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CHAPTER ONE: Introduction

The Raton Basin of northeastern New Mexico and southeastern Colorado has been
economicallyimportant for nearly 200 years. This is especially true for its coal deposits,
with the first discovery of coal in 1841, and commercial mining since around 1870
(Pillmore,1969). Coal Bed Methane is the dominant industry currently active in the basin,
with several thousand wells currently in production afteffiisewell was drilled in 1982.

The basin containeseral thousand wells, and over 1,500+ billion cubic feet of gas (BCF)
in cumulative production as of 2014 (Osterhout, 2014).

Lithology within the Raton Basin is highly variable, reflecting a range of
depositionaknvironmentsPreviousstudiesof the RatonBasinincludethoseontectonics,
lithologies, facies, depositional environments,resources,fracture networks, igneous
activity, provenancearchitecturalanalysisand lithofacies affiliation (Hills, 1888; Lee,
1917;JohnsorandWood,1956;Wanek,1963;Pillmore,1969;PillmoreandFlores,1984;
Flores,1987;JohnsorandFinn,2001;Clarke,2004;Bush,2016;Horner,2016;McGregor,
2017) Researhersstill lack a strong understandingf the interactionof depositional
environmentandthedriving depositionatontrolswithin thebasin Thisis especiallytrue
for the coalsandtheir associatediepositionakenvironments.

The objective of this study is to developan understandingf the depositional
environment®f coalbedsin the RatonFormationof the RatonBasin.This work provides
a model for coal deposition,and aids in understandingthe vertical and horizontal
interactionbetweenthe coal and boundingfluvial lithofacies. This study also aims to

determinéhowthedepositionof thesecoalsfits into the Distributive Fluvial System(DFS)



model. This study has economic significance in addition to scientific significance, as
understandinghe natureof the coalandits surroundindithologic associationsouldhelpto aidin

CBM / coalbedgasproduction(Figure 1).

5| {Trinidad

y ‘far' i i; e NN
Figure 1 Raton Basin (outlined in brown), with each Coal Bed Gas (Methane) we
represented by a red dot (Osterhout, 2014).




GeologicBackground

RatonBasin

The RatonBasinis an approximately2,500 squaremile (6500 km?) north-south

trending,asymmetricstructuralforelandbasinthat spansnortheasterriNew Mexico and

southeasterrColorado. The basinis Laramidein origin, and is boundedby the Wet

Mountains (north), the Cimarron Mountains (south), the Sangrede Cristo Mountains

(west),andaseriesof archeqeast)Figure 2). Thefill of thebasincomprisesocksranging

from Late Cretaceouto earlyPaleogeneandrepresenta progradingsequencef marine,

marginalmarine,coastalandalluvial depositgBushetal., 2016). Strataof the basindips

gently westwardin the east(approximatelyl-5 ) anddips more steeplyeastwardn the

westernportion of the basin,andis evenlocally overturned.(Johnsorand Wood, 1956;

Baltz, 1965; Pillmore, 1969, 1976; Pillmore and Flores, 1987; Floresand Bader,1999;

JohnsorandFinn, 2001;Clarke,2004; Topper,2011;Bushetal., 2016).

murs co V] COLORADO

Raton

LAS ANIMAS
COLFAX CO NEW MEXICO

[] Alluvium, slopewash, and
landslide material

I Basalt flows

[] Huerfano Formations

[ Middle Tertiary intrusives

[ Cuchara Formation Tertiary
[ Poison Canyon Formation

Holocene and
Quaternary

andstone and

Pierre Shale undivided

Il Pierre Shale/Niohrara undivided

I Precambrian rock undivided
Raton Basin boundary

Cretaccous

Figure 2 (left) Map of Raton Basin, with major structural features (from Topper, 2011). Map of Raton Basin (
with major lithologic units (from Flores and Bader, 1999).




Lithology andStratigraphy

The Raton Basin fill containsfive major stratigraphicunits. From oldestto-
youngesttheseaunitsare:theUpperCretaceou®ierreShale(Campaniario Maastrichtian),
TrinidadSandstonéMaastrichtian)VermejoFormation(Maastrichtian)RatonFormation
(Maastrichtianand Paleocene)and the Poison Canyon Formation (Maastrichtianand
Paleocene|Figure 3).

The Cretaceou®ierreShaleis a silty, gray-to-black non-calcareousnarineshale
thatis upto approximatel\2 , 5 i€k andis representativef adeltafront environment
(Johnsonand Wood, 1956; Pillmore, 1969; Topper,2011). The upperpart of the Pierre
Shalecontainsinterbeddedsiltstoneand sandstondeds,which increasan abundanceip
to the baseof the Trinidad SandstoneThe contactbetweenthe Pierre Shaleand the
Trinidad Sandstonés uncertainjocatedeitherat thetop or the baseof thistransitionzone

(Topper,2011).

|APPROX.
LITH- |THICKNESS
AGE __|FORMATION NAME GENERAL DESCRIPTION OLOGY |IN FEET

S
———— Course to conglomeratic sandstone with

1 - . interbeds of soft yellow to green weathering
B T bouner POISON CANYON  [clavey siltstones.

[re——— = | OWER RATON FM FORMATION
e | RATON CONGLOMERATE
N e

e VERMEJO
WO FORMATION
€r

CBM Field Pay

Erosional Contact

Upper Coal Zone- fine to medium grained
sandstone, siltstone and mudstone with
carbonaceous shale and thick laterally
continous coal beds.

TERTIARY
PALEOCENE

RATON
FORMATION

Barren Series- fine to coarse sandstone and
mudstone with carbonaceous shale and thin

S

Shale Gas
Exploration
(some prod)

PIERRE SHALE

Cretaceous

Raton Conglomerate- course to pebbly
sandstone; some thin coal beds

Fine to medium grained sandstone with s
VERMEIO FORMATION |siltstone and mudstone with thick, laterally . 0380
continuous coal beds. N

TRINIDAD SANDSTONE  (Fine to medium grained sandstone 0-300

MESO20IC
UPPER CRETACEOUS

PIERRE SHALE Dark shale with a transitional upper contact
containing fine sand and silt |

Figure 3 Stratigraphic column of the basin (right, modified from Johnson and Finn, 2001), with an inset of the
that displays stratigraphic position of CBM and Shale Gas plays, as well as a more detailed lithologic repoes
(left, modified from Osterhout (2014).



The Trinidad Sandston®verliesthe PierreShale,andis a generallytabular,cliff -
forming, very fine to mediumgrainedsandstondhat weathersto large roundedblocks
(Matuszczak1979;Pillmore andFlores,1990). The thicknessof the Trinidad Sandstone
(0-3 0 Ovariesdependingninclusionor exclusionoftheii t r a nzsoi nigilothePierre
Shale (Matuszczak,1979; Topper,2011). The most diagnosticfeature of the Trinidad
Sandstonés highly abundanOphiomorphasp.andlight i b u dolbr@atuszczakl1979).
The Trinidad Sandstonalso containsthe ichnofossilDiplocaterion This unit recordsa
progradingshallowmarinecoastlinedeltafront andbarriershoreling(Pillmore andFlores,
1987;JohnsorandFinn,2001).

The Cretaceoud/ermejo Formationfurther chroniclesthe retreatof the Western
Interior Seaway(Figure 4), and conformablyoverliesthe Trinidad SandstondPillmore

andFlores,1987). The Vermejo Formationvariesin thickness(0- 3 8 0 and cpnsistsof

interbeddedandstonessiltstone, mudstonecarbonaceousud,carbonaceoushale shale,

Figure 4 and 5Paleographic maps chronicling retreat of the Western Interior Seaway fodfa o 65Ma (modified from
Blakey, 2010).

andcoal (Pillmore and Flores,1987).Coal bedsin the formationareup to 14 feetthick

(PersonalComm. 2018 Roy Pillmore), andit is estimatedthat the Ratonand Vermejo



Formationgontainl.57 5 billion shorttonsof coalcombinedWanek,1963;Johnsorand
Finn, 2001).The VermejoFormationrepresentshe updip alluvial sectionof its downdip
counterpart (Trinidad Sandstone).The depositional environmentsof the Vermejo
Formation.includedluvial, overbank,crevassesplay, lacustrine,and other low-lying
environmentgStrum, 1985; Flores,1985; Floresand Pillmore, 1987; Johnsorand Finn,
2001).

The Cretaceoud?aleogeneRaton Formationlies unconformablyon top of the
Vermejo Formation,andvaries in thicknessfrom 0 - 2 0 OtBiak. The RatonFormation
containssandstonesiltstone shale paleosolsandcoal,with abasalconglomeratéFigure
6) thatrangesn thicknessdrom 01 7 5(BlarbourandDixon, 1959; Topper,2011). Raton
Formationsedimentsarea resultof Laramiderelateduplift to the westof the RatonBasin
(Bush et al., 2016). Theselithologies representa very complex vertical and lateral
interactionof depositionalenvironments.This study usesthe three informal members
coinedby Pillmore andFlores(1984): 1) alower coalzone(LCZ); 2) a non-coalbearing
A b a r unie and3) anuppercoalzone(UCZ). TheRatonFormationalsocontainsavery
well preserved and well-documented Cretaceousaleogene (Cretaceoud ertiary)
boundarybasedon aniridium anomalyandpollen/ sporeextinctiors (Orth et al., 1981,
PillmoreandFlores,1984;PillmoreandFleming,1990;Pillmore, 1999).

The Paleocend?oisonCanyonFormationconformablyoverliesand intertongues
with the RatonFormation,and variesin thickness(0-2 5 0 IGthology of the formation
consistsof conglomeraticarkosic sandstonesiltstone,and mudstone,with grain size

coarsenindo thewesternpartof thebasin(Hills, 1888;JohnsorandWood, 1956;Flores,



Figure 6 Contact of the Cretaceot®aleogene Raton and Cretaceous Vermejo Formations. The top half of the i
is the Raton Conglomerate of the Raton Fm. Notebook for scale. Photo taken on Vermejo Park Ranch, NM.

1987;JohnsorandFinn,2001;Topper,2001).In somepartsof the basin thebottomof the
PoisonCanyonFormationis equivalentin ageto the bottomof the RatonFormationin
otherpartsof the basin(Pillmore, 1969).The PoisonCanyonFormationrecordsa fluvial
and upperalluvial fan environmentresultingfrom the Laramideorogeny(Pillmore and
Flores,1990;Bushetal., 2016).

All of theseunits were heavily intrudedduring the Tertiary, in the form of dikes,
sills, laccoliths,and stocks.The cener of this intrusiveactivity istheEast( 1 2 , @8l 3 6 )
West( 1 3, 3BpadisbPeaks. EastandWestSpanishPeaksaredifferentcompositions.

The EasternSpanishpeakis dividedat 1 1 , Oel®wationinto a granodioriteporphyry



e : ] A ; L.
[ NG TRINIDAD 58 PIERRE SH
A. VERMEJO FM - TRINIDAD SS MODEL B. LOWER RATON FM MODEL

E. POISON CANYON FM MODEL | _»

Figure 7 Depositional models for the Trinidad Sandstone, Vermejo Formation, Raton Formation, and Poison
Formation (Flores, 1985).

aboveanda graniteporphyrybelow, andthe WesternSpanishPeakis a fine-to-medium
grainedquartzsyenite(Pennand Lindsey, 1996). Otherintrusionsof the regionrangein
compositionfrom silicic to mafic (Pennand Lindsey, 1996). Theseintrusionsare well
studied(Hills, 1888; Carter,1956; Pillmore, 1969; Johnsonand Finn, 2001), including
studiesinto the effects on coalbedsby intrusionssuchaselevatedcoal grade widespread

cokingof coals,andgeneratiorof coalbedmethangCooper,2006).

Accommodationand Drainage
Accommodationis the volume available for depositionof sediments,and is

controlled by base level (Jeney, 1988; Bohacsand Suter,1997 Huertaet al., 2011).



Accommodationin paralic or nonmarine environmentsis typically subaerial and
controlledby eitherbasdevel or subsidencen peatforming environmentsthis basdevel
isthegroundwatetable(BohacsandSuter,1997). In inlandregions climateandtectonics

arethemaincontrolson basdevel (Catuneau2006).

/ High Accommodation

Fluvial strata Base Level

Isolated, high §inuosityfluvial channels High Low JF'UViaI SYStemS TraCt MOdeIS

- .'.‘:¢==='-_._

Tidally-influenced fluvial deposits
PR ST

g%,:;:&
Valley incision (Wright and Marriott, 1993)
Low-sinuosity Mature soil  Hydromorphic Channel  Floodplain

high-gradient . g ;
(Shanley and McCabe, 1994) rivers soil deposits deposits

Time

Amalgamated fluvial channels

Figure 8 Stacking patterns and strata characteristic of a high accommodation fluvial system, with isolated channels su
by floodplain deposits (modified from Wright and Marriott, 1993; Shanley and McCabe, 1994).

The Raton and Vermejo Formationscontain low netto-gross sedimentswith
disconnectedchannel belts and prevalentfloodplain deposits,and are interpretedas
reflecting a high accommodatiorsetting(Clarke,2014; Horner,2016). Typical stacking
patternsandstratacharacterists within a high accommodatiotiluvial settingareshown
in Figure 8. Faciesassociationgypified in low netgrosshigh accommodatiorfluvial
environmentgFigure 9) includecrevassandterminalsplaycomplexeg deltasfloodplain
fines,lakefill, palkosols)eveesdistributarychannelsandsecondaryandtertiarychannels

(Stuartetal., 2014).



. L Primary channel
Tertiary distributary channel

Medial to distal

Secondary distributary channel
floodplain and mire

Tertiary splay channel

Channel margin including levee Not-To-Scale

Figure 9 Typical facies associations and architectural relations in a lowgness, high accommodation fluvial
overbank setting (from Stuart et al., 2014).

Peatand Coal Production

The accumulationof significantorganicmatteror peatlandss dependenbn: 1)
primary organicactivity, 2) preservatiorof organicmatter,3) dilution by mineralmatter,
and4) subsidencéBohacsandSuter,1997).Springline, or groundwatetable,is themajor
baselevel control on peatformation, becausesegetationthat typically forms a peatland
thrivesin everwetground,andorganicpreservations atamaximumwhenthewatertable
is nearor atthesurfacgDiessel, 1992;BohacsandSuter,1997).Risingor highwatertable
with little to no clastic sedimentinput favors peatproduction.Forelandbasinsare ideal
candidatedor theseconditions,especiallythosealongthe Westerninterior Seawaylike

the RatonBasin(McCabeandParish,1992).While clasticscanaid in vegetationgrowth,

10



they are typically competingfor spacewhenfilling a basinand a large input of clastic
sedimentandilute or replaceorganics.

Peatthicknessand geometryare controlled by the rate of peatproductionand
accommodationTheratio of AccommodatiorRate/ PeatProductionRatedeterminepeat
thicknessand lateral extent(Figure 10, Bohacsand Suter,1997).Theii s we @ bdr, 0
characteristicenostallowing for peat/ coalbedpreservationpccurswhenaccommodation

andpeatproductionratesareat anidealratio (Figure 10).

(A) (B)

High

Peat Continuity

Accommodation Rafe/Peat-Prodiction Rate

Figure 10 Controls on Peat Geometry: Accommodation Rate/Peat Production Rate (from Boh
Suter, 1997), wied. h fAsweet spo

Organic Composition of Coalsand Peat
Organicpetrographyexamineshecomponentsindmaterialghatmakeup coaland

otherorganicrich rocks.It concentratesnthekerogeror disperseerganicmatter(DOM)

11



foundin rocks,therankof coals,andtheratio of organiccomponentsn coalsin the form
of macerals(PersonalComm. 2018 Dr. ThomasDemchuk).Maceralsconsistof three
major groups:liptinite, inertinite,andhuminite/ vitrinite (Figure 11, SuarezRuiz, 2012).
Theliptinite groupcomprisesesistantipoid partsof plants,suchasspores,cuticles,waxy
secretionspils, resins andalgalmaterial(TissotandWelte,1984;Tayloretal., 1998).The
inertinite maceralgroup originatesfrom plant materialthatis highly alteredor degraded
duringpre-depositiororthepeatstaggTayleretal.,1998;ICCP,2001)Vitrinite / huminite
groupsoriginatefrom lignin, cellulose,andtanninsof woody plants(SuarezRuiz, 2012).
The environmentin which a coal or peatswampformed can be determinedbasedon

macerakypesandtheir proportionality

Liptinite Inertinite Huminite Group Vitrinite Group
Group Group

Sporinite Fusinite Telohuminite Textinite Telovitrinite |  Telinite
Cutinite Semifusinite Ulminite Collotelinite
Resinite Funginite Detrohuminite|  Attrinite  |Detrovitrinite| Vitrodetrinite
Alginite Secretinite Densinite Collodetrinite
Suberinite Macrinite Gelohuminite | Corpohuminite | Gelovitrinite | Corpogelinite
Chlorophyllinite |Micrinite Gelinite Gelinite
Fluorinite Inertoditrinite

Bituminite

Exudatinite

Liptodetrinite

Figure 11 Components of macerals, with the major groups highlighted in the top row (from $udre2012).

12



Distributive Fluvial SystemgDFS)

Horner (2016) determinecthat depositsof the Raton Formationfit well into the
contextof the Distributive Fluvial Systemmodel. A Distributive Fluvial Systemis a
geomorphicanddepositionaimodelfor fluvial sedimentsn basinsandis ii @aepositof a
fluvial systemwhich in planformdisplaysa radial, distributivechannelp a t t (idartlayo
etal.,2010).In generala DFSinitiatesat a point wherea confinedriver channebecomes
unconfinedtermedtheapex),andcomprisesa: 1) proximal,2) medial,and3) distalzone.
Severalcharacteristicare prevalentamonglarge scaledistributivefluvial systemsn the
world, includingadownstreanmadiationof channelsvith adecreasé channebkizedown
DFS, a generaldecreasen grain sizedownDFS with increasedfloodplain preservation
towardthe distal portions,anda lack of channelconfinemeniFigure 12). Thesesystems
existin all climate and basintypes(Hartley et al., 2010). The distal portion of the DFS
containspoorly drainedfloodplain depositssuch as marshesjakes, and backswamps,
frequentlyavulsingandbifurcatingchannelsandterminalsplaycomplexeswhich areall
foundin the RatonFormation(NicholsandFisher,2007;Weissmanretal., 2013;Horner,
2016 McGregor,2017).

Characteristicsf thedistaldepositsof a DFSalign with thosetypical of the Raton
Formationof the RatonBasin.Distal DFS depositscontainplentiful floodplain facies,a
low abundancef channeffill depositssedimentlows thatoccuroutsideof the channel,
and mudHilled channeldeposits(Graham,1983; Nichols and Fisher,2007; McGregor,
2017) All of thesedepositshavebeenpreviouslyidentified within the RatonFormation,
andcomparedo the distal portion of the DFS (Alrefaei, 2016;Horner,2016 McGregor,

2017).
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Previous Coal DepositionalModels

Thecoalunitsof theRatonFormationhavetraditionallybeendescribedn literature
asdiscrete discontinuousedsthattypically do not continuefor morethanonethousand
feetbeforetruncationby afluvial channebr depositiondly pinchingout(FloresandBader,
1999; Clarke ard Turner, 2002; Topper,2011). However,recentwork hasfound that
individual coalscan be mappedfor multiple-to-tensof miles (Osterhout2014; Personal
Comm.2018,Roy Pillmore; PersonaComm.2018,SearnHorne) Depositionamodelsfor
Ratoncoalsrangefrom organicrich marshegarallelto the Cretaceougoastline(Jurich
and Adams, 1984; Carlton, 2006) to raised,interfluve peatswamps(Flores,1985). The
modelproposedy Flores(Figure 7) is the mostpopularanddescribesoal depositionin
the abandonedlluvial backswampfloodplain of a meanderingiver. In the model, this
floodplain is in the distal part of the flood basin is poorly drained,experiencedapid
subsidenceandis situatedawayfrom any detrital influx. The watertableis proposedo
have risen due to expelling of water trappedin pore spacs. Depositionalloading is
proposedo haveforced waterout of pore space,ncreasingthe groundwatetablelevel
andaidingin peatpreservatior(Flores,198). Thethickestcoalsareaccountedor by a
presenceof raisedor i d o mevabdy peat swamps,which allows for resistanceto

compactionsimilar to thewoodythick coalsof the PowderRiver Basin(Flores,1985).
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CHAPTER TWO: Data and Methods
Overview

This study defines the codlorming environment of the Raton Formation
depositional system by incorporating and analyzing data from these rocksrasbi®
micro-scale. The study included organic petrography, dt@manalysis, vitrinite

reflectance, palynology of coals, core analysis, and outcrop analysis.

Organic Petrography and Palynology Data

Seven total coal samples were collected from four outcrop locations (King Coal,
Wild Boar, Trinidad Lake State Parknd Bosque del Oso) for proximate / ultimate
chemical analysis, organic petrography, palynology, and vitrinite reflectance analysis
(Tables 1). One representative sample (>1kg), containing the entire vertical extent of each
coal bed, was taken from the nhpsominent coal seams at each outcrop. In two samples
1A BDO and2CKing Coal combined results suggest that these samples are more similar

to carbonaceous shalésn coals.

Organic Petrography and Palynology Methods

Coal samples were shipped to Dr. Thomas Demchuk, Adjunct Professor at
Louisiana State University and geologist at RPS Group Inc., who packaged and sent a
portion of each sample to Dr. Cortland Eble at the Kentucky Geological Suvey f
proximate / ultimatehemical analysis, a process which analyzes the chemical and organic
constituents of coaldDr. Demchuk also had samples prepared for organic petrography,

palynology, andiitrinite reflectance analysishen performed these analysesl produced
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represerdtive photomicrographsRPS Group Inc., prepared the samples for organic
petrography and palynology.

Each sample underwent a 300 maceral count, a minimum of 50 random vitrinite
reflectance measurements, and a qualitative analysis of palynology slidek.dk &pore
abundance, general degradation of spores, and abundance of opaque kerogen made

identification very difficult and negated the possibility of quantifying spore abundance.

Coal Latitude | Longitude
Label | Outcrop Origin | (N) (W) Details

37,09,02| 104,55,15.| Taken from major base coal
1A Bosquedel Oso | .39 70 BDO

37,07,29| 104,42,55.| Taken from top of major coal i
2A King Coal .99 03 KC

37,07,29| 104,42,55.| Taken from middle of major co4
2B King Coal .99 03 in KC

37,07,29| 104,42,55.| Taken from base of major coal
2C King Coal .99 03 KC

37,08,03| 104,41,51.
3A Wild Boar A1 62 Taken from left of coal attic

37,08,03| 104,41,51.
3B Wild Boar A1 62 Taken from coal near river

Trinidad  Lake| 37,07,49| 104,38,17.| Taken from major lateral coat

4A State Park 40 40 base of TLSP

Tablel Coal sample labels, outcrop from which sample was collected, location of each sample, and details abo
sample

Core Data
Pioneer Natural Resources loaned fourteen cores from the Raton Basin to TCU, and
these were stored in the TCU Energy Institute Core Lab Facility for the duration of this

project. Pioneer Natural Resources and Evergreen Resources originally cored tlese well
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to investigate generative potential for coal intervals and reservoir potential of sandstone
intervals (Horner2016).

This study analyzed four cor€sigure 14) in the upper or lower coal zone (UCZ
and LCZ) with high relative coal abundance. Coal abnod for the cores was determined
using gamma ray and density logs. Pioneer Natural Resources provided the stratigraphic
position of the cored intervals, which are here confirmed. The cores selected for this study
wereState of Colorado AS #236 TR, Zamaoa #2214V, Maverick #1229 TR, and Dover
#21-1TR. Table 2 contains the locations of the selected cores, as well as the four cores
interpreted fronthe Hornen(2016 study These corewere used aslaasis for lithofacies

interpretationn this study

Core Methods
Core description (totaling 949 feet) is on ifdadisis and includes lithology, primary
and secondary sedimentary structures, organic content, and bioturbation. Core descriptions
were entered adjacent to gamma ray (GR; API) and density (RH@®;lggs, to display
log response to lithologic features using E&sye software, courtesy of EasyCopwable

2). These core descriptions are availabléppendix Items 6-9.
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Base Cored
Poison Interval
Canyo Upper Top of Top of (top-
Well n Raton Coal Barren Vermejo | bottom)
Name (-ft) (-ft) Series (ft) Fm. (-ft) (-ft) Fm. Interval
ZAMORA 708 to
22-14V 397.38 868.17 1278.51 1851.48 883 uUCz
DOVER 855 to
21-1TR | 414.38 889.82 1354.43 1583.98 1067 LCZ
MAVERIC
K 12-29 NO 980 to
TR INFO 362.87 781.01 1232.45 1189 uCz
STATE OF
COLORA
DO AS 21 505 to
36 TR 350.64 917.29 1378.31 1824.92 804 ucz
Cheetah 1810 to
14-2 740.2 1158.18 1666.9 1936.3 1320 LCZ
Zamora 22 1118 to UCz/Top
14V 397.39 868.17 1278.51 1851.48 1320 Barren
King Kong | 1185.0 1798 to
41-26 2 1523.65 2072.5 2596.67 1918 ucz
King Kong | 1185.0 2070 to
41-26 2 1523.65 2072.5 2596.67 2250 Barren
Old Yeller 1380 to
31-32 877.78| 1438.71 1946.07 2486.13 1795 ucCz

Table2 Names of wells cored, depths of formation tops from Pioneer Natural Resources, the cored intervals described,
and the corresponding formation intervals for each well. Grayed boxes indicate cores from Horner, 2016. UCZ =
Upper Coal Zone, LCZ = Lower Coab#e).
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Outcrop Data

The CretaceouRaleogene strata of the Raton Formation crops out throughout the
Raton Basin in both southern Colorado and northern New Mexico. Road cuts in Colorado
along Colorado HWY 12 have high vertical and lateral extent and are the optimal for this
study. They are also proximal to previously studied and analyzed outcrops.

The three outcrops along Colorado State HWYtH& werestudied(Table 3)
contain significant coal deposits. Stratigraphic position of these outcrops is determined via
relative loation and elevation compared to a confirmed CretacBaiesogene boundary
(Pillmore, 1999)Figure 14). These outcrops are the King Coal, Wild Boar, and Trinidad
Lake State Park. King Coal (KC) is located just east of Segundo, CO. Wild Boar (WB) is
located just north of Valdez, CO, north of HWY¥2, and adjacent to Pioneer Natural
Resources water disposal well Wild Boar22. Trinidad Lake State Park is on the north
side of HWY 12, approximately 1.5 miles west of the Cokedale exit and across from

Madrid Bridge.

Latitude Longitude Elevation Formation
Outcrop (N) (W) (ft) Interval

Bosque del Oso | 37,09,02.39 104,55,15.70| 7253 +/ 12 | Upper Coal Zone

King Coal 37,07,29.99 104,42,55.03] 6512 +/9 | Upper Coal Zone
Wild Boar 37,08,03.11 104,41,51.62| 6525 +t9 | Upper Coal Zone

Trinidad Lake State
Park 37,07,49.4Q0 104,38,17.40, 6305 +/9 | Lower Coal Zone

Table3 Outcrops worked in this study, their locations, elevations, and interval of Raton Fm. that contains

Horner(2016) studied four road cut outcrops, three of which were determined to

be in the upper coal zone (UCZ), and one in the lower coal zone (LCZ) of the Raton
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Formation. They are the Upper Valdez (UV), Lower Valdez (LV), Bosque del Oso (BDO),
and Exit 6 (E6) outcros-EXxit 6 is the lone LCZ outcrop of the studyor this study, the

Upper and Lower Valdez outcrops are considered to be located in the Barren series.

Age Formation Informal Members and Description Lithology

Formation intertongues with Poison Canyon Formation S *BDO* _

to the west - I zamora
UPPER COAL ZONE-Very fine grained sandstone, :

siltstone, and mudstone with carbonaceous shale i e \'TVCE; | sTicoLorADO

and thick coal beds = =

[ OLD YELLER
RATON >
FORMATION - || iNG KoNG

BARREN SERIES—Mostly very fine to fine-grained S (|e UV

sandstone with minor mudstone, siltstone, with by (l° W

carbonaceous shale and thin coal beds o)« S—

LOWER COAL ZONE-Same as upper coal zone; coal ° E6 I DOVER
beds mostly thin and discontinuous. Conglomeratic | | o TLSP* I MAVERICK
sandstone at base; locally absent : :

® Outcrop l Core

Figure 14 Stratigraphic position of outcrop, core, and coal samples. Asterisks at end of outcrops indicate coal
were taken from this outcrop. Mul tiple Acoreo ba
indicates data from this stly, and orange indicates data from Horner (2016).

Four outcrops were imaged using a DJI Phantom 4 Pro+ drone, providing thousands
of high-resolution geeaeferenced phographs along the length of the outcrops. Resulting
photos were then filtered for any features that would deter from model building (e.qg., cars,
poor sunlight, animals, etc.), entered into Agisoft PhotoScan Professional, masked, and
used to build a-®imensional Digital Outcrop Model. The resultinglBDOM was then
flattened, transformed into an orthomosaic photographic panorama, and used for
architecture and general outcrop analysis. Tavani et al. (2014) describes similar methods
and general usage of DOMSections were measured at each outcrop to constrain
lithofacies along the extent of the outcrops.

Lithofacies mappingvas performed on the three outcrops by applying lithofacies
identified in core to outcrops, and then analyzing geometiationshig from the

outcorps Lithofacies analysisvas performed by first identifying lithofacies, lithofacies
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assemblages, and bounding surface$éram cores inoutcrop. These were then field
mapped anddrawn onto the DOMs in Adobe lllustrator CC 2018ome targetd
architecture analysis was done within the chaiwedl assemblage, and vall&l
supeassemblageldentification andinterpretation of bounding surfaces was based on
Miall (1985-; 1988; 1996) and Holbrook (2001), relying heavily on the principleso$s

cutting relationships and superposition and specifically based on the principles outlined by
Holbrook (2001), and abridged by Horner (2016):

1) Each surface is considered to be laterally continuous and unique until truncated or
indiscernible.

2) Surfacesnay truncate one another, but they may not cross one another.

3) Surfaces may be diachronous but all points along a surface must be oldiethan
materials or surfaces it locally binds and must be younger than the material or
surfaces it locally cuts.

4) Surfaces can only be truncated by surfaces of equal or higher order.

The purpose dithofacies mappingvas to determine the vertical and lateral relationships
between lithofacies andhiofacies assemblages, with fleeus on coals and surrounding
comporents. Lithofacies mapping coupled wighgetedarchitectural analysis places coals
within the context of their contemporary deposits and within a more integrated depositional

system.
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Grp Time Examples Instan- Fluvial, Rank and

scale of taneous deltaic characteristics

of processes sedimentation depositional of bounding

process rate (m/ka) units surfaces

(a)

1 10-6 Burst-sweep Lamina Oth-order,
cycle lamination surface
2 10-3 Bedform 10° Ripple Ist-order,
-10-1 migration (microform) set bounding surface
3 10-3 Bedform 105 Diurnal 1st-order,
migration dune increment, set bounding surface
reactivation surface
4 102 Bedform 10+ Dune 2nd-order,
-10-! migration (mesoform) coset bounding surface
5 100 Seasonal events, 102-3 Macroform 3rd-order,
-10! 10-year flood growth dipping 5-20° in direction
increment of accretion
6 102 100-year flood, 102 Macroform, 4th-order, convex-up

-103 channel and e.g., point bar, macroform top, minor channel

bar migration levee, splay scour, flat surface bounding
immature paleosol floodplain elements
7 103 Long-term 100-101 Channel, 5th-order,

-104 geomorphic delta lobe, flat to concave-up
processes, e.g. mature paleosol channel base
channel avulsion

8 104 5th-order 10-! Channel belt, 6th-order,

-105 (Milankovitch) alluvial fan, flat, regionally extensive,
cycles, response minor sequence or base of incised valley
to fault pulse

9 105 4th-order 10-1-10-2 Major dep. system, 7th-order, sequence

-10¢ (Milankovitch) fan tract, boundary; flat, regionally
cycles, response sequence extensive, or base of incised
to fault pulse valley

10 106 3rd-order 10-1-10-2 Basin-fill 8th-order,

-107 cycles. complex regional

Tectonic and disconformity

eustatic processes

Figure 15 Hierarchies of architectural uts (Miall, 1996).
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CHAPTER THREE: Results

Coal Characterization

Coal Chemical Analysis

Proximate / ultimate analysis revealtidht the six true coalsthat weresampled

shared similar characteristi€¥able 4). Proximate results reveal that inherent moisture

ranged from 1.5%.62%, sulfucontent was low (<1%), and ash content ranged from 5.28

61. 12 %.

Fi ve

out

of seven

s a reé mals yialded

relatively high dry astiree (daf) fixed-carbon values that ranged from 4668843%.

Discounting sample BDO the range reduces to 68%43% FC (daf).

Carbon | Carbon Sulfur | Moisture Ash | VM VM FC | EC

Sample | (%, % Y o (%, | %, | %, | (% | (%,
dry) | daf) > > dry) | dry) | daf) | dry) | daf)
Coal 2A| 80.16 | g7.43 | 0.64 2.43 8.32 | 29.95| 3267 | 61.73| 67.33
Coal2B| 81.38 | g7.99 | 0.56 1.63 7.51|29.91| 3234 |62.57| 67.65
Coal 2C| 63.74 | g5.19 | 0.46 142 | 25.18| 26.38| 3526 | 48.44| 64.74
Coal 3A| 80.38 | 8656 | 0.55 4.19 7.14 | 28.38| 3057 | 64.48| 69.43
Coal3B| 82.61 | g7.21 | 0.61 3.29 5.28 | 31.68| 33.44 | 63.04| 66.56
Coal4A| 77.33 | g6.86 | 0.67 1.55 10.97| 27.84| 31.27 | 61.20| 68.74
BDO 26.99 | 942 | 0.25 5.62 61.12| 20.73| 53.32 | 18.15]| 46.68

Table4Pr oxi mate / wultimate analysis res-dtied. faidsdigds® i
free coal. AVMO = Volatile Matter. AFCO
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Vitrinite Reflectancé€R,) / Coal Maturity

A minimum of 55, and up to 67, randdR3 measurements was performed
for each coal sample. Measurements gabavrange of 0.73 to 0.99 % for mean randomly
measured R and calculated maxoRangedfrom 0.77 to 1.05 %. Standard deviation
randomly measured Ro rangiedm 0.029 to 0.5. All coals were ranked as higiatile

bituminous A or B coalsTiable 5).

Sample Name Ro % Ro % Coal Rank Standard | No. of
(rando | (max: Data
m) calculated) Deviation | Points
High-volatile
1A Bosque de Bituminous
0SsO 0.73 0.77 A/B 0.500 55
2A King Coal High-volatile
Top 0.99 1.05 Bituminous A| 0.031 56
2B King Coal High-volatile
Middle 0.98 1.04 Bituminous A| 0.041 61
2C King Coal High-volatile
Bottom 0.99 1.05 Bituminous A| 0.029 61
3A Wild Boar High-volatile
Top 0.97 1.03 Bituminous A| 0.039 67
3B Wild Boar High-volatile
Bottom 0.97 1.02 Bituminous A| 0.032 62
High-volatile
4A Trinidad Lake| 0.99 1.05 Bituminous A| 0.037 60

Table5 Vitrinite reflectance results.
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Organic Petrography and Composition

Vitrinite exceeded all other maceral types in total counts, followed by inertinite,
liptinite, general mineral matter, and solid bitumég(re 16). Maceral proportions
variedbetween sample§igures 16-21). 1A Bosque del Oso contained significantly more
liptinite and mineral matter than other coal samples, as well as less vitrinite. 2A King Coal

was dominated by vitrinite (90.33%)making it the most vitriniteéich coal of theseven

)

50 100 150 200 250 300

1A Bosque OCL 05O

2AKing Coal Top

2B King Coal Middle

m Vitrinite

2C King Coal Bottom m Solid Bitumen
Liptinite
Inertinite

& Mineral Matter

3A Wild Boar One

3B Wild Boar Two

4A Trinidad Lake

Figure 16 Maceral counts for each coal sample.

samples. 2B King Coal was dominated by vitrinite, followed by inertinite and mineral
matter. 2C King Coal was dominated by vitrinite, followed by mineral matter, inertinite,
and solid bitumed 2C KC contained the most solid bitumen of any coal san3@avild

Boar was dominated by vitrinite, followed by inertinite, and minor amounts of liptinite,
mineral matter, and solid bitumen. 4A Trinidad Lake State Park sample is dominated by
vitrinite, followed by inertinite, liptinite, mineral matter, and lgsblid bitumen. Maceral

proportionality reflects the components of the peat that formed a coal, and identifying
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which macerals dominate samples is central to identifying the depositional environment of
a peatland (Stach, 1981; Taylor et al., 1998; Sykoeial., 2005; Suard®uiz, 2012).

All maceral groups were identified in coal samplas well as specific sub
categories for each groypigures 1620). Vitrinite group macerals identified include:
Tellinite, Collotelinite, Bitroderinite, Collodetrinifeend Corpogelinite. Liptinite group
macerals identified include: Terrestrial Sporonite, Lptrodetrinite, Amorphinite,
Exsudatinite, and Cutinite. Inertinite group macerals identified include: Fusinite,
Semifusinite, Secretinite, Inertodetrinite, Micrinitend Macrinite. Mineral matter
idientified includes: Clay, Quartz, Massive Pyrite, and Small Framboidal Pyrite.

Coal samplescluded a prominent amount of the vitrinite maceral gradien in
groundmass Kigures 19-21). This is indicative of a woody environment, and best
represents the organic petrography data as a whaaré 19). In addition to vitrinite,
some samples (3A WB, 3B WB, and 4A TLSP) contained more inertirigeires 20),
indicative ofpeats which undwent some form of degradation during deposition. 1A BDO
differs from the rest of the samples, as it is lipthditaninated, containing the waxy
derivatives of plargand sporesAll coal samples also contained solid bitumen (product of
hydrocarbon generiah (Figure 21)), with 1A BDO and 2C KC containing more than

double of any other sample.
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Total Maceral Counts by Type
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Figure 17 Total maceral counts for all coal samples.

29




EXITHET

[BJSUIA ®

Byuiau e eEU e auundn e ANULNA = Fuupaul s ERUW e Auundne  FuULEAE dupaul = [esRUN = Apund =

) ald e se pajuasaldal ‘ajdwes [e02 [enpiAlpul yoea lo} adAl [eleoew [euoniodold 8T ainbi4

\ ,

sed 91815 YT PEpIULL VY 1e0g PIIM VE 1eog plIM g€

anudi e SPULNA ®

y
D

[eo) 8uny D¢

SyuBUl = EJBUIN = Sundrie  SUULTA SnuBYl = ESSUIA R BNUNdi e BUULTA =

4 \

[eo) Buiy g¢ 120D Bury v¢

3uIyaY =

AUULA =

[eJauIN =

apundr =

oagvi

SHULYA =

30



Figure19 Eight photomicrographs taken in reflected white polarized light. Magnification for all photos is 500x
bar (#7)pertains to all photog1] Collotelenite (Ct), homogeneous vitrinite groundmass; and Collodetrinite (¢
mottled vitrinite groundmass, with clay (from 1A BD@)(Ct), homogenous vitrinite groundmass (from 1A BI[3D
(Cd), mottled vitrinitic groundass; and Corpogelinite (Cg), homogenous cell fillings (from 2MKC)),
homogenous vitrinite groundmass; (Cd) and Micrinite (Mi), mottled vitrinite groundmass with small rounded ¢
inertinite; and (Cd), mottled vitrinite groundmass, with diiigm 2B KC]5] (Cd) with (Mi), mottled vitrinitic
groundmass with small rounded grains of inertinite; Inertodetrinite (Id), small discrete inertinite particles of v
shape; and Semifusinite (SF), inertinite of intermediate reflectance with aslhlar structure (from 2C K] (Ct),
homogenous vitrinite groundmass; possible (Cg), homogenous cell fillings; Fusinite (F), highly reflecting iner
visible cell structure; and (Id), small discrete inertinite particles of varying shape3#&&B)[7] (Cd) with Macrinite
(Ma) and (Mi), mottled vitrinitic groundmass with amorphous structureless inertinite bodies, and small rounde
of inertinite (3B WB)8] (Cd), mottled vitrinitic groundmass; with (SF), inertinite of intermedidteatance with
visible cell structure; and (Id), small discrete inertinite particles of varying shape (from 4A TLSP).
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Figure 20 Eight photomicrographs taken reflected white polarized light. Magnification for all photos i9%0Scale
bar (#7) pertains to all photoq1] Fusinite (F), highly reflecting inertinite with visible cell structure (from 2A KgJ.
(F), highly reflecting inertinite with visible cell structure (from 3A WB].(F), highly reflecting inertinite with visible
cell structure; Semifusinite (SF), inertinite of intermediate reflectance with visible cell structure; and Collodetripite (Cd
with Micrinite (Mi) and Inertodetrinite (Id), mottled vitrinitic groundmass, smalinded grains of inertinite, and small
discrete inertinite particles of varying shape (from 3B W&])(SF), inertinite of intermediate reflectance with visible
cell structure; and (Cd) with (Mi) and (Id), mottle vitrinite groundmass, small roundedsyad inertinite, and small
discrete inertinite particles of varying shape (from 4A TLBPJFunginite (Fu), highly reflecting fungal spore sclerotia
(from 1A BDO)[6] Secretinite (Se), round inertinite bodies without plant structure thought to beitieion product

of resins or humic gels; Macrinite (Ma), amorphous structureless inertinite bodies, and clay (from ZA] K@crinite
(Ma), amorphous structureless inertinite bodies (2B K@8).(Ma), amorphous structureless inertinite bodies; and
possble (F), highly reflecting inertinite with visible cell structure (from 3A WB).
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Figure21 Eight photomicrographs, with the photos on the left taken in reflected white polarized light, and the
being a matching photo takém UV-light. Magnification for all photos is 500x. Scd#7) on bottom left pertains tc
all photos [1] Collotelinite (Ct), homogenous vitrinite groundmass; Fusinite (F), highly reflecting inertinite w
visible cell structure; Inertodetrinite (Id), st discrete inertinite particles of varying shape; and Collodetrinite (¢
mottled vitrinitic groundmass, with claj2] Resinite (R) derived from plant resins; and Sporinite (S) derived frol
waxy coatings of pollen and spores (from 1A BO8))(Ct), homogenous vitrinite groundmass; Corpogelinite (C
homogenous cell fillings;(Id), small discrete inertinite particles of varying shape;Collodetrinite (Cd), mottled vi
groundmass, with clay4] Cutinite (C), derived from the waxy outer coatofgeaves, roots and stems; and (S)
derived from the waxy coatings of pollen and spores (from 1A BB[OJlay, with possible dispersed Solid Bitum
an early product of hydrocarbon generatigé] Possibly Amorphinite (Am), amorphous and discrete éscing
bodies, of unknown origin, perhaps bacterial or amorphous kerogen/algae (from 2fVK8&)lid Bitumen (SM),
likely wurtzilite, an early product of hydrocarbon generatif@j.Possibly Amorphinit¢éAm), low fluorescent clay,
fluorescing organic matter of unknown origin, likely amorphous kerogen/algae (from 4A TLSP).
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Palynology

Coal samples were individually analyzed for palynofloral assembl&genple 1A
Bosque del Oso was the only samplattiielded identifiable sporés; it contained a
sparse assemblage, dominated by structured plant material, such as cuticles and other
structured plant debris. All other coal samplesked identifiable palynomorphbeing
entirely dominated by opaque vitiie / kerogen.

The palynofloral assemblage in sample 1A Bosque del Ggure 22) was
dominated by thetree fern spore Laevigatosporitessp., with lesser amounts of
Gleicheniiditessp., nondescript lacustrine algae, amdre nontdescript fern spores,
bisaccate pollen, angiosperm pollen, and one fungal spore. All of the identifiable pollen
occur in places that are at least seasonally wet, with lacustrine algae indicating presence of
true standing water for some peridthe amiosperm pollen (walnut family) stands out
from the rest of theentified palynomoprhsand could have easily been windbloidue
to the low abundancesygntitative abundance counts were not posditbie worth noting
that the onlysample with identifible spores (1A BDO), is the sample with thighest
amount of liptinite (preseed waxy leaf componentdgast inertiniteand a high amount

of solid bitumen
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Figure 22 Eight photomicrographs of specimens from the 1A Bosdu@stesample, taken in transmitted white polarized
light. Magnification for all photos is 640x, except for photo 4 which is 4Q)x.aevigatosporites sp. (Monolete fern
spore). [2] Gleicheniidites sp. (Trilete fern spore}3] Reticuloidisporites sp. (Tlete fern spore, reticulate
ornamentation)[4] Bisaccate pollen (Gymnosperm pollen, possible Pinad&a&)omipites sp. (Triporate pollen grain,
Angiosperm, Juglandaceous affinity, Walnut famil§). Tricolpites sp. (Tricolpate pollen grain, foveolaeulpture,
unknown botanical affinity]7] Tricolporites sp. (Tricolporate pollen grain, psilate to finely scabrate sculpture, unknown
botanical affinity. [8] Fungal spore (Fungal hyphaélamentous structure of a fungus, oomycete, or actinobacterium
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Core and Outcrop

Cretaceoud’aleogene Raton Formation strata conthirteen distinct lithofacies
(Table 6, Figure &) in both core and outcrof.ithofacies are grouped into three
Lithofacies Assemblages and Architectural Elements are further defingghidstoneich

lithofacies Table 8).
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Grain Lithofacies . _ : : :
Size (Code) Lithology Characteristics Fossils, Special Features Interpretation
Pebblesized, poorly] No major observable features Braujed streams  an
Conglomerate . alluvial fan depositsupper
© (Ca) sorted  conglomerate massive, poorly sorte( None observed flow regime, represent
reddish brown conglomerate Raton Congldmerate
Trough  cross Fine to coarsgrained Sets range in thickness from 0 Commonly in scour at bas¢,,. .. .
X guartzose sandstone . Migration of dunes, high
S laminated ; 2m, commonly at base ( frequent mud ripups and loca
white (fresh) to dark tar . ! : energy flow
sandstone (St) multiple sandstone sets preserved organics (sticks)
/ yellow (weathered)
Fine to coarserained Sets range in thickness from O
Planar  cross ¢ to 35m andtend to fine up. . .
S laminated quartzose sandstone Scours within / between se Commonly in scour at base, sof Dur_1es and bars in low floy
sandstone (Spx) white (fresh) to dark tar identifiable. Contains both lov preserved organics (sticks) regime
/'yellow (weathered) and highangle crosgaminations
= Vﬁa%e:;me 0 u?r?z?g Immlicm horizontal
Planarlaminated gandstone wh?te (frest laminations, with lamination se{ Abundant preserved organics | Upper flow regime plang
sandstone (Sp) ! ranging from 175cm. Contain base lgaves stick impressions) | bed
to dark tan / yellow . . L
isolated ripple laminations
(weathered)
Very fine to medium . o . Channel, splay, an
. ; ; 1-3 cm ripple laminations, ripplé : .
Ripplelaminated | grained quartzost ' Abundant preserved organi{ blowout wing. Represent
S k sets ranging from 0-20cm, rare . . . : )
sandstone (Sr) | sandstone, white (fresk climbing rioples (leaves sticks) ripple migration in low
to tan (weathered) gripp flow regime.
Very fine to coarse
S Massive g;‘gs& ne whqitli- agrzeoss; Lack of sedimentary structure Zgiiﬁg&% whole tr;?/?é Wcij\l/reer? High volume sand
sandstone (Sm) ! Thickness ranges G2m 9 movement of channel sang
to dark tan / yellow collapse structures
(weathered)
S|Ity_ san_dstone « Dewatering structures commo N
mediumgrained ; . Represent  gravitdriven
Slumped | some preservation of primal
M sandstone, ranges | . None observed flows, bank collapse, slum
sandstone (Sss) . | sedimentary structures  but . i
color due to high structures, liquefaction

argillaceous content

typically destroyed




8¢

Very fine to medium
Faintly- grained quart2031 Contains faint lowangle .| Formed  during brief
. sandstone, ranges | S Common preserved organi . ;
M laminated : laminations, one of the mo : deceleration of  high
color  (whiteyellow- . ; (roots, leafs, sticks)
sandstone (Sfl) common lithofacies volume sand flow or Sm
red) due to Igh
argillaceous content
Heterolithic Lithology ranges from . . Commonly rooting near top of H
muddy siltstone t¢ planarlaminated, ripple . ; .
Sandstone, . . . . ; but geneally lacks bioturbation| Splay delta, waning flows
M : mediumgrained sand| laminated, or faintlylaminated, S .
Siltstone, . . . some weHpreserved organics i| and abandoned channel fil
occurs in alternating Thickness ranges from 0.88n o
Mudstone (H) bedding between laminations
' C_Iay particles, slightly Minor preserved organics (stick Flpodplaln _ lakes, yv|th
Laminated silty mudstone to pure oo : L minor rooting and iron
F . Planarlaminations leafs), iron staining and nodule S R
Mudstone (FIm) | mudstone, light to darl . ; . staining indicating
some pyrite, very minor rooting
gray temporary exposure
Moderately to very poorly
Occurs in mud and Most characterized by rooting drained, poorly develope
siltstone to very fine| primary  bedding  typically Dominated by moderate t simple soils. Slickenties
F Pakosol (Fp) . : o .
grained quartzose| destroyed. n Commonly,gleye( abundant rooting, indicate vertisols, mottleg
sandstone mottled, containing slickenlines and broken up / gree
paleosols indicate gleysol
Often  preserved, coalifie Basically coaly mudstoneg
Carbonaceous Dark gray to very black| organics. Abundant organic Sticks. roots. leafs. aeneral and serve as a transitiona
F/0O Often  shiny. Very| differentiate this lithofacies ém ' - 9 period between whe
Mudstone (Fcm) | .. - ; have been coalified .
fissile. laminated mudstone. Range floodplain lakes are nog
thickness from 0.04.5m coatproducing
Black, ;hmy_, high Well-developed cleats. Range . Period . during  which
(0] Coal (C) volatile bituminous 4 ., . Shiny, black floodplain lakes underg
thickness from 0.02.5m ! ;
coal. period of peapreservation

Table6 Table of lithofacies identified in core and outcrop, with information on lithology, major characteristics, fossils antifespagies, and interpretations of each. For Grain

size,Cg = conglomerateS = sand,M = mixed,F = fines, andO = organics.



Figure23 Lithofacies examples in outcrop and core. Scale for [1] is hand. Scale-8rifzlicated by red line on lef
which is 1m. [1] Planar crostaminated sandstone (Spx) at base of a chahakbhssemblage (from TLSP). [2]
Planar lamnated sandstone (Sp) from DoverPIR [3] Heterolithic sandstone, siltstone, mudstone (H) from D¢
21-1TR [4] Coal ( C) indicated by red arrow, from State of Coloréb36R [5] Poorly drained gleyed paleosol
from State of Coloradas 2136R [6] Moderately drained rooted floodplain (Fp) from Maverick. [7] Carbonace:
mudstone (Fcm) from Maverid2-29 TR [8] Slumped sandstone (Sss) from Maveti2i?9 TR [9] Raton
conglomerate (Cg) and contact of RatoorfRation and Vermejo Formation, indicated by red arrow, from Mave
12-29 TR
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Lithofacies Assemblage

Lithofacies in the core and outcrop of the Upper and Lower Coal Zone Ratba
Formation are grouped into thregenetically related lithofacies assemblages. These
associations are: chandglt, floodplain, and lacustrine assemblages. In addition to these
assemldges, the outcrops contained osaperassemblagermed of a combination of
assemblagewalleyill. In general, channels cutting through floodplains and lakes deposit
the channebelt assemblage, floodplains deposit the floodplain assemblage, and lakes in

floodplains deposit the lacustrine assemblagech includesmajorcoals

ChannelBelt Assemblage

The channebelt assemblage contains Cg, St, Spx, Sp, Sr, Sm, Sss, Sfl, and Fp
lithofacies is poorly to wellsorted, andangesfrom pebbly conglomeratic to very fine
grained quartzose sandstone. The chahaklassemblage is divided into three elements
bars, channel fills, and wing<lustered or amalgamated chanhelts arecommon and
occur in all three outcrapstudied (Figures 29-31). However, theKing Coal outcrop
contains the only example of a confinetmalgamation of several charibalt
assemblagesyhich together forms a valleyfill superassemblag@-igure 30). Valley-fill
superassemblages, chanhelt assemblages, and their associated elenaatspmmonly
encased in floodplain and lacustrine adskgeyFigures 29-31). Within the channebelt
assemblagethe channefill element is the most abundant, followed by the bar, and

blowout wing elements.
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Bar Element

Bars are characterized by lithofacies St, Sxp, Sp, and Sr and typically dominate
channel belts. Bars have an erosive basal contact and dafiypeannibalize onanother.
They typically have a sheéke or lensod geometry, andan locally stack, representing
amalgamated channbelts (Figures 24, 30). Bars are defined by their @rnal fining

upward trends, internal accretion sets, and geometry (Miall, 1996; Sharma, 2013). Bars are

bound by basal scours aodpped by floodplain deposits.

Figure 24 Set of bars representing amalgamating chasbels, from King Coal outcrop.
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Channel Fill Element

Channel fill elements are characterized by Cg, St, Spx, Sp, SrS&mnand Sfl
lithofacies. Channel fill elements typically have a basal scour and their geometries are
concave up, lensoid, and sometimes shiket which likely represents adjacent channel

fills. Channel fill elements in this study typically fine up, ramg thickness frond to 24

68" Fim

* 36" Channel fill element that

fines up, comprised of:
2" Sr
6" Sp
28" Spx with erosive base

34" black Coal,
capped by 5" Fcm

L

23" Fem, stick at base

Figure 25 Channeffill element with measured section. Yellow arrow indicates a chédilnglement, encased in
lacustrine assemblage. Measured section (from Appendix ltem 12). From TLSP Outcrop.

feet 1.5 to 8 n), and can extend laterally from 4 to 125 m. Similar to chabekl
assemblages, channel fill elements can also be encased in floodplain or lacustrine
assemblages. A generalized single channel fill would haver@sive basal scour, fine
upward, and then gradationally transition into an abandoned channel fill stage / lacustrine
assemblage. A similar example occurs in TLSP outdfaqu(e 25).

Channel fill elements often contain preserved vegetative organtteiatbase,
including roots, sticks, root balls (large siderite nodules formed around the base of trees
and root systeBs), and even whole treegigure 26). Vegetationinduced sedimentary
structures (VISS) are primary sedimentary structures formed byrésenze ofn situ

plants and their syndepositional interaction with sediment (Noffke et al., 2001; Rygel et
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al., 2004). VISS were wetlocumented in the Raton Formation Horner (2016), but their

presence is mainly associated with splay assemblages.

Figure 26 Four examples of preserved vegetation. All are located near the base of channel fill elements. S

provided by hammer except in [3], which is provided by camera[EhRoot balls highlighted in green, from Kin

Coaal outcrop.[2] Preserved fallen tree, from King Coal outcr¢®] Preserved stick impressions, from King Coe
Outcrop.[4] Preserved, coalified stick or tree, from Trinidad Lake State Park outcrop.

Blowout Wing Elements
Blowout wing elements are characterized by Sp, Sr, Sm, and Sfl lithofacies. Wings
typically occur at the top of channel fill elements, and extend latéraitythese elements

as thin, tabular, and laterally extensive sheatboth sides of the channel

Channel-Belt Blowout Wing

Figure 27 Annotated blowout wing. Shows a blowout wing, surrounded by lacustrine assemblage depos
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Crosslaminated sandstone at the top of a chafildransitions upwardsinto ripple
laminated to faintijaminated sandstone, which extends and tapézsally as blowout

wings often interfingeing and clusteng with other blowout wingéFigure 27). Thickness

of wings range from 0.25 to 1m thick with lateral extent up to 300m. Blowout wings were
first identified by Tomanka (2013), and are sand sheatsendicular to channels that are
propagating out into floodplain lakes lacustrine environmentshey form as subaqueous
density flows over the sides of channel levees (Tomanka, 2013; Huling, 2014; Howe,

2017).

Scale of ChanndBelt Assemblage

The four cores and three outcrops in this study contained 28 single channel stories.
In core, single channel stories were identified based on an erosional scour or lag at the base,
a fining upvardssequence beginning with trough and placiass laminatedandstone
and capped by fingrain floodplain or lacustrine assemblage deposissimilar
identification scheme was used in outcrop, but the majority of channel thicknesses in
outcrop were measured based on the conrupvgeometry of channel deposits,these
could not be reached-merson and likely contain aminimum of~10% error Channel
story thicknessefrom this collectionranged from 20 21.5 et (0.757 7m), with an

average thicknessf 13.4 fee{(4.08 m)
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Table7 Channel story thickness. Contains average measured thickness for single story channels measured in core and
outcrop.Actual channel measurements follow the given average, in ordering of descending thi8gaesis. tops and
bottoms are on the core description and outcrop maps.

. Average Channel Thickness No. Channels
Location (Core, Outcrop) (ft) Measured
ZAMORA 22-14V 19(21.5,19.75,18.5,16.25) 5
DOVER 241TR 10.2(14,12.5,4) 3

MAVERICK 12-29 TR 12.4(21.5, 19.5, 16, 8, 7.5, 2) 6
STATE OF %(gI:I_ORRADO AS 21 14.4(17.5, 17, 13, 10) 4
TRINIDAD LAKE STATE
PARK 10.1(13.5, 13.5, 10.2, 3) 4
KING COAL 13.8(15.5, 14.7, 14.4, 12.5, 5
12.1)
WILD BOAR 13.5(13.5) 1

Floodplain Assemblage

The floodplain assemblage is characterized by Sp, Sr, Sfl, H, FIm, Fp, Fcm, and C
lithofacies. The floodplain assemblage includes both poorly drained and moderately
drained categoriebutis dominategredominatelyoy poorly drainedThe UCZ and LCZ
of the Raton Formation containnly simple paleosols, or immature underdeveloped
paleosol profiles (Kraus and Aslan, 1993). Carbonaceous nma&dstaed coal are only
present asery thin beds, within poorly drained floodplain deposits, and are not laterally
extensive (termination of coals is observable at outsogpe). Moderately drained is
defined as possessing more subaerial litholo@ies heavily rooted Fp, Sfl, and) khan
subaqueous (i.eH, Sfl). Converselythe poorly drained floodplain assemhblge contains
waterlogged or hydromorphic floodplain deposits (i.H, FIm, Fp, Fcm, Fpdleyed
paleosol, vertisols containimgn-oxide nodulep asthedominate assemblage (Krauss and

Aslan, 1993; Aslan and Autin, 1999; Krauss and Hasiotis, 2006)eWftutlerately drained
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floodplain deposits are especially characterized by heavy rooting, poorly drained
floodplain depositsalso containrooting, as even inundated floodplains may become
emergenduringthe dry season. Wetlrained and poorkdrained floodpins commonly
alternate in core, though this is less easy to discern in outcrop, due to heavy weathering.
Floodplain assemblages range in thickness from-07&% and, if not scoured or truncated

by channel assemblage, can be very laterally exterandeextendthe entire length of
outcrops(Figure 31). Floodplain assemblages lack distinct external geometric features
other than being extensive and serving as a {stge matrix assemblage in outcrop
(Figure 31). The major discerning features betwettre floodplain and lacustrine
assemblage is the presence of modenatery rooting, simple paleosols, and lack of the
relatively thick and extensive coals that are found in the lacustrine asselfitpge 31).
Floodplain assemblages also can gradationedlysition into lacustrine assemblages, and

vice-versa Figure 30, 3).

Splay / Sand Sheet Element

The splay / sand sheet element of the floodplain assemblage is characterized by
Spx, Sr, Sp, Sm, and Jithofacies, though this element is dominateddgtly-laminated
to ripple-laminated very finggrained sandstone, especially aymmetrical ripples and
climbing ripples. Crevasse splays and terminal splays are described in detail in the Raton
Formationby Horner (2016) and McGregor (2017), who described and mapped a modern
terminal splay in a DFS system in the Parana River system of Argentina. Geometrically,
splay / sand sheets are tabular and, inherently,-fkeeterminal splays are weditudied

in arid environments, and are debed as lobular sediment bodies at the terminus of a
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river or delta, deposited as subaerial stileeids (Lang et al., 2004; Fisher et al., 2006;
Nichols and Fisher, 2007; Fisher et al., 2008). Creyasseverbanksplaysoccur when
amplified discharge from a flood breaches the confining levee of a river, depositing coarser
sediments in a shebke geometry on top of adjacent floodplain depogitsleman, 1988;

Mjos et al., 1993Cahoon et al., 2011While terminal anctrevasse splays are extremely
abundant in the barren series of the Raton Formation (Horner, 2016; McGregor, 2017),
they are less commom the UCZ and LCZThicknesses range from 0.5 ton2 and
typically exend and thin laterally up to 200 m (Figure 30). Splays are interpreted as
being deposited subaerially, often as sheetfloods, starting with the terminus of distributary
channels, and out into the floodplain with a decreasing flow velocity (Lang et al., 2004;

Fisher at al., 2007; North and Davidson, 20d@rner, 2016; McGregor, 2017).

Lacustrine Assemblage

The lacustrine assemblage is characterized by Sp, Sr, Sfl, H, Fp, FIm, Fcm, and C
lithofacies. The lacustrine assemblage is similar to the floodplain assemblege, but with a
much higher percentagentent of laminated mudstone, carbonaceous mudstone, and coal,
with minor amounts ofooted floodplain There is far less rooting than in tfieodplain
assemblage, and coal deposits are signifigahttker, and more extensive. Several coal
seams, in owgrop, can be sandwiched between lacustrine mudstéigsrés 29-31).
Individual coal beds have been mapped over distances greater than ten miles (Personal
Comm. 2018 Sean Horne; Personal Comr8018 Roy Pillmore). The lacustrine
assemblage varies in thiness from 0.5 to 8 m, and can be very laterally extensive when

not truncated by channel fill assemblages. The lacustrine assemblage commonly extends
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the entirelength of outcropsHigure 29, 3Q. Lacustrine depositiave beerpreviously
identified in he Raton FormatiorfHorner, 2016; AlRefaei, 2016; McGregor, 2017).
Similar to floodplain assemblages, lacustrine assemblages arebhesds and typically

serve as a matrix that channel and splay / sand sheet assemblages scour into (Huling, 2014;
Horne, 2016)(Figures 29, 30. Lacustrine assemblages are most strongly characterized

by laminated mudstone that has little bioturbation, carbonaceous mudstone, and coal.
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0§

Bar (St, Sxp, Sp, Sr)

C

C)
Splay / Sand Shee§px, Sr, Sp, Sm, Sf|

H)

Channel-Belt Cg, St, Spx, Sp, Sr, Sm, S§4l, Fp | Channel Fill (All) Lensoid, tabular, concave up, basal sc
Blowout Wings (Sp, Sr, Sm, Sfl)
Floodplain Spx, Sr, Sp, Sm, Sfl, H, FIm, Fp, Fci Floodplain (Sp, Sr, Sfl, H, FIm, Fp, Fcr Tabular, Lacking

Table8 Summary of lithofacies assemblages.




Digital Outcrop Models (DOMS)

Trinidad Lake State Park DOM

Trinidad Lake State Park outcrop comprises predominately lacustrine assemblage
strata, with multiple channddelts encased in lacustrine deposits, and is stratigraphically
located in the Lower Coal Zone of the Raton Fm. Discounting cover, TLSP is dominated
by significant lacustrine assemblage deposits, followed sdnpodannel fill assemblage
A representativexample of the channéklt assemblage is located in tbever-left portion
of the outcrop Figure 29), with wings extending out into lacustrinesamblagealeposits
from the top of the channel to the right. The top third of the outcrop contains several
channelbelt assemblages with wings extending far out into the lacustrine assemblage, with
a mudfilled channelinfill deposit in the middle of the outcrop.

The TLSP outcrop shwes the presence of coals within the lacustrine assemblage,
general dominance in the Upper and Lower Coal Zone of lacustrine assemblage, and
channelbelt and blowout wings that extend out into Istcine assemblage deposits. A coal
extends for the entirety of this outcrop (200+ métarslis in the middle of a lacustrine
lithofacies assemblage. Smaller coals also exist in the lacustssemblage butre

truncated by channdlelt assemblage deptsi
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King Coal DOM

Discounting cover, King Coal outcrop is dominated karmnel assemblage
(including the only confined vallefjll superassemblage sandstoire the lowerright
guadrant of the platelacustrine, and lastly floodplain assemblagdse bottom right of
the outcrop contains a thick lacustrine assembl&iguie 28.3, 31) with significant,
separate coal seams encased in carbonaceous and laminated mudstone.

King Coal isa prime example ohow amalgamated channels and valfily
deposits cut into both floodplain and lacustrine assemblagésthat thick coal seams are
most commonly contaimewithin the lacustrine assemblage. King Coal also contains a
transition, from lacustrine to floodplain to lacustrine assemblages, through which ehannel

belt assemblages and the valfélysuperassemblagacised
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Wild Boar DOM

Discounting cover, Wi Boar is dominated by chanAetlt asemblage
(abandoned channelfith above), floodplain assemblage deposiend lastlylacustrine
assemblage with significant cad¢posits.The Wild Boar outcrop provides another good
example showing how thick coals are contained within lacustrine assemblage mudrocks, a
transition from lacustrine to floodplain assemblage, drahoelbelt assemblage incising

floodplain assemblage depogiEBgure 33).
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CHAPTER FOUR: Discussion
Peat Environment for Raton Coals

Raton Formation coals are vitriniteeh (Figures 16-18; Appendix 1) suggesting

Proportional Maceral Compositionof All Coals

that the primary component o
the coals is woody material
(58%)). Though vitrinite
dominates the coal&igure 32),

not all maceral components, an

thus not all peat composition, i

the sameHRigures 16, 18). Raton

. R Figure 35 Proportional maceral composition of all coals.
coals also contain significan

inertinite Figure 35), with sampleSA WB and 4A TLSP containing the most (53% and
39% respectively)This suggests some form of degradation of plant materials prior to
deposition, potentially by wildfires or preferred oxidation of vitrinitaterials during
decomposition. This is consistavith some of these peats being moundedome phases
of deposition(Lamberson et al., 1996; Jasper et al., 2017; Personal Comm., Dr. Thomas
Demchuk). The high mineral contentin 1A BDO and 2C KC is attributed to sampling rocks
more similar to carbonaous shales than true coand is not interpreted as being
represented of the other true coals. 1A BDO contains a relatively high proportion of
liptinite (42%). The presence of liptinite is still indicative of a ilying, inundated/flood
proneenvironmem (Singh and Singh, 1991; Peterson et al., 1998).

The @undance of preserved vegetative material in all lithofacies assemblages,

particularly sticks and ferns, provides further evidence for a weodironment forthe
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Raton FormationKigure 26). This presence of woody materials is consistent with previous
studies (Lee and Knowlton, 1917; Ash and Tidwell, 1976; Flores, Pillmore, and
Mereweather, 1985; Wolfe and Upchurch, 1987; Johnson and Ellis, 2002; Horner, 2016).
This abundance of woody materials infbbobaceral content in coals and as macrofossils

in outcrop for most facies leads to the conclusion that the Raton landscape was largely
forested across its many subenvironment.

The palynoflora suggest a generally wet environment for Raton coals and
associated facies. The overall palynofloral assemblage was sparse, and represented only
by the 1A BDO sample. This BDO sample was dominated by the fern spore
Laevigatosporitesp., and other nedescript fern sporekaevigatosporitesp., a tree fern
asseiated with wet forests, and other rdescript fern spores, suggests a predominately
wet paleoenvironment and possibly wet paleoclimate (Phillips et al., 1985; Liu et al., 2002;
Jennerhjahn et al., 2004; Personal Comm. with Dr. Thomas Demchuk). Thecpre$en
lacustrine algae spores in the assemblage from this study further substantiate the evidence
for a wet environment, and is used to identify lacustrine coals (Hagemann and Wolf, 1989).

The woody characteristics of the coal composition from macerakwrtnand
preserved organics, coupled with the palynofloral assemblage from this study and Farley
(1990), provides evidence that these coals formed in a very woody and wet
paleoenvironment. Farley (1990) identified four major palynofloral assembleiges €
36): A, B, C, and DAssemblage Aontains norunique taxa that exist in a broeaahging
ecological tolerances throughout the late Cretaceous and early Paledsssmaplage B
contains taxa that are found where ground is saturated at least for part of the year

(seasonally) or near the edges of lakes, ponds, or ephemeral bodies of water as marshes.
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Assemblage Contains freshwater green algae and planktonic species that exetehstic
of freshwater lakes and ponds, aAdsemblage [Tontained algae species which are

common inhabitants of mires (Farley, 1990).
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Figure 36 Palynofloral assemblages identified by Farley (1990), and displaye
a detrended correspondence analysis graph, using standard deviation as a |
Assemblage A [neanique KPg] is displayed as black dots, B [Marsh] is
displayed as circles, C [freshveatlakes and ponds] is displayed as Xs, and D
displayed as squares.
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ChannelFloodplain and Fluvio-Lacustrine Systems of UCZ and LCZ

The floodplain and lacustrine lithofacies assemblages are the primary deposits in
the Upper and Lower Coal Zones of the Raton Formation, and serve as a type-of large
scale matrix that encases the chatbedt assemblages and valBly assemblage. These
rocks also contain coal deposits widistinctive characteristicéthickness and lateral

continuity)that are representative of the processes that formed them.

ChanneiFloodplain System

The floodplain assemblage deposits dominate the Ch&hmadiplainSystemand
serves as a matrix withwhich channelbelt assemblage deposiie encased he thinner
coal seams deposited in the Upper and Lower Coal Zones of the Raton Formation are
predominately located within the floodplain lithofacies assemblageutéwops from this
study contained true coals deposited in the floodplain assemblage, but all cores contained
thin (less than two feet) coals stratigraphically positioneebeitveen floodplain
assemblage depositsin addition to the thin coals, very thifi-6 inches) layers of
carbonaceous mudstoaee commonlycontainedwithin floodplain assemblage deposits.
Wet, inundated, lovlying areas of isolated floodplain are the likely depositional
environment for these thinner coals. In addition to genelaylying areas adjacent to

fluvial channels, seasonal and smaller floodplain lakes also account for the thinner coals.
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The Grijalva river system in the Tabasco region of Mexico serves as a modern
analog for the channdéloodplain system of the upper and lower coal zohéhe Raton
Formation. The Grijalva is a river system in a hagitommodation, poorly drained basin
with a prominent wet floodplain containing floodplain lakes, floodplain mudflats, and

propagating tie channels cutting through lakes (Hull, 2016). Bas#teadentification of

lithofacies, lithofacies assemblage mapping, organic petrography, and palynological
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Figure 37 Geomorphological features of the Grijalva River and its poorly dra
floodplain (from Hull, 2016)Geomorphological features of the Grijalva River with it, contain rooted
its poorly drained floodplain (from Hull, 2016).

floodplain deposits with only simple immature soils and shallow floodplain lakes with
minor rooting.In the Grijalva system,afger floodplain lakes typicallyemain rather
constant, while smaller lakes can be ephemeral/en seasonal, producing simple rooted
soils (Stoner, 2010)he water table in the Grijalva is highly variable, and large swathes
of relatively dry floodplain or previously propagating chelsrare frequently floodedas

well as smaller floodplain lake§&igure 38). While the Grijalva system relates well to the
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channelfloodplain portion of the UCZ and LCZ of the Raton Fm., it does not explain
everything, specifically the deposition of thiEcker and very laterally extensive coals

documented by Horne (unpublished), Pillm{Personal Comm.), and Osterhout (2014).
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Figure 38 Time series of images from Google Earth of the Grijalva River and flood plain through time. The

arrow indicates the main trunk channel, the purple arrows indicate flegdfakes, and the yellow arrow indicates

propagating tie channel through a floodplain lake that becomes submerged following a rise in water table. ¢
indicated in lowest image and pertains to all images.
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Fluvio-Lacustrine Systemnd ThickCoal Deposition
Progradingfluvial channels dominate the shallow expansive lakes in this system.

Channelbelt sandstones are encased in lacustrine assemblage ddfigsitss(2931).

1.82
w,.=8.8 d,

. . . . Figure 39 Channel width equation. Wc
29, 31). This aligns well with that of a fluABCUSENE o orrel wicth dm = moan average

channel depth.

This asserts aonmarine fluvial system with channel

that penetrate shallow standing bodies of wiggures

system (Huling, 2014).Based on the averaggngle
story channel thickness of 13.4 feehannel wdths are likely nea®90 feet Figure 36;
Holbrook and Wanas, 2014).

Thick coals in the Raton Formation formed in association with large |Akebe
thick coals are encased in lacustrine sections rapgsent pegirone subenvironments
within the lake assemblage.Coals in all outcrops and core were directly related to
carbonaceous and laminated mudstones (Fcm and FIm), and were predominately located
within lacustrine assemblagdsidures29-33) . Al | three thick (0 2
fromth s study (base King Coal, base Wil d Bos
coals in core were located in lacustrine assemblages, and all in the middle of lacustrine
muds. Palynofloral assemblage analysis of Raton Formation, ceiftts its prominent
lacustrine algae and indication of the presence of standing wsatdso consistent with
lacustrine deposition.

Deposition of peats that make up the thick coals of the Upper and Lower Coal Zone
of the Raton Formation occur as a mere phase of the lmeustecycle when specific

conditions meet those necessary for peat preservation. Peat preservation occurs when net
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primary productivity (NPP) of peatland exceeds decomposition or destruction (Frolking et
al., 2001). In a woody peatland, groundwater lewest be high enough for the growth and
preservation of organic material, commonly trees, yet not so high that the vegetation is
drowned (Phillips et al., 1985; Cecil, 1990; Bohacs and Suter, 1997). Lastly, but of equal
importance, these must be still wet lacking any influx of sediment that has the potential

to destroy or inhibit preservation (Cecil, 1993; Bohacs and Suter, 1997).-Argsatving
environment records a delicate balance. Only when all of these stipulations are met is peat
preserved.

Cyclical lithological change from laminated mudstone to carbonaceous mudstone
to coal deposits in the Raton Formation represents a gradational change between periods
in the lacustrine lifecycle that are preserving peat, and periods that are not. Coaémtepres
only a portion of the entire preserved lacustrine lifecycle, approximateBO%) The
presence of carbonaceous shales or mudstones represents this transitionaryigared (
28.3. Variability in the organic composition, or maceral proportionalitytree coal
samples, indicates the presence of raised peat swamps along with the flooded woody
swamps. Organic accumulation likely exceeded the water level and mounded at least
temporarily during coal accumulation, though mostly coals appear to have fammed
standing water. Such smalitale variability in coal type has been documented before
(DiMichelle, 1989), and Phillips et al., (1985) proposed a model where topographically
higher land, such as older levee deposits, experienced degradation of peasditesn
inertinite and general heterogeneity in coals, similar to the slight heterogeneity seen in the
Raton Formation coal samplefigures 16-18). Carbonaceous shales or mudstones

represent the lacustrine lifecycle at a point when it is not fullggmeng or depositing
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peat, as likely not all criteria for peat preservation are Mmieeéwidespread deposition and
preservation of peat, and the following transformation of peat into coal, is a product of very
expansive lacustrine systems in the Upper lamwer Coal Zones of the Raton Formation.
While the Grijalva river system fits the chamfielodplain part of the depositional
model of the upper and lower coal zoitejoes not replicate the lacustrine assemblege
Two possible modern analogs for the fliéa@ustrine system of the UCZ and LCZ of the
Raton Formation are the H&ama Lake system ohlberta, Canada, and Okefenokee
Swamp system of northern Georgia. Fzgma is a group of multiple shallow freslater
lakes in far northwestern Alberta situated on a gentle slope. Th&aiag system contains

lakes with varying water depths. During the weason,
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Figure 40 Hay-Zama Lake System. Dark blue represents active channels, regular blue represents lakes, ¢
blue represents ephemeral lakes. White areas represent levees and channel deposits (Wright, 20C

these lakes are considerably more expansive, and several lakes will often merge to form

one larger lakeKigure 40) (Wright, 2005; Huling, 2014). This mechanisof protracted
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standing shallow water with disceting channels is similarthe fluvio-lacustrine
environment of the Raton Formation. The Okefenokee Swamp system of southeastern
Georgia is a permanently inundated, pleating swampland. The swampland consists of
standing water with floating mar snosthgr as s
cypress trees, and standing water (Cohen, 1974). Within this swampland are two main
rivers with fluvial channels that cut through and drain the swamp proper (Cohen, 1974).
The Okefenokee is approximately 412,000 acres in size, and actively prpéatewith

its thickest recorded peat deposits being 15 feet thick (Cypert, 1961; Cohen, 1974). While
the Okefenokee swamp is a fluMacustrine system that produces peat, it differs from the
Raton in that its peat has a higher sulfur content (Casageamdle 1977), which is likely

due to a small marine influence on the system (Cohen, 19id)Okefenokee underge

fires during dry seasons, with major fires thatnedthree quarters of the entire swamp in
1954 and 1955 (Cypert, 1961). The occurrevfd&res will lead to production of inertinite
macerals in the coals formed from this modern -6oahing environment (SuareRuiz,
2008).Both modern analogs fit certain aspects of the fldaicustrine system of the UCZ

and LCZ of the Raton Formation, tmeither are truly ideal examples.

ChanneiFloodplain and Ruvio-Lacustrine Mechanics

In order to change from a charvilglodplain system to a fluvitacustrine system,
a change in groundwater level must occur. Stage Bigure 41 A & B) would be
characterized by a trunk channel with adjacent floodplain deposits (rooted floodplain fines
and paleosols). Splay events and splay channels are common during the subaerial stage

one, depositing the splay / sand sheet elements of the floodplain asseifblageng an
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increase in the groundwater table, previous floodplain area are inundated with water
(Figure 41 C & D). Inundation causes lithofacies associated with the lacustrine
assemblage, such as laminated mudstone (FIm) and carbonaceous mudstones (Fcm)
Where conditions favored no sediment influx and preservation of organics peat deposited.
If the lake experienced sediment influx, peat preservation did not occur. Prograding
channels advancing out into lakes could be an example of this, ending pe#iaepod
instead depositing chanreélt assemblages within lacustrine assemblages, complete with
blowout wings. Ifthe water table continued to rise, outpacing deposition of sediments, or
sediment supply was cut off, a sustained groundwater table wiboNd the lacustrine
assemblage to completely encase any chamelebssemblagd-{gure 41E & F).

While this change in groundwateblevs the land surfaceust have occurrefr
the preservation of peahe mechanism by which this occurausfor debateA decrease
in sediment supplyrom the sourcewhether isolated to a smaller lacustrine system or
basinwide, would favor peat formation. Conversely aignificantinflux of sediment
would kill this peat preservatioBubsidence as a resafttectonics osediment loaihg is
one possibility for the increase awcommodation andlse ingroundwater level (DeCelles
and Giles, 1996). Another possibyli initially proposed by Flores, theorizes that ground
water may have been forced out of ol depositional loading from the depositional
center of the basin, increasing the groundwater level (Kreitler, 1979; Flores, 1985).
Further, fixed channels building alluvial ridgesth minimal overbank depositiooould
aggradeand pull the water tablbove thesurroundingloodbasin land surfacerhis would

trigger widespreaéloodplaininundationand lacustrine environments.
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Figure 41 Depositional model for Upper and Lower Coal Zone of Raton Fm. via progressive time serl@s
models (modified from Huling & Holbrook, 20163] and[B] depict abandoned and active channel belt:
respectively, with typical subaerial floodplain depssithe brown depicts floodplain deposits which ence

channel belt depositfC] and[D] depict a flooded abandoned channel and active channel, respectively.
deposits encase channel depo$i$.and[F] depict a further flooded abandoned and actikiarmel that is

receiving no sediment input, with peat deposition occurring in a lacustrine environment.
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Barren Series andDFS

Deposits of the barren series, or rocks lacking in coal deposits (Pillmore and Flores,
1984), significantly differ from those of the upper and lower coal zones of the Raton
Formation.Most distinctly, the barren ses outcrops contain an abundsminal splay
assemblagdahat does not occumithe upper and lower coal zanéHorner, 2016;
McGregor, 2017)Deposits of the barren series are much coarser, with large cHagibel
and valleyfil assemblagesabundant terminal splays, and very little true coal. These
deposits have been proposed as signature medial and distal portions of a distributive fluvial
system (DFS) (Horner, 2016)resulting from a temporaryncreased sediment influx
compared to accommodatiohhe peafpreserving depositional systems of the UCZ and
LCZ, while different from the distributive system of the barren, still likely functasa
DFS, yetwetter and moréne-grained Much like a typicaDFS, the UCZ and LCZsystem
would consist of a radial network of both active and inactive channels that work their way
through an inundated floodplain that undergoes periods of episodic prolonged flooding,
eventually terminating in floodplains or lakes. This aligns with th& DEéomorphic model
(Hartley et al., 2010)It differs however in that the system is inundated from the apex and
lacks the transition from a subaerial megafan to a wet system past a spring line down dip

from the initial distributive node.
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Industry App lication

Coal |Vitri- Source, Migration, and Connectivity
Rank |nite | 7zones of Hydrocarbon Generation and Destruction
‘VB Fz‘ The Raton Formation coals
peat
o are coal bed methane source rocks,
lignite [~
sub- Cr-04 | and their depositional environment /
bitum.
;um g‘wDS oil birth line m ) ) .
S Ngs i style affects potential migration and
S B Lpy : , peak oil generation
o B | ! .« . . .
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Ed ~10 A peak wet gas gen.
m
Q;glaﬁlﬁe‘]‘gf) P ImeWWEt gas /\ peakdy gas | values (mean range of 0.730.99)
itum
115
| . .
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Figure 42 Oil and gas windows relative to vitrinite reflectance.  (Figures 16-18, 21, Appendix Item
purple box indicates the range that coals from this study fall i

Modified from SuareRuiz, 2012). -
(Modified from SuareRuiz, 2012) 1) indicate the coals sampled should

be viewed as a speculative source rock (Magoon, 1988). Hydrocarbon production of oil
(Personal Comm., Roy Pillmore) and gas (Carlg@)6; Osterhout, 2014) from tiRaton
Formation confirms the Raton Formation coals &s@vnsource rock (Magoon, 1988).

These source rocks have been found to exist as thick and extensive coals, representative of
large extensive lacustrine systems andeganwvidespread floodingf the Raton Basin.

The stratigraphic position of coal (source rocks) in the lacustrine lithofacies
assemblage has implications for hydrocarbon migration, or flow out of the source rocks.
Because coals are commonly located withit i ght 0 or | ow porosit
carbonaceous and laminated mudstones, migration of hydrocarbons out of the coal may be

inhibited. Conversely, if coals are juxtaposed directly against relatively higher porosity and
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permeability reservoir rocks, suds the valleyfills, channelbelts, terminal splays, and
blowout wings, hydrocarbons may flow out of the coal and into these noaies readily.

This study finds that coals most commonly occur in the middle of lacustrine muds, and
juxtapositionwith resevoir rocks would likely require faulting or incision by fluvial
sandstonedf migration did occurlaminated mudstones in the lacustrine assemblage may
also serve as a stratigraphic seal for hydrocarbons stored ghdneelbelt sandstone
reservoir rock.

Blowout wings and terminal splays have the potential to increase connectivity in
highhaccommodation fluvidacustrine systems (Huling, 2014; Hull, 2016; Huling &
Holbrook, 2016; Howe, 2017). Thin (0% m) laterally extensive (>300m in Raton Fm.,
observed 46x channel width in modern analogs (Howe, 2017)) blow out sand sheets may
connect to thicker reservoir rocks, and serve as a migration conduit for oil and gas. The
same possibilities are proposed for the terminal splays in thesghaBarren zoe of the
Raton Formation, with terminals splays acting as the fluid conduit (Horner, 2016;
McGregor, 2017). Thinner sandstones, when identified using geophysical logs, would
likely be ignored as a reservoir. Instead perforation of these sandstonegyateulially
positively affect reserves, via connectivity to larger chaimedl sandstone bodies, and

influence exploration and production.
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General Implications
Understanding the lacustrine depositional environment of coals has general
implications regarding hydrocarbon exploration and production. The sensitive nature of the
peatpreserving environment described above means that small changes in the system, such
as brief return of the influx of sediment, could shut down the peat factory, changing
deposited lihology to mudstones @halesThis lake system could just as easily go back
to preserving peataind is why an increase in groundwater level has the capabiliastly
increasing lateral continuity of peat deposition and preservatiendelicate nature of the
peatpreserving environment, and thus the possibility of frequently fluctuating lithology,
could also cause splitting of coal seams, which has bgewiouslydocumented in the
Raton coals (Pillmore, 1969; Flores, 1993; Flores and Bader, 1988)ing could also be
a product of splays, as they are common causes for coal seam splitting (Horne et al., 1978).
The chemical content of these coals, beiogy in Sulphur Table 4), is also
preferable for gas production, as Sulphur c h, or fAsour, 06 gas i ncr
and transportation (Schmidtt, 199Raton Formation coals being derived from and
deposited in predominately freshwater lakesgvadenced by all organic composition data
andlithofacies mappings the dominant factor for thisw-Sulphurchemical composition.
The lacustrine environment of the Raton Formation cbals directimplications for
hydrocarbon source, migration, connectivity, reservoir, and seal properties, and thus affects

exploration and production. These effects may be analogous to similarly deposited coals.
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CHAPTER FIVE: Conclusions

1)

2)

3)

4)

5)

Organic petrographresults from coal and carbonaceous mudstone samples in this
study reveal a vitrinitelominated (woody) coal compaosition.

Sparse palynology results included a dominance of tree fern spores, which suggests
a wet paleoenvironment. Qualitative analysis afsgeals a relatively high
abundance of nedescript lacustrine algae, which suggests standing water was
present at time of deposition, potentially only seasonilbrshes, lakes, and peat
mires were the dominant palynofloral assemblages. This furtheobooates
evidence that theoal in theUpper and Lower Coal Zone of the Raton Formation
wasdeposited in a mostly submergealvironment.

The depositional system for the Upper and Lower Coal Zones of the Raton
Formation is interpreted te@ontain both a dmnnelfloodplain anda fluvio-
lacustrinesystem.Both have finegrained deposits dissected by a sandy channel
belt assemblageThick extensive coals are deposited within the flelgicustrine
system, allowing for widespread lakes to deposit and prepeate

Core and outcrop analysis reveal that coals were not deposited in discrete and
ephemeral swamps, but were instead deposited in-lblexitpeatfriendly phases

of more lasting and extensive lake systems of the flladastrine system..

A possiblemodern analog for thchannefloodplain systems the Grijalva river

and floodplain lake system in the state of Tabasco, MeXcpossible modern
analog for the fluvidacustrine systens the HayZama Lake System of Alberta,

or the Okefenokee Swamp st of southern Georgia, USA.
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6) The freshwater lacustrine environment of the Raton Formation coals has
implications for hydrocarbon exploration and productibnis includes @resence
of a lowsulphurlaterally continuousource, migration, reservgireseme in the
form of fluvio-lacustrine channel sands, associatsgrvoir connectivityf these
rocks and seal propertiedue to direct lateral and vertical relationaaintinuous

carbonaceous and laminated mudstone with source coals
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APPENDIX
1) Maceral Table

Breakdown of each individual coal sample count by maceral type, and further
subdivided within each maceral type.

Available as supplemental file. Please refer teupplemental file 1.



2) Plate 1: TLSP
Unannotated and annotated digital outcrop model of Trinidad Lake State Park
outcrop.

Available as supplemental file Please refer tasupplemental file2.



3) Plate 2: KC
Unannotated and annotated digital outcrop model of King Coal outcrop.

Available as supplemental file Please refer tosupplemental file 3.



4) Plate 3: WB
Unannotated and annotated digaatcrop model of Wild Boar outcrop.

Available as supplemental file Please refer tosupplemental file4.



5) Dover Core Description
Digitized core description of DOVER 21 TR, produced using Easy Core.

Available as supplemental file Please refer tosupplemental file5.



6) Maverick Core Description
Digitized core description of MAVERICK 129 TR, produced using Easy Core.

Available as supplemental file Pleaserefer to supplemental file6.



7) Zamora Core Description
Digitized core description of ZAMORA 224V, produced using Easy Core.

Available as supplemental file Please refer tosupplemental file7.



8) State of CO Core Description
Digitized core description of STATE OF COLORADO AS-2@ TR, produced
using Easy Core.

Available as supplemental file Please refer tasupplemental file 8.



9) TLSPMS1
Measured section collected at Trinidad Lake State Park oufmauced using
Easy Core.

Available as supplemental file Please refer tosupplemental file9.



10)TLSP MS 2
Displays a measured section collectedratifiad Lake State Park outcrop,
produced using Easy Core.

Available as supplemental file Please refer tasupplemental file 10.



11)TLSP MS 3
Displays a measured section collectedratiflad Lake State Park outcrop,
produced using Easy Core.

Available as supplemental file Please refer tosupplemental file 11.



12)KC MS 1
Displays a measured section collected at King Coal outcrop.

Available as supplemental file Please referto supplemental file 22.



13)KC MS 2
Displays a measured sectioollected at King Coal outcrop, produced using Easy
Core.

Available as supplemental file Please refer tasupplemental file 13.



14)WB MS 1
Displays a measured section collected at Wild Boar outprpluced using Easy
Core.

Available as supplemental file Please refer tasupplemental file 4.



15)WB MS 2
Displays a measured section collectewdtl Boar outcrop, produced using Easy
Core.

Available as supplemental file Please refer tasupplemental file 5.
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The RatonBasinof ColoradoandNew Mexico is a Laramideforelandbasinthat
hasbeenimportantto coalgeologysinceits first identificationasa coalresourcen 1821,
and as a major Coal Bed Methaneresourcein the modernera. This study servesas an
investigationinto the depositionaimodelof the Cretaceas-Paleocen®&katonF or mat i on 6 s
coal depositsand their surroundingfluvial depositsspecifically by: analyzingoutcrops
through facies mapping and architectureanalysis, performing core descriptionsand
interpretationsand conductingorganic petrography palynology, chemicalanalysisand
vitrinite analysis of coals. Resultsreveal that the relatively extensiveand laterally
continuousvoodycoalsformedin alacustrinedepositionaenvironmentluring periodsof

preferentiapeatpreservationn thelacustine lifecycle.



