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ABSTRACT

The Upper Cretéceous rocks of the Torreon Wash/Johnson Trading
Post areas, southeastern San Juan Basin, New Mexico resulted from a
seriés of transgreésions and regressions. Seventy eight samples were
chosen as representative of the clay-bearing Upper Cretaceous SeQuence,
Mulattc Tongue of the Mancos Sﬁale through the Fruitland Formation,
and analyzed for clay mineralogy, whole rock minéralogy, and whole
rock geochemistry. Whale rock mineralogy and geochemistry show only
slight stratigraphic variatidns. However, the Fruitland Formation
shows a relative decrease in quartz and A1203, snd an increase 1in
sodic plagioclase and Napd. The principal clay mineral species 1is
smectite. This may suggest a new sediment source in Fruitland times.

Vertical and lateral variations in clay mineralogy in the other
shale uniﬁs were observed. Kaolinite generaily was observed increasing
from marine to nonmarine facies (Menefee Formation); and, illite,
chlorite, and random interstratified illite-smectite increased towards
marineldepbsitional sites (Mancos Shalie, La Ventana Tongue, and Lewils
Shale). Clay minerel assemblages follow the prescribed pattern sev
forth in the lateral distributions study by Parham (1966).

Lateral variations in clay mineralogy within stratigraphic units
can also be ascribed to particle size sorting, e.g. upper Menefee For-
mation lithologies. Finer-grained humic shales (distzl from channel
Sands)-cbntain less kaolinite and more platy clay minerals (interstrati-
fied illite-smectite) than coarser»gfained shales and mudstones {proximal
to channel sands). This is a result of perticle size sorting in the
fluvial-paludal depositional enviromment. Kaolinite in the upper Menefee

shales is probably related to provenance, diagenesis or both.



I TINTRODUCTION

This report deals with the major clay-bearing units of the Upper
Cretaceous sedimentary rocks of the Torreon Wash/Johnson Trading Fost
area, San Juan Basin, New Mexico. Répresentative samples were ccllected
and enalyzed from the clay-rich units through the entire stratigrarvhic
interval (Teble 1). Clay mineralogy and geochemistry are relsted to <he
stratigraphy, lithology, and the depositional environments of these
strata. In particular, a study of the small-scale lateral variations
in cley mineralogy‘was investigated for upper Menefee member-La Ventana
Tongue-Lewis Shale intertonguing by sampling several exposures at sec.
10 and 15, T. 18 N., R. L w..

One hundred and seventeen samples were collected from surface out-
crops during the field investigstions. Seventy. eight of these wers
chosen Tor study as'representative of the stratigraphic interval delineated

in Tabtle 1 and for the lateral variations study.

Location and Geograrthy

The study area is located in McKinley County and Sandoval County
in northwestern New Mexico\(Fig. 1) and covers approximastely 200
square miles of the southeast part of the San Juan Basin. All sarmzle
localities are situated in sectors mapped previously by Hinds (1966)
and Tabet and Frost (197%a).
The topography of the region is expressed as hesas, rolling rplains,

badlands, and sharp canyons and arroyos. The mesa country is dotied
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Tipure 1. (Troceeding pacge). Reference nap of

study arca.
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with juniper and pifion, and grasslands. The rolling plains are also
covered by grasses, but in both cases overgrazing has reduced the
vegetation to a very sparse cover. The badlands and arroyos are.devoid
of vegetation.

Two intermittenf tribupgries of the Rio Puerco control the
drainage in the field aréa, Torfeon Wash flows from north to south
and Arroyo Chico drains the area from west to east. The land is
semi-arid with 12 to 16 inches of precipitation yearly, mostly as
summer thunderstorms. The temperature is controlled by a temperature
gradient of 5 F per 1000 ft of elevation; and, the clear skies allow
for large tempersture differences between day and night.

The land is controlled by the Bureau of Land Management, the
Navajo Tribal Council, the U.S. Forest Service, and private citizens.
The mejor occupations of the inhabitants are ranﬁhing, farming, and
government serviée, but lumbering, petroleum, coal mining, and tourist
industries also employ a substantial number of workers.

The only major town in the vicinity iIs Cuba with a population
of 336 at an elevstion of 6910 ft zbout 15 miles to the northeast.

New Mexico Highway 197 and Ll are the major access roads into and

4y

through the study area. Other groups a2lso meintain & number o dirt

roads and unimproved rozds that criss-cross the terrain.

Previous Work

The Mesaverde Formation was first recognized by Holmes in 1877.
He divided it into an upper cliff-forming sandstone, a middle coal-
bearing shale, and a lower cliff-forming sandstone. Collier (1919) named
these units the Cliff House Sandstone, the Menefee Formation, and the Point

Lookout Sandstone respectively and also elevated the Mesaverde Formation



Page 5

to group status., Schrader (1906) and Gardner (1909; 1910) traced the
Upper Cretaceous coal-bearing rogks of thé Sén.Juan Basin and described
and classified the coals. These“investigations included the Mancos
Shale, the Mesaverde Formation, the Lewis Shale, and the Laramie For-~
mation (later renamed the Fruitland Formation in 1916 by Bauer). Sears
(1934) named and described the Satan Tongue of the Mancos Shale. Hunt
(1936) and Dane (1936) classified coals on public lands in the Mesaverde
Group (Gallup Sandstone through the Cliff House Szndstcne), Fruitland
Formation, and Kirtland Shale, particularly those in the southeastern
fportion of the Sazn Juan Basin. Subseguent surveys and discussions of
the area's coal deposits were done by Shomaker et al. (1971), Fassett
and Hinds (1971), Bezumont and Shemaker (197L), and Shomaker and Whyte
‘(1977)-

Stratigraphic studies by Sears et al. (1941) and Pike (19L7)
explain the intertonguing of marine and nonmarine strata, laying the
foundation for the concept of transgressions and regressions beving
caused by the imbalance between sediment influx and the rate of
subsidence. Beaumont et al. (1956) revised the nomenclature for the
Mesaverde Group in the San Juan Basin, particularly introducing the
name Cleary Coal Member for the upper strata of the Gibson Cozl
Member of the Menefee Formation. Petrography and sedimeptology of
rocks deposited during the Point Lookout-Menefee~Cliff House regression~
transgression cycle were investigeted at length by the following:
Hollenshead and Fritchard (1961) studied the geometry of Mesaverde
sandstones, Sabins (196h) distinguished sandstones of transgressions
and regressions, Shomaker et al. (1971), and Fassett and Hinds (1971)

recognized the deltaic La Ventana Tongue and asscciated strata, Shetiwy
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(1978) reported paleoenvironments for the Point Lookout Sandstone
and associated beds froﬁ petrographic and outcrop data, and, Siemers
and Wadell (1977), and Siemers (1978) defined and discussed humate
deposits in the Menefee Formation in the eastern portion of the basin.

Tebet and Frost (1979a; 1979b) mapped the field study area, and
reported onrthe environmental characteristics of the Menefee Formation
coal deposits in the Torreon Wash area for this study. Carmichael (1982)
reported on the clay mineralogy of the coal-bearing strata, particu-
larly the upper Mancos Shale, the Menefee Formation {upper coal-bearing
- member and Cleery Member), and the Fruitland Formation.

Shetiwy (1978) and Mannhard (1976) analyzed mudstones and shales
essociated with the Point Lookout Sandstone and Cliff House Sandstone
respectively. Siemefs and Wadell (1977) did some clay enalyses of

humate-deposit rocks of the Menefee Formation.

~Tectonic Framework and Structural Geology

The San Juan Basin, in the southeastern part of the Colorado
Plateau physiographic province, is nearly circular, but strongly
asymmetrical. The axial trace forms &n arc ﬂear the nerthern edge of
the basin with a steep northern limb and a gently dipping southern
1imb (Woodward and Callender, 1977).

The San Juan Basin is bounded on the southeast by the Puerco
fault zone, a group of structures of complex origin but partly
related to the development of the Ric Grande rift to the east. The
basin is bounded on the east by the Nacimiento uplift, a Rocky
Mountain-type uplift that is not part of the Colerado Plateau. To
the south, west, and north &he baéin‘is bounded by uplifts of the

Colorado Platesau, specifically, the Zuni uplift, Defiance uplift,
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and San Juan uplift (Fig.2 ).

Structures of the San.Juan Basin and adjacent uplifts developed
principally during Late Cretaceous and early Tertiary (Laramide)
time, whereas epeirogenic uplift of the Colorado Plateau as a whole
probably took place later during Tertiary time. Minor doming
related to injection of laccoliths and other intrusions occurred
after Laramide timé aﬁd modified some older structures (Woodward and
Callender, 1977).

The stiructure of the Torreon Wash zrea is a gently northwest-
dipping block. The regional étrike is northeasterly and dips up to
Q—S.degrees to the northwest. A series of northeast-trending normal

faults with displacements of only up to a few tens of feet transects

the area. The successive step-wise rise of the fault blocks to the

east (most prominently displsyed in the Point Lookout escarpment)
is protebly related to the Naecimiento uplift on the San Juan Basin's
eastern border (Tzbet and Frost, 1679b).

Folding in the area is minor. A =mall domal stfucture is located
in the southeastern part of T. 18 K., R. 3 W.. Small amounts of
folding also occur within 100 ft of scme faults as. a result of drag

along the fault planes (Tabet and Frost, 1979b).

Geologic History/Depositional Setting

During Late Cretaceocus time the San Juan Basin was a part of a
vast western interior epeirogenic sea (Fig. 3). The San Juan Basin
is an Early Tertiary structural btasin superposed on the larger
Cretaceous depositional basin which allowed the preservaticon of an
almost complete Upper Cretaceous section. It is the site of interplay

between the shallow seaway to the northeast and a clastic seaiment
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supply from & low-relief area to the southwest.

Four or Tive mejor transgressions and regressions with as many
minor ones occurred (Molenaar, 1977). TFigure L is a diagrammatic
stratigraphic cross-section of Cretaceous and Tertiary rocks of the
San Juan Basin from Féssett (197L4). During all this time, relative sea
level was rising and/or the area was subsiding permitting some 2000
meters (6500 ft) of sedimentary rocks to be deposited. Most depo-
sition took place during regressions (when the shoreline was migrating
seaward) and clastic influx from the southwest was in excess, OvVer-
coming the rate of susidence (Molenaar, 1277; Sears et al., l9hl;
Shomsker et al., 1971).

The regressive wedges consist of composited deltaic and inter-
deltaic (straight shorelines and thick shoreface or coastel-barrier
sands) deposits. These shoreface sands grade to sandy silts and mwuds
ag they move seaward into deeper water where lower energy cenditions
prevailed.

Tne nonmarine deposits can be divided into a lower delta or
cosstel-plain fecies and an upper delta-plain or zlluvial-plain facies.
The lower delta or coasial-plain facies consists of paludal carbon-
aceous shale, coal, lacustrine sandstones, and fluvial or distributary
chanrel sandstones with associated levee and splay deposifs {Molenaar,
‘l9TT}. Where thick‘sandstones oceur due to a still-stand of the shore-
‘line, and, no interference of channel sands, thick deposits of coal
developed landward (Fassett, 19773 Molenaar, 1977). On the upper delta
or alluvial plain, carbonaceous shales and coal are less common and
flood plain or interéhannel shales and fluvial-channel sandstones

predominate (Molenaar, 1977).
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The marine depgsits represent depositicn in offshore quieter
waters, to which generally only finer clastics were supplied and could

settle out (Shetiwy, 1978).
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IT1 CRETACEOUS STRATIGRAPHY

General

Paleocene and Focene rocks represent the Tertiary sediments of
the San Juan Basin. Tertiary rocks were deposited after a hiatus during
which time the topmost Cretaceous rocks were upwarped and truncated
(Fassett, 1974). Locally the Upper Cretaceous rocks have been intruded
and/or overlain Ey Tertiary volcanics re_ated to the Mount Taylor
center to the southwest. (Tabet and Frost, 19790 ).

Stratigrephic units of the Upper Cretaceous section contain

-

marine and nonmerine {(continental) rocks. Beds are comprised mainly

O
4

shales, sandstones, and coals. Lithostratigrarhic units include the

marine Mancos Shale (Mulatto and Satan Zongues), the Point Lookout

Sandstone, the ncnmarine Menefee Formation, deltaic and interdesltalc

Le Ventana Tongue, the transgressive Cliff House Sandstone, the pro-

D

deltzic marine Lewis Shale, the PictursZ Cliffs Sandstone, and the
Fruitiand Formaztion and Kirtland Shale (Fig., L4). The following

(Table 1)
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The Mancos Shale represents the bulll of the marine deposits In
the San Juan Basin (Molenazr, 1977). In the Torreon Wash area the
Mancos Shale consists of two merine transgressive wnits, the Mulatto
Tongue and the Sztzn Tongue, separated by the sands of the Hosta
Tongue of the Point Lookout Sandstone.

The Mulattc Tongue is the lowermost Upper Cretaceous rocks in
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Table 1 - Upper Cretaceous units sampled and analyzed
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the study area. It is quite sandy and consists of thinly interbedded
shale, siltstone, and very fine-grained, ripple-bedded sandstone.

The Hosta Tongue is the basal transgressive sandstone of the
Satan transgression in the southern San Juan Basin (Molenaar, 1977).
I+ is a fining-upward sequence representing deepening water (sabins,
196h). ‘The Satan Tongue repreéents another transgression. It consists
of thinly interbeddea, very fine-grained sandstone and fissile, dark
gray shale. The contact with the overlying marine FPoint Lookout
Sandstone is an alternating sand-shale transition where the sands
gradually thicken upward at the expense of the shales until a massive
cliff-forming sandstone exists (Tabet and Frest, 1979b). This aspect
of the facies led Shetiwy (1978) to interpret the environment of

denosition of the Satan Tongue as offshore marine.

Menefee Formation

Y

The Menefee Formation is approximately 520 meter

3]

~ FIREEA
._/O “.}./

(1

[¢
N

3

thick in the Torreon Wesh ares. It consists of interbedded gray to
brown claystones, blocky mudstones, and silty shaies; brown humic
shales (fissile texture); thin coals; thin tubular very fine-grainec
sandstones and siltstores; and, lenticuler medium- to fine-grained
channel sandstones. Three members cf the Menefee Formaticn are, in
ascending order, the coal-bearing Cleary Member, the sandy Allison
Member, and an upper unnaned coal-bearing nmember, They renresent 2
gradaticnal successicn of depositional environments; coastal swamp
to a floodplain and back to coastal swamp, respectively. Contacts
between members are ill-defined and typically are represented by an
increase in sandstones (Allison Member); and, the upper- and lowermost

coal-bearing units of the Cleary Member and the upper unnamed member,
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respectively. Evidence for a fresh water origin of the Menefee Forma-
tion are the absence of brackish water macro-invertebrate fossils;
presence of channel, levee, and splay sandstones associated with coals;
tree-dominated, fresh-water pollen distributions; and, low sulfur coal
(Mannhard, 1976 and Tabet and Frost, 1979b).

The Cleary Member has a/conformable, transitional contact with
the underlying Point Lookout Sandstone. It is about 60 to 90 meters
(200 to 300 fi) thick. The lithology consists of finer-grained
paludal deposits of silt-clay size with abundant organic debris. Coal
beds are found in the lower part. Tabular and lenticular sandstones
of the levee and splay, and, channel deposits occur throughout the
unit. The amount of sandstone increases upwerd. Ironstone concretions
" oeceur ocecasionally in the organic~ricn shales or-mudstonés. Organic
matier consists of plant impressions and fragments up tO the size of

.5 meters long) with no preferred orientation

N

small logs (some up to

perticles implying in situ deposition. The cozl is characterized

O
-y
)T

bty medium bands éf vitrair with bits of armber along horizontal cleats
(Tabet and Frost, 1979b).

The Allison Member conformably overlies the Cleary Memper. It
is sbout 120 to 170 meters (L0O to 5C0 ft) thick and is composed cf
chennel sandstones and gray and brown claystones, sheles, or mudstones
with very little or no organic material. TheAbasal illison Member
contains a sequence about 60 meters (200 f+) thick of stacked channel
sandstones. No samples were collected from the Allison Member.

The upper member has a gradational lower contact with the Allison

Member and it intertongues and 1is overlain by sandstones of the Cliff

House Sandstone, perticularly the La Ventana Tongue. Lithology is
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.

similar to the Cleary Member except in the upper beds where thicker

coals lie inbetween intertongues of the La Ventana Tongue.

La Ventana Tongue/the Cliff House Sandstone

The La Ventana Tongue consists of a sequence of primarily inter-
deltaic marine sgndstones with some inferstratified marine shales. It
typically overlies and intertongues with the Menefee Formation in the
Torreon Wash area and is 12 meters (L0 ft) thick. The gquartzose
cands of the La Ventana Tongus units are tan to light gray, fine- to
very fine-grained, and are noderately well scried {Tavet and Frost,
1979%). The lower and upper contacts with the upper Menefee Formation
are sharp and planar to gently undulating. The basal sandstone, Facies
A of Manrhard (1976), incorporates clasts of coal, claystone, mudstone,
or shale ranging up to 2.5 cm (1 in) in size, from the underlying
Menefee Formation. |

Samples for this report came from the lower shoreface of Facies
B (Mannhard, 1976). Only the interbedded thin (30 cm) gray marine shales

ium gray, silty, and
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were collected. T
contain carbon films of plant materisl, predcominantly leafy in nature,
with an occasional cleat of carborized wood.

£ deltaic depositional environment for the La Ventana Tongue and
Menefee Formation was proposed by Fuchs-Parker (1977). He considers the
La Ventana Tongue a fluvial system, whereas Mannhsrd (1976) describes

a deltaic-interdeltaic marine depositicnal setting.
Lewis Shale

The Lewis Shale represents another significant transgressive period.

The contact with the underlying lLa Ventana Tongue is sharp and planar.
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It interfingers with the main Cliff House Sandstone to the northwest.
Where it oferlies the Menefee Formation shales and mudstones the contact
is irregular and difficult to distinguish. This rock unit consists
mainly of gray aﬁd olive-gray shale and silty shale with common inter-
beds of siltstone and silty sandstone. Concentrations of fine plant
detritus are common and the lowermost shale interbeds contain abundant
plant impfessions and carbon films. Unoriented sand- and silt-filled
deposit feeding burrovs (Planolites) are common to abundant but never
to»the point of destroying bedding features.

The Lewis Shale is noted for its abundant macroinvertedrate
fossils. However, no systematic ccllecting was conducted. The few
fossils collected while sampling the unit include the bivalves Osires

plumosa and Inoceramus vanuxemi, & few unidentified gastropods, and

one irdeterminsble cephalopod.

The lithology of the Lewis Shale suggesis deposition in deeper
water below wave base. However, the presence of ripple laminated sili-
stones indicates that wave activity was sufficiently strong to cause
some sorting of bottom sediments. The 600 meter (2000 ft) thickness
of the Lewis Shale suggests>abundaﬁt mud supply and high sedimentation
" rates. The low level of bioturbation also supports this interpretaticn
(Mennhard, 197€).

The Lewis Shale has a conformable and gradational contact with
the overlying regressive Pictured Cliffs Sandstone; the shale beds

of the Lewis Shale intertonguing with the sandstone beds of the

Pictured Cliffs Sandstone (Fassett and Hinds, 1971).
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Fruitland Formation

The Fruitland Formation represents nonmarine, lower coastal plain
depéstion Hehind the Pictured Cliffs' regressive shoreline {(Molenaar,
1977). As the ses retreated coastal swamp, river, flood plain, and lake
deposits were laid down shoreward on top of the Pictured Cliffs Sand-
stone. (Fassett and Hinds, 1971).

The contact with the Pictured Cliffs Sandstone (not exposed in the
field_study sres) is arbitrarily placed at the first cosl-bearing unit
of the lower Fruitland Formation (Fessett, 197L4). The Fruitland Forma-
tion is only 30 to 45 meters (100 to 150 ft) thick in the eastern
rim of the San Juan Basin dus £o erosionsl truncation (Molenaar, 1977).
The abserce of the Kirtland Shales is similerly explained. The uncon-
formsble contact with the overlying 0jo Alamo Sandstone is sharp and
planér.

The Fruitland Formation is composed of shale, siltstone, coal,
carbonzcecus shale, and discrete channel sandstone. Nearly all the
rock units of the formation are discontinuous; most individual beds
pinching out laterally within a few hundreds of feet. Silicified logs
and wcod fragments, upright in-place tree stumps, as well as vertebrate
bones and coprolites, are relatively common. The subdued topography and
badlande development of the Fruitland Formation's outerop pattern is

prized for its scenic tranquility, and hitherto, unaltered beauty.
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III PROCEDURES

Field Procedures

Surface outcrop samples were collected from the field study area
in April and July, 1980, and in April and July, 1981. The first three
field trips were sample-collecting trips with emphasis in April 1980
being placed on reconnaisance of major clay-bearing rock units. July
1980 and April 1581 field trips concentrated on obtaining samples in
an ares where the La Ventana Tongue of the Cliff House Sandstone
intertongues with the upper Menefee member (sec. 10 and 15, T. 18 §.,
R. & W.}; T+ was here in July 1981 that several stratigraphic sections
were measured.

Sampling was systematic where possible, but was precluded in
places due to lack of Saters]l and vertical continuity. Representative
samples characteristic of tne rock stratigraphic unit were, therefore,
marked for collection. Fresh rock samples were obtained by removing
the weathering rind from the outcrob, and, where necessitated, digging

ipto the exposure to extricate the well-bonded (or consolidated) rock.

Laboretory Procedures

Iaboratory preparation began with crushing approximately 110 grams
of sample down to particles no larger than 1.5 millimeters in size. A
sample splitter was used to separate the crushed sample into hemogeneous
portions of approximately 55 grams, 41 grams, and 1L grams. The Ll-pgram
split was vialed and placed in reserve in case of any laboratory mishap.
The 1h—éram portion was ground and sieved to 75 microns (200 mesh
Tyler equivaient) for whole rock chemical analysis and x-ray diffraction

analysis. Unoriented whole rock smear mounts were made for X-ray d1if-
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fraction analysis.

The 55 grams of remaining sample was suspended in approximately
400 milliliters of water, vigofously stirred, and subsequently agitated
with an ultrasonic prqbe to completely disaggregate the rock particles.
If the particles remained in susﬁension for 50 minutes after ultrasonic
agitation, the sample was considered successfully disaggregated. How-
ever, in some samples, matriceélof carbonate and sulfate minerals
(determined from whole rock x~ray diffraction analysis), or of organic
materials, were responsible for settling of the suspended particles
within the above-prescribed time interval. When this cccurred the
sample was{boiled in a 0.5 W EDTA (ethylenedinitrilotetraacetic acid)
solution at pH 10-12 for four hours to remove the matrix materials
(Bodine and Fernalld, 1973). Subsequent centrifugation in the Sorval
RC-5 high-speed centrifuge at 8500 revolutions per minute (rpm) for
60 minutes, decanting, and rinsing with distilled water, eliminated
the EDTA from the sample.

For most samples two principal clay-size fractions were enalyrzed:
less thar 1.0 microns; and less than 0.25 microns. (Samples from the
Spring 1980 reconnaisance field trip, prefixed MB-60-, had only the
less than 1.0 micron analyzed.) The International SBR centrifuge was

utilized to separate the less than 1.0 micron fraction, and the Sorval

]

lhe}

RC-S high-speed centrifuge was used to separszie the less then 0.25

micron fraction.

Oriented sedimented mounts were made when the samples were
finally disaggregated. The suspended clays were sedimented onto thres
glass slides using a dropping pipet. When allowed to air-dry the sus-

pended particles settled out as a thin clay film of oriented crystal-
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1ites. The first mount underwent x-ray diffraction analysis untreated.
The second oriented mount was saturated with ethylene glycol vapors
in a closed container overnight at 60 C. The third mount was heated
to 350°C in a muffle furnace four to five hours, and then subsequently
heated to 550 C before being x-ray diffracted. Clay minerals were
identified by observapion of 001 peak shifts and/or destruction as
prescribed‘by Carroll (1970). X-ray diffraction analysis was carried
out on the Prilips-lorelco x-ray diffractqmeter with Ni-filtered
Cuﬁ ~radiation &t a scanning spéed of 2°2€ per minute. Results of the
X-ray diffractién clay mineral anslysis can be‘found in Appendix L.
Chemical analysis was performed on a number of samples for whole
rock and 2um clay fraétion major element compositions. The technigue
of Korrish énd Hutton {(1963) was used in which the samples were fused
with lithiuwm borate to form a glass disc. The Rigéku x-ra&y fluorescence
spectrometer linked to a FDP 11/23 computer was vitilized to determine
the chemical compositions. Results of the analysis, expressed in

oxide percernis, are found in Appendix 5.

Whole Fock VMineralogy

Whole rock relative minersl abundances {(Appendix 3B) was calculated
after the metnod described in Carmicheel (1982) and Schultz (196€4).
Only minerals considered to be major rock-forming constltuents were
determined. These included quartz, microcline (potassium feldspar),
calcite, mixed calcite (substitution by Kgte, Fe2, or Mnte), plagio-
clase (Qligoclase) ana gypsum. The value of clay mineral abundances is
high'due to the fact that consituents other than those listed aboye

were assigned to clay mineral content. This would include such diverse

materizls as organic matter, amorphous solids, and accessory minerass
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such as apatite, pyrite, barite, and water-soluble salts. Therefore,
clay mineral abundance from this data should be observed only in a

relative sense.

Clay Mineralogy

Clay minerals cccur in all types of sediments and sedimentery rocks.
They are the most sbundant minerals in sedimentary rocks perhaps com-
prising as much as 410 percent of the minerals in these rocks (Weaver
and Pollard, 1973). They are fine grained and are 5ﬁilt up tetrahedrally
(si, Al, Fe3*) and octehedrally (41, Fe3t, Fe2t, Mg) coordinated cations
to form sheets or chains. Classification is based on combinations of
the tetrahedral and octahedral layers. The 1:1 clay mineral type con-
sists of one tetrahedral layer and one octahedral layer. The 2:1 or
three—shegt layer lattice is composed of one octehedral sheet sandwiched
in between.two silics tetrahedral sheets.

Further subdivisions are hased on: (1) whether the octahedral
sheet contains two cations per half unit cell (dioctahedral) as in
gibbsite or three cations per nalf unit cell (trioctabedral) 2s in
prucite; (2) the amount and type of iscmorphous replacement of the
cations) and, (3) the manner of stacking of the tetrahedral-octanedral
units upon each other (Weaver znd Pollard, 1973).

Y-ray diffraction was the principal analytical tool in this study.
Sedimented glass slide mounts of treated and untreated clay—éized (£1.0um)
particles were analyzed for their clay mineral constituents by identifi-
cation of 001 peek positions on x-Tay diffractograms. The discussion that

follows describes those clay minerals found: kaolinite, illite,

chlorite, smectite, and random interstratified illite-smectite.
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Kaolinite

Kaolinite is a very commen mineral; it is present in almost all
clay and shale deposits to some extent and often constitutes a major
part of the clay fraction (Brindley, 1961). Kaolinite refers to the
dioctahetral hydrous aluminum silicates of the 1:1 group of clay
minerals. Identification is based on the presence of an approximate
7 & (001) and 3.6 A (002) basal reflection in oriented mount. When
heated to 550 C the structure collapes to an X-ray amorphous mineral
(Carroll, 1970). The kaolinite structure was thus destroyed in all
such treated samples.

For the less than 1.0 micron fraction stronger, sharper 7 ) peaks
are observed indicating well crystaellized keolinite for carbonaceous
shales/mudstones and sandstones. This implies an authigenic (2 develop-
ment in situ during or after deposition) origin for most of the kaolinite
in these rocks (Grim, 1968).

Tllite

T1lite is <he most dominant species of clay mineral in argillaceous

sedimentary rocks (Grim, 1968). According to Velde (1977) the mineral

or group name illite is probably the most passionately debazted minerel
= v -

}
W

found in argillszceous sediments. TIllite represents the dominantly
potassic, dioctahedral, aluminous, mica-like fracticn of clay-sized
materials. It has a three-sheet or 2:1 layer lattice and represents
the polytype (stacking sequence) 1Md (disordered one—laye; menoclinic).
T1lite is identified by = 10 A (001) peak that does not shift
upon glycolation of the saﬁple. The 1arge ethylene glycol molecules

fzil to penetrate the illite's interlayers due to its high half cell



Page 25

interlayer charge (K * = 0.7). Glycolated smectite's (001) reflection
will shift to 17 R, isolating the 16 R (001) illite peak (Carroll, 1970).
"piscrete” illite cannot be resolved from illite-smectite interstrati-
fied clays that average greater than 80 percent nonexpandable layers
using x-ray diffraction techniques (Hower and Mowatt, 196€; Reynolds

and Hower, 1970).
Chlorite

The fuﬁaamental unit layer of chlorite consists of a 2:1 layer
plus an hydroxide sheet, usually brucite, in which the mice and brucite-
like layers alternete, i.e. 2:1:1. The layer thickness 1s approximately
14 Ry it can range from 13.8 tc 1L.8 % (Carroll, 1970; Brindley, 1961).
A wide range of ionic substitutions occurs in the tetrahedral and octa-
hedral layers and have been described by Foster (1962). Chlorite is
abundant as a cley-sized mineral, but most of it is derived from m&cro-
scopic chlerite, i.s. detrivel chlorite {Carroll, 1970; Weaver and
Pollard, 1973).

Tdentification of chlcrite in oriented mount is determined by an
integral series of (001) spacings from 1k E. Eowever, due to poor
crystallinity and/or low ccncentrations.the 1L £ peak is usually low
and broad on the diffractograms. The situation is further complicsted
by kaclinite masking the 002 refiection., By hszfting the sample to

© . . - - - . - .
550°C the kaolinite is destroyed. Thils was the basis for coniirming

the presence of chlorite in the samples analyzed.
Smectite

The smectite minerals occur only in extremely small particles so

that precise and detailed diffraction data are made up of two silica
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tetrahedral shee%s with & central octahedral sheet (typically dioctahe-
dral) in a 2:1 type of lattice. The outstanding feature of the smectite
structure is that water and other polar molecules, such as certain
organic moleéules, can enter the interlayers causing expansion of the
1attiée in the c-direction. Table 2 shows the d-spacing in angstroms
for expanded smectites with organic molecules in the interlayers. Only
Menefee Formation smectites exhibited this phénomenon.

Exchangeable cations occur between the silicate layers, and the
c-axis spacing of completely dehydrated smectit depends on the size of
thé interlayer cation to scme extent. Under ordinary conditions a
smectite with Kat as the exchange cation frequently has one molecular
water layer and a c-axis spacing of about 12.5 E; with a2t there are
freguently two molecular water lsyers and a EfaXis spacing from about
1k.5 to 15.5 & (Grim, 19€8).

Tdentification of the smectites is accomplished by cbservation
0% its charecteristic swelling on glycolation ffom a d-spacing of about

©
A

15 & to gne of avout 17 to 18 E (Carrcll, 1970). Appendix T lists the
Ceauvticn must be_taken‘when jdentifying these peeks as discrete smectite
vafieties ss mentioned above. These strong hard peaks are actually

an average value of illite, shectite, and interstratified clay (0O0L)
peaks. Given the illite-rich interstratified clay abundances (Appendix
LD snd LE:; Appendix 6) only the Fruitland Formation samples of Appendix
7 cen be interpreted with confidence. These clays are primarily of the
Nat - one water molecule layer variety, with samples MB-B80-13 and -15
2+

trending towards the Ca - two water molecule layer variety.
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Table 2 - Smectites with organics in the interlayer position/ Menefee
Formation (untreated samples)

Size Fraction

Sample : (microns) d-spacing
MB-80-8 1.0 19.45
-9 1.0 18.76
-17 1.0 16.37
CB-80-5 1.0 17.16
-5 0.25 S 17.67
-8 1.0 17.67
-8 0.25 17.67
-10 1.0 16.99
-10 0.25 17.78
=12 1.0 16.99
-22 1.0 16.83
-23 1.0 16.37
CB-TH-3 1.0 16.37
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Interstratified Clays

Interstratified (mixed-layer) clay minerals are those in which
individual crystals are composed of unit cells or basic unit layers of
two or more types. The interstratification may be (1) regular; (2)
random; or, (3) a segregation within one crystallite into zones of types
(1) and (2) (Carroll, 1970). Reguler interstratification has a definite
periodicity and so is-identified by an integral seguence of (OOi) re-
flections repfesenting'the sum of the constituent layer thicknesses. No
regular interstratified clays were Getected in the field study area
samples.

Random miﬁed—layer i1lite-smectite predominates in tne study area
(Appendices 4D and 4E). Identification of these clays is based on non-
integrazl sequence of (OOI) basal reflécticgs; btroad, poorly developed
(001)/(001) peaks due to combining and sveraging of constituent cley
layers; and, the formation of 10 §/8.5 i, or (001)10/(0C2)17, pesks when
glycolated (Weaver, 1956). Appendices 6A and 6B are a semi-guantitative
listirng of percent expandavle layers of samples from the study area
using date from Reynolds and Hower (1970). The dominance of illite

(except for Fruitland Formation rocks) is readily observed.
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IV RESULTS

Mineralogy

Average whole rock relative ﬁineral abundances are given in Table
3. As with whole rock chemical composition, mineralogy is a function of
provenance and dizgenetic history {Potter et al., 1980). Héwever,
locking at values for calcite and mixed caleite the marine upper Lewis
Shale has anomalously higher proportions of these minerals than do other
rock units in the study area. One startiing fact to note is the low
value for quartz in the Fruitland Formation and its high amcunt of plagi-
oclase compared to the other units. The low value of quart:z may possi-
bly be due to selective sampling of.more clay-rich rocks in the forma-
tion. However, the high amount of plagloclase may have sore bearing on
geochemistry and 1ts presence is possibly & function of seliment source

and transport. Alsc of note, the Mulalito Tongue of the Mancos Shale is

devoid of any gyrpsum, while the Satan Tongue has the highest average

Clay minerais constitute a very large proportion of the whole rock

>

minerelogy of these rocks as observed from date in Appendix 33 and Table

ion is relatively smectite-rich comzared to the
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other formations. The upper Lewis Shale is richest in mixed-laysr illite-
smectite as are the lower Lewis Snale, the La Ventana Tongue, and the
upper Menefee member. The most sburdant clay mineral of the Cleary

Member is kaolinite. The Satan Tongue and the Mulatto Téngue of the
Mancos Shale both contain interstratified layer illite-smectite as the
predominant clay type. The Cleary Member is the only rock unit to show

no chlcrite in the less than 1.0 um fraction. The clay mineral rela-
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Table 3 - Average Whole Rock Relative Mineral Abundancés

Rock Unit Q M Cc M-cc Plag Gyp Clay
MT 19 3 - 3 5 - 70
ST 23 L _— 3 5 il 6L
CMbr 21 i - 2 3 1 69
wMF 28 Y — 3 5 S 60
VT 19 3 - 2 i 1 71
1LS 2k 3 2 2 L _— 65
ulLs 22 3 L 2 i —_— 65
FF 15 5 1 5 9 1 6L
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tive sbundances can easily be observed in the histograms of Figure 5
and in Table L.

Table L also lists the average clay mineral relative abundances
for the less than 0.25 um fraction. No data is available for the
Satan Tongue of the Mancos Shale. The Fruitland Formation, the La
Venfana Tongue, the upper Meneree member, and the Cleary Member show
significant decreases in ﬁhe relative amounts of kaolinite in the less
than—0.25 um fraction compared to the less than 1.0 um fraction. In-
creases in the relative amounts of intersiratified layer clay are also
observed when comparing the smaller-sized frection to the 1.0 um
splits.

Upon inspection of Aprendix 64, it is noted that the Fruitland
Formaticn mixed-layer illite-smectite is dominated by a ﬁigh percent-
age of expandable layérs. Samples range fronm 56 to 100% éxpandacle
layers with an avefage value of 82%. Similar cbservationz are
mede in Appendix 6B. With few exceptions percent expandeble layers for
811 ‘other rock units averages from 25 to 35%%. This means that the

dominant clay srecies comprising the illite-smectite interstratified

(3

&1

.

The sverage whole rock chemical composition of selected samp
from the study area arranged oy stratigraphic unit are given in Table
5. Oxide percentages for the major elements tend to agree from one
unit to the next. However, the Tewis Shale ana the Fruitland Tormation
show a relatively higher percentage of Cal than do the other units. It
is. generally believed ﬁhat marine clays contain more calcium thén dé

nonmarine clays {Murray, 1954). However, provenance probebly dictates
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Table 5 - Average Whole Rock Chemical Composition by Stratigraphic Unit

MS MF VT LS FF
Si0p 63.5 65.9 63.9 65.5 6h.1
A1203 16.3 16.4 17.8 1kl 17.9
Feo03 5.1 3.4 h.2 3.7 5.0
Mg0 2.3 1.5 2.2 1.9 1.8
Cal 0.7 0.4 0.6 1.9 1.1
HasC 2.0 1.2 1.2 1.2 2.2
K50 2.9 2.8 3.0 2.5 2.3
Ti0p 0.7 0.7 0.8 0.6 0.6
Po05 c.2 0.1 0.1 0.1 0.1
MnG -t 0.1 % t £
101 6.4 7.6 - 6.6 9.3 5.0

0 100. 4 100.7 100.1

TOTAL 100.1 100.

MS - 2 samples
WMF - 10 samples
VT - 6 samples
18 - 5 samples
FF* - b samples
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most of a shale's composition (Potter et zl., 1980). Here the offshore
marine rocks of the Lewis Shale may attribute the higher level of
caleium to envirconment of deposition, but thé coastal plain and paludal
deposits of the Fruitland Formation must be explained by provenance.

Taﬁle 6 shows average chemical composition of some shales com-
piled by Blatt et al., 1972 compared to average chemical composition
of 29 shzles in the Torreon Wash/Johnson Trading Post area. With the
exception of increased silica contens and & relatively lower value for
caleium oxide, the study ares shales are not much different from other
shale rocks.

Chemical analysis was done for several less than 1.0 um frections
(Table 7). All three samples came Irom the'Fruifland Formation. The
assumpticn that a relatively pure srectite was present comes from the
y~ray diffraction deta. However, mized-layer illite-smectite is

probably present also. Ses fypendix 6A. Therefore, recasting will pro-

vide an average of more than one cley mineral.\ A source of error in
chemical anglysis of montmorillonites (and in other clays) is the pre-
sence of aﬁorphous materizl, particiiarly silicon and aluminum (Weaver
and Pollard, 1973). The presence ¢® other minerals in trace amcunts
in the less than one micron fracticn is elso suspect, althcugh the
diffraction data do not show.it. Arpendices 3B and 4D show reletive
whole rock minerasl abundances and clay minefal relative sbundances
resvectively, to illustrate the arguments above.

Only sample MB-80-1L-1's recasz znalysis shows some substitution
of aluminum for silicon in the tetrshedral layer. Substitution of
magnesium, manganese (only in sample CB-80-71), and possibly ferrous

iron” for aluminum in the octzhedral layer may lead ©0 tne small charge
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Table 6 - Average Chemical Composition of Pelitic Rocks in Oxide Percents

A B c D E F G
510, 6.1 58.5  .55.h  60.2  s56.2 53k 65.1
A1503 15.4 17.3 13.8 16.h 15.1 16.6 16.3
Fep03 L.o 3.0 L.0 L.0 3.k 3.h 4.0
FeO 2.k bl 1.7 2.9 2.3 2.8 -—
Mg0 2.k 2.6 2.1 2.3 2.1 2.4 1.9
Ca0 3.1 1.3 .0 1.4 bk 5.8 0.9
Nap0 1.3' 1.2 1.8 1.0 1.1 1.1 1.4
K50 3.2 3.7- 2.1 3.6 2.6 2.7 2.7
Ti0p 0.6 0.8 0.5 0.8 0.8 0.7 0.7
P505 0.2 0.1 0.2 0.2 0.1 0.2 0.1
MnO % 0.1 t t 0.1 0.1 t
LoI 9.0 6.6 1.7 7.7 9.3 9.8 7.3
Misc -——- 1.2 5.1 : — - -
TOTAL 99.7  100.8  1CZ. 100.5 100.5 100.8 100.k

I3 T er oal 1972

A - F, compilled from Blat .
G, 29 samples from Torrecn Wazsn/John



Table TA - Recast Clay Analysis: Sample MB-80-14 (less than 1.0
micron fraction)

Tetrahedral

si = 3,836
Al = 0.164
Total = L4.000
Octahedrzal

Al = },306
Fe = 0,86k
Ti = 0.176
Mg = 0,348
Mn = o

Interlayer

Ca = 0.016
K = 0.378
Na = 0,054
Total = (.,L4L§

= ~0.16L

= -0.286

= -0.ks0

0.LL3

-0.002

1l



Table TB - Recast Clay Analysis:
micron fraction)

Tetrahedral

S5i = 17.080
Al = e
Total = 17.080
Octehedrsl

A} © = 3,198
Fe = (0.645
Ti = 0.08k
Mg = 0.kk2
Mn = 0.008
Total = k.377

Interlayer

Ca = 0,152
K = 0.018
Ha = 0.365
Total = 0.535

Semple MB-80-16 (less than 1.0

| ]

W

fw
o

Difference
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Table TC - Recast Clay Analysis: Sample C8-80-T1 (less than 1.0
micron fraction)

Tetrahedral

si = 16.212

v ] S —

Total = 16.212 Cherge = +0.212

Octahedral

Al = 3.902

Fe = 1.076

71 = 0.152

Mg = 0.227

Mn = 0.002

Total = 5.359 Chargs = -0,6k1
Total = -0.L29

Interlayers

Ca = 0.008

X = 0.076

Wa = 0.3hg

Total = 0.k33 ~ Charge = +0.433

Differerce =

= = +0.00k
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deficiencies.

Table & is a compilation of chemical composition by stratigraphic
unit for the less than 1.0 um fraction splits of Appendix 5. High
totals were obtained for =zll major rock units éxcept the Fruitland shales.
This may be attributed to a high propensity of the sample to absorb
water dﬁring the determination of loss on ignition (Kyle, personszl com-
municati5n, 1682). Fruitland Formation clays, however, are anomalously
high in silicon, sodium, and calcium, but low in all other components.
The high relative amounts of smectite clays may be the cause of these
differences. See Appendices 4D and LE.

Ko aprreciable differences in geochemistry exist between the
humic shales and silty shales and mudstones of the upper Menefee For-

mation nor between the upper and lover Lewis Shale lithologies.

Intertonguing of La Ventanaz Tongue and urper Mensfee Formation

ewis Shale and the urter

™1
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O
o
O
o
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)
ct
jay
D
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Lithological diffe

om

Menefee member where a stratigraphic and lateral variations study w=a
conducted. fhe mejor stratigraphic cbservation is the pinching out of
the La Ventana Tongue sandsicnes and intertonguing with the upper
Menefee member (Plates I and II; Figure 6). The lateral discontinuity
of strata in the upper Menefee member precludeé sampling along a
lateral trace. The chales and mudstones have a lateral extent of 15 to
30 meters (50 to 100 ft.).

Two general lithologies predcminate in the urper Menefee member.
Brown humic shales, or humates, occur as thin units (typically about 1
meter thick) that grade or wedge laterally into silty shzles and mud-

stones. Carbonized wood and other plant material is abundant; amber is

commonly found in cleats of carbonized wood. Fissility in these beds
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Table 8 - Averazge Decimal Composition of less than 1.0 micron fraction

MS* MF LVT 1S FF SA¥¥*
Si0, 51.1 57.0 52.2 53.9 61.5 55.9
A1205 26.1 22.7 2k.9 25.2 17.2 22.8
FepOs 8.0 6.5 6.8 6.7 5.8 6.6
MnO t t t t t t
Ti0» 0.7 0.7 0.8 0.7 0.5 0.7
Ca0 t 0.1 0.1 t 0.4 0.1
K50 3.3 3.2 2.9 2.k 1.7 2.2
P20s t 0.1 0.1 t t 0.1
MgC 2.5 2.2 2.0 2.4 1.7 2.3
Nas0 1.9 1.6 0.8 2.0 2.9 1.8
LOI 8.5 7.3 9.1 7.k .6 7.4
TOTAL 102.1 101.6 101.3 101.7 56.2 100.5

le

ented by only cn e
0 micron fraction samples from study area

EE e sam
age of all less then 1.
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Figure 6 - Geologic Map of station locations (revised from Tabet
and Frost, 1979a).
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is well-developed. The other lithology present is light- to medium-gray
'silty shales and mudstones. Rocks with e blocky texture are referred to
as mudstones and those exhibiting a fissile nature are shales. Plant
material is less sbundant than in humic shales but may impart a brownish
color to these rocks. Slickensided facets of these roéks, particularly
the mudstones, is characteristic. These units also laterally grade or
wedge into other beds of the upper Menefee Formetion. Contacts with
underlying and overlying lithologies can Be either transitional or

abrurt. -

ted

Humic shales are represented by samples CB-80-5, -6, -12, -23, -28,
and ~29. Silty shales and mudstones are illustrated with samples CB-£0-

L, -7, -11, -22, -24, and -3C. See Plate IJ. Only samples CB-80-11 and

CB-00-12 were <zken from sghove

ct

he La Ventana Tongue. Underclays and
clay~bearing straeta otherwise associated with ceal teds were not
samrizd. (For arelysas of cley-bearing sirata and their relation to

=te

coals in the upper Men ormetion, see Carmichael, 1982).

3l

Tee

4]

The lower Lewis Shale is composed of olive-grey to brown shale

units directly overlie the lMenefee Formation or the La Ventane Tongue

aprrovriately. They are Lateraglly continuous as a laminated unit the
length of the rcex exrosure being studied. Loeslly, concentrations of
cartcnaceous laminated rock occur (CB-8C-1 and -2). As one moves ubp

through the Lewis Shale the “beading begins to givs

3
"

tholegies.

vay to thilcker units of the above-c=:zgribed 1
Inspection from data in the appendices reveal no perceptible
change for lower Lewis Shale litholegy with respect to whole rock

minerazl abundances, clay mineral relative abundances, nor whole rock
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chemical composition. However, samples {B-80-(1-2) showed a marked
increase in kaolinite for both less thanAl.O and 0.25 um fractions as
well as & decrease in mixed-layer illite-smectite when compared to
other lower Lewis Shale samples. The smail change in relative abundance
in the 1.0 and 0.25 um splits of CB-80-1 indicate a very finé grain
size for the kaolinite. This implies a possible detrital soﬁrce for both
the organic matter and the kaolinite, since the biota and lithologic
charscteristics of the Lewis Shale is evidence for a marine depositional
environment.

Below is a listing of the aversge values of clay minera. relative

shundances Tor humsites and shales/mudstones in the less than 1.0 um

fraction.
Humate Shale/Mudstone
I 2 i
K 3 L
S 1 1
M L L
T 10 10

“he humste samples have relatively more illite than do tne shales/
mudstones and less kaolinite. No other significant differences are

noted except thes o decreazse in the relative amount of kaclinite occurs

tod

in the 0.25 um frzction for both lithologles.
Whole rock chemical composition and whole rock relative mineral
abundances show no significant differences between the humates and the

shales and mudstcnes. However, CE-80-22 and -23 show & retatively high

amount of expandable layers in the interstratified 1llite-smectite clays.



V_ DISCUSSION

The clay minerals found in shale are a function of provenance (rock
type and climate), sediméntary processes (especially transport and
sorting), and diagenetic history. The environment of deposition was
once thought to exert considerable influence on clay mineralogy through
early mineral transformaticns in the depositional basin. However,
once formed, clay minerals resist modification despite later changes of
environment (Potter et al., 1980). The cley mineral exists because it
is the mineral phase posseséing the lowest level of free energy attain-
able (it may be metastable) in the enviroament at the time of its
genesis (Keller, 1970). Thus clay minerals tend to be indicative of

their initial envircnment of formation. These are the primary-stage

=
h
L]
D
H
n

minerals of Keller, 1970. If a subsequent environment greatly di

l -
O
-3
[@s]

rom the initial one, the clay modification may occur (Bowles,

[

Keller, 1970). fThese are the ¥ + 1 stage clay minerals of Keller, 1970,
and are produced from perent meterisls of preexisting clay minerals
or other layver silicates.

Geochemical perameters responsible for clay minerzlogy in geologic

environments include temperature, pressure, pH, Eh, concentrations o

various metal ions, and concentrations of alumine and silica as ions,

various metal ions (Keller, 1970). Time and temperature are perhagps
the most important paresmeters {Dunoyer de Segonyac, 1970; Keller, 1970,
Weaver and Pollard, 1973). Evidence against a significant amount of
chemical alteration of clays in the depositional environment is listed

in Table Q.

The question of authigenic versus detrital clay mineral particles
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Table 9 - Evidence Against Clay Mineral Alteration
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is of paramount importance to this discussiqn.' Potter, et al. (1980)
attributes most particles found in shales and mudstones to erosion of
preexisting muds, mudstones, and shales. These pelitic rocks constitute
60% of the sedimentary rocks at the earth's surface. However, the
ultimate source of clay minerals is the weathering of unstable silicates
at the earth's surface. Large amounts of water passing through zones

of Weathering.make it an ideal site for‘the production of clay minerals
in an open system. C(limate (particuiarly the amount of rainfall) and
the parent weathering material are the mejor factors in clay genesis.
For example, hign relief and rainfall in volcanic térrains =dd to

¢lay production as it continually exposes nevw rock to weathering pro-
cesses. 1In contrast, low-1lying forested hinterlands produce little

new clay material because the original clay minerals reside in forest
soils for a relatively long time. Detrital clay minerels represented
by mudstones and shales may reflect the energiés aﬁd hydrodynamics

of the depositional environment - the medium controlling depeosition.

The autnigenic growﬁh of clay minerals in shales after deposition in &
closed system is a more cémplex and difficult process.

Srerp and well-defined peaks of x-ray diffraction traces at
12.35°28 indicate well-crystallized ksolinite. The high relative adun-
dances of kaolinite in the Menefee Formation (Table L) implies an

~authigenic occurrence. Teble 4 shows that, with the exception of tne
Fruitlerd Formation clays, only the terrigenoué Menefee Formation clays
chow ancmelous distribution for kaolinite. The distribution of other
clay varieties in all rock units is relatively the seame. Keclinizetion
of silicate minerals such as the phyllosilicates and the feldspars, is

a well known phenomenon in acid, organic-rich environments (Velde, 1977).
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Such is fhe case with the paludal environments of deposition of the
Menefee Formation. The presence of kaolinite and its distribution in
the Menefee Formation rocks are factors of environment (authigenic
growth) and hydrodynamics (sorting). As noted previously, the shales/
mudstones of the Menefee Formation contain a larger amount of kaolinite
than do the humstes. Here kaolinite was formed in the backwater swamps
and subseguently eroded by sluggish, low-gradient streams dissecting
the Menefee coastal plain. “As these waters overflowed their banks, the
larger kaolinite crystallites were deposited in sediments relatively
close to the main stresm channels (shales/mudstones) eand the finer-
grained kaolinite was carried in suspension into the more distal swamp
waters where it settled out later (humstes). A decrease in the amount
of the C.25 um fracticn of the Menelee Tormation samples supports the
in situ formation of kaolinite. All rock units from the study arez
reélize +his decreasse but the Menefee Formation szmples experience =

2 parts in 10 decrease, One would expect to find less fine-grained
kaolinite if it were euthigenic due to the growth of large euhedral
crystals in the paludsl environment o? depositicn or in the humic
shales themselves.

The decrease in the re_afive amount of illite in shales/mudstones
of the upper Menefee Formation in comparison to the humates may &also
beér on the above prenomencn. 1 the presumably more organic-rich
humates were coﬁsider 4 to be the site for kaolinite manufacture one
would also expect to see less illite in the humates. However, this is
not the case. 1f, on the other hand, tﬁe amount of illite was controlled
by the hydrodynamics of the depositional basin then the higher con-
centration of illite in the humates could be explained as a phenomenon

of sorting Jjust as the shove-~mentioned finer-grained kaolinite.
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Authiéenic clays reflect the energies and materials of their
genetic reactions. The diagenetic environment is partially influenced
py the environment of deposition because those interstitial fluids
present originated in the depositional basin. Two major factors during
diagenesis of clays are depth of burial (pressure) and temperature.
Apove 150 C kaolinite begins to deteriorate and begins transformation
to illite, in Kt-rich sedimente, or chlorite in Mg¥t-rich sediments
(Weaver and Pollard, 1973). Hower et al., 1976, found that at 2000 to
3700 m (6600 to 12000 £t,) depth illite-smectite interstratified clays
undergo a conversicn from o0 to 80% illite layers. The illite abun-
dance remained constant after 3700 m of depth, but the potassic feldspar

decreased to zero.

0f the Menefee Tormation is comparable Lo the resulis of Hower et zl.,
1976. Some 1200 m (4000 ££.} of consolidated shale rock overlie the
Mernefee TFormation (Fassett, 197L). This would indicate & depth of
vurial for unconsolidsted muds within the range {2000 to 3700 m) pro-
wosed by Hover et 8l., 1976 (MacMillen, personal cormunicetion, 1082).
Eowever, diagenetlic growth of illite most likely weuld rezu
partisl destruction of kaclinite and the data is contrary to this con-
dition. It is mcre likely that illite-smectite ipterstratificeticn is

a product of provenance and particle size sorting in the paludal setting.

Appendix § srnows that most interstr

[
(3]

e e Fal -
olgye consist of from

tifie
25 o 35% expandable layers for all rock units except the Fruitland
Formation. Fruitland FTormation interstratified clays typically show

more than 80% expandable layers. When compared to the Carmichael (1982)

data (Appendix 5) there is 2 mejor discrepancy. In the Carmichael study
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45 to 60% expandable layers is the dominant range. This study and
Carmichael (1982) utilized the data from Reynolds and Hower (1970) to
compute these resulté. However, this study analyzed only surface out-
crop samples and Carmichael (1982) used a combination of drill core and
surface outcrop samples. Upon closer examination of the data in Apren-
dix 5 of the Carmichael (1982) study, his surface outcrop samples show
a marked decrease in percentage of expandable layers, coinciding with
the figures of this report. Therefore, it is suspected thet drilling
muds may be responsitle for the increased amcunt of expandable layers

or that the low percentage of expandatl

®

layers in the surface oULCIrops
is & fesult of some undefined weathering process.

Inspéction of Taeble L reveals rocks considered offshore maring
(MT, ST, LVT, 1LS, ulS) have a lesser amount of kaolinite than do the
fluvial-deltaic-paludel sediments (Cxor, wiF) with the exception of
the Fruitland Formation. ©Small reletive incresases of illite and chlorizte
zlso exist for the offshore marine rocks but decrease for tne terrigencus
units (including the Fruitland ¥Yormation). Thnis sort of clay mineral
distrivution appears to fit the model reported by rarhsi, 1066. Clay
mineraiz in fresh river waters flocculate when they en ourter marine
{zelire) waters end settle differentiaily according to their minerslogy
in decreasing corder: kaclinite and chlorite, illite, and smectite zs
shown in Figure 7 (Bowles, 1978; Parham, 196€). Intermecdiate kaolinite
velues for the La Ventana Tongue (Mennhard, 19763 Fuchs-Parker, 1977)
and the lower Lewis Shale fit Parham's scheme because these unites
represent'paleoenvironments existing near shore. Farham's model uses
detrital clay as an ipdicator of environment of deposition and does not

see clays as heavily dependent upon the environment of deposition in

regards to their genesis.
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The relative clay mineral sbundance of the lower Lewié Shale as
depicted in Station II of Plate Il shows dramatically how the clay
minefalogy can be used as an indicator of environment of deposition.
This example represents as near an ideal approximation to the segquen-
tial depdsition of clay minerals as portrayed in the schematic sketch
of Figure 7. The transgressive lower Tewis Shale represents deposits
of increasingly deeper waler as one pProgresses uUp the section. This
deepening of marine walers, andbhence e further distance from shore,
is accompanied by 2 progressive decrease in kaclinite; a progressive
incresse in intefstratified clays; and, the appearance of chlorite
towards the top of the section.

The clay mineralogy oF the Fruitland formation i1g markedly dif-
Terent from that of the Menefee Formetion despite the similarities 1in
depositional environments. The Fruitland Formetion has a relatively
grezuer amount of smectite and lesser amounts of kaolinite. Also, tne
mixed-layer i1lite-zmectite of the Fruitland Feormaticn is é:nLnated oy

, generally greater than 50% with

4]

= hign percentege of expandable layer

W

an average value of 82%

wm

. Physical variables in sedimentary TTOCESsE
such as provenance, grester distance of transpors, lower stream gradi-
ents, and moré humid climate may be responsible. Ihe distribution of
the smeller smectite particles in the Fruitiand shales 1s egsily ex-
plained by the factors mentioned above. Lower stream gradients allow
only the cmallest particles to we transterted and carried in suspension
due to low amounts of energy available for transport. Secondly, the
humid climate would allov more smectites to be manufactured from parent
materials such aé feldspars and.other phyllosilicates. The influence

of provenance on the amount of smectite found is not so easily ascrived.
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The relatively larger amounts of sodic plagioclase along with a decrease
in quartz and Aly03 (shown in Table 3 and T) in thesé shales could imply
a new sediment sowrce. Formation of clays via chemical weathering of
sodic rocks (and consequently alumina-poor rocks) favors smectites
(Velde, 1973) and also explains the lower values for illite and kaolinite
in Fruitland shales.

The change in the nature of source rocks can be explained by one
of two occurrences. The occurrence of thinly bedded (up to 3 em thick)
claystones occupying the trougns of cross-bedded channel sandstones and
depressions in tae surrounding shales implies volecanic ésh that was
later weathered in situ to smectite-rich clays. »However, no volcanic
sctivity is reported during Fruitland times in the San Juan Basin. The

second explanation is the erssion of the hinterlands supplying sedi-

m

ments to the shales stratigr ically below the Fruitlanéd Formation,

particularly the Mancos Shals, the Menefee Formation, and the Lewis
Shale. The restult of this erosion was the exposure of & new rocx

:ogitional basin during

3

type which supplied new sediments to the de

b

Fruitland time.
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VI SUMMARY AND CONCLUSIONS

The Upper Cretaceous rocks of southeastern San Juan Basin are
re?resenﬁative of a series of major transgressions and regressions.
Regressive (terrigenous) clay-bearing strata are typically kaolinite-
rich (Menefee Formation) or smectite-rich (Fruitland Formation).
Transgressive (marine) strata generally contain interstratified illite-
smectite clays as the domineant claey constituent. Those deposited neer
shore (La Ventana Tongue and lower Tewis Shale) contain felatively more
kaolinite than illite, and the reverse for farther offshore deposits
(Mancos Shasle and upper Lewis Shale). This is in agreement with tne
Parham (1966) model of lateral clay.minerals distributions by deposi-—

tional environments Tor detritel cl

Abundance of mixed-layer i1lite-smectite clays. in units below the

ot

Truitland Formation sre atiributed 0 either provenence, depth o

*

burial (diagenosis), or both. Upper Menefee lithologies owe thelr

clay minsral Gigtripution to diagenesis in the form of authigsnic
kzolinite syntnesized in the high acid, organic-rich epnvironment ¢
hack wamer swamps. Provenance and rarticle size sorting in tne uprer
Menefee Formation are eviderced by illite abundence distaliy from chan-
nel sandstones along with coarse-greined kaolinite in silty sheles/mud-
stones proximal to main stream channel deposits.

9

The low percentage oF expandabl n illite-smectite inter-

@
5o

layers
stratified clays could be z product of depth of burial as descrived by
Hower et al., 1976. It is more likely that the interstratified clays
in the rocks analyzed are a product of provenance and particle size

sorting. If they resulted from a Gisgenetic effect, the keolinite in

the Menefee shales in articular would not be well-developed crystals
P ¥ \
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as the data indicates and illite would be formed at the expense of
kaolinite.

The increase in smectites in the Fruitland Formation and an in-
crease in the amount of plagioclase.along with a decrease in Al503
content may indicate a change in the source rocks. The new source
rock may either be volcanic in nature or freshly exposed quartz-defi-
cient and sodic-rich lithologies. Lower stream gradients and increased
distance to the depositional site are also likely explanations for the
nature of the Zruitland shales.

Cley minerzl analysis alone cannot determine the change in pro-
venance for any stratigraphic unit. The whole rock minerslogy and
whole rock major element geochemical znalysis need to be supplemented

with nsw datsz.
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Appendix 1 -~ Sample Locations
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Appendix 1} -~ Sample Locations (con't)
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Appendix 2 - Sample Weight Loss during Laboratory Prepara

ion
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Appendix 2 - Sample Weight Loss during Laboratory Preparation
{con't)
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Appendix 3A - Data for Whole Rock Relative Mineral Abundance -
counts per second (cps)

Sample Q M Cc M-cec Plag Gyp
MB-80-2 3L00 350 _— 200 550 —_—
-3 4395 Lé5 170 200 600 —_—
-k ——— —— _—— —— —— _—
-5 3185 355 655 —_— 270 ——
-6 3015 235 565 -— 27h -—
-7 3342 218 763 180 34k _—
-8 3749 232 —— 110 215 -
-0 Lhu89 220 —_— S 220 —
-10 . 3ks59 272 272 136 310 _—
-11 3197 - 246 273 16k 279 —-—
-12 - 35k 256 L3g - 136 316 125
-13 1096 252 _— 239 618 ——
-1k 2796 728 J— 250 572 _—
-15 1922 343 —— 158 805 120
-16 2572 337 171 155 1310 761
-17 3471 236 — —— —_— 184
-18 3732 L83 -—- 155 3eT 158
-19 Lh32 248 _— —-— 357 259
=20 2776 300 —_— 156 a7 _—
-21 LLos 296 —_— 161 430 270
CB-80-1 7065 L&g —_— 111 L3k L
—¢ ——— ——— — —— ——— - —— -—— —
-3 3134 210 28k 85 2ho 98
- 4597 288 _— 163 U35 -
-5 iy 7é 3Le i 126 258 —_—
-6 3611 2ce ——— 193 29k -
-7 5180 328 -— 272 228 218
-5 3972 278 - — 333 115
-9 338¢ 170 — —_— 240 _—
-10 3689 10% —— 126 sLo —
-11 L5756 188 322 161 376 —_—
-12 8191 318 -_— 106 530 ——
-13 © 5991 187 1Lk 107 321 -—
-14 5376 269 28k - 333 ———
-15 L3kp 2Lz 511 124 350 _—
-16 LLoo 354 310 125 Log _—
=17 2817 164 273 g2 164 —
~1% soek 182 25 —— 191 —_—
-19 3319 257 235 1o 3Lk —
-20 2063 19k 170 103 307 &z
-2 LEok 230 — —_— 430 108
22 5010 332 107 160 53 _——
-23 5010 336 _— 187 L5 S
-2k 7095 Lo2 - 177 60k J—
-25 Lo2o 280 ——— 161 b7 _—
-26 3683 168 279 160 322 161
=27 3Lz 215 91 127 304 111

-28. Lot 270 -— 200 370 -



Page 62

Appendix 3A - Data for Whole Rock Relative Mineral Abundance
counts per second (ecps) (con't)

Sample Q M. Ce M-cc Plag Gyp
CB-80-29 3801 269 _— 123 359 -—-
-30 3403 215 _— 160 392 ——
-31 4392 4Ls5 -_— 133 Lc2 _—
-32 3780 2Lt — 123 323 ——
=33 3935 - 304 108 1h5 362 108
-34 L603 247 - 123 L82 -—
-35 3990 523 21k 164 288 _—
-36 6200 21k S 91 2L0 -
=37 5268 284 290 123 311 -
-38 36L2 126 308 103 L38 -
-39 3608 - 2h2 —— 103 257 150
-4 50T . 272 190 102 375 ——
~L8 37LT 2Ll T7 138 Lz —
=49 3391 256 - 87 359 -—
-55 3556 . 247 - 17 309 -
-61 2731 309 ——— 14k 453 —_—
~71 637 13 — 112 8L —
CB-81-1 3555 303 -— 169 338 _—
e €5L6 eeT —— 100 €30 357

-3 3188 181 — 91 205 -—

- 2035 177 - 10k 358 -

-5 2287 220 _— 103 562 L&z

-6 4333 Lak _— 103 266 _—

=T 573k 154 -— - 108 5k

-5 5926 214 -—— —_— 225 —_—

-9 2L&R 2Ll S 125 428 —
-9C 133 _— -—— ——— _— _—
~-10 257G 181 — —— 230 —_—
-11 1323 253 --- 134 455 -—-
-1z 2538 236 —_— 109 230 —
13 3251 220 52 109 L7k —
CB-TH-2 £5L3 - L36 _— —— 508 - -—
-3 5116 Laos —— 172 587 —

Q - guartz

M - microcline

Ce - caleite

M—cc- mized calcite
Plag- plagloclase
YR - gypbsum



Appendix 3B - Whole Rock Relative Mineral Abundances -

parts per 100
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Sample Q M Ce M-cc.  Plag Gyp Clay

MB-80-2 20 L - 5 7 - 64
-3 26 6 2 5 T - 5k
-4 _— - - - - - _—
-5 19 il 8 - 3 - 66
-6 18 3 T - 3 - 69
-7 20 3 9 4 L - 60
-8 22 3 - 3 3 - 69
-9 26 3 - - 3 - 68
-10 20 3 3 3 L - 67
-11 19 3 3 4 3 - 68
=12 21 3 5 3 L 1 63
-13 fl 3 - 6 T - 77
-1k 17 9 - 6 7 - 61
-15 11 Y - L 10 1 70
-16 15 H 2 b 15 6 5l
-17 c0 3 - - - 1 76
-18 20 6 - L L 1 63
-19 26 3 - - 5 2 L
-20 16 4 - 4 5 - 71
-2% 26 Y - U 5 2 50

CBE-80-1 L2 6 - 3 5 1 L3
-2 - - - — - - -
-3 18 3 2 3 1 70
-4 27 3 L 5 - 61
=5 26 4 - 3 3 - 6L
-6 2l 3 - 5 L - 67
=T 31 b - 6 i 2 53
-8 23 3 - - L 1 69
-0 290 2 - - 3 - 75
-10 23 2 - 3 L - 68
-11 27 2 L b 4 - 29
-1z L9 L - 3 6 - 38
-13 35 2 2 3 4 - 5k
-1h 32 3 3 - L - 58
~15 26 3 6 3 } - 58
-16 26 L L 3 p) - 50
-17 17 2 3 2 2 - Th
-18 19 2 3 - 2 - Th
-19 20 3 3 3 L - 67
-20 12 2 2 2 L 1 T
-21 28 3 - - 5 1 %
-22 30 L 1 b 6 - 5
-23 30 4 - i 5 - 57
-24 L2 5 - b 7 - bige)
-25 2h 3 - 4 5 - I
-26 22 2 3 i i 1 6l
-27 21 3 1 3 5 1 66
-28 2k 3 - 5 i - &L
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Appendix 3B - Whole Rock Relative Mineral Abundances -
parts per 100 {(con't)

Sample Q M Ce M-cc Plag Gyp
CB-80-29 22 3 - 3 b -
-30 20 3 - N 5 -
-31 . 26 5 - 3 5 -
-32 22 3 - 3 L -
~-33 23 b 1 3 i 1
-3k 27 3 - 3 6 -
-32 2k 6 3 b 3 -
-36 Lo 3 - 2 3 -
~37 31 3 3 3 i -
-38 21 2 4 2 5 -
-39 21 3 - 2 3 1
Lo 30 3 2 2 L -
~L8 o2 3 1 3 > -
-Lo 20 3 - 2 b -
-55 21 3 - 2 Y -
-61 16 in - 3 5 -
~T1 L 2 - 32 10 -
(B-81-1 21 L - 3 L - 68
-2 39 3 - 2 8 3 L5
-3 19 2 - e L - 73
- 12 2 - 3 L - 79
-5 13 3 - 2 7 L 71
-6 26 5 - 2 3 - £l
-7 3h 2 - - 1 - 63
-9 35 3 - - 3 - 59
-9 15 3 1 3 5 - T3
-aC 1 - - - - - 99
-10 15 2 - - 3 - 80
~11 ok 3 - 3 5 - 65
-12 15 3 - 3 3 - T6
-13 19 3 1 3 6 - 68
CB-TH-2 33 5 - - 6 - 56
-3 0 - L 7 - 58
Q - guartz
M - microcline

Ce - calcite

M~cc - mixed caleite
Plag - plagiocclase
Gyp - gyrsunm
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Appendix LA - Method for Semi-Quantitative Clay Mineral Analysis

This study uses & slightly modified method of semi-quantitative
analysis of clay minerals currently in use at the New Mexico Bureau
of Mines and Mineral Resources.

The following peak heights (peak intensities) were taken above
background: |

1. The initial untreated run:

¥(1) st 7 A, 12.4 degrees two-theta

K(2) at 3.6 &, 24.9 degrees two-theta

7(2) at 5 A, 17.8 degrees two-theta

c(2) at 4.6 to 4.8 &, 18.4 to 18.9 degrees two-theta
c(h) et 3.5 A, 25.1 degrees two-theta;

2. The etwnylene glycol run:

v 17 A, .2 degrees twc-theta
st 10 A 8 8 degrees two-theta;

3

The 350 degree Celsius heated run:

)

T(18) =t 10 &, 8.8 degrees two~theta.
The follcwing is the method éf culation with answers given in
parts in 10:

112ite(I) = (I(1G)/T) = 10
(

tnlorite(C) = (¢c(3)/1(2)) » (T(15)/T) = T

((s(1)/L)/T) % 10

w

\
/

it

Smectite

D

Irterstratified clays(M¥) = ((1(18) - (1(1G) + (5(2)/L))/7) = 10

|
—
g
I
—
)

Kaolinitel(X) = y/T) x 10, or if chlorite Is present:
veolinite(x) = (K{2)/ec(L)) x (¢(3)/I1(2)) = (1(26)/T) x 10
T(1H1) is equal to the counts for illite, smectite, and interstratified

clays, T is equel to the "total counts™ and is calculated thusly:

1(18) + K(1), or if chlorite is present:

=
i

T(1E)7 + £(c(3))(1(16))/1(2)] + ClR(2))(c(3))(T(16))/(2c(t)(T(2))T.

3
It
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Appendix LC - Peak Intensity Data for Relative Clay Mineral

fraction -~ parts per 100

Abundances: less than 0.25
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Appendix LC - Peak Intensity Data for Relative Clay Mineral

Abundances: less than 0.25 mieron fraction - parts per 100
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ineral
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ineral Relative Abundances:

Clay M
fract

Appendix 4D -

less than 1.0 micron

4

ion - parts per 10
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Appendix 4D - Clay Mineral Relative Abundances: less than 1.0 micron
fraction - parts per 10 (con't)

Rock Unit Sample I K S MX C

1

118 M3-80~10
-11
CB-80-1
-2
-3
-1k
-15
-16
=17
-18
~-19
-20
-21
26
-27
-3
-35
=36
CR-TH-?

s

S ROHNHERFNOROFEFRRRRODERERFDD
MR HRERFRRHEEFRFERDHRRRBPWV oD
ST T S e B e R B e e e E1~ o a0
UTUT O = GOV ON OV O O VT O R A

I S R e el |

ulS MB-50-5

[ LS TSI S S S S N e 'S |
] H)F'H [ S NV
R B N
—~ NN OV OGN OGN oW
1o

[

g

>1!

W

(623

(@]

| !
Iy D

oW o

= oo
foL

I =3 1 oo o
!

[l o I
l.J
O

-15
-16
CB-80-61
<71 10

.
=

[}
w O
o
o

I

AVE
Std. dev. T

H

=
[ACINA
n I
o
[0
i_l
O b
-3

I - iilite

K - kaolinite

S - smectite

MY - interstretified cleys
¢ =« chlorite
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Appendix 4D - Clay Mineral Abundances:

fraction - parts per 10

MT ~ Mulztto Tongue

5T - Satan Tongue
CMbr - Cleary Mernmber
uMF - upper Menefee Formation

ILVT - La Ventana Tongue
1LS - lower Lewis Shale
ull3 - upper Lewis Shale
FF — Fruitland Formation

* Trace

less than 1.0 micron
(con')
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Appendix ULE - Clay Mineral Relative Abundances: less than 0.25 micron
fraction ~ parts per 10

Rock Unit Sample I K s MY ¢

MT ¢B-81-11 2 1
-12 2 1
-13 2

=

[NSI el AV

W
no

CMbr CB-80-L48
-Lg

= o
[V
W

uMF CB-80-h
-5
-6
-1
-8

-9

-10
-11
-1z

[ Tt O I |

OOy =1U OV OY O B OV ON O NN AT [, [ g

1
OO |
}

i
o —1 Oviw
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o
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R ST TR I g e e el e o e el el ST i A
P T NN S SR SIS NICI IV VIV SRV Rl e
T T A el el el B i
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!

VT €3-80-13
=31
=32
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1
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oW W e
e R el et S L AT S
O o B O O

b

1

[
-
[¥5]
Q
w
1
oo
O
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Appendix LE - Clay Mineral Relative Abundances: less than 0.25 micron
fraction - parts per 10 (con't)

Rock Unit Sample 1 X S MX C
1LS CB-80-19 1 T* 1 7 1
-20 2 1 T 6 1
-21 2 1 1 5 1
-26 1 1 1 6 1
-27 2 2 T 6 -
-34 1 1 1 6 1
-35 1 2 1 6 -
-36 2 1 - 6 1
CB-TN-2 1 2 2 5 T
uLs Ce-80-37 1 3 1 5 T
38 1 1 1 & 1
-39 2 2 T 6 -
-Lo 1 T 1 7 1
-55 1 1 1 6 1
E CB-80-61 2 1 5 1 1
~-71 - - 10 - -
AVE 1.5 1.7 1.1 L, g- 0.4
Std. dev. .8 1.1 1.k 1.7 0.6

I - 1llite

K ~ kaolinite

S - smectite

MY - intersiratified clays

C - cnlorite

MT ~ Mulaito Tongue

g7 - Saten Tongue

Ckr» - Cleary lember .
uMr — upper lenefee Formation
LVT — La Ventanaz Tongue

1LS — lover Lewis Shale

ulS - upper Lewis Shale

FF - Fruitlend Feormation

*
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Appendix 5
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Appendix 6A -~ Percent Expandable Layers for Random Interstratified
Clays: less than 1.0 micron fraction

Rock Unit Sample 2-theta d-spacing = 7% expandsble layers

MT CB-81-11 9.0k 9.78 24
-12 9.07 9.7k 26

=13 9.33 9.L48 36

ST MB-80-19 3.00 9.83 23
-20 8.98 9.85 23

-21 8.94 9.89 21

CMor MB-80-17 8.80 10.05 70
-18 9.00 9.83 23

CB-80-48 g.51 ©.30 , L3

-Lg 8.95 9.88 21

uMF MH-80-8 9.30 9.51 35
-9 9.00 9.82 56

CE-80-L 8.9k 9.89 21

-5 8.93. 9.90 20

-6 8.99 9.88 21

-7 9.1k a.68 28

-8 &.80 10.05 10~

-9 8.90 9.0l 20

-10 8.0k 9.89 21

-11 §.91 9.g%2 18

~12 10.03 8.82 €5

-22 8.9¢ 9.87 21

-23 8.97 9,86 22

-24 £.95 9.88 21

-25 9.00 9.83 23

-28 §.92 9.91 19

-29 9.00 9,83 23

-30 9.08 9.7k 26

C3-81-1 9. 37 9.4k 57

-3 5.00 9.83 23

=6 2,18 9.63 30
-5 8.72 10.1L 10—

LVT CB-80-13 8.98 9,85 23
-31 9.22 g.58 33

-32 9.00 9.83 €3

-33 8.08 9.85 23

CB-81-k 9.07 9.7h 26

-9 9.00 9.63 23

-10 §.95 9.88 21

CB-TN-3 2.40 9.5h1 36

1LS - B-80-10 9.11 9.71 52
C =1 8.90 9,0k 20

C3-80-1 8.88 9.97 62

-2 8.87 9.97 62
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Appendix 6A - Percent Expandable Layers for Random Interstratified
Clays: less than 1.0 micron fraction (con't)

Rock Unit Sample P-theta d-spacing % expandable layers
1LS CB-80-3 8.90 9.9%L 20
-1k 8.90 9.94 , 20
-15 8.97 9.86 22
~16 8.77 10.08 10~
=17 8.9k 9.89 . 21
-18 8.89 .95 17
- =19 g.88 9.97 62
-20  $.00 9.83 23
-21 9.94 9.69 21
-26 8.9kL 6.89 ' 21
=27 8.97 G.86 22
-34 §.90 9.9k 20
=35 8.90 9.94 20
-36 8.90 9.94 ‘ 20
Cz-TH-2 5.98 2.85 L3
uLs 13-80-5 9.08 9.7 - 25
-6 9.10 9.72 53
=7 8.93 9.90 ' 60
-12 8.95 9.88 23
Cz-80-37 9.07 9.75 29
-38 "8.01 9.92 20
-39 g.00 9.83 23
-Lo 9.0k 9.78 2L
~55 8.9L 9.89 21
FF 1=-80-2 10.20 8.67 85
=3 106.30 §.60 20+
-4 G.00 2.82 56
-13 10.40 §.51 Q0+
-1k 10.29 8.€0 5
-15 10.3L 8.56 90+
-16 10.40 8.51 70
cz-80-61 10.1L 8.72 8o
=71 10,42 6.Lo 100
MT - Mulattco Tongue
ST - Satan. Tongue
CMbr - Cleary licmber
uwMF - upper lenefee Formation
LVT - La Ventzna Tongue
115 - lower Lewis Shale
ulS -~ upper Lewis Shale

F¥ — Pruitlend Formation
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Appendix 6B - Percent Expandable Layers for Random Interstratified
Clays: less than 0.25 micron fraction

Rock Unit Sample 2-thetsa d-spacing % expandable layers
MT © CB-81-11 8.93 9.90 .20
-12 9.1% 9.68 28
~13 9.33 9.L48 36
CMbr CB-80-48 0.62 9,19 L7
=49 g.91 9.92 20
wMF CB-80-L 9.12 9.70 27
-5 8.97 9.86 22
-6 8.90 9.94 18
-7 9.07 9.75 25
-8 8.90 Q.94 18
-9 6.28 Q.53 3k
-10 9.15 9.67 25
-11 9.07 9.75 25
-12 9.80 9.03 55
22 9.2 9.5 90+
-23 9.89 8.94 58
24 9.20 9,61 30
-25 9.20 9.61 30
-28 9,20 9.61 39
-2G 9,18 9.63 30
-30 9.25 g.56 33
¢3-81-1 g,28 Q.55 33
-3 9.1k 9.68 28
-5 9.L0 9.4 35
VT £3-80-13 9.03 9.7 oL
-31 9.31 2.50 3%
-32 g.20 9.61 30
-33 9.17 0.6h 30
C5-81-4 9.37 g.L4 37
-5 9.20 . 9.61 3
~9 9.19 G.62 30
-10 9.3k 9.78 oL
C3-TH-3 9.57 9.2L L3
118 CB-B0-1 8.75 10.11 10-
-2 8.94 9.89 2
-3 9.00 9,83 o5
=14 Q.22 .58 90+
-15 9.07 9.75 s
-16 9.27 Q.54 34
=17 9.06 9.76 25
-18 9.06 9.76 25
-19 9.13 9.69 27
-20 9.04 9.78 ok
-21 §.95 9.88 21
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Appendix 6B - Percent Expandable Layers for Rendom Interstratified
Clays: less than 0.25 micron fraction (con't)

Rock Unit Sample 2-theta d-spacing % expandable layers
1LS CB-80-26 9.0k 9.78 2k
-27 9.28 9.53 3k
=34 8.96 g.87 .21
-35 9.14 9.68 28
-36 8.91 9.92 20
CB-TN-2 9.30 9.51 34
uls CB-50-37 9.1L 9.68 28
-38 9.20 9.61 30
-39 9.12 2.70 27
-4o 9.03 9.79 2k
=55 9.29 g.52 34
FF CB-80-61 10.17 8.70 78
-71 10.36 8.54 90+
MT - Mulatto Tongue
Cibr - Cleary Member
uMF - upper Menefee Formation
LVT - La Ventane Tongue
115 - lower Lewis Shale
ulS - uprer Lewis Shale

I'F — Fruitliand Formation
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Appendix TA - (001) D-spacing for Smectite-Interstratified Clay -
I11ite Reflections: less than 1.0 micron fractien

Rock Unit . Sample D-spacing(d)
MT CB-81-11 13.70
-12 13.31
~13 13.39
ST MB-80~-19 11.543
-20 . 11.45
-21 , 11.54
Clbr MB-80-17 11.21
-18 11.95
CB-80-48 11.69
-Lg 11.63
kR MB-80-8 12.28
-0 . 13.00
CE~-80-4 11.16
=5 11.39
-6 11.33
-7 : 12.56
-6 11.62
-G 11.51
-10 11.60
-11 11.71
-12 11.76
-2c 11.48
-23 11.63
-2k 11.60
-25 12.9k
-28 11.28
-29 1e.2
-30 1%.06
CB-81-1 12.92
-2
-3 11.h2
-6 12.45
..JT _____
-8 ——
LVT CB-80-13 11.33
-31 12.79
-32 11.69
-33 S 11.63
CB-81-k 12,63
-5 11.28
-G 12.21
S
-10 13.08

CB-TH-3 12.77

f—
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Appendix TA - (001) D-spacing for Smectite-Interstratified Clay-
Il1lite Reflections: less than 1.0 micron fraction (con't)

Rock Unit Sample D-spacing(R)
11Ls MB-80-10 11.62
-11 13.10
CB-80-1 . 10.55
-2 11.24
-3 11.71
~1L - 11.68
=15 11.63
-16 11.36
-17 11.53
-18 11.51
-19 11.50
-20 7 11.09
-21 11.32
-26 13.15
=27 12.63
-3k 11.63
=35 . 11.57
-36 11.05
CE-TH-2 12.08
ul8 1B-80-5 , . 11.53
-5 11.63
-7 11.42
-1z 11.66
CB-80-27 11.57
-z8 11.59
-38 11.21
-Lo 11.L48
=55 12011
IF MB-80-2 1z.52
-3 : 12.25
-4 12.k5
=13 12.3%
-1} 12.29
=15 14,10
~16 12.63
CB-80-61 L 12.16
~-T1 12.72
MT ~ Mulatto Tongue
ST — batan Tongue
CMbr - Cleary Member
uMF - upper Menefee Formation
LVI - La Ventanz Tongue

1LS - lower Lewis Shale
ullS - upper Lewis Shale
FF - Fruitland Formation
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Appendix TB - (001) D-spacing for Smectite-Interstratified Clay-
Tllite Reflections: less than 0.25 micron fraction

Rock Unit Sample D—spacing(ﬁ)

MT CB~81-11 11.89
-12 12.23

-13 12.42

CMbr CB-80-4§ 11.69
~hg 11.38

uMF CB-80-4 11.09
-5 11.38

-6 11.33

-7 12.57

-8 11.39

-9 11.69

-10 11.72

-11 11.76

-12 11.71

22 11.47

-23 11.51

-2k 11.69

-25 12.L5

-28 11.05

-29 12.28

-30 12.63

CB-81-1 12.63

~2 e

-3 11.h2

-6 12.31

_’f ——— e

- S ——

LVT CR-80-173 11.25
-31 12.29

-3z 11.51

-33 1147

CB-81-L 12.18

-5 11.12

-0 12.0b

_9C _____

-10 11.79

CB-TH-3 12.35

1LS CB-80-1 10.78
-2 11.32

-3 11.71

=1k 11.68

=15 11.63

=16 11.42

=17 11.41
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i—T=ndix 7B - (001) D-spacing for Smectite-Interstratified Clay-
Illite Reflections: less than 0.25 micron fraction

(con't)
E=zx Unit Sample. D-spacing(R)
s CB-80-18 11.63
-19 . 11.50
-20 11.18
-21 10.95
-26 11.53
=27 12.28
-3k 11.54
-35 11.h42
-36 11.11
Co-TH-2 11.80
LZ CB-82-37 11,42
-38 11.L8
-39 11.22
-ko 11.39
-55 11.72
- CE-80-61 ' 11.76
=71 12.52
= - Mol =tto Tongue
S To- - (lzzTy Memwver
_ T - uz;or Menefee Formation
~ T = = Jentana Tongue
I - 1-vor Lewis Shale
__: - uztsr Lewis Shale
T - v _:%land Formation
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