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ABSTRACT '

The Hat Creek No. 2 coalA deposit occurs within fglded and faultec.i Tertiary
(Focene).st-rata of the Kamloops Group, which comprises shales, siltstones and
conglomerates underlying the floor and lower flanks of upper Hat Creek valley.

The dep051t was lelded .into f‘our main zones: A, B, C, and D.
Mafrosopically, the coal zones A and D appear bright and rich in huminite. These
zores also have the thickest Telean' uninterrupted coal measures.  Zones B a“ryﬂ C
contain fewé’r" and thinner «CO;ilS seams, af; rich in gﬁi?ﬁ)odetri{ni‘te and,
macroscopically, c‘QFlsis.t mainly o; carbominerite and cuarbonaceéus shale.

The coals are very low in inertinite, indicating,l;w’levels of peat (fofgs.t)
fire and/or -oxidation i,n’ accordance with the eclimatic conditions d@ring mid-~
Eocene. Sub-tropical and humid forest-moor swamp environmé%ere dominant
in tﬁé,Hat Crgek swamps, characterized by, Metasequoia and ostrobus.
transifional reed marsh, dominated by Equisetum and minor 'I'ykpkg(?) was the co-~
déminant moor environ’ment.

The coal deposit.is of lacustrine origin and the coal formed in a gr‘alben
structure in an isolated intermontane basiﬁ. The coal is autochthonous (in situ) in
origin for zones A and ,D with increasing  hypautochthonous (semi-drifted)
~influence ‘in zomes B and-C.~ A ver‘y delicate balance among the rate of
subsidence, ruﬁ—off and vegetation growth existed for a very long period of time
before the swamp finally drowhed. .)

~ Thick coal seams formed under a stable environment, whereas thin seams,
inter‘bedded with sediment, formed under unstable water conditions. |

A high pfoportion of humoteliniteb and humocollinite indicates 'dry'

conditions, whereas a high proportion of humodetrinite and inertinite

(Sclerotinite) indicates 'wet' conditions in the peat swamp.

1

ivo
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Eu-ulminite reflectance was used for rank determination and résultﬁs appear
to be suitable. for determining the coalification trend of low-rank coals. The
r<«f‘l<w«'*1 ance of ou«ulrﬁinite varied slightly depending on Whethcr it was enclosed in
coal, shalé or-carbonate mat'rix‘,' and the coalifieation ;g:radient was very small, |

. ' .

The rank of the Hat Creek No. 2 coal deposit is lignite (0.35% Ryj)) to sub-
. : v

P .
bityminous B (0.45% Rgj))-

*
PURPOSF®OF THE STUDY ' . g -~
General aims .
The study has two general aims:
1L To determine the petrographic characteristics of the Hat Creek coals and of

the dispersed organic matter (kerogen) found in the interbedded sediment -

using both reflected (white) and fluorescent (ultra-violet/blue) light
microscopy.
2. To examine the nature and vertical variation of the coal and associated
\

clastics imborehole cores and to establish the depositional environment of

the‘ deposit. .

Specific aims

1 To determine the*suitability of huminite reflectance as a rank parameter in

these low-rank (lignite to subbituminous) coals; and if suitable, to use this

v

parameter as the basis of determination of the coalification gradient;

*

2. To compare the reflectance of huminite -(eu-ulminite) in coal with the

reflectance of dispersed organic matter (kerogen) in interbedded clastics

and carbonatés.

N To establish and- correlate the associations of the varipus macerals and

—

define the depositional environment in the ancient peat swamp.
4, To examine the various types of the maceral resinite using fluorescence

microscopy.
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1.0 INTRODUCTION ‘ .

1.1 History of the c‘g’)al de’pos‘i,ts

The ‘Hat Creek coal deposits were first reported by G.M. Dawson of the
’ Geo_logical Survey of Canada in 1877. TWe coal exposures were limited to a small
area along the bank of Hat Creek, where erosion had removed the ce\)gr of glacial
till. By 1925, three shallbw shafts and two.ad.its had been driven into the coal and
seven holes had been bored infol it, but no further work was. done until 1'933. From

/ ' :

1933 until 1942, a few hundred tons of coal were mi‘ned each year and s_old'lbcally,

5
&
»

but this activity ceased duri“ng World War I ana was never resﬁmed (C}'ﬁﬁbell -
et al., 1977).. | | &
In 1957, Western Devel.opme.nt and Power L.tcl.,' a subsidiary o% Britiéh »
Columbia Electric Co. Ltd., optioned the property as a porssiblé‘ fu.tur'e fuel source
for a vmajor thermal-electric éinerating plant. T"he area of the exposed portion of
thtfa- Hat Cr‘eek coa‘i deposits was exploréd by reconnaissance diamond drilling and
t‘renching during >1'9.57 and 1959. The pr'oper.'tAy_, was subsequently ‘bough{‘ by
B.C. Electric (Campbell-et al., 1977). } \
Fp.llow,ing exbr‘opr_iaﬁon of B.C. Electric by the Provincial Government, the
ownership of the coal properwty passed to the B.C. Hy‘d_ro and Power Authority and '
no fu,ture work wés done on it until 1974.. ‘Since that yeér, 55,750 m of ‘diamond
drilling, 1394 m of rotary drilling and 273 m of bucket augér drill.ing were
éompleted for the Hat Creek coal deposits. In addition, 5273 m h‘aver been drilled
for engineering purposes (Campbell et al., 1977).
\‘ ‘ The_upper Hat Creek valley is located at 50°45'N and 121°35"W, (Fig. 1-1) |

within the Interior Dry Belt of British Columbia. ‘The floor of the valley ranges in
& N ;

“elevation from 850 m ASL at the north end to about 1200 m ASL at the south end.
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Firarre 1-1. Moep location of the upper Hat Creek valley (inset) and the relative,
" positeen of the Hat Creek No. 1 and No. 2. coal deposits (adapied fyom
British Colimbia Hydra and Poscer Authority, 1980).




2.0 PREVIOUS WORK

.Church (1975) and Campbell et al. (1977), studied the geology of the Hat
Creek valley and Kim (1979) invéstigated the str‘atigréphy and depositional h‘istory
of the deposits. prkins (1980) studied the palynology of the Hat Creek'deposits

and Blackburn (1982) described ‘th\e paleobotany of the deposits.

Two separate coal deposits, the No. 1 and No. 2, are present in the.Hat/

Creek valley (Fig. 1-1). Almost all previous work has been done on the No. 1

deposit.‘ . *

4

2.1 Organic Petrology’

‘The organic petrology and reflectance studies of the Hat Creek No. 1 coal -

deposit were initially carried out by Marchioni (in prep.). Marchioni was mainly
A ; ' : :
interested in the maceral composition of. the coal microlithotypes and used only

selected coal samples from a 9 m interval taken from the basal zone of the coal
‘ . .

v

deposit. - ‘l '
. Gdodarzi» (1985) 4tudied~athe Hat Creek No. 1 coal deposit in detail, in terms

of its organic pgtrology, er&{iirohment of coal deposition and the characteristics of

its liptinite macé.ral’s under fluorescencz (bh.Je and ultra-violet) light. He arrived

~ at the following conclusj)oﬁs:

a) The Hat Creek coal is'lignitic at the top and becomes subbituminous at the
base. : : . ' | »

b) The low inértinite content of the coals is unique and indicates a relatively
humid coal-forming environment. |

c) The r‘eflecta‘n‘ce of>huminite particles contained in interbedded sediment is

less for shales, similar for siltstones and equal or slightly higher for

“earbonates in comparison to the reflectance of huminite in coals.

&

F



d) The high proportion of liptinite in coal may result inl the lowering of the
reflectance of coal in comparison with similar coal containing less liptinite.

e) The relationsh:ips among “the huminite group of macerals are good indicators
of the paleoenvirohment. A high proéqrtion of humotelinite indicates dry
conditions whereas a high proportion of humodetrinite indicates wet
conditions.

f) Coals formed in an unstable environment contain thin seams and more
ih‘fehbedded sediment, whereas coals formed in a stéble environment contain

" thicker seams and very little intérbedded sediment.

2.2 Pal&hc;logy

No palynological work has Beén done on the Hat Creek No. 2’coal deposit.
Most of the information regarding palynomorph assemblages of the upper Hat
Creek valley comes from_ Hopkins (19{)) and Blackburn (1982).

Additional work by Rouse (1977) on the palynomorphs‘bof the interior of
British Columbia helped in trying to establish the paleoclimatic conditions that
prevailed in this area during the Middle and Late Eocene.

| Blagkburn (1.982) studied 18 samples taken from a trench of “Lhe Hat Creek
No. 1 coal deposit. He sampled both coal-béar-ing and in'terbedd‘ed clastic
sequences of the Hat Creek Coal Forma’tion,‘.and found that the coal-bearing‘
strata are dominated by the fossil remains of Glyptostrobus and Metasequoia.
Metasequoia appeared to dominate the more massive coals with lower inorganic
content, whereas Glyptostrobusvwas more dominant in the more clayey coals.
Equisetum was localiy abundant in ‘transitional‘ carbonaceous clays and was
associated with the gymnosperms mentioned above, whereas the more mass.ive
clay and carbonaceous shale units were dominated by ferns and angiosperms. The
angiosperm families Betulaceae and Tiliaceae were observed based on their leaf

remains.



‘Rouse (1977) also identified several palynomorph assemblages from a
borehole (77-44) of the Hat Creek No. 1 deposit. He concluded that the genera
Taxodium, Glyptostrobus, Pinus, Juglans and Carva were the domiﬁant ones
whereas Tilia, Quercus, Liquidambar, Engelhardtia'and‘.Alnus were the sub-
dominant genera present.

Hopkins (1980) studied 49 samples taken from borehole 75-106 in the center
of the Hat Creek No. 1-'deposit. He treated coal and clas.tie.s independently in
order to determine if significant variation in microfloral content e):kisted in the
two lithologies‘. |

He | arbitrarily  categorized  all palyne'morphs ' into  four main
groups:' Pinaceae, Cupressaceae—Taxodiaceae, ferns and angiosperms. He
observed that a gradual decrease of the conifers Pinaceae and Cupressaceae-
Taxodiaceae down the hole w.as replaced by an increase in the relative abundance
in the angiosperms. : ' T

The coal fraction showed a higher proportion of Alnus and a reduced
Cupressaceae-Taxodiaceae content as compared to the clastics.

Hopkins (1980) states tha“-c the depositional environment, the climate, and
the taxa he 1dent1f1ed from the borehole remained remarkably, censtant
~ throughout the deposition of the Hat Creek Coal Formation. An increase in
>Pinaceae and a decr‘ease in virtually everything else in the -upper 130 m ef the
coal dep051t could have been the result of a major cllmatlc deterioration, or most

likely, a change in the local envn‘onment which accompamed the termmatlon of

the deposition in the basin.

Hopkins also estimated that it probably took 1. 3 to 2. 1 mllhon yearq E’Or the
No. 1 dep051t (300 m thick) to accumulate at a rate of accumulatlon Qf 1 -m per

4500 to 7500 years. He agrees with Rouse (in Klm, 1979) that an Upper Eocene



age is the most likely but does not completely rules out a Lower to Middle

. Oligocene age based Yn some “of his data. Additional evidence based on
potassium-argon (K/Ar) 4da‘ting (Hillvs and Baadsgaard, 1967; Wilson, 1979) gives a
Middle Eocene age ('45 Ma to about 53 Ma with an average 48 Ma) for rocks of the

Kamioops Group.



3.0 REGIONAL GEOLOGY
3.1 Geology during the Late Cretaceous

l)uring l.ate Cretaceous time, the portion of western Canada presently
occupied approxi'mately by the interior system was predominantly a mountainous
land area, flanked to the east by a broad epeiric sea and to the west by open
ocean. Uppér Cretz}'ceous strata found in the interior system thus are a produqgt of
continentarl sedimentation in intermontane basins. Coarse continental clastics,

/

including coal, and interbedded volcanic rocks, characterize Upper Cretaceous

A ' .
strata of the interior system (Williams and Burk, 1964).

3.2 Geology during the Paleocene ,.
Continental sedimentation eontinued without i;?errupti;)ln- through
uppermost Cretaceous into Paleocene time in most of western Canada. The bulk
of these sediments are clasticé, coérs,est nearest the source area.
Plant debris accumulated-to co‘nsiderable thicknesses in the west and in |

lesser amounts in the east and north, in swamp and deltaic environments

associated with slow-moving rivers and shallow lakes (Taylor et al., 1964).

.3.3 Geolégy during the Eocene-Oligocene

The Focene time was the time of major uplift and profound deformation of
strata resulting in thg formatioh of the Rocky Mountains. The particular time of -
the culmination of Laramide Orogeny within the Eocene.-has not been determined.
Hypotheses have been advanced supporting intervals from Early Eocene to Late
Focene in age (Taylor et al., 1964). (

Numerous occurrences of voleanic rocks in the southern intde[‘ior‘ of British
Columbia are in isolated structural basins and fault troughs surrounded. by older

and stratigraphically higher rocks. The great thicknééses, in excess of 1500 m in



some of the basins, are ulmo.;;t certainly loeal (Taylor et al., 1964). Apart from
the conglomerates of fluviatile origin, the associaled sedimentary rocks
(particularly the lacustrine beds and coal) are essentially restricted to the basins.
It appears that the accumulation"ot‘ éeciilllerlts and of abnormally thick voleanic
successions took'place during subsidénce of the individual basins. Six botassium-
argon dates (45-49 Ma) from fiv‘ separ.ate occurrdnces as well as vertebrate
remaing from one locality all indic\Fte a common Middle Eocene age (Rouse and

. ’
Matthews, 1961).

3.4 Tectonics

Widespread bate Mesozoic and Early Cenozoic sedimentary ‘seetions in
western North America are associated with a continental margin arc-trench
system (Dickinson, 1976.). The Hat Creek basin which is located in the
Intermontane Belt of the Canadian Cordillera lay within the magmatic are. ‘After
a period of magmétic cessation during the Late Cretaceous and Early Tertiary,
arc magmatism resumed during the Focene 55 to 50 million years ago (Davis,
1977; Snyde;r et al., ;1976)'

Focene geology of the Intermontane Belt in south-central British Columbia
is characterized by concomitant voleanism and sedimentation. Regional north-
south block faulting was prevalent and thick successions of voleanic and
sedimentary rocks were deposited in lakes and valleys associated with nqqth—south
trending block faults (Okuliteh et al., 1977)." Block faulting along with volcanism
provided possible mechanisms for the formation of poorly drained areas suitable
for coal deposition (Taylor et al.. 1964).

The region surrounding the Hat Creek area forms the westernmost part of

the [ntermontane Belt. It is bounded on the west by the north and northwest



strikimg Praser fault system, west of which again is the predominantly grranitic
(‘u:.w.t Plutonic Complex.  Steeply dipping faults, parallel and subparallel with
those of the Fraser fault systemy are the dominant features (Monger, 1981).
These normal faults are at least in part contemporancous with extrusion of
Eocene continental voleanies (Ewing, 1981) and may be ljnkud genetically with the

right lateral, strike-slip Fraser fault system (Price, 1979).

3.5 Palynology of Central British Columbia during the Focene

Palynomorph assemblages from l;’(erior Hritish Columbia imply a warm to
subtropieal continental elimate during Middle and Late ['I()oo‘no time (Rouse,
1977). Conifers, such as Metasequoia and Glvptostrobus (Blackburn, 1982) and
other plants found in Hat Creek coals probably grew near the water table. The
genera Alnus, Pinus, Betula, Caryva and Juglans, present in the Hat Creek coal
deposits, are all characteristic of a subtropical to warm temperate oliméto
(l.eopold, 1969). Rouse (1977)‘states that the interior Eocene assemblages reflect
a slightly cooler climate than coastal Eocene assemblages, and suggesté that the
present Coast and Cascade Mountain Ranges were much lower during the Kocene
than at present. He identified coniferous pollen represented by the Pinaceae and
deciduous pollen represented by the Juglandaceae In coals from the Princeton
coalfield.

Other evidence (Wolfe and Barghoorn, 1960) confirms the existence of
humid, to partly subtropical forests in the northwestern U.S. and southwestern
("anada during Eocene time. Gl}'pt().\‘tr‘obll.; probably indicates a forest swamp in a

.~

wiarm temperate or subtropical climate (Barghoorn and Spackman, 1950).



3.6 Relation between the Hat Creek and adjaeent basins

Surrounding the IHat Creek drea in the south central interior ()I'Alh'iti:“h
Columbin (I"‘i‘;z. 3 1) are a large number of irregularly shaped areas of Tertiary
formations. Most of these areas expose Tertiary voleanie rocks at the surtace,
and are probably underlain by pre-Miocene \‘miim(‘nt:ﬁ'y and voleanie rocks. Their

. #
present location, along with the faet that numerous faults are present in the area,
suggests that the patehes are remnants of one or more Tertiary basins (Campbell
et al., 1977). -

All of the known Tertiary coal deposits in the Hat Creek basin as well as in
the adjacent basins of Tulameen, Princeton and Merritt in south-central British
Columbia, occur within Eocene sedimentary strata (Williams and Ross, 1979).
Correlations of these sedimentary basins are hampered by. the scareity 1 absence
of diagnostic fossils, facies changes and poor exposures (Hills, 1965), although
Wilson (1979) correlated Tertiary rocks from the above basins based on freshwater
fish remains. At the present time they are isolated from one another but may

have been originally interconrected; all are locene in age and the sedimentary

strata that underlie or incorporate the coal seams are of ﬂu}gial—laeustrine origin
?«T
(Rice, 1947; Cockfield, 1948). r

*
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4.0 GROLOGY OF THE HAT CREEK ARFKA
4.1 General geology
The geology of the Hat Creek aren was deseribed originally by Dawson

(8717 and was later amplified by Mackay (1926) and Dutftfell and Me'FPayrgrart

/
(.

(1977) for the British Columbia Hydro and Power Authority and by Haoy (1975).

(1952).  Recent studies inelude a number of Zinvestigations by Campbeld et al.

MaeKay (1926, p. 166A, 167A) provides a good geological summary:

"T'he oldest roek formation exposed near upper Hat Creek and the one which
apparently underlies all the coal basin is a thick series of compact, grey
limestones and argillites of Carboniferous age. These beds, termed by Dawson the
Cache Creck group, have been folded and faulted and three miles west of upper
Hat Creek are intruded by several large stocks of granite, granodiorite and
diorite, so that mueh of the limestone has been converted.into marble, hence the
name Marble Canyon. The age of the instrusives is not definitely known, but they
are thought to be late Jurassie, the period of the Coast Range hatholith intrusion.

Lying unconformably upon the limestone is a series of ecarly Tertiary
deposits, several thousand feet thick, consisting of a basal conglomerate overlain
by brown to purplish-weathering, semi-indurated sandstone, shales, and clay,
which in the upper part of the series carry thick seams of lignite. The outerops of
these sediments which have been designated by Dawson the Coldwater Group, are
confined to the lower slopes of Hat Creek valley, and it may be that the coal
hasin is very limited in extent.

' From divergence of dip observed in the tunnel section and the voleanice
outerop 1000 feet distant the Tertiary sediments appear to be unconformably
overlain by Miocene voleanies consisting of basalt, breccias and tuffs, the latter
being in places fine-grained and showing distinet stratification, as if laid down
under water. These have been subjected to folding and faulting parallel to the
general axis of the valley, so that they now dip at angles up 45 degrees. ’[‘ho
:yolcanics have their greater development to the west of Hat Creek, covering al
of Clear Mountain range, where the events were apparently located. [,ato
Tertiary erosion has largely removed the voleanies from the valley area, but
- . remnants of the extensive flows still occur on the east slope of the valley- and on
the west of Hat Creek to the coal outerop.” -

R

The volecanic rocks, considered by Dawson to be entirely of Tertiary age, are
now known to comprise a broader assemblage of both Cretaceous and Tertiary
iavas and breccias referred to as the Spences Bridge Group and Kamloops Group,

respectively (Duffell and McTaggart, 1952).
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The oldest roeks of the tint Creek coal basin are Pennsyivanian to Permian
\ .

in age or perhaps older, and the younygest are Quaternary (Campbell ek al., 1977).
)
Therefore, the steatigraphic column covers a time span of over 2507300 million
years-of sedimentation and igneous netivity in the vie nity of the upper Hat Creek
valley. Some of the ages have been established by palynology and plant fossils

v

studies (Duffell and MeTaggart, 19525 Rouse, 1977). ¢

4.2.1 Paleozoic and Mesozoic stratigraphy

The oldest stratigraphie unit in the region is the Cache Creek Group
(Fig. 4-1), which has been divided into the Marble Canyon I"()rmutipn, consisting
of limestone and marble and the (ireenstone Formadion, consisting mainly of
chert, limestone, argillite, chlorite, schist and quartz-mica schist (B.C. Hydm‘and
Power Authority, 1980). ' |

The Cache Creek Group has been intruded by granodiorites and tonalites of
the Mount Martley Stock, which is probably of Jurassic age?[i.(‘. Hydro and Power
Authority, 1980). The stoek is uncént‘ormably overlain by the andesites, basalts,
daeites and rhyolites of the Cretaceous Spences Bridge Group (B.C. Hydro and

Power Authority, 1980). !

BEEN
4.2.2 Cenozo\j‘c stratigraphy
AN

The KamlooPs Group which ig divided into numerous formations,
uncontormably overiies the Spences Bridge Group. The Kamloops Group, of
Vliddle_Eocene age, consists of rhyolites, dacites, andesites, basalts and
pyroclastics. ’I‘l{ese voleanies are ovellain by sedimentary rocks of the Coldwater
Formation which consists of sandstone, siltstone, conglomerate and coal. Lying

conformably over the Coldwater strata is the Hat Creek Coal Formation,

composed mainly of coal with interbedded sandstone, siltstone and claystone.
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Overlying the Hat Creek Coal Formation paraconforméhly is the Medicine
Creek For‘matien which consists of'approximately 600 m Q/f"//monotonous lacustrine
" sediments. 4 //”

The upbermost stratigrfiphic units of “the Kamloeps Group is represented by
the sandstone and conglomerate of the Finney Lake///;tl?ormation.

Mlocene plateau basalts overlie the aney Lake Formation. These consist
, of olwme basalts, ande51tes and vesicular basalts that have been dated at 13.2 Ma,
and are the youngest volcanic rocks in the area (B.C. Hydro and Power Authority,
v1980).

.The generalized stratlgraphlc succession of the Tertlary of the Hat Creek
coalfleld and its correlation to the Tertiary succession of the three other maJor

coalfields in south-central British Columbia are given in Figure 4-2.

JA.2.3 Quaternary stratigt'aphy v
During the Quaternary the entire Hat Cr‘eek area, along with a lar”ge part of
the Intemor Plateau was. extenswely glamated As a result up to 150 m of till,

glamofuwal and glacio- lacustrme sedlments, w1th assomated alluv1um and

coll‘uvium were deposited (B.C. Hydro and Power Authority, 1980).

4.3 Re’g‘i‘o‘nal structure

,___:‘-’I‘:hef‘étr‘uc,ture of the upper Hat Cfeek basin is relatively simple. With the
exception of the xtolcanics at the south ehd of the »valley, .most of the Tertiary
rocks, which contain the coal, occur along the lower slopes of the valley.

" The central zone of‘the valley is a g‘raben (Fig. 4-3) formed by'downward

movement on a series of north-south tension faults trending subparallel to the
direction of regional maximum stress (Church, 1975). Locally, the walls of the

-
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graben have been offset somewhat by a series of northwest- and northeast-

striking conjugate shear faults. Also, an important system of easterly-trending

gravity faults cuts across the basin and superimposes its effects upon the main.

graben structures. Two bounding regional faults (the West and East Boundary

Faults) confine the Tertiary strata of the upper Hat Creek valley. Dominant

structures in this area are 140°-150° trending and due north-trending steep faults
that involve rocks probably as young as Early Oligocene. That rocks apparently as
young as Early Oligocene are involved in strong deformation alon.g the Fraser
River fault zone is r‘egionally significant, as it shows that there were very late,
strong movements on this fault zone (Monger, 1981). -

According tvo the 1iter.at.ur'e, normal faults appear to have been active in the
Hat Creek valley during Eocene time. The latest known occurrence ;)f north-
northwest tr'enuding thrust and (?) strike-slip faults took place in mid-Cretaceous
time in the eastern margin of the Coast Mountains (Monger, 1982).

Due to limited and scattered surface outcrops, most of the stratigraphy and
the structure of Tertiary formatic;ns of thé basin is known only from diamond drill

cores.

4.8 Détrital sedimentation in the Hat Creek Basin
 The Late-Middie Eocene Coldwater Formation consists of conglomerates,
sandstones, siltstones and coal, deposited in a narrow, intermontane lake basin
(Kim, 1979). |
Kim (1979) prepared a lithofacies map of sediment influx for the Hat Creek
basin, _which shows carbonaceous claystone, silt and organic muds (gyttjae)
occupying the central position of the basin. The centre of the basin is flanked by
areas of silt_stbne, which in turn, are surrounded by areas of coarser clastics,

mainly sandstones and conglomerates. - _

18



Because coarser material is more abundant in the southwestern part of the
basin, it seems that the transport direction was from the southwest with clasties

carried into the basin by surrounding streams. Due to the uplift in the west,

during the Tertiary, the streams had higher flow velocity and transport capacity

in the western part of the Hat Creek basin. The position of the fine clastics in

the central part of the basin coincides with the main area of coal deposition (A>f‘

the Hat' Creek No. 1 and No. 2 coal deposits.

The narr-ow and elongate shape of the bésin, along with tﬁe presence of
steeply dipping normal faults bounding th,e'basin, indicate th;it the coal seams
were laid down in a narrow, intermontane lake basin. Thick coal seams may
originate in such basins if ver'y little fluctuation in the water table was taking
place and the water level was maintained at a moderate position (Falini, 1965).

The Coldwater Formétion, which underlies the coal-bearing strata at Hat
Creek consists of conglomerate,’ san'(_jstone and siltstone, probably derived fro’m a
-he‘arby source,. deposited rapidly and represents a high energy fluvial regime‘. The
thick sequences of coal-bearing and interbedded sandstones, siltstonhes, shales and
claystones of the Hat Creek Coal Formation indicate lower energy environments.

No marine fgssils have been found to date, indicat‘ing that the“environment
of coal deposition in the Hat Creek basin was not marine or coastal—paralié (Kim,

1979). The lithology of the sediments underlying and overlyihg the coal measures

(conglomerates, siltstones and sandstones) indicates that the ‘material was

transported into the ?}asin from the surrounding areas. During pé'a't‘“ac'éumulation'

the Hat Creek basin was probably a marsh with I%tle circulating water (Kim,

1979).

LY
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5.0 GEOLOGY bF COAL
5.1 Peat swamp environments

Coal is a sedimentary rock (Pettijohn, 1957), and hence its composition can
be expected to reflect its depositional environment and origin. as peat
(Hacquebard et al.,'lQ_;67).

The prerequisites fof the formation of a thick peat deposit are:

1. A slowly subsiding basin with poor drainage and sufficient inflow of water to
permit peat formation, and

2. A low-relief hinterland and, tﬁerefore, a restricted supply of fluviatile
sediments which otherwise would interrupt peat formation (Teichmuller and -

Teichmiutler, 1975). |

If the water level rises too high, generally beca'use of rapid subsidence, the
swamp will drov;m and inorganic sediment will be deposited; if subsidence is too
slow, the plant material on the surfa,cev will decompose and any peat which has
formed will be oxidized and eroded. The"type of basin, therefore, controls the
nature of the peat and uitimately t_he character of the coal (Hacquebard et al.,
1967). “

Generally, the maceral composition of any coal can be related to the coal
facies which are the expression’of their dépositional environﬁlent- (Tasch, 1960).
Swamp environments can be identified by their predominant typ_e. of vegetation
(Spadkman, 1958; Cohen, 1968).

Three main swamp typesv can be distinguished on the basis of plant
-vegetation and i\‘ts relation to high and low water levels (Teichmiiller, 1’975):

1. Forest. moor and bush swamps with an arborescent vegetation and relatively

unstable fluctuating water table, partially in a telmatie zone; these are rich



in wood and are characterized by high amounts of xylite and structured

huminite (textinit.e), associated with sporinite, cutinite and r‘eslirﬂ’f»b

(Table 1). .

2. Reed marsh swamp, with sédges and herbaceous vegetation, generally
characterized by -a decrease of xylite and structured huminite and an
increase in the amount of humodetrinite compared to the forest moor.

3. Areas of oper:water where peats and organic depbsits (gyttjae) are forméd
from partly supaquatic water plér}ts or from allochthonous material. The
peats formingl‘i_n‘ this latter environ‘rment would be rich in the macerals
alginite '(boghead coals) and sporinite A (cannel coals), as well as
humodetrinite (desmocollinite) and clay minerals. Usually, the spores are
transported and the cu‘ticles washed into theﬂswamp.

Peat formation takes place relatively quickly in forestr moor swamps
provided that the water table remains at moderate levels. Commonly wood-rich
peats are transformed into xylitic—rich brown coals with coalification.

Reed (marsh) swamps with grasses, sedges, etc., in general, have .a higher
water table than forest swamps since they are transitional between
environments 1 and 3. "

Depénding on their original geographical ‘location, coal deposits are
distinguished into two main types (Teichm tiller and Teichmiuller, 1975):

1 Paralic (coastal marine), and |

2. Limnic (mainly lacustrine).

Limnic coal basins form inland, sometimes at a considerable distance from

the coast. They include true lacustrine basins in which eustatic sea level

fluctuations play no part in controlling tﬁ:ey groundwater level.
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Limnie conls are often associated with fault bounded basins in intermontane
regions and are generally <'I1:1x'2;<-t«‘x°iz«‘(l by thick coal seams with limited lateral
continuity. Coal measures of limnic origin are characterized by both coarse and
very fine fluvio-lacustrine sediments (Hacquebard et al,, 1967). |

Limnie b:isihs may originate wherever a hydrologically closed depréssion
occurs. THe depression may be the result of different geological causes, among
which are tectonic activity and erosive or glacial activity. . The position of the
water level is closely related to the shape of the basin and controls the type of
vebgetation, the modé of peat preservation and ultimately the type of coal (Falini,
1965).

The nature of the elastic sediments and associated thick coal séams is an
important aspect of lacustrine sedimentation. Coals generally grade vertically
and laterally into shaly coals and shales; the presence of fine clastic sediments
and 'clean' coal near the centre of the structural basin has been regarded
(Hacquebard et al., 1967) as evidence to support the view that the basin was
tectonically active during peat formation and deposition.

Limnic coals are usually humic coals having-a rather uniform composition
(Hacquebard et al., 1967). The coals appear bright (due to the presence of xylite)
to semi-dull (due to the presence of interbedded, thick dull bands-of carbargilite

or shale).



6.0 ANALYTICAL METHODS
6.1 General aspects
6.1.1 Systems of coal classification

The classification of coal has never been a simple task. Because of the
complexity of its chemical and physieal pr()pcrt‘ios and its varied uses, a multitude
of elassification schemes has been proposed over the years using a variety of /
parameters as terms of reference (Bustin ei al., 1983).

The standardization of nomenclature for coal petrography wias rendered
difficult by the existence of two different systems, the American and Rﬁmpozm.
The European (German-DIN) evolved from the Stopes-Heerlen System, whereas, in
North America, the ASTM system (American Society of Testing and Materials,
1979) (Table 2) is used as the standard rank system for classification of coal. The

. {
coal series begins with peat at the low end of the scale, and progresses with
increasing metamorphism through meta-anthracite to graphite at the high end.
With its emphasis on ‘volatilé matter, ash, and moisture, the ASTM system relies
heavily on proximate analysis. [t has weaknesses, including the fact that volatile
matter may be affected by the presence of carbonate minerals or abnormal
amounts of either of the maceral groups liptinite or inertinite. Nevertheless, over

" the vears it has served the coal industry and the coal scientific ecommunity

reasonably well and it will be used in this study.

6.1.2 Terminology °

Coal is not a homogeneous substance but consists of various basic
components analogous to the minerals of inorganic rocks. In coal these
components are called macerals. Particularly in low rank coals, they can be

further divided into maceral types and macerals varieties. The macerals are
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classified into three yroups:  vitrinite, liptinite, and inertinite either because of
simitar origin (liptinite) or beeause of differences in preservation (macerals of
vitrinite and inertinite groups). [n low rank coals the term huminite is used
instead of Qitrinit.o. along with a greater variety of distinguishable macerals,
submacerals, and maeeral varieties within this group (Table 3). Macerals of
liptinite and inertinite groups are used under the same names in low and high rank
coals (Table 4).

The origin and petrological characteristics of the three maceral groups are
summarized, in a simptifed manner, in Table 1. The classification of the maceral
groups for brown coals-lignites used throughout the study has been established by

the International Committee for Coal Petrology (I.C.C.P., 1971).

6.1.3 Types of organic matter-kerogen

Dispersed solid orga’ﬁc matter occurs as a min(.)r constituent in most
sedimentary rocks. [t consists of diverse material that is similar to coal and its
maturation follows a similar physical and chemical pattern to coalificntibn
(Bostiek, 1979). Reflected-light microscopy enables one to recognize the
different organic grains and to select the best type for optical measurement to
indicate the indigenous level of metamorphism of the organic matter in the rock.

'I‘he' term kerogen originally referred to the insoluble organic matter in
sedimentary rocks th:;t yields-oil on heating. In reéent years, it has been defined
as all the disseminated organic matter of sedimentary rocks which is insoluble in
non-oxidizing acids, bases, and organic solvents (Hunt, 1979). Kerogen, whieh is
the precursor of most oil and gas, may be either marine or terrestrial. Terrestrial
kerogen has components similar to coal (Hunt, 1979).

Kerogen can be classified as sapropelic and humic. Sapropelic kerogen

includes the algal (Type 1) and the amorphous and herbaceous (Type II) categories

- -
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(Fig. 6=1). The _corresponding coal macerals in the liptinjte group are alginité

(Type I) and resinite, sporiﬁit“e, and cutinite {(Type [1). Humic i?grogen inczludeqn the

woody (Type [II) and coaly (Type IV) categories. The corresponding coal macerals .

are huminite/vi"trinite (Type III) and inertinite (Type [V).
. ' . -
~ The- above ,classification of kerogen and its relation to coal macerals was

established by Hunt (1979) and will be used throughoﬁt the study.’

6.1.4. Reﬂectahce of coals

"The reflectance of the coal macerals and the various kerogen types was used

to determine the rank or the‘lei'/;el of organic metamorphism of the Hat Creek

No. 2 coals. [t is, therefore, appropriate to explain what reflectance is and of

what use is it to a coal petrologist studying low-rank coals in particular.

Ihtrjoduction
The rank of coal, small coal lenses, or grains of k‘erogen dispérsed in clas';ic
sedimentary rocks is.a valuable indicator of catagenesis or l}ow—tempera;cure
metambrphism (Hacquebard and Donaldson, 1970; Alp'ern et al., 1972).
| Since. the early 1930's, attention was drawn ;to the fact that the reflectance
of vitrinité increased “pro‘gressiveluy 'w{th increasing rank. It lras also been

observed however, that the reflectance values of'vitrinite/huminite from rocks of

different lithology or different depositional environments may be quite variable.

(Bostick and Foster, 1975), and this must be taken into account when using

reflectance measurements as indicators of rank.

[

Previous work "

Teichmiiller (1958) described the use of vitrinite reflectance as a technique

*for determining the level of organic metamoi‘phism of argillaceous and calciareous

9
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rocks. She observed that where coalé were not readily‘ available, it was possible
to measure the reflectance of the small vitrinite inclusions that commonly occur
in shales and carbonates. |

The quantitative determination of the rank of coal by:making reflectance
measurements on vitrinite has become a common practice in coal petrography,
because this method has the advantage of “‘l‘)éing independent of the varying
maceral composition (Bostick and Fost“e'r, 1975). :

Timofeev and Bog; ISmbova (1970). described the rank of coal and coaly
v

inclusions in clastic rocks, and they consistently found that coaly inclusions in

_argillite, siltstone and sandstone have lower rank than coal in the same strata.

. Théy also noted that the reflectance of vitrinite in carbonates w-as‘higher' than
that of corr‘esponding vitrinite in coals Bostick and Foster (1975) measured the
reflectance of vitfinite phytoclasts’ frém sandstones, shales and limestones as well
as vitrinite from coals. They found that the reflectances were mostly lqwer for
vitrinite from sandstones (0.5% Rgij)) and somewhat higher for vitrinite from
adjacent shales, limestones and coals in the same part of the section (0.65% Rj))-
(Roij] is the reflectance of an orgaﬁic parficié, sueh as vitrinite, when oil is used
as the‘immersion medigm). They also coneluded that the range of values was too
'great to provide any;general and consistent correlation factor. Jones et al.
(1972) found that vitrinite reflectance values of coals roofed with sandstone were
lower than those of coals roofed with shale.

-~ The reflectance of vitrinite and the rank of coals and kerogen depends on
the termal conductivity of the host rocks, permeability of the sedim'ent, the
unde.rgrouhd water circulation -pattern ahd the heat flow from the ecrust.

Sandstones, for examplé, allow the volatile matter formed due to coalification to

B
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escape and water to circulate through the sediment. This process influences the
oxidation-reduction potential of the water and affects the reflectance of vitrinite

{(Goodarzi, 1985).

6.1.9 " Fluorescence microscopy

Schochardt (1936) was the first to note and take advantage of the auto- -

~
R

fluor‘escenée properties of coal macerals but. it was not until recently that
fluoréscence has been used routinely in coal (,:rpicroscopy. The fluorescence
properties of coal mvacerals and dispersed organic matter (kerogen) in sediments
héve been studied by va'n'Gijze\l (1975, 1981), Ottenjann et al. (1975), Teichm.'uller
" and Wolf (1977), and Goodarzi (1985) among others.

In low-rank coals (lignite to subbituminous), macerals of the liptinite group
are very dérk and sometimes indistinguishable from mineréls such as quartz or

clays in reflected white light. [n order to solve this problem, high intensity light

is used, which causes the liptinite group macerals to show auto-fluorescence. In

this way; the preséncé or absence of liptinite macerals (kerbgen Types I, 1) is
highlighted and their mdr;hology more clearly delinéated. The different infensity
and colour of fluorescence of various macerals aid in their identification
(.C.C.P., '1'971;‘Stach, 1975b).

Fluorescence microscopy is frequéntly used in coal and hydrocarbon source-
,rock‘ studies tb indicate the presence of hydrogen-rich (liptinite) macerals

(‘van Gijzel, 1971; Ottenjann et al., 1975) and it has been the main tool used to

define new liptinite macerals (Teichmijlvler and Wolf, 1977). Both fluorescence .

colours and intensities are different for_the liptinite macerals and change

continuously with increasing rank (Table 5).
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Huminite may also fluoresce weakly with dark brown colour in the lignite to
sub-bituminous range (Stach, 1975b). Colour and intensity may be related to the
hydrogen atoms in the un’saturated bonds of the chemical structure of the maceral
(Goodarzi, 1985).

Accordiﬁg. to Goodarzi (1985), three advantages are derived .from using
fluorescence microscopy:

1. Both the shape and internal structure of the liptinite macerals become more

‘clearly visible.

2. The fluorescence colours are not inflﬁenced by the thickness of the thin
section (when transmitted: light is used); differences in fluorescence colours

indicate a different origin or a different rank. 9

3. Polishing does not affect the fluorescence properties of liptinite macerals.

6.2. Materials and methods
6.2.1 Sampling

Coal and interbedded sediment samples were taken from the coties of
boreholes 75-77 and 75-62 (Fig. 6-2).. Borehole 75-77 is situated near the centre
of Hat Creek No. 2 coal deposit and intersects a total of 5:33’:'m of coal and
interbedded sediment. Bor:ehole‘75-62 is situated approximately 1 km SSE bf
borehole 75-77 and intersects 467 m of coal and sediment.

Borehole 75-62 penetraté‘d the lower part of the coal deposit, whereas 15-717
.did not. Neither of th:z two bor;eholes nor any of' the boreholes drilled into the Hat
Creek No. 2 coal deposit penetrated the entire coal interval.

A total of 459 samples was obtained from both boreholes, but only 312 were
’ ;ctually used for petrographic:‘ahalysis and fluorescénce étud_ies. Sampiing was

done on a regular-interval basis, with each sample represent'.ing approximately

1.5 m of core.
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Since the samples were approximately eight to ten years old, there wz‘m a
possibility that they may have been oxidized. As a precaution, in all cases,
'snmples were taken from the central part of the core. It is believed that the
freshest available specimens were  obtained for crushing and that the results

obtained below are characteristic of the coal deposit in the study area.

6.2.2 Sample preparation

Samples were washed in distilled water to get rid of loose dirt and were left
to dry' overnight. FEach sample was split into three portions. The first was used
for p‘reparing the po[fshed bloek (pellet):' for reflectivity and maceral analyses, the
second was used for proximate analysis and the third was stored for future use.

Samples were then crushed and passed through a 20 mesh (850 um) screen.
The crushed samples were mixed with an appropriate amount of epoxy and
hardener to form a fair"ly thick paste and were allowed to harden. The pellets
were then mounted in a Buehler Automet specimen holder to ensure that the
surfaces to be polished were all level, then they were ground on 240 and 600 grit
papers. Between each stage, the pellets were placed in an ultrasonic cleaner,
washed and rinsed with di‘stilled water.

The pellets weré fur‘.cher polished using a 'Texmet' paper“ and water. The
paper was covered with a ‘s.lurry of 0.3 micron Alpha alumina powder, and the
Automet was turned on for abéut 3'—4 minutes; during which time periodbic
applications of the alumina mixture were made. Duringwthe final 30 seconds to
1 minute of this stage,’ the lap was flushed with distilled water to 'buff' the
surface of the pellet.

Finally, the pellets were polished on a lap on which two layers of silk had

been attached. This stage required 1/2 to 2 minutes and included the application



of 0.05 micron Afpha alumina powder mixed with water in the same fashion as the
preceding stage.  The pellets were cleaned in the ultrasonic eleaner and finally

|
polished on a clean silk lap with no alumina using a good supply of distillted water,

Prohlems

{
= TNoe-diffReulties were encountered during polishing; in some cases, a few
seratches remained after the final step, and polishing was repeated giving special
attention to the time parameter. Detergents were not used for washing the

pellets, because they created a multi-coloured thin film which atfected

reflectance measurements.

6.2.3. Equipment and method employed for rank determination

Reflectance measurements on the polished blocks were carried out using a
Zeiss MPM Il microscope {Plate 1, Fig. 1A) fitted with white (hélogen) and
fluorescence (HIBO) light- sources and using an Epiplan-Neofluar oil immersion
(Ngj| = 1.5180 at 23°C) objective (N.A. 0.90 x 40).

A '"ZONAX' microcomputer (Plate 1, Fig. 1B) was used to calculate the
mean, standard deviation and coeffiecent of variation of fifty (50) reflectance
measurements made on each pelle;t. The microcoﬁlputer was connected to an
EPSON printer (Plate 1, Fig. 1C), for tabulation of reflectance data.

Before taking reflectance measurements, the varxjous eompon‘ents of the
apparatus were carefully dligned, to compensate for variations in electrical
current, deviations in the optical path, and instability due to char.ige in humiqity.
The photomultiplier was calibrated using glass standards of anwn' reflectance at
the start and after each series of six (6) pellets. The glass standard used
throughout the study had a refractive index of 1.7477, a calculated refle‘ctance of

i
0.4958 and a corrected reflectance of 0.506 at 546 nm at room temperature. The



glass standard. wds  chosen to have reflectance slightly higher than the
reflectance values of the coal particles.

After (;-egi{)‘r;ning the photomultiplier reading to be exactly the same :-\s the
reflectance of the glass standard, 50 reflectance measurements were carried out
on each pellet,

Periodic replications were performed on randomly selected samples using
the same microscope to check the precision of the results. The mean reflectance
values, in most cases, were within the +0.02% limit 'recmmnon(led by Mackowsky
(1975).

Reflectance measurements were taken on the maceral eu-ulminite,
variety B (Table 3); on rare oceasions, due to the absence of eu-ulminite B,
measurements were taken on eu-ulminite A (dark) and/or texto-ulminite. Random
reflectance, the reflectance of a grain in the orientation at which it is

encountered, was measured at all times. For low-rank coals, random reflectance

is used routinely because their bireflectance (Rmax-Rmin) is almost negligible.

6.2.4 Point counting

The maceral composition of coal and kerogen was examined under reflected
light using a Zeiss microscope (Plate 1, Fig. 2A) with an Antiflex-Epiplan oil
immersion (Nqgj) = 1.5180 at 23°C) objective (N.A. 0.40 x 16). Point counting was
‘per"fo‘rmed using a Swift Model E automatic point counter (Plate 1, Fig. 2B) on the
same pellet which was used for reflectivity studies. Five hundred points,
including mineral matter were counted on each pellet and the volume percéntage
of the three ‘main maceral groups and mineral matter was calculated (Appendix ).
Org(énie constituents (macerals) were identified only to the subgroup level; if the

cross hairs fell at the boundary between two macerals or if the particle was too



small, the point was disregarded (Mackowsky, 1975).  Counts were made over the
whole surface area of the petlet, along traverses about 0.5 mm apart.

Although the maceral analysis was performed in one plane, the values can be
looked upon as percentages by volume. With 500 points measured, the error

should be approximately +1.5% (Mackowskv, 1975). -

6.2.5 Equipment and method used for fluorescence studies

Fquipment used for the measurement of fluorescence spectra is shown in
Plate 1, Figure 1A, D; fluorescence photometry was combined w’ith reflectance
photometry in a single operation. For measurement of fluorescence an excitation
filter of 365 nm and a barrier filter of 395 nm were used, whereas for visual
observation, an excitation filter of 450-490 nm and a barrier filter of 510 nm
were used.

Based on the ability of liptinite macerals to fluoresce, a quantitative
measﬁr‘ement of fluorescence colours may be diagnostic of the macerals. and their
rank. .

After excitation at a wavelength of 365 nm, the emission spectrum from the
maceral is recorded between 400 and 700 nm (Fig. 6-3). Average spectra built up

from a number of individual spectra from ‘single points on the same liptinite

maceral are used to determine the wavelength of the maximum peak (Amax) and

the so called red/green quotient (Q), which is the ratio between the relative ..

intensities at 650 nm and 500 nm.

The position of Amax of the maceral changes because changes take place in
both the intensity and the colour of flucrescence during irradiation. These
changes can be diagnostic of individual liptinite macerals and may be of

significance in coal rank studies (Teichmuller and Wolf, 1977). As the hydrogen
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content of the macerals deereases, the fluoreseence intensity falls, nccompanied
by @ colour shift to longer wavelenpths,

The emission speetrum of an individual liptinite mheeral was recorded over
K .

a period of 30 seconds, bécause irradiation periods tend to alter the "true!

fluorescence colour, resulting in o shift of the wavelength and erroneous

]

intensities.



7.0 RESULTS

The Hat Cregak No, 2 coal deposit was divided %nto four main zones ofm'(\:‘Oal‘
- and interbedded sediment; they. are zones A,"B, C, and D (Fig. 7-1 to 7-4).
- Zone A’ (top) has a ‘total thickness of 185.'m; Zone B 100vm; Zone C 150 m, and
. Zéée D 80 m. The division was arbvitra'ry'although log charaqteristics (Y—réy and

density logs) as well as macroscopic and microscopic properties were used as

guidelines. .
7.1 Organic petrology .
. Introduction _ g

\

~Orgénic petrology is the science dealing with the study of the organic

matter in sediments. The -organic- matter may.cofisist of coalified or charred
. , ‘ _

woody tissues, kresin', plént spér‘es and pollen (Bostick, 1973). The above material
can éither be dispersed in the form of grains or plant fragments within the
. , -
sedimehfary rocks, in which case it is referred to as kerogen, or ‘it can be
éoncentrated as in coal.
As a result, macroscopic and 'rrﬁcroscopic examination of the coal and

" interbedded sediment was necessvary. The results have as follows..-

.7.1.1 Macroscopic description .

= -Based on the«_macrbséopi\c description of the core, the following observations
. 1 . ‘ : . '.‘ N

- '7’ @
were made for each-of the four main zones.

-

ane A

o Zone A‘ is th‘e thickest zéne of the:_éo‘al deposit, approximately 185 m
'(Fig. 7-1). It contains numerous zones of 'éj.lléstic sediménts ‘r'anging in thickness.
from 60‘cm té S5 m and,éonéistir‘ﬁg of cavrbq‘n‘aceous ta cdaly ciayst,one, shale and

s



organic mudstone.- A few iron carbonate~rich (carbo-ankerite) intervals as well as
a thin band (~14 cm) of bentonite are present. The latter indicates volecanic
activity during peat accu mulation..

The thickest coal seam of the zone is approximately 20 m and coal is

present throughout the entire zone except at its very base. The basal 20-25 m of

7
the zone contain coal of secondary quality (based on calorific value and density)

and clastic sedim- ‘neluding marl and carbonaceous shale;,

43

The coals are relatively clean and generally contain great quantities of

xylite indicating the origin of the coal from the coalified tree trunks of conifer
wood. The coal also appears dark browﬁ to black in colour and its lustre ranges
froni bright to dull. The most common sedimer@'arjz structures observed in the
coal and interbedded sediment include laminations (even-parallel, wavy-parallel,
discontinuoué wavy-parallel an?a. wavy-nonparallel), _carbonaceous debris (plant

remains), rootlets and carbonaceous laminae.

Zone B o
This zone contains fewer coal seams than zone A (Fig. 7-2) with the thickest

approximately 6 m. Zone B contains numerous clastie beds (the thickest being

approximately 7 m) composedl of marls, carbonaceous shale and thin carbo-

ankerite layers. Coals are not concehtrat%in any particular part of the zone but
it appears that most of the gooé quality coal is located near-the top of the zone.
The sedimentary structures observed include carbonaceous lamiqaoe, plant

remains and laminations (even-parallel, discontinuous wavyrparallel and curved-

parallel). The colour and luétre_ of the codl is similar to those of zone A.



Zohe C

*  The thick,wclean coal seams are situated at the lower half of thé zone
(Fig. 7-3). The thickest seam is 11 m and the thinnest about 1 m. The clastic
intervals consist of carbonaceous ghale to_¢laystone, silts'zone and marlstone, the
thickest being approximately 5 m ‘\The ‘(,;oal's are dark brown to black, bright to
dgli and E'ich“ in xylite. The common sedimentary features are carbonaceous
iafninae, plant remains, clay intraclagts, wav.y—pa_r'allel and inclined e\{en—parallel
laminations. _ s |

g

Zoneﬁlé) ‘& ‘ ' | )

!

This zone consisfs almost entirely of coal (Fig. 7-4). The thickest seam is
24 m and the thinnest 1.5 m. There are only a few interbedded clastic intervals
(the thickest feing ~1.5 m composed of carb.onaceous to coaly claystone or shale.
Almost all of the coal is good quality, has a dark brown to black colour and is rich
in xylite with .figé;br;ight lustre. Sedimentary structures include inclined evén—
, parallel ~ laminations, discontinuous  wavy-parallel and wavy-nonparallel

.
laminations. Carbonaceous debris and’&carbonaceous laminae are also present.

%

D

7.1.2 Microscopic deseription

B2
Microscopically, the Hat Creek coals have the following characteristics:

Zone A

The coals afe relatively clean and contain greater quantities of humotelinite
(xylitic) than humodetrinite (detritus) (Fig. 7-5). Humotelinite averages 57%,
humocollinite 10% and humedetrinite 15% throughout the sequence. Coals in the
- middle bart of fhe ‘zone are richer in humocollinite than in other parts. [n the

same way, the basal part of the zone contains high quantifies of mineral matter

44
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and very little humocollinite or humodetrinite. The percentage of humotelinite,

except for a few cases, remains constant and the organic matter content in the

interbedded clasties ranges from 38 to about 66 per cent. The 'average mineral

" matter content is 14 per cent.

Zone B

Humotelinite is- more abundant k41%) than both humocollinite (9%) and

humodetrinite (11.5%) (Fig. 7-6). Humodetri.nite appears to be more common near
t.he top and base of the zgne. Mineral matter content is high (average is 36%),
with clastic sediments hav\-\ing total kerogen content of 16 to 78 per cent. The
chénges in maceral composition for zone B are more erratic compared to those in

zone A

 Zone C

Humotelinite averages 36%, the lowest in all-zones (Fig. 7-7). [n the middle
and lower part of the zone hu'motelinite content decreases in the expenée of high
mineral matter and humodetrinite contents. Humocolliﬁite averages 12% whereds
humodetrinite 16%. The interbedded clastic sediments have a total kerogen

content of 33 to 82% and the maceral changes are as erratic as those of zone B.

Zone D | . , ;

The coals of zone D are rich in humotelinite (50%) (Fig. 7-8). Humocollinite
content is at 10%, whereas humodetrinite averages 18%, higher'than in zone A.
The minei‘al matter conﬁent is 20% and the inter'.bedded clastics are, generally
more organic-rich (34%‘%1%) than those of zones B and C. The maceral changes

7

occur more frequently than those of zone A.
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7.1.3 Maceral groups '
Huminite group
The huminite macerals are the most abundant of the three maceral groups’

whieh are present in the Hat Creek No. 2 coal depoéit.

.

Humotelinite

This subgroup consists of both textinite and ulminite (Plates 2, 3). Textinite
(Plate Z, Figs 1-3) is more abundant in coals of zone A with the transitional texto-
ulminite (Plate 3, Figs. 1-4) present throughout the entire succession (zones A
to D). The open cell lumens of textinite were often filled, either with resinite or
porigelinite (Plate 2, Fig. 2). Two varieties of eu-ulminite were observed, the iow
reflecting variety A (Plate 3, Fig. 5) and the high reflecting varietyB (Plate 3,
Figs. 5, 6). The entities classed as humotelinite show a variety of structure,
reflecting their ‘different plant tissue origins, and a range in the degree of
gelification and compac;tion. At one extreme eu-ulminites ggade into texto-
 ulminites and on the other become almost structureless and closely resemble the
telocollinite of b.ituniinous coals.. These gradations, observed within the same
sample, demonstrate the influence of local factors on the degree of compaction

and preservation of huminitic tissue.

Humocollinite

The humocollinite subgroup comprises corpohuminite and gelinite
(Plates 4, 5). Corpohuminite was mainly associated with textinite and ulminite,
whereas gelinite occurred with humodetrinite. The association of corpohuminite
~ with textinite and texto-ulminite cell lumens is evident in Plate 4, Figs. 1-3.

Gelinite also occurred in association with carbonate-rich sediments (carbo-

) I
ankerite) (Plate 6, Fig. 6). Gelinite was present as both levigelinite (telogelinite)



(blato 5, Fig. 2) and as eu-gelinite (Plate 5, Fig. 1). [n some instances, gelinite, in
the form of porigelinite, infilled cell lumens of humotelinite, mainly textinite
(Plate 2, Fig. 2). The porigelinitic particles, which commonly occurred in
aggregates, were approximately spherical with a variable size (Plate 5, Iig. 4).
Phlobaphinitg occurred as globular to elongate bodies associated with plant
tissues. [{f.gh— and low-reflectance varieties of phlobaphinite were seen; high-
reflectance pglobabhinite (Plate 4, Fig. 1) exhibited a rounded to elongate shape
and was assoé.iated mainly with humotelinite whereas the low-reflectance
varieties (Plate 4, Fig.2), with a rounded shape were associated with
“humodetrinite. Phlobaphinites, particularl;/ the elongate ones, coptained
de-vo“l‘\atilization vacuoles (Plate 4, Fig..4) indicating that they have undergone
structure changes which produced an increase in reflectance. Apart from.small
cévities (Plate 4, Fig. 3), phlobaphinite occupies the whole of the available
volu me‘,"is rémarkably uniform and terminates sharply without a transition zone at

the intérfaces with the cell walls.

Humodetrinite

| This subgroup is represented by the presence of aensinite (Plate 5, Fig. 9).
No attrinite was obser\}ed. Humodetrinite appeared as a hixture of humic
d‘etritus with a fine humic gel resulting from the strongly decomposed plant
rﬁateriai. In densinite the individual components were‘cemented tightly t‘og_et‘her
a‘fbng with spores and mineral matter. Some of the particles were of the same
general character as in porigelinite although mﬁch larger. The .fragments that had

an elongate shape were probably of huminitic character (Plate 5, Fig. 2) but some

were of liptinitic affinity (Plate 5, Fig.3).



Inertinite group

Hat Creek No. 2 coals are characterized by extremely small amounts of
inertinite.  Selerotinite exhibiting one-, two-, three- and multiple-cetlular
structure (Plate 6, Figs. 1-3) was the most abundant maceral of the group. The
variety Plectenchyminite (Plate 6, Fig. 4) was also observed, but in lesser
amounts. The maximum inertinite value recorded was 3 per cent in a dull coal.
[nertinite shows a slight increase from bright to dull coals.

No fusinite, semifusinite or inertodetrinite were observed in the sa bles.

Liptinite group o

The liptinite group in the samples is represented mainly by the [Tl%l(?i(;r‘Zlh'\.S"
resinite and sporinite and by lesser amounts of cutinite, suberinite, bituminit‘b_;ujd
fluorinite. l,iptinitewmade up less than 3 per cent by volume of the average
maceral composition of most samples of all four main zones of the coal deposit.

A minor increase in the liptinite component from bright to dull coal and variation

in the proportions of individual macerals of this group were observed.

Y

Resinite and other macerals
Resinite is t.he most abundant maceral of the group, concentrated mainly in
certain beds in zones A and D. Its spectral characteristics are briefly summarized
in Table 6. |
The following types of resinite were recognized:
1. Massive resinite, one of the mast abundant types (Plate 7, Fig. 1), occurs
mainly as large irregular bodies (~300 um). In fluorescent Iighf this
material appears as a clear to translucent sdlid occasionally with fractures.

The clear and 'fresh' surface may occasionally show a cloudy (mottled)
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57
Sporinite; mainly miospores (tenuisporihite) was observed either -agy
individual grains or in large masses (Plate 8, Fig. 4) which were'light to dark grey
in thte light and a very light yellow-orange fluorescent colour under UV light. [t
shbwed a spectral makimum at 590 nm and a red/green gquotient of 1.04
(Fig.v7—10(;-).
F1u4oridn‘_ite (Plate 8, Fig. 5) éppeared black in normal reflected light and
displayed unfsu'ally strong fluorescence.
= ' .
7.1.4 Types of kerogen .
The following types of kerogen were found in the inte‘rbedded sediment of
the coal deposit: |
1. Typell kérogen (Plate 8, Figs. 1-6) represented by the‘ .macerals of the
llptlmte g'roup (excluding alginite). | '
2. Type Il kerogen (Plates 2-5), very abundant and consisting mainly of the
macerals humotelinite, humocollinite and humodetrinite.
“ 3 Type IV kerogen (Plate 6, Figs. 1-4) represented by the inert'inite macerals,
and only sporadicall;r present. .
Type I1 };erogen.'. (cutinite, sporinite) was ' mainly associated with

G .

carbonaceous shales and marls.

#.

Resinite and Type [I kerogen weré present in carbomin%rites, carbonaceous -

shales and shales. i
The éarbonates (carbo-ankerite) contained Type Il kerogen; in particularly

humoecollinite (gelinite).

7.1.5 Ternary compo:ntlon dlagrams
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as carbominerites (Fig. 7-13).
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content (Goodarzi, 198_5), whereas sediment that .has more than 60<p'er",bcent
mineral matter content by volume was classified as carb‘onaceous shale (Stach,
1975a). A coal with more than an 80 per cent content by volume of humotelnmte
plus humocollinite was con51dered to be bright (Marchioni, 1980); coals havmg a

\;
humotetinite plus humocollinite content between 60 and 80 per cent were

classifiefl as banded bright, and with less than 60 per cent were considered to be:
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The lower right-hand apex of the triangle represents relatively dry

vcondi'tions, wheréas the lower left-hand apex of the same triangle represents

h
1

refatively wet conditions. ‘ .

E]

Zone A

Figure 7-11 shows the’ composmon of zone A, in terms of its macerals ,The
coals of this zone -are generally @ rich m‘ humotelinite and humocoilmlte and
poor in humodetrinite. The majority of the coal sam.ples studied from Zone A

were bright and banded-bright. | ' ' .

Zone B

‘Amc;ng the tots
' I

umber of samples classified as carbonaceous shales and

' @
samples classified as carbominerites (Fig. 7-12). The zone contained a limited

number of coal seams and the coals were not 'clean’.

Zone C . ' .

. 1 ) o, . . ) 3 » ‘ . M
Zone C is microscbpically similar to zone B. The zone contained a small

-

number of coals seams and the majority of the samples analyzed were classified
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Zone D
Zone D is similar to zone A (Fig. 7-14) although the coals appear to be more
dull than the coals of zone A. Most of the non-coal samples were classified as

carbominerite. '

General statevment

The ‘r‘nicroscopic_ analysis wvas based on the f.act that 'coal' could not contain

more than 20% by volume clays or other mineralg (Stach, 1975a). The macrocopic

‘déscription. on the other hand, based mainly lon log inte;'pretation and core
2 . ,

déscription, did nc* :se the 20 per cent threshold} Therefore, material with up to

50 per cent mineral watter content was probahly considered and deseribed as

'coal' and the differ: « - ~tween the two descriptions is due to the above reason.

inite, eu—ul'mitj A and B, low

ere studied from selected coal

7.1.6 Selected samples

ws-_ ~The macerals: resinite, sporinite, texto-ul
:;hd high reflécténce phlobaphinite and gelinite,
and interbedded sediment samples. The selection was done for each zone
individually in such a way that each sample contained as many of the named
macerals as possibl‘e.

| The objective was to study how‘thei refle¢ctance of all these macerals
changes with depth and with increasing rank. It should be no’t‘.e?iﬂv; hat, changes in,

reflectance reflect changes in thé*themical structure of the makeral, therefore,

any information on relative reflectance behavior with increasing depth may give a

clue as to the way coalification affects the physical chemistry of-a maceral.

!

Resinite types 1, 2, and 3 had a range of reflectance from 0.02 to 0.1% Roil’

the lowest of all macerals (Figs. 7-15 to 7-18). Next was sporinite (Ryj) 0.06 to



’ ZOME-D
MM - -
Wy .
i -
\ e
a "\ [
v \ e @
/ 3 \ g #
v // ‘\ \‘ b 7
o / N O e 0
Y v B0 \ o o
, \ . O
, 5 \ c
b X e
v/ SN \\
/ ‘ L2 0
) N e 7
1) / . \\ 1;(\ *j\‘p

\
Y/ X .
% / N Y o
Yom e P e vee A, %
N / . [ o\, * e \ v C &
/o 1, SN » 0%
= L] .y s e A"
7 3 . ,1‘., 2 \”.].‘ 3 A
/ R \ \ £y o.:re‘ ) \\ ]
!,![’ <~,). b — - :,’.4 7 - ‘,_ ~ - _(‘/. - ,‘./._,,,_,_:}7...,..,,7_ —— (\0 HT
&L < & S EHGC
VET < T - »  DRY

CCLDITIONG CONDITIONS

PHYSICAL AND
BIOCHEMICAL DEGRADATION
ARE FAYOURABL

.,

GOOD

PRESERVA.ION
'S FAVOURABLE

Fiqure 7-14. Ternary compasitional diagram for Zone D.



w
53

M

el

CrPTH

[ N I TR
IR
I ON A o
«
ST
(SRY) 05 ]
boie . i [ i I ;
o
- .
!
. . b
15t 1 P s
)
i M .
; . - k
25 ¢ -4
! L
. - .
‘e . .
|
i
a5 - v
i .
! .
4 '
s
L] L
5% .
L4 i ;
. ]
[2E }
1
. - - 2 N |
! i
TN
I [ i
I
N
‘ 1
3% ‘ ' .
: [
* i L4
n ¢ .
: l
4
@4 - :
. 3
,,} L] t ‘ >
i . :
05 -
R i
3
11584 » -
i
- —
i |
' o
; ' ;
* i
o ! |
. ! .
10
I
.
4 1
145 -
. N , -
- P
! ! |
i . !
175 - 1 :
§ H
e . N . !
B ! t
! : ; i
e ! i
155 . | } ‘
. ! i
- & I - 1
) | !
175 . - | -1: !
. i ! ‘
| -
: | . Do _ |
146 dme e i el D IR ! I i v

02 01 02 03 04 05 06 07 08 09 toO

o
70 Ron

Figure 7-15. Raflectance o huminite and liptinite macerals it coal and
interpedded sediy

ner.t (Zorie A).



METRES

DZPTH

BORLHOLE

| i5-rl
' ZoHe-n
. *
Yo Ron
Ll
o0 0.5 10
WS TR T T N e
A &
951 o N i - ©
‘ [ ] L]
2051 S » °on
0—43 H A B i
N
215 — :
A .')‘ it Y
A A0 - )]
A o
225 -
[ 'y ¥
235-1e, .n . o,
- an . *
4 2 2
245 * o o
255 4 . -
A > «
- A Ay 1 i
:’:65"" o A F. N n ‘ — ) ol
— LA ﬂ. - PN
A
275 ) -
a )
] dw 1 e
285 A I A O O S AT SRS S N S S
00 0t 02 C3 NV 05 06 07 08 09 10
2.0 ' -
/4s]
toiL
Figure 7-16. Reflectance of huminite and lipiin te macerais in coal and

interbedded sediment (Zone B).

A



1

v

2N
/l)“(,n

I

o

2w

S3¥L13IN NI

—————m ey

RS

coal and

Co 093 10
in

meocerals

[

25
iio

L

ESRILHY

(433

)

;

zZone

sediqent (

I

’

interbedded

Figure 7-1



IN METRLS

CEPTH

Q.0 0.5 1.0
A3V e AR T T P
A S

[ ]
- A N
0 .
[ 28] \ '] |
441 . | \
-4 o0 ~ o l
cr_ |® - Rt
451 L e a AA Y e ‘
A ] ;
n o,
| . . .
~ 1] A O =
461-1e 1 . 4 S .
s 0 |
o ALl !
o - !
a7 !
P a |
O :
. |
] a yooy |
agi-| ¢ S |
9wt |
- ® » :
r'y RS !
© . !'
409 - . |
i PO A u |
<1 ou N ‘
— - : $
s i I
. |
501 4, 4 a - {
o A S }
6 e
[ e L 1 |
e- - ; ) o
TS o O B R
LEGEND

LIPTINITE -
GROUP

Figure 7-18. Reflectance of huminite and liptinite macerals in coal

o RESINITE
S CUTINITE
¢ SPORIMITE
a LOW
A HIGH PHLOBAPHINITE
s GELINITE

interbedded sediment ( Zone D).

PHLOBAPHINITE

L R i B
o
L
L
*
. ] H
o )
L]
'
- i
) 1
° ‘
® N '
-]
oM Al
[S T 93
..-)"
:‘.g\,
D )
P
oL
s 2 {
[ ]
4 *n” ,
[ 18
¥
© g
[ v
[>] )
[ #00
o«
..O (@
e >
[T S SN U S U SO S
02 03 04 05 06 G7F 08 09
o/ n
/0Ron
@ TEXTINITE
o TEXiO-ULMINITE
@ EU-ULMINITE A
o EU-ULMINITE B

and

10



0.29%). Low phlobaphinite (Plate 3, Vig. 4) with reflectance range of 0.25- 0.4%
Ryip and high phlobaphinite (Plate 3, Fig. 3) (0.4 0.55% R had higher

reflectances.

Jelinite (eugelinite, Plate ), I‘IV 1) had 1he hxghest reflectance of dH the

o
-,(‘

macerals studied with a range betwcen ()x4 f'O h.) o RO” Gelinite, th ‘hlizh

b"""

roflec ance because it has a hlgh mrbon ‘contem,:{csﬁ VO‘Q\%IWmdl&CI‘ qnd%

oy,

Nt q.” *}\‘ ow s A
considerably less hydrogen in its structurc, A‘dmtmci relaim@thp emsu bctWeeh 1
.0 \* ) o 4 XNl ' ‘i" \\'\u,q H) .
the reflectance of a maceral and its : carbén‘} or vqlatlle mat er ‘ conterﬁt
" oy I

Reflectance generally increases’ w1th a decreéay,e *m v'(ﬁmllc matter bnd an f'“

greése"

with depth was observed in all zones. g

S 1 i
.Among the macerals of the hﬁrfﬁﬁ;féllmte group, eu- ulmmlte A had the

G )

increase in carbon content. The same é ttem tn the order of 'rcflectanc
. %,

lowest reflectance increase with irﬁéreaﬁmg depth. E;'u—ulmlmteB sho‘wed the

Y “;ﬁ‘fﬂ "r . : ' ; ' )

ax@g dépth Thé above :relationship was

,” R
g -

observed in all zones.
change with depth, it is very hard tcg Fain an accurate coallflcatlon gradlent

It was noted that the hi‘:" ‘pffectance "phlobaphﬂinite was similar in

7.1.7

Huminite group

Textinite . o R .
.& . ' ;, ‘(u'.rl “‘ . _’ “Q ?

Textinite present in zone A exhwblted a charactemsttc’ ceuular structure«

(Plate 2, Fig. 3). It was also observed in zone D where it ha%ﬂigh%&gﬂeptanceﬁjv'-‘

B
LB




(\{”“ 0.43 0,489%), and was completely gelified, representing  petrified  wood
associated with caphonate rieh sediments (earbo ankerite) (Plate 2, Fig, 2). These

. features reflect the moderate degree of compaction and relification of the coals,
¢ Al x
! ¥

"\. . . . . .
Through thé p_gecoss of gelifieation textinite ajtercd to ulminite. The

L)

“exto-ulminite and eu-tlminite

macerals texto ulminite (partially gelified) and euw-ulminite [both A and B
varieties ' (Plate 3, Fig. 5)] were found through the suceession, 'I‘ing' (1‘.)7({)
t;elieeves that secondary xylem of conifers is giving rise to dark huminite whereas
cortical tissues give rise to light huminite. Eu-ulminite was completely gelified
and had A similar appearance tlo vitrinite (telinite) of bituminous coals.
Celifieation is probably the chief factor in the loss of botanical detail in huminite.
Presumably the gelification, which was responsible for the effects observed here,

was mainly biochemical and occurred at, or very soon after, the time of peat

deposition.

-

Densinite

Densinite, found in Hat Creek coals, consisted of detrital particles
cerr&en'éed t%gether as a result of gelification. The detritus was intimately mixed
with finely divided gel (resulting mainly from strongly decomposed plant
.material).', The material was clearly heterogeneous on the basis of both ¢
morphological and material differences. Some particles appeared with an_,’_‘angular

outline and may be the residuals after the removal of surrounding material during’

partial gelification.

v N m N



«
v

Gelinite 1

Material precipitated from collofdal soiutibns which migrate thfough
existing cavities-‘-wit_hiln the coals is’terme.d gelinite (Teichmiiller, 1975).
’Le\}igelinite (APlate 5, Fig. 3) \was dehse and “masv,sive with charact_éris‘tic
desiccation cracks, due to shrinkage from a fully hydrated gel, whereas
porigelinite (Plate 5, Fig. 4) was very finely pdfous to granular, intruding into cell

lumens of textinite.’

Cbrpohuminite .

*The coals are rich in corpohuminite which appeared to be cell infillings.with

-

CohL ' .
equal or greater reflectance than the surrounding huminite. The type

?

phlobaphinite was found to be associated in large numbers with‘the‘plant tissues

of conifers and material rich in wood (Cohen, 1968).

<
v

a

sigpific;ance | _ .
The entire cha’nge'.fron} textinite to éu:u‘lrﬂini{; can be observed in the Hat
'C‘r_g_ek coals. There is a very insigﬁifﬁcant change in the petroldgical t:eatu‘r'es .of.'
.the. humcv)telinitebgroup macer"'.als' wﬁich’, "élong with the small increase m the
reflectance of éu-ulminite B from -the top ';co the bottdm of! the . deposit
. (Tables 7-10}1), suggést a very small coalification éradient. |
" .' H-umic materials, in -general, respond relatively uniférmlyf during the
individual stages of c\oélification,‘ irrespective of the fact that t‘h.ey are the rr{'c?i"‘ét‘
abundar;t constifuentf//,gf. thé Hat‘.Creek coals. This. is the reason why only the

“

;o S .
gtj’es were used for rank estimation.

* humini

—=



- Sporinite /"

Resinite

* in the structure (Stach, 1975a). ' Bt

Liptinite group

£}

Sporinite originates from the outer cell walls of spores and pollen

(Teichmiller, '1975), and its'contéh't may be influenced by climate (Teichmuller,

- 1975).

In the Hat Creek coals, sporinite was mainly associated with interbedded

_sediment$ rieh in humodetrinite, and was rarely observed in clean coals.

Cutinite:
Cutinite forms from the duticular layers and cuticles of the epidermis of

leaves (Teichmiller,-1975).

.

L
~

Cutinite was less abundant than sporinite in the Hat Creek coals, possible

3 EA T , '
because the cuticular, layers’ have been destroyed mechanically (Teichmiiller,

o %

“1975). Cutinite is rare in miny 'a'ut‘ocht‘honou's peats and coals‘suggeéting that the

1 *

Hat Creek coals afé”maiqu'aut‘"ochthonous.

L4
4

©

Resinite (Plate 7) ca_&ave ‘many origins, but its principal precursors are

’ ) . ' ) . ‘- é .
resins and waxes, although oils and fats are also considered to be source materials
. ) N K.Y »

(Teichmuller, 1975). The different precursors explain the vér&igg microscopic

properties (form, colour, reflectivity, fluorescence) of resinites in the same coal

(Teichmller, 1975). .
- Resinite has high qoncentrations of hydrdgen compared to the inertinite or
huminite macerals (Stach, 1975a). - Dependi“‘ng on filter combination, the colour

variation may range from blue to light brown, a function,of the amount,of
Sy . - ¥

- . @ ‘

hydrogen pres'ent and/or the manner in whiéh hydrogen is bound to other elements

y
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. _ LY
Dobell et al. (1984) recognized four types of resinite in the Hat Creek No. 1

coals. These types were identified as tYpe la and 1b {crystalline), type 2 (yellow),

type 3 (orange or mustard), and type 4 (br'owh). Crelling et al. (1982) also

‘ obtained similar resylts from studies on resinites in western United States coals of

h 4
Cretaceous and Tertiary agq@;‘;@

o

3

The Hat Creek coals are I‘lCh in reqm because of the abundance of comfers

in the Tertiary flora of cehtral British Columbia. Isolated resinite bodxes are

) T P :
‘particularly common in the coals at Hat Creek (Plate 7, Fig. 1). They are

probably original cell excretions, which, when the tissues are destroyed, remain as |

»

individual entities (Teichmiiller, 1975). Resinite appeared darker than huminite in
; , ‘ oo

reflected light and fluoresced with different colours and intensities.

Each resinite type is characterlzed by max1mum mtenmty at a dxfferent

o

N
wavelength, with type 1 at the lowest and type 4 at the highest. As the peak of

‘maximum intensity shifts to longer wavelengths, the shape of the curves also

Sdberinite

changes. " With type 1 re51n1te the' curve appears to be less flat and the peak of

maximum 1nten51ty less dlffuse than in other types (compare Fig. 7- 9a to 7-9f) in

agreement with the res¥its of Dobell et al. (1984). The spectral shift to longer

'wavelengths was accompanied by a rise in reflectivity and a fall in fluroescence

‘S‘ ‘ . e pe - i .o ' P
intensity; all the above changes with coalification are typical of resinite.

N

:/J\v‘"‘ .J ) *‘

" This maceral (Plate 8, Fig. 6) in the Hat Creek coals consists of suberi‘n, 4

/ - , :
substance found in ecork cell walls, mainly in bark, but also at the surface of roots
and on stems (Teichmuller, 1975). In.the typlcal cork tissues the suberin layer‘ of

o1 ”'!‘_

the cell walls is usualiy pwreserved.

72
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Sclerotinite

Z
>

Slgmfzcance

It goes without- saymg that the resin ‘and wax ‘content of coals originates
]

from the peat-forming plants. Conifers contain more resin and less wax than

angiosperms (Stach, 1975a). Therefore, the resinite types appear to have had .

different physical and chemical properties from the beginning, probably because

they originated from different precursors and are oxidized since resinites of

[}

' different types are found in coexistence in the same coal inter‘val. Generally,

thelr carbon content rises at the expense of oxygen dnd hydrogen w1th'm¢'reasmg

\/

- coalification (Teichmuller, 1975). In addition to dlffer'ences in origin, the various

,

o

types “may.h:ave'follo,x‘geg s_om.ewhat different paths during the conversion of peat
to subbituminous?cﬁfld':esoonding to alter"-ations‘in varying ways.

Fluoresoencg mlcroscoplc studies lndlcate that the coalification stage of the
Hat Creek coals lles below. i"ne fn‘st COallflcatlon jump', therefore, no petroleum—

like substances are expeck@@ﬂ?"o be produced by the kerogen of the coals at this

stage.

Inertinite group

&

Sclerotinite was thq only maceral of this group orescnt in‘:r;elati\)ely large

&

quantities.’ ‘Sclerotia, from which the term sclerotinite is derived (Teichmuller,

1975), are the winter spores of fungi whieh survive in unfavourable toxic

~ conditions. : - o

Significaflce

High sclerotinite_ content in coak indicates dry periods (Cohen, 1968), and_f‘?-

“therefore the small amount of sclerotinite (Plate 6,‘ Figs. 1—4) in the Hat Creek

coals indicates moist conditions in the peat swamp. This is in agreement with the

_ conclusions from other aspects of this study.
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7.2 Use of analysis of variance (ANOVA) and linear regression analysis
lntrpduction
In order to compare the » variation of huminite (eu—ul,ni‘:ir)ite) reflectance

versus depth, a formalized procedure for analysis of the variance (ANOVA) was

' % b

535;4“used. Reflectance is the dependent variable and depth i% Fe independent - one.
Analysis of variaﬁce was applied for coaly particles occurring in three differegt
matrices, ‘namely shaly matrix, carbonate matrix and coaly matrix. Coaly matrix
was turther subdivided into A and B, A correspondmg tb the good quality coal and
‘B to the secondary quality eoal "All four zones were combined.

Linear regression analysis was performed along with ANOVA. This type of
analysis will infer the presence. of any trends in’ the vertical sequence for each of
- the three matrices.- [t will ‘also aid in the 'interPretation of t‘:‘he coalification

history of the zones, particulérly if compined with the Markov afalysis.

7.2.1 Variation in reflectance with depth
Zone A : T n

The reflectance, measured on ulminite, has a range frdgn 0.35 to 0.47% Ry

with a mean value of 0.41% for most of the coal seams.- \Reflectance increases.

.- kS
g'radually from the top to the base of the zone, at a very small rate.

‘Generally the reflectance of ulminite in coal was hlgher (in the order of
0._03% Roil)‘ than the reflectance of ulminite in the mterbedded carbonaceous

shales, shaly eoals-and marls.

Zone B ~

The ulmi’ﬁite_reflectance ranges from 0.36 to 0.45% Ryip with a mean value
épproximately 0.46%. ’ Ulminite reflectance increases ver'Ay slightly with depth.
Three samples (166A 190 and 219) contalmng huminite in carbonates, exhibited

higher reflectance values (0.44-0.45% Rgyj)) than the assomated coals.



Zone C

Ulminite reflectance ranges from 0.36 to 0.49% Rgj; with a mean of 0.40%,
showing a negligible increase with dept'h. Seven carbo-ankerite samples (245, 256,
274, 279, 332, 330) exhibited reflectance: values (0.45—0..49% Roi)) much higher
than the associated coals, and the i;lterbedded sediments show a greater range in

reflectance than coals.

_Zone D

The range in ulminite reflectance is 0.36 to 0.44 R,;] with a mean around

0.40% and a very small rate of ircrement. Ulminite in coal has higher reflectance
and a_wider' range of' values than kerogen in in"ﬁerbedded éed_iment. In general,
reflect;nce of kerogen in carbonates > reflectanceﬁgﬂulminité in coal >
reflectance of kerogén in shaly coal > reflectance of ker.‘ogen' in cafbonaceoué

~ shale.

 This appears@ﬁ agx,;ee w.a olg'g)aineq"’ by Timofeev and Bogolyubova

: '(1970) and Goodarm 1;%[5) No

(1975) or Jones et al. (1972) because they were dealmg w1th ;bltummous coals.

N
Y .
b 4 %]

7.2.2 Varlatlon of reflectance of kerogen in dlfferent matnces w1th,depth

, ¥

Shaly matrlx . o o

The reflectance, measured on 'ulm'inite; has a ‘slightly negative slope

(Fig. 7-19), mean’ing that the reflectance does. not increase with depth.

e
v

The variance is large in zone A (top 185 m) and much smaller in .zones C -}

9 - : .
~and D (280 m to bottom)._ The points'in zones C and D are clustered closer to the

computed fit line despite thee fact that there ar/e more points observed as

compared to zone A.

3 ‘éan be made with Bostick and Foster
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The variation of reflectance versus depth in this case is not useful in
interpreting the coalifiéation- of the coal because it does not appear to be
susceptible to changes within a limited depth range. This i‘ndicz;f%é'.'a problem
with the uniformity of variance with depth. Unfortunately 'ANOVA' assumes

(Davis, 19748).a uniformity of variance.

Carbonate matrix

The reflectance of coaly particles associated with carbo-ankerite was higher
than that of particles oécurring in sha’ly or coaly matrix (Fig. 7-20). .Although
there is.an increase of reflectance versus depth and a small variance, due to the
‘ s‘mall number of observations. it is not known how the regression line would behave

N

/
in zone A and D because of the lack of ‘points for these zones.

Coaly matr;ix" Aand B
'Oﬁly in zones A and D the slope of the best-fit line is posiitive (Figs. 7-21
»and;7—‘2”2). There are also moré points observed for these zones. For zones B and
C, not only the points are very few, but also the slope for matrix B in zones B and
C is 'slightly negative. The same. is true for matrix A in zone B. The aﬁove
‘ch‘aracteristics show 'how litfle the coaly particles change in reflectance
lth?oughbut the entire 500 m sequence and also how little they are suécéptible to
changes with increasing depth.' The interval is rather small to observe any major

changes in reflectance and the rate of increment is almost negligible.

It is also worth mentioning that the zones where the reflectance of kerogen
u/ ! .

in coaly matrix has a positive slope are the ones containing most of the coal
a

seams of the deposit. I these zones A and D, it appears that kerogen in coaly

matrix responds to depth changes and, therefore, to coalification better than

kerogen in shaly matrix. A ’ - 1 2
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Figure 7-20. [Rejizclan:? of kerogen in carbonate matrix versus depth.
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7.3 Use of Markov chains in sedimentary succession analysis
Introduction

A vertical sequence of rock types is the product of a series of sedimentation
events, ordered in timc.. Time sequence structures are members of a continuous
spectrum bounded by the conditions ot independent events and determinism and
subdivided on the basis of behaviour pattern. They are realized as stochastic
models in which predictions of behaviour must be made in terms of probability
{(Doveton and Skipper, 1973).

Such a model that is reédily applicable to geological successions is provided
by Markov chains. The rationale of Markov chain analysis and its use in geologib‘cal
sequence studies are desc‘ribed in explanatory texts such as Davis (1973) and
Harbough and anham-Car{ter (1970). Some of the basic ideas are briefly
reviewed and will be clarified in their application to the data of this study. The
simplest Markov fnodel is one of first order, characterized by a -paftial sequential

A .
dependency between imn{eg'iately successive events, and in.dep‘ende»nce related to
all éther preceding events. (Doveton and Skipper, 1973).  Potential Markovian
properties are analyzed through the summation of an event succession in terms of
transition matrices. A first order Markov model is found appropriate if a null
hypothesis of independent even?s is statistica~lly reje'c-’géd at a selected level of
significance. Statistical testing procedures norrrflally i)i“‘ilize the Chi-square test iq

the form of a contingency table. N : : R

7.3.1. Markov analysis as applicable to the Hat Creel‘t‘{qsgqliénce

The data in Appendix 3 represent a stratigraphically measured core section,
where each lithologic unit has been -classified into the following mutually

exclusive states - coal 1, coal?2, carbonaceous to cbaly claystone or sile,



siltstone, petrified wood, ironstone or siderite and carbonate or marl.  Since
Markov chain analysis was applied io gach of the four main zones of the depasit,
not all seven- of the above states occurred in cach zone. The seven states were
arbitrarily designated as A, B, C, D, F, ¥, and G,/ respectively. ‘
The analytical results for each zone of the deposit have as follows:
Zone A ' 5
State A (C,) Coal 18.0 m J/Kg and > 23.2 APl was the thickest,

approximately 108 m followed by State B (C, Coal 18.0-9.3 m J/Kg and

23.2-38 APIL. : ' ’ B

b

The matrix of proportion of transitional pairs indicates that the transitions
from state A to staAte B and’vice~versa are the two with the highest values. The .
transition probability matrigg\ on the other hand, upon which the transition scheme
was based,. sﬁows that the ;f'a“hs\itions from A to B and C to A are the most
common with the transition from state B to state A coming in third place: This
means that almost 75 per cent Qut éf 100, good qual'i'ty coal is always followed by
secondary qu‘ality coal and that carbonaceous clf;iystone is followed by good
quality coal.

The Chi-square value for zone A is 43.7 with 9 degrees of fréedo“rﬁ at é le~vel,

"ance of 5%. Since the value is much higher than 16. 92 which 'is the'_

critical % aiue of x? w1th 9 degrees of freedom at the 5% level of 51gmflcance,“v

there was a rejection of independent events in favour of a f\rst order Markov .
property. .
Zone B

State A (C,) - good quality coal, was the thlckest one, approxxmate y 39 m, .

followed by C2 (~30 m). Carbonaceous claystone and shale .amounted to 27 m,



b

_Zone D

The matrix of proportion of transitional pairs indieates that the transition
from state B to State A has the highest value followed by the transitions from A

to B and € to B. The trgnsition probability matrix shows that almost 78 times out

-

100 secondary quality coal is followed by good quality coal, and almost 72% of
g\
the times carbonacgous claystone is followed by coal.
!
With 9'degrees of freedom the critical x* value s 28.95 aff the 5%

slgmflcdnce level, higher than the 16,92 value of the table.’ lhmoyre, thore is a
wJe('tmn of mdepondnnt events in favour of a first order Markov ,rouortv

t

Zone C

~ State A (C)hasa maximum thicknessof 7(m, whereas state B (C,) comes

second with almost 447m,

%

The matrix of proportion of *ﬁ‘ansitional pairs indicates that the transition
from state B to state A is the most common followed by the transition t‘ron@ to

B. The transition probé\b"ivlrikfy-matrix reflects that and shows that this transition (B

to A) has the ‘highest value.. Transition E to A was disregarded, despite the high

n

value, because it ocours only once.

The total Chi-square test value is 50.53 witAh 36 degrée_s of freedom at the
5% significance level. -The table valye is very closg to 50.0, iﬁdicating that an
acceptance of the null hypothesis is POSSivble‘. This,"in turn, would meén that there
is no dependeney betv;/een adjacent points and that zone C may not have a Mar"kov
proper‘iy.‘ Bgea"use t.helz table does not show fhe exact value of x? for 36 degrees‘of

freedom at 9%, it is very hard to decide exactly on whether the null hypothesis

. should be accepted or fejected.

2 L . ' ..

KA
A "

e 5 ,‘\‘ e e s . ;
No Markov:chain analysis was performed for ‘this zone because there were

only three states pres?ﬁ and would not have served ahy purpose. )
é |
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'Su,bstitutability analysis and discdssion o~

The upward (left) substltutablhty matrix for zoﬁe A mdlcates that states B
.and C tend to be followed by a cbmmon state, A. The downward (rlght)
substltutabxllty matrix shows that states B, C and A, C have the l;nghest value

1nd1cat1ng that they are preceded by a dommon state The mutual substltutablllty

T o

matrlx shows that States B and C appear in a common context and are encl\ose‘d,
between srmllar states. The othe({hlgh transitipnfval'ues (i.e. between zone C, B,

A, and. D) were dlsregarded
The upward substltutablhty matrlx op zone B shows that states A and C

~ \ \

.have a hxgh value meamng that they are followed by a comm?)q state, B The
~downward substltutablllty matrlx indicates that states B and C as well as A and C
\

tend to be preceded by a commonn state. The mutual substltut(abllrty Fnatrw

indicates “that statesA »and € .are.encloséd .between similar stages ar( may

substitute for each other. The remaining high substitutabilities wi_th zone D were '

"

disregarded. - . - o

\

The upward substltutab&ﬂl’ty matrix of zone C 1nd1cates that states A and C

have 2 high value with C and B having “the second highest.. The downward L.

$ubst1tutab111)ty matr1x shows agam that st'ates A ahd ‘C have the hlghest value.
The above means that states A and C are preceded and succeeded by a common
state. The mutt&al substltutablllty ‘matrix reflects this and shows that sfates A
. and C appear petwen srmllar States and ean be substltuted by one another, The
»‘fother values were disregarded because of very small nuréber or no transrtlon
. values. among the states.

The qualrtatrve mterpretatmn of the model transition schemes in the llght

“of-the transition matrlces on which they are based shows a strong parallelism in

~
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its infergnce of séquéhtial pattern. It appears that the most frequent transmon is '

that of g secondary quahty coal (state B) to a good quahty coal (state A) followed

by the transmon of A to B and carbonaceouskéclaystorljr shale (state C) to

s

- secondary quallty coal (state B). .

Substltutability a’nalysis 'lar'gely r‘einf.brce‘s\ conelusio: s -derived from the.

Markov transition schemes. _ : .



N ‘ D f . ..
8.0 DISCUSSION - '

The Hat Creek No. 2 coals are characterized by thé domlnance of huminite
group macez‘als (humotehnlte. humocollinite, humodetrlngte) and lebse" amounts gf

-,
macerals  of the liptinite~ group (resmlte, sporinite, cutlnite, and, bitumi‘nite).
Although these coals contain no fusinite, sem.ifusin'ite or inertddetrinite,"
Scler'bwtinite is present in Very small amounts r'eflectmg the nature of the

[

vegetation. The.,pear absence of lnor'tlnlte in Hat Creek mdlcates that the swhamp
was very rarely sub-aerially exposed and that condltlons fox) ,the formatxonsof
1nert1n1t;c macerals (oxidation, forest ,f\lres, etc.) were not common in the peat
swamp, possibly d/e/to the humid eclimate of the swamp. . The above
' characteristics set the Hat Creek .coals apart from m 7 coals of‘ the wori!, They
are, however, petrographlcally similar to other thick, low-rank Tertiary deposits
suchi as those \m the Rhme‘ district of Germany and the Latrobe .Valley of'
' . . .
southeastern Australia

Env1ronments of deposition in peat bogs have been the subject of numerous.
1nvest1gatlons (Marchlom, 1980; Smyth and Cameron, 1982 Goodarzx, 19_85). A
detalled study of the maceral composmon of the coals, combine with ga
macroscoplc analysis of the coal an‘d mterbedded sedlment can usually dehneate
the petrographxc cha‘r:actemstlcs of the coals gnd hlghllght the petrologic features
typical of individual peat formmg envn'on()e’nts _ ;

Dumng the deposition of the Coldwater Formataon, Wh]Ch underlies the coal
beds, the total percentage of orgamc matter was too low and ' the 1nf1ux of
sedlment too high for peat to accumulate (GOOdaI‘ZI, 1985) As soon as a balance
among the supply of vegetal matter, influx of sediment, rate of sub51denee and

water level fluctuations was achieved, the ‘Hat Creek swamp began to develop.

: Zones D and A contaln mainly brlght and banded bright coal which represents

) . 86
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v&egetatlon g‘)‘owth in g for'est swamp envn'onment The limited number of dull

#tions of detrital material

peat swamp | T dull coala have hlgh prot
modetmmte) and are assocmted with clastlc zones (Goodarzi, 1985), 1mply1ng
'wet!’ condltlons where physical and blochemlcal deg‘radatlon are favourable,
Zone D ooah although br‘ight and banded brlght #ppear to be duller than

coals of zone ~\ The Zone contams numer'ous coal sean‘ which appear to be
Yy . - R

uni‘nter‘rupted

’I‘he peat 1s,,wood rich (xylitie) mdlcatlng that the. water table in the coal-

formlng peat for zome D was probably at a moderate level. The dominance of
humotehmte and humocollinite as well as the re!atxvely high percentage of

humodetrmlte indicate a peat containing mamly trees and shrubs. Coals from

~

A
zones A and D are quite similar, based on thelr Mmacroscopic and mIC[‘OSCOplC

chzt'r;acteristics. In a relatlvely Stable environment, deposmon of peat is

Accompanied by a Succession of plant commumtles, with the initial | stage assumed

-~

".'...a‘\

to have taken place under a shallow to moderate coveripg of stagnant water.,

In zone C seams are more abundant in the lower part, and thickest one is*

1
Il m. The 1norganlc sediment consists mainly of carbominerite, and the maceral

-

versus depth proflle indicates a dominance of mineral matter in the upper and
1Y

mlddle part of the zone. ‘The paleoenvwonn‘?ent appears to have been 51mllar' to

that ‘of zone B, ‘with unstable water conditions and frequent inundations of the

F \

peat swamp by inorganic #edxments being the major characteristies of zone C,
Zone B consists mainly of clastlc sedlments Coal seams are evenly

dmtmbuted th;oughout the zone ‘A;lth 'the thickest one being appr‘ox1mately 6 m.

The. mr{ler‘al matter content of the sedxments of this fzone mcreases mdlcatmg an

environment with elastie sediment lnterbeddmg the coal seams frequently

¢

! \
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The clastic horizons containing clays, carbonaceous shales and coaly .m'atier
reRresent.introduction-of inorganic ﬁiaterial into the peat swa;ip, interruptmg
~-periods of deposmon of coal. In order to introduce som“e inorganiermaterial into
the swamp, howev'er, it seems necessary to invoke an air-faii‘ mechanism
(Teichmiiller, 1975). The bentonitic beds (sampie 225) and perhaps some_other

AN

cl[astic intervals may represent air-fall deposition .

The ternary «compgsitional diagram of Zone A indicates that thefGGals of this
Zbne are mainly bright aI@\*b‘andeg_bright 1n nature. The ma;:eral compOSition
versus depth profile for zone A shows that the coals consist of humoteiinite and
humocoiimite Zone'A contains numerous, very thick (up to 20 m) clean coal
intervals. The humotelinite dominance over humodetrinite for most of zone A
suggests a high input of woody material to the coal forming peat (Goodarzx, 1985).
The plant communities of this zone consist of Gl»ptostrobus and Metaeequoza
based on studies by Blackburn (1982) on paleobotany which suggeet a forest-moor
swamp environment (Fig. 8-1a).

Coal in zone A was depé\)'sited in a very stable depos‘i'tionai environment

where the rat‘e of accumulation of plant material was closely regulated by a

rather slow rate of subsidence. The result is a very thick, uninterrupted coal

deposit indicating a quiet coai—forriiing environment with very little t;/le’oaing

taking place and minor clastic introduction in the s’wémp. \
- o )
. . \' 1
The clastie interv%l near ‘the base of zone A has a thi_ckneés of
. > P

~

approximately 15 i and possibly indicates a period of ‘more aclive erosion in the
surrounding terragn -perhaps due to tectonic uplift. ° The presence of manl
containing pollen grains indicates possibly a fresh water environment éimilar to

the reed marsh of Teichm uller (1975) Thé other clastic interval of zone A

¢ :
'\1‘

represent pevriods during which the swamp was.inundated with sedintents.

st

-
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. FOREST MOUR SWAMP ENVIRONMENT
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MEGASCOPIC * COAL WITH TOALIFIED TREE $TEMS (Xvairic)

MICROSCOFRIC © nucH }ZUMOT{‘,LIPJITE|¥'IELL'PRESERVED TISSUES(TEXT HITC) *

WATER
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s RESULTING COAL .
MEG \SCOPI: P COAL WITHOUT TREE STEMS (DETR!T:’-\L)

‘MESRQS(‘OPIC . MUCH HUMODETRIMITE,VERY FEW TiSSUFS

Figure 8-1. Forest moor swamp environment, (a); the dominant envircnment of

the frat Creek peat swamp. Reed marsh ‘environment (b}: the sub-dominant
crviecnment of the Hat Creelk peat swamp.
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'U;u; rate of subsidence of zone 1) was regular and there was a balance among
the water level, t'li.i(*tust.inn aw of subsidence and accumulation of vegetal
“matter during coal formatibn produomg umnterrupted, thick and 'clear’ coal with
“only minor quantities of n'iinernl matter. The rate of subsidence ineneased during
deposition of zonIeC (espeeially the "middle and upper parts), resulting in' the*
t'ormation.of a thick sedimentary seotion with low organi'c »eontent. These
carbonaceous o}a‘étic units, dor:mated by Izquiseturn and mihor | Tvpha(?)
(B_lackburn, 1982) indica'e a reed marsh environment where huimodetrinite i

»

relatively abundant eompai'ed to humotelimte (Fig. 8-1b).

- \\
s 7/

The balance between the accumulation of plant material and the rare of
su.bsidence for zone B was st1!] not good enough to allow the development of thick,
'clean' coal seams. The rate of subsidence must.have been constant throughout
the entire zone 'and the environment appears to have been mainly reed marsh
mixed with forest swamp.

During deposition of zone A, the rate of basin subsidence was very regular,
except during deposition of the thick, clastic interval near its base, This interval
1nd1cates that the balance between vegetal accumulation ard subsidence was
disrupted in favour of greater sunsidence The environment was 'prbbably a
forest moor swamp | r

The peat of zones A’ amd D is autochthonous. Root horizons (samples 59 65,

-}vfe.?'O and’ 149), well preserved remains of coalified tree Stems (xylite), excellent
preservation of cell structure, stratification, definite roof and floor boundaries.ofv
"the coals and the'thickness and continuity, of the coal seams all tend to indicate 3
high degree of autochthony. A small degree of hypautochthony (semi—driffing) is
suggested by siénmP‘ortions of hu.modetrinite and minéral matter in the

coals of zones A, B and D.
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Figures 8-2 and 8-3 l“tlgtr‘dl(_ schematically how vegetation in t'he Hat

Creek basin was growmg ‘~‘le interval between high and low water levels
(Fig. 8-2) has been called the telmatic zone (Teichmuller,. 1975) and has been
eQuallv d1v1ded betwee&#;ﬁ ;";_l.y.;h‘f“orestﬂrlo(')r and the reed marsh environments - The
Hat (’reek eoa probably represents peat that formed- in a telmatlo /orye, and the

absence of large quantltes of organie .mud (Byttjae). mterbeddmg the cbal as well

;
as large spore and algal qUantitles probably indicates that the open water moq’r-

environments. is not represented in Hat Creek. No alginite was observed

{
-

microscopically, suggesti.ng that the Hmnotelmatic (subaquatic) zone ‘was prob}atﬂy'

L=

not attained.

(||

Although p(\)llen grlains were observed inafew sdamples, their peroentage is

]

too small to indicate a dommance of open water conditions. The.bright nature of
the Hat Cre‘ek epal therefore, particularly in zones »'\ and D most likely indieates
an envxronment dominated mainly by a forest swamp with reed marsh envxronment
being subordinate. Such forest swamps rarely dry out and thlb coupled with a
humid elimate may account for the petrograptglc characteristics of the coals.

" Figure 8-3 is a.. three dimensional representation of the Hat Creek basin,
showing the forest moor swamp as it may have appeared during peat
'aeeumulation. The alteration of plant material tg¢ humxmte requires anaerobic,

reducing conditions (Francis, 1961) whxch are maintained when the swamp is

covered by staghant water (I‘elchmuller and Telchmuller, 1975), Wlth tirfie,

biologieal and physico-chemical processea altered the peat into coal. Because .

/
forest moor environments promote relatively continuous and rapid accumulation

"of peat, the groundwater levelbmlust steadily rise to .keep abreast of peat

formann (Williams, 1978) if huminite is to accumulate.
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clastie zones indieate a relatively stable rate of subsidence ln !(’!le)ﬂ to the
i i
accumulation of plant material at the surface (Shibaoka :uld Smyti, 1975, 11 hay
been recognized that teetonism played an important role in Hat Creek conls
Attaining their great thicknesses but the water level must have heen rvs;_:)mm"f'ng
{i.e. rising) during every stage of swamp evolution. M
R4 “ >
At the end, the water level probably rose rapidly due to a sudden inerease of
’ . ' . . - . -
the rate of subsidence that mtiated inorganice sedimentation, and the swamp
simply drowned.  The  Medicine Creek Formation, overlving the coal deposits,
. k]

eonsists of approximately 600 m of lacustrine sediments.

Metagequoia and Glvptostrobus (Blackburn, 1982) were probably constituents

of the autoehthonous peat swamp itself, whereas the transitional reed marsh

comprising carbonaeous claystone and shaly coal lithofacies, was probably

-hvpautoehthonous and characterized by kquisetum and ferns as dominants, with

some Tvpha(?), and in the more coaly samples by Glyptostrobus, Equisetum or
Metasequoia (Blackburn, 1982). The open water assemblages, present in the
carbonaceous clay lithologies were probably stream or lake vegetation. Root
horizons were absent in the massive clays and support the su'ggestxon Hhat the
assem )lages were transported @lackburn, 1982).

The autochthony of the vegetable matter of the Hat Creek No.2 coal
deposit and the considerable compaction (>2:1) necessary for the transfc.)rmation
from peat to lignite (Teichm ] ler and Teichmuller, 1975) suggest that the deposit
developed from bogs that grew in situ. Vegetal residues are not preserved unless
they are submerged under partially stagnant water (Teichmuller, 1975) and it

Appears that most of the coal originated from residues pt rooted vegetation whwh

do not live under great water' depths.



®
’

The rate of vegetation growth and subsequent ‘peat accumilation must he
controtled by the rise of the water lovgl in order to form a conl deposit (Falini,
FI65).  The amount of vegetable matt v that can aceumulate in a year in a peat
bog islimited however, and depends on environment | conditions (i.e. elimate); it
is elear, therefore, that there must be an upper limit to the growth rate. '

- . »
The petrographie composition of the [{at ('r'e‘ek coals illustrates the
. ’ A . ‘ ; v
significant increase in humotelinite anc decrease in humodetrinite and liptinite
from dull to bright coals. The transition from bright to dull coals is apparently a
response to rising water levels and increased eireulation within the swamp as well
N

4s an accompanying increase in the detritic component of organic influx. This
may be due to some changes in the vegetation community. :

Due to the lack of the major variable inertinite, petrvographic variation
among the Hat Creék coals s limited. It would be difficult to compare the Hat
Creek coals with the Kootenay coals in southeastern British Columbia hecause the

latter generally contain more inertinite and have been deposited in, a deltaic,

coastal swamp environment. The Carboniferous coals of Pennsylvania and [llinois,

“on the other hany, are generally bright and contain much more sulphur indicating

the inr‘ldenc?e f marine waters on the coals. The environment of deposition for

these‘@is a scries of prograding deltas interfingering with marine sediments

(A.R. Cameron, pers. comm., 1985).
|



9.0 CONCLUSIONS

The organje petrology (coal and kerogen) of the Hat Creek No. 2 eonl

deposit was examined in detail. Petrography was related 1o the depositional

environments of the ancient peat swamp in oan attempt to reconstruet the

*

paleoenvironment during peat aceumuylation, - ¥

The following conelusions ean be made:
The Hat Creek No. 2 coal deposit is of lacustrine origin. Sedimentatin and
peat accwmulation were probably controtled by regional north-south bloek

faulting. The coal bas developed as a SWAamp i a poorly drained, jow lying

, Ed
-

area :idju(-(?ni to (?!;()(jil.[]é_{ uplands.  Relatively high water levels in the swamp
N -

and continual subsidence resultad in favourable conditions for thick peat

accumulation, Repeated flooding and voleanie activity resulted in an

inorganic material including ash falls being introduced into the swa mp.

The coal is m“ainly bright in sones D and A and composed primarily of

huminite with only minor liptinite. The near absence of inertinite indicates

4 relativdy humid coal forming environment.

In zones C and B the coal is interbedded with sediments which inelude

carbonaceous shales, marls and shaly coals.

Eu-ulminite reflectance measurements show an increase in coal rank from

lignite (0.35% Rq;)) at the top to subbituminous B (0.45% Ry at the base of

the deposit. This represents a very small increase in rank for 2 600 m thick

i

N

deposit, indicating that the coalification gradient was very small.

The reflectance of huminite particles contained in carbonaceous shales is

e

less than the reflectance of huminite in coals, whereas the reflectance of

huminite in carbonates is higher than that in coal.

L d
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1} C ) )
Four different types of the liptinite maceral resinite were identified, based
on morphloiog'y and fluorescence properties. ) They indicate différent or’igins

and/or different coalification hjstories. ’ , .
—— A i

[}

. The very thick coal seams Cvith little zinterb/edded sediment were formed

T
/

under alstable envn'onment whereas thm coal seams with numec@s and

.' thick mterbedded sedlments were formed undertunstable conditions.

The supply of vegetation, rate of subsxdence and' water level f‘luctuatlons

" must have %een dehcately balanced for most of the life span of the ancxent

" i

vpeatvswamp. The balance _was fmally destroyed; the swamp drowned andf

-

was covered- by lacustrlne sedlmentatlon. ‘ )

2

The coa‘t«\ep051t \ygs derlved trom vegetation which ‘grew in fresh water

marshés in an 1ntermontane basin: The or\lgln‘of the coal is autochthonous
(in situ) for ZOED and;‘A and pgss“ibly hypautochthonous (semi—drifted) for
zones C and B. | o h

A v'varm, subtropical elimate .prevailed during the ‘Middle-Late Eocene in
south—central British Columbia and contributed”to the:formation of a forest-
moor swamp envirbnment in’th'e basin. The forest ~swamp, dominated by

Métasequoia and'G'Zthostrobus, produced coals contammg high proportxons

of humotelmlte, indicative of relatlvely 'dry conditions. Cbals rich in

’humodetrmlte indicate 'wetter condmons in whxch Equlsetum and minor .

) T»pha(") thmved in the reed marsh env1ronment

P
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Plate 1

Fig. 1

Fig. 2

Reflectance and Fluorescence Equipment

Equipment used for coal reflectance measurements and fluorescence
analysis of coal macerals (see text for detailed description).

Equipment used for coal maceral identification and point counting (see
text for detailed description).
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Plate 2 Macerals of the huminite group (all photographs in black and white,
; reflected light, oil immersion).

Fig. | Textinite (TX) characterized with open cell lumina. Resinite (R)
ocours as dark cell fitlings.

Fig., 2 Textinite with gelified cell walls. Resinite (R)sand poriegelinite (PG)
fill the open cell lumina.

Fig. 3 Textinite showing cell wall layering (white arrow). Cell lumina filled
with humodetrinite (HD). :

Fig. 4 ~Transition of textinite (TX) on the left to texto-ulminite (TU) on the
right.
Fig. 5 Texto-ulminite B (TUp) (bright variety) in the Hat Creek coals.
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‘Plate 3

Fig. 1
Fig. 2
Fig. 3

Fig. 4

Fig. 5

'wFigo 6

Macerals of the huminite group (all photographs in black and whlte,
reflected light, oil inrmersion).

" Texto-ulminite with most of the cell lumina compressed due to

‘cor.npactioh. : W—

Texto-ulminite A (dark) and texto-ulminite B (light) ocecurring in:

" bands.

’

Rounded and oval corpohuminite (C) bodiges enclosed in texto-uiminite
A. ’ :

)

é

' Corpohuminite (C) aésociated'with’ texto-ulminite B.

Alternating bands of eu- ulmmlte B (llght and eu-ulminite A (dark).

Phlobaph1mte (Pl) also present : , s : ‘

.

- Eu-ulminite B, Hat Creek coals. Note the much higher compactlon of

the cellular tissue when compared with Plate 2, Figs. 3, 4, and 5.
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Plate 4
Fig. 1
Fig. 2
Fig. 3

Fig. 4

Macerals of the huminite group (all photographs in black and white,
reflected light, oil immersion). '

High reflectance phlobaphinite (Pl) associated with texto~ulminite.

Lower reflectance phlobaphinite (P1) in texto-ulminite.

Collapsed phlobaphihite (arrow) in texto-ulminite.

o

Multi-vaculated (V) phlobaphinite showing a granular texture.

Dense phlobaphinite (Pl) and porigelinite (PG) in texto-ulminite.
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Plate 5

Fig. 1
Fig. 2
Fig. 3.

Fig. 4

Fig. 5

f

Macerals of th the huminite. group (all photographs in black and white,
reflected light, oil immersion).

Gelinite (G) showing desiccation cracks (arrows).

Levigelinite (LG), as telogelinite, between texto-ulminite (TU) \and
humodetrinite (HD). Arrows point to characteristics desiccation
cracks.

Levigelinite (LG), as eugelinite, surrounded by oval resinite (R) in a
densinite (D) matrix.

Finely g'ranular porigelinite (PG) associated with corpohuminite (C).

Densinite (D) associated with corpohumlmte (C). Note the hlggly
compacted nature of the material.

A\
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,Hbﬂ‘late 6

Fig. 1

Fig.-2

Fig. 3

.

Macerals of the inertinite group-mineral matter (all photographs in
black and white, reflected light, oil immersion).

Twin-celled sclerotinite (Se), partly deformed. This is a teleutospore
(winter spore of fungi).

Multi-celled sclerotinite associated witﬁ eu-ulminite A.

Sclerotinite and corpohuminite in a humodetrinite and clay matrix (C).
Another variety of sclerotinite (Plectenchyminite).

Framboidal concentrations of pyrite crystals (P) in hu_modétrinite.

Eugelinite (EG)'in carbonate mineral matter (carboankerite).
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Plate 7 Macerals of the liptinite group (all photographs in black and white,
reflected light, ail immersion). :
Fig. 1 Massive resinite (Type 1); note is characteristic 'mottled' surface.

Fig. 2 Resinite cell fillings (Type 4) of various reflectivities surrounded by
texto-ulminite cell walis.

Fig. 3 Elliptical resin body with internal reflections (Type 3) associated with
eu-ulminite. -

Fig. 4 Concentration of elongated resin bodies, some of which are
‘ characterized by zonation rims (arrow) and vacuoles (V).

Fig. 5§ . Thin-walled cuticles (tenuicutinite) characterized by serrated edges.

Fig. 6 Dark suberinite (Su) bodies associated with light phlobaphinite (Pl)
bodies.
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Plate 8 Macerals of the liptinite group (all photographs in colour, blue light
irradiation, oil immersion). :

Fig, 1 - Angular resinite body (R) showing a bright yellow colour when under
blue light irradiation.

I"ig, 2 Cell filling resinite (R) with texto-ulminite (TU). Resinite displays
vellowish fluorescent colour, while texto-ulminite appears olive-
brown. '

FFig., 3 Large resinite body (R) under blue light irradiation. It is associated

with the cell structure of plant material.

Fig. 4 Thin-walled cutinite (CU) and .sporinite (SP)* during blue light
irradiation. Both fluoresce with a yellowish-orange colour.

Fig. 5 Thin-walled cutinite (CU) displaying a yellowish fluorescent colour.
The yellowish fluorescing globular bodies possibly represent fluorinite.

Fig. 6 Suberinite (Su) and Phlobaphinite (Pl1) bodies. Suberinite disg{}ays
greenish-yellowish fluorescence colours. Phlobaphinite does ‘not
fluoresce.
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-APPENDIX I1
Transition Matrices - Substitutébility Ahalysis .

The total thickness of the states in each zone as'wel'lk as a matrix showing
the number of times a given state is-succeeded by another for each zone were
constructed. A matrix of this type is calh.éd' a transition frequency matrix
(App. III);

A matrix expressing the tendency of one state to follow another regardless
of the total abundance of ‘the initial state, the so-called matrix of proportion of
transitional pairs was also constructed for each zone (App. lII). It was constructed
by dividing each element in the ith row by the total‘of the ith row. The rows sum
to one. The above matrix tells us how often state A is 'followed by state B
regafdless of the {o‘gal number of tirnes that state A occurs.

Transitional probability métrices were also constructed (App_. 1), by means
of which we can study the nature vofv vs-equences that range from purely
deterininisgtic to purely random (Davis, 1973). The transition probability matfix is
regarded as an estirr;ate of the ;ﬁrobabilities that c.ertain states follow other
states.  Diagrams of the predominant order of succession are shown in
Appendix IV; heavy lines denote highest transition probabllmes, lighter lines
denote the next thhes;t transitional probab1hty

The more common tests for a Markov property are algainst a null hypothesis
of independence of successive events. A x? test for th’g_Markov property can be
developed from the transition frequency and the transition probability matrix.
The null hypothesi_s'of this test is that states obse;:{\?é‘d at successive points a;e
independent of states at adjacent points.. The alterna‘tive"is that a dependency‘-
exists between adjacent points, or the sequen'ce has the Markov property (Davis,

1973).



The computed chi-square values for each zone led to rejection of the null
hypothesisland the alternative hypothesis that the sequence can be represented by
a first order Markov model was therefore accepted as statistically viable. This
means that a state occurring at pointi in a sequence is dépendent, in a
probabilistic manner, on the ivnmediatély preceding states only. In other words,
at some point, the probability of occurrence of a state is independent of the
initial state in the sequénce. This» is a ;ﬁahifestation of 'memory' in"a Markov
process, \.vhich 'remembers' a preceding event, buf the event's influence diminishes
with distance or tine until it is 'forgotten' (Davis, 1973)&%’}

The theory of Markov chains is assuining increasing importance in attéx.npts
to simulate or model geologic processes. |

An alternative treavtment'\of. the observed transition }natrice,s is provided by
substitutability .a‘nalysis. The tendency of two or more states to occur in a
cornmon context is called substitutability, and the investigation of this
‘pﬁenornenon. may revéal groupings of states that are not apparent otherwisé
(Davis, 1973). The method;logy.appears to be applicable to geologic data.

From the transition probability matr»ix, we can develop two quantities the
first-order left (upward) substitutability (App. V, Eq. 1) and the first-order right
(downward) substitu_tability.. The method is t;ased on the observation that if two
states tend to be succeeded by a third comm'on state, then these states can be
termed to have a hiéh left substitutability; if pfeceded, by a third cdmmon state, a
high right substitutability; and if preceded and followed by eduivalent states, a
high mutual substitutability (App. V, Eqg. 2) (Doveton and Skipper, 1973). The
matrix of left substitutability.is‘vobtained from the upward transition probability
matrix by computing a cross-product ratio between rows of the matrix. The
matrix of right substitutability is found by cornput{rwg the éross—product ratios

between columns of the downward transition probability matrix (Davis, 1973).

N
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Finally, one can define a matrix of mutual substitutability By forining the
products of all pairs of righ; and left substitutabilities.

SubsNtitut.ability analysis is a viable ancillary procedu’re to conventional first
order Markovian analysis for the following reasons. Markovian analysis has the
advantages of a structured statistical hypothesis testing strategy. Raw variation
is trimmed to elements of demonstrated significance that can be interpreted in
discrete nodel terms. Substitutability analysis reinains a rf;anipulative recasting
of the information contained in a transition probability matrix into a cornparative
transition behaviéur mode that déscribes the system. While no formal statistical
hypothe'sis ‘testing procedure is invc;ked, the resulting matrices retain the full

information contained in transition matrices.
e

Regression analysis "

In many ’types of problems, we are concerned not only with changes along a
sequence, but also in where these changes occur. In order to examine these
problems, we must have a colléction of measurements Qf a'variable, and we must
also knoiv the locations of the ineasureinent points. We are interested in the
general tendenc‘y of the data and this tendency will be used to interpolaté
. between data points and ‘infer the présence of trends. If c_ervtain assumptions can

be made about the distribution of the populations, then, statistical tests called

regression analyses can be performed (Davis, 1973).

‘We must define some terms. The variable being examined is the dependent
. S
~or regressed variable, designated Yi. Deviations of Yi form the fitted line will be

minimized. The other variable is the independent or regressor variable and is

denoted Xi. The fitted line will cross the Y axis at a point by (the intercept) and

will have a slope b, (App. V, Eq. 3).

[RERY
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In the case of the Hat Creek coals, reflectance of ulminite Y, is the random

- variable, and depth X, is fixed. Therefore, the problem is to predict Y from X.
)

I
A'nalysis of variance (ANOVA)’
If we want to compare the variaﬁon of huminite reflectance occurring in
different lithologies (coaly matrix, shaly matrix and carbonate matrix) versus
depi:h, we have to use éiormalized procedure for analysis of variance called

ANOVA.

We can define three terms which express variation of the dependent variable

(reflectance). The first of these is mneasured by the total sum of squares (SST)
of Y (App. V, Eq. 4).

The second measure of variation is the sum of squares due to regression

(SSp) (App. V, Eq. 5) and the third'is the sum of squares due to deviation about
R o1 squ due 1o

reg'ression (App. V, Eq. 6). Equation 5 provides a measure of the variation of the .
regression line around the inean, wﬁereas Equation 5 is measure of' the failure of
the least-squares line to fit the data pointé.

The number of degrees of fr'eedom for variance in the total data set is N-1.
Degrees of freedoin for variance due to regression is m-1, because we are
estimating this variance from the means. The difference between the two is thfal
degrees of freedom attributéble to deviation about regression.

Aséuming that the distribution of the points is normal, the first step would
be to test the equality of variance. In order to do this, we must do the 'F' test
(App. 5, Eq.7), to obtain a critical value. The 'F' test. involves the ratio of two
variances each having its respective degrees of freedom. A table allows the
localisation of a value for the "F‘ value. Obviously, a ratio equal to 1 is not

g

determinable. Having chosen a critical region based on our selection of the



desired level of sigr)ificance and the degrees of freedom, we can ei'ther accept or
reject the hypothesis that'the variance about the régression line is or Is not
different from the variance in the observations.. If the computed test value falls
well in the ‘critical region, then the null hypothesis is rejecfed meaning that the

two variances are different.



Thickness of states

A
B
Cc
D

108.20 m -
48.60 m
14,30 m
,,1'30 m

“~._~  Number of states = 4

FROM

Column totals

FROM

oOw s

APPENDIX IlI

Zone A

L
where

A is coal |

B is coal 2

C is carbonaceous claystone or shale
D is carbonate, marl

Original transition frequency matrix

Matrix of proportion of transitional pairs

oOT >

o0 w>

.0000
.2609
.1304
0217

3043
.0000
0435
0217

Transition probability matrix

A

.0000

.7059

.7500
5000

B

7368
.0000
.2500
5000

TO
C DY Row Totals
4 | 19
4 1 17
0 0 3
0 0 2
8 2 u6 i
Grand total
TO
. C b »
.0870 0217
.0870 .0217
.0000 .0000
.0000 .0000
C D
.2105 .0526
.2353 .0588
.0000 - .0000
.0000 .0000

Chi-square = 43.69 with 9 degrees of freedom



FROM

oo >

o0& >

OO® >

Upward subsitutability matrix

A

1.0000

.09181

.3033
.6783

Downward substitutahility matrix

A

1.0000

06821

.6307
.6307

Mutual substitutability matrix

A

1.0000
.0063
L1913

42738

TO
B

0918
1.0000
.8972
.6637

B

.0682
1.0000
.6983
.6983

B

.N063
1.0000
6265
L4669

C

.3033

.8972
1.0000
8944

C

6307

L6983
1.0000
1.0000

C

L1913
6265
1.0000
.3944

.6783
.6687
89U

1.0000

N

.6307
.6933
1.0000
1.0000

D

278
L4669
L8944
1.0000

[



Thickness of states

A 39.00 m
& 29,80 m
¢ 27.00m
N 2.40 m

Zone B

A is coal |
R is coal 2

where

Number of stgtes - 4

A
A 0
B 7
FROM C 2
D |

Column totals
10

Matrix of proportion of transitinnal pairs

R

.0000
.2500
0714
.0357

FROM

JN ¥ >

Transition

A
.0000
7778
2357
.5000

gnzE»

Chi-square = 28.95 with 9

Original transition frequency matrix

TO
B C
5 3
0 2
5 0
0 1

10 6

TO
B C
1786 L1071
.0000 0714
L1786 .0000
.0000 0357

probability matrix

| B c
.5000 .3000
.0000 2222
143 .0000
.0000 .5000

degrees of freedom

OO ON

o

0714
.0000
..0000

.0000

.2000
.0000
.0000
.0000

C is carbonaceous claystone or shale
D is petrified wood

Row Totals

O

NN D

28
Grand total



B
C
D

SNFE >

! Jp(vard subsi tt‘lmhility'f‘n'zf{rix

A B
1.0000 L1337
L1337 1.0000
.7531 L3571

LA L8742

Downward substitutability matrix

A "
1.0000 1925
1925 1.0000
L5455 5669
0000 .7071

Mutual substitutability matrix

A R
1.0000 .0257
.02571  1.0000
4108 .2025
.0000 6131

C

L7531
3571
1.0000
L2626

C

L3455
. 3669
1.0000
.3013

C

L4108
.2025
1.0000
.2106

D]

3441
L8742
L2626
1.0000

.0000
L7071
.8013
1.0000

N

.0000
6181
2106
1.0000



Zone C

Thickness of states

A 69.80m A is coal 1

B 43,70 m Bis coal 2 :

C o 14.90m ~ C is carbonaceous claystone or shale
N 3.30 i where D is siltstone

: 3.00 m . E is petrified wood

F 3.00m o F is tronstone, siderite

G 1.00m ; G i1s carbonate, marl

Number of states = 7

Original transition frequency matrix

TO

; A ) C D] E I G .. Row totals
A0 6 1 { 0 4 ! 13
B 8 n 2 n 0 Il 0 11
c 2 2 ) .0 ! | 9! 6
FROMD 0 0 ! N 0o- 0 l 2
| 0 0 0 0 “0 0 |
F 2 2 2 0 0 0 0 6
G 1 0 n i 0 n 0 2

Column totals
14 10 6 . 2 ] 6 2 41
Grand Total

Matrix of proportion of transitional paifs
TO
A B C D CE Fo G

.0000 .1463 N244 0244 .0000 .0976 0244
.1951  .0000 L0488 .0000 .0000 0244 - .0000
.0488  .0488 .N000 .0000 0244 0244 0000
.0000 .0000 0244 .0000 .0000 .0000 0244
= .0244 0000 .0000 .0000 0000 .0000 .0000
L0488  .0488 0433 .0000 .0000 .0000 .0000
0244 .0000 .0000 0244 .0000 .0000 .0000

FROM

mmg O P>



A

A .0000
B 7273
C 3333
D .0000
£ 1.0000
F 3333
G .5000

Chi-square

1.0000
0974
6822
1907
.0000
SHU49
0953

CTETOS >

1.0000
1402
7352
0822
.2325
2740
.0000

Tmmo 0>

.0000
.0137
D016
0157
.0000

———

OTMIO® >

.0000

1493

B

4615
.0000
.3333
.0000
.0000
.3333
.0000

Transition probability matrix

C

0769
L1818
.0000
.5000

.0000

.3333
.0000

D

0769
.0000
.0000
.0000
.0000

.0000.

.5000

L

.0000
.0000
1667
.0000
.0000
.0000
.0000

= 50.53 with 36 degrees of freedom

Upward substitutability matrix

B

0974
1.0000
6472
.1703
L9631
.6950
6310

Downward substitutability rnatrix

B

1402
1.0000
4767
.6396
3015
.9239
.6396

B

0137
1.0000
.3085
.1089
2904
6421
4356

C

.6822
6472
1.0000
.0000
6325
.7303
L4472

C

7352
4767
1.0000
2236
.0000
C4472
L472

C

5016
.3085
[.0000
.0000
.0000
3266
.2000

D

1907
1703
.0000
1.0000
.0000
L4082
.0000

e

.0822
6396
.2236
1.0000
.0000

6667

.5000

D

0157
.10%9
.0000
1.0000
.0000
2722
.0000

E

.H000
9631

.6325.

0000
1.0000
5774
7071

E

2325
3015
.0000
0000

1.0000

2357
.00G0

Mutual substitutability matrix

E

.0000
™904
.0000

~.0000

1.0000
1361

.0000.

I+

3077
.0909
1667
.0000
.0000
.N000
.0000

S449
6950
.7303
4082
774
1.0000
4082

2725
.9239
44772
6667

2357
1.0000

6667

F

1493
6421
3266
2722
1361

1.0000 .

2722

G

0769
.0000
.0000
.5000
.0000
.0000
.N000

0953

-.6810

L4472
.0000
041
4082
1.0000

0000
.6396
4472
.5000
.0000
6667
1.0000

U

.0000
4356
.2000
.0000
.0000
2722

1.0000



APPENDIX IV

Markov analysis transition sehemes of the four seoetof the Coponit
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: APPENDIX V
Equations used in the Study .
. '

Left. substltutablhty matnx i - )

Pai Pbi

Sab =-i=1

m
z
i=

m-
I Pai®IPbj?
i=

l .

where ~ Sy = substitutabilifty'o‘f_stvates a-and b, .

Rai = transition probablhty to the ith state, given state a,
m = number of states in the system

Kig
a

Cij = Lij Rij(2)

It is the product of all pairs of right.and left substi_’tutébility

Linear regression -
Yi =b+bl Xj
where Yi }'s the estimated value of Yi af specified values of Xi

3
&
'

" Total Sum of Squares

one~
SST = z Yi? (zl 1\(1)2 Z(Yi-D?
i=1 n i=l
where Y is the estimated value at the sample point S

T

Sum of 'Squares due to Regression . . n

, n n n o
SSR =L Yi®-(Zi=lYD?=Z (Yi=P?
i=1 n R i=l <7

‘Sum of Squares due to Deviations

n
SSp = £ (Yi-Yi)?

« - =l
F test :
o : ¢ ‘ o
F = MSR/MSp where MS = mean square , |

SST = SSR + SSp

(1)
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gure 7-2. Stratigraphic columns of Zone B.
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Figure 7-1. Utratigraphic columns of Zone A.
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Figure -

7-3. Stratigraphic columns of Zone C.
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