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ORGANICMATTERVARIATIONSINA TRANSGRESSIVE SYSTEM
TRACK: AN EXAMPLE OF THEALMOND FORMATION, ROCK
SPRINGSUPLIFT,WYOMING (U.SA))

Garcia, G. M.}

ABSTRACT

The oil-prone coals of the Almond Formation are studied using sequence stratigraphy and organic geochemistry. The
occurrence of the organic facies (defined with geochemical and maceral analyses) isrelated to four-order parasequences of
the Almond Formation. Hydrogen index and macerals content trends are useful tools in identifying four-order
unconformities.
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VARIACIONESDE LA MATERIA ORGANICA EN UNA SECUENCIA DE UN SISTEMA TRANSGRESIVO:
UN EJEMPLO DE LA FORMACION ALMOND, ROCK SPRINGSUPLIFT,WYOMING (U.SA.)

RESUMEN

Los mantos de carbon de la formacion Almond en Rock Springs Wyoming fueron estudiados empleando técnicas de
estratigrafiade secuenciasy geoquimicaorganica. Losresultadosilustran unarel acion entre lafacies organica (definidas
mediante andlisisgeoquimicosy andlisisde macerales) y lapresenciade inconformidades de cuarto orden delaFormacion
Almond. En este sentido se observo como las tendencias del indice de hidrégenoy el contenido y composicion maceral
son buenos pardmetros paraidentificar limites de parasecuencias de la Formacién Almond.

Palabr as claves: Faciesorganicas, indice de hidrogeno, liptinita, desmocollinita,supresion delareflectanciade vitrinita
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Organic matter variationsin a transgressive system track: An example of the Almond Formation, Rock Springs Uplift, Wyoming (U.S.A.)

INTRODUCTION

Thispaper focuseson the variability organic matter in
the overall transgressive Almond Formation of the
Mesaverde Group in the Washakie Basin. Alsoiit is
studied the rel ationshi p between organic faciesand the
distribution of oil-and-gas sourcerocksin asuccesson.
Specid attentionispaid to coa bedsthat are oil-prone
accordingto Garcia-Gonzédez et d. (1997 and 1993).

Olsonand Martinsen (1999) and Olson (1999) andyzed
thedtratigraphy of the Almond Formation and attempted
to subdivide the succession into four-order sequences
by meansof identifying several intervalsonthebasis
of stratigraphic concepts. This paper presents the
organic facies determined from geochemical analyses
and organic petrography of the Almond Formation cod,
and usesthesecriteriato identify four-order sequences
inthe Almond Formation.

Geochemica and organic petrographica analyseswere
carried out with samplestaken from the UW #4 cored
well, whichwasdrilled near the south end of the Rock
SpringsUpliftin Wyoming (FIGURE 1).

The oil-prone coals of the Almond Formation are
revisited and characterized using sequence stratigraphy
and organic geochemigtry. Theorganicfaciesvariability
is used to test the sequentiality suggested by Olson
(1999).

GEOLOGICAL SETTING

The Greater Green River Basin (GGRB) liesin the
Rocky Mountain Foreland. Its present structural
configurationistheresult of tectonicsof the Overthrust
Belt during the Laramide Orogeny during late
Cretaceousand early Tertiary time. The Foreland was
broken into anumber of smaller basins by basement-
involved thrugting andfolding. Highlandsweredevated
and exposed to erosion, and sedimentsweretransported
into the newly formed intermountain basins (Roehler,
1990).

The GGRB includesfour intrabasin uplifts (the north-
trending MoxaArch and Rock Springs Uplift and the
east-trending Wamsutter Arch and Cherokee Arch)
and four sub-basins (the Green River, Cherokee,
Washakie, and Sand Wash Basins) (FIGURE 1).
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TheRock Springsupliftisanorth-south trending forel and
structure of 65 miles (104 km) long and 30 miles (48
km) wide. Major structural features near the Rock
SpringsUpliftinclude: ontheeast Sde, the Greet Divide
Basin, Wamsutter Arch, Washakie Basin, and Sand
Wash Basin, these last three structures are being
bounded eastward by the Rawlins, SierraMadre, and
North Park uplifts. Themajor structureswest of the
Rock SpringsUplift are: Pineddeanticline, Green River
basin, MoxaArch, and the Wyoming-Idaho Overthrust
belt (FIGURE 1).

In agethe strata of the GGRB range from Cambrian
to Tertiary. Somewere buried to adepth of 32,000 ft
(9,750 m). Most of these sedimentary rocks are of
Upper Cretaceous, Paleocene, or Eocene age (Tyler
etd., 1992).

In the GGRB, coal-bearing intervals are collectively
thousands of feet thick, and they extend fromthe Upper
Cretaceous Mesaverde Group through the Lower
Tertiary Wasatch Formation. The thickest and most
continuous Cretaceous cod bedsoccur intheMesaverde
Group, whichindudesthe WilliamsFork, Almond, Rock
Springs, and Lanceformations (FIGURE 2).

TheMesaverde Group consists of stacked wedges of
dlisdadtic sedimentsinterfingering with pelitic sediment
that prograded from the area of the Siever orogenic
belt (Utah) eastward into the Cretaceous Western
Interior Seaway, asillustrated in Figure 3. Crabaugh
(1988) interpreted these silisiclastic wedges asthird
order sequences.

Most of the sediments composing the Mesaverde
Group were deposited along the western margins of
the interior Cretaceous seaway, where extensive
marinetransgressions, and regressions, took place over
aperiod of 13 million years during Campanian and
Maaestrichtian times.

STRATIGRAPHY OF THEALMOND
FORMATION

The Almond Formation isUpper Campanianto lower
Maastrichtian in age ranging from 70 to 72.5 M.a.
according to Obradovish (1993). This age was
determined on the basisof ammonite zones established
by Gill, et al. (1970), in Roehler, (1990).
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Organic matter variationsin atransgressive system track: An example of the AlImond Formation, Rock Springs Uplift, Wyoming (U.S.A.)
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FIGURE 1. Location of outcrops and UW # 4 well
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FIGURE 2. Cross section showing an interpretation of Roehler (1990) of the Upper Cretaceous Formations across

northern Utah and South Wyoming

The marine Lewis Shale overlies the Almond
Formation. Because of landward stepping of
successive high-frequency sequences, the contact of
thesetwo formationsyoung seaward (Roehler, 1990).

OntheRock SpringsUplift, the Almond Formationis
underlying by the Canyon Creek Member of the
Ericson Formation. The contact between the Ericson
and the Almond Formationsis sharp with minor or no
topographic relief, and is placed between the top of
the uppermost cross-stratified sandstone bed-set and
thefirst thick succession of silty carbonaceous shales
withthin coa beds, Olson (1999).

Flores, 1978, Van Horn, 1979 and Roehler, 1990 have
previoudly divided the Almond Formation inthe Rock
Springs Uplift areainto two mappable members: the
Upper Member characterized by sandstones, and the
Lower Member consisting predominantly of shales,
coal, siltstones, and sandstones. The contact between
these two members is unconformable, Van Horn
(1979).
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The inter-tonguing of Lewis Shaes with the Upper
Almond sandsfurther subdividesthe upper Aimondinto
varioussandstone units, each of which pinchesout into
the Lewis Shale east of the Rock Springs Uplift. Van
Horn (1979) studied the Almond inthe northern Rock
Springs Uplift and western Washakie basin, and he
named the Upper Almond sandstone successions as
UA-1, UA-2, and UA-3fromyoungest to ol dest. Roehler
(1988), named the upper sandstone succession
(outcropping in the southeastern Rock Springs Uplift
areq) asbarrier barsAA through G. Barrier barsG and
F Roehler (1988) aretentatively correlated with UA-3
sandstoneunit of Van Horn 1979. Therefore, onthebas's
of thiscorrelation, the base of the Upper Almond isat
located near the base of the Barrier bar G.

Sequencestratigraphy framework of the Almond
Formation

The Almond Formation correspondsto thetransgressive
limb of alarge-scale, third order clastic wedge of the
Mesaverde Group, with amaximum span in age of 2
M.a. in the Rock Springs Uplift. The formation was
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FIGURE 3. Coal-bearing stratigraphic units in the Greater Green River Basin (From Scott A, 1995).

deposited during an overall transgression, and is
characterized by a series of individually regressive
tongues or paraseguences, asillustrated in FIGURE 4.

In the UW # 4 well, the Almond Formation can be
subdivided into fourth-order sequences by flooding
surfaces, creating threeinformal stratigraphic units:
Lower, Middle and Upper Almond Formation as
illustrated in FIGURE 5. Thissubdivisionistheresult
of minor transgressive and regressive eventsidentified
within the overall transgressive systemstract of the
Almond Formation.

TheLower Almond consists of multipleunitsof very
finesandstonesthat grade upward into siltstones. Cross
stratification and ripple laminae are the common
structures. The Lower Almond changesfrom fluvial
channel sandstone at the base to carbonaceous shales
in the middle and shaley siltstones at the top. This
sequencewas deposited mainly during transgression.
The contact between the Lower and Middle Almond
ismarked by an unconformity.

88

TheMiddle Almond shows a predominance of back-
barrier faciesthat start at the basewith fluvia channel
sandstonesand over bank shales. Thissuccession ends
with the appearance of multiple thin coal beds. The
overlying successionisshaey siltstone, carbonaceous
shales, and sporadic thin coal bedsthat were formed
inswamps, marshesandtidd flat depositional settings.
Thisunit wasaso deposited in atransgressive system
tract stage.

The Upper Almond startswith tidal sandstonesat the
base, followed by a succession of shaley sandstones
and carbonaceous shales, deposited in a lagoonal
environment. Overlying this succession, there is a
succession of shore sediments that consist of upper
and lower shoreface sandstones. Thetop of thisunit
showsan interfingering of lower shoreface sandstone
and offshore shales. Thisunit wasdeposited asahigh
stand system track stage (HST).
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DEPOSITIONAL ENVIRONMENTSOF THE
ALMOND FORMATION

Thedepostiond environmentsof the Almond Formation
onthe southern Rock Springs Uplift start withacoastal
plain environment that gradually changes upwardsto
back-barrier environment. Upwardsthe back-barrier
environment changesto an open marine shordine, and
gradually tothe offshoreshdesof the L ewisFormation.

TheLower Almond consistsof several fining-upward
packages of fine sandstone and siltstone, with cross
stratification and ripple laminae, to shales and
carbonaceous shales. Olson (1999) interpreted these
depositsascoastal plain, and related fluvial, swamp
and marsh environments.

Thetop of the Lower Almond isdefined by aflooding
surface, wherethe conditionschangefrom fluvia water
to brackish-water environments due to arise in the
sea level as indicated by the presence of tidal flat
sltstone (Meyer, 1977; Flores, 1978; Van Horne, 1979).

The Middle Almond Formation contains three
successions. Thefirst wasdeposited in coastal plain
and back-barrier environments. It consists of severa
fining-upward packages of sandstone, siltstone and
shaleswith cross stratification and ripplelamination.
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The second succession was deposited in marsh and
swamp environments with some marine flooding; it
consists of siltstone and shal e interbedded with thin
sandstone layers. The sandstonelayersare moderate
to intensely bioturbated. Also thin coa beds are
interbedded inthis succession.

Thetop of the Middle Almond includes a package of
fine-grained sandstoneswith abundant clay rip-up clasts
(intraclasts) characteristic of tidal channels.

The Upper Almond Formation consistsinitialy of a
succession of siltstones, shales and coal beds at the
lower segment. Thesiltstones show ripplelamination
and bioturbation. Shales are laminated and rich in
organic matter. Inthe UW #4 well, eightscoal beds
arepresent in this part of the Upper Almond.

The upper segment of the third parasequenceis sand
prone, but also with four coal beds. The predominant
lithology isvery finesandstonethat gradually coarsens
upwards to medium-grained sandstone. The
Sratification alternates between cross stratification and
hummocky gratification. Bioturbationismoreabundant
than in the Middle and Lower Almond. The upper
sandstones arerelatively thick and consist of two (at
the UW # 4 well) or more stacked succession. This
sandstone showsincreasing abundance of bioturbation,
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FIGURE 4. West to East log cross-section of the AlImond Formation, Washakie Basin, illustrating the landward stepping

parasequences. (From Martinsen et al., 1995)
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including: Planolites, Ophiomorpha, Asterosoma,
Teichichnus, and Zoophycos, and a so dinoflagel lates
(Meyers, 1977).

The depositional environments identified by Olson
(1999) in the Upper Almond starts at the base with
marsh, and lagoon environments with some marine
influence. Thisenvironment resulted in thin coal beds
interstratified with carbonaceous shale and siltstone.
The upper segment represents a shore face
environment that is cut by siltstone and fine grain
sandstoneof atidal inlet. The upper part of the Upper
Almond containsonly two cod bedsthat weredeposited
inalagoona environment.

The Upper Almond was deposited along a micro to
low meso-tidal coastline characterized by chains of
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barrier islands with closely spaced and actively
migrating tidal inlets (Flores, 1978; Van Horn, 1979;
Roehler, 1988; Weimer et al., 1965, 1988).

COAL PETROGRAPHY

The petrol ogic studiesof the AlImond coalsand shales
were performed with reflection microscopy under white
and bluelight on polished pellet composed of 4.75-mm-
diameter (plus10-mesh) cod particles. Thepetrographic
anaysesincludeidentification of ninemacerd, vitrinite
reflectance measurements, along with textural
description.

TABLE 1 summarizesthe macera point-count data
from coal beds. The Lower Almond shows vitrinite
content ranging from 63 to 88%. Theliptinite content

Marnne Facees
Shabe (ol Tshaore ), spndsiones {upper shorefmes), sandsions
{lower shorefnce)

Back Barrier Facics:

Coal (swamp, lagoon), carbonaceous shales {marsh),

Silty shake {lagoonal hay fill), shaley sitstone (tidal flat),
Sandstone (washover fan, tidal channel) Tidally-inillwenced
Sediments.

Constal Flan Facees:
Coals, caorbonaceous shales (overbank )

i, sl st one  Havial

FIGURE 5. U.W core well # 4, gamma-ray/resistivity log and facies of Almond Formation.
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islow (4 — 6%), and the inertinite content varies
between 1.4 to 27%. The Middle coal beds present
thefollowing maceral compogtion: vitrinite 53t0 91%,
liptinite 1 to 11%, and inertinite variesfrom 1 to 24%.
The Upper Almond coal beds show a maceral
compositionthat rangesin vitrinite content from 77 to
91% with liptinite ranging between 2 and 12.5 and
inertinite between 4 and 11%.

Themacerd content variation wasplotted against depth,
and two distinctivetrendsare observed for liptiniteand
desmocallinite (hydrogen-richvitrinite) asillustratedin
FIGURES6and7. Theliptinitecontent increasesupward
inthecod bedsfor boththeMiddleand Upper Almond
units. Thissametrend is also clear for desmocollinite
content, whichincreasesfrom basetotop onbothMiddle
and Upper Almond, (FIGURESG6, and 7).

Whilethe inertinite content does not present aclear
trend, itsmaximum content existsinthe Lower Almond
cod beds. Theinertinite content variesfrom 2to 27 %
and iscomposed mainly of fusiniteand semifusinite.

The coaly shaesthus present TOC val ues of between
10 and 50% and are an excellent source rock for
hydrocarbons. Petrographically, these coaly shalesare
characterized by laminar texture in which vitrinite
laminasareinterbedded with shaleor clay laminas, as
illustrated by the photomicrographin FIGURE 8. The
coaly shale of the Almond Formation shows
fluorescence of amorphouskerogen and also from oil-
saturated clay minerals.

The Almond coals show commonly alaminar texture
composed of aternating bright and dull bands. Atthe
microscopi ¢ scalethelaminar textureisal so observed
especialy in the desmocollinite-rich coals, see
photomicrograph of FIGURE 9, which increasesfrom
bottom to top of the Formation. Desmocolliniteisthe
most abundant vitrinitein thiscoaly succession. Coal
maceral sdo not occur isolated from one another but
instead appear intimately associated with different
macerals. These maceral associations are termed
microlithotypes by Stach et al., (1982) and are also
denominated organic facies of coalsby Jones(1987).

The Almond coals are characterized by the
predominance of three particular microlithotypes. The
microlithotypes (using Diessel’sterminology) are: 1)
Clarite composed of desmocolliniteand liptinite and
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illustrated in photomicrograph 2; 2) Telite composed of
telinite (or telocollinite) showed by photomicrographin
FIGURE 10; and 3) the maceral-mineral association
of vitriniteand pyriteasillustrated by photomicrograph
in FIGURE 11. A less abundant microlithotype is
duroclarite, whichisatrimaceralic microlithotypewith
adominanceof vitrinite.

Theincreasing upward trendsfor both desmocalliniteand
liptinite maceras are due to the marine-influenced
environment that resulted fromtheoverall transgresson
during deposition of the Almond Formation. Asthesea
leve rises, thepH of theweater intheswampsand lagoons
increasestoanearly neutra condition, andthepreservation
of liptiniteand hydrogen-rich macera sisfavored.

Thelimit betweenthe Lower and Middle Almond units
is placed several feet above of Olson’s limit. This
flooding surfaceisclearly indicated by the appearance
of desmocolliniteasshownin HFGURE 12.

Vitrinite Reflectance

Thevitrinitereflectance dataare reported on Table 2
and plotted against depth in FIGURE 12, which

TABLE 2. Vitrinite reflectance data of the Almond Formation at
UW #4 well

Depth (ft) Rmin (%) Rmax (%) Ro (%) Std. Dev.
97 0.40 0.55 0.46 0.06
100 0.49 0.62 0.55 0.04
125 0.47 0.58 0.52 0.04
129 0.41 0.58 0.47 0.04
259 0.46 0.6 0.53 0.04
316 0.48 0.8 0.56 0.07
323 0.52 0.75 0.59 0.04
375 0.52 0.71 0.6 0.04
392 0.42 0.64 0.52 0.06
417 0.52 0.71 0.63 0.04
424 0.49 0.7 0.59 0.04
465 0.54 0.62 0.57 0.03
467 0.38 0.68 0.58 0.07
499 0.4 0.65 0.56 0.07
501 0.5 0.8 0.58 0.06
549 0.49 0.63 0.56 0.03
580 0.52 1.29 0.6 0.13

2669 0.55 0.95 0.65 0.06
3078 0.54 0.69 0.62 0.03
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Almond Formation, UW #4 well

Depth ()

Liptinite vs depth
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15
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FIGURE 6. Liptinite maceral versus depth in coal beds of the UW # 4 well. Notice the upward

increasing trend.

illustrates aclear upward decreasing trend of vitrinite
reflectance that reflects the overall transgression of
the Almond Formation. In fact, coal beds from the
Lower Almond exhibit avitrinitereflectance (Ro) value
of 0.5810 0.63%. On the other hand, coal bedsfrom
the Upper Almond exhibit Ro value between 0.47 and
0.52%. Thissituation clearly indicatesthe suppression
of vitrinite reflectance due to the presence of
desmocaollinite. Carr (2000) discusses the vitrinite
suppression due to the presence of liptinite maceral
withinvitrinite particles. Also, Diessel (1992) explains
how coal beds with a marine roof exhibit vitrinite
reflectance suppression from bottom to top, reflectsa
changein the geochemical environments.

GEOCHEMISTRY

Thefollowing geochemical analyseswere carried out
for coalsand shaes: (1) anhydrouspyrolysis, (2) Tota
Organic Carbon (TOC), and (3) Theelementd analysis
of Carbon, Nitrogen and Hydrogen. The anhydrous
pyrolysisanaysesprovided thefollowing geochemical
parameters: productionindex [Pl =S /(S +S))], where
S, representsthe hydrocarbon aready generated and
now heldinthe sourcerock, and S, correspondtothe
hydrocarbon generated during pyrolysisof thesample,
genetic potential (GP=S, + S,), and hydrogenindex
(HI'=S/TQOC).

TABLE 3includesanhydrouspyrolysisand TOC data,
and TABLE 4 includestheelemental analysisdata.
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The geochemical interpretation wasmade by grouping
the geochemical data according to the sequences of
the Almond Formation.

Thelower Almond containscoal bedsand coaly shales
withrelatively low TOC va ues between 3.5 and 65%.
Only the upper most coa bed hasahigh TOC va ue of
74%. HI valuesrangefrom 165to0 247. Thesevalues
arerdatively high and indicate apotential for wet gas
and condensate.

TheMiddle Almond Formation presentscoa and shales
with TOC values ranging from 3 to 73%; the TOC
vauesarelow for thecoal beds, sinceonly onesample
hasaTOC vauehigher than 70%. TheHI valuesrange
160to 330 mgr of hydrocarbon, with an averagevalue
of 209 mgr of hydrocarbon, indicating both gas and
condensate generation potential for thissequence. In
thissuccession two high valuesof HI (> 300 mgHC)
mark the base and top of the middle Almond and are
explained by flooding events FIGURE 14.

The Upper Almond coashave TOC va ueshigher than
70%, and the shales present TOC between 4 and 8%.
HI values range between 105 and 234 mgr of
hydrocarbon but arelower than the Middle Almond.
TheHI pesk of Figure 14 marksthe boundary between
the Middle and Upper sequences; the top of this
sequenceisnot present inthe UW #4 well.
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TABLE 3. TOC and anhydrous pyrolysis analyses of the Almond Formation coals
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FIGURE 7. Desmocollinite maceral versus depth in the coal beds, of the UW # 4 well. Notice the

upward increasing trend of desmocollinite.

The Almond formation coals (TABLE 4) present an
average hydrogen content val ue of 5.54%, and acarbon
content between 50 and 73%. The chemical
composition of the Almond coa sfallswithin the hyper-
hydrousfield of the Syeler’schart, (used by Diessel,
1992) see FIGURE 15. Thischemical classification
agreeswith the organic petrography and theanhydrous
pyrolysisanalysisand indicatesthat the Almond coas
were deposited under marineinfluence, smilar tothe
examplesdiscussed by Diessel (1992).

The carbon nitrogen ratio C/N has been used as an
indicator of organic matter provenance. Ingenera, an
increase in the C/N ratio is related to a continental
environment due to a higher content of carbon and
relatively low nitrogen content. However, Tyson (1995)
thinksthat the C/N isnot alwaysagood indicator of
organic matter provenance. Theresultsobtainedinthe
Almond coal do not show any particular trend.

DISCUSSION

Themacera distribution presentstwo distinctivetrends
for liptiniteand desmocollinite content asillustrated in
FIGURES 6 and 7. The liptinite content increases
upwardsin the second and third parasequences of the
Almond Formation. The sametrend is observed for
desmocallinite. These maceral trendsareindicative of
depositional environments, where marineinvasions
changed the conditionsof cod depositionfromamarsh-
dominated environment to a lagoon-dominated
environment.
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Thebreak pointsof liptinite and desmocollinitetrends
coincidewith thelocation of fourth-order boundaries
that represent marine invasions (FIGURE 12). In
conclusion the Almond coals present petrological
characteristicsthat indicate afresh-water or swamp
environment inthefirst parasequence. Toward thetop
of the first parasequence, the environment changes
from fresh-water to brackish-water, asindicated by
the changein vitrinite compositionfromte ocolliniteto
desmocallinite.

A fourth-order boundary marked by amarineflooding
surface caused adrowning of peat deposits. The second
sequence showsasuccess on that startswith deposition
of coa bedsin back-barrier environment with brackish-
water composition that changes to a lagoonal
environment with higher salinity of the water. The
change from back-barrier to lagoon is indicated by
severd factors such asan upward increasing trend of
liptinite and desmocaollinite content and adecreasing
tendency of vitrinitereflectance from bottom to top of
the second sequence.

The third parasequence contains few coal beds
interbedded with marine shales, implying that these
cod sweredeposited inamarineinfluenced embayment
environment. Asinthe previoussequences, theliptinite
and desmocollinite content increases upward, and the
vitrinite reflectance exhibits an upward decreasing
trend.
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TABLE 4. Nitrogen, Carbon, and Hydrogen analyses of
the Almond Formation

Depth Nitrogen | Carbon | Hydrogen
(ft) (%) (%) (%)
daf daf daf

96 0.00 54.85 0.00
97 0.62 75.84 5.12
99 0.98 74.52 5.32
100 1.17 73.51 5.20
125 0.00 74.27 0.00
130 1.48 74.11 5.39
242 1.67 74.75 5.12
248 1.28 56.68 8.54
249 0.57 57.12 0.00
259 1.85 72.31 5.75
261 1.42 56.35 8.05
295 0.28 45.60 0.00
317 1.35 69.06 5.13
325 1.53 78.91 5.11
375 1.34 72.67 5.04
377 1.90 71.20 6.48
390 1.55 75.55 5.50
392 1.61 76.58 5.75
416 1.60 75.66 5.56
427 1.47 7177 5.37
458 0.00 30.25 10.22
464 0.00 58.41 8.97
467 0.91 52.12 5.35
478 1.75 143.17 9.00
499 1.43 77.67 6.03
502 1.74 77.90 5.48
508 0.00 50.46 0.00
518 0.00 47.15 10.18
530 1.18 56.68 8.56
549 1.24 75.81 5.83
557 1.86 79.16 5.54
580 1.02 75.56 5.89
609 1.17 75.78 6.04
614 1.36 69.37 6.59
671 0.75 69.02 6.96

The Hydrogen Index of the Almond coals ranges
between 100 and 330 mg of hydrocarbon. FIGURE 14
shows two prominent HI peaks at 260 and 470 feet
deep. Thelocation of these two HI peaks coincides
with theposition of marineinvasionsor tida sediments
that correspond to flooding surfaces. It is also
remarkablethat 43% of the coal beds present HI higher
than 200 mg of hydrocarbon, indicating oil-pronecods,
as discussed by Garcia-Gonzdlez et al; (1993) and
GarciaGonzalezetd. (1997).

The Almond Formation is a good example of a
succession in which the coal beds formed in a
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transgressive systemstract. At least three sequences
have been identified in the Almond Formation. The
lower parasequences presentscoa bedsformed during
theinitial phase of sealevel riseand correspondsto a
transgressive system tract TST, where coal beds
appear at the top of the sequence.

The Middle Almond Formation corresponds to the
second sequence. Thiswasdeposited also during sea
level riseand correspondsto ahigh stand system tract
(HST). During HST the coa depositionresultedinthin
and multiple coal bedsduealack of accommodation
spaceand or high rate of deposition that drowned the
peat deposits. Thetop of this parasequenceismarked
by the appearance of tidal sandy deposits, which mark
the upper boundary of this parasequence.

TheUpper AlImond wasa so deposited during sealevel
risein an HST; the coal beds are also thin and occur
interstratified with silty shales of lagoon environment
and marine shaesat thetop of thethird parasequence.
The coal beds are less numerous than the Middle
Almond due the frequent marine incursions that
drowned lagoons and back barrier swamps.

ImplicationsFor Coal Bed M ethane Exploration

Thepetrographic and geochemica characterigticsof the
Almond Formation coa sindicate that these coalsare
richinlipid compounds, which have ahigh generation
potentia not only for methanebut al so for condensates.

FIGURE 16 illustrates the volume of methane
generated by different macerds; thisfigure showsthat
liptinitemacera generatesup to oneorder of magnitude
moregasthanthevitrinite maceras. Sincethe Almond
coalsareextremely richin desmocollinite, these cod
bedstherefore possessgreater gasgeneration potential
than the coal bed from the Rock Springs, Lance and
Fort Union Formations.

Theanhydrous pyrolysis(Rock Eval) analysesof the
Almond Formation coal s also show that some coals
exhibit ahydrogenindex above 200 mgr of hydrocarbon
(TABLE1). In addition, the AlImond coa samples
from the Red Desert and Mille Creek areas present
HI values ranging between 150 and 311 mgr of
hydrocarbons. In contrast, the HI values of Rock
Springs, Lanceand Fort Union coalsaregeneraly lower
than 100 mgr of hydrocarbon.
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FIGURE 8. a. Coaly shale of the Almond Formation at 200 feet depth. Notice the interbedding of vitrinite,
liptinite and clays. Vitrinite (v); liptinite (1); clays (c); quartz (g). b. Same field as a showing fluorescence of
liptinite (). The length of the long axis is 150 pm
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FIGURE 9. a. Desmocaollinite under blue light showing the fluorescence of cutinite and other liptinite particles. b. Samefield asA. under white
light illustrating the characteristic texture of Desmocollinite. Pictures A and D are from a coa bed of UW # 4 well, at 323 feet deep.

¢. Desmocoallinite with abundant minute particles of liptinite and a large particle of Resinite. d. Same field as C under blue light showing the
fluorescence of Resinite and other liptinite macerals. Pictures C and D are from a coal bed at 97 feet deep of UW # 4 well. The length of the
long axis is 500 um for these four pictures.

FIGURE 10. a. Almond cod at 125 feet deep of UW #4 well. Detail of telocollinite, showing the cell structures. b. Almond coal at 129 feet
deep, illustrating telocollinite and liptinite macerals. The length of the long axis is 500 pm
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FIGURE 11. a. Almond coal at 100 feet deep. UW # 4 well. Detail of pyrite and vitrinite. b. Almond coal bed at 225 feet deep. Detail of pyrite
framboids that are characteristic of anoxic environments.
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FIGURE 12. The figure illustrates how the maceral trends content is used to point the boundaries between four-
order sequences in the UW # 4 well. Both maceras liptinite (in yellow dots) and desmocollinite (in blue dots)
increase upward due to overall transgression. Consequently, the preservation of hydrogen-rich maceral is favored
due to the water Ph, which goes from acid to near neutral as marine water invades some the back-barrier areas.
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Almond Formation
Ro vs. depth
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FIGURE 13. Vitrinitereflectance (Ro) versus depth, in the coal beds of the UW # 4 well. Notice the upward
decreasing trend of Ro due to reflectance suppression. This vitrinite reflectance suppression is due to
abundance of lipid-like maceral such as liptinite and desmocollinite.

Consequently, the generation potential of the Rock
Springs, Lance and Fort Union Formationsislimited
compared to the Almond Formation coals. However,
thethicknessof theindividual coal seams, make some
Fort Union coal seams good prospect for CBM
exploration.

CONCLUSIONS

The occurrence of organic facies (defined with
geochemical and maceral analyses) isrelated to four-
order parasequences of the Almond Formation.
Similarly, the Hydrogen Index and maceral analyses
areuseful inidentifying four-order unconformities.

The second and third parasequence of the Almond
Formation show aclear upward trend of liptiniteand
desmocaollinite, which are explained by deposition of
organic matter during a transgressive stage that
increase the marine influence from bottom to top of
each parasequence of the Almond Formation
(FIGURES6and7).

The Hydrogen Index distribution showstwo distinctive
peaks that coincide with marine flooding surfaces
marking thetop of thefirst and second parasequences
(FIGURE 14).

Thevitrinitereflectance showsadecreasing trend from
bottom to top of the parasequences, atrend that isalso
dueto theaccumul ation and preservation of hydrogen-
richdesmocallinite.

The Almond coals present an abundant content of
desmocoallinite (vitrodertinite), whichindicatesahigh
input of grass and algae vegetation characteristic of
marsh and lagoon environments. Thehighliptiniteand
or desmocallinite content isthe result of the vegetation
assemblage in a marsh and swamp-marsh-lagoon
complex.

The Sequence stratigraphic framework can help to
predict thespecia distribution of sourcerocks, including
their characteristics regarding quality and oil/gas
generation potential. Inthe present case, it isobserved
that the best oil-prone shalesand oil-prone coalsare
deposited in transgressive sequencetractstoward the
top of each parasequence.

The presence of high desmocollinite content istypical
of transgressive coalswith marineroof, asisthe case
of the Almond coals from the second and third
parasequences. Diessel (1992) reportssimilar findings
in an example from marine-influenced coals from
Audrdia
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FIGURE 14. Almond Formation Fécies, TOC analysis and hydrogen index of the UW # 4 well. Notice how the
hydrogen index data can be used to point the boundaries between the first and second and the second and third
parasequences in the Almond Formation
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HI results of the Almond Formation in the UW # 4
well show two distinctive peaks that determine the
position of two main flooding surfacesdueto marine
invasions (FIGURE 14). In the same way, the break
point of theliptiniteand desmocollinitetrendscoincides
with the parasequence boundaries, which arefour-order
unconformities.

According to Olson and Martisen (1999), there could
be more than three four-order unconformitiesin the
Almond Formeation; however, theseunconformitiesare
impossibleto identify with HI or organic petrography.
Thissituationisexplained by thelocation of the UW #
4well that cored asection very closeto the shoreline
where some of thefour-order unconformitiesmerge.

In sum, the Almond coals were deposited in a
transgressive sequence stage, which controlled the
preservation of liptinite and desmocollinite macerals.

This maceral composition is also shown by the
Hydrogen Index trend. These characteristicsmakethe
Almond Formation coa san excellent prospect for coa

bed methane and condensates.
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