly
phosphatic, grains subrounded to

subangular....eeseeocsssossssssssssssssss 3
3. Coquina bed, same as unit 6, bedded,
and lacks pelletal phosphate....... eeeees 0.5

2. Sandstone, yellowish gray (5Y7/2),
fine to medium grained, good sorting,
massive, friable, predominantly sub-
angular to subrounded quartz, some
feldspar, very little biotite, weakly
calcareous, very weakly phosphatic....... 31.4

Laureles Sandstone Member (beds 2-4)
l. Granodiorite basement

Total thickness of sedimentary rock......e.e.. coo. 48.1
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Measured Section 276 Thickness (m)

(Hames Member continues upward)

13. Porcelanite, light gray (N8), in
S5-to 6-cm-thick beds..vevccercersscescseess 0.6
12. Leached pelletal phosphoritic sand-
SEONEeesveososvsossssssssssossnscsosanssses 15 ¢cm
11. Porcelanite, same as unit 13, contains
few pelecypodS.ceeeeecessscosssescssceasss 4
10. Claystone, very pale orange (1l0YR8/2),
contains few small pelecypodS..eeseseeess 2
9. Sandstone, same as unit 12, but lacks
pelletal phosphate..ciceesieeencocosasnsss 7.5 cm
8. Porcelanite, same as unit 13....00000e000s 1
7. Pelletal phosphoritic sandstone, same
s UN1t 12...eiioeseecssssosnnsssssssnssas 7.5 ¢cm
6. Porcelanite, same as unit 13...ccceeesaas 2.4

Hames Member (beds 6-13)

e LimMeStONEe.eecssesescecsscsassssossosenseas 03
4. Sandstone, yellowish gray (5YR8/1), fine
to very fine grained, good sorting,
massive, friable, predominantly sub-
angular to subrounded auartz, weakly
PhosSphaticC.ceeeeeesoeeensennsasnssssnsasns
3. Large whale bone horizon....ceeeeceeeeecsn
2. Sandstone, yellowish gray (5Y7/2),
medium to coarse grained, good
sorting, massive, friable, predomi-
nantly subangular cuartz, some feld-
spar, little biotite, weakly cal-
CALECOUS . tesvsvsssosseasssens cassecaseanens . 23.5

[e Vo]
. o

(O 0 o

Laureles Sandstone Member (beds 2-5)
1. Granodiorite basement

Total thickness of sedimentary rock.....ceeceesss. 43.7



Measured Section 332

(Hames Member continues upward)

31.

Porcelanite, very light gray (N8),
in 5-t0 6-Cm—thiCk beds...............-oo 1.5

Hames Member (bed 31)

30.
29.
28.

27.

26.
25.
24.

23.
22.
21.

20.
19.

18.
17.
ls.

15.

14.
13.

12.
11.
10.

Coveredeseseesessessasosssasssssesssssasee 15
Limestone bleb zone...ieveeeecenceccnsees 0.5
Siltstone, pinkish gray (5YR8/1),

calcareous, carbonaceous, contains

pelecypods, crabs, and foraminifers...... 1
Claystone, pinkish gray (5YR8/1),
massive, siliceous, contains

crabs and bUrrow StrUCEULEeS..ceesoccsconse
Limestone bleb zZOnNe€..eeeeeeteereescessons
Claystone, same as unit 27..cceeeosscsccee
Claystone, very pale orange (1l0YR8/2),

in 3-to 1l0-cm-thick beds with 1-to
2-cm-thick shale partings, siliceous..... 1

O
. L] L]
GRG N
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Thickness (m)

Pelletal phosphoritic sandstone.......... 12.5 cm

Claystone, same as unit 24, contains
pelecypods...l.......'..........'.O...... 002
Pelletal phosphoritic sandstone,

same as Unit 23....ieeteccnccnscnccnsonns 2.5
Claystone, same as unit 24....cc000c0eeeen 2.

Pelletal phosphoritic sandstone

and claystone...ceeeececesscesnsccenssseess 0.5
Claystone, same as unit 24......0000000.. 10
Claystone, same as unit 27, fault........ 2.3
Siltstone and shale, grayish orange

pink (5YR7/2), siliceous, micaceous,
carbonaceous, weakly phosphatic, con-

tains gastropods, crabs, and forami-
NifersS.iseecieietececcccssssossnosnnsssssee L1o7
Pelletal phosphoritic sandstone, same

A4S UN1t 23¢cieeessscsoessessnsnsssassasnes 0.2
Siltstone and shale, same as unit 1l6..... 1
Pelletal phosphoritic sandstone,

same as uUnit 23.c.ccesesssosssssnsessesses O
Siltstone and shale, same as unit 16..... 1
Limestone bleb zon€....eoseeessscssssecess 0
Siltstone, very pale orange (1l0YR8/2),
laminated, possible minute low angle
crossbedding, calcareous, phosphatic,
carbonaceous, contains foraminifers...... 0.3
Claystone, same as unit 27, but lacks

crabs, contains pelecypods, carbona-

CEOUS . esssseesssssssssssosssssassssosseosse 1ol
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Measured Section 332 cont'd Thickness (m)
8. Gypsum and bentonite...ceeeeeesccescceces 0.2
7. Claystone, same as unit 9....cecesesse0000 1.5
6. GYPSUMeeseoesosososssossssosossnosssocesss 2.5 cm
5. Claystone, same as unit 9.....¢c00000es.. 0.5
4. GYPSUMeestooosococscanossssoocnsnsassssoccsss 2.5 ¢cm
3. Claystone, same as uUnit 9...ceceeeseseces 1.4
2. Siltstone, same as unit 10...c0ceeneeeees 1.4
1. Claystone, same as uUnit 9...ceiseceessecss 2.5

Sandholdt Member (beds 1-30)

(Asphalt road base, Sandholdt Member possibly continues
downward)

Total thiCKNeSS. :.ceesesessoscceessscssscesssccsssecs 39,6
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Measured Section 399 Thickness (m)

(Hames Member continues upward)

14. Claystone and porcelanite, light

gray (N8), in 5-to 6-cm-thick beds....... 21.3
13. Pelletal phosphoritic sandstone.......... 7 cm
12. Claystone and porcelanite, same as

unit l14...ieeeeeeossssessssnssssosssssncss 7
11. pPelletal phosphoritic sandstone,

same as unit 13...cesetesesccossosassnnss 7 cm
10. Claystone and porcelanite, same

as unit l4..cceveessoscasssscsssnnssonscss 1

9. Pelletal phosphoritic sandstone,

Same aS unit 13.....Illlllll...ll.......l 6Cm
8. Claystone and porcelanite, same
as Unit 14....cceeeesecccssssossncecncnnss 6 cm

Hames Member (beds 8-14)

7. Claystone, very pale orange (1l0YR8/2),

in 5-to 6-cm-thick beds, shale part-

ings 0.5-to l-cm-thick, contains crabs

and pelecypPOdS.eeesseesssssscsscsnsoccsssses 3
6. Siltstone and shale, grayish orange

(10YR7/4), massive, friable, contains

foraminifers..ceeeeeecesssssssssescccccne 3
5. Claystone, dark yellowish orange

({10YR6/6), massive, friable, with

thin 2-to 3-cm-thick volcanic ash

interbeds...seesesssecscssscassosesssnsss 1.8
4., Claystone, same as unit 5, but con-

tains several pelletal phosphatic

sandstone interbeds same as unit 13......
3. Claystone, same as UNit Seseeeccecescassnns
2. Limestone concretions, contains

bones...III..ll....0......'............‘. O.S
l. Claystone, same as unit S..ecseseesesesss 3

NS o
L] *
[l =%

Sandholdt Member (beds 1-7)

(Bottom of creek bed, Sandholdt Member possibly continues
downward)

TOtal thiCkness...........-...-......-..-.-....-.. 45.8
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Measured Section 467 Thickness (m)

(Top of hill, section incomplete)

27. Porcelanite, very light gray
(NS)' in l-tO 2-Cm—thick beds...-o-ooo.oo 0.5

Hames Member (bed 27)

26. Shale and claystone, very pale

orange (l0YR8/2), friable..ieeeecesseoses 2
25. Sandstone, very pale orange

(10YR8/2), medium to fine grained,

fair sorting, grains angular to

subangular, resistanteeessocesosssssooses 1
24. Sandy shale, very pale orange

(10YR8/2), laminated, friable...eeeeseees 1.8
23. Claystone, very pale orange

(10YR8/2), massive, friableeeececeseeoeas 3
22, Claystone and siltstone, very pale

orange (l0YR8/2), friable, contains

pelecypods and foraminifers...e.ee.ceeeee. 3

Sandholdt Member (beds 22-26)

21. Sandstone, very pale orange

(10YR8/2), fine grained, good

sorting, predominantly subangular

quartz, some biotite, resistant,

very calcareous, slightly phos-

phatic, contains small bones....ees00s0... 0.3
20. Sandstone, grayish orange

(10YR7/4), fine grained, fair

sorting, predominantly subangular

quartz, some feldspar and biotite,

friable, CalcCaAreOUS.:.ssceoesssoesssoosssse 1.8
19. Sandstone, pale olive (1l0YR6/2),

coarse grained, poorly sorted, pre-

dominantly subangular quartz, feld-

spars, and biotite, friable, calcar-

eous, pebbly in part.ceeessccesscessscsss 1le5
18. Conglomerate, boulder to cobble

to pebble size clasts made up of

granite, gneiss, felsite, quartz,

quartzite, set in a very coarse

grained sandstone matrix made up

of angular quartz graiNSeeesesescccccesss 3
17. Sandstone, same as unit 20...c0evevesees. 9.1
16. Sandstone, same as unit 21, con-

tains pelecypodS..scseeessceccssossscccsaes 0.6
15. Sandstone, same as unit 20...c00s 0000000 3
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Measured Section 467 cont'd Thickness {(m)

14. Sandstone, same as unit 21, con-

tains pelecypods, sharks teeth,

and bONES.eeioececcoscossssssssssnssnnssss 1
13. Sandstone, same as unit 20...c00000esssss 13.7
12, Sandstone zone of large con-

cretions, light gray (N7), fine

grained, fair sorting, predomi-

nantly angular quartz, feldspar,

and biotite, resistant, calcareouS....... 1
11. Sandstone, same as unit 20...4000000000e0ss 9.1
10. Sandstone, same as unit l12...cec0ces000ees 1.2
9. Sandstone, pale olive (10Y6/2),
medium grained, poorly sorted,
predominantly subangular quartz,
feldspar, biotite, in part pebbly,
friable, calcareousS...veeseesessvessnssss 1
8. Sandstone zone, same as unit 12,
but contains discontinuous beds
rather than concretionNsS..vesssveesnsvsoass 1
7. Sandstone, same as Unit J.eieecerocsssaes 1.2
6. Sandstone zone, same as unit 8....0000040. 1
5. Sandstone, same as UNit 9..¢eeeesssnssass 1.2
4, Sandstone, same asS UNit 8.eeveeeresnsanns 1

Los Tularcitos Member (beds 4-8)

3. Sandstone, pale olive (10Y6/2),

very coarse grained, poorly sorted,

predominantly angular quartz, feld-

spar, biotite, in part pebbly, fri-

able, upper half weakly calcareous....... 23.7
2. Conglomerate, boulder to cobble size

clasts made up of granite and gneiss,

set in a very coarse dgrained sandy

matrix, appears to be graded.......e00... 2.1
1. Conglomerate, same as unit 2....0000000es 1.5

Robinson Canyon Member (beds 1-3)

(Bottom of creek bed, Robinson Canyon Member possibly
continues downward)

TOtal thickness.oooooottooooott000000000000000000010405



