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" relatively clean containing dominantly

ABSTRACT
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Many potentially harmful, useful, and environmentally important

T

. - .
trace elements are found in coal, In recent years attention has been

.

focused on the siting and distribution &f “thése elements. The sediment=
. R .
f

ology and the- mineralogy éf'coals and sediments in a coal-bearing

. . . . ' _" ’ .
sequence have an-important influence on the geochemistry and trace

ot . }

element sitihq‘and distribution. These aspects have however not Beepv

examined in an integrated fashion. Such an i1integrated analysis is the

objective of this study. ' ' i

~ ™

"The two Lower Cretaceous coal-bearing sequences studied are 10 the

"MooseRiver Basgin in northern Ontario and the Monkman regi®mn in eastern

.

British Columbia. . . °, -

A

fluvial and

. .

‘The sequences were . deposited in entirely continenatal

upper'deltq plain/fluvial environments fesbectibely“ The mlﬁéfaiogy of
the Moose River Basin éediments emphasises their’ deposition in highly .
weathered terrain. Quartz, kaplxniték'minor illite/muscovite, pyrite,

calcite, siderite .and ‘rare gibbsite are found. Thé:l;gnifes are’
dudrtz"and'kgolinxte.tThe Monkman

sediments contain 'ankerite, marcasite and mixed layer clays in addition’

& the assemblage mentioned above. The Monkman coals‘have a higher

“ - ’ - .

proportion of mineral-rich bands and contain a greater ‘variety of

: B .

minerals than the Moose River Baéinil&qﬁiteé“'however kaolinite- is. the,

dominant mine:ql'éssociated with'the;mpre detr}tal—free lithotypeés.

. .
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Major and trace eigments were anaIyséd by XRF, AA, NAA, DNC, DCP,
EMS, and ESCA. Peatson correlation coefficients coupled with SEM-EDX

~

were used to examine the modes of occurrence of frace elements in the

coals and sediments. Trace element concentrations and associations were

.
N i

found- to be extremely variable. Certain elements in some sample grdups

.

are associated with several phases, both inofganic and prganih.

. Elemerits which exhibit orqaﬁic affinities in some sample groups are
- ]_. - - -

Sr, Zr, Ga, Pb, Cu, 2Zn, Ba, Ni, Co, Mo, W, Cl, PGE, U and Th. In the
. . c
Mopse River Basin lignites Cl, Zn, Mo~and Pb are associated entirely
with the organics.
>

0

organic-matter in the Monkpan ceals. The mést common mode of trace .

elemém;'occﬁrrenca (e.g. for Cu, Rb, Cr, Au, Y, Ti, Vv, Ni, Zn and in
part P; CS, As, §r, Y, 2r, Nb, Mo, Pb and Th) is in association with the

< ¢
N

*

clay minerals. Zirconium, Ti, Th and in some cases Cr and U occur

associated with detrital heavy minerals. Cobait, ks and.W in some sample

sets are identified as being associated with the -sulphides. Phosphorous

x

and Sr. are found to be associated with carbonates.

e

Behdviour of some of the elements can be explained. using
information from the-different lithologies, affected by different

physicai and geochemical conditions.

Due to the mobility}of trace elements in coals and sedime®ts, trace
. . B ) . Feo .

. ; : ) Yo ’
elements §ites may have varied considerably through' time. Organicailly

’

boiund. trace glements are less common in.ghe.hiéhef

The mode of occurrence of certain elements such as Zn and Ni.also variés

L with éoncéﬁtfation. Ni in Ni-poor lignite is organically associated
n - Pou ; . o
while in Ni-rich sampleés it is present in pyrite.

»

' . .4

Ga 'is the only element entirely associated with the

rank coals examined: -




> - .
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Several factors which influence tﬁe.txacq element characteristics -~

4

P

of ‘the coal and sediments are -proposed. These includé minerélogyﬁ

variations betweer and within deposifional’envirdﬁmenté, original
vegetation'type,‘composition of the'qroundWatér and flow patterns, -
nature ‘of the surrouﬁding rocks, diagenetic factors including depth of .

+

itional effects."’

.hufial etc., coal' rank and postdepos
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L © INTROBUCTTION™ - - . - .- .
. “ - -7 - - . . i
L ‘ e o {

AWhiie workers such as V.M. Goldschmidt (1935) were fascinated by

°

trace elements in coals and Qrgén;q'métter, adequateképudy of trace

e -

elements in.coal is ‘a relatively recerit phenomena. Increased traditional
L N RN AR . , . B N

E . use -of coal and its expanding use "in ‘Iiquefaction and gasification

- s —

‘ﬁfgcesseSiéné‘fhé prbdqéqienjof ¢Q§11derived fuels has initiated and

e - - e “ - . ~

emphasised thE imporftance of gathering detailed informatien about

-~ - . R e, . N

potentially harMﬁuI'élepenté sgqh'éé As, cd, pPb and Hg, and

éﬁ&ffonméqﬁafiyfimpofﬁéht~tfacefelementstindIuding.Mo,‘Se and to a

. - . "lesser;extent‘Cu:Ni; Zn, V, U, Cxr and F. The siting of elements suchas

- - .o~ ~ . (3

. “ajgcl,utﬁgaqikélis 5nd;S,jiSﬂ6£"imp9fﬁégce in that they can strongly

2 ‘ influence boiler ®fficiency dué td corrosion and fouling.

. The node of occurrence and Hi;tribution of- .major mineral @hases and

_,, " -~ C N - -

thué}of'ﬁajor‘eleménts’in.coal has been .well established for many coal -~

. PO,

wdepositsy(xemezys‘and Taylor, 1964, Rao "and Gluskoter,- 1973, Gluskoter, o

-+ PR 1977; Cecil et al, -1981; Chou and Harvey, 1983; Hsieh and Wert, 1983;

“'Benson et al, 1984 and Davis et al, 1984).

Igformation on trace eléme%ts in coal is Bowevei_less abundant. A

NI considerable amount of work has been done in the laSt_feQ.decades, but -

many_studiés concentrate on coals which have anomalous concentrations of

a particulaf elgmenﬁ (for example Hawley, %955; Masdrsky;iﬂ956; Szalay,

B ] '" 1974 and Es&enaéy, 1582). Recen£ly‘és a result of heigh@ened,sensitivity

-~ | : to environmental problems in the light of forécagts.pfo{eétihg inéfeaéed
.. .+ . use of coal :n-thé fuﬁﬁ?eh atteﬁtion ?é being focﬁsgd onﬁeﬁvi?onmentally
.haéafdéug”tracé.element% in;coal and their fate dufing uti%ization.:éa;e

N

/ . : o -

1
E




e

such studies include Ruch et ‘al (1974) and Kaakinen (1975). An

increasing number of studies on coals from a single area are being

carried out. Many of these, for example Gluskoter EE_EE_(1972§, have

3 - R

. ; ; . ‘ , .
examined samples collected systematically from a.-well known coal-bearihg

.

succession. Few.studies, with the exception of Nicholls and Loring

N

(1962) and.zodrow.(1983), have.analysed‘the sediments from the same

1

succession. In general the various aspects of coal deposits such as

sedimentology, mineralogy‘and'geqchémistry Have beéen’ studied sepgrately.

“It is the purpose of fhls~study-to éﬁqmine_thé modes of occurrence

- .

of.selected trace eleéments in coal in the context of tHe coal-bearing

-sequence as a whole. The locations of two coal'dépos}ts <hosen for this

. . -

study are shown. in Figure 1,1.. o <. . _

The aims of the study are to examine ST -

' v o2 - . Lo 7 ’ »

N .. -

a) the sedimentology of thé coal;beaiing_seqdénées:_iitﬁotypes and

lithofacies are distinguished'andja-depositiphalimpde} is proposed,

éhaptér 3. . : N ‘_ B e
- . s - . . -
. x - ? / N -

7. . P

; . L. . : N . . -
b) the mineralogy of the various sedimeﬁt‘types and the-coal.- A sequence

~
+

ta ' » . - : -. ) .l - . st - . -
of mineral genesis is derived and maceral/mineral relationships are

examined, Chapter -4. . : S .o

c) the geochemistry of the coals and‘sédimentsq ChaptérVS, and ,

d)nthe‘sighificance_énd'ipterrelatloﬁships of eacdh of the above on the

others, Chabtér 6. o .o Lo BRI : N\ :

‘o s A

As many elemehta ag possible in¢luding major, elements, cr, Rb, Sr,

% - _ i K .'_’.. . 3

Zr, Ccd, Co, Cu, Phr.Moy.Ni, zn, U, Th,/ Y, Nb; Ba, Ga, V, As, W, Au and
the platinum group. &lements’ were analysed. Associations .0f- these
elements with hineral“matter'(inqludxng clay minerais, carbondﬁes, heavy

. - . B ‘ . T e o . / .
minerals or sulphides) or ‘with the organic substance dre examined.’

.- . «
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Many methods have been used to determine the modes of occurrence and in
| .

N .

. © . ’ - ~ )
particular the organic, inorganic affainities of trace elements 1 coal.

Manvy of ‘these are summarised in Zubovic et al (1960; 196171), Zubovic

.

(1276), Finkelman {1280) and Palmer and Filby (1983). The most common
ﬁethods, which 1include float sink anal?s1s (Gluskoter et 35“ 1977) and

low temperature.ashing followed by chemical analyses (Miller and Given,
. : :

i

1977; 3978), involve thne disaggregation of the sample as well as removal
of the oksanic material in the datter. To examine trace elements 1in

s1tu, and in particular their relationships with the macerals, methods

such as Scanning Electron Microscopy, Optical Microscopy or Secondary

f

Ion’ Mass Spectrometry must be employed.
G

© A study by Finkelman (1980) successfully used the SEM to identify

) -
the sites of many trace slements in-accesscory.minerals. This methad

however introduces a bias.towards trace elements concentrated in dense

)

easily observed accessory minerals. Trace elements whach are associated

with the organic material and which are therefore dispersed, are not so

readily detected by the SEM. 'Ion microprobe, and other such techniques

must be employed to determine the associrations of such trace elements

i

‘present at'épyrzlevels. , . ’ - . ,

In this study statistical analysis of trace and major element

y —

concentrations in the coal and sediments 1s used 1in-order o gain a nore

complete picture of trace element systematics in coal-bearing.

successions. Elements which are organically associated can be

distinguished on }he basis of their correlation coefficients and 3Buites

of elements with which they are associated. Elemeénts associated with the

. various mineral phases can also be identified. SEM-EDX .is also used 1n

conjunction with the ‘statistical analysis-:and substantiatéd many of the

~ . ” ‘o
- ¥ .

o

~




conclusions arrived at b§ the latter.

Y

Sources of many of the elements such as U, "2r,  Ni and Cr are :

& . . . A

proposed. This is facilitated by the .sampling.of all the 'sediment types.




CHAPTER TWO . : .

s

REGIONAL GEOLOGY

The Mattagdami and Gates Formations represent sequences of Lower
Cretaceous age which were deposited on two ,sides of a‘mldfcontlnental
seaway.  The rég}onal settings,. st}ucture,.age and sampling methods will

be examined.

2.1 Mattagami Formation, Moose River Basin

The Mattagami Pormation occurs in the Mesozoli¢ succession of the

Mcose River Basin of Northern Ontario. This Phanerozoic sedimentary
basin is located southwest of and silghtly overlapping: the western edge

of James Bay.‘It is separated from the larger Hudson Bay basin to the

north'b; the Cape‘Hehrietta Maria Arch. Both basins are 1n§illéd by
‘thick sedimentary packages vranging in,aée from Middle and Late
OrdoYician to Upper"bevonlap in the HudsonlBay Basin and up to Lower
Cretaceous in the Moose River Ba51n: A thin skin of OrdoY%cian and
Silurién rocks partly overlies the northwest trending separafing arch.
Large areas of Pregambrian outcrop occur in éhis area. The sequences are
thonght to be erosional remnants.of a onceé much more extensive cratonic
cover which joined with the Arctic p{atform in phe north, the Allegheny,
Miéhiézﬁlénd Williston Basins to the.south and pérhaps was laterally
equivalent to the Rocky Mouptain sedimentary pile in Alberta and British
CQlumbié to the west.

The pala;ogéSgraphy durihg:late late Albian time 1s illustrated in
Figure Z:L Clastic sgdiments deri&ed from the Appalachian £egion to
the east (Try, 1983; Try et al, 1984) -were belﬁg‘depqsited on a’Broad,

‘ . . , .

relatively flat alluvial plain where the major river, the, Escom (Winder

t

6
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" and Try et al 1984)



.§E ii' 1982 and fyfe Egﬂii,‘19ég) debouched into thg éastern-ﬁargin_bf
the Albian‘Mowry sea of Wegfern Cé§§da. fhe‘thick.délfaié égquences éf‘
Lower Cretaceous age in the Rocky,MountaiA_Fooﬁhillé Belt were'being
Aééosited synchronously on thé.western maf%in of this'seaway.

While the Western Canadian Cretaceous succession contains ;eberal

\

cycles of continental sedimentation interrupted by marine sedimentation,

the Moose River Basin succession consists of continental sedimentation
i - . :” . . - . .

only. The. alluvial plain on the eastern margiﬁ;was probably considérably

broader and with the lesser sediment supply.does not appear to have

suffered the same regﬁlar ﬁérine transgressions as noted ?ﬁ the western
m rgin: |

;The Lower Cretaceous uhderiies an_area of approximately 8380 km.2
and possibly up to 1?970(km.2 {(Try givil,’1984)h'however exposu%e“is'-

limited to the: banks of the major rivers and thus information. is largely

derived’ from extensive drilling pféjects. The Lower Cretaceous rocks are.

generally unconformably underlain by'DeVéhian and silurian carbonates:

dnd c;ays'but recently SOmeidrill_holes haye‘endqunteredfMiddlé Jurassic

/

sediments (Mistuskwia Beds) disconforhaply’belbw the Lowér-C;etacebus in
drillholes 82-01 Lignasco and 75-02 0.G.S, (Telford et -al, 1975; .Norris

et al, 1976 and Norris, 1982; Telford, 1982). The exteﬁﬁ-éf ;his'Mi@dle_

Jurassic sequence is as yet unknowpn! The entilre area is overlain by a

Pleistocene cover (15-90. metres txick}[_&hich 4nfills a-ve;y irreqgqular |

palaeotopography.
. : ] . . . .
The Moose'River Basin has & faulted southbérn margin (see Plate 1.),

13
|

where an abrupt east-west scarp is the ntact -with the Fraserdale Arch

of the Precambrian Canadian Shield. The sedimentary basin is downfaulted

t ¢

relative to the Precambrian. The low lying area between the Fraserdale-
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Arch and the Qraﬁd‘Rapids Precambrian high to the northeast provided a .

o >

. N a

;uitable site for the_accumulation and preservatién of the Cretaceous

é : . . . -
sediments. The maximum known thickness of Cretaceous accumulation (166

"metres) occurs within 10 km,<6f the Precambrian faulted margin. This
A . :

~ also results in the Ordovician to Cretaceous sedimentary sequence- being

P S

assymetrically located within'the basin, ‘with the Lower Cretaceous
. . -
sediments predominantly in the south and east in the strucﬁurally lowest

lying aréas albng'the edges of the basin.

»

- There are two main areas of thick 11gﬁite; bearing Cretaceous
succession, the Onakawana area in the northeast which 1s adjacent to the

northern edge of the.Grand Rapids hiéh, and the area around Adam &reek

in the southeast of' the basin.” These thicker successions have formed 1n

structural lows (depressions in the underlying Devonian rocks) adjacent

1

to Precambrian Highs.

2.1.1 Age of.the Mattagami Formation . -

" Bell (1928) suggested.that -the sediments of the Mattagaml Formation
S were of Late Jurassie to' Lower Cretaceous age. Palymological studies 4
carried out by Telford‘gﬁ_g}_(1975)) Hopklns and Sweet (1376); Yerma'gﬁ

-

al (1978), Norris and Dobell (5980),and Nofris (-1982) conflrmsﬁ this and

determined that the sequence 1s of Middle to Late Albian (Lower Coe
« S L. . - 3 N . . -
£

Cretaceous) age. Four “zones wete recogn%sed (Norris and Dabell, 1980),

with the area around Adam Creek containing zohes 17 ahd 2.

v - - <

- .. P . ..
. . c . “
- , . fl

.. 2.1.2 ‘Structure’ and Physioéfaphx

-The Mogse River Basin Eépographiédlly.is a flat lying éoastal'plain

area, which'drains towards James Bay by a series of major. rivers, the
- 4 ’

. Moose, Abitibi, Mattagami, Missinaibi and Albany rivers. The areas




-

4
.

between the rivers and their numerous tributaries are wet and musxeg

-covered. Higher ice-thrusted zones exist adjacent to the rivers gnd

«

fhese support stands of birch and pine.
- 2 el

The Cretaceous sediments are generaily flat-lying or dip very .
' : |
slightly (less than 5 degrees) to the ﬁorth. M;:} of the river edde

exposures at’ Adam Creek have substantial dips and appear folded (Fyfe el
al, 1983). This is thought to be due to local unloading due to rapird
erdsion of the Creek and. subsequent rotational block slumping toward

the river.

¢

Exposure in the area 1s 'poor, consisting mainly of small outcrops -

-

along river banks. Adam Creek is a diversion channel for four Ontario:

,Hyd?o dams on the Mattagami river. Itvhas been deeply eroded by excess
wate; from t%e Little Long Rapids Dam spillway, uncovering good
Cretace?us'sections lying beneath 20 to 30 metres'‘of Pl;lstocenelcover.
Adgm Creek prévided the only outcrop samples for this study. Access to

the area was by helicopter (courtesy of the Ontario Geological Survey).

4

2.1.3 Previous Work

~

L.ignite was first recognised in the- area in the late nineteenth
‘century: Keele (1920) distinguished the lignite-bearing sediments from
N : :

the overlying Pleistocene deposits of the Missinaibi Formation, and

.

named them the Mattagami Series. This series was changed o formational

.

status by Dyér (1928).

Mgcﬁ drilling has been carried out in the Moose -River Basin,

o

beginning.in 1929 (Dyer, 1930) and continuing until the present. Early.
‘reports of: the geoldgy and economic poténtial of the .area include Dyer

(1931a; 1931b and 1929). Price (1978) and Verma (1982) summarize the'-

.

’n
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exploration in the area. Much of the initial work concentrated xn the

v

northeast.ih~the‘0nakawana lignite field where.subétantlaL‘llgnlte»

N
‘
'

reserves were proven.

The lignite occurs in two seams, the upper beihg thinner and higher L

in ash than the lower. A.0.3 to 4.6 metre clay band separates the seams -
- whose total thickness 1s approkimately 15 metres (Vos, 1982). .The.

lignite seams are largely continuous throughout the Onakawana area.

Attention subsequently.shlkﬁed to the Southern part of the baélq

‘

where lignite and farther reserves of kaolin.,and refractory clays were

- - found. Telférd and Verma (1979) and Telford (1982) have documented the

results of drilllné in this ared. The Ontario Seclogilcal Survéy, Ontario”’

Energy Corporatlon and Lignasco Regsources are presently active 1n the

-Moose River Basin.

,
’ -

sedimentological studies on the sediments and

‘.

Pl

Geochemical and

lignites from the .south of ‘the basin-are documented in Fyfe EE.3£ {(1983)

and Try et al (1984).

2.1.4 Sampling e . B oo

.
.
.

g o Sappling was concentrated_ln"thé southeast paft of;the'baglp, gué
to the avéiiabllity of recent drillcore and the outcrop along Adam
C;eek. Sections were qeasured and sampled on visits to Adam Creek in
1981 and 1982+ Other samples are from two Lignasco drrllho}eé 8 km to

the northwest of Adam Creek, which were ‘examined and sampled in Thunder

- '

Bay in late 1983. Thé holes weré drilled by the vibracore technigue thus

disturbing the sample as little as possible and providing 18 émAGiameper";

core. The location of all sampling sites are shown in Figures 2.2 A and

B. Samples collected from Adam Creek are identified by”thé suffix AC and

the year of collection follows the sample number. The samplés from

- .
. ’
o

‘
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Figure 2. 2A Geology of-the Moose River Bosm ond
: locotlon of drill heles sompled ‘
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¢

Lignasco drillholes 82-01 and J-1-2 are numbered L;1—X'and L-2-x

T o AV

respectively. g . ’ S

)

The Mattagami Formation in the area. examined consists of clean
gravels, sands, silts ﬁfd muds .with up to three thin lignite seams. .The

I

sampies are.largely unconsolidated, eXcépt for materials in what has.

[

been called the Devonian Sextant River Formation {thought. however to be
of .Cretacemus age and laterally equivalent to the- Mattagami) and

occasional sandstone and gravel outcrops‘cemented with pyrite and/or’

) N

carbonate (AC-13-82, RP, RC1). In thé.uﬁcc&éolidated_material«gleaﬁ

e ::‘Isgdimeﬂf was sampled where possibiea-All samples were transported to the

. labératbry in sealed ligﬁt or' heavy plastic bags. Adventitious material

was removed from £h§ sampleécby washing with'distiiled waﬁér and those

e, . s L ? .
- - R parts of the samples containing much dirt were discarded. The drillcore
- n " -was split and outer rims of material c@ntainidg dri®ling fluid wevre

" BN

removed to access the clean’sample. The dy%%%ed matérial was on the

~%e L v

; "whole undistprbed,'however areas at the base of 82-01 (Lignasco) were

highly disturbed- and therefore avoided. - i .

.

.. -+ 2.2 - Gates Formation, Northeast British Columbia

4 .

Thé‘Cretaceous System of northeast British Columbia outcrops alohg

. the entire length of the Rocky Mountain Foothills Belt. Cretaceous rocks

also occur in the .subsurface of the Interior Plains and extend north. to

- R

fhe Liard Pl

ateau of the Yukon and to the North West-Teriitories (Figure

:“. ' 2.3). The-CretéceQus rocks of northeast British Columbia were deposited
S . along~£he western margin’of the Westérn Canada Sediméntary Basin and
. " . 3 -~ P " .o ‘ L3

‘form a major clastic wedge whgse thickness decreases eastward below the

P . plains from a maximum of 1,200 metres in the west to 30Q metres in the

.

P ' °
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eastern foothills. Due to the southwesterly/southerly derivation of the

sediments the present rocks carry a signaturé of the granites and other
e ~ metamorphic phases tésulting from the Columbi;;\squeny\in the
Cordilleran Geosyncline. The western maxgin of the basin is not .

\

preserved and the limit of Cretaceous exposure in this-direction is d

marked by some major faults of the Rocky Mountain System; where Lower

Cretaceous rocks are in faulted contact with Devonian and Silurian

a

limestones. The Cretaceous and Upper Jurassic rocks unconformably overly

.

older rocks which become o¢lder to the north and east. > ,
Three major clastic sequences are contained in the Cretaceous rocks
. . of northeast British éolumbia'(frguresl2.4-A'énd B), each @eposigéd by a

.

major trarsgressive-regressive cycle. Thése -are related to’variations in

.

R ,L/-\\\ rates of subsidence in' the marine embayment, influx of clastic material,

rates bf'source region uplift and possibly. also to.global scale eustatic

- 8¢a level changes. The oldest sequence, is represented by marine .shales

.-

. . ‘ of the Fernie Formation deposited during a late Jurassic transgression

.- . . " '

. of the boreal marine embayment inkq thé‘northein parts of the Alberta

- - trough. These are overlain by sandstones and mudstones of the Minnes

Lo - Group -which- were deposited 1in the Latest.Jurassic to V@langin&an when

. = . the sea régressed completely:frdm'phé,bratnn. The middle cycle in the

ared of study consists of .the Bullhead and Feort St. John'Groups. and the
: . R - .,‘ . , I ‘

e ¢’ - -

PR . Dunvegan Formation, which were deposited during the late Nebcomian and,

. ) . ¥ . . . . R L4 -
¥ ' ) Albiafn "and will® be discussed in detail .later. The_youngest segueénce 1is

. o .
) ] ..

.

formed by the Smoky'Group and Wapiti Formation, which ré deposited

. .": ; “ . “ . ‘ . " . . . y ., )

Ot during Turonian to Santonian and Campanian to Maastrightian time
’ . L o . » .

‘ - ’

T . respectiely (Late Cretdcegus). The Smoky Group ghale& record two marine
L ; - oy ' - : . . .

cyclesmwhiah were followed. by a ma“jo

PRI - n

’ t - ., : ‘. . ‘l . P ) .:A I‘ ’ ' ’ \

r regressive event. The Wapaita
| > ‘ : y




Figure 2 4 A, The Cretcxceous and Upper Jurassic stratigrapny in
Northeastern British Columbia (Pine River Region),
M=marine

from Stott 1975. C=continental
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Formation, consisting of dominantly.-continental sandstones, shéle and_.

coal, forms a-thick wedge which extends from the footﬁilL§ €Cross the

\

plains.-

.

2.2.1 Palaeogeography and Déscriptién of the Middle-Sequence-

.The palaeogeography during the Albian, when the middie Sequence was

p

being deposited, 1is ;Llustratea in Figure 2.5. Clastic ma&etialf derived’

1.

from“the ‘continuing uplift of the Cordilleran region associated wi€h the

N

. . ) . : A ¥ . t
Columbian orogeny,. was depdsited towards the north and northeast
_ geny ort 5t

N

(Carmichael, 1981 and Leck1§,~1981) into ﬁhe adjacent, subsiding Alberta
trough, Renewed subsidence 1ip the Alberta trough at the beginning of the

Albian”allp&ed.the advance of a major Boreal seaway southward roward the

Peace River. The seaway'wds bordered to the south by.a broad low lying

LI
3 B

alluvial plain and. to the. southwest by several large deltas, from which

direction the major sediment supply was derived (material added to-the

1

: v

eastern .margin of the seaway from the Appalaciian: highlands was
- v v . t .
.negligible «in 'contrast). Four major transgressions and subseguent

regressions occurred in the mi1ddl¢ sequence following the initial
Bullhead Group transgression. These cycles are represented 1in the

stratigraphy by marine shale suc¢ceeding, and laterally eqguivalent to;

nearshore and alluvial deltaic sandstones, shales and coals. Thickest

sediment sequences and the major delta depocentres are adjacent to
basement highs. such-as the Peage River Arch (for example see the 1sopach

map of the Fort St. John Group in Stelcks 1975, pd55).

.The Bullhead Gfoup in the- area of stidy 1is undeflalntpy a :eQLOﬁai'

* ‘ ] .
erosional unconformity followed by coarse massive Cadomin cenglomerate

and coarse grained sandstone. The overlying Gethang Formation consists

~of mainly nenmarine calcareous sandstome interbedded with conglomerate,.




i

N

Figure 2.5. Palaeogeography during the Lower Cretdceou‘s,
s Early Albian, in Western Canada.

——DEPOSITIONAL LIMIT 7'l NON.MARINE (UNDIFFERENTIATED) .

© |+« CONGLOMERATE >~ MOUNTAINOUS LAND '

' \ “i'SANDSTONE & —» DIRECTION OF SEDIMENT TRAr_iSPORT '
~ SHALE MARINE ' : -

" sk CoAL - . , -
. (from Douglas et al, 1981, and Stott, 1984)
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e

siltstone, claystone and coal. Above the Gething %ormqtion are eight

units in the Fort St. John Group and Dunvegan Formation. which are
alternately marine and nonmarine.and represent four transgressive-

regressive cycles. The Gates Formation is the regressive half of theée

2
‘

B - .first of these transgressive-regressive pydles. The first unit in the
Fort St. John Group is the Bluesky Formation, a thin poorly developed
glauconitic and non glauconitic donglomerate and sandstone unit. This is .

abruptly overlain by dark grey claystones and siltstones of the Moosebar

. I
Formation. Thicknesses of each of the Formations in the Monkman area are

>

shown in Figure 2.6, along with the stratigraphy. The thickness of the

Succesgion is controlled by Precambrian basement topographic featufes a

.

such as arches and basins (stelck, 1975). The Monkman area in Lower

. ‘

. Cretaceouirtrme lay towards the ngrth end of the western edge of the

)

o

N ) . .
Alberta baé@p, to the south'of the PeacCe River Arch. The proximity to

this basement\pig facilitated the accumulation of a grea¥r thickness of

. K] .
sediment 1in the:adjacent trough. This pattern can be observed along the.

length of the. Rocky Mountain Foothills belt..

’ v

-

2.2.2 The First Transgression-Regression.of the Fort St. John Formation

The first cycle is represented by the Moosebar and Gates

Formations. The Moosebar Formation can be divided into two .distinct

- »

members in thé Monkman area. The lower member, ' about 75 metres thick,

’ . . : N : . : N +
containsg a coarsening upward sequence .of dark grey claystones containing

sideritie concretions. Two thin whitish grey kaolinitic.bgﬁds3dcqur in’

‘the middle of. the member. and the ‘abundance of silty sandy_phases e

increases above these bands. The member is characterised by heavy

i

- ‘bioturbation, pyrite disseminations and minor marcasite blebs. The upper .

. o~

ki
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Figure 2.6 Monkman Area Stratigraphy ) :j' ' .
) Period  Group Férmation Lithology’
Shaftesbury Dark grey marine claystone; sideritic
250 m concretiohns, some sandstone grading
T - . . to silty dark grey marine claystone
’ ‘and siltstone in lewer part; minor
_ . conglomerate at base.-
-, - Boulder Creek Fine to coarse nommarine sandstone;-
: 150 m * claystone, cafbonacéogs claystone and
Fort - : ' - conglomerate. Few thin coal seams
' towards'base. .
‘Lower . .- . . . .
Hulcross Dark qrey marine 51ltstone s
= i 85 m - 1nterlayered with fine sandstone and
‘ St. i ’ ) claystone, gradational . Change "to non-
. ’ T . . : . marine mollusc-bearing sandstone and
' = c}aystone in south. ;
i Cret- ) T
N aceous .-af - Gates Fine to coarse non=marine sandstone;
John 270 m conglomeraté, major coal seams,
- siltstone -and claystone. .
- . ; . N - 2 .
Moosebar Dark grey marine claystone with
. . . . Y
100 m - sideritic concretions in the lower ,
' pdrt; gradational’ increase in
sandstone- and siltstone at top.
CT : _ ‘Bluesky . Glauconitic fine-grained sandstone, _
: L 5 m varying locally to qlauconltlc cobble—
o ‘ , conqlomerate B
4 - . - . .
O - - Gething Fine to .coarse hrown sandstone, coal,
' 130 m, © carbonaceous claystone and :
’ 'poﬁglomerate. o L : . "
A ° Cadomin o Massxve conqlomerate contalnlng cnert
Bullhead 60 m . and quartzlte Debbles 1nterbedded w1th~
" : ‘ ' quartzose sandstone’. ]
: Jura- ¢ .Nikanassin. Coqglomerate, carbonaceous -claystone, * -
T Minnes’ . #2000 m. thin bedded .grey and brown sandstone;
- t ) © Cret- L T * contains nimerous coal seams.
' ' aceous , P L : L ) ’
* o ' Tt
. K N
From PetroCanada 1981, *° S
' . P i . . ‘. N . , . L I ) . . .
. . N .
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Tmember, 24 metres thick,* i§ coarser and contains interbedded siltstones

and claystones, ‘with sandstone beds becbming increasingly dominant-
. towards the top of the member. The upper member is thought to represent
a. transitional environment between the trénsqressive marine clays of the

lowexr Moosebar Member and the regressive continental sediments of the
Gates Formation. .

. . . -

The Gates Formation consistsg of a cyclic sucHpssion of dandstones,

-

claysﬁones; siltstones, conglomerate and coal. The Formation .which  is

.

270 metres thick contaiﬁs up to twelve coal seams and is the principal

coal bearing unit in the area. The Torrens Sandstone, a resistant medium
grained massive sandstone forms. the base of the Gates Formation. It has R
a conformable and occasionally gritty contact. with the Transition Beds

(Carmichael, 1982) which occur between the Moosebar Formation and the
Gates. Formation. Above the Torrens 'Sandstone is a carbonaceous
claystone/siltstone which underlies the oldest coal seam B1l. Overlying

the coal bearimng part of}the member are carbonaceous claystones and

siltstones, similar to tboée.which occur interbedded with the coals. A

thip pebbie cbﬁg;omerate bed 10-30. cms thick -forms the contact between

B \

_— the Gatg&.Formation and the marine Hulctross Formation above. The
! ’ . -#,:'.

Hulpross and overﬁying Béulder,Cregk Formations gepfesent the second
transgréssive—regressive éycle in the Fort st. John Group. In the
_ Monkman area. the ‘marine Shaftesbury ?ormat@on,is the youngest

stratigraphic unit represented, therefoie“the'regressive‘half°pf this

cycle and a farther tﬁansgressiva—regreésive'éycle are not pfeserved.
- ,. . ~'. ‘ .'7 . ', . N '

The Gates: Formation to the north contains non-marine sediments ’

interbedded with three major marine units.(Carmichae;, 1983), whereas

P

the -southern exposures of ‘the Gates are nonnarine.
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The Moosebhar-Gates cycle lies within the Arcthoplites

(=Lemuroceras)-Beudanticeras affine zone of early Albian age {(McLearn

and Kindle, 1950 and stott, 19.68). The ‘Gates Formation also contains
microfauna of Middlé Albian age (Stelck et ﬂ, 1956) 6.15 well as Lower
Bla‘irmore-Lluscar-—Get.hing flora of Ap.tian age which rﬁust therefore extend
“up into sedir'nent.s og Middle Albian age. (More details of thg flora. an‘d
faunatj',:and age determination of the Gates Formation can be found in Stott

(1968; 1982).

2.2.3 Previous Work

n

Coal or."bituminous" S\;\bs't,ance of Cretaceous age in northeast

- " Xy . ) . . ~
Bri;:-ish Cc-)lumbia was first notéd by Alexander Mackenzie 1n 1‘801 in the
Peace Rivaer Canyon. Early géologigal repcrts on the area including
_Se‘l‘wyn (1.87.7'), Galloway (.1924), McLearn and Irish (1944) and Hughes
(1964; 1967) were sub_sequently‘ pu-blisbed. };esultg of mar;y' impoftant
early irlm-vesf_i-ga.f:ions intlo the Cretaceous stratigraphy I;y McLearn were
compiled by M’c;earn and Kindle (1950).

Stptt (1‘968) pr'é-seﬁts a detailed summary of the stratigrapnhy and
occurrences of the Lowel‘c"Cret':a.c\gous Bullhead and Fort- St. John Groups
and Stott (1975: 1984) 'provides a ;regional overv.iew of the Cretaceous
system in Northeast Brit.ish‘. Tolumbia. Stott“(1974: 1982) and McLean
{1982-) 'c‘oncem;rate on tﬁe cg;)al-bg'a:ing Lowelr Cretaceous strata'in the

.

- Fo’o{hills»of West'—ce'ntr_all Algerta and northeastern British Columbia and
in the _Fopt;hi).ls b}f l;lbe‘rta' i:espectivély. ,
M.ore specific s;:udiés c;n aspects of the .coal‘s such as rank studies,

" Tquality Tana petrographic compasition are. documented in Hacquebard and

Donaldson (1974), Pearson (1980) and Kalkreuth (1982). The mineralogy,

degree of diagenesis and.sources of the sediments are described in
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Foscolos and Stott (1975) and Spears and Duff (1984). A ‘detailed

! . . - k3
sedimentological study of the Moosebar and Gates Formations in the

Northeast Coalfields 1s described in Carmichael (1983). -

’

2.2.4 Regional Coal Geology ' L
. v . ; - < )
The Lower Cretaceous. in the Rocky Moun“iﬁﬁ*?égthiiif belt 1s an

~—.

important coal-bearing unit. Economic coal seams-are locatea\rﬁ\gmi\\\\\\\\

Minnes Group, the southerly equivglent of which, the Kootenay Formation,

.15 the main coal-producing unit i1n the Kootenay district coalfields,

southern Rocky Mountains. The Gething and Gates Formations contain the,

a

important ¢oal seams 1in-the Peace River or Northeast-Coal -Block™

(Schiller, 1982), to the noréh._The soutﬁerly coalfields 1n thls aréa

.

contalin economic-seams in the Gates Formation, while-farther horth the

¢

. 7
principal coal-bearing units are the Gething and occasicnally the Minnes

- N N
and Boulder -Creex Formations (Figure 2.7).

Theé main ,coal seams 1n the Monkman aréa are in thé Gates Formation,

wlith minor and thin seams occurring in the Gething Formation and the

Mirmes Group. The ¢oals in-~the G%tes Formation in the Rocky Mountain

Foothills Belt appear to lie in four main zones, which are described
. ' ’ i .
fully in Stott (1974). These-zones can not be correlated other than an

areas where extensive drilling has¢taken place. The coal seams at
Monkman appear to lie 1in the second coal zone (i.e. immediately above a

e

thick unit of fine grained sandstone considered to mark the base of the
'Gates Formation). Due to progradation of the ‘d€lta plain on which the }.

coal deposits developed, the seams may not be laterally edquivalent but

are younger to the north.

L J - ’
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Figure 2 7. Lacations of dévello;)mg,cocl' ‘propert!és-nrj the North Edst

P

* Coal Block,. identitying. coal-bearing Formations.
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2.2.5 Physiography, Structure and Sampling ,

The Monkman licénses (Figure 2.8) which ‘are held by Monkman

Consortium,’ are located between ﬁhe Peace and Smoky rivers,
approximately 30 km. west of the British Columbia/Alberta border. Dawson

Creek 1s 100 km. to the north and Prince George 100 km. to the

southwest.

i
The topography in the Monkman area is typical 9§/{he Rocky Mountain
Footh1lls Belt, with rolling hills where good rock exposure can be found

at the crests and in river and road cuts. The Cretacecus.hills lie in

thrust fault contact with higher and steeper Devonian and Siluraan

limestone ridges which are £lght1§ folded.

a

e

The Cretdceous rocks\afe'weil consglidated -and are allocated to the

~

intermediate middle stége ©of diagenesis by Foscqlos and Stott (1975).

. . r -

The Morkmah area contains four thrust .fault-bounded blocks,

dividing the area 1nto the Honeymoon, Duke-Duchess, Boomerang and Dokken

"p1ts". The first three blocks contain an anticline-syncline pair, which

are arranged en échelon from north to south. The folds trend northwest

\

and are cuf by southwest .dipping thrust faults. Similar structures

N

N .
arranged en echelon occur throughout the region. Economic coal seams are
located 1in the Honeyhoon and Duke Mountain (Duke-Duchess) blocks. -

The Honeymoon Pit was chosen for study because of the greatest

PO
.

extent of 4rilling 1n this area.  -The main thicknesses of -the coal seams

. a " . K ' (N R i ) N
occur on erther side of the antictine and six drill holes from both

-

sides wefe sampled in detail. The general dips are 45° northeast and 48°

.

~

;gouthwest‘on the zorth and south sides of tﬁé\anticlinef'The-coal from

. .
. .
. N . N,

the majoxr, seams had been dampled on ‘extraction, g6 crushed sarfples only
M . e - N

a

v B

of these cogzl seams were available. Undisturbed coal wa sampled in the

°
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SEDIMENTOLOGY s . LI
3.1 Introduction - N ) -
- : v N ‘ °
- The Mattagami and Gates successions are divided 1nto several -t
lithotypes. A number of lithofacies are identified on the basis of these
~ . . f : - N N -v N '
lithotypes. The depositicnal conditions for each facies are-discussed .
: o . ' . : .. . ) . i -
and from this an” aoverall depositional model is prbposed. o
- - ’ 4 > [ v
The informdtion from the Monkman area, comes mainly fxom 3driil core . .
. , - . o oo )
-data. Gamma and neudtron logs provide a meéasure of tile lithelogy and
- . Ct N - . a -
porosity of the rocks respectively, while dersity logs i1ndicate tne
i » .. N i 'v}’
- ) e Cye s 3 . P . .
formation  density. Drillers logs were also used and fargher 1nformation
o W - 4 N i . N
was provided, by examination of the drill core wnegre possible. Many
- o ’ \\ . ’ -
“sedlmehtary/structures and seXtures visibl®e n outcrop may. 2nus nave
. been -overlooked in the-drill core .mater:al. :
- . Y - R
The Mattagami Formation data comes from both outcrop and drill core
information. The outcrop &s mentioned previcusly has unierccne ar
. . ) ) T .
" unknown degree of disturbance and thus reliable palaeocurrent data are
. . ’ . . ‘~ . . -
not available. . . '
Ry . . . .
’ : L 1 — N ~ N
Thé sedimentoloyy oi the Mattagami Formatisn will be discussed
. . . . .. - , - RSN
first followed by that of the Gaue€s. Format:icrn.
.+ 3.2 ' The Mattagami Formation ;
4 [y . - ‘ .
The Mattagami Formation consists of a varaable seguencé of
. S L - \ . .
sediments including gravels, sands, silts, cl.ays and lignites., F.ve
. B . ’ . .
-lithotypes are preesemnt namely gravel and thick sand, thin sands, s11ts,
W .A . -I N . ,‘ , } i : . ) . .
Glays dand lignite. These Tall 1nto three litnciaciés which relate 1o
-7 ' ) . , . . -, . ‘. . - ., - >
sedimentata’on at var s 1n Twie environment of Zegos:zion. The
- e, .y .

10Us s:ite

¥ - . 1

, - : « 31 . : '
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.2 Graveé. sand ,cugcror a+ Lecazion 13, Adam

.F, Clay from Lignasco drillhole J-1-2, Moose River Basin. Note

Y .
L .

32, Adam Creek, Moose River .

T

2
clast-supported nature
e

of these materials.

4
zoncglomerate cutcrop {(previously

¢ i ~

L N r -
. . Lnougnt o re De&cncgn Sextanrt Formation) at Location 1,

.dam, Creex,”*Mogse River Basin.

reek, Moose River

’

)

[SA}
ot

Basir sncwing J. ¢ 0.72 metre thick cross- bedded units.

NoR 'vlf;;me:re I centimetre scale laminations withln the Cross
bedded unlts srown in Plate 2.C, ‘outlined by 1ron staining.

' Pen :is L%cms'lo%g. ,

.E Silt iamlngceé\wlth fine sand, Location 12, Adam Creek,
Moose River Basin. Note abundant .reots. Divisions on large
plck afé 10 &ms.

the slickensides, conchoidal fractures and soil textures. - ' ’

Scale 1s 1n cms.

~ . . . . Y







sand’ with abundant lignite fragments and authigenic pyrite ahd younger,

‘. s . ) -. - - + . :
white, sorted, angular, non-spherical, fine, very pure guartz sand with

abundant kaolin". Although this seems generally to be the case 1.e. the

younger sands are cleaner and more Kaolinitic, in drill hole J-1-2,

white kaolin-rich sands occur toward the base of the section. Telford

d;stlnqﬂlshed-two-sed;ment-aséocxationé, one with thick sectaons of
Y 3 2 y a . ' v
interbeddad sand, oxidised reddish to light brown clays and white

xaolinitic clays ard the other with dark grey or black silt and clay

‘commonly assocrated with abundant detraital or i1n situ carbonaceous

materiai. These assoclations are given an age connotation by Telford but

neither %the sgb'lyision nor the stratirgraphlc seguence ﬁere
- - . - N ./
substantiated in this study and will therefore not be used nere.

’

Isolated areas of consolifdated conglomerate and sandstone occur in

the Matragam: Formation. An example of this.occurs at Location 1 1n Adam

| freex where reddish. orancge sandstones and .conglomerates are found (Plate

-

‘EJML'Theylwere oJriginally thought tc be Devonian Sextant Formation -due.

te, their unusual consolidated nature {(Telferd, 19823, but the presence

. ’ ~

of wood fragments up, to 20 cm long with similar flabit and chemistry, as

jon)

che.

oy

.the Mattagami wood material an regsefice of kaolinized feldspar

grains -and guartz grains with embayed adges (Try,- 1983) suggest that the

cutecrop 1s part of the Mattagam: Formation. The cement appeers to-be

-iron-rich, and may be saderttic. Try et al (1984) 1dentified limonite
AT0 - . gt a- . : )

[ - N . v

and .carbonate-in the .-cement. A consolidated sandstone with -pure pyrite -

"cement (AC-13-22), was noted at Locatiorn ¢ on Adam Creek. Isolated areas -

P : v .
of cemented mater:al also occur within the gravels and sands e.g.in AC-

.37-82 where calcite and p¥rite cements ahternate.ipyplte nodules are

: . ‘9'3" : L N - . ¢ . . -
commen %t 'the base of the gravel.ssand cvtcrops on Adam Creek, for,
. v . . _‘ . - .. . N ..

N ’ ) \

st

s




"present.

‘and 73-60 feet. in. drill hole J-1-2 respectively. -

is.common. These .thin sands and interbedded sands and SLlﬁé.connnonly

36 .

example at Location 12.-Iron stafﬁipg is also\cdmmon.aléng‘crpss—bedding

foresets. Siderite, ‘occurring as a ceément, is another common authigenic

mineral in the coarse sediments. Some detrital siderite, possiblwy

derived from siderite occurrences in Devonian -limestones, may also be

" ) R B . N .

The thick units of interbeddéd'gravel and sand’ contain beds 30 cms

to 125 metres thick. L@rge scale (trough) cross hedding is‘the'mqjor

structure observed (Plate 2.C). Heights of these;feaéures are 1-1.5

‘.

metres. Planar cross bedding‘'is also present -however due to the lack of.

three dimensional exposure the exact form of the .structures 1s not

known. Centimetre scale laminations occur within .the structures’

>
described_abpve‘(élate 2.D). Graded bedding 1is preseﬁt and occurs in-a

e

sérieg of fining upward cycles (10-35 cm). Fiqingvgpward and coarsening . -

upward sequenqeé both occur in.the grhvel/sand units e.g. Location 12

* . . /I

Thin Sards - o ’ o . - ’ L e

* ‘

These are fine to medium grained sands occurring in beds less than

1 metre thick. They are characterlsticaliy rnterbedded with silt and 1in

‘

some cases coal. The sand is often muddy and 1is gréyish to tan.in

colour. Planar and trougﬁ Cross bedglng‘~and'flat~Lam1natloﬁg are

ﬁresent. In the sands interbedded Qlth‘tﬁg silt;'centfmeﬁre;ﬁcale
’ ‘ . - . i ﬁ .

ripples and laminations are common. Both- transported and im situ organié¢ .

materials (lncluding'roots‘ana tree trunks) are present and bioturbation’

‘grade intg clay above and below. Local coafsenlpg and fining upward

sequences were observed.’ .




»

.

4 . . N

The silt varies in colour from white.dnd light grey to dark grey

with abundant organic material.- Structures present range from flné
. . . .

laminations (wavy and' flat) to soil textures and conchoidal.fractures

"and,slickens;des: The silt’ in the Matﬁagami Formation has two basic

. occurrences, 1) Silt assoc15ted,with clay and silty clay. In these units
mica is visible and organic material is common as wood . fragments up to 4

cm lomg,fragmehted debris less than 1 ¢m , finely comminuted organic

<

particles and rootlets. The organics may be cencentrated in layers. The

silt cémmonly cpﬁt@lns light’yellow'to orange‘flecks which are most

"visible on pseudo-bedding or root slicken31dé'surches: Iron rich

concretions (siderite and pyrite) are found in well defined horizons in

the silty-'clays, with individual concrepions'up to 4 cm wide. 2) S1lt
’ ¢ ’ . . o .

laminated with fine sand .(Plate 2.E). Thesé beds tend to be rippled and

"laminated and generally contain abundant rootlets which crosscut and

v - ) D . -
distort the laminations vertically and oblaguely. This s:lt 1s tan 1in

, , PR f -

colour and often organic poor except for the rootlets.

- .
» Al 1 -
,
e . .
'

Clayé -

"The clays exhibit a large varzety of colours including tan, red,

greeh, light an® dark ‘grev and black. The colour of the clays is

.

related to the organic matter content and the degree of oxidation, with

most organics in the dark grey and black clays and mainly root traces

- .

and. 150lated organic wisps 1A the tah’ clays. The red and orange colours
ganic L b4 , d

reflect dxidation of the 1ron-bearing phases 1in the clays and the green

reduced liron. The lays are characteristically:uhstructured and exhibit

Szrum” soirl textures ang abundant slickerisides. Three main’ typés can be

o L . - . .
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.

.

.distinmguished, a) Tan structureless clays with."crum" soil texturés,
slickensides, conchoidal fractures. and Qccaéibpal»réotlets_(Plate 2.F)
. a~ . "’ - . N . -‘ .
Flecks of oxidised iron and- organic fragments may be present. bj Brown

and grey organic rich clays. These‘alsé_exhlbit'séil textures.and are
structuréless, however occasional silty lenses are present. The organics

occur as finely divided material, rootlets, wood fyagmedts-aﬁd fusinite-

fTAQments.‘c) ?}%k'and-light brown very finely'}aminaﬁéd.(mm~scalé)

Yclays and sxity clays (Plates 3.A and 3.B). The aifernatlng layeis are
tan/light brown silty-clay and dark brown organic rich clay e.q. AC*O6~
82. ‘ o .

Ochre coloured clay and a sihqle.occﬁrrence of blue grey  (podzol-

like) clay with tiny sphericgl sideritic nodules were found at Location
12, Adam Creek. (Plate 3.C). Authigenic‘ﬁinerqls particularly.pyrite and
" siderite, are common ih the clays. Siderite also occurs as bulbous

nodules (1 to 15 cm in diameter.) which lie 1n bands parallel. to the

bedding e.g.AC-31-82. Pyrite 1$'found'ha1nly as cubic.crystals.in the

H

grey green clays. Where wood fragments .are. présent pyrite may

crystallize in and associated with the wood (Plate -3.D).

.

Lignite oo -

~ -

‘C?rbonaceoug'materlal in the Maﬁpagami ?ofmétlon haé‘béeﬁ
classified as lignite, Ho;evér Qn.thé basis'of,refrécgagce‘measureménts
1t apﬁéérs to be borderline peat/lignite., The ﬁlgnite contains abunéant‘
feéognlsable’plant’material 1ncluaing.tree's;ﬂmpg;”t;dﬁks,‘gQigg and
. . . )

branches. ard resin coatings. Many small twig and branch 'fragments are

completely carbopnized with vitreous, black, shiny, . conchoidally
» t R I . 4

.

.'fgactuglngi finely panded material -making up the interior (Plate 3.E).

«

Other wood fragﬁenﬁs have the woody nature ‘and colour preserved and-.are’

- o
- P N “ . »

- . - B . -

s0
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Plate 3.A Laminated (mm scale) organic rich clay (AC-04-82) from Adam

Creek, Moose River Basin. Penknife is 9 cms Jlong.

3.B Finely laminated tlay and silt (AC-06-82) from Adam Creek,
Moose” River Basin, representing lake deposition. Penknife 1s

9 ¢ms long.

3.C - Thin ochre coloured élay and clay containing siderite

nodules (above léns ¢ap) erosively overlain by sand and

gravel: Location‘12, Adam Creek, Moose River Basin. Lens cap

is 5 cms in diameter.-’

’

3.0 ' Tree stump in the Mattagami Formation, Adam Creek, Moose

"River Basin. Arrow points to an area of pyrite

crystallization. Penknife is 9 cms long.

’

3.E Wood fragments ‘from Mattagami Formation lignite, Moose River
Basin. -Vitreous, cénphoidally fracturing wood at left,
fragment retaining woody nature and texture at right. Coin

is 1.9 cms in diameter.
3.F Well preserved wood %{agment from woody lignite, Mattagama

Formation, Moose River Basin. Coin 1s 1.2 cms 1n diameter.
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not so well carbonized (Plate 3.E and 3.F). These break:Qn drying’aiong

the wood gralin. Cell structures are preserved in many of the'gaﬂples ..

g

(Radforth, 1958) with delicate leaf forms also having been 3§éntiﬁ1ed'

(Winder, 1984 pers. comm.). Fusinite fragments are common and appear -as

. & »
bright, black, charcoaly fibrous material. The fragments are often

L

squared to rectangular in shape. . - . ’ .‘ '

P

Four distinct lignite phases were- 1dentified on the ba&is. of

M ., » A ’.
appearance and composition in thHe outcrops and drillcore examined. These
. > L
correspond to some of the divisions propésed bvayer,(1931), Dyer and.

Crozier (1933).and Radfarth (1958). They arefwdbdy, peaty, earthy and

fusinitic (Pldteaij and Plates 4.A, B and C respectively). Althéuqh

Radforth considered them to be purely étructural categories, Ontario

3 N -
B <

Mines Dept and this author consider the four phases to be comparable to

the lithotype divisions in b;tumiﬁOUS'coals and are therefore thought to

LIS .
. \

have a genetic implication.

Woody lignite consists praincipally of lignitized tree trunks and

\
.

roots. Peaty lignite consists of many small stems of woody lignite in a |

I.matrlx of (reddish brown) peaty mateifial. Eafthy llénlte 1s cruambly and
3 ;

appears like soil. Fusinitic lignite consists of blqck-flbﬁous charcoal- ,

li1ke wood material. o <. -
@ ’ R

v Only ene 1in situ outcrop ‘occurrence of a lignite seémgwas examlnéd,”

. t " . . . '
- — Location 3, Adam Creek. Here the lignite 1s underlain by brown clay waith
a ° 3

abundant root remnants. THe exposed seam 1s less tham 50 cm thick and

”

consists mainly of finely comminuted earthy and soily materaal. It is
. ’ oL )
in colour -and contains small fusinitic

dense and well packed, dull black
, ;

’ : . . s
fragments. It 1s structureless. througnout. The l;gnxt? seam becomes : , 3

[l il "~

woody towards.the top. of the exposure where wood piecegs .up to- 10 cm long

’ ' R - . >, o
f . s

. [ - *
. . . o . . J -
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Plate 4 | Lignite varieties identified in theé. Mattagami Fdrmation,-
- . - Moose River Basin.’ o ’ . .
. 4.3 Light coloured-peaty lignite. Cowin is 1.9 ‘cms in diamgter. -

‘

1
N “ . .

o Co 4.8 Earthy or soily lignite. Coin 1is’ 1.9 cms in diameter.

R ’ Al “.- . N - . - . v - . . .
4.C Fusinitic lignite. Coin 1s 1.9 cms in diameter. . -
; ' ' . 2 Lo o - , o
L . 4.0 Weathered woody lignite slab from the stream bed-in Adam |
’ r: ' ’ - 2 : ’ X . oo + .
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ogecur. The matrix is simirlar to the éarﬁhy.}ign%te;beLow“Lﬁ:~Pifiﬁe

. nodules adre- common at the top oﬁtﬁhe'exposufe; Weatheréd woody lignite

‘slabs were collécted from thé'streamfbedﬂéf Adam Creek and these are-.
. 9o . A

weakly beddga“with abundant small twilgs and other cgmpfessed woocd '

. R
. f J——

fragmentslin an eérthy or scily- matrix (Plate 4.D).

. . R

Good lignite seams were found 1d some of the recent dr1ll holes,”

v

‘for /éxdmple J*1-2. Drillhole J~5—2 was drilled using

the Vabracore .
. - ' ’ 4y, o - . ’ ) L - -, T . L ’ . " ’ )
" . Qi%&nlque and this resulted in excedlent recovery of-a 16 cm drameter.m -

- R ) . o .o . o . .
core, For “this reason and-because four lignite seams occur in thls hole,
r L. it M R - .

. . - ~

J-1-2- was chosen for~6étailedﬂsémpling and analysis. "Samples were taken -

- . L. . . ~ @ oL ‘ . ,’ . ~ ) -
e every foot in thé main lighite*bearing zone. A. detaileéd sectidn through -
. ; A R A .o v -, . ot . Lo T
. . “this zone is shown in Figyre 3.1. Alteérnating woody and crumbly or '
earthy llgnite Qccurs‘lntekbeaded’with'blaqk brq%niclrlg% élays and
. J . - e o : e T ) 5t
i . . T . - ",".' . ..o .: -~ .
fusinitic zones. The top seam ahd ,the magOrity of the,middle seam are
- made up of'woody lignite.” Thé lawermpst -seam.is earthy with some
. SN R :- NP o ! A {
.iselated woody areas. Fdsinitic .bands 2-3 ém” wide .occur interbeddéed with®
2 ’ T : o - o . X e ‘: e b '~ . . o '?'
N the woody and earthy 1idgnite, while peaty lignite 1s associated with
. I3 . P ‘ . . - F [y .
<& .woody Mgnite.r - T, . . o L7 " T . T
'“ ¢ i .".‘_-- - , . - . v‘ -
! 3,2.2 Lithofacies o e
’ 1‘ : . . ", - ',"‘ * ’ T . ‘ ! ~ - =
o Y : iy Th¥ee main.’lithofaciesr were-distinguished in' the sediments of the
- P . ° B s ) L i K . ) ‘.,~ E ~ c -
© | Mattagami Formationq-1):channel'dep951€s,‘focoarsg floddplaiti depasits
‘ and 3) fiﬁg;fléodqulg:aepqsits. ' . . ! L s
’ s . T e e . ’ - oo
¢ . K ’ - o
’ . Channel ‘deposits I
: ..t . _ a characteristi¢ section through these deposits 1s’ illustrated in:’
. I . L T

’ - ‘ ’ ’ . . K s
~ ' Figutre 3.2. The thick gravel and sands with their‘égosiéngd;baseg_ahd

..intraformational mud 'chips’ and stacked seéries -of, troigh oross beds are
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AL, '
e v . . ! ’
. . . , )
‘
- . - “_"' ) . -
. . Figure 31: Detalled section through the coal-bearing horizon
. ) . from drill hole J-1-2 For key to this and :
- - . - other lithologiCal sections see page 46
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Figure 3.2. Typical section through charnel deposits,
Mattagami Formation (trom drill hole J-1-2)."
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interpreted as channel f:ll deposits. The cnannel lag mazerial wWith, mud

|

chips and coarse clasts s overlain by channel bar deprcs:ivs. The

sediments are thought td be derived from tne east nortneast o wne nas:

n

of the clast composition ani palaeocurrent datd (Try, (283 nowever iie
%
measured crossbeds which were from Adam Creek and a2 Missinaib: tribuzars

exposure,'aié considered by tne author to be unrel:iable due-ts =ne
slumped and disturbed nature of the' abcve. : )
The sbarp bottoms arnd togs 0f these units imiicate t-at s
channels are largely avulsion conzralled ' Try et al, 12E5.
. a
‘Coatsé floodplain deposits ’
These were deposited ln ‘a Léwér&energy environmen: Tnan Gre Trannel

’

deposits but in close enougn proximity =2 be significantly alfectel by

them. They are made up of thin sands and nterbedded sand ani s1lt. A

“characteristic section through these 3eposSits 15 snown 1o Figure.3. 3.

The thin sands, for example 1n the centre of the section

may represent crevasse channel depositlor coarsening ug

‘levee -deposits, The sands are bioturbated and the ‘structures tnat remain
> . . - . .

23
tt
o]
™
j—
v
ot
ot
O
1
i8]
[t
L
b
Nt
3
t
+
ol
jo
¥
93}
"~

are planar crossbedded sands grading up 1:

1

‘coarser deposits surrounded by medium sands with scme flat laminmations.

At Location 12, Adam Creek,'sample AC-25-22 represe:LS‘lévee depcsiticnh

with rippled and laminated fine sand and silt wnicp, 15 2xtensivelry
rooted. These units may also represent. rocoted splay surfaces. Tne

presence of fining and coarsenirfdg upward cycles 1in tlie finer drairned

-

. . " .
sands and si1lts may represent splay abandenment and progradation events

(Elliot, 1974 and Try et al, 1384). :

N

N ]
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Figure 33 Typical section chnt@mm'g coarse 'fllooc'i-
. ~ -plain deposits, Mattagam: Formation,
Moose River Basin (Location 11, Adams

Creek)y -
} . .
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Fine floodplain deposits

The finé"floodpiain deposits consist of cléy, silt and Liqniﬁe

- . - {(Figure 3.4), which were ﬁepositea in guiet water environments with ,

relatively little sediment input. Deposition was mainly from suspension

with occasional sediment influxes from minor channels and distal splays

i

Thus suspension—depositéd clays are the most abundant sediments. Their

s ’ ’ “ colour. varies depending on the "degree of exposure and therefore

oxidation, Tan clays formed on slightly elevated, more. exposed areas on

the floodplain, while the darker clays accumulated in wetter, more

depressed zones. The reducing conditions in the latter areas are
. / L .
;

evidenced by the pregervation of the organiec materials "in these

sediments. Finely laminated clays and silty clays were deposited in

shallow lakes on'the floodplain. Silty clays and silts,regiesent distal

splay material formed from spatially concentrated flood episodes which
<

: ’ carry coarser .material into' the distal floodplaain. Minor channel

deposits alSQ occur, for example in J-1-2 at 320.1 feet where’5 thin
+ : ) ’

fine to medium sand, with sharp upper and lower boundaries, occurs

_within a lignite seam. o ) ) : '
- - . . R

The lighite forméd'as'a result of accumulation of swamp, tree and

shrub vegetation on the floodplain, often in zones parallei to tEe»ma]or

channéi;ﬁ%r ona larger 'scale in troughs in the Devonian subsurface

-
!

where the Cretaceous succession is thicker. Channel-margin lignite

e . L 'depbsits tend to 'be thin while lignites that” formed 1in isolated

.

floodplain areas where accumulation was unznterrupted are thicker.

- .

, . - The lignite types represent different local environments of

f
' «

n

accumulation (Teichmuller, 1975 and Hacquebard and.Donaldson, - 1969). The

’ woody lignite formed from coniferods vegetation (Radforth, 1958) which
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Typical section corrtaining fine tloodplan

deposits, Mattagami Formation, Moose
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- . . . .

grows on slightly .drier and more elevated areas (forest-moor) than the
- . N N

other llgnlte—formlpg vegetation. Proximity to the major river channels

- s , .

- : 1s.1ndicated by-thé p:esénce of occasional thin sandy intewvbeds in this
* lignite -type. The peaﬁy'llgnite formed from'décomposed'wood, bark, woody

[N

"shrubs,” grasses and mosses (forest peat litterYdetritus) which degraded
to a humic detritus. The earthy lignite, which consists of finely

N - . - N !

comminuted material, - formed in deeper water where limxted flow allowed
. . S . ..‘ .".‘m . .
the breakdown 'of the plants. The vegetation which formed.the earthy

lignite s thought .te have been composed of reeds and more aquatic:

vegetation (swamp hodr)}or'of,%oyland reed moor with limited tree and-
. . - o N\ . v . ’ ’
shrub growth (Try et El,'1984). The'fungLtic lignite accumulated from

burnt vegetation ‘whach was, growlng 1in -a éer4od1cally wé; and dry

:

environment. The fusinitic Tignite thus represents the driest phase of
the source.?egetation. These four phases gan be equatéd wilth vitrain,

clarain, durain and fusain litheotypes of-.bituminous coals ‘for

.

N ‘

. comparative purposes. o S

Little or no transport ‘of the organic material took plgée,‘eicebt

in the earthy lignitqs'whére loc&lly_hiqﬁ concentrations of clay and the
occasionally broKen, up nature of the ‘organic material -indicate frequent - -~

5

1nundation of the wetland by mud-rich floodwaters. Fragments.of

L]

fusinitic material in the earthy lignite -may indicate some-trahspor£ of .7

"the forfer locally. o S
Tﬁe thick sections of woody liéplte (and pOSSLDly‘peaty‘lgqnlte)

which occur adjacent to topographi¢ highs, for example at Onakawana, may
- ) - ) ! . hl ’ L
Ls

represent raised bog accumulation at the margins of the depoélt&onal
‘basin (Hopkins and Sweet, 1975). Tbe‘laék;of significant'det;ital -

o : . - | o . : . I
rnorganic matter in theSe lignites supports this hypothesis. A similar,

; N

4




facies has been described in the Cologne brown coal (Thompson.1956?. Ic.
1s characterised by lrght bands with flnely detrital groundmass and well
presérved wobd.

In raised bog environments where pH 1s low and bacterxal activaity
reduced, plant remains are well preserved.

The Mattagaml Formatlion was deposited under warm temperate <

subtropical ceonditions as indicated bv palynologica: studres of the
lignite (Hopkins and Sweet, 1978). . . - .
3.2.3 Environment of Deposition : - <

Figures 3.5 A to D show the general distribut

the Mattagam:i Formation, the thickness of tne Cretacecus seIticn, tne

topography of the upper surface of the Devénian and the Plergtocene and
dr1ft thickness respectively in the Moose River 3asirn. The +tnictxness oFf
the Mattagami Formation appears to Dbe strongly 1nfluenced Ty tne .|
underlying Devonlan'surface, for example.Devonlan‘n;gjs are ~verla.n by

thin Cretaceous sections or by Plelistocene

thickest Pleistocene sections are thougnt
"

fluvioglacial channels which eroded :1n+tc
o A

. . .

1

{

Devonian) leaving wery thin or nonexistant Cretacegous seTLions.

, - .
Figure 3.5. A snows a northwest “rending zone,  througn the centre of

the Moose River Bas:in, where the Mattagam: FArmatlon. SORTalns

1 - ° . =

predominantly channel deposits. The surrounding areas £ontaln mMI1571y

. . ‘
fldvdplain depos:

ct

s or varving proportiens of channel and ccarse and

"fine floodplain sediments. Thick lignite-bearing sections' cccur nortn of

the Grédnd Rapids.Devonian nign-and adjacent to tne Precambr:ian basin.

marginy. Fyfse et al (1982) termed .the northwest trénding zone the ESocm
e = T

‘river.(Mqoose spelled backwards) and proposed that {low was .towards tne
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northwestior west''on the bas;sfof;bﬁéﬂpéfa

. [} e,

-nature’ of

« -

. RS . Pee : - o _.":
.-the tlasts“present 1M the s&dimén¥s: Thlus tiindughd he'deposriionald
. . B ., R . . e ‘:-,'., o g ’ . B v . - e ) PN

. \ . o L 3 . o= N e [ ot .t - . PP +
history- of the: Mattagamk,Format;on a;larga5scag, r1Vver:-ciidhhel system
T O P AP i s o
flowed towards ~the west porthwest with the ledus of depositicsn ™

. s - B b . ke R

N i . ‘ N .l - 2 - el e ] ‘, o . : e " . ) ." S
pwedg%ﬁnantly~wrtnkna well defined ‘gone. Thé argas of.ancredsed .sand
R \,‘-.. . Y L. v . . " o ‘

3

deposition In the floodplaif zone may'repregént tributaries of khe major *°

e A R

e majority ofqphe'axga'Qohtéins{hglnly;flobéﬁlaiﬁf
. N TR O, P -

)

fiver systém. Th
v "- .."

“ . . @ . ’

sediments, with major peat/lignite hcbumuiafioghﬁélhgﬂl;mitéa to_ﬁﬁe
area’ around Onakawana and the southerly mdrgin of ‘thg; basin. 2
deposirional model for the Mattagami Formation is.illustrafed. ip Figure .

N . . . 4
- N e
. M B L. .

H o

> * . F = CL o H -
376, » R . ; R .
v - - e n .‘:l -, 1,‘.

ﬁcen§§5ﬁedtn1the

Few studies on the Mattagami Formation have cdq

-

environment “of depdsition of the Seaiments.‘ﬁyfe Eénéi £1983) éopcludéd

cla

.that deposition was from a major stream:sys;ém drairing -from

‘Canadian Shield. The, high propartion of clays relativelko‘fandé

.

bgack%sh‘deposits precludes any marine influence on tﬁé~sediﬁentatlbn:

.« Try (1983), dgd Try et al (1984) proposed an anastoméqinq stream model on

1 .\ * s LA .' M
the basis 6f the stacked nature of the channel dgpoéits,_th%,lack.of
ﬁininqaupward-cybles characteristic of meandegihg streém deposits, lo@

= . A i PO

Y styeam E%quousity and the preservation of .a high proportion of overbank

dépbsits in contrast to meandering sequences. Fyfelgﬁlg}_(1983) pfoposgd
2 channel flosdplain/lacustrine situation.. 1t is the tdeling of the

L3 "” EEEI 4 ‘.

L L A N ‘ .
author..that the limited exposure of ‘lateral ‘relationghips .and
. A - .
. . . . , . . .

undisturbeqd sections in the sluméed-river'?anks make many assumptions on
. . . ‘v. > -t . .

. . . . ° ' . . R B e
the lateral variability and palaeocurremt and sinuougity’ values
. Con e - . . -

. . .
. B .

'
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JuesTicnalble, TNUS lIMITIng SpeTuUlaticr N Tne £Xalit naturs of Tne .
. -
Jepesiticra. envircnment I Tne Mattagzami selimerts -

VAT LTUS JepCSaLIE Cf Tnée S&me 236 TICUY TATYTUZNLUT WTYIn o Anerica,
witn Crecacecus Zencsits 1n Western Zarala YerryeserTlnT sSeli.mentatlon
ad-acent TC the marine Alblan sea wnion transcressed frir w-e norons Tne

“
Mattzagamy seliments are remnants oI deposition fror a nerinwest flowing

. major river system oOnR & ICNRUInental alluvial pialn wnlIn mergeld westwar:s

into & deltaic »r marine ;:f;henced 3rea,

s\

Evidence of farthner sedifffentaziorn in %he Mocse Fiver B
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n
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the Pleistocene peridd has not been found. It appears from the relative

. . |
lack of coalification of the lignite and =Zhe absence of signifizant

diagenetic clay minerals in the sediments, tnatsoverburden thicknesses
.

) ¢
and depth of burial were small. Cenozcocic materials have been found

H .
v N ‘

elsewhere and 1t 1s possible that sediments were eroded from tne area
during the Pleistocene. However, whereas significant guantities of
eroded Mattagami Formation material are included 1n the Pleistocene

tills, Tertiary palynoflora etc. have not been found. It 1s suggested

‘

‘that the Mattalgami Formation was not'covered by great thicknesses of

sediment and that what material there might have been was eroded off in

g

the Pleistocene aiong with significant thicknesses of Mattagami

-

~Formation sediments. Magimum ice thickness in the area during the

Pleistocene is estimated to.have been around 2000 metres. b

.

3.3 The Gates Formation

The Gates Formatlon consists of a complex, rhythmic succession of
conglomerate, sandstone, siltstone, élaystone and coal of continental

-
'

origin. These lithologies can be divided into coasrse high energy

. .

P ' .

clastics i.e sandstone and conglomerate, finé grained dlastics i.e. fine

v

¢ ’ ‘'
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The coarse

Zhannel deposits.gre pest devalcped an the
N W

N \ -: J
LN . . : . <o e PR
L\~‘ bottim of tne section whuile the finér clastics are’present in bghh..
B ' - ' Lot
> N . ° i N ’ «u;‘ B o L 3
the and lower parts-of the successicnh. The coal "seams are tHickest
and. most Yexteénsive at tne .base of the' sectidn and are .thinner anrd g
) numerocus| towards tne tep. The lower .part of the section contarn
. N definite cyct while the lithologies.in the upper” section, are randgmly .
) " ¥ ’ S S SO B
. N . . . - , LA L i e N ‘ T JUPAUNP
- rnterbedded. Although .only eight bore holes weXe examingd, & division @570,
N \ < ;. . . . . IR S '
s . . ' ‘ : N i , )
N - ~ g . p v

- . ~the séction into twg distinct anits is proposed on the Nadis of these’

sections. The Lower Unit is ‘thought to represent an;dpper delva. plain/

fluvial eﬂv1ronmént‘hhlle~the Upper.Ungt'diépl@yg an uppef delta;ﬁialn’

. " o . - S . [
' assocration. ° .° A 4 e R o e
: , o : 5 . . s

. . .
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.3.3.1 Lithotypes o

.
-

o Five major litﬁotypes ang,pre;ehf«rn'%he Gatts Formation,

’ N . “w - - . v

conglomerate, thick and thin sandstones, sifistonésJ'clay§{6ngs and . 7

. . . coal. . o S -

~ . . . . .
£ - . . b " -

Conglomeraté ' ' - ‘ ’ . S f. e
- St ot N

imentsg compr%Ee';?gghl

Cogqloheratic sed y 5% of the.%étal Segﬁionu

. . Two mailn types were recognised based on the clast compositiénpiThé‘most"

. . »® . . -
common contain’ clasts of quartzite, volcanics; chert. and argillite which
) vary in size from 2 cms to coarse sand size and are rounded to

» subrounded. The matrix varies from coarse and fine sandstone to silt and

clay) and although the conglomerates are mainly clast supported, matrix

o .

suppérted‘bands also occur. Sorting is generally poor but’ is moderate in

4 .




orgapics are’ Thcorported into the conglomesate. Conglomefate bands tend

.

shan 0.78 mefres and on average less than 0.20

N s
[ o

mé@?éé tHycKsY Th

Ve el N ARN

"occur intérbedded with and fining up into the medium

A v

fse sandstopesiin the thick sandstone channel .sequences common in

P

Jas L. .

_-.'-':_ L R . o K *. .
lower p&r't of the Formation. NQ structures were 1dentified 1n the

s

-~ . "

e L o .

N ]

The: 6ther tonglomerates (intraformational) contain angular to
YO , By . N ’

: .

o

Yasts of

:iocaL;f” eriveg;cléystohé,'siltstone and wood

fqégmgq;é in a gedium tS-fine grained sandstone or silt/clay matrix.

T Rl v

Thé}”é%e also on averdge less than QQOmiéﬁick and occur predominantly

. . . . N E 3

fqééwlag deﬁSéits aﬁ?&ﬁe bases ofpiihiqg upma%dg‘di§tributary sandstone

.
a . . «

sediences. i

an&io@eféﬁé@ are abgént in the middle and upper parts of the

s (S

. v

‘seqﬁiong‘expegf“in drilfTholes MDD{79;51} 79~10ph7§—i4 and MD80-01 where
DU 3 e L o

ethe détgﬁ*Fo;mégfbn is ﬁepminateg by..an abrupt erosional surface

: s N R IR -
- - . N

merate’ or- coarse -sandstone
>

overiﬁ}h by a.ﬁodérapél§ sortedﬁgéb%le conglo

wi t'h granular anﬁ?éongl@qé?étic'phages“ét the bgse. These units fine

two main. types ;of sandstone are,idéhtified in the Gates Formation.
. ° Iy AR . v A o " N N - .

-

L : L | H e . ) 7z, ° S . . ) Lt
,dre'cqa@?eﬁand medium grained and oc¢cur interbedded with
¢ o o e L d b3 ' § ’

.ot ) . , ‘ . f

S ,}{;//conglomerapé
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e PR et R R oL "6
Yoo e TN , ; . .
a ':..-,H:\ & K ‘.ii o KN Al 4
vt B L sl S .
"_.‘. o - \.:‘,', R - : Lot . i
" S v L% thesrconglomerates at 'sBhg top of'’the section. Carbonaceous materials .in
-~ PR ~ Ny . RSN N A B | .
L A0 el A ERSE o : - K '
o . IRV T ;w: - ' S e - TR o g
e ' the fidrm of gaaly wisps, lenses,’ bands and carbonaceous claystone,
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' “ o & 1 pHrtings jire commgih The cément 1s calcité,  and pyrite 1s common where
T - " ST T e e I T o .
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in phicﬁlsequgﬁéés (up ﬁquangpres) mainl§ in the lower .
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‘part of the Formation, Others are fine grained and are found interbedded

a

witn siltstone in beds less than 5.5 metres thick, mainly in the upper

part of the Formation. Transitional sandstones will be briefly

discussed. ‘ -

~

The ™rhick™ Sandstones

The thick sandstones (Plate 5.A) vary from pebbly aad coarse to
fine grained. They occur stacked with conglomerate and pccasional
siltstone or claystone interbeds in coarsening and fining upward cycles,

the total thickness of which reaches up to 52 metres 1n places (average

greater than 10. metres). The sandstones are poorly to moderately sorted

with subrounded to angular grains of chert, .volcanics, quartz, élaystone
and carbonate-altered carbonéceods'siltstone. Rip+-up clasts'of cléystone
and siltstone are present in layersand/or dispersed'wlthin.tﬂe
sandstones towardévthe bases of the sandstone ﬁﬁits! Coaly material and
debris ig abundant (Plate 5.B) and dteurs as stringers, wisps, clasts,

‘bands and lenses (up to-1 cm thick) or as flattened coal rootlets which

» L ’

aﬁpear as bright veinlets obligue to the bedding. The sandstones can be
very carbonaceous to very cl?an and the colour varies accérdinqu from
black to light grey (salt and pepper). The coarse sandstones are
crossbedded and the medium and fine sandstdnes contain laﬁinations gnd

« -

small and medium-scale ripple cross stratification. Bioturbated and
burrowed zones occur in places Ehrbughout the sandstones. The interbeds
of silt and conglomerate are generally less than 20 cms thick with séme'

conglomerate bands up to 78 c¢msg thick. The sandstone units have abrupt

. basal contacts &nd gradat}pnal upper contacts, and consist.of many

. - . P X
stacked fining up and/or/géarseqing up sedquences as opposed to a single
4 - / . ' U

1 N ~ ) . 1
. . -,




Plate 5.A

5.B

.Sc¢ale bar is 25 cms.long, ' '

.

Thick cross bedded cdarse to. medium sandstone, Gates

Formation, Monkﬁaﬁ.(Drillhole'MDD 79-14,,347-349.5 m),

A B
N

'

’

Medium to fine ‘grained rippled (}afge;scéle) and laminated

sandstone containing ¢oaly wisps and stringers, Gates

-

. Formation, Monkman. (Drillhole MDD 79-14, 146.5-149 m).

Scalé bar is 25 cms leng.
4R .
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thick sandstone fining uéwéfd'unltilln many bf‘the thick .sandstones, a

7

coarsening upward sequenc{’of variable thickness 1s followed by a serieé

of fining upward sequences or another coarsening upward unit. '

s

The "Thin" Sandstones . ‘ . ) ‘_ _— . .

= . The thin sandstones (Plate 6.A)'aﬁe qéry fine to medium grained

- : with occasional coarse bands. Théy are most common. interbedded with

siltstone and claystone in the'uppeTr part of Ehe Formation,‘wberéfﬁhe

proportion of sandstone to siltstone and claystone is much. less than in

. .

the .lower part of the  Formation. The sandstdﬁe units.are geﬁerally'less

« . .

‘9 N than 5 ﬁgtres thick and usually contain thin (less thap.?-cms thlck);_'
—. ) siltstone or'claYStone interbeds: The sandstones are Chafacteristically

N laminated, (mm scale) andemay exhibit small té nedium scaié'riébie cfdssf‘

‘; beddiné. Convolﬁte Bedéingi@t siltstoﬁe.sanésgone'céngabﬁs espeéialiy in‘
the ingerlémiﬁated'SAhdstone)sirﬁséépe bedgiié often acpbmp?niéd,gy SofF'T
Esediment;ééfqgm;fibh-fégég?és:sng.ASA?é%d;bégts? %allLahdjpilioQ

*

structures, flame -strictures ahd small scale slumping. "These -are also

» o T : . P S " .' Lo _ .".i'A ,"“,~ ! EY
commdp(in tht " fining ahd coarsehing.upward minor. cycles and' pre
.~ Windicative-of rapid deposition. Bioturbation is very commoen and .worme

~.  burrows from 2‘or 3.0-3.5 cms wide were observed. Colour varying from’
ilight'tb dark'g%éy indicates variable'qﬁaﬁtltiés Qf;carbdna¢eouq"~‘

Ly [P P .
- - e, ‘

. % . material. Thif~coal,bands, coaly rooétlets and Earﬁbnadédusfaqbris'aré

common, with the-‘coaly rootlets often-occurrind. at:-the’ base of the’.
mo v ‘ caly rootlets of Joceurring., s bassior ®

séﬁdstoneé. 2 S, et

. The Ehiﬁ/séhdstbne uhigs“qggﬁr'&%th a“variety of intemnalAééqUQQCes
V4 : .’such as 1) ‘laminafed and interbedded with siltstone (Plate 6.B), 2).

“

'sﬁarpﬂbased'fiﬁing upward cycles and 3) codrsening upward éycles: 1)




™~ . ' ,
v ° . - : °

2 e

Plate 6.A Thinly bedded very fine to medium grained thin (less than

.5 m) sandstone, Gates Formation, outcropping in the

- . Honeymoon area, Monkman: Scale bar
hl .

1s 50 cms long.

3
. . , N \ . N
14

Thin sandstone Lam}n&ted and interbedded with siltstone,

~

Gates Pormation, Monkman. {Drillhole MDD 79-14). Scale bar

is 25 cms lbng. . B :







.

.

‘These units are thanly (3 cm) 1n

contalin coaly rootlets throughout. Bot
. . ) ¢ ) ) :
"finely laminated (mm-scale) and small-scale
v

. : ~ y = ~ * 1 K
the "sandstones. Fine or medium sandstong 1s alsc-found interbedded wirtn

S

coal»and coaly laminations. Contacts tend- to be sharp. 257 In .-
N - ’ .

cycles fine to medium grained sandstone .with coarse lenses at tne hase

* N

fines up inta fine grained gandstone whicn becomes s1ltv anid

. «

carboiaceous at the top. Rip up clasts are common overlying the
. B - . ' .

)

erosional basal contact. The units which are less. than % ‘metxes tnick,

contain small to medium scale crdss bedding throughout. 3) In the

coarsening upWward cycles silty 'sandstone overlying a gradationalyor

erosional base. grades up 'into fine sandstone with minor coaly claystone

Y

.

“laminations. Average thicknesses are 5 metnes and the units are

Jaminated and small scale cross bedded.

. ¢ .. .
"Pransitional”. Sandstones .
o . . . . ] . ) g . -

__Thickei firne grained sandstones (up to 16.6 metres thick) are

. pgesent.ih thé transitidnal zone. They consist of fine’sandstone with

coars.e iﬁpervals which generally fine upward into silt. Théy dre

‘laminated and cross bedded with siltstone rip—ﬁp clasts and claysﬁphe

inEErbeds'and have sharp basél'and gradational upper contacts.

SilEstone ’ - o . -

This llthotype,qcéurs predominantly in the:
‘Eormation. Siltstone is medium grey to darfl@rey in cdfoiir and may-be

Pt

upper Partiof the

either massive  (structures obliterated by bibfufbatioﬂ)”éfjﬁinel]

“laminated and often Lnterlaminated:with.carbon

“ R nel L
aceous claystone -and/or
¢ . ot . o o .’-,-' ’ " -,




\

generally black, extremely carborageous a@d’ihtefléminaﬁéd wil

roots.- Abundant slickensiding,is characﬁefistic’of'the cgrbon&Ceougw;

. h R

) s

11" metres and eommonly around Sﬁmetres Thlnnest beds occur above apd

s . i

below coal .seams 1n the loweér part of the §eqﬁéhce: Cléyﬁtones-éfe

Lo . . . 5
. AR B N L .. PSR ..

- . s

A thin -.

coal bands and strlﬁgers. Maséiyef hard, dark Qreyyand’éifﬁy.dl@YStoneSS

. : . . <

- ", .

are also present. one’ llght brown claystone was rounc Planf ftagmenté*

J B
5 K .
o

are common on bedalng planes and brlaht coalv rootlets,-stflngers, g

Doe
- B

lenses and bands (4@—0.5cﬁms) as7ﬁell,as.fiﬁely Comminuted'@ebris are

very common within the claystone. Ocqasionally silty and saqﬁy'leéses ;.f

aﬁd bands (Plate 7.8) are also presentz,The bedd;ﬁg appéargiberyj'

.o . . ’, -

Sy,

1rregular due to the uneven Snapes of the wqéd and barx fragme'to and

claystones. ) . . - - o o

Coal

Up to twelve coal seams, numbered to B12 stratigraphically from

_the base of the section are present in the Gates -Formatien. These range

in thickness from 8m in B4 (Plate 8.A) to a few tens of centimetres in

'

. -

'B11. The seams B1 to BS and especially B1, BB apd B4 are considered to,

be economic. The latter are thick,* relatively mineral (clastic parting)




. _Plate 7.A  Lam¥mdted, carbonaceous.claystone, Gatés Formation, Monkman.
AP TR LR T = - . A N SRR

' P -
’ PN

(Drillhole 79714, ,278.3-277.8, m). Scale bar "is -25 cms’ long.

M ~

8 - 4

S

“.Claystone’ _J:.n\terbeadded with sil{ and fine sandstonhe, e

oufcropping in the Honeymaon area, Moénkman. -Scale bar 25 cmse i
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. - \\
Top of coal seam B4, Gates Formation, ocutcropping in the

T

N Hona&mpon area, Monkman., Lens cap is S cms 1in diameter.

v

Typicai section from the Upper Unit, Gates Formation,

Monkman, showing a fhln.conglomerate at the base (bottom

'right) and interbedded, rippled and'laminated'clSysione,

'siltstone and very fine sandstone abof¢ it. Note soft
sediment deformation and-sﬁumping in middle and top-léft.

(drillhole MDD 79-14). Scale bar'is 25 c¢ms long.

L
4 I



e



75

S
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free and latefally continuous, while the seams towards the‘top of the

section are more numerous .but thinner and dirtier. Carbonaceous.'

-

claystone, bone coal and stoney coal partlngé are found in most of the

- N -~

v . .
seams but are more frequent in the upper seams. .

v

The llthoﬁypes rdentified in this study are fusain, bright, bright

banded, dull banded, dull énd bone coal and carbonacedus c}aystoné. The

percentage of each lithotype varies from seam to seam and also within a

a
s

" single seam between adjacent drillholes (Table.3.1). The extent of this
variatxron becomes evident in the following discussion.’

B 1, which is on average 2.6 metres thick is overlain by sandstone.

— 3 *

and 1s most. probably a channel-marqin;cbai deposit. 1t consists
pfgéominangly éf dpil.coai with lesser améunts of'duli banded and bright
’ bgnd?d materiél}Ahowever it is mainly.br1th bgnded in dr#llhole MDD 79~
1. |
B 3 is:dlsé va;iable in thickness, gut averages 5 metfes. it”
con51stsdmainly;of bright gandéd coai‘in MDD 79—14) 79-%T,é;d 79~
10(repeat), dull béqdéd;in MDD 79-10 and dull and dull Banded in MD'80-

A
01, 80-02, 80-03, 80-04 and 80-0S. ‘ : S

’

B 4 is the thickest seam in the area, averaging 8.3 metres ﬁhick.
: ) Ty ’ ’ ¢

It consists maidly~of alternatingfbands'of auly banded; dull and bright

banded lithot;pes.AThe‘prOEOrtions vary from greaéminan£}§ dui}‘;nd duil‘
;anded ‘in_ MDD 79—10; MD 80—61, 80%03'énd_80~05 Eo mﬁlniy'brighﬁ bandeé 
s P ’ R SRR SR S S

() R in MﬁD.79f14fand‘zQ—ﬂ1. Ouantities of ian@deé'bohg coal and
) 'Cagﬁona%g?us éiayst;éq.vgry %ramﬂQ266i £oJ24.é%;ﬁf ﬁhéit@tal:égam
ﬁhickneés.‘ R | Ahl |
_8'5 i;ﬂon ayeréée 2;6.$étrés ghick and Cdptains'Jariable

propo;tigngkof l}thotypes:.;t‘céqségts mq;ni?_oﬁ~Quli bésdeé};n MDS??&TD

‘ . . . . Lo ‘ . Lol . C -
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and 79-14(lower), bright banded in MDD 79-14(upper) and 79-11 and mainly

dull coal in MD 80-01. In this borehole the seam contains a significant

proportion of carbopaceous claystone -and stkoney _coal (443).

4

[

: P . ' ' N
B 6 is exposed only in MDD 79-14, 7911 and 79-10, where it
A > averages 0.79 metres in thickness and is of pdor quality in the latter

‘two, alternating between bright banded and cdrbonaceous claystone and

dull and brigﬁf.bandgd and - carbonraceous clayétoﬁe respeqpively. In MDD -

79-14 1t consists mainly of gull'coalf .
8 7 is thin, 1.3 metres thick and contains mainly bright énd,briéhf

banded coal in the recovered core of MDD.79—ﬁI and 79-10,. thal,amguﬁts

“ of dull ahd bright material are present in B 7 in MDp 79-14. .

a

B 8 averages 2.9 metrés/ﬁhiék_in‘the a;QQ‘and ;s.exposqd-in.only-
one drill hole in the study area (MDD 79-14). Here it consists dﬁzdull,

dull barided and bright banded liﬁbotypes-in equél:quaqtities”',.u

.Thé_coéi therefore Yéries from bright_bandéd to éufkﬂbapéed éﬁd

.dull lustrous ‘but is predominéntly interbedded dull anﬁ Byiqhﬁ béqdea'

. N

" (bands” 0.40m -0,01m thick). 'The individual laminations.aie-less than 3mm
‘_thickJ-Fué;nitic.zoﬁes are.relagivgly"rareh' T . ‘ ;‘:. . a v

. 3.3.2 }ssdciétiops of Lithotype; Aﬁd.ﬁgeir Iﬁte;prétation

Tﬁrée maiﬁ‘iithéfaciéé afé recégniséd,rj).cpﬁéfoméréte:a§d céap;é
and;medi;mléfa@ﬁed:ﬁﬁickfé%hﬁgtdneg;fZ)ithin fin; égnééﬁonés 55&
lsilﬁgtodes:and 3§.¢lay§tpne an@-qoéif;Thégé ;ré inferpretéé‘respeﬁt}vq;y‘:"v
‘.és répregentinq‘maﬁor QistribgtéryicﬁAnnéi dep6si£;f éqggéé fiégﬁplégn {

) -

deposits i.e. levee and spjay aéposgit-s,' 4and fine floodplain deposits
i.e. distal Crgvés$e~§piéy;“backgréund ‘floodplair (aéposition of fine. .-

sediment from suspension), lakes and‘SWamé/ma¥sh. Thesé'Liphofaciés'ahd:.-

.their specific interpretations are illustrated. in Figures .3.7, A to. D..

v, @



Figure 3.7

their interpretation. .

- A, Chonnel deposnts

DEPTH
_ (METRES),

STACKED GHANNELS
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R - '. - Fidure 3.7 continued

C Fine floodplcln dep05|ts
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' . . 3.3.3. Subdivision of the Gates Formation -~ )
4 v © - As in many coal bearing 'successions {(Mufchison and Westoll, 1968) a

2

w cyclicity 1is 'evident in parts of the Gates Formation. A well dewveloped
SR : ‘ ) ' ) _ e
cycle recurs in the lowexr part -of the Formation in all.the boreholes.

The upper part of.the Formation contains irieguiar alternatipns ofs rock
. f_ - " .types in .no obvious sequence. Based on this and several other

. ‘@iﬁfefences a division of the Gates into an Upper and Lower unit 1s-

. proposed.

13.3.3.1 Lower Unit o )

ThelLower unit is charac;erizea by the occurrence of“tgick channél_
sandstones and conglome;%;es,ia wef%lﬁgveloped cyclicity, thick
Laterally persistgnt coal seams and a high préportion pfncoarse clastics
relat%ve‘to fiﬁe'clasticé. fﬁé ¢ontacp‘wiﬁhlthe Uﬁpef-uﬁlt 18

transitidn@l and occurs between coal seams B4 and B5. A typical Lower

‘

. . unit cycle is'ilLuStrated in Figure 3.8. A thin black carbonaceous

f .

claysione_over;y;ng a"coal seair, coarsens up through siitstoqe and fine

‘sandstone into.medium and &oarse sandstone and conglomerate. An erosive
R i ‘ ) . i R SR
- contagt between- the coal ‘and coarse "sandstone or-conglomerate may also

occur, for exampleé seam Bl is-erosively  overlain by -coarse sandstone in

'+ < drillhele’ MD BOLOS.fThe'fin@,to coarse sandstones and interbedded .
- conglomefatea form<thg'ﬁulktof the cycle. They are laterally continuous

AU across the. pit area and occur stackedlln fining upward ¢ycles-or in

‘ o . ..
~ N -

. " 'farther ¢oarsening upward units. TH1s stdcked chahnél seguence: grades up -
into .thinly intérpedded very finme' to fine. .graiped sandstone, siltstone

and claystone representing levee, crévasse splay and quieter floodplain

‘envirermments. The carbonaceous claysgtones grade into a thick coal seam

which completes the cycle.

. ]
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3

i Figure 3& A typical cycle in the lower umt of t
. . Gates Formation; Monkman (from dril
hole MDD 79-14). . .
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The cycle therefore represents the -avulsion of‘gradual migration of

a distributary. channel into a floodplain area,’ proqneséively~oveplying
» : A ’

fldedplain, thén‘levee deposits 1in the initial coarsening upward .unit. A

stacked channel sequence follows representing éither repeated cut and
v - : . ) ’ e ' N
£ill or minor changes 1in situation of the channel. Abandonment of the

" “chapnel and sibsequent tnfilling w1th°§hc6e551vely lower ‘énergy and
finer grained deposits capped by a swamp/marsh depgsit ‘end the cycle.

. . : a
3.3.3.2 ‘Upper Unit -

The upper unit (Plate 8.B} 1s characterised by the absence or.minor

{ ‘occurrence of coarse clastics, the predom%nanc% of fine grained

i
s

lltﬁotypes 1,e.finé226 very fine sandstone, siltstone, claystorne and,

coal, a relative absence nf cyclicity and many thin,” dirty coal seams.

-

Figqure 3.9 1llustrates a section characteristic of the upper unit. This

. . i ¥ L. Ve

consists of dn alternatmng@%equencevof coarse .and fine grained

b=

floodplain deposits associated with many thin and laterally not very

continuous coals seams.

. .

_ 3.3.4 Depositional Environments of the Upper and Lower. Units

N

‘To establish the depdéltional ehv1ronmen:s.of.th above

successions gomparisohs'wefe made  with the Mississippl delta System
. N . . , Lo

. ’

(Colemanland Gagl;ahg;'196§} 1964; fra21efléna Osanik, 1969 and,Coleﬁah:A
1981), the Niger delta (Oéﬁkgﬁs,.i97ﬁ{ ind the Fraser River deité (Styah'
and~Bustin,”1é8}H‘iﬁé’suécess;ﬁn;&aé;gisé cémp;red with‘éémé‘anéient
deltaiclsggée;siqng kﬁi;iag‘.1974; 1?75; 1978; .Horne and_Fefm: 1979A

Fielding, 1984 -and Haszeid1ne,.1984) and with some ang¢ient flﬁv;al;

i

sequénces (Miall, 1977 and Smith, 1980). Marine sediments were not

1]
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Figure 39 A chor,oc{ernstlc section 1n the upper unit
of the Gates Formation, Monkman (from
drill hole MDD, 79-10)
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encountered in the Gates Formation at Monkman, however possible brackish
Ay " <

deposits were found in MDD 79-14,
The upper unit is thought to represent sedimentation ih enclosed
shallow interdistributary lakes or bays on the upper portions of a delta

plain., The abundance, of swamp deposits and lake-deposited carbonaceous
. . . Y

claystones indicates a slow rate of éedimentation, substantial

B
1]

subsidence and distal nature relative to the distributaries for these
- o - T

lithologies. The coarger lithologies in the upper unit represent levée,

°

crevasse splay and minor distributary channel depoéits indicating closer

proximity to the major distributary channels (Eiliot, 1974). Structures

>

such as convolute bedding and the abundance of soft sediment deformation
. B . /

o a3 . o
indicate the rapid nature of the sedimentation. The alternatilons between

N

the fine and coarse floodplain deposits represent the infilling and

abandoﬁmeht of the sha;low‘interdistributary bayé and lakes by the

l

floodinq of “the distfibdtary channels. ]

The lower unit waé‘déposited in a higher energy environment, as
'evidenced-by the abundance QﬂWmedium and coarse sandstones and
conglomerates, which represent major diétributary channel deposits. This

togefher with the relative paucity of floodplain deposits aig\}he

occurrence bf_thiékef coal seams, indicates a position Higher up the

- delta plain i.é. upper‘aelta’plain/f}ubiéi, for the 10wé;23ﬂ4%<'The
DR ‘ ) o -_, . N

'p?gééncé.of,coapséﬁinq~ugwafd cycles _ at the basés of the channel
-:éandétogesh representing gnaduél ihfil}fﬁg'ef the channel-side

-depressions and subsequent chanhel migration.ont® this newly elevated

- o - t

.land 'is characteristic of delta distributary chanhels and not sa much of

fluvial ghanner~déposits.




\
¢

/

deposlteﬁ’infap upper delta plain/fluvial environment .which fines up

iThe stacked nature of the'cha@nel,dépos}és on a broad scale and

their lateral ®xtent may result from the ébundanée:oﬁ"sediments and the.

high rate of stUbsidence in_thé‘pfea.~Th1§ WOuid’énablevfhei

river/distributary sysgém to continue

."~"A.-\ . . To. . .
to flow in the .same area resulting

in the stacking of cycles.

. . . . . R . E

The coal bearing section. of the Gates Formation therefore was
. . A - -~ ¥ . _‘_' .. -

—;\

. § . . T .
into an upper delta plain environment. The bage and top .of the. Gates
. § > ) - . P ! f i T .

Formation contain brackish claystones and barrier beach sandstones_

- B r -

which represent the ohset éf_re@ngssidn‘and.praﬁséressién respectively.

A model for thevdepoéitaoﬁél—ewviroﬁmenp;isﬂillgshratea in Figure 3.10.

X, P i -

Carmichael (1983; 19825-Capried‘bdt'a regiéndl,sbudy_of the Moosebar and

-

. “Gates Formations in northeastérn. British éolumbia and the model .proposed

-

. s X - B . . -8 . co iy .
herein agrees with "his. xregional .model. He proposes that the river

~. - - “

’ . I ’ C .- ) .
channels are,maiﬁiy'ﬁtgidqd with some. meandering and.,anastqmosing or

straight river reaches also present:.

.

Figufe'§:10.shbw$-the 1owe::pni£'ésfbe1hg deposited by'a,méandeﬁing
‘. R . .‘ N . [ i : R e c

river-.system. S Although the'depdsitS’lackitybical‘fining—upwa{d éYcIes@'u‘

the small\petceqtage of conglomerates,- the latérql‘cqntinuity of the

< - . -

sandstones and the relatively low proporfidnsﬁof;fléodplain deposits

support the hypothesis tHat meaﬁder;nq rivers were iméoftént:in ﬁﬁeii,:

. -

. - . - . A . - . v

aégosition,of.thé'lowerjud&tlseddméhtﬁ:hBraided rivers may also haﬁef

ST P

been present. Table 3.2 summarises the $edimentology of the two areds. -,




Figure 3.10. °

-

Depositional r'n‘odel--fo_r‘t'he- Gates Formation ,
in the study area. Key asin Figure 36.

& .
«
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T, ) P . 'Tablevjiz Summary of general features Of the sedlmentology
' : : ) " of the Mattagam1 and‘Gateq Formations .

" Mattagami Formation - - Gates.Formation

‘entirely cohtinehtql - s L . péssible bracklsh unat’ ano marine
’ ’ : S transgre331ve intervals above
" and below
‘ o ’ -
fluvial channél/floodplain o fluvial to ﬁpper delta plain
.environment may be anastomosing o ehvironment (lower and upper units
L . . L . . respectively)

low gradient alluvial plain . . high gradient alluvial,‘delta plain
gravel and sand in fining and conglomerates and sandstonés in
coarsening upward cycles . fining and coarsenlng -upwarad

! - cycles “

high proportion of floodplaln . high proportion of floodplain
deposits . - i de9051ts n upoer Uﬂlt low in
‘ lower unit

llgnlte mostlv woody, high i . coal variable proportions of
proportlon of torest moor, . lithotypes,’ diall and dull- banded
' some raised bog deposits - more, commort than bright, 1i.e. more

. : ) , ) : . wetter ‘lithotypes
liéni;e and coal autochtﬁopops, rooted horizons common
both haQe channel, coarse éﬁd fine floodplain lithofacies
sedimentation in;both areas infiﬁenced by béseméht ﬁopography

sediments unconsolidated sediments consolidated




<

CHABTER FOUR : . .

MINERALOGY -
8
’ b

4.1 Introduction and Methods Used

The mineralggyvof the Moose River Basin and Monkman sediments and. -

codals are discussed. Relationships between the macexals and minerals are

.

analysed and possible explanations for the assocjiations observed are

, : . _ .
given. The,conditions required for formation of the minerals in both the
coals and .sediments areroutlinéd and‘genetlc.sequénces for both areas

are proposed.

Characterization of the mineral matter 1n ‘the sediments and coals

v, . N
was accomplished by optical identification, X-Ray Diffraction, Scanning

L

. - . ¢ - . [
Electron Micrdscopy coupled with Energy Dispersive X-Ray analysis and

Migrobrobe analysis.

-

4.1.1 X-Ray Diffraction

"X-Rdy Darffraction (XRD) was used fb‘dqtermine the whole sdmple

v

mineraldgy and to characterizevthé clay minerals.. Samples were run on

either a'Philles<Norélco or Rigaku'XfRay.diff;actometer;tln both cases
CuK wavelength: was used in.conjunction with a graphite or quartz.

fcrystallmogpcgrbmator respectively. Whole roqi powders were obtained by

'
.

crﬁshing'wlth pestle and mortar or the Blueller (to approximately -200

. -

mesh) and were smeared onto the deﬁreséed centre of a plastic sample”

holder. Thus orientation of'.the clay minerals was'prOQuced. TO® separate
the" cldy minerals in thé Meose River Basin samples, dispersion was
followed by pouring off the light éléy fraction (approximately less than

2 microns). This fraction was allowed to settle and a paste was smeared
. . M I A
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varlouS'ageﬁts to remove carbona;es_folloyed by orgadlcally‘heid

'1aehtify1ng the minerals present énd‘ln_the case.of selective

, insight into the exact. location of the minerals and their relat;6n5h1p.

.89

2
.

"onto.a glass slidg. Samples were analysed untieated and qucolated:-Thel

Monkman clay minerals. were separated,. "sieved" through a ceramic tile

giving good mineral orientation and énalysed untreated,.glyco;ated,énd

heaﬁed'to 6COQC.

4.1.2 Scanning Electron Microscopy.

Scanning Electron Microscopy (SEM) and-Optical MicroécoPy are - the

prime methods for observation of in-si1tu maineral matter in.coals

{Mackowsky, .1982 and’Fkaelman, 1980). Much work has been done on
‘minerals in’coal by various dther methods such as float sink density

separations (Gluskoter et al, 1977), often coupled with dissolutions by

LI

elémenbs (Mfllér and leen, 1978). Low temperature‘asbinq 1s also a

commonly -used means for separating minerals from. coal for subsequent

analysis by XRD or SEM-EDX. These lines of investigation préve useful. in

-
-

- .
“

dissolutionm in determining their mode of occurrence.’

Inh-order to examine the minerals in situ and therefore to gaih an
- - . : . %
* +

with the coal macerals, a technigue that allows examination of an.

B

"nndisturbed sample 1s required. SEM and Optical Mlcfoséopy are such

techniques. Optical Microscopy is llmlﬁed lnvrésolutibp ‘and caQJpnx be
successfully used for fine grained-mineral matter in coals. .SEM s’

thérefore used to examine the mineral particles in coal.
An I.s.1. D.Ss.-130 Scanning Electron M;croscope‘was Yun at 3b‘kvﬁn
. o e i L

s .
! s

25 mm Qofking distance and utilised the wide range of magnifications "

'

‘availablg. Coupled with the- SEM 1slan Enérgy Disperéive‘x—Ray Analyser

(P.G.T. Systém- II1), which is capable of detecting all elements with




PR . ¢ N

atomic numbers of 11 and dgreater at concentrations above apprbximately.

100 ppm. The EDX, although semi quantitative, was used in this study
primafiiy to lisﬁ the Ccomponent elements in mineral grains.,The ‘relative

peék heights are used as a‘qdalitaﬁive indicatér of the relative

s

proportions- of’ the elements preseﬁt, thus allowing mineral particles to

be. identified. Thé EDX is also capable, of running elemén; windows, and

the dot 'maps ptodubéd are useful in shdq%pg the-distributioh of .various

elements relative to each other. Average run time for. each analysis is

100 secijdé at 2000 counts per sécond.,The aﬁvantage of&the SEM'is that

var ious

sample preparations are acceptable such as thin Sections,

polished seétlons, grdin mounts, polished blocks and broken fragments'

from a sample. Samples were fixed to Al stud sample holders Qi;h silver

) ' . v ) .
paint add Au or C coated prior to analysis.

.

4.2 Moose  River Basin

‘ A summary of the results of the Moose Riwver Basin whole sample' XRD

i

analysis is shown in Table 4.1 (Raw daﬁa'ﬁrevlisted in Appendix‘ﬂL

Quartz and Kaolinite are present and are thé major constituents in-

* .
- .

neariy,all the. samples. Prace to very rare amounts of illite/muscovite

and sowme undifferentiated mixed layer clays are present in most samples.

.Trace-to‘véry rareypccprrencés of feldspar” heﬁatiteﬁAgypsum, dolomiﬁe;

ilmenite, cé}cite, and galena were recorded in some samples. In other .

"samples major amounts of siderite, pyrite or goethite were observed. -

Millerite was detected in one sample, AC-10-82. Th¢ iron sulphide in.

'

some samples is 1n the form of marcasite.and gypsum is’ commonly

associated with both marcasite and pyrite. Traces of 'gibbsite -were

‘detected by XRD in ohly one sample (AC-18-82).

90



P° major component
minor component

‘T, . trace” component .
VL very little present
almost negligible )
ND not ‘detected

.(x)

il

3

+. ‘ -
s =T 91
iy .
Table 4.1 Summary of whole sample mineralogy ‘of the Moose. River
o Basin samples,” as determined by XRD
_ Lignite - . Clay Silt -Gravel/Sand
. Mineral *(14). {37) (13) (13)
Quartz. P-ND, P-L P-T P-L ) T
Kaolinite. P—ﬁD P-ND p P-ND ’
.Muscovite: VVL-ND (T) . T-ND T-ND VL~-ND
/illite - - . .
Mica ND (VL) T-L-ND ND . ND
Mixed layer  VVL-ND VL-ND (T~VL) VL-ND (T} VL-ND -,
-clay ‘ , ) . : ) ) ' : - .
" . Feldspar py. ND VL-ND -~ . 7 VL-ND VL-ND {T)
Pyrite - T=ND ND- (T) ND . . ND (P)
Siderite- ND (VVL) P-ND T-ND ND ().
Gypsum ND {T) T-ND ‘ ND - VL-ND
Hematite ND T-ND' . ND (T-~VL) - °.ND
Dolomite  ~ NB ND ND (VL) © . ND (VL)
Geothite  ° ND. ND (P) .ND .- ND ‘
Gibbsite ND - wD (Vi) - 0 owp . . mD !
Ilmenite . ND _ND (VL) N - - ND-
Millerite (T)in pyrite ND ND - _ND- - S
- nodule ) ‘ :
* . number of -samplés analysed

mineral present at this level of .dbundance in only .one sampie -




»llllte

«

-ofgén diffuse.

‘well défined.

)
e

The kaolinite appears to befrélativélv ordered with ssrong 74

"refleptions.Two sets of:well,defined triplets lndiéa;ing‘d sbac1nqs

between. 2.6A dnd-2,3A are -also recorded. The 4.4A peaks however are

The mlxed layer clays are thouqht to be smectltes 'They are: char—

.
.

acterised by diffuse-peaks close to,S (20) Wthh expand on glycolatldn

The muscovite is made up of detrltal muscovmte and llllte/muscov1te

“(clay grade mlca) which can be~recognlsed (1n the orlented sample) by

N ®

he lack. of the 4 44A reflectlon whlch characterlzes the detr tal mica

ln these samples. ThlS mica tends to occur at the. base of hole 82 01

~on'ly-and towards the middle of +the sectjon i$s replapsd by~kaolgn1te\and

P
, ; : ¢
S

° v

The basal peaks of kaollnlte and‘llllte/muscov1te in the coal and

. seélment samples occur at @ values of 7A and 10A and are low and broad;

'iThe-hkl feflections on somexof tha,diffractometer traces have pronounced

these samples are of a very small graln size and may be- of a poorly

' crystalliSed type Quartz reflecticns are’ characterlstlcally sbrong and

it : - . , -

S

o 1 ~

samples from Adam Creek and Ontarlo Geologlcal Survey dr;llholes 75 02

1
v ()

-

75103, 75 05 and 75 -06. The results of, thls study are llStEd in Table

‘and traces- of indlcoiitéf'

92

tails towafds.lbwer d valugs. Thjs-suggests that the -clay minefals in

Heavy mlneral analysxs was. perfonmed by Hamblln (1982) on sand.

4.2. He notes generally Jdow® contents of heavy mlnerals thh varylnq,/.

.

L quantities_pf hanblende, garneth magnetite, llmenlte, p!rlte,'51der1te,

‘.

& . : B B ) s

§Winned stabroli;e;lfuplle, biotite, dolomite, spinel, 'pyroxene, topaz -



°

N
=

certaiﬂjgravels'e,g.lAC—22—82i -

‘in the, Mattagani fofmétion sandS'(see'aﬁbve)*ahd.identified twg,distihci

93,

4.2 Gravels and .Sands - ’ s

.
.

The gravels: consist of a clastic framework of white, yellow and

grey quartz, red jasper, black chert, minor feldspér,.iirébn,'fupile and.

_brganic accessories. The kaolinite matrix is ubiguitous in the upper

gravéis‘contain mud. lymps- in the bé%eé.bf palaéochannéls e.q. AC-22-82.

No other clays ‘are.present in the gravels"but the sandstones and’

-interbedded sands and silts have VL:VVL 6f both iﬁ%ite/muSCOVite and

"mixed layer clays. Pyrite occurs.in the gravels as nodules (Location 15

.. a

"Adam Creek) and ds a:pemeht,(AC-J}—BZB ;n'dne case dlternating with

calcite cement (AC—32a—82). In;sdme"of‘tﬂe Adam Crégk-outcrobs iron
! , . . .

~,

sfaining due. to thé-wgéqhéring,of pyriéé‘butlihes‘the éross—beddinq

N

k?lafe 3.4), iﬂdiéqﬁing;tné‘preséQcéAdf sulfide minerals on channel dune

and-ripple foresets. Siderité-and hematife also occur as cements in_

- .
g ks

Co N ; ) ‘ . ..
« Hamblin (1982), observeéd:generally low contents of heavy minerals.

%

’,

“sandstone phases on the basis of heavy. ﬁingral contents as well as grain

'

size; composition-and textufeicharacteristicéa {rable 4:2). Hamblin also

_notedlé distinct‘rglatipnéhip'between'the_oécqrrén;e of 'hornhlendé and

pyrite..in. the :sands. In the.lower parts of the section pyrite is

ébundant;at'ﬁbé‘ekpensé'oﬂ hérnblehﬁe. ﬁg attribut§§ this to;the

\

-altieration of iron'ricﬁﬂhqrnblgpde: causing high metal coqfents ip'ﬁhé'

4

Jwéter.;He proposed . that this-ié.féfloweq by generdtion pf_éu;phideribds

by sul

. pyrite. A byproduct of this reaction is- an ingrease in carbonate content.

fate-redicing, bacteria which combine with the metal idns forming-

sands and gravels and kaolinite also occurs in lenses and bands. The

o
s

2

’
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. g Table 4.2 Heavy ‘mineral contents of the Hattagaml Formatlon sands
’ from Hamblln 1982 . ; .
N , R -
. -
. T
: PHASE IT - e R
‘ ’ . : : Low Content- cooor T
in south  high- blue"green hornblende,: pink garnet,.
. magnetite and iimenite, byritg, si1derite,
‘ twinned staurolite, rutile,- biotite,
; . ':) - ’ . ” '
i ‘ . dolomite and spinel.
. o , . L. K 1 . . : .A' ‘a ’ K , "_ '
. _ . low= pyroxene QL\? ‘ } T
in-north’ high- green brown hornblende,- pink garnet,
hypersthenqk pl;n09y£oxéna,_gdl&,
staurolite.
' ‘ ' low- siderite, twinhed staurclite:
. ,PBASE N S S high— qreenkﬁroﬁn~hbrnble65e{Abyroxenef
, .7+ ,{exposed only in S - A S
. southern part of . . topaz. . - - :
e the basln) . - ‘ ’ . . - T
T low= blue green hornblende, altered
.. ) : pyrokene,‘éﬁstatitey rutile, traces of .-
- . . . 7 ‘indidolite.
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(due ‘to-the increase in pH) in the lower part'éf the sequence. Hamplin's
two ‘phases, of gandsféke'distingulshéd by matrix contents-and
compositionh with ;hé older phase having little matrix which is

dominantly calcareaus while)the'younger phase has abundant dominantly

i . ’ . o ‘ ' -
.. kapolinitie¢ matyix. * - -,
4.2.2° clays ‘ - o .
e . The qléy—rléh sedimgnfs have the most diverse mineralogy. They

gohsist'éf kaolinite and quartz. with varying amounts of .11li1te/muscovite-
and.miked léyer clays. Illite/ﬁﬁscov1te 1s~pfesent in all the éléys from
"Adam Creex and borehole 82-01, (T-VL), and 1$ -distanctly absent
partlculérly.towardS'the base of borehole J-1-2.,Carbohaceous clays tend
to con£Ain much'less.illipé/mdscov1te than the organic poor clays. Mica
is present -in the basal clays of 82=01 and is absent in all the rest of
jthé sémples from ﬁhéquoge River Basin (excluding sample L-2-1).. Mixed

layer .clays are present (VVL-T) '1n almost all ‘the .clay samples. Pyrite
was identified by XRD in only one clay (L-1-2, Jurassic), however

isqlatéd.pyripe,crystéls/hodbles were observed in several samples

IS

- . . including Lf3-1, L-2-24 and L-1-17. Gypsum ogcuré Ln,ébme~clays many
of which are organic fich.isiderlte'rs comnon in cléys from 82-61 and

Adam Creek but is absent in drillhole J-1-2. Ssiderite dccurs - as -large
nodules (up to 10 cm wide) parallel to the.bedding e.g. AC-31-82, as
. . , s - - - e °

smaller qoﬁc,retions e.g. 1n AC-17-82, AC-16-82 (Plate 9.A) and AC-21-
g2., ~and also finely disseminated e.q. ;n.L>1—12.and.L—1;17. Small

. . B B R . ’ L L. 3.
. © .amounts of feldspar are' present in some of the .cldys. Hematite.-1s also

occasionally present and- dolomite and goethite are found in L-1-14 and

AC-20-82 feépectivély.‘C§lbfte occurs in sample AC-18-82 only and,
gibbsite wds detected in the above and also in AC—21—82'by SEM-EDX.

s




Plate 9.A Thin section photomlgrpgrapﬁ"ofnsiderlpe‘qohcretions-(and )

finely dlséemlnated siderite} in a tan coloured clay, AC-16-

82, Location 11, Adam Creek, Moose -River Basin. Scale bar 1s

0.5 mﬁs long. (Plane polarised lightﬂ

- 9.B SEM mlcrogréph of pyrite wich Mattagami Formation lignite,

showling replacement of woody structure by pyrite, (from Fyfe
. . ;

et al, 1983). Scale bar -is 40 microns long (Magnification

506 X).

lignite, showing

9.c SEM'micfbgraph of Matpagam; Formation
pyrite crystals ihfllllng ce‘ls 1n wood, {from Fyfe et al,

1983). Scale bar-ls 40 microns long (Magnlflcatloﬁ 241 X)."
)

2.D SEM mlérograph enlargement of Plate 9.C, showing a single

11

.pyrite crystal an a wood cell, (from Fyfe'gg al, 1983).

.

Scalebar is 20 mlcrons‘long’(Magnification 20K X)L,

. 9.E SEM micrograph of pyrite infilling a crack in Mattagama

Formation woody lignite, (from Fyfe’ et al, 1983). Scale bar

1s 40 microns long (Magnification 313 X).

9.F SEM micrograph of a detrital quartz grain surrounded by clay
minerals in wood, Mattagami Formation lignite.'Scale bar is

40 microns long (Magnification 377 X).
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. . 3 ) . « 9 8
e - L. - .
_ 4.2.3 Lignites n ) o '-=?‘, SO -
P ’ ) ) . Thé'occ‘urrennce and c_listriblltign of the minerals in the lignite wére
. N ’ ekamiqe‘d'(};s.,ipg XRD, Opt»i:cal ’an?gi' Sctannir}?}-Electron,Microscopy. The
B ” ‘ \ E lignJ:Jtes 7are"genera_lly‘ g:i‘;@a-nr w11:.r; _scfnié':slfgb;v”i';fg no t{)gﬂ.ces of mieral

77 matter (L-2-4). M‘bstpf‘ the samples howevér.contain some quartz and

e T T, - kaoljfiite scatteréd-throughout thl,e'orrg‘an’ig fractién. Quantities vary/

B - . ; from none to abur{dé.nj:" ‘depeﬁndi;}g “on t_h'e. detrital 'iniyﬁt i.e. proximity ta- -

P N ~

- ‘. <= . la major” cha‘nne-l" with splays, .and the amount..of echemical precipitation.
R _ T R
"o ..~ " " The ligniteks dre different from the s¥diments in-that the accessory

[N - - -

e .“clayé“ are restricted’to very minor .amounts of mixed layer clays with .no °

(or -VVL) muscovite/illite. Kaolinite varies from absent to abundant and

2

- N - -

- occurs in the clastic horizons in the Iignite as well as associated with-

. “the organic r{Iatér.‘iail. O'ther‘_mi'ne:‘ca_l_g'pfe,sén£ are gypsum. an_d‘p_'y‘rite and -’
. . ih‘e’se’, occur in .less than half.-'of the-samples analysed. Pyrite “has

several modes '6f~_crccurrence. In the pyrite ric\'h lignite/ wood samples

- ° - L]

pyrite rna‘y r_eplace"éhé whole wood structure (Pldte "9.B); infiil t{je pore

spa‘ées (Plates 9.C and D) or occur as cryst%/i’?cbating's' on-the organic’

vsu_z_-f'acéé or, in cracks (Plate 9,E). Sulphides are also bresent as nodules -

- '

”~ . o
- ¢ e

Lo . €.g. AC-10-82.. Gypsum and p.yrite are-commonly associated with each other - - -
' - Ny e D - : ;
T indicating gome oxidation of the pyrite. Modes of oecurrence and
P ,'. distribution of minerals in the liqn‘ites are summardised in Table 4.3.

High Al:Si rai:j:os on the ordexr of 8:1 were found by ESCA in some 'lignite

.

. ) samples. Thid may indicate the presence of gibbsite in these samples.
' C o .‘Y‘:‘;\"

Es

A .

T - i . ro ’ ’ . E ) B .’
PERETR 4.2.3.1 Minerals Associated with the Different Lithotypes
v ’ s T Woody lignite is generally wery clean and contains isclated

= -~ ° detrital quartz grains and areas of clay minerals (P'late 9.F). Thé ‘Cell‘

walls are in rare- cases altered to pyrite E{Qd occasional pyrite infills

- . s . . s

. . ‘ . N
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of the cells have been observed. Fusinitic material contains mineral
clumps ma?e up of clay minerals and some quartz and feldspar e.g. AC-08-
kN . rs . : . i

. 82 {Plate 10.A). However it,is-@enerally also quite clean afid’'still

contgiﬁs a great pfbpo§tlon of unfilled primary porosity. The soily
lignite cénsistg of comminuted orgaﬁlcé-and mi&gr?l magtgr with 1solated
wood fragments. The broken up nature of this mater;al indicates the
impor;ant influence of floQing'water oﬁ its fo;matio§n As Qould be
e#éecteﬁ soily ligqite contéins.abundant detrital minerals which'arg
domlnatedigyrquartz, clay minerals»and_mino£ am&unts of feldspar or

mica. Pyrite is vommon and is seen weathering to gypsum. The isolated

.
1

wood fragments are in rare cases pyritised.

K sample of léﬁinated fine sandstone and fusinitic coal {AC-12-82)

(Plgte'10.BL, was found to contain abundant authigenic qudrﬁz and

calcite (Plates 10.C and D). These minerals’ (quartz followed by calcite)

' infill the fusiniie_porosity and cracks in other organic fragments
including . lea® sections.

-

Compared to the abundant authigenic and detrital mineral matter in
thé'macerals of the Monkman ¢oals, the.MqQose River Basin lignites are

, B very clean. In particular very - little authigenic mineral matter. (with

. . " .
. L ’ the exception of pyrite and some kaolindte; and quartz and illite in AC-

oy

12-82) intimaéely associated with the‘iignite was observed. Thus the

borosity in tﬁe‘lignites is high and largely unfilled, while that in the

Monkman coals is much less.




v

" Plate 10.A SEM micrograph of fhsinite,'showinq ¢clay mineral rich area -

10.B

10.C

10.E

10.F-

C

4

Q

'&top of photo). In AC-08-82, Mattagami Formation, Adam

-

Creek. Scale bar 1s 40 microns Loﬁg (Magnification 0. 74K X).

Laminated fusinitic lignite and fine sandstone, AC-12-82,

¢

Adam Creek, Mattagami Formation. Coin is 1.9 cms in

.

c

diameter.

~
o - B
p—

Photomicrogfaph of fusinitic materaal in-AC-12-82, showing

o

infililng of porosity {(cell lﬁmens) by guartz (grey) and

lesser calcite (bright). Scale bar 13 2.0 mms long. (Crossed

nlcolsi. e

AN

“"Photomicrograph of, fusrnitic material in AC—12;82,3sh0widg.

quartz (grey) cell fills overgrown by calcite'(brithL

‘Scale bar.is 0.5 mms long.(proésed nicols)

Fﬂotomicrograph (réfle@teq ligh&) showing single and
coalescing pyri%? crystals in fusanitic material, Si14-1,

Gates Formation, .Monkman. Scale bar is 0.5 mms long.

SEM micrograph of S$2-5, Gates Formation, Monkman, showing

illite (light grey) and pyrite (bright) infilling cells in.

fusinite. Py%ite‘overgrods {and therefore represents a later
stage than) illite. Scale bar is 40 microns long .

(Magnification 599 X).
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4.3 Monkman Area

i
PR

4.3.1 Miperals jin the Sediment'Sampies

A summary of the results.of XRD analysis of the Monkman sediment’s

4 L

dnd coal is givén in Table 4.4.(Raw data are éiQen in.Appendix 1).
Quartz is present’as:a major'constituenf in most sédimeﬁt‘sampl¢§.'
Illité fs:a commoﬁ minqr to trace or rare phase. Two types have been
identified, namely mipa and a.less well ordered.illite/muscovite:'The
illite is likely the 1Md‘varietf which is the most:commoa illite
pblymorph.‘They are éistingu;shed by the3sharphess.of thébpeaks gnd.anA
egtra peak ét '4.44A in the case of ﬁica.‘The'mica was founath
apprbximatély 25% pf the sediment sgmples as‘a minor or trace
co;stituept.-Illite/ﬁustovite océurs in mogtrsémplgs..xaolinite ranges
from.a miﬁor cénst;tuent £9 very rare anﬁ absent in some samples._ﬁixed

layer‘cléys were detected by XRD as a very rare compovnent in

e approximéteiy 62% of the sampies.

o

: ' Of the other minerals

’

preseﬁt-ankerite” siderité, pyrite,” calcitei
feldséar and galena é?e the most c&mﬁmﬁ#hThey are prééent in vépiable
quantities:;n the saméleé.ranging ﬁrom major édnst;tuegﬁg le.g. ankerige
inJ$3—6)~t6 very ;aré'mineral.phases..Tiace gélena,occurs in 1281 and

5292 (both coaly claystones) while VL-VVL was detected in haﬁy of the

. :
-

‘pthér‘samples. Ankeritg 1s,pr¢seng.mainly in'créék fills aﬂé on
T slickenside'sugfacés, while pypiﬁé tends tqlbcéur Associafea with . the

dé;r#ﬁai or@anié.frégﬁégts,in the'§édimen£s..Tﬁis.p%dduées‘a réugh

aliénment'gf pyfife nb@u;eézand c?Yst?i; éagéllelfto‘tgé Bgddiné e.gf‘
S144ﬂ.'Gypgu@, méncésiégi’5pha1éritejéédub;ripe oécur in féwé% ;f the

5

samplés.” zircons ‘are present in most of the sediments as accessory.

“ E X T o . L ) . - - ;
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'

. Table 4.4 Sumﬁary of whole sample mineralogy .of selected‘Honkhén'
. samplés, as determined by XRD ' .

EEELLS

*

KX)

- Coal 'Sediﬁent

. Mineral *(18) (22)
_Quartz P-T (ND). P-L

Kaolinite T-ND T-VL (ND)
_Muscovite/ ~ T-ND L-VL . )
illite : : _

Mica ND (L and' VL) . L-ND

Mixed layer VL-ND VL-ND-

clay ' '

Feldspar [ =~ T-ND VL-ND (T)
Pyrite o VL-ND - ' VL-ND’'
Siderite- © - T-ND : . T-ND (L)
‘Ankerite. - ~piNp 3 L-ND (P)

Galena -~ . WVL-ND (VL) - T-ND°

calcite . VL-ND (T) " T-ND

Barite . VVL-Np - . _ VVL-ND
Marcasite - ND ND (T. and VVL}
Gypsum - ND ‘ND (VL and VVL)

) g 2
— . ?

>

number of samples”analysed

- major component -

minor component
trace component
very little present

. almost negligible

not .detected
mineral present at this level of - abundarice in.only one sample
. . . . X 2 ) . !

1
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mi&egglsi‘xli.£hrge ba%bonate phaéeé mé? bé‘preéent in-one‘sémple
4inéiqatiﬁg Qariable,éeéoéi;iéﬁal‘ahd/or;pgsg'deéositioqal condiﬁiqns in
‘éhe Gat%ssﬁo:météén méter@als. | |
. 432 Ming;a’ié in the Coals

. kRD éna{ysés inaicatelthét quartz, kaolinite and anger}te are:the
mosf common and moétrabunaég§ mineralé associated with the coélisamples.
Il;iée,‘calcite, éiaer%te,.pygite and_éeidép%r are also common but chur:
in lesser agd vefy variable quantities for éxamplé illite .ranges from .a
tféce conséituehtvin:1270 to.aBsent in 5305. Mica is datecteé in only
one sample112§6‘?s é-vgry‘rare éoﬁstituent;.Othef'minefals identified in
the coals are galéna (YVL;VL_in.approximatély 10% of ﬁhe'éamples) and
.ﬁarite'(yVL—VL in apprﬁxiMaéééylZQ% of the samblesi. In the clay rich
a;eas iﬁ'thé Monkméh cqals éircens %re algo fo;ﬁd” It is likeiyvthat
mény 6ther'accessory ﬁigefals are ‘present and qdu}é-béJiAeqtified‘uﬁiﬁg
;L?A (LOwLTéhpefat@férAgﬁingd folonZd pleRD, 5r SEM—EDX! Results‘éf
”SEM-EbX anélyses of minerai mat£e£:ig éeleqtealeoal éa&plgs.ﬁromAManman
and the ﬁpaséagivgr_ngih a%g'showh’in-jgble'4.3f Typical @oées.of
é;;u;féncerof Fhe m;nefalé_ére as féllqws.’The‘moé%ﬁfreqdeh; &dde of -
occurrericé of pyrite ié‘gs éoalesgiqg éuhgd;al ;rysgais‘(P}épe 10.E) or
:as framsoias.Tﬁesg are both commonly ds;ociateq with the ihe;tiﬁige'
macerals éna égély claystohes ho;ever ciyétalé{(in‘tﬁé-samg'sémple) are
largér'Qhen associated with the organics. Pyr;téipfegipiCated ih ;éll
ipmens‘(Plate'10lF) and miér;fissugés céugéd:by,shriﬁkaée in the

.

) mécefa}s, was also observed. Quartz is présént both as, detrital rounded
grains\ih’the mineral rich areas and as authigenic cell fills. Similar. .
modes of occurrence are noted for the. clay minerals. Plate 101F -shows

!
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. - ' : - < )

,a_qth'ige?{ié illite cell fills. The carbonates also occur infilling
fusiniié célls (Plate 11.A) and as epigehetic ‘crack fills (Plate 11.8).

JL?.B "Assoéiation of Minerals with*Haceralﬁ'

Most accounts of the mineral matter in coal because of the methods

used, -in 'analysis, offer mo information on the relationship of the
minerals to the macerals. Such methods-are discussed above. With the

morg‘rebent.application of. SEM-EDX -and Elgétfon Microprobe techniques. ’

'£o this field,  in si1tu mineral matter can now be analysed.-The use of

P - - T . - . .
the optical microscope is also very important, however ‘as mentioned

- .

‘above, it is:hindered by ‘difficulty of identification of very small
’ - . L : ' ! . .

mineral ‘grains’in the coal. - ' ‘ s \ ez

"A 'survey of the literature indicates that no group of. minerals is

[

. consistently associated with;a particular maceral type. Davis et al

(1984),.haye fouhd no clear correlation betweénfthevméééréls‘lq7a coal

and ' their .inorganic conﬁeﬁts.‘?inke%gan (1980) noted different mineral

suités associated ‘with thejvaripﬂs macerals. For éxample illite appéars

© exclusively in the carbominerite bands, ‘whilé.siderite,.calcite, silica’

N \

~and several. actessory minerals are most common in. the inertinite

’

.'macerals. Minerals such as pyrite and kaolinite occur in both the
vitrinite and inertinite macerals.. The lipﬁinites contain only barite,

: chélcopyritewand‘sbhaleriteu He'alSO'foupd the greatéegst vérlety and
- highest cohCentrétfons'oﬁ minerals occurring in the carbominerite bands.

1

Lesser amounts occur in the.fusinite.dnd- semifusinite macerals and least

N

in.the vitrinite. T . ) :

" Cecil. et El (1981)- idéntified two.'main suités of minerals” and

- @

macerals in Upper Freeport coal (Illinois) on the basis of parametric

.associations. . Quartz,: illite and kaolinite are associated with




. Plate 11.A ﬁSEM:microgfaph’of fusinite in S14-1, Gates Formation,

4 . . o .
Monkman, showing ankerite (grey) and pyrite’ (bright)

inﬁiliing cell hollows.. Note pyrite oyerqfowing ankerite
(e.g. at left of photo), Scale.bar is 40 microns long

(Magnification. 569 - X): T ¢

-"11.B - SEM micrograph of S2-5, Gates Formation, Monkman, r showing an -
epigenéﬁic ankerite crack fi}i. Scale bar is 80 microns loné"

(Magnification 164 X).

11.C  Photomicrograph of S5-10, Gates Formation, Monkman, showing
a mineral rich lens (starved ripple]) in cqal.tscqlé bar 1s

g 2.0 mms long. . (Plane polarised light)..

11.0 SEM micrograph of-Sé—S,'G@tes Formation, Monkman, showing a
- sclefé;ihiﬁe ‘grain {centre) infilled with illite and pyrfte.
Pyrite overgrows illite and also infills. cracks (shrinkage)

in the surrounding maceral. Scale bar 'is 80 microns long
(Magnification 226 X): .,

11,E SEM micrograph of S1-4, Gates Formation, .Monkman, showing a

mineral rich bard (parallel.to the bedding) in otherwise |

* ‘

'Cleaﬂ' vitrinite. Scale ‘bar is 80 microns long (Mag 226 XJ.

P

<

Cr——— ... -~ 11F Photqmiqgﬁgréph of 510-8,- Gates Formation, Monkman, showing

yarieﬁf'of ciaét'types'inCluding chért,vquafpzite,,Fe—rich. .

'éhd'carbonate,aitered clasts ih‘sandéione.'spare bar is 2.0

N - “  mms long. (Cross$e€d nicolé).@»i

o
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vitrinite, fusinite and semifusinite while pyrite and calcite tend to

<

occur with sporinite and micrainite. Chandra and Taylor (1§82) note that

clay minerals are malnly-éésociaﬁed with v1trlnit¢.and Lnertodetrlnite
and "less with semifusinite, micrinite and other macerals 1in Gondwana
coals. They also note ghat siderate 1s found mostly 1n vitrite or clay
layers while calcite and ankeriée occ@r 1n cell cavitles 1n fu51nlte.and
semifusinite. Siderite 1n these samples 1s thought to be syngenet:ic
(Smyth 1966), while the calcite and an%eripe~are epxgenetlcF-Thls

indicates that fusinite porosity was high at a late stage in the coal-

forming process. Porosity abpears not to be the only factor of

importance as pyrite has been observed in the same coals, filling cell

cavities and replacing cell walls in vitrinite and rarely 1in fusinite.

»

This may be related to the oxidising conditions necessary to form

fudinite, however the tlmlhg of the influx of iron-rich groundwaters may

also be of importance. ’
Ir. the Monkman coals apart from the mineral bands and lenses (Plate

11.C) which are occasionally associated with the coal, fusinite contains

the highest proportion of mineral mattér. Detrinite bands in the clean
coals also contain a significant amount of mineral matter however these

are relatively uncommon, Vitrainite contains few minerals and they are in

>

general detraital as oppéseg to the authigenic type found in fusinite.

- <

FPusinite
. Ty

.

Minerals found in the fusinites occur mostly infilling cell
hollows. Illite, silica and pyrite are the most common while ankerite
and kaolinite are less common. Sphalerite was found in $1-14 i1nfilling

some cell lumens and was associated with a phosphorous .phase and

«

-




. - - - \ .
- ‘ . - . - ~

calcite. In S2-5 galena is asspcrated with pyrite where it occurs .

. overgrowing 1llite cell fills and the maceral in genéral..llliﬁé ;nd .

'
+

silica and o a lesser extent calcite, are the primary authigenic
' . minerals in the cell hollows in most of the fusinites ekam}ﬁed and ?

pyrite is obsérvgd overgrowing these phases (for example.éée”?late
10.F). It is not -clear why 1illite should form in some coals in

el -
preference to silica and vica versa. ,
. .

, One sclerotinite grain containing illite and pyrite was analysed in

s2-5 (Plate'11jﬂ. The first mineral to infill the structure was illite

*and this was subsequently overgrown by pyrite. In this sample the.late
- )

nature of the pyrite is clearly visibke as it is also found infilling
y
cracks in the organic matter surrounding the sclerotinite,

‘Vitrinite .

X Vitrinite 15 clean compared to fusinite and contains rare isolated

mineral grhlns.scatteréd throughout the maceral. Occasional

concentration of the minerals in bands parallel to the bedding of the -

“coal, for eiample in S1-4 (Plate 11.E), may indicate depésition of a

grieater concentration of minerals at that time or the .breakup and

compression of a band of vitrinite (précursor)Aconcentrating the small

amounts of authigenic and/or detrital mineral matter presént. These
pands were not observed to* be continuous. Minerals. found in the
vitrinite are dominantly kaolinite and silica, Wmowever occasional

- > pyrite, illite and feldspar or mica grains were-alsQ-observed. The

.

v

ndBrals are generally smaller than in the fusinites and are rounded-to

irregilar in shape. Minerals in the mineral rich bands occasionally

A

appear to be broken pore fills as their shapes match those found in




Liptinite ) .

crushed fusinite grains:The.hinerals dre therefore both. detrital and

authigenic. R . . i ) )

. . ©

No l}ptinite macerals were analysed in the Monkman samples.
A . . -
& » ] (

In thewcoal in general theie.appears to be a clear relatiqnship °

<

between tHe amount of clay bands and layers of clay-rich cocal present

’ <

and the proportion of illite compared to kaolinite in the clay mineral
suite. Increased. praoportions of illite relative to kaolinite are
accompanied by increased'ﬁuantities of clay-rich az%'stoney/boney bands

in the coal. Illite/kaoclinite rataios ﬁay be a useful factor in assessing
, . -5
the quality of a given coal without the expense of an in-depth survey of
the mineral rich bands in that deposif. -~
&

£

4.3.4 Mineral Suites Related’to the Coal

3 -

Two suites of minerals ¢an be recognised in the samples on the

basis of surface texture, form and association of the minerals. These

correspond generally to the detrital and authigenic suites recognised by .

2

Finkelman (1980). He found quartz, illite and other clay minerals to Be
detrital and pyrite, sphalerite, galena, quartz and the carbonates to be

authigenic. The authigenic minerals tend to exhibit crystal faces, are

intimately intergrown with each other and occur mos$t commonly asgociated. .

with the coaly material. Detrital minerals are rounded to subangular,

'
°

associated with mineral-rich bands in the cbal consisting of jintermixed

~

macerals and minerals and occur randomly 'isclated within the macerals.

In the Monkman samples quartz, zircoh, mica, feldspar- and. perhaps

some illite are detrital while the carbonates, kaolinite, illite,

v

°

- ur
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barite, sone guartz and the sulphides are thought to be authigenic.
; £ )

Epigenetac miherais‘are those formed after the coalification process is

E)

completed. They Inclhde‘hainly ankerite and some pyrite and are found

- infilling c¢racks or crystallised on slickenside surfaces. These minerals .

are by nature not-associated preferentially with any particdlar maceral.

¥
e . -
o

4.3.5 cCauses of Maceral MinerallReiationships and Mineral Suites . .
¢ . e - ‘ ot

0

e

These maceral mineral associations may be related to differ&nt

modes of formation and different physical characteristics of the
macerals as well as factors such as saituation in the peat swamp, 4

v

progenitor plants etc.

. = An impértéqt control on the unédgual distribution of the minerals in -
. N ' , -
the différenp macerals as mentloned.above; may be the porosity’-’

Y T ! ~
variations in these materials. A Transmission Electron Microscope. (TEM)
study by Harris et al (1981) of the ultrafine structures of two Eéstern

.

United States coals (E. Kentucky and Illinois No.6) determined that '

inertinite is-the most pdérous maceral, containing a broad ramgeéof pore -

~

"sizes from 5 to 50 nm’in diameter. Vitrinite exhibited the finest

porosity; 2 te 20 nm, with the majority of the pores being at the -

~ * Smaller end of. the size range. Liptinite is least porous but exhibits

, ¢
o : "

some secondary irregular and tabular pores due either to in situ growth

. : + of carbhonates:or to the cptalytic action of minerals. Thé?,fouﬁd. .
.- [N ¥ ' :

granular inertinite to host numeiougmminerals including calcite, pyrite,
. ‘ , " ¢l ’ !
gypsum,. clay. minerals and quartz while in liptinite and vitrinite, S.was .

the only detectable element. v . . . .
- . \ - . ‘ X -
- Many of the minerals intimately associated with the macerals are .

@
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‘tables (Hacqﬁebard'and Donaldson, 1969 and Teichmuller, 1975). Eh and pH

_seasonally below the water table due to flooding) trees are more common

.also provides the structure with support. The inertinite porosity in

— - " 114

i

that can precipitate. -Lithotypes with decreasing proportions of fusinite

and vitrinite'are formed in environments with progressively higher water

LS

conditions during the formation of each maceral type are therefore
different as are the precursor vegetation,types. Vegetatioﬁ'in areas
where the water table is highest consists.mainly of reeds and aquatic

vegetation, while on the more elevated and drier areas (periodically/ A

- .,

(Marchioni, 1980 and Stach et al, 1982). Inertinite maceials form by the

alternate partial oxidation and submersion in water of the precursor

piants. This process appears to harden the cell walls {and increase the
N . : A

\

proportion of .Carbon) so that while opher.piants decomﬁpse and lose

their form the inertinite precursors retéin their cell structure. This
process may be enhanced by early infilling of the celi hollows which:

. . A 3 ! ' | .
some samples appears not to have-been filled until a later stage when

for example conditions wereffavoufable for ,carbenate minerals to
precipitate.. Cecil et al (1981) found that the burming process ﬁhought

.

— - -

necessary to produce fusinite would concentrate alkali and alkaline

earth metals, Hydfdlysis.of these elements could produce a neutral to

slightly alkaline microenvironment which would favour 'the formation of
s . '

pyrite.

- .

4.4 Sediment Source

4.4.1 Moose River Basin . . .

v
t

The Moose River Basin sediments are derived from 4 dominantly

3

granitic source. The abundance'of quartz, feldspar,” mica and zircon and

N \ )
. A
S
FN
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the relative lack of other detrital minerals confirms this. Minor

3

}
amounts of heavy minerals such as garnet, staurolité and others’

identified by Hamblin (1982) indicate some contribution from a
~metamorphié source while the presence of jasper and other resistant
chert clasts in the gravels may confirm a contribution from a greenstone

.

terrain to the south: - .

! 4.4.2 ﬁonkman~

-

The Monkman sandstones contain abundant laithic fragments (Plate
. - - - :

- 11.F), which allow for specific 1dentification of the source materials.
;@he fragments include chert, shale, siltstone, sandstone, cérbonate,

phosphéte and bituminous material, guartzite and minor amounts of

volecanic fragments. "Although the major source 1s obyiocusly sedimentary,-
. . Rapson (1965) identified four distinct spurces on the basis of four
suites of lithics. These range from the Selkirkx metamorphic -province,

Lo BN

"reworked Palaeozorc and possibly pre-Palaeozoic sedimentary racks,

'

Pennsylvanian-Permian volcanic province, to ‘the Lowérmest Meésozoic to.
uppermost Palaecozoic sedimentary segquence. Carmichael (1983) interpreted

the Mesozoic "to Cambrian sedimentary rocks of the Rocky Mountain Front '

and Main Ranges as being the principal source of the detrital

components. The'mineralogy 1s therefore more complicated than in the

Mobse River.Basln succession.

-

Detrital minerals present other than the lithics inclufle quartz,
- mica and feldspars. - ) -

t
»

The Monkman sediments compared to' the Mcose River Basin sediment$

are 1mmature. The''othér major difference, i1s that due to the variability
€ : . : c . N . B

of the Monkman soUrcé rocks many different minerals were présent in the

-




‘rich 1n a variety of cations'and a

fragments. : . T - . : .

1186

a o i : i
5 , . _

sedimeﬁt%..Many'Qf the Monkman lithics have since been altered to

carbonate, .however dqring this process the'ground waters were possibly .
tions derived from the lithic

‘ .

.

4.5 Modes of Occurrence and Geqesis of. the Mincrals

‘

Quartz o . - ) .

" The most commodon form of quartz is as a datrital mineral associated .
with mineral rich coal bands and maceralé but it is.also present

isolated within the other macerals. The mineral rich coal types often

°

_eontaiﬁ much fragmented organic material, indicatlng’conditions within

the swamp capable of breéking down coal material and carrying_detxiiais

1nto the swamp. These conditions are common. at swamp margins or near

elevated areas within the swamp (Davis et al, 1984). Mixing with the

swaymp floor may also result in higher mineral matter contents especially

of guartz and clay minerals. Flood waters flowing through the swamp are
i A .

capable of trahsporting i1solated quarftz grawzns into the organic rich

areas.

Davis et al (1984) reported abundant' brogenic s:ilrca 1in the -

.Okefenokee peats win the form of sponge splcules, phytoliths and diatoms.

.

These forms are not present in coals. Siever (1957) proposed that

biogenic silica dissolves ‘and reprecipitates from supersatuarated

sclutiong- at low temperatures to form amorphous silica. Mizutani (1977)

propoéed a reaction path for the continuation of thls process as
follows:

amoerphous silica —> opal CT{disordered crystobalite) - quartz.

The lack.of typical authigenic guartz :n coals 1.e. as void 'or cell.
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N

fillings or cements andiovergrowths (Davis et al, 1984),.means that most

of the biogenic silica from peats is ca;fie@ out of the swamp 1n the
through-flowing waters or contributes to the formation 6f]bther
authigenic phases such as cla} minerals. Although this is true for tlhe.
: " a o - - ' .

" Moose River Basin lignites (with -the exception of AC-12-82), authigenic’
gquartz occurs in the Monkman coals infilling inertinite cell lusens.

This may mean that leaching was not a very acﬁive proceéswin these coal- "
& . . 4 o - ,
forming environments or that quartz precipitated-in the fusinite cells

at a later stage in the précess, perhaps during sandstone diagenesis

C ' - ’ o ‘o .
when .silica-rich sclutions were percolating through the coals. ThHe

presence of quartz in fusinite in AC-12-82, a consolidated sandstone, -

~ )

can be'explaihea‘by this process.

N . '
SR . - .

'
' ~ Y.

- Clay Minerals

.

Millot (1970),1h(hi§ work ‘on clay minerals in ‘ccal atﬁriputediﬁhelr

occurrence to mechanical inheritance (detrital input), transformation
_ B o - N \ 3
and neo formatian (authigenesis). Following Yoder and Eugster (1955), .

. .
'

Levinson'(1955), Velde and Hower (1963), Bailey (1966), and Maxwell .and
. Hower t1967),£5e {mﬁ 1Ilipe (i}lite/mUSCOVLte) detected in tﬁg EooSe

River ‘Basin and’ Mébnkman ‘{Plate H2.A) sedimehts and coalsfls fhought to
be diagenetic while the mica,mayﬁbé detrital. The diagenetic.illite’ may

n '

have formed within the goal frqm the alteration:of ‘detrital- muscovites
(Weaver, 1985 and Velde and Hower, 1966).

Kaolihite in the Moose ‘River Basin sediments an'd coals 1s also’

thought to be derived from the weatherihg .products of other less.stable
minerélé,‘for”exqmple K-feldspar of the microcline type. Evidence for

:tﬁis 1s found'-in gravels from the coal-bearing sequence!’In.thih section
I . W ’ : to oL

feldgpars including microclifie,” with ragged and indented edges are seeﬁ

. . .

L

N

S



Plate 12.A- Phqzomicrqéraph of §14-5,

. . s
EREN ’ -, i

Gated Formation, Monkman,  showing

clay mineral-(illite) habit. Scale bar is 0.1 mms long.
4(drbsseé nicols). )

- -

Mattagami Formation, Moose.

:

12.B Photomicyograph of AC}22—§2,
River Basin, showing feldspar with ragged;anﬁ indented edges

'~and‘sdrfaces'altefihg to kaolinite. S;ale_baf'is 0.1 mms

loné.

12.C Photomichgrabh of ACjZQ;Sé, showing a larger éreé of }
feldspar altering to kaolinite. Scale bar is 0.5 mms 1long.

S . o . -
12.D SEM microgrépﬁidf AC221-82, Mattagami Formation, Moose Riuér

>Basip, sthing-gibbs;te-cfysﬁals on theée surface of & quafﬁz
-grain. Scale bar 1s-80 microns long (Magnrfication‘238'X)J'

En}aréementkof ceiitral rectanglé & X.

12.E SEM®micrograph of clay from the Mattagami Formation, showing *
recentlsulféﬁe {gypsum) érowth. Scale bar:i5‘40 microns lorg
' ~‘(Maghifﬁca%ion‘442 X).
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.

surrounded by and laterally equivalépt to kaolinite clay*(Plates’fZ B

and,é). kaoliﬁiﬁe.is the stable mineral in peat~ﬁorming~aréas of low pH

4

(4,8-6.5 in low moor peats énd13.3—4.@-in highlhoof peats, StacH et 41 )

(1982)) where organic acidé'which‘are ;apa51§ of leaching cétidns (staub

and Cohen, .1978) are present. These conditipné wefe'presept during peat

. formation in ‘the Lower Creétaceous of the-Moose River Basin. In addition

~

to the low pH éna'brganiq acids, the elevated levee areas adjacent to

thevchqnhels had a‘high water'fLéw*thrOQQh réte‘(wét climate anﬁ

occééionai,fkoeding)'which could-promote kaolinite formation by leaching

. +

EY

$i'and'K and other cations from the syétem. This may atcount for the
very_cleén coals observed by Brown (1982 pers. comm.). "
Swamps are neutral to slightly alkaline in pH ih contrast to bogh

- o

‘which are acidic.:-This wariation is due to groundwater influence in the

. T - . . ‘ ’ . .
former and.is particularly evident if the surrounding rocks are’

5

" carbonate rich: In a swamp situationvasiﬁhe peat-forming process

Ty

‘continues and, peat accumulates, .groundwater influence diminishes and

thus the pH‘decreages (see above).’ Feldspap in this situation alters to

kaolinite. .

In the thicker woody ‘lignites of the Moose River Basin, .'which, K may

have formed in raised bog situations, pH was acidic and thus kaolinite

yés stable throughout Ehe‘process of vegetatioh acqumulgtién and §¢a£

formation. The kaolinite in the Morikman coals is thought to have a

similar origin to.that in the Moose River Basin iighites suppbrting the -

.
[
r

o o A -1

conclusion- that thesg éoalg,wéme also .deposited .in freshwater -

f
v
[y .

conditions. , N T



~ Carbonates
Mackowsky {1968; ~1982) related .the occurrences -of minerals in ‘coal -

3
¢

to-the'two‘bhaseé"of‘coalification~which she felt were-significant
identifiable timeé units.' Minerals forming ;n the first staqe-of

B

coalification are syngenetic and/or garli diagenetic and are genérally

" fine grainhed and intimately intergrown with the coal. Minerals

: : identified with the $Second phase of coaliff%atidn formed’ after.. ° -

consolidation of the coal. These were precipitated by ascendihg or

’ . descending solutions in cracks, fissures or ¢avities or by alteration of

N . ..+ primarily deposited minerals.

Carbonateé in coal belonyg to both of these genetic groups. Saderite’,
and dolomite are regarded as'éyngenenic while calcite and ankérite are
often epigenetic (Mackowsky, 1982). Cetil et al (1981) consyder calcite

1and'siderite to bé\syngenetically’formed minerals-in the coals of the

Appalachian region: Thef-propoée that ions -which are held on-the

organics'by ion exchange or as salts are released during coalification:
. . » . . .

These together ‘with ions set free by the alteration of smectites and

’

mixed,layer ¢lays to :illite react with dissolved 602 from orgénié
decomposition (Stach et al 1982), forming:éalcite or siderite (provided
. . I*—,r_-—ﬂ—*' ' - «4'_

no réducible sulfatesis present); Cecil et al (1983) o the basys of C
and O isotope data pfopoééd several additional sourees for the

- . carbonates including, 1) resﬁlted from bacteria sulfate reduction, 2)

1

resultéd'frph thejégﬁion of methanogenic bacteria ‘as indicated-by 13

C
"enrichment and -3) from chemical coalification. They -concludé that

s

‘ + carbonates derived from methanogenesis dominate.

’
s

Siderite is-the only common_cafbonéte‘in the Moose River Basin

.

. and -cal¢ite are found in 'samples

No s -

. sediments. Trace amounts of dolomite

.




~t
_AC~15—é2 aanL—1—14( éﬁd ACLRB—BZ regpéctiVely. In thg lignites‘
carbonateé_are raré.with 6nl§.véfy tihy'amoungs o% s;dé;ité détectéd.
Pyritg is howeVef common indicaga;ghghat the ions‘yere ﬁaken up by the
rgduéible suifate in'¢ﬂe sysﬁém Fatﬂer than forming carbonates. The

sideraite in the sediments occurs predominantly as nodules in R
o . : { A g
carbonaceous and non-carbonaceous clays, and' to -a ‘lesser exteat in the .

(S -

N _' ’ sands. The.nodules'tend to lie in bands parallel to the bedding with
“$ignyficant visiblé lateral continuity indicating a syngenetic origin -
(Méckowsky, 1982). No compaction around the nodules waé'observed,in\the

. o . Moose River Basin samples. Another common -mode of occurrence is as

disséminated crystals overgrowing the matrix of the sediﬁents.These

ng?\ j; | "i ’ . . . : - ;

occur singly or in aggregates and where abundant they coalesce forming a

massive structure, ’ T -,

»

Foscolos and Stott (1975) described several~reactioﬂs to explain

the occurrence of siderite in a sediment. They attribute control of
_sgdimént pH 'to the presénce'or absence of .pyrite and calcfte, with the .
oxidation of pyrite prodﬁcing free hydrogen ions, and calcité
+ . \ - . -

counteractiné this effect. Théy suggest that siderite forms when Fe(OH)3

. “and HQCO3”react.

- The Momkman sediments and coals contain ankerite, calcite and-

e siderite ranging from major constituents ‘to very tiny amounts. Ankeraite

* was detqrmined By microprobe’ to be ' the major constituent in the crack

fillings and is therefore thouéht to be epigenetic. Calcite -was found 1in
- .. one sample to be intergrown with sphalerite in a cell fiiling,.siderite.
1s found as Small'blustefs of crystals overgrowing the matrix.

'Kémezys and TaYldr {1964),. have found that siderite is abundant in

[




seams overlain by freshwater rocks while calcite and ankerite occur in

coal overlain by both freshwater and marine rocks.

‘Sulfides

Sulfides are:present in both the Moose River Basin sediments and
" the Monkman materials in a variety of forms. Replacement of cell walls

and complete pieces of wood is a-common phénomenon 1n the Onakawana

¢ o

v p ’ . . . B 2 : ¥ : .
sediments. Pyrite nodules are also common both in the lignite and in the

gravels, while framboids have been found 1n the ligniﬁé (Winder 1985,
pers. comm.). Crystals of pyrite in the clays occur infrequently. In the
‘Monkman materials the most frequent occurrence of pyrite s in

fraﬁboids, as coaléscing euhedral crystalsﬂor as cell infills. These are

¢

commonly associated with the organic material in coaly claystones as

well as in the fusinite magerals in the coal. Fillings of microfissures
‘1“ N B

caused by shrinkage in the macerals were also observed. Marcasite 1s
present 1in some Monkman samples. . ’ ] -

The predominant' association of pyrite with coaly material in all

‘the. sediment types indicates the dependance on a reducing environment

caused by decdmposition,of the lorganics and may also be due to the

*
%

. presence of significant $§ in the‘Elants/organics. The acidic éonditlons,

during the early stages of coal accumulation mean that pyrite formed

‘later on.during the coqlificatlbn‘process in the.coals. Less acidac
" conditions occurred in the surfounding sediments explaining ‘the

abundance of pyrite replacing and associated with the organic matter in

.» these materials.

“*
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Oxides.
Gibbsite 1s wusually found associated with depleted mineral.

assemblages which contain only quartz and kaolinite. Trace occurrence- of

'

gibbsite 1n some of the Moose River Basin samples therefore indicates
element depletion and emphasises the weathered nature of tﬁese.
sediments. Gibbsite in AC-21-82 was observed by the SEM occurring on the

°

surface of a 2mmnm diameter guartz grain {Plate 12.Dp). A similar
occurrence of gibbsite was noted by Clarke and Keller (1984). The sample
1s a clay which contains increasing concentrations of siderite nopdules

towards the %fop of the sémple. The lithology directly above AC-21-82 1in

the section 1s a goethite-rich, thin clay. This 1s erosively overlain by

B

a coarse channel deposit (Figure 4.1 and Plate 3.C). The rock types
because of their dastinctive mineralogy and structure may represent an.—
original soil profile developed on a levee/crevasse splay surface or a

‘drier elevated drea on the floodplaln (predominantly above the ground
o . _ - - .
water - table). The goethite may be an original product-.-of mineralization

“

rather than a recent weathering product. Situations suc¢n as this can

develop 1n localised weathering-prone areas such as levee banks or other

. . . N _

elevated areas which experience alternating wetting-and drying and these-

situations dre therefore not contiguous over the entire depositional
—_— A)

surface:
: e

—_—

The goethite représents oxidised pyrite or anotner Fe-rich phase.
Hematite occurs'as a.late cement in some sands e.g. AC-22-83. It may be
‘directly precipitated or a later weathering product of siderite (or

. - 4

o

pyrite, magnetite).

v -
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Figure 4.1. Location 12 Adam Creek, showing goethite
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. Sulfates
The sulfate present in the Moose River Basin sediments is gypsum

- 2

and as it often occurs together with pyrite is thought.to form as a

o

2

result of pyrite weathering. A distinctive mgde of occurrence of gypsum

" -in the clays is illustrated in Plate 12.E. Foscdlos and Stott (1975)

- suggest that gypsum forms from the~ oxidation.of pyrite in the presence

-

' of carbonate. Solutions rich in H,80, from this process react with

Fl
o

cations present in solution thus forming sulfate minerals.

- B

-~ . . »

. -
:

4.6. Summary of Mineral Genesis . N

Tébles 4.5 and 4.6 illuétrate—and summarize the histofy of mineral-

'

genesis in the two areas examined. The minerals ‘have been classified as

N

detrital, syngenetic and epigenetic, however the exact timing of

formation of these groups can not be determined. -The relative seguence 7
oféﬁineral formation‘is derived from the interrelationships of the

various minerals as well as their form and habit.
N The mineralogy of the Moose River Basin sediyments is relatively
lv.

simple” compared with that of the Mbdnkman materials and will therefore be”

- ' 5
]

"

discussed first. . : .

4.6.1 Moose River Basin
The detrital minerals introduced into the basin include'quartz,

feldspar and muscovite, as shown in Table 4.5. Although other detrital

- 2

minerals are also ﬁiesent4 these represent the bulk of the material

. 4 o . .
introduced. Exceptions occurred where bedrock highs consisting of .

.

.Devonian cdrbonate were elevated above the genenal/leve} in the basin

and thus suppl4ed carbonaﬁe{detritus to the surrounding area.

-
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- Unlike gquartz, feldspar 1s unstable. at low tremperatures and

W

. : - pressures and r&adily alters-to various clay miherals, "1n tnis case. o

- . .
. - N \

. . i kaolinite. It is:not known 1if the weathering process ‘was restraicteg o

»

o8

eposition of the

B

the basin of deposition or 1f 3t began praior to the

2 . . 4 '

< " ysediments,” however feldspar grains in the ‘gravels can be seen altering
‘ VT . N .

v

s S to kaolinite '1n situ.. The presence of kaolinite with 'lesser amounts of
- R p ~ L, . - .

~

LN 1llite as syngenetic minerals confirms tnat.the coal formed in

fn

freshwater environment (Cecil et

1)

1,7 1281 and Sstyar and Bustin, 1283).

|

If the syngenetic minerals are plotted on an activity diagram sucn as

- . Y .

‘that shown ain Figure 4.2, 1t becomes clear +that the pH c<f the waters =c
- . : . “
~, ' . /_ .

« form kaolinite must have been.aclidic. Samples wnich contaxn gibbsice

o . ’ : will plot more to the left of the dlagram {at lower SiT. activizties).

.
\

- Low pH in the coal forming environment a) reducés bacterial dctivisy

- . . .

"thGs 1nhibiting the degradation of plant material and b} favours the
dissolution of the mineral phases present. The deplezed rature of tne
assemblage is emphasised where gibbsite 1is present with xaolinice.

+ . . . . t

Cecxl et al (19B81),. suggest an alternative scurce for the xaclinite

- . - + . v

1n cdal from a study of several peats. They propose that in tne initial

stages of plant degradation the amorphous 1norganic plant mater:al which -

. 1s predominantly of alum:inosilicate composision (Table 4.7), wil]l be

released. In freshwater. conditions xaolinite and smectite -subseguenzly. . ~
“form. The smectite in the peats 1s thought to alter tc 1llite on burial
- - [ A - PN B

i - and loss of interlayer water.

Authigen:¢ silicg which may be present can alsc be derived from

- s '

. plant material {Cecil et al, 1981), see Teble 4.7.

. .

Conditions vary considerably 1in the ;ccal-forming environment ang

.
. - .

- ’ : © ‘although the ‘areas ‘wnere peat accumulates are acidic (Stach et al 1382),
. . '
.-




14

Figure.4a.2  Activity diagram illustrating the general relationships
" between oqueous solutions and the given solds,
from Garrels 1984 . T :
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Table 4.7 Ha)or and trace element contents of algae, ferns, alfalfa
~'. ggass, grass roots( woody anglosperms and Cypréss wood and
: Freshwater . N © Grass )
‘Algae, Beauty' - Roots, - WOody Cypress
. Créek Alfalfa Mussissi- .Angid- | wood, bark
. Element Alberta Ferns Grass 1ppl_area_ -sSperms M1551551pp‘
M o I IT . II1 r%III IT COIIXD
sy 44,300 5,500 93 © - 55 . 420 " 6.5,
Al . 2,503 ¢ 230 25 0 11.3 90-200 1.7
ca . 45,800 37K - 5,800 . 9.0 3K-14K 28.7
Mg 15,222 1.8k 810 1.9 1.3K-9K 5.1
Na C 1,400 . 200 0.8 34-950. 3:6
K © 21,887 18K 1,700 2.0 4K-15K 8.1
Fe 2,223 320-700 27 8.1 - 70-180 1.7
“Mn 81.7 700 4 0.3 17-600 0,2
T1 6.5 5.3 . 1 . 1.5-6.4 0.1
P 284 2k 7,010 " 120-2K
.ooer 946ppb 1.9 " 0.03-10
E " s 1,000 1,037 - 2000-8700
' Rb ' C.o.17.5 ¢ s o 3.4-10 0
sr 265 - 13 T c.o02 i2-88  0.13
Zr : : 2.3 o ‘ 0.48
cda . : 0.13 = : ﬁ 0.02-2.47
o ¢ . 0.66" 0.02 " . RO AR
" Cu . 4,100ppb . 15 - 25 B 6-14
Pb " 7,052ppb " 2.3 0.5 - C gigh
" Mo o 0.8-2.5 - 1 S 9406-3
“ N1 - 14,620ppb 1.5 0.5 . Tea
za 58.9 4 o.04a~ | 34-68 _ .-0.05
U 92ppb T . 0.01-0/04 ;
Th  4,300ppb  0.42° . : C 0.14-1.3
Nb , o o 0 F o
Y © 077 _ - 0.15 C -
Ba - 8 ' ' o140, ' ‘ ’
v 1,290ppb  0.13 02 . "0.44-0.89
: Ga : 0.23 o 0.01-0.1,
I Mann . 1984, ' T
I1 ° Bowenh 197 g j Dried Matter XK= X 1000
ITI Fairbrid pm 1in Medicaqo' sativa
IIII Renton e 18807 Eercent oxide in ashed .(high-temp.),
. sample . B _ , o, .
, .
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. ) —~ " ' .
' higher pH conditioms ‘may .occur simultaneously elsewhere .in the

depdsitional environment. Some sediménts Wheére kaolinite .1s abundant

’ . -

{for example levee/crevasse splay. deposutys or eﬂévated.fiqodplaln areas

are characterised by seasonal wetting and drying, and, periodically nigh

"water flow-through oondgfloné, thus those eleménts”peléased_by the Co

. N ' ' - - . .
PR ) ' . ’

'

alteration of feldspar and not taken up by the kaolrnite'are flushed
R , T <, . ‘ -

i T put. In.surrounding,areas where conditions are generally wetter {1.8.
. » . . . . . 5 . . A ! : . ‘ ’

3- s below the water table) and less-acidic, the abundance of.K 1ons from - N

- - . v

. : microcline degradation favours the precipltation of 1llite. ot

“Illite. which was found from the XRD plots to be aImQét )

indistinguisnable from detyital muscovite 1s thought to have formed from .

o, - alteration-df the latter. The fact that i1llite.i1s rare in the lignites
and common -1n the clays can then bé explained by the corresponding

abundances of detrital muscovite in the coal and clay as well as the -

) unfavourable pH conditions in the former. Areas .oveflain by :marine rocks - T
. contain 1llite znd montmdrillonite whereas cdals overlain by continental

2 - . . . A} -

) . - - et - . . oL y - -
. . . rocks, where no HCO3 or CO3 .are present to meutralise the low .pH, form,

. N ., A
. . . B .

kaolinite (C?qlf et al, 1921 and Styan and Bustin, 1983). The @xeSeﬁge R
‘ —_—— s, ’ .. . , R N . .

. of increased amounts of mustcovite and 1llite-and the wvirzual. abséhce of:

f

kadllnipe in the c¢lays towards .the base of dr;l&hqle'8é—017may be

éxplained by the presence dairectiy beloW of a basé@ent_(DEyonlan):‘

‘carbonate'hlgn..plsSolﬁed,Caccj species in groundwaters_ would. buffer. pH -

’, . D R .
. “ . kS LR
, . ' . .. P

. and‘'allow :llite to form 1nh préference to kaolinite, dle td decreased
. ’ ] - : bl

' . -
‘

, . . B - . . C . )
amount 'of leaching {(which alsq results 1n greater guantities of detrital '

mug€ovite remaining) and increased bacterial degradation., As regards the
s . . - ; < % g .

N

'

taming.of formation of 111lite and kaolinite the possibiiities are as,

. . . - . . - A :

u

«.. . » follows ; * . L . o . - '




. than pyrite and thls may give a

‘133

- a) formed at the same: time with variable local conditions, .where mineral
matter leached from the areas of kaolinite formation ‘with lower pH, was

v
. . -

precipitated in-areas of ' higher pH §s<111§te etc.,

b) formed ét,dlfferent times when groundwatef conditions were different

or ¢) i1llite is an intermediate product,df kaolinite formation (see

¢ -

‘Figure 4.2.

'

Other 'syngenetic minerals in these sediments and coals i1nclude

sidgrite and pyrite. Siderlté 6ccu;s mainly as nodules in thie clays
-while most pyrite is found in the coals and gravels. These minerals
formed after the.early stages of de9051£10n of the sediments. "~ According

to Baas Becking et al (1960), the pH during the formation of fusain 1is
less than 47 while to-{form vitrdin, .clarain and durain normal

waterlogged conditions, with ‘a pH of qpproklmately 5, ére_required. The
pH needed to'ﬁorm siderite 1s higher, ap?roxlmately 7, -thus glphef the

pH an the sediments was significantly Ynigher than In the swamps or the.

siderite formed- later in the coalification process. " Siderite may also
. have been pfecipitated from catidéns leached from detri?al<feld§§ar, mica

or Fe-biotite. Siderite“farmshln more oxidising and higher.pH conditions

N !

further inéiqht into the CQﬁditlpns in
" the Sediments during the'early stages of deposition., Siderrte also

occurs as single crystals Or groups of small crystals which have-

A ‘e

coalesced. In some samples siderite -is very abundant and forms a cement.

P

'

The pyrite 4nd siderite occur in different samples thus\the
relative timing of,their,formatibn can '‘not be determined, howeﬁer,they
may have formeéd in different locations and environments in the area.at-

- . . ' [N - " ’ ) .. N o
the same time. Pyrite formation requires conditions .which are reducing
' . f .
3+ 2

with respect to Fe and\SO4'—: such-conditions were avdiléble{}n the

s L0 L0 L . . - - ' -~

T . - L '. .. . ' o
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L . o ¥ )

' e ’ <o \ ’

‘sediments where entlosed organic frggménts'wefe.décémpo§inqw and at a

later stage pyrite could alsq form within the coal itself., - .
B A : e ) ) Y. ' ' . '-. . o ’ ) ) . LN
Hematite As present-as authigenic. crystals coalescing in- placés to

e

o ¥

., ° ’ .- N - - M 5 ‘ - . . . : - "
form a cement. This represents a later stage of crystallization thamn

. i . . SN ‘ . . .
. Lo . . &

" siderite,.which it follows. . .. ) L . .

- Clay minerals (see Plate. 12.A), especially when 1n the case of 1liite 1t

' ~ . ;
.

4.6.2.° Monkman ' - - o ) : - . R - '

In the- Monkman sediments the-original detrital minerals int;dduced
into the basin are considerably more dlverselthén those in the Moodse

River basin due 'to the abundance of Yithic clasts. The lithics are in

‘many céses overgrown by  carbonate s’ that. the extént of degradation and

‘weathering prior to alteration s uhknown..
The syngenétic minerals whiich formed early on 1h.éheﬂcogilflcatlon

. - . . .
. ~. - o -

process include kaoY¥inwvte, nllite and. silica. The earliest mineral to

‘form in the coals is kaolinife, as brokén ffadments of kaolinite cell

B -

fills agejpreéent intimately associated wlth_the cpal material- in some

s 3 L4 . P : . L. LT,
sdmples. The situation is thought to have been similar to that in the

"

Moose River Basin. Ill:

ct-

e . formed at a Laveyr stage in the coals and may ’ .
. N v . .

h@vé formeé_in'the sediments by alteration of mica

S PN . -

or. precip-tation from

solution  at an earlier. stage,” simultaneously td kaolinite formation 'in

.
s

the coals.- Syngénetic mineral matter intimately intergrown with the.coal

substance is often difficult to ‘distinguish from Jetrital mater:ial e:g.

may have formed from alteration of "the detrital minerals..Pyrite 1s seer

, .

overgrowing 1llite "in the macerals. Althougn pvrite formed later tnam

- '

~

xllite in many of the samples, some of <he pyrite nddules :n tne Monsman

samples associated with the organic material are oriented parallel =0

‘

’

. b ’ ’ N . .
the beddiné¢ planes arid are thought tc be sarly syngenet:ic. Pyrite alsc

. . . -




" .occurs ‘associgted with fractures in‘thé~macerals (e.g.AS275Tﬁ.The

selective distribhtion.ofﬁpyfité in-the:samples.may be explained by the

availability and dirculation of:Fe—riéh'flpidé'combined with variabulity

in geochemical_conditiohé‘in'differenp.matenials. C, .

The carbonate represents the latest stage aof mineralization in the’

Monknfan samples, however as in the éase.of pyrite; carbonate minerals

may have formed both syngenetically, and epigenetically i.é infilling

-

- cell porosity, /vergrowing the matrix and in late-stage cracks and
. : Al ferdr . : : ¢ > e
slickénsides. Ankgrite is the most common cafbonate phase howéver lesser

amounts of siderite and calcite are present. whefe-anker;te QVergrows a

- : sediment, euhedral ciystals occur. oveérgrowing clasts (particularly

chert) while the matrix éhd.dtber clasts contain drregular‘smarl
. T - s € - . B " ‘

-crystalé; FeSO4.in late high'fezf'solutions caugsed by the oxidation of
© pyrite; may. have reacted with .calcite already present 1in the sediments,
forming ankerite. . _ o ;'- o : o
[y . . N N . : .. ~‘. ~ T ' “‘." ’; . ’ N .
: The Monkman coals contain a’ greater number of detrital bands than

thg"mbose River Basin lignites. This hay be a result pf-the lesser
tion of the mineral-mgttef in the

';j’cQF\ - degree of compaction and thus.concentra

' A . - . ’ ,. . - L - . 2 .
lignites in that they cOntalnﬂan,abunéange of authigenitc minerals

'

’ f

R . " related «to the rank of the coal or the amount of, circulating ground

water, which in_turn ¢ould be’ associated with. £fhe' depth of burial of the

. < .
succession. - ‘.. - : - N

.

infilling tne porosity in particular. in the fusinites. This may pe -

latter. The Monkmaﬂ-coa;s'alsgﬂafe'dgfferent"from‘the Moose River Basin .



- CHAPTER FIVE : ) o v

-

-CHEMICAL ANALYSIS AND DISCUSSION D : L. Lo

5.1 Methods of Analysis o

The methods used to analyse the coal and sediment samples are

listed '1n Table 5.1. The study 1s concerned primarily witn -the inoraganic

components of the materials (Si0O

> 20 50

;. a0, Mg0, Na,0, K,0, Fe,0,,

MnO, T10,. P,0c, S, L.O.I., Cr, Rb, Sr, zr, Cd, Cc, Cu, Pb, Mo, N1, 2Zn,

275
U, Th, Nb, Y, Ba, Ga, Au, P.G.E., As'and W), however limited organric

.analvses were carried out on selected ‘samples. Fesul:ts {rcm trace

element analyses are discussed 1n detall with emphasis >n siting and

"Interrelationships of «ne elements. Comparisons are 3rawn wiin other

studies.

5.1.1° Organic Analyses . S . .

Molsture, ash, volatiles, fixed carbon, sylpnur, and Zalorific

value .were determaned on an air dried basis on‘composite coal ‘sean

samples -from various dr1il heles 1n Monkman. The same: sampies. clsaned

L - N N O - - . ¥
yvsed for all ¢f the above and P,0,. Srmilar
* - . ~

wére ana 1y proximace and

- pes
un

o' . » : : .
ultimate =mnalyses were carried out 'on a, bulk Moose River Ba

n
e
~

’ - ]

"sampld ¢iving valdyes for moilsture, ash, carbon,  nydrogen, sulpnur,

: . o N . ) YO s
nitrogen and oxygen on the as- received and axr dried (1577C) sample.

s <

‘For the majdrity- of samples tie Loss On Ignitlon (LOI) was tapen as

an estimate of the organic patter content. Cdn;rlbut;on o} sz-and HAT

from the i1nerganic matgrials 1in tne sample must however De Lagen inLo

account. The ash.percentage (as rdeterimined from tne LSI)-1s tnerefore

f - -

less tnan the true -miheral matter .content and conseguently .one organic
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Téﬁ;é 5.1 Ahalytic;}-methods used in the study

'Element

‘Method -

Moose River Basin samples

Major elements’
S

Cr, Rb, 5r, zr

Cu, Ag, ’ .

Co, Pb, Mo, Ni,

Zn :
cd

Monkman.sampkes

Major and trace
elements o

X-Ray
Fluorescence
{ XRF.)

J

Atomxc
Absorption
(an) :

AN

‘" Detection Limit

0.010%
0.002%
10.000ppm
1.000ppm
5.000ppm

‘O.SOOpbm‘

.X-Ray
Fluorescernce

Moose River Basin and Monkman samples

[

Th

‘Au’, Rh, Re
Ru, Pt

&s, ir, pa

39 element scan

Mo, Tr, o

Sn

Vg

Delayed

. Neutrcn

Counting [DNC)

Induced

" Neutron

Rctivation
Analys:s.
{NAA) | o

Fire Assay .

. Neutroan

.Activaticn |
(FANA)

Emzssion
,Spectroscopy
oC~-Arc - .

Plasma
EmEssion
Spectrometry
(DCP)

Neutron
Activation
(NA}

Emission
Spectroscopy
(EMS)

" “Electron

Spectroscopy
for Chemica

0.010ppm

0.300ppm

1.000pphb

5.000 (20.000)ppb

©3.000, 0.100.
5.000 (10.000)pp

varxzable

3.000ppm

Analysis ﬁESCA)'

b

' - 137

X-Ray Assay Ltd.,
Toronto . T

Barringer Magenta
Ltd., Toronto

U.W.0.

Nuclear Activation
Services Ltd.
Toronto

.

Dit'to

X-Ray Assay .Ltd.,
Toronto

.

Dittor

Dr.J. Brown, Energy
Mines ‘and Resources
Canmet, Ottawa

.



N

.

content 1s overestimated. Correlation coefficients Jhetween organically

associated elements .such as NI and LO!I will be lswer <tnan woulé#hi.the‘

case 1f corrected -croanic contaents were .used.

5.1.1.1

Electron Spectroscopy for

Surface analyses of selected

run using ESCA (JJLBrowﬁp Energy

1982). "Characteristic spectra from

Chemical Analysis, ESCA

ceal and wood

Mines and .Resources,

>

ccal are shown 1n Figures 5.1 A to D. In

aidition o determiving

gualitative weight percentages of Si, al, s,

lignite particle

()
2
]
~
1)

Canmet, Tttawa,

£

cose River 'Basin lignite ani Mcrnkman

Cc, O, Ti1, Ca, Fe-and Ba

(Table 5.2), the method allows analysis of the coordination states of

the elements present (Table

propdsed. In:'most cases results concur with the

c

D

!

3). Bond types for

the elements nay be

'

-conclusions of Chapter

4. S1 1s found to be presenﬁ as Sloﬁ and in clay minerals. Al occurs as

AlZOBjand 1n clay minerals in’s

5

n

e Moose River Basin lagniteés.analysed

and as clay minerals and elemental Al 1n the Monkman samples. S also

~ ,

B N
;

occurs .in the éLéménEal state anﬁ/or‘ln‘SO42_ in all the samples. Carbon

‘bonds present in both the Monkman and Mecose Raver Basin coals are C--C

and C--0. In the Monkman ash

and Cl were not detected or were pnesent'ln very

5.1.2 Indrganié Analyses

Metnods used to analyse tne inorganic comporents ¢f the 'samples as

listed i1n Table 5.1,

C--0--0 was alsg noted.  Halogens such ‘as.Ff

rnclud

s

e %.R.F., A.A., .D.C.P., D.N.C., I.MN.A.A.

s

>

low concentrations.

~,

"F.AN.A. and E.M.S. The X-Ray-Fluorescence on the Monxman samples was

. N - .-

carriéd‘dqt‘at‘UWO using a Philluips PW T430 Automatic Seduential

Spectrometer,

Standaxds 18352, was run with

i il

Where possible a

"zoal

3

samples,

wnile the sediments were

standard,. National ‘Buregau- of
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run with United States Geological Survey (USGS) Sediment and igneéds

rock standards. Many of the totals age,greater‘than 1DD€‘or less than

90%, however it was considered unwise to standardise the .results as the

proportion of error contributed by various eiements was not fully

understood and thus the data may héve been distorted. Duplicate

'

stahdards and samples were run and the averdge bercentage‘var;atzon from

the ‘mean .determined from’ these anaLyées was-les§‘tﬁan Sé fof mps;f
elémenfs and generally less than 15% for Na,0 (153), CaC (12:71); McC
(9%), Nb (19.9%)  Pb i?O‘?%), én {6.7%), N1 (5.83) and Ga (7.8%).

Other analyses were carried out by X-Ray Assay Labs, Barr:nger-

- a
Magenta Ltd, and Nuclear Activation Services Ltd.. A number of internal,

'h

NBS and USGS standards were used 1n these analyses. The -accuracy of XRF

B

for normal silicates 1s expected to be within 1% where 'the concentrajion

of an oxide 1s greater than 1% {Norrash and Hutton, 1299). Accuracy fcr
the other methods is assumed to be gcod on the basis of the stanfards

used etc.. Duplicates were sent out with edch group of .samples analysed

and the average' percentage variation a&bout the mean :s less tnan 15 for -
all elements except Ma,0 (11.53), Rb (7.3%); Sr (2.9%), Zr-'2.2%), COu
(4.23), N1 (2.1%), 2Zn (1.4%), U (1.23) and Th (3.53). Resulvs 2f <ie

s

amalyses are summarized 1n Tables 5.4 and 3.5. The sarples from =he

Monkman area are subdivided 1intc coal and non coal samples gn the basis

n N

] k

of LOI greater than or less than 33%. -Four sample groups were assemblesl
from the Moose River Basin samples. Pne lignites <hntaln greater than

55% LOI, and the sediments were distinguished by lithclogy. Statistics

determined for tne data (usiffg the Sta<tisticalx Pacrage f2r the Social
‘ ) . "
Sciences, S.P.5.5.) include mean, standard deviatinon, starndard erraor, o

(&3
]
1,

varliance, xurtosis an<d srxewness. Of these only ikhe mear. 1s.repcr

S 14



.

Table 5.4 Summary of major~and-trace element data for the Moose
*  River Basin lignites, clays, gravels ‘and silts

Elemént

%

“
1y

©Th

Th/ 4

’

.

N ’ '3
Moose River Basin

lignites (17 samples].

W

O

WD

83.

1,44 -C.4%- 247
35,6 5.0 -.437.%
5.2 3.0 -7 2000
108.7 0.0 2100610
23.5 0.0 -.330.5-
5.76 0,50- 4.7
33.3. 5.0 - 1875
o .2

4

Mea

57

w
to

—_

n ‘Range

.18

.01

(_
(98]

[S))
0
w

912

50
.74

.28

(o]

[ow]

(S 4]

W

*- 2 and 26 samples

o

()
FaN
[
(98]
[go)
V]
o

57- 3.41
115 9.73 .

&
)

~N

.
|

[e}]

<D
|
Is
NN
<

¢ - 153.5
0 - 15.0°

X

’

'

Moose River Basimy,. .
_ciays (4C samples)

Mgan aénge
N .

. 48.72 28.80-87-10
22,38 9.32-3&.00
0.6 0192751
DA 3.03- 3.34

To5.09 2.00- 1,19 '

2.80 0.04- 2,33
. .
5.04 o.n4-30. 50
0.03 ' .00~ 0,35
1.07 0.47-.3.24 3
£.08 0.00--0.40
002 0507 C.020
“ozéz‘ 8.31-34.0¢ ‘
- Ed
2,108 0.06B-G.7%0
.
VL3206 .0 - 320.¢

wn
o
1
W
fen]
O

2-° 3.43 2.55 1.15-  4.84.
ef lignite and qfay respectively
’ . : . ’ '




b

Table 5.4

3

,Element

" zn

Th
Th/U

1

continued -

Modse River Basin
gravels (15 samples) -

‘Mean Range

. 78.62 31.90-95.00

'6.53 1.40-14.70
0.30  0.04- 2.59°
0.11 0.00- 0.35"
0.03  0.00- 0.08 -

-u@.31 ‘0.115 0.66
© 6.68 . 0.15-40.60
0.05 0.00- 0.48
0.41. 0.03- 1.95
0.03 0.01- 8.06
“0.00  0.00- 0.00

6,22 1.;5-21.20

0.26 0.008-1.50

220.0 '350.0 -1720.0"
9.0 0.0 - 20.0
1.5 0.0 - 40.0
240.0 0.0 -1270.0
0:50 0.50-  0.50
£3.0 T os.0- 140.0
25:5  4.0'- 82.0
14.0 . 5.0 - 40.0
5.7 -5.0 - .10.0
34.7 5.0 - 200.0°
22.3 5.0 - 55.0
1.46, 0.15-  6.51

6.85 1.20-' 35.60
5.42 1.78- -9.78

* 8 and 9 sgmpleg of gravegl/ sand

Moose River Basin

silts (9 samples}

Mea

55.
"25

o [o%) o- O o

w o o [ TR A

.187.3 140.0 - 230.

n

00

.20
127
50
.05
.61
e
.03 -
.15
.05,
.00
.10
.093

20

Qo O O O

Ran

44

© v o o o o

0.
5.

35.5  10.
'27.31 10.
478.2: 220.0
0.50
33.6
"56.1  30.
29.5 3
50 s
70.0 . 30.
242.2 26.
— 4.76 3
9. 11 6
1.95 1

ge

10-64.50
.90-29.20
.09- 0.49
.22- 0.98
.00~ 0,10
.34- 0.96
.10- 7.18
.00- 0.06
.89- 1.38
.04~ 0.06
.00- 0.00
¢77—2§.50
.028-0. 280

0.~ 60
0 - S0
0 - 860
50- 0
o - 65
0 - 83.
.0 - 60
- 5
0'- 150.
0 -1480.
46— 7.
20— 11,
.52-" 2.

.and silt'respetpivelf

@

147
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' "Table 5.5 -éummary of major and trace element data for the Monkman
sediments and codl . . : .
Monkman . " Monkman o
. -coal (43 samples): sediments (84 samples:
o ) 'E%ement Mean Range . Mean Range
-3102 17.39  9.06-45.83 57.84.  30.02-%0.43 «
Al,0, jo6 0.77-13089 .. - aties | 5.9E-27-7%,
cad " 2.77  0.12-28.5) 493 Ta.90-23.30
, " Mgo ' 0.0 0.00- 1.03 1,01 6.00- 3.38 -
T T Na,0 S 0.32  0.00- 0.81 .33 0.90- 5.7
X,0 .0.41  0.00- .43 2.50 2.30- 5.7%
T Fe,0y . 1.42  0.00-11.02 2.03 6.1v5- 3.3
Mno 0.001 0.00- 0.02 9.1% 0.06- i14
© Ta0, 0.50. 0.01- 1.23 S0.T7 n.22- 1.74
' P,0: 0.14  0.03- 0.89 0.13: .04~ 0.51
‘ LOI - 82079 57.30-96.98 . 26.71 £.10-54.90 ‘
s " 0.94 - 0.30- 3.38 0.8% 5.04- 3.38 ‘
' ppm _ ' ) ‘
Nb "40.0 10.1.- 128.8 ° 32.8 3.3 - .78.3
zr 50.9 23.4 - 100.5 104.8  30.9°- 430.°
Y 7.3 73.2 - 17.0 7.2 9.1 12.4
St - 151.4 19,8 - 701.3 103.0 25.2 - 350.3 .
“Rb © 330 10.5 - 83.7 .70.9 2.2.- 24,7 ,
Pb 15.4 8.0 = 22.4 10.1 1.8 - 52.3 ’
+ Zn 30.6 15.6.-.110.0 - 83 .4 3.7 - 383.3
! Cu Soo12090 '9 8 - 16.7 Co 13.9 3.0 - 24:7
Ni 25.0 3.7 - a0 - 28.3 5.9 - BE.4
Co’ ‘ 9.1 - 1.9, 205 10.0 3.0 - " 32.2
‘cr T 29.5 10.3 - 82.3 To97.2 21.3 .- 132.3
Ba 1092 . 262 - 3105 822 174 - 2334 )
: L v 578 15.1 - 39974, 122.2 30.0 - 240.8
Ga . 14.5 6.3~ 57.8 S t00s 0 1.9 - 7se
U* 2.11 0.34- 5.96 L4084 1.53- 11.30
Th* 3.0 0.7 - 7.3 . 5.8 ' 0.3 - 12.0
“ Thyu ’ ‘,1;sq_ 0.43- 2.08 . 9.31  0.08- 184.0
* 14 coal and 21 sédiment san}ples anaiysed for these elements“
: )

—,




‘here. Pearson correlation coefficiéents and slgnlficance values were run

ae 1

using SPSS PEARSON CORR m§ t al, .1975). vValues -of r (Pearson's

product-moment coefficient, of linear correlation) greater than 0.9
{where values of r close.to 1.00 indicate a hearly perfect fit to a

.

"linedr regression line ‘and negative values of r 1indicate inverse

. . . . - : ) to
correlation) with a level of sigmificance of 0,001 are considered to be

sicnificant for small -sample sets (Smallest sample set 1n these analyses-

.
»

1s 1%), nowever values between 0.5 and 0.6 are also i1ncluded 1n the

tables t& document less. well developed trends. Correlation matrices for

.

the sample .groups are’ shown in Tables 5.6 to 5.11. Platinum group
s \ ’ A . '
elements, Au, As, Mo and W were analysed only in selected samples and

N Ly . .
are thereforée not included 1n the general correlation matrices.

T

"5.2 'Major Elements .

Major elements lncluding45102, A120 , - K.,O, T102, Fe. O MnO, MgoO,

.

3 2

2731
ACaOJ PZOs

2

-study*deals mainly with the behaviour and distribution of the trace

B

elements, a brief survey of the distribution and siting of the major

4 .

elements will alsoc be presented. Major element contents and correlation

coéfficients are listed -in Tables 5.4, 5.5 and 5.6 to 5.11

respectively. Summary’ tables of the minerals present identified by XRD,

and SEM zan be found 1n Tables 4.1, 4.3 and 4.4.~

5.2.1 Moose River Basin °

Four main groups of major elements were identifiedfby statistical
. : A
° . .o R K4

. hethods 1inh most of the sample sets. CaQ and MgO occur together and ace

found 1n carbonate minerals such as calcite and,siderite, and gypsunm.

»

Fezég, Mno and S.are located mainly in pyrite or marcasite, Fe,04 may

’

s

, Na,C and .8 were analysed 1n all the samples. Although tHis .
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. )
p . also be present in carbonates such as ankerite and siderite as well as,

° N «

1n clay minerals. A1203, KZO’ MgO and Ti0, occur in the clay minerals

e

resent . witn

‘and detrital muscovite. Where Fe2 3 MnC an< T10. are

o . - 0 ]

group, feldspars or muscovite may be the nost mineral. 3:C

-

o3
3y
w

‘strongly correlated with this group because it's concertratio
- \n\ : 2 -

distributed between guarfz and the aluminosilicates., TiC, 1S

ES

occasionally associated with the detr:ital neavy mineral frac

(84

10

1

a&s

rutile and P 1s correlated with Sr in the clays indigatihg tne presence

. e '

of phosphates. . ‘

5 .
As would be expected $10, 1s most common 1n the gravels and is

N ‘ .

present predominantly as quartz. Fezozﬂand MnO are similarly most

abundant in the gravels indicating greatest pyrite concentrations in

, .

these samples. The clay samples also contain significant pyrite while
. sulfides are not so common in the lignites. Highest S contents are

howtver found in the'lignites inmdicating the presence of S in another

-’
) ) .
t .

form, possibly associated with the organic material. As mentioned

" previously ESCA confirms the presence of some organically bound S. SEM-

~ . . o

EDX analysis of the coaly substance shows S to be 'homogenously
. distributed indicating an association on the mq}eéular level. SEM

- "ahalyses have also shown some TiOz, Ca0, 510, and Fe,04 intimately
. , s . )

asgociated with the organic matter (this .may represent inherent plant

. [ N M

. inorganic matteér, see Table 4.7).

Calcite is most abundant 'in the lignites with lesser concentrations’

~
*

‘ in the clays and least iﬁ the gravels. The'clays are most enriched in
. S - . ,
A1203, Mgo, X,0, Tioz, Na,0 and P205 indicéting highest concentrations

of clay minerals, muscovite, feldspar and phosphates in ‘these samples.

) N

N -

. Quantities are less in the gravels and least if the liqnitesw

4
W




~-

R N . AN
5.2.2 _Monkman '
Similar macteor elemenT Ircurs are gresent 1o Tnk Momaman s&dimencs
- - - -~ N b
and czals., $:0." 15 magain rcstly present n osuar-soz. 2104, Al-T., TiTw ani
' ~
¥.Z are fpouni n clay minerals, moca,a"t felisgar. wners tnly clavy,
miner&.s are present A.-C. and ¥.T are correlztel, noweler 1f niza °or
= .« 3 -
feldspar coccur MgC, CaC, X,2 arni TiCT. ave alsc cTcorrelazel wizTr =nts
grzup. The ctarbconate grour 1notne Monqman gancles ¢orslsts mostly of
-]
anxerite, thus as expected MgC, Cal and occasiora..y Mnl arg ccorrelaze:d.

14 sgclution wityn caicf:ite (Deer, Howie and Zussman,

1876, Fe,0; 1s alsc present 1n pyrite soO correlations witn tne
L

.
carbonate group are not hign.

-Phosphate and the carbonate minerals are most abundant in the coals

P r -

s L]

while the other mineral phases are more concentrated in the seadiments.

Nazo concentrations are egual in both sample groups.!

5.3 Trace Elements .

" In the following section results for individual trace elements will

be examined. Comparisons will be made with other studies and where

possible siting of the elemenfs in the cdal and the sediments will be -

R .

proposed. This 1s done on the basis of correlations between elements,

.

and relative concentrations in different sediment groups. The results
are confirmed where possible with SEM-EDX analyses. Methods used by

other authors to determine siting of the elements in coal include float

sink separations and analysis of different specific gravity-fractions
. !

- (Horton and Aubrey, 1950; Otte, 1953; zubovic et al, 1960; 1961;

.

Bogdanov, 1965; Gluskoter et.al, 1977 and Kuhn et al, 1978),

determination of'the variation of trace element ceoncentration with ash

1 .

’ - e ’ . v . .

~

-~}
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77; Kuhn et al, 1278 and

). There are l:mitaticns

and Zisadvantades tc many of these methods. For example, the float sank

method, wnich :s the most commonly used, assumes perfect, separation of
; . =rfe crganic and inorganic components of the coal. In prdctise, fine

grained mineral matter (which behaves differently to the bulk of the

coal) is'often entrained in the light floating organic material. This

.metpod aiso assumes negligible- variations in the relationship between

e .

. . . . ’ . 14
. . total_mlnera%'matter and_ ash contents throughout the density fractions.
4 . .

The second. methcd assumes that "the concentration of every element 1is

. - N " A . . . B . s
uniform in each increment of ash content" (Finkelman, 1980). Considering

the extreme mobility of some elements 1n coal as evidenced by the large

o numbers of authigenic minerals present in most coals, this assumption

must Dbe caféfully .examined .before use. The leaching method of

-

determination of:trace element associations in w<oal involves .the

\ .

A . . assumption that solvents leach thrqughoﬁt thé coal. This. has been

disproved by Greer (1977). . B ' .

‘ .. Finkelman (1980) states that élements whic

h exhibit  high
H .

.

correlation coefficients in coal do not necessarily have similar modes

of occtrrence, but that they are derived from similay sources. However

N v »

‘different relative mobilities of the elements within the coal deposit

‘. H
’ N

must be taken into account. The method is best applied to a single.
‘ deposit where sampleg of all theé sediment types ‘are' énalyseduin

~ )

- conjunctioﬁ with the coal, thus providing a certain amount . of control.

. ~
o, .,




a

Many of tne-results derived frcm tne use cf correlation coeffilcients in
this study have been confirmed by SEM-EDX analvses. : e

Table 5.12 lists the maximum trace element concentrations’ found in,

1

coal, as reported in.the literature. This .s useful for comparative

.

.

purposes. . S ‘ .

Phosphorous

The mean P content of United States coals as, determined by

Abernethy.and‘G;bsgn_(1963) 1s 185 ppm with a range of 20-1430 ppm.

Average P .values for some cecals’® and peats are listed 1n Wedeponl (1978,

.

Table 15-L-10) and range from less tHan.0.01% 1n a mineral-cdal from

L

Central England to 0.573% in fusite (@lcroliﬁhoﬁype with greater than 95%

~ B -

fusinite) from Central England. Mean P205 concentrations for the Monkman

-

dnd Moose River Basin coals are 0.14% and 0.033 respectively. The

PR

Monkman sediments average 0.13% P~2QS while the Moose River Basin clays,

silts and gravels contain averages of .0.08, OZO%;and 0.03% P,0g

respecti&ély. : C.

Phosphorus has been-documented as occurring in several forms id

« ’ ' «

. , : - ) y,
coal, however the best defined modes of o&currence are in mineral

. phases. This mdy be due in part to the bias in study techniques, .for

Y . . -

example "SEM detects minerals in coal morXe readily than _dispersed

B

‘elements. Brown.and Swaine (1964) found P to occur mainly in apatite
. : .

:minerals in Australian coals and found no evidence of organic affinity.

Rao EE_EE_(1951)‘cdncluded that 'most of the P in the coals they examined

’ '

was in inorganic form, probably as the mineral fluorapétité.bln the low

L ' ‘

ash frdctions,” P,” which was present in higher guantities’ than warrénpeaf.

H ¢

e H

by the ash contents is postulated to be organicg@ly bound. Several 'P-
. . . Al . , . L A . . “."

¢ by
i

bearing .minerals were fouhd by Finkelmah‘(WQEQx;in,His:stddy of, a .
- - ' . . s PR )y s

e . VL. L e v
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Table'5.12 Maximum trace element contents in coal ash compared Wlth
) average crustal abundances (ppm) ) LT :

,

" Element Maximum content Averace in
in coal ash earth s crust

N . N

L1 " 960 - - 65 -
" Be o -7 2,800 . 6
B - . 8,600 : 10 .
Sc o c 400 e 5. )
T1 \ " 20,000 4,400 ‘
v : 11,000 - 150 .
- Cr - 1,200 200 . S
Mn " 22,000 © 1,000 o
co . © 2,000 A 0 o o
N1 : . 16,000 _ 100, ] o o -
cu. : 4,000 oL 70 L )
.Zn *© : 10,000 . . 40° < o -
Ga ' 6,000 . . - . 19 _ . -
Ge. ) 90,000 - . B A N o <
As ) , 8;000 -, s N Lo
. Rb 33 280 . , ;
Y - s00. o8 e e CL
T zr S 75,000 . 220, o
ND - 2 20 - .
Mo ° ~ 2,000 5 . 2.3. ' ‘
Ag . . s-10) . \ 0.02° ) .
cd : , 80 . ' 0.18 : o .
-In - s O ’ 2 ‘
'sn . 6,000
Sb . 3,000
I , 950
Cs i 4 ¢
La . 31
Ta . ' 0.1
Pt 0.7
Ab 0.2-0.5
Hg . 50 ‘
71 - .25
Pb . 1,000
‘Bi - 200 Ce . o : )
u - 600 L , : A .
o] e :
Source Falrbrldge 1972 : : P .o : ,
~(Note: high values due to -secondary e?/;chment.were not
excluded.) v :

xN
o o
-

i
/
J

/
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N,
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!
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variety of di1fferent coals. The minerals most,commonly-ldentifled

include rare earth phosphates and apatites, however Finkelman states
that when the accessory minerals were guantified only half the 100 ppm

S ee..0of P’ present 1n a Waynesburg coal' wds accounted for. Trudinger and

. ' ‘Swaine (1979) found P, in soils to replace Si in micas ahd clay minerals

giving rise to crystalline hydrous Al phosphates of Ni, NH4

and X..

Phosphorous and Ca minerals also occur (Murray et al; 1983 noted, apatite

-

formation on calcite) as well as pHosphates of Fe and Al with colloidal-

- characteristics.
£

Several authors (Rao et al, 1951; Bogdanov, 1965; Kuhn et d1, 1978

and Wedepohl, 1978) found P to have organic affinities in coal's. This is-
not surprising since P 1s a biologically essential element. Intermediate

.

affinifies are recorded by Ffancis.(1961) and Gluskoter et al {1977).

P,0g is strongly correlated with Sr in the Moose River Basin ciays
and with Ca0 and.Zn and to a ledser extent with A1203 in the Moose River
Basin gravels. P is weékly correlated with Ba and Sr in the Monkman

coals and sediments respectively and negatively with § in the Moose
v N o ~

River Basin ‘coals. In a Monkman coal AbWMfele P was determined in a-

.- . carbonate grain associated with sphalérite. This may indicate the
T » prééence of apatite in association with calcite (Murray et al, 1983).
= y =22
. !

'The ¢orrelation of P with Ca0 and Zn in the Moose River Basin gravéls
and-clays may indicate a simi{;r association in these sediments. The

"weak -correlation with A1203 may also indicate some association with the

clay minerals. The correlation with Ba and Sr in the Monkman samples may

’

indicate substitution of these elements irn apatite or substitution of

a

~+ Ba, Sr and P (for the Ca ion) in calcite. No separaté phosphate minerals

-

were obéerved in ahy of the-samples. The negative correlation with § in




s

‘" eplgenetic effect.’

"chlorine .

P

the Moose River Basin lignites may indicate that P 1s i1norganically

associated because S is predominantly organically held in these samples.

The low correlation coefficients in most of these sample groups andicate

v

'Q;gt P-is present in séveral forms apd is moreover likely. to be préseqt
in”s;gnifican£~quénfié}es assbczated with the organic matgplal.

In the ﬁonkman sections P 1is qﬁhéentrateé‘}%fthe tops’ éné
parﬁicularly the bottoms of the coal, seams and,pc;a5logall§ lévthe_

sediments above and below the seams. The batter-may be caused by-an

.«
<

-

b Yo - A : : .
Averdge Cl content in United States coal is 580 ppm (Given and

*

.Yarzab, 1978). Up to 4% €l has been reported from-the Ferron cofl

(Minkin cited 15 Finkelman, 1980). Cl was analysed in several Moo?e,
River Basin‘égmpies by Spark Sogrce Mass Spectrometry (éSMS) (;urréy,

i984)f Valueg are generally léss thén §O ppm in the sedlmentsiﬁhile
_cpndentratiéné oé up to 1EOO épm weré.détermined'iﬁ spﬂe lignite ashes.

The range of values 4n thé'ilgnite éshes is<17 to 1500 ppm. Cl‘waé'hgt
agalysed in "the ankman §§mples howeyefza minerai bra;n conta;ning Ccl
’apd trace Na was ogseryed by SEM-EDX in & cpal.samplé. )

Much of the Cl in coals is organically bound (Bethell, 1962;

Gluskotexr yand Ruch, .1971%; Finkélman, 1980 and Minkin in Finkelman, 1980).

o The absence of Na associated with the ¢}, the'stoichiometfy of‘thg cl

‘extracted from the .coals and the strong negative association of "Cl with

v

the ash content of coal have’been cited to support this con¢lusion: Some

grqins of halite, sylviE& and bloedite have been ident;fiéd‘in_coal by
‘. ) . . - _ ) . R . ’ . X . /-
Finkelman (1980) and Lee et al (1978), however the quantities are not




N

great enough to accomocdate all the Cl present; Bethell (1962) proposed

" that.Cl.may béalonically bon?ed to the N atoms in coal but that 1f Ma

. @hd,K are available,- haiides of local significaﬁce may occur. Cl rich

-

’
)

‘codls tend to be ‘marine influenced therefore .given, the .availability.of |

Na and X under these conditions halides are the dominant Cl h@sfs in

v

these coals, for example the Salzkohle facies ini the Brown coal deposits

éf’Gérmany (Bouska, 1981).

" The occurrence of maximum Cl values xn the lignites.of the Moose

Riveﬁ Basin samples and parﬁlcularly‘ln the low ash lignites supports

/’/ '

’

the conclusion that -Cl is.organlcally bound. in these materials. cl may

also be breseﬁt in other forms parflculafly in the séd;menﬁé,rfor

" example as 1inorganic cﬁlorides( however the relative importance of these

.

: forms. is not known. Cl was not. amalysed in the- Monkman samples,. however .
. . . . . Ty L A . . B - ‘ -

i IS N - . . 5

in one sample the presence of a Cl-rich miperal gréiﬂ_was'détérmlned by

SEM-EDX, indicating that ‘at least some Cl occurs.in this .form.’

P e o .. S L
Titanium - . . . . s ’ £ s

s

Average Ti -copcentrations' in the gamples ake-great?sﬁ’invthe'claysg

an@fsil€5‘qf the, Moosé River Basin (1.07 &nd 1.15% TiO, respectively).
'U_Q’Lersg,véluéé'dEch in the Moose River Basin lignites (O.ﬂjg);f@he
S e R t . C L

“fhe cdqls'céntain oh avéfagé_QuSO%‘andf;he:sediméqts 6.77% T4i0

Py - .l

»

2

.”cdmpaféé'ﬁith 180 and 400 ppm Ti réspéétivé&y in brown and hard doals

worldwide (Yudovich et Ez'
' (swanson et al, 1976). . e . LT -

.’ - . . :. o "‘,*- o . , . o - .
-7 ,Various reports on-the occurrence of Ti in the literatuyre-yield

> . - .

R .. very complex solutions however organic tendencies have, been. noted by the

v

’avera@é.fgr*Méosé‘RiQén Basin gravels is 0.41%. .In theMonhkman samples -

¢ ThiSt ;

1972).and 0.08%:in- United. Stdtes coals,

following,. (Horton and Aubrey, 1950; Otte, 1953; Zubovic'etfal, 1961;.

‘o PR - “, -
N N




v

N g .
- : - ° : o ' !
Brown and Swaine, 1964; Miller andlclvqn, 1278 and Minkin, Chao and

' v

-‘Thompson, 1979). Wedepohl (1978) suggests +that TL concentration in 2pal

can bé explained by bidlogical enricnment of livinz plants.

T1 1s most strongly correlated with 2Zr and to some extent S13.,, Cr
13 N A

U and Th in the Moose -Rivey Basin ‘gravels, clays and siles. Phis .-

indicates the association of Ty with the detri<al heavy minerals. The

. ’
: ' - - D . o -’ tos N
presence of rutile 1n quartz and 1n the heavy mineral fraction of tnee -

,

sediments was substantiated by examinarion of thin sect.ons, iignest

average values 1in these samples 1indicate that association with the-heawvy

minerals 1s the most important mode of occurrence.’ : L

- ,'
" Ti 1is stroéngly correlated waith Alﬁo3 and other clay minergl

<

4
components in the Monkman-sediments and coals, the Mcose River Basain
= Iy B ) . : 7

liqnifeS~and to a lesser ‘extent in the Moose River Basin gravels,

” N -‘ A . : ’ - ’\r ‘ ' .
indicating an association with thée clay minerals in these samples:'Ti

: : v R
1n many minerals such as ;

.partly replaces a1t Fe’", Nb?f and Mn3*

feldspars and clay minerals and may therefore have been aééosited_in the = -

'baéin in a detrital mineral phase. Weathering of thé}aeldSparfyopld have

™ -
" - f ~ .

cauégalthe diSsolutioﬁ of Ti followed by either transformation into

i N -

B e “a .

agueous. Ti oxide and. then anagése or rutilé'(Wedepohl, 1980) "or* -
incorporation into ‘newly férmed clay -minerals; such as kaoiinite (Weiss

I3 -

, .ang Rarige,, 1966:59@:Dolqatery'1970§:or‘§rqaniéfmat;er-(Correns, 1971).

- i B
- .

correlated wit@ Ga0.-and M§0 in the Moose River Basin

.o is Qeakly

.

"Lithtés‘and siltsg and 'in the:Mohkﬁanlcoalg}:SQme éssbciation with the

- -

carbqnaﬁefminefa¥‘§hase~mpst ﬁherefore'ekist. Ti'in ‘this form may -
represent’ a later stage of infroduction into the
. Most of the Ti in the Monkman and Moase River Basin samples.is

e . o

é&étem:

. . . 3
. . -

qéntfélig& by -the detrital heavy mineral contents, clay minerals and to
- : ’ N : I . ) . - V—A' .4 . ,"
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4

some extent By the .
. materidl in the
"This

Lt ' - - i ¥
rocgurs 1n ‘very’ small mineral

. ‘ - 4 : ~ ~ N . .
T1 concentrations 1n the segiyons are litholog

such are of' Jetrital or of syngenetic- crigin. - X oot

Vanadium -~ ;

Vanadium 18 a commonly occurring trace ele€ment 17 organic-rich
However the &toncentratibns are highly wvariable.as indisated

.

sediments.

¢

by the ﬁolléwadg examples;

0.15<2 ppm in all living okganisms, up to
. . .

0.65% 1n the dried matter of certain land '‘plants, from 29.03 ppm in coal

- - -

QR,EO 0.31-4.92% in the aShes ‘of some cdals (Valkovic, 1983), . around 50-

l R ' L .
75% V505 1n asphalts, bitumens and some crude oils (Goldschmidt, 1954)

“and 38.22% V40g 1n 0.63% ash from an Argentinlian asphalfite (Valkovic,

i .

1983 .

The mean V concentrat;oﬂ-in United sftates coals 1s 20 ppm (Swanson

1976). Average V values in the Monkman coals and sediments are

., s

and 122.9 ppm respectively. The ‘Moose River basin samples were not

"analysed fol V. ’ °

N f

Vanadium is commonly reported occurring in organic combination in

S

'coal‘(Horéoﬁ éhd Aubrey, 1939; Otte, 1953; Almassey and Szalay, 1956;.

- +

 Zibovie,

. : ’ ' - B /

1960; 1966}‘bluskoter et al, 1977; SWaine, 1977/and éindy et

4+ 3+

al,” 1978). Zubevic (1966) suggests the presence of V chelatés or v

-

. s S
Nitrogen porphyring incorporating V- in..ceads. ¥ pﬁépﬁyfins are common in

pil shales as reported bf'Riley and Saxby (1982). They also indicate
tﬁqt these small orgahic'structures are quite-readily attacked on

. °

.

‘

S




weathering with subseguent release of the V as oxades or vanadates. The

o
3
&
3
Q
3
(0]
4]
o
9]
(A

V may then be adsorbed onto tne clay minerals. Leutwe

('195é),<,ao'gdapov (1365), 'Szilagyi (1971) and Miller and GZiven (1273}

report V as occurring both 1n organic and 1norganic combination in coals
3

while Nazarenko (1937), Nicholls and Loring (1262), Nicholls (1978} and

Lo

“Miller {1974) have found-V,to be 1norganically "assoclated. Xrauskepf

.

. -

%1§56).and Slghoils‘11968) féund sorption on clay minerals to be Tne
dominant mechanism for V accumulation :1n coal and.thls nas béen
'SugsténtLéted by Finkelman (1980) wikth mlcroproge aqalys;s of aﬁ Uppef
"Ffeéﬁort coai éahple.v minerals and V-bearlng-mlnerals found. in canl

" are fully- described in Finkelman (1980). Maylotte et al. (1981) found the

.

V in a V-rich coal to occur mostly as V,05 or roscoelrte 1n-the heavy

fraction and in the light fraction predohihantly as V4+ 10 oxygen
N . ® . - < ° .

scoordination with one short bond. . : . . : i'

N - N . . - .- + N N - '.
Vanadium which' is most abundant in the Monkmah .shales exhabits a

B

high positive correlation coefficient waith Al,05 ind:icating that V 1s

assoclated with the clay minerals. V in the coals 1s related to ash

I

contents, increasing proportionately with ‘greater amounts of detrital
matter and clay partings. Low V in iron rich and A1203 poor samples

precludes the occurrence of -V in pyrite.as suggested. by Krauskepf

)

(1956). channel samples through, the coal seams indicate marginal

a
s

enrithments i.e. in the coaly clays above and bhelow the seam and also in
the claystone partings within the coal again substantiatiné the assoc-
-+ iation of V with the clay mineral fraction. This also may indicate

epigénetic accumulation of V from cifculating ground waters.
(ﬁ’ ‘ l
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Chromium

The average Cr'content of United States coals 1is.15 ppn (Swanson et

B N

al, 1976). Average Cr contents of the Monkman sediments and coals are
77.2 and 22.6 ppm,respectively.. Values are hlgher.in the Moose Rivé;

’Ba51n.mateflals with the maximum ave}age'concéntration.of‘QZ0.0'ppm
‘' occurring in the gravels, 187.3 ppm 1n the silts, 132.0 ppm in the\élays

and the lowest average value 63.6 ppm .occurring in the coeals. Ranges of
' - N N N LS .o )

Cr has been found occurring i1n many different forms'in ctal. Otte

values are high i1r each group. -

(1953); Hawléy (1955), Leutwexn and Rosler (1956) and Miller and Given .
(1878) found Cr aééopldted‘predomlnantlylﬁlbh‘the drgaﬁiq substance. .

Gluskoter et ii.(1977) ahd Hofﬁon and Aubrey (1350) cite a wide panég of

C - ’ ‘affinities from organic to inorganic, while zZubovic eﬁzal (1961)

«

:eparted,an~intermediate‘éfflnity. Bogdanov (1965),~Schdiﬁz(ét al

) - .
' e

(1975), Filby .et al (1977),- and Ford (1977) féund Cr to be inorganic-
allyrp§hnd; Szilagy '(1971) and Finkelman (1980). suggest that

ep ’énetically‘precipitated chfomites_(ifrégularly @isprlbutéd and

- fin ly;diéséminatéd)'aécount fof the‘digéribﬁ£ion of Cr in'céﬁis;ghd
explain the wide range ;frflgat ;;hk data. " C T )
_tCr céfre%aﬁés with A12933 Kgo:andréther clay miﬁegaf-fo;m;ng
) - elements in tﬁe Mgnkmah sedimenté and coaig. ?hié indi;;tes th%t ﬁh%‘Cr
is Sound by cléy minerals;'probabiy.by.illige Wthh-%S.thé c&qmon-ézo—y
- E béaring ;geeflsiliéafe in these ma?erialst Froli;h-(19§0) ;dppékés tbi; o

ébnclusion‘suggesting-that Cr is” mostly corcentrated in the micas and’ .

" illite in sedimepts. Nichells and Loring (1962) found much of the Cr in
LI - " the sediments and coals of the Bersham section to be sﬁrictly detrital

-
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while the remaining Cr was adsorbed ornto. clay minerals from the,
v . ' . ’ h . N PR
overlying .waters.

The efehenﬁs agggpiated with Cr in the Mooée #1ver Basin gravels

are TlOé, zr and Th, which are present in these sediments 1n.

B rutile/ilmenite and ZlfCOﬂS.AC{ is therefore aSSOCiatéd With\%he*heavy

+ minerals perhaps as detrital cHnomLtg: Cr'corféiatés with*tbe ash’

O

2

content of the Moose River Basin clays and to ‘a leésér‘exteht with Al 3
~ . . . i ; . T R AN .

o

.and négétivgly with S. This indicates at 1least paftialfinpé;poration of

Cr'in the ¢lay minerals in these'sqm@Les..Cr ¢ontents in most of. the

. L T Moose River Basin, coal samples are belqow detection limits (10ppm)

o >

- e ‘ however, high values are-found in the rehaininq'Sdmples.'Tablé‘5.13 shows -
the"results of selected analyses Jf five urashed Wodse River Basin

¥

'1ignite’aéd'clay"samples. Cr is variable in the, bulk Iignite sample’

=

perhaps indidgting that Cx occurs, in locally cbnqehtratéd phases such, as
.. - o ) T T
in ‘detfital zircons. A high detrital.input into the lignites and coals

s

would then account for, the high concentrations of elements such as Cr

'

-

'
K

- - and Ti in these 'materials relative to Unlted,Stﬂtgsicoals.
"Cr is relativelyienrichéd in the shales above and often below the
~4Mohkmép-coal seams. Nicholls (1968) attributeé\thé marg;nai enrichment

of Cr in coal seams to post~burial'éorptipn-ohto finély divided clay

- miperals intimdtely mixed with the organic matter. Syngenetic
' . ° - ] oy o ' i . ) R v
accumulation in detritals as well as post-burial accumulation 'of Cr from

- 5 il -
circulating ‘ground waters onto clay minerals, is sUggested for the
¢

_successions studied here.”

* Cobalt

. Mean Co values for the Monkman maté;iéls are 9.1 ppm and 10.0 pPpm

A

in the coals and sediments respectively. Contents are higher in the

*
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Moose 'River Basain succession with a maximum dverage of 63 ppm in the

.

gravels. Mean contents decrease from 35.9 poni in the 523151Qnd 33.6 ppm

in the silts to 20.3 ppm in the clays. The mean value for United States

M

i

coals 1s'7 ppm (Swanson et aL,.1976)_whlle worldwide averages vary‘ffém

4 ppm in hard coals to 3 ppm in brown cecals (Yudov1ch.§£ al, 1972).
~ ° Lo and Ni. are alike 1n many ‘of their physical and chemical

properties (Wedepohl 1978). Both are s;derOph}llc and the” distribution -

. 3y N
of Co 1n sediments and sedimentary rocks mimics that of Fe.

CS correlates with N1 and MgO 1n the Monkman sediments and with Ni

and to a lesser extent MnO, Pb and Cu an the Monkman coals. In the Moose
s B . . : ¢

River Basin samples Co 1S5 not strongly correlated with any element

T

‘except with Ni in the silts,, however.weak correlations are present with

MnO and Fé263 in Moose River Basin

- I

clays and coals respectively. This

trend also oé&grs-%n the five unashed samples of clay and lignite from

.

‘the. Moose River basin which were “analysed with lower detection lihlts 

- (Table 5.13). Maximum Co conqentraﬁlons‘obcur ¥rn the samples with

e - .
f

: highest Fe tontents. Co was rnot found to correlaté with'S, however its

. 5 . pl ,
association with»Fezox and other suiphide—forming elements suggests that

Co, may be present in sulphide 'phases in the Monkman coals, Moose River

Basin coals and,pdssibly in part in the Moose River Basin clays.~An

e*ample_oﬁ thds_ocCErs in AC-10-82 where N1 and Co ‘are both enrichgd in
pyribg Qodﬁ}és,f;om éhg toé of a lignite, seam. ?hé Mobse River Bagin
Qravélé, iﬁ.whiph—Cd 18" most dgnéén;réted, show strong correlations
bétweéh Co)Sné Th}u rati9sn”fhis may igdrcate.iﬁmobility and an

~
)

- 3 - . N "‘ L ’ .. . B - :
association with the detrital heavy mineral phase as an 1hport§nt mode

of occurrence of Co in these samples.
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It is evident from the low correl;ZIBH\Sngf1CLents that Co eccurs

2 ~

- Y :

.

in several forms in many of the samples. These may include adsorption

apto, the 6rganics or, association with the clay minerals. Co 1s commonly
~ v " )

crted 1n the” litevature as occurring in partial organic combination in

S
.

both clays and coals, for example. Nicholls and Loring (12&2) found that
4 . N Y %

4

montmordllonite, illite and freshly piecipitate@ iron ‘hydroxide adsorbed

: ~ : ' -

90-96% of the Co pfesent in distilled water., -

~
~

»

Co in the Meonkman sectjons apﬁears to be enriched towards the

. S

bottoms of the-coal seams and occtasionally in the sediments above and

L

below, the coal seams. In the Moose River Basin samples Co 1s enriched in

~ 7 _ .
coaly-clays above the lignite seams and in wood samples isclated 1in the

. s s . . . i o 3.
'sediments(e.g.Aq—O3—82 and AC-26-82). This 1ndicates a post deposit-

.

ional mode' of accumulation from circdlatlda'gfbuna“Wateps. .

‘Nickel . )
. ‘ 2 . \

. Average N1 contents iﬁ\hard‘and brown goals worldwide are 69 and 28

.

s Iy

. 7. T~ _—
ppm respectively (Yudovich et al, 1972). Swansom et al {1976) cite 15

.

- ppm as the mean~§aLde for United States coals. Nickel values in the-

B

o
’

Monkman coals and”éediments.(zsﬂ and 28.3 ppm respectively) are lower
than ‘values in the Moose River Basin materials. This may reflect the
‘generally high’Ni-contents in -Archaean Greenstonés from &hich Ni:in, the
. B N . . . . . .

‘Moose River Basin materials may be derived. Moose River Basin silts,
70.0 ppm, \have highest,averaée conceéntrations, with valuas,decfeasing
- P / . oo . ,
from 56.3 ppm in the fclays arid 47.4 ppm in the ¢goals to }A.7,ppm'in the

i . . . P

’ ~

gravels, ‘ ot

Ni occurs as a trace eleément in all orgarisms, with contents gf.

.

. . , 'y i N
1.4, 1.5 and 2.1-5.3 mg/kg dried matter in woody ‘angiospérms, ferns and

" woody gymnosperms respectively (Bowen, 1979). The Moose,RLve¥ Bas;n*

i

;
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clay minerals or can be coprecipitated with Fe—bearing carbohatgs

these samples. s

s
- .

coals contain more Ni than would be expected 1f the Ni were derived from
. ' ¥ .

plants assuming a con¢entration factor of 3-10 from plants to coals. In

L4 - ‘ ~
“

the lipgfature Ni is cited as having inorxganic; (G3ldschmidt (1954} and

Y

3 -

Finkelman (1980) found Ni associated with pyrite, and millerite and

linnaejite respectively 1in thHe mineral substance of coal), intermediate

and organic affinities in coall. 2Zubovic (1966) faund oréanlcalLy bound
Ni in coal to be held as chelated complexes and F{lby et al (1977)

identified Ni porphyrins in coals. Reynolds (1948) and.Swaine (1980
cite the propensity for Nij to form organometallic complexes as a reason

- §

v

. . .
for its enrichment in carbonaceous sediments. Nicholls (1968) states

} . e

that Ni in coals with a substantially greater N1 concentration than 3
ppm 1s inorganically associated. He emphasises the importance of

sulfides as Ni 15 often coprecipitdted with Fe and Mn ’oxides and

I

sulfides XWedepohl, 1978). In low-sulfide coals N1 can be sdérbed by

%

n~

_(Nicholls, 1968). - ‘ N

. A s ‘ii * i
Ni in the Monkman sediments correlates with Co and Pb and in the

<
3

Monkiman coals with Co, KZO, Zn, Cr and to a leséég extent with A%éo3 and

/ ’ .

Rb. Ni is probably associated with galena .and other sulfides in the

e ¢ N

sediments while an association with the clay minerals is lakely in the.

N . ~

‘

coals. The negative slbpe of plots'pf Ni/dl,o3'ratibg-versué:%_ﬂi203'x

indicate that Ni is not éntirelylassociated~ﬁith the clay minerals in

) ! N ‘L

~

”NQ in-the.MoosglRiver”Baéin gravels,cbrrelqtes with Fe203, S and
LOI indicating an association’with byrite~andvxhe organic material.

Correlations with Co occdrlih'the.Moose,Rlver Basin silts and to'a

R [ . . E . ) Yo Ny u X

lesser extent in the Moose River Basin.coals.,éi“these sampies‘both Co
. . . " ” .-

N ) ) L .

>
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minerals. Correlations with Ni iﬁéﬁhe Moose River Basin clays do not

_as'statéd previously. : : S .

Cépper

. weathering solutions onto clay minerals, iron oxides and -Srganic, matter.
. H > _ ‘

173

and Ni may ‘be organrcaliy associated and/or occur adsorbed onto clay

. -
>

’ B,
occur. Millerite was detected by XRD 1in, a pyrite-rich zone ¥’ the Adam

A

Creek lignite outcrop. Ni is also observed to increase in gravels with a

pyrite matrix. Iﬁ.seems likely given the correlation coefficients of Ni

in the gravels that it is associated primarily with pyrite in these

sampkes. In the pyrite rich coal éamplés N1 1s incorporated in or

. . . ) .
coprecipitates with pyrite but in the coals with lower Ni contents, Ni

v
. .

1s probably in organic combipation or askociated with the clay minerals
Y, " ;

\
B
d

. . - "
o

Ni is often concentrated in the sediments above and below coal

7

seams in the Monkman sections, however corcentrations- alsoc appear to be

Iitholéqically dependant. .This indicates both syngenetic- and epigenetic

-

origin. e ) . . .

. . . : <
- N

1

- . "‘

The avérage value for Cu’ in the United Statés coals is 12 ppm
o ' . A . ST
(Swanson et al; 1966). Average Cu values are 12.9 and 13.9 ppm in the .

Monkman coals and sediments respectively. Moose River Basin average

"values are higher with 55.4 ppm in the clays, 56.1 in the-siltsf~25.5 id

the gravels and 20.0 ppm in the lignites.

Cu behaves similarly to Pb in.that it has restricted mobilaity in

4

<

B S . .
the' wedthering environment. High concentrations are adsprbed from -

’

¢ .

Fraser (j9643 fepdrted up to several % Cu iﬁ the .dry weight of peat from

New thnsyick; Cu fixation in‘'peats is by complexing with liv;ng'andf
dead organic matter and partly by adsorption (Wedepohl, 1978). Reduction

-
-
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4

2+ 2

of Cu and precipitation as sulphides may also be impértant; Wedepohl

-

(1978) also states that bituminous clays contain dreater conéentrations

¥

of 'Cu_ than non-bituminous clays and that the organic fraction of black

.
.

shales is often locally enriched in Cu. Several”authors report Cu in

organic association in coal (Reyndlds, 1948; Opte[ 1953 and Leutwein and

~ A

Rosler, 1956). Miller and Given (1978) state that most Cu in coal occurs

) in ion éxchangeable and chélate complexés. Horton and Aubrey (1960),

]

Zﬂbovic (1961) and schultz et ‘al (1975) favour .an inorganic association
- . _ T .“ -

for Cu in coal; while Bogdanov' (1965), NicKolls (1968) and Gluskotér et
~al (1977) report Jjntermediate aff;nities.éethelI(1962)ahd Finkelman

(1980) found Cu occurring mostly in‘chalcopyrite but Finkelman {1980)

»

** states that some is organically bound in low rank coals.
LS ° ' _. ' ' ' < . ) <
Cu correlates highly with Alzog_and other clay mineral caonstituents

o -

in the Monkman sediments and in the Moose RiverABaSLn stlts, coals. and
* - kD .

gravels. 'In -.the Monkman coals Cu correlates with Nb, Y, Rb”qnd Pb." It is

thought that in the former sample groups Cu is adsorbed or btherwise .-

. ; . ’ - .
associated with the clay minerals. In the Moose River Basin, clays Cu is

& . - " . ]
- _ sCorrelafed with U and to a lesser .extent with A1203.:Cu and U in these

samples are-a;éo thought ‘to be adsorbed.oh,clgy minerals (Van‘der'Fiier

~ aﬁd,Fyfe, 1985). The. mode .of ocdéurrence of Cu in.the Ménkman coals may

vary from .sulfrde minerals, adsorption on clay minerals to'intimaéely'

Monkman coal sdmples 'show Cu to be: dispersed, thus favouring association
. . . ' . P . - . .

with the -organic mdtter or finely dispersed sﬁlphide'br aluminosilicate’

grains in associatior with the coaly substantce.

Cd’is‘oftep slightlf enriched towards the base of Monkman coal

.seams ;or in “the basal sediments.., .. .- .

- . . B . LI
. N .

-

,*.
)

- associated with‘tﬁe organic matter. SEM dot maps run on sections Of-

o o

Y



. cases closer examination of the organic matter-Zn association may reveal~""

Zinc ; . g ~ -
l . \\\‘—"/’\‘
Average Zn valueyg are 30.6 and 83.4 ppm for Monkman coals and
. - oL - \(\ C § . oL
sediments respectively. Moose River Basin coals .contain an average of

,

.o ] ‘ L ~
159.2 ppm Zn while the clays and gravels contain averages-of.51.1 and

©22.3 ppm‘réspécﬁively. Silts from the Moose River Basin contain

anomalous values for the sediments with a mean of 242.2 ppm.

Bethell (1962) summarized the literature on Zn _in qoals'and

‘concluded that up to 50 ppm can be associated with the organic material
B . - TN :

. "and higher,céncentratfons occur in cleat-type sphalerite. The exact type

of organic association has not,beén‘specified.in‘many sfq@iéé (for

example Leitwein and Rosler,” 1956 and Bogdanov, 1965). Miller and Given.
(1978) attribute the 1 phm of Zn in.the acid soluble fraction of the
North Dakota 'lignite to.ion exéhapgeable complexes or chelate‘cdmplexes;

~

’ . The high adsorption of Zn by peéf was prdposed from a étudy by infrared

to be-a ¢hélating reaction (De Mumbrum ahd Jackson, 1956a; -b). In some

small éphaLérite grains intimately associated with and dispersed
. :iv .,._ -t M ‘. . ‘ ' ’ ’ o
.throughout; the ‘organic material..

L] . . n

Some‘tefrestrial pLant§~accumulatean by more than. a,factor ofuteh

rélative to the rocks and soils they grow on and it's level of toxic

P

~ - - " L . \~" . . . .
conceénttation is higher than for other metals, for example Cd, Cu, Pb

and Hg (Wéaepth, 1978). There are also several hundreé-eniymeféjstemsx

whiph'require,Zn.’Degfadatibn Qf‘poésible Znﬁbéaring organic gomplexeé“'

'durihgﬁcoaliﬁféapion and the subsegueni;releasé'of the' Zn méy érovide a

_ source for the seconddty crystalline sphalerite associatedlwiﬁh the coal ' . -

{subs;gnceu'CaLduLatiohégin Wedepohl (1978)‘based'on a concentration - = -

-

factor of 3 to 10 from’the plant material to the ¢oal iﬁdiéaté'thati'-
b . ' ' n‘ . ‘ ' ’\) C

-

13




.7 . 178

. .
P . . -

given the range of zZn valués (50-150ppm) in coal, the origin@lﬂékgnts
. Vot
must contain at most 15-50 ppm-Zn. This is in accordance with values

listed for plants in Wedepohl (1978).

The strong Zn ¢oncentration in the lignites of the Moose River

. ‘ .- A ’
Basinh may indicate adsorption onto the orgaric material? In .the gravels

a correlation exists between insand A1203, MgoO, oné, Cu and to a lesser
dedree with U, These elements are commonly_fbund in c¢lay minerals and it
1s thought that ‘the Zn may be adsorbed onto the clay minerals in these -

samples. A similar association between 2n and clay mineral-forming

‘

elements occurs in the Monkman coals. Wedepohl (1978) cites the low

mobility of Zn in.Wweathering solutions and attributes this to adsorption

s

on clay minerals, ferric iron oxide and organic suhstances. Zn does not

correlate with any other element in the Monkman sediments, Moose River

5

'Bésin clays and Moose River Basin coal samplé sets. SEM analysis of

Monkman*coaly clays and coald ;évealed the presence of small sphalerite

.

grains intimately associated with the coal maceralé and the clay-rich

zones. Finkelman (1980) obserxved the same ielainnship in fhe,Waynesbgfé

coal. Element windows of Zn in pyrikerfich zones in coals from both

"study areas revealed no relationship between the pyrite and 2n '{Rlaté
13)..Sphale;itequs found in a cell ffii/grain'aésoc;ated with a P-rich
carbonate in Monkman

W;ample S14-23. Th;s,pyfité'add organic¢ rich-
sandétéhg_is,abndrhally Zn—righ‘coﬁpared.télthe other samples sbudiéd

and some aésépiatioh with pyrite. was, evident in-this-sample, The lack of

"dofrélgtiod with other elements and tﬁe,high poncehtrapiqns of Zn in the-
R ’ ’, ‘ - ’ . to . "‘.':_ ',- « ' ! .
Mopse River 'Basin coals and silts indicate many modes of occurrence, the.

most important of which'is .probably the association with the organic
‘matter. Zn in the Méoée River Basin clays .(again on account §f:tﬁe;laék

L@ . . ' [ . o,
, 4
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Pldte 13.A SEM micrograph of $2-5, Gates Formation, Monkman, showing

LTV

illite (grey) and pyrite (bright) infillihé fusinite cells.

Pyrite overgrows illite. Scgle bar is 20 microns
{Magnification 0.75K X).

13.B SEM-EDX dot map éhowiné distribution of Fe in the area
illustrated in Plate 13.A. . . s~

_13.C 'SEM-EDX dot map ‘'showing distribution of-bb in the area
illistrated in Plate 13.A. Note that Pb is.distributed

similarly to Fe, which’ occurs.-in the pyrite infills.

13.D0° SEMéEDX qot ﬁap_showing distribution of 2Zn in tﬁg,area

illustrated  in Plate j3.A"'Note that no relationship exists -

. - . 4 o N e
between Fe (pyrite) and: Zn. =
-
*
’ 14 .
:
3 ' N
r ' - )
. ;/P - i )
Wl : '
-
~ t :
o, ? .
. . ‘
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of significant-correlapions) is thought to be asso¢iated wi}h several

phases including sphalerité, clay minerals and organic matter.

v

In the Monkman sections Zn 1s enriched in the sediments above and

often below the coal seams, indicatipg an epigenetic mode of occurrehce. .

. . ) ' A
The situation in the Moose River Basin samples where Zn concentrations

\

are related-to lithology indicates a syngenetic origan. The reasob for

- . « Te .

high Zn contents in the Moose River Basin silts 1s not known.

- S

Gallium ' ' +

v

AN F}

'sdb51tuminous coalﬁ(si??son, 1954) to 5.5, ppm in Br}tish coals (Dalton
o ; s ' e

and Pringle, 1962) have heen reported-in the literature. Monkman coals

. ' R : ‘
and sediments have average Ga contents of 14.5 and 10-.6 ppm
’ . [}

respectively. Ga was not ahalysed inr the Moose River sBasin samples.

LA
¢ P ' »

' Both' organic and inorganic associations have been reported for Ga
. ) ) R S

1in the literature. Horton and Aubrey (1950), Otte (1953), Ryczek (1959)
. ! ’ » ' * i

> .

and ZuBovic (1961; 1966) found.Ga to be organically associated..Ga 1is

-

one of four eigdents organicéfly associated in all "of Zubovic™s

analyses. Zubovic (1966) also describes a near source enrichment for Ga

-

in ‘the Illinois Basin which he accohnq$~fdr by the strong chelating

properties of the Ga ion with degraded lignin. Widawska-Kusmierska

(1981) found Ga occurring in coals as colloidal inorganic compoinds

1

primarily concentrated in fusinite with lesser amounts in micrinite and

- 4 - .
T L ~ : . o
vitrinite. - ‘ HEE
3 .\\ i . v, ‘ ‘ . “ ' )
Ratynskiy and )Jslushnev (1967) fopnd'§a to occur in bbth‘the organic

LI . . .

\ t T i
fragtion of the ¢odl and in the inorganic fraction where it &ppeared to
. . i : . )

,be:cbncentrated in the clay minerals. @icholls (1968) alse suggests both -

3

Average Ga values in coal ranging from ‘45 ppm in Nigerian

Fas
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forms of occurrence, but states that an organic association occurs in

@ . N

L]

the Ga-rich ceals.

Dalton and Prangle (1962) favour. a@ssociation of Ga with the

>

-dispersed élﬁminosiljcates but note that between 9 'and 46% may be

organically associated or in the fixed advertitious inorganic matter.

S

Zhou and Ren (1981) identified three ggnetic types of Ga distrabution in

a

coals and pheir‘paper provides an excellent summary of the systematics

of Ga in coals. The residuum type are characterised by Ga/Al ratios.

slightly hiqher than those in pheisurx5und1ng sediments. Gallium
| I . .
contents.are low-and the Ga substitutes for Al in and is adsorbed onto

¢

-the *clay minerals. 1In the synsedimentary Ga-rich and Ga-poor types, Ga

and Al are differentiated strongly and the Ga/Al *atios are ektremely

¢ N
!

variable. Organic acids which give rise ta low PH's in the centres of

R 1. B ) . . +
the bogs (where there are fewer.bases available to consume the H

produced) dlsso}vé Cléy ﬁinérals releasing both camouflaged and adsorbed

° - . '
«

Ga. As the pH increases Ga hydroxides precipitate at lower pH's ‘than Al ‘

hydrOXLQes~(Borlsenok, 1971 and Vologdin, 1975 both cited in Zhou and

Ren, 1981) producing Ga rich areas with high Ga/Al ratios. The Ga here-

has a strong organic affinmity.
. ’

Ga in the)gpngmag samples does not correlate with any other

-~ ,
.

elememts. Cg/%l,ratios ;erg calculated and while the ratios in the

sedimen%;ﬁ@gfe constant (and clogse to ratios found in normal resistate
7 . - - ’ -

s . - A '
sediménts 1.e.0.41-0.61) there was a great increase in the coals, up to

11,37 (Table 5.14). The Ga in the sediments.is probably associated with
<y - B . A

' L4

4 2 o . C \ . . .
"t clay ninerals. This. is not ‘unexpected as the ‘trivalent Ga cation is

“similar in size to the Al 1on and may substitute for the latter in the
. N . M - . &

cla'-ﬁinéral: attice. Ga is also readily adsorbed onto-cla 'minerals‘
ey ! Y

- . !



Table 5.14 Ga/Al ratios, Ga concentration and LOI in

Sample
Number

d

jD;iil
$3-12
$3-11
$3-10
$3-9
5348
5349
5350
5351
5352
5353
5354
S3-8
S3-8

53-7

‘Monkman samples from drillhole MD 80-03

hole MD80-03
0.

0.

Ga/Al

61,

34

.36

.50

.14

.50

.12

.38

.42

.67

.67

.73

.43

.65

.56 .

.19.

.32

.74

.67

.42

b4 -

10 25— __

”
-

Note that Ga/Al ratios ‘increase in samples which have most Ga and

highest LOI.




(Hirst, 1962; Nichokls and Loring, 1962; Liu, 1965 and Zhou and Ren,

3

- 1981). .In thé coal samples the concentration of Ga usually increases in

the‘samplesvwith'high Ga/Al ratigs indicating that much of the Ga in

these Samples ' is held in another form than in the clay minerals. The
preferential~enrichmeﬁt in the coals and-the high Ga/Al ratjios suggests

that the Ga may be organically associated. Lack ‘of correlation with LOI

may be due to inéorpo%ation of co, and'Hze lost from inorganic phasés in

]

- \ - & .
this walue:(;qndgtions such ‘as thoseécited for the synsedimentary Ga-

rich'anlszin.Zhou and Ren (1981) (see above) may explain the Ga.

enrichment and the differentiation of Ga and .Al1 in the coals. ’

| : N
'Ga‘waé found to be pr@ferenﬁially‘enriched towards the tops and

-bottoms of ;hé coal seams ' in the .Monkman sédtions.~Thislﬁay‘result-from

varying pH conditions within the coal forming swamp or may ‘indicate

variable gquantities of Ga present in the ground waters at different
: . v . - . . . ¢

gimes_durlﬁg the deposition of the coal. Nicholls - and Loring (1962) and

.

Zubovic (1%66):found Ga concentrations to reflect adsorption -and

redistributignisubsequeht to--initial -formation.of the deposits. -

. . - - N /
krseniq ) ' . . . : . /
’ l

The mean As content of United States coals is 15 ppm {Swanson e

-Monkman coals range from 10 to lesfs

EiJA19?6)z Arsénic valués’in six
than 1 'ppm with armean of 3.8 p%m: A;sen;c coﬁtents of .the 5 ﬁnaéh a
‘Modsg River Bégin cdals and sédimep£s‘(Tablé 5:13)'gang§ from 1 to 6 ppm
with a ﬁeé%rof 3.6 ppm. | '

' 'Afseﬁ{¢ has 'variable ,affinities in diﬁferent.coal samples.

Goldschmidt (1935), Brown and Swaine (1964), Gluskoter et al (1977),

Ford (1977), Swaine (1977), Kuhn (1978), Finkelman (1980), and Harris et

al (1981) found As to exhibit inorganic tendencies. Many of these

18




’

authors (Brown”énd Swaine, 1964}_Mipkiﬁ En‘?inkelman,z198d and Harris

&

and Yust 1981) repqrt As occurrlng i pyrlte .and posslbly also in

Isenégyrlte Flnkelman (1980) also reports tracé -As-in chalcopyrlte

X7

.linnagite and a~Sr—AL beaxlng particle. "Rir'sch et ik(1968)‘1n@lcaté

that As is associatedlwith hhg clay minerals in the" coals they studied.

Hawley (1955}'noted As ln'botthight and heaQy specific gravity’

fractlons of  a Nova Scotlan coal Leutwein and Rosler (1956) and

Bogdanov (1965) found that- As was dssociated with the orgahic coal

- substance. The consensus from the literature is therefore that As is

involved mainiy with the sulfides in coélsq however other modes of

occurrence must_ also be taken into account.

'As'aﬁd ash cogténtéfdré digéctly‘related in_tﬁe Monkman ccal
samples. No rglaﬁipnship’égists‘béﬁweeh As and §e263 (as would be

e;peétea); hé?eVep As éoprgléteg wgl? yi;h.Aléoj aﬁd.sz yéiues:,A
\;elaﬁionéhip Betwéen Aé aﬁa:tﬁe-olay'mipefals particﬁlarly rﬂli;e is
‘;h;rgfgréiimpiiéd..Aé'alsb cbrfeiateé ;ith.w[ Cr, Co and Mo indibé;ing

thét.thege eleﬁents may alsobe associatéd Qith‘ﬁhé clay minerals. These

' relationships ‘are illustrated in Figure 5.2. . o ‘

N

pyrite-rich.lignite and in the green clay which.contains 5-15% Fe. This

. N . , . . , L o
indicates an association with the sulfides in these samples. The lowest

Contents aré in the orgaqic—rich,black clay f;oh,higher in the section.

*
>

Rubidium | ‘ o

-3 . L -

Gluskoter’g& al (1977) gave the following avefages for Rb in .

In the Moose River Basin samples highest As contents occur in the

+ Illinois Basin céals; EastethUnited Stateé coals and Western United.

’ o . 2 .

States coals; 19, 22 and 4.6 ppm respectively. Mean contents in‘clays’
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—and shales are considerably higher, for examble Wedepohl (1978) cites

averages of 116 and 164 ppm ih’recent argiliaceous sediments and 253 -
— ot -
shale samples wespectively.

N

. S - The Monkman and Moose River Basin shales and clays contain highest
Rb values with avepaqés of 70 ppm-and 54.1 ppm respectively. Average

>

values, are considerably lower in the Mooée»Rive: Bagin cdals (5.9 ppm)

M)

and gravels (9.0'ppm).'Monkman coals average 33.1 ppm” Rb.

Rb correlates strongly with K20 (and otherx ‘clay-mineral

constituents including Al263, Tioz, MgO, Na20 and MnO) in all the sample

. B -
groups except the Moose River Basin coals. Rb and K are cldsely linked

in nature following each other geochemically in rock-forming minerals,

o

weathering processes and in plants and soils (Aidinyan, 1959). It 1s

3 -
G

evident that RbAis associated Yith the clay minerals and-is probably
“fixed in the interlayer positions. Rb ma§ also be present in -microcline

in the Moose River Basin‘samplés, particularly in the gravels where

)

"there is relatively little illite and significant feldspar. Degens et al

(1957) and finkéimap (1980) found Rb to be asseciated with mixed layer

i
.

clays as well as’ illite.

- .. Illite ‘is -more common in the Monkman succession than in the Moose

s .

River Basin samples explaining the higher concentrations of Rb in the

A

former. Rb was not detected {less than 10ppm) in many of the coal and

1igni€é samples and this may be related .to .the absence ‘or low’

concentrations of illite relative to kaolinite in these sampleé.

7 . R
[ N : - B4 4
Authigenic illite which is more common in the coals than detrital

illite/mica may also contain less Rb than the latter. In the Moose River

,Basin“lignites'Rb'correlates with TiOz,'A1203 and 8102 indicating an
. ’ . ' N - o ,‘
\ R association with the detrital mineral fragction. Rb was found by

. -
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Gluskoter et al (1977), Fflby.gg al (19277) and Kuhn et al (1978} to.

' N

display a strong inorganjic ;ffinity supporting the conc}usions,cited
above.4 :- . » ' B | r

Rb in the lithologlcal‘séctlons (for -example MD—80~05f dﬁspiays a
patternlof egflchméng in the coaly glays immediatel& abové and below‘the

coal seams. Otherwise Rb concentrations show no net increases or

decreases with depth. The enrichment in the coaly clays associated with

. the coal 15 mirrcored by maximum K,0 concehntratidns in these samples
. v “~ . .

Indicating the enrichment in muscovite/illite, 111l1te and possibly

feldsbar. The distribution 1s therefare lithologlcélLy controlled.

[N
-

Strontium o L

The mean Sr value for United States coals is 100 ppm (Swanson et

al, 1976). Mean values in the Monkman and_MQoée»River Basin coals are

| : . . . . : - :
151.4'and 108.7 ppm respectively représentiny the maximum values in the

i

successions. Averdge Sr vialues are lawest in the Moosg River Basin

gravels, 11.5 ppm, and range up pé.27.3'ppm and 77.4 ppm 1in the silts-.

and clays. The 'mean Sr value in the Monkman sediménts 1s 103.0 ppm.
Sr in the Moose ‘River Basin lignites corfelates highly wath €ao,

MgO and~TiOé. In the Monkman*~coals it is correlated with CaO and Ba

indicating in both cases an assaciation with the inorganic fraction, of

i ° 7 ~NS
the coal. Leutwein and Rosler (1956) and Filby et al (1277) ailso found

Sr associated with the inorganics in coal. Nicholls {1968) étates.that

Sr occurs mostly 'in carbonates, however O'Gorman and Walker (1972),

a

. Nicholls and Loring (1962) and Nicholls (1968) suggest, that sorption

. ¢ -
onto clay minerals may also be an inpiportant process. Sr and Ca . are

+

diadochic (Wedepohif 1978) and Sr and Ba foliow/each other in nature,

. therefore the occurrence of Sr in calcite in both the Moose River Basin -

’
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B
°

and ‘Monkman ¢oals and also in barite in tlie latter «coals is not
" unexpected. MgO’and-TiQ2 occur associated with the clay minerals in the
'Moose River Bdsin coals 'indicating on the basis of the correlation

coefficients that some Sr also occ¢urs in association with the clay

_minexals.
In the Monkman sediments Sr correlates only with Ba indicating that
most of the Sr is substituting in the barite lattice. In the Moose River

) Basin gravels and silts Sr and CaO are correlated and probably occur

. . . . . . ry .
. Y R

together in calcite, while in the clays Sr correlates only with P205.

Harris EEJEE.(3981) found Sr in both freshwater and mérine—influenced
coals to correlate -with P and P and Ca respectively. Although no
phosphate minerals were identified, some apatite may be present and the

elements are thought to occur -either in a-carbonate phase or in the

.

japatiﬁe; . _ . . ) . o o - . "
HighlSr val;és in'édmé of the Sr-enriched coals éxcéed the. amount

expecteé to bé‘incorporaged:%A'cqicite (giveh the CaO presentdf,No Sr.

m;nérals-we?e—d¢§edted ggch aé £hose'found in Figgelmagh(1980). The

“excess Sg‘ﬁay-thgkefﬁre be onganicagly-bouﬁd. Brown and'SWaine (1964)
-and Miller and Given (1978) found S¥ bound -to’ carboxyl groups in low

rank coals. Gluskoter et al (1977) and Kuhn et al ' (1978) also found Sr

_occurring mostly in organic combination in coals.

- . B . ' . . . ~‘ ..
In lithological sections from the Moose River .Basin Sr appears -to.
. .ot ‘ . VA Lo . . B ..

be concentrated in the carbonaceous clays above the coal seams. In

_contrast .tq this Sr in the Monkman sections is highest towards the

‘middle and baée‘df the geams folléwing:the trend observed for CaO.
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Yttrium . .

v
n

Y contents of coals reported.in the literature appear to be quite

:var.iaAble: .Swanson et a_l_ ( 1975). réported an‘ %y{elf‘agé va}lué-ir{ United
States coalsg o'f 1..0.ppm-,~.-co'_id.sghmi:'dt ‘gnd Peters (1933) fo.u'nq Y ‘to‘an\}era‘qe,'
1‘00 'p'pmv in Bri.ti_sh and.(;;ermain co.a‘l.s and Sw-aine (‘1977? _ci;:;es 7 ~pp'm Y as
the mean’-c::mte.nt in‘r}lew South Wales and Queepslarlld b;tur;lin“oxlxs coals:
Mean Y contents of the M‘qn]:(".man coals a~‘n'd‘s‘ediments'aré 7.2 and 7.3'ppm

respectively. The range of values is higher in the ‘¢oals. .Y was not

.gnalysed_‘;fn thé‘.Moo.s.;‘e_- River Basin i_;ampiles'.l

Se\'/éra;l‘ mAc.>des of o"ccunrence are cited for Y in t}:\e kiterature,’
rar;ging- from .J;{gamically Aassoc'iated (Yershov, 1?61;" Bogda_ﬁov, 196“;': and |
Mil}er and Qix}en, _197é)i4tc‘>‘-oc‘curre'nce;{_i{l"'mineral phases in t:h'e 'éoa)l.‘

Many workers have.found that in a single coal Y occurs in, sevéral'fofms .
. . . . ( - '», - T =
often both organically and inorganically. held .(Goldschmidt and Peters;

\

11933; Zubovic, 1960; Schofield and Haskin, '1964; Ratynskiy and-Glushpev, .

1967 and Singh et al, 1983). The most éoiqmon inorganic forms are- in the
heavy rare earth - phosphate minerals xenotime and monazite (Swanson’ et ™

P

al, 1976 and Finkelman, "1980)., and"in" clay rhiner,als_’ (Bethell,- 1962;
Wagner. et al, '1980_én,d Singh et al, 1983). The xenotigﬁe and moriazite’

grains ate often finely dispersed in.the organic matter "("F.ihAkel'man,
1980) . -

- - 1

Y 'in the Monkmah.cdals correlates’ with Nb, Zr, Rb, Cu, MnQ, Mg0O and

to a léssqr. extent with Pb and éaé. In the sediments Y ,cor‘relates"witﬁ

Nb, Rb, -KQO, Cr, A'12'03- and to a lesser extent with Cu._sgvé"gagl mo‘dé_es of -

f
J

"oéciir-r'ence_are poésibl_'e in the Monkman samples. From th'e.‘.cor,relatlzio‘n' -
coefficients in the Monkman coals it appears thégt"f, i‘s_mos’t“cpmr&onzly,
‘present cassociated ‘with Nb and %r possibly in heavy rare ‘earth.’

‘ .



(phosphate) minerals or. with detrital heavy minerals such as zircons.

The corrélaticn between-Y and Several clay mineral-forming constituents’
. [ . Lo N . N

indicates some associétion-with the clay minerals. Some f{ﬁay also be

present in the carbonates: Y +in tRe Monkman sediments is also present in

+

.associatioh with Nb (possibly in the heavy mineral .suite) as well as in
the clay minerals. = -~ -

No.definite trends of enrichment in the sédiments above or below

the coal seams were observed, therefore it appears that Y concentration
- ) . . ) . : o '
depends on synqenetic‘rather,thad epigenetic processes.

*a

C -

" Zirconium -

The averdge crustél'abuﬁdéﬁce'of Zr is_165‘ppm (Taylor,-jgéd).r?he
- : "' - ) ) . '_ ' . ) N - . ' . ' .
_‘average concentratien in sandstone is 228 ppm .and in shales this falls

.ffo'appfoximﬁtely'180;ppm (Wedepohl, 1978). Values in sands often have

@featef'vafiabiligy:dqe,to'tbe'irregular distributign.-of gircons -which

'ibohta%giﬁdch';f:thé é;‘presgﬁg.>éygr§§é cénpgnté‘inicoais aré variable.
'yud9vichvggﬁé;_(f§72) ;égégt_w§rldwiae aVeraées.offzé‘ppm:andhﬁﬂ;ppm fbn
: o éard aBA,gféwﬁ-ébgi§rnéspe;tivelyl Vaiues froﬁiié~1§0 Qéh ocqﬁi_idﬁcéélsi;
%réﬁ:phé Bérsh§m~éeé£ion Xﬁ}cﬁplléigﬁa.lorigg; 1962{ and Swéhsoﬁfgéxéi f
(jQ?;)xéiﬁé 39 épalé; ;hé mégq VALge fér Uniéed ?tatés'goals.tTyo
' Apbalgcﬁign aﬁghragite deposiéé yi%ldéd coﬁcent;a@iopérrangiég f;dﬁ\zpz—x
7959'§nd ZboﬁéooLpﬁﬁ?respecgiVely.(ﬁédlin Eﬁ 3&/ 1§7§L
| "AQ?%&;Q‘Z; ;anén§ra€iogs in the Moﬁkman c&alsrénd sedipgpts;agé é1f
'a5d1105<ppm réséthi;éiykiThQSé Va;ués a;e‘muéh'lowéyithan fof.phe éoosg
ZRiM;r éa%ig Eéﬁe;iaisjéfose;avéfaées aﬁé'éééiv94,~&§§'égé 2§§.§gﬁ f;;im

V;hetgrédels,'COéLs; silts and clays respectively.

1

. Zirconium is ggnerally thought to ot¢cur in the inorganic frgciion

" of coal' (Gluskoter et al, 1977) either as detritdl zircon (Butler, . 1953.
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;and;Swaine;'19Z7), and/or proxylng for Al in the clay mlnerals

8

“fDegeﬁhardt 1957 ang Vlcholls and Lorlng, 1962) Héwevex Otﬁe”ﬁ1953ljj

5“ Leutweih and Rosler (1956), MIller and leen (1978 and Fxnkelmah (1980)

flnd zr to- be assocxated Wlth the organlc fractlon of coal Mfller and

leen (1978) suggest that" a. Zr—organlc complex may ex1st and Flnkelman

B - , -
observed_authlgenlc~21;cons ih~1qert§nite.po:es. ) Lo-

‘SEM stodies.of.the_Moﬁkhéh coal Have shown Zf.corbe ppesenc-in N

. zircons, concentrated in the deﬁrital—rich‘szes;oﬁ'the;goal, Zr contenﬁs

. - . . . . B

are highest in the cpels'Qich,greatest'(depfrtal) ash coﬁténts. Zr

I'd . <
B N

2; Rb and CU ln

£ EEY
[N

these coals. The latter elements are comnonly found in clay mlnerals, 2r

e ‘. ’ -

.’ - .- r . o

“therefore also occurs assocxated w;th clay m;nerals perhaps proxylnq for,

LT M . B . <0 - »

Al'ln the'structure. Zr.may also be bresent assoc1ated thh the organlc

N2 N

fréction -Zr correlates w1th F9203 and,MnO in»theiMoose-River\Basin

Y

coals and-tHe:efoxé3eppears‘to?bejassocieted with pyrite.. FThe

e . ; Y . .. P e N . R L.
- A . - - - (AP

. asdociation of pyrite with the organic material mdy indicate a similar

mode of accurrence for.Zr. . o e s
-The suite of.elements associated with Zr in. the- Moose River Basin
N . : ‘.A - L = ) - ‘ . ' N . -

lgraﬁels iaclﬁdeé.TidQ;;dr, U and Th.. These eleﬁebts‘ére,fo&ha'in.;he‘

s

. . BRI i - PN . o -
detrital heavy mirnerals .sych as rutilé and chromite. The zZircon most
PR . . H . ‘ . o - 3 . S } B

probébly‘occufs»in detrlfal.circoq.;-‘ -~ : R
In the Moose River Bp51n and Monkman clays and claystones Zr 13

1 PR

'

correlated w1th SlO andif'l*io2 and ié«therefore'also-associated yith the
. N O C L 7 . ‘ 4"‘. :'h,‘l.

’detnitalﬁmfne;al fracpéonfin'ghese sanmples. The presence of zircdrs
o - M A R - ‘ A

associated with gquartz/in some Monkman ¢laystones was substantiated
.o R c . T v o . ' . .

using. the SEMj‘Zr,ma# also be present adsorped onto clay minerals

(Nicholls and Loring, 1962). o . AR :
. : oo ’ o ’ g ) - '
. ‘ ] ‘ ! ' 4 . . . N
a Y
. e ] , .
! . t/ ‘l 4 i - 7
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c 2
s

." The Zr which is associated with the muds "and ofgaﬁics:islghdught to

be dériyed from:detriﬁai iirqong.'Thé &ariability in ﬁhe.present

- 3\
N N

'"'distiibutibn is therefore prdbabiy é;reflectioﬁ of the, variability of
P / - -, . DN - . - .

Con : . ? R
" the source rather than' Of. the présent association of the zr. \\T\%

v
’

. Average Nb content of United'Sta;es'coals‘iéf3 ppm (Swanéén:ét al,
1976). Mean values_ in the Monkman sédiments-athCQalé are 33 and 40 ppm

respectively. Nb was not analysed in the Moose River Basih samples.
Ratynskiy_and4ciushnev (1967) 'found that Nb is assocliated WLtH'both

organiec and inorganic‘fféctions,df”coa}.~Finkelhén (1980) found Nb 1in

ST, i - T .. - '.‘- L. ) - L L. '. P’
the -Waynesburg coal to- be concentqated.ingzg? lighter specific gravity

fractions, but "also notes a high correlation between Nb and Zr.  This may
. ) . . ‘ . - . - . - . . - -

indicate the. presence of some 'Nb in-z;rcbns. The association of.Nb'QiEb
‘zircons_énd.ruﬁi}é or ilmeqite~iﬁfdoal.is commonly reported in: the
literature (Goldschmidt, 1954 and Finkelman, - 1980). Goldschmidt (1954)

_states that Nb can enﬁey into some zircon types_but 1s more.commonly
associated with.the i minerals. Nb follows 2r in igneous rocks_‘with'
- . - - 4 B . -

the average amourit of Nb being ope .tenth thatiof‘zf.

‘Nb in the Monkman .coals correlatés strongly with Y}th;,Cu , less
- - ) i . .3 . . s C

‘with MnO, MgO, Ca0, Zr, Pb-'and to a small extent with Sr. Nb in the
. . . , - ‘ - . .

Monkmahisediments'correlates with Y and to 4 small extent with. Rb. It is

evidént that Nb is present in geveral forms in the samples and that it
shows mahy simila¥ities to Y (see ppevioué section). The association

~ with' ¥ and Zr in the coals.may indicate £he presenbe'of'Nb‘in“thé heavy

"mineral suite in zircons or Rare Earth. minerals in these samplés. Nb i3
also associated with ankerite .(MgO, CaO, MnO and Sr) in the coals. Since

v . +
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N ~ N . -

I .. Rb is associated to séme,ektent with the clay minerals 1t follows that

qnothéf mode of occurrence of ‘Wb in the coal samples may be 1n this

~ . - . . -

form. Nb in the Monkman-sediments may be present in zircons and rare
earth minerals as well as to a lesser extent -asgociated with the clay

minerals. t : . .

o

No obvious marginal enrichments were found in the“Monkm@n sections,

and from the'assoéia;ions of Nb 1t appeats that much of the element may

t
2

,havq'enﬁereq the system in the detrital. heavy minerals.

Mbl&bdeﬁum
Mo contents in .the 6 Mdénkman coal samples range from 7.5 to 1.5 ppm
. . : . ? .

- with a mean 'of 3.3 ppm,. similar to the mean value of 3 ppm 1n United

. N

States coals (Swanson‘gg:il, 1976). Yudovich et al (1972) report means

R . © . . .of 24 aﬁd 15 ppm in.the ashes of hard and brown coals respectively.

N

Mosgloff£hé_Mgose'RivgrvBa51ﬁ sedimenté‘and coals have Mo. in
cpnceht;aéiéhs less than ﬁhg\deteétion.llmits fdr the method used (5.60
ppnﬂi Ajeﬁage vé;ues (tékiqé ghggless than 5.00 ppm value to equal 5.00
Qpé) are2§.9,pém in éhe clays, §j0 ppé ip the silts, 5.9 ppm in the

*

coals and 5.7 ppm in the qravéls.uwhefé Mo is greater than the detection

¢ B
s

limits the samples'ére either fusinitic coals, dirty gravels or clays
S Highestxvalﬁeﬁ are found in the fusinitic woody ligmites (L-2-18 and L-
2-17)."In these two éampies’Ni is also at its maximum concentration.

Five unashed 1iénite and ciéy sahpie§'from the " Moose River Basin were
* analysed by D.C.P. to a detection limit of 0.500 ppm (Table 5.13). Mo in
these samples is' higheéer in the Lignites than 'in the cdlays, and of these

the Black organic-rich clay'has hhighest Mo. This wmay. imply an

association with the organic matter or that the original Mo accumulation
- 2 . -

was organically promoted.

f
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Mo has been reported’occurring with both organic ‘and inorganic

2

associations in coal. Gluskoter et al (1977) from fleat sink studies |, .

found Mo to be predominantly inorganically associated in Illinois Basin
? . A . L . .
and. other coals. Korolev (1957; 1958) concluded that pyrite in the heavy .

fractions of the coals he examined contalned 70-96 and 75-90% of the Mbﬂ

present in the coal. He also states that‘femainlng Mo may be associated

’

:

with the organic substance. Golovko (1961) .and Petrov {1961) proposed

that Mo is retained by *™he organic matter during the initial coal-
forhing'stagesland 1s subsequently released by diagenetic praocesses and

forms sulfides. Ratynskiy and Glushnev .(]]967) found Mo associated ‘with’

. i ¥

both organic and inorganic, fractions-while Nicholls ({1968) found Mo

P . . . . . » s . ‘ .
associated with the-inorganics in low-Mo coals and with the.organics in
. ‘ ' + " .

high-Mo coals. Qortdﬁ and’Aubrey (1950} and Zubovic et al (1961) found:

- . Mo to exhibit intermediate organic affinities with  slight rnorganic .

tendancies. Kutnetsova and Saukov (1961) noted at least two forms of -Mo.

1n coals including metal-organic compounds and dispersed microscoplc

, b

sulfide inclusions. The majority of workers ¢ite an- organic assoclation .

for Mo in coal (Oﬁte{ 1953; Kréuskgpf; 1955;'Leutye1n-ana Rosler, 1956;

’ v

Bogdanov, 1965;‘Szilagyi,'1975 and Finkelman, 1980). This hoyevef'may be

due to a certain extent to finely dispersed sulfide grains»with;n the

coaly substance. Bethell (1962), in a ‘study of, Hungarian coals found -Mo

!

,to.corrglate with U and S. In ‘the same.éoa;§ Alméssey and'Szalay‘(1§56X

:

“determined Mo to be bound to .the orgép;cfhétﬁerﬁ
Mo is insoluble iﬁ.SOlls at pH's below 5 (Karlséén, 19630'agd can

. 4 3 . orae K
.

therefore not beutaken'up'by'plants;in thé'acidic.c63}~formlhg

’ "

'.envirdﬁment. Land plants in.general éoniaiﬁ little Mo (Table 4.7), on

average 0.5 ppm (Vihogradov 1954). Leutweih and Rosler- (1956) found the

°©
.




“.

<

“concluded that. post depositional uptake of the metal f

Mo concentration in wood to be much lower than gﬁé contents in coals and

* IS

fom ambienmt fluids

muSp be an important process in the.concentration of.that 'element in

coals. ) . - T S T
. . ) .. ‘ . S .

Mo in -the Monkman ceal is distributéd similarly.to ash content,

Al,04.," K50, Cr, As, Co and to a lesser extent W (Figure 5.2). It

therefore appears to -be associated with the mineral matter, and in

‘particular with thé clay .and sulfide minerals in the coal. No

v

signlficént.correlatioﬂhexists with .S or Fe203} however thisg may be’. due

N - L4

to Fe being present in several forms-in ﬁhe~éqal,.indluding in pyrite

- ‘and carbonates. Small quantities ' of Mo mav be present’in pyrite or as

grains of- molybdenite as impurities in the pyrite, however. it appears

.

that most of the Mo-in the Coalsﬁis'associated’with the clay minerals
, - P : » SHEERAy Anerant
and in particular with illite. - )

In the Mcose River Basin samples, maximum Mo and Ni values occur in

.fusinitic WOody,fignite,froﬁ drillhole J-1-2. This would indicate 'that
they are organically associated in the coal. Fusinite requires fire

'

(very oxidising conditions) for ,its formation and the péfficulag'

‘géochemical conditions‘produced'by this process are conduciwve to the

a

.. éreciéitaﬁion of . metal rich salt$ in the:organic material. Association

.9 . .
"of Mo with. the orgadnic matter was,aléo noted in.the unashed samples as

Y

mentioned previously. The appearance of Mo in the dirty sands indicates

* that Mo may be associated with impurities such as Fe-rich cements in

‘these samples.

d

Cadmium . ’ ) S . .7

Mean, Cd content in United States cpals is 1;3 ppm (Swanson et al,

1976). Cadmium contents were.determined only for the, Moose River Basin

“ . N

2

+
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samples and were found to be below the detection limit of 0.5 ppm in all-

o

but some coal ash samples; In these, .values range from 80 ppm to less
than 0.5 ppm and correspondingly high Zn -values are¢/often pre;ent.

Gluskoter et al (19779 found Cd to have a strong inorganic affinity in

coal. C¢d was found to occur in sphalerite in Illinois Basin and other{

cbals (Gluskoter and Lindahl, ]973; Hatch EE_EE‘ 1976; Finkelman, 1980°

»

and Minkin- - in Finkelman, 1980). Godbeer and Swaine (1979) howevér found

o

-no_direct rélationship between Cd and Zn in low-Cd Australian Spéls, and

" Bogdanov {(19653) found Cd and 2Zn to be associated with the orgaqic

v

substance. It seems probabie that the Cd in Cd and Zn-rich coals occurs ’

€

in the form of sphalerite and that other modes of occurrence are more

important in Cd-poor coals:. No direct relé@ionéhip between Cd and Zn 1is

“

apparent in the Moose River Basin coai ash.

Barium '
Yudovich et al (1972) and Swanson 22_32y¢$976)_repbrted the mean Ba

contents iQ coals worldwide and in the United States to be 120 and 150

N

ppm respectively. Average values in the Monkman coals and sedimehts are

1692 and 822 ppm reSpectively.C?he‘rénge of values is also high, 262-,

3105 pbm_in the coals and 174—2334'ppm in the sediments. Ba contents of

selected Moose River Basinisamples'are reported in Murray (1984). Values

a

n in the Monkman samples, with contents ranging-

are-generally lower tha

from 6-1900 ppi in the. lignite ash and from 22-675 ppm in the sédiments.x

“

Mean values are b80.

(in &sh) and 223 ppm réspectively. -
"'In thé literature the consensus of opinion is that Ba is associated,

with the inofganic material in coal. Leutwein and Rosler,(1956),

' - . - ] . , .
Leutwein (1966), O'Gorman and Walker (1972), Miller and Given (1978) and,

&
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Singh et al (1983) specify an inorganic mode of occurrence for Ba,
- N 4, ! .

@

associated with minerals such as clayé, carbonates or other silicates.
'Other authors including Hawley (1955), Nicholls {1968), and Finkelman

(1980) found Ba in barite and/or witherite. O'Gorman and Walker (1971}

state that most Ba in coal occurs .in the form of finely divided barite

or Ba/Sr absorbed on illite. However they also noted that Ba in Ba-rich
low rank coals is held by ion exchange with carboxyl groups. Tourtelot

(1964) 1ists the principal sorbents of Ba'ﬁo be ofgan;c matter, dlay

minerals (especially illite), colloidal iron mohoéulphide and possibly

phosphates.

-
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Intermediate .affinities of Ba were found by Bogdanov (1965),

Gluskoter et al (1977), and Kuhn et al (1978). -

.- o

'Ba is highly correlated with Sr in both the Monkiman coals and

sediments and also to a lesser exﬁent with Ca0O in the coal.'Barite was

detected by XRD in vdry tiny ‘quantities in some Sandstones and coals. Sr
s ’ . R R . 4
is known to replace’™Ba in baritg but may also.occdr‘with:Baireplacing Ca

-

-ions in calcite (Deer, Howie ,and Zussman, 1956). NO assodiation between .

" Ba and Sr and the glay mineral constituents-was determined therefore

v . ‘l'a 3 - ; 3 - .
adsorption on clay minerals is not thought to be an important mode of.

.

occurrence. The correlation coeffigient with Sr is not very high'in the

sediments therefore some of the Ba may also be in organic combination in

&these'samples. The highet contents in the organic rich materials

supports this conclusion. : ’
. . i h {‘ES ' -
Ba concentrations in the vertical sections~are frequently higher

towards the bottoms of coal seams anpd often also in the tops and

. o ‘ ) o
centreg. This may be related to ground water flow preferentially in some

o

'

zones 1in the coals. "The association with carbonates which are

s e s ) O

]
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" . epigenetically precipitated in veins and cracks supports the thesis that
+Ba was epigenetically enriched in maty'of the samples. Barite is thought

to occur as an epigenetic mineral in fractures and cavities in the

sediments.

~ Tungsten . ) . .
4 Gluskoter et al (1977), réport average W contents of 0.69, 0.82 and
0.75 ppm in Eastern United States coals’, Illinois basin coals and

‘

Western'UnitédOStates coals respectively. Headlee and Hunter (1953)
reported an average of 90 ppm W in West Virginia coal ash (range 40-440

*ppm). Block and Dams (1975) found between 0.4 and 1.2 ppm W in Belgian

>

coal;,‘whiie Dekate (196;) reports an average of 2.7 ppm in Indian
lignites gnd carbonaceous sﬁales.fAnthrapi;e ash from Pennsylvania
contains 8—90:p§m W (Nunn et El,‘?95§). The average W values in
sedimentary rocké k+—2 ppm) are similar té those founé.iﬂ-igneoug rogks

(Wedepohl, 1978). Values in the six Monkman coals examined range from

1.5 to 42 ppm with a mean of 12 ppm..Mean contents in the 5 unashed
‘Moose River Basin lignites are 2.4 ppm with values ranging from less

ﬁhan 1 to 5 ppm (Table 5.13). ’ ’ ) ~

Dekate (1967) reports up to 2-18 times concentration of W in some |

plants relative to the background level of 2.7 ppm. Doucet (1966) found

organic' matter to.complex W at pH's between 6'and‘7, however Gannett

(1919) found peat to‘havg‘nb effect on the solubility of W-éémpouhdgt
- Many authors (including Ratynskiy and Glushnev, 1967; .Gluskoter et él,

’
-

1977 and Kuhn 55-31, 3978) have found W, to be organically associated in

coals. zubovic (1976). notes thdt the sﬁrong‘opganié affinity of W is -
consistent with it's'ionic potentiél of 5.5.'Eskenazy (1977; 1982)
concluded from‘adéorption,'désorptién and other studies thaf'w is bonded

° '
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"in sulfides or occur in
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in covalent organometallic complexes.in coal. He further notes that W

- »

may' be carried in solution by organic complexes (formed in acid

! . . .

te

solutions containing organic ligands) via which it may be fixed in coal.

_In phyllites W corrqéates\strongly with € and is stratigraphically

controlled. From this Wedepohl (1978) concludes that W was originally

.concentrated by organic processes and is of syngenetic origin. ’

s

<@ N I ° . .
Inorganic Mo phases have also been identified in coal. W and Mo are

chemically yery similar and both -form insoluble compounds with Pb, Cu’

and Fe:Tungstéﬁ also makes very stable complexes with Si, P and Sb in

acid solutions. Very reducing conditions are needed to form W disulfide

a

but W can be adsorbed onto‘oxides of Fe and Mn from solution.

W conéents.in“the Monk@an coals mlrfor thg ash contents and appear
to follow the A1203 and Kzo.trends as ao éo, As, Cr and Mo (Fig?re_512ﬁ
An aésociation with the clay minerals appears likely. W contents are
high in‘saéple 5337 relative to ash content§. The excess may be lOC%tEd

ass®ciation with 'the organic matter. ©No

4 “

association of W with Fe or Mn was documented in the Monkman samples.
Highest W-values in the Moose River Bagiﬂ samples occur in the
black clay and pyritié lignife samples: A link with pyrite formed in
association with decgmﬁosing organic maﬁtgr is implied. The W'may occur
in the pyrite as an iméﬁrity or together with the pyrite as a separate

phase. No evidence was found to support either mode of occurrence.

Platinum Group Elements

‘e

Results of the Platinum Group Element (PGE) analyses for both pshéd_

3 . .
and unashed Monkman and Moose River Basin samples are listed in Table

5.15. - ' B
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Table 5.15 Gold _and Platinum Group Element contents of selected Moose
.- River Basin and Monkman sediments and coals (in ppb)

v

Moose River Basin

Sample Sample
Number Au Pt pd Rh *  Ir o Description
L-2-1 3 0 .- - 0.4 ‘clay
1,272 3 5 - - - clay
L-2-3 5 15 30 - - black clay
1L-2-4 1 - - ~ . % ligniée (ash)
L-2-5 2 - - - - . lignite (ash)-
° L-2-5B 8 5 7 - - lignite (ash}
L-2-6 1 - - - - lignite (ash)
L-2-7 10 - 30 - 0.2 grey clay
L-2-8 2 - - - 0.{ . clay
L-2-9 7 - - %la\,- - black clay
L-2-10 8 - <50 P - Black clay
L-2-11 -3 - - - - black woody clay
L-2-12 ‘ 4 - - - - ' banded clay
L-2-14 3 - - Q- - white clay
L-2-15 s R lignite (ash)
L-2-16 . o - - - = lignite {(ash)
L-2-17 1 - - - - lignite (ash)
L=2-18 2 5 " - 0.1 lignite (ash]
L-?—19 2 - - - - saqd
L-2-20 1 - - - 0.2 sand
L—2—é1' 15 - - - 0.1 grey, clay
L-2-22 3 40 - - 0.1 © lignite (ash)
| L-2-23 6 - - - 0.1 grhvel: ¢
L-2-24 6 - - - 0.1 silt
L-2-25 3 g0 <10 <10 - - © . sand
p-2-26 2 - - - . Q;i ‘ clayﬁénd‘saﬁd'
L-2-27 -~ 20 . . 25 b - O.i L éand.and cl?y;

1-2228 2 .20 7 < =3 white. clay

o
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(Table 5.15, continueg)

L-1-6 15 75
L-1-16 5 -
L-1-21 1 Co-
L-1-24 2 -
L-1-23 5 -
L=1-25 3 e -
AC-07-82 8 15
_ AC-08-82 5 -
AC-09-82 5 15
AC-12-82 3 -
AC-13-82 2 -
AC-20-82 6 -
AC-21-82 2 -
AC-23-82 3 T
ARC-23B-82 . 4 -
AC-25-82 5 -
AC-26-82 T
AC-27-82 < 3 -
AC-28-82 4 5
AC-29-82 17 /7/
‘AC-30-82 4 fio
Detection =<1 . <5
Limits '
FM-~1 . 41 80
FM~4 31 50
p—1 ©o32 -
“p-2 96 35
P-3 . - 55 -
'*jp—q : 8 -
“Re1 17 -
RP . 6 -
©PY . 36 . -

. Detection <5 <20
Limits o

<5'

10

250

10"

10

<10

<]

lignite (ash)

‘clay

.clay,

200

clay
silty‘clay'
gravel

sand

élay

clay

iR
lignite ‘(ash)
wood (ash)
éandstone~énd-coal
sandstone

clay

brown clay and silt
clay )
silt and sand

wood (ash)

clay
gravel

Qood (ash)

soily lignite (ash)
Onak.’ .
woody and soily

. lignite (ash) Onak. °

lignite (ash)
lignite (ash)
OEC black clay (ash)

"OEC green.clay_ (ash)

red sandstone with
wood pieces (ash)

‘red sandstone with

pyrite (ash)-
pyrite nodule from
gravel (ash)
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' : : Au
T : C unashed

5294 800. <400 - 35 1 - 1,0 < coal (ash)
5299 41 20 200 = 0.8 2 - coal (ash)
5337 Cs - .7 =7 - 0.2 20  coal (ash)

‘-~ below detection limits

\



Monkman samples analysed -é\;e '5_294., 5299 ‘.arx.d~ 5337, .threfe'c'oa-’ls f‘romj,

the tops of seam B4 in three different boreholes. Pt contents are less’

._than 400, 20 and tess than 20 ppb (parts per billion) resﬁéctivglj. {The ~

N, -

high Au concéptration in sample 5294 has idperfereq wi'th thé Pt Qeak.
- ) . . . 2

.preventihg acgurate determipatiéﬁ of‘Pg iﬁ this éample). Pé.§glhesva}e
.35, 20 a;d—ieés £han 20yppb ;eséecgively, while It'contgnt%‘ﬁollSWi%J
"siﬁilar'trend;5y;th,1.6, p.8:éga Q.2Eppb‘inb£hé’samé:gaééiééllés
ponﬁénts are iegs-£hén 3,:5 andlé ppb reépeétively, ﬁbhis:bé;o;"

detection limits except ‘'in 5294 where it's concentration is T'ppb. No Re-

or Ru were detected in the samples. Gold values are 800, 41.and 5 pﬁb
respectively,.howéver‘the same saméles unashed contained les’s ﬁhénrﬁ,'Z.
and 20 ppb respectively. Ash contedpé_of the samples qfé 7.81, 11.19 and

46.00% respectively indicating that maximum.Au, Pd and Ir are in‘the
samples with lowest ash conténts. The'opposite is true for Au in the

unaghed samples. .

| over fifty 1i§nite (;sheé)'anﬁ sgqimeﬁt samplés f;bm,éhg-ﬁoosg
ﬁivér'Basileere ghalysed_for”Au and.the PQEI.iu, bs, Re anq ﬁh.&ere
Qetecteq in oqu_four‘saﬁpleé in_tot%i: ££, Pé anduqr:were beléw
detection limiés iﬁ‘mahy of the samples howeﬁerlconcént;aﬁiéhsfwe%l

above the average crustal abundance (Goldschmidt, 1935; 1954).were’

determined in several of-the samples. Highest Pt7cbncen£ration‘wés'found

-

in the sand L-2-25, withvhigh values a@sd écégrring'iq red,~bfack:énd;a”'

"white clay and -in several 6f the ashed wood ahd.}ignite\sahplesl-Pﬁ"

contents yégé‘highéstlin-tﬁe‘qléys wﬁig 37 ppb in a.iiqni%e unaerglay
-and 30 ppb in a black and gréy cléyi'Ashedrwoéd'fréh,ﬁhé li;nite;seém"
-exposed ' in Aéah é:gék éqnt;ins {7 ppb b@,'a%d“AC—jZ-?)q/éébaﬁéeé é&él

and sand éoqtains 10iépb. Ir cantéﬁfé are,alSo‘highest.in ££e ciays~wiéﬁ,

LY
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i -+ ¢+ . -, .the maximum value of 0.4 ppb occurring in L-2-1. Where Ir is detected’in
‘itbe sands,.cbneentratibns'are'O.Z_ppb, while in the lignites values .are

-0.1 Ppb..The average Au'eoﬁtehts~in=the samples are 5 ppb (range 2-15

- ppb) in the'clays, 4 ppb (range i-8 ppb) in the lignites and 6- ppb -

'(range 1= 20 ppb) in the gravels and sands in the liqnite{ash samples Au

‘

_values UP to 96 ppb were observed Relative to the crustal abundance

e ;”~ - data.in Wedepohl (1978), the samples wlth detectable Pt and Pd and many‘
'\a ef FbeJAd eontedts; shdw enrlchment:

foem ﬁhe'lack'of eerselaﬁldn‘;f phe PG? ;ith.an&’beher‘eleﬁeﬁt.er

with the ash or LOI of the'samples,,it appears that they occur in more . .

‘ i . a

thah;enetfofﬁ in the saﬁélés. Chyi (1§82)_found Pt to cbrrelate with Ga
~in the Kenbucky coals he sampled Negatlve correlatlons ex1sted.for low
.? temperayu;ekashkcontent (L?A), Au, Fe and Tb. Widawsk&—ﬁusmierska (1975,;;
_jésd}ffedndtGa échrring-id qeals'asredlloldal‘inerganle’coppleies
,asseclated primaflly withvfuslniteladd'so:a‘lesser extedﬁ'witﬁ micriniteé
and vlt;inite. The éorrelaeion-with'ea'may sdgdest tdat Pe‘oeeu?s ln.a
N | s'ix'n‘ihliar fashldn. @éld_sc_hmiaf:.'(]?s@‘_) su@gest's:. that sel_ub'le*or'<’:om‘plex~.,‘

v ions of the'PGE_could be precipitated by orqanic'matte?.in‘the'soil as’ .

- in the qase bf Au.éopéids arid Kinlechxl197é)qudhd thatjoh weathering
the PGE are 6xiddsedlandeissociaee releasing colloldal‘élatlnoid metal
of near:mqlecular dimeﬁsions.Tdese.particles may ehea coalesee aﬁd.

'accrete.to form largerléartlcles Ong. and Swanson’ (1969) state that a.

ﬂ.gl B - - ) chanqe in pH towards a more. acxdic situation. (suc% as that found le a’

* bog or coal envlroamentj‘would'pgompt Au.and Pt to mixjeith organle
.aelds present aadléqrm éoﬁldldaljpreciﬁleaées: This mlght lead to an’
assoéiationﬂbf:écé with the’oréanic{materiallin‘coals. Flnkelman (1980)J

detected no minerals. c0nta1n1ng PGE 1n ‘the coals he examlned but he'”
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suggests-that- PGE may have a similar mode of occurrence to Au: AS

v

- mentioned previously Finkelman (1980) attributes!Au in coal_té.di5qreet

-

grains of native Au or Au alloys. These.would have been ‘incorporated as
deﬁrital.graiﬁs in the coal. He 'finds the low values -in pbai consistent
with a detrital source.

'A'Pﬁ'in théysamples from drill hole J-1-2 (Moose River Basin) -shows a

weak positive correlation with Zr. No other correlation exists in the
éamples either indiéating variable modes of occurrence of the PGE, or .

the presence of detrital flakes containing-PGE unrelated to either the
drganic“orVhinefal-phésé'as,suggesﬁed by Finkelman (1980). Association
with oréanig matter ‘may also be important, Shotyk et :al (1982) iﬁdiéége

j that PGE in watefS'ﬁfém.pegﬁ—ﬁqrminq-gréés may be cqmbl@%ed by simple

organiclcompounds ané as sﬁch ﬁgxzcobtfibhte t&'ﬁhe concentratibn Cf~PGE
in cgaigz'és_métél'is Vér?'vol??ilé even ag 23§C éseééfoég‘ié the 65 is
held in organic compiexes in thé-géal_égd the coal fs exposédvaﬁfthé'
 .suifaéé‘and‘oxidiS§df tbévbyarobarbon stfuctufé,ﬁay'phange leaéing to,

+ loss ,0of the ©s to the environment (J.H. Grqcket—‘pérs. comm., 1982). Os-

P

‘is detected in the. Ménkman cdals after ashing up to 600°C therefore the:
. H e ! - . o 4 . . )

0s must be held in a.very stabig and reéistgnt fgrﬁ, for examplé in
detriﬁal‘ﬁinerai‘phasés.

GOJ:d ™~ . T ’ ‘ .._

* .Gold was analysed-in six Monkman coals and in.the.ash of three of
o e T T S . ST

thései-dVeQ.SO samplés'of)MOOSé\§;§erlBésin.CQél,A;éh,:silt, élay:apd"
‘éraVelr}rom arilllﬁoie SFT—Z, Addmereek_dhd:elseﬁh;fé'Qe£¢‘als;
zﬂpalyégd fbé'Au“

B . dol-.ds"ch.rqi_'d"t“ and Peters { 1_95‘3_)- report 0:';5:—‘1 ppm Au in the a's.’h'es',o’f
.teh 1ow ash coélé.ABiock‘ahdinéms 0197?)‘foun§ hﬁicon@ents ranging‘frbm N

1
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10-40 ppb in Beigian coals. Compared with the bruétal_abundances 1.8 "and .
p - - - . . . ‘

3

5.% ppb cite@‘by Shaw t 1 ({576)‘and Crocket and Kuo (1979Y'

respectively, theée'coals are enriched in Au. Qalues ;n the Mongman coal

’ Aaéh nanée from 5 ‘to 860 épp and from less thgn 1 to 26 épb in the.cogisf"
.5.1, 5.7 and 3.6 ppb are‘aberage AQ contents in the unashed Moose River -

-

Basin clays, qraVéls/silts.an@ lignites respectively. Values ranging

érom 6 to 96 ppb-yére found in the bulk ashed lignite sanples. ’
Gol@ may'bebconcentpated in plants (Chyi, 1982) and organic matter

(6ng~and S%anson> 1969y, howevér‘it appeafs.tﬁat in the Monkman and

Moose River Baéin samples Au values are .related to the ash contents or

: : . “
_ the mineral fraction rather than ‘the organics (Figure 5.2). Chyi -£1982)

documeﬁts‘assoéiations~of Au with Co, Sb,. Sc and R.E.E. in coals. All of
these elements are ash-forming constituents and Chyi concludes that Au_
is absorbed or tfépped in minerals growing in situ. Au. is also

asscciated with Br, K and Na and this is attributed to introductibn of

the metal in halogen comélexes.,Bogdanov.(1965)'aléo.found Au to have an
inprgaﬁic affiﬁity.,Fiﬁkélman (1980) attributes Au in the Waynesb&rg and .
-"‘."o ‘. '\ . . : - 4
other ‘coal$ he studied to ‘detrital elemental gold particles. Some

wog%éts (for example Bethell, 1962) éuggestuthat'Aq is associated with

the. pyrite, however Wegépohl'(1978)‘states that Au content in sulfides

'éepends,lérgely on thé’eﬁvir@nmenﬁ and .suggests that ‘authigenic pyrites

.

ffom‘cdalibea:ing'environmenps wph}d not'be_fich iq Ab;
Gold~canwbé“bqth insolublé-and soluble in groundwater, for example,

-
.

bhg anduSwanéon (4969Y}fobnd Au in negat@vé-colldids of‘meﬁa}lic,Auf

_formed in the presence of orggnic acids, t§ be slightiy mobile, whereas
Curtin éE al (1970) report adsorptioh of ‘Au ionic species on Fe and Al-

. hydroxides ‘and kaolinite, inhibiting its removal in qroundwater.They'
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R also state that Au’can be ‘transported as organically protected colloids

s

in waters of §H 4-9. The solubility of Au in hUmLc,aéidslis sdgqested by 7

Manskaya and Drozdova (1968) to account for its concentration in coals.

L

The Au values in the Monkman cSals are related to the ash content s

’

and follow 31203 and K50 as do Mo, Cr, As and Co. Au is most’similarly

distribpted‘wiph W, be?ﬁé enriched above thag'gxpecﬁgd according to its
ash conte§t in samp1e75337_ Au appears to be associated with the clay

minerals and particularly with illite. The high variability in the ashed

B

samples may indicate the'presence of detrital isclated flaKes of Au.

In the Moose RIVEf\gasin samples the highest Au.value$ are in the

e -~

clays with occasional high valuéé\occgrring'in the gravels. Au contents.

of " the lignite ashes are lOW,Igeneraily léssﬁzﬁﬁh~8.ppb. Pyrite samples

n

contain. less Au than the lignite samples. Some Au may be associated with = .. _
"the Clay:minerals, however the higher values are pfobablyArefated to
. " detrital goid flakes in the samples glvinqtoccasional_isolated high

'cohcentrqtions,sThis is especially applicabie to the gravels where”

aetrita; gold may occur together with the heavy. minerals.

‘Lead = . -

(RS . . N . . .
The mean Pb value for United States coals is 16 ppm (Swanson et al,
1977). Average vélues in the Monkman and Moose River Basin coals are

. 15.4 and 25.1 ppm respectively. The mean concentration in the Monkman

»
i 1

sedimentglis'10.1 ppm. The Moose River Basin claysé contain greatest
aveiége Pb ngﬁes (34.4 gpm)'énd values are 29.5 ard 14.0 ppm in the

J ) ’ Moose River Basin silts and gravels respectively. The range of values is

high eépeciaily,in the Moose Rivér Easin coals (5.0 to , 155.0 ppm)f




organics {Krauskopf,

.

. . . ¢, T, , ) - ..
-Previous studies on Pb in coals (for example Breger et al, 1955;

.

Bethell, 1962; Brown and Swaine, 1964; Nicholls, 1968; Gluskoter, 1977

[y

and Finkelman,. 1980) have shown that Pb is predomfinantly inorganically

associated. Fihkelman summarizes the Pb-bearing mineral phases found 1n

coals and concludes that it is variable with geographic location. Lead

.o

selenides are common in the Appalachian coals while galena 1s a more
; .

common c¢onstituent 1n coals, from other areas. In sulphide-poor coals Pb

=

was found to occur substituting for Ba (similer charge and size) 1n

3

authiqeniﬁ sulfates, carbonates, phosphates and silicates (Finkelman,

f

1980) .

v

Pb follows X 1in igneous rocks and significant concentrations of Pb
pccur i1n feldspars and micas. Weathering of these 'minerals would release

Pb into solution and the -low concentrations in surface waters means that

Pb is readily adsorbed on clay minerals (Correns, 1224; Kraushkopf, 193¢

and Lageywerff and Brower, 1973), ferric oxides (Krauskopf, 19256) and

1956 and Swanson et al, 1966). Adsorption of Pb on

c¢lay minerals in freshwater deposits and weathering preofiles 15 very

/common (Wedepohl, 1978). Koster (1965) found 400-1500 ppm Pb 1n

kaolinite derived_fromAthe weathering of arkoses. Bogdanov (1965) found
Pb associated with the "organic substance" of coal.
In the Monkman coals Pb correlates waith Nb, Cu and to a lesser
extent with Y and Co. In the sediments Pb correlates only w1lth Ni. Dot
, > . -
maps produced by the SEM for a pyrite-rich section of 52-5, a coaly
shale, showed Pb to have the same distribution.as Fe (Plate 13) and i1t

is therefore thought to either substitute for Fe in pyrite or occur as

intergrowths of galena as contaminants in the pyrite. The correlations

s
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°with Nb and Cu in the Mdnkman coals indicate association with the tlay

mlnégals and possibly the organic matter.

In the Moése.River Basin ‘clays and coals Pb correlates with no
other elemént;. In-the silts Pb correla;es with A1203, Nazo, L.O.T., Th
and negativeyy withvsioz, Pb "in the gravels is highly correlated with U
'and go a‘les;er extent with A1203, MgoO, Tioz"and Zr.—Pb in the;e samples
1s therefore more prohably associated with the cléy minerals (detrital

7 . -
ffactioq) and possibly also with the organics and heavy minerals. The
lac% of a significant correlation with any element in the Moose River
éasin clays and coals may- indicate several forms of.occﬁrrencé in these
samples, for example associated with pyrite ;r the organic matter.

Pb exhibits a slight basal enrichment both withain the coal seams

and in the sediments below the coal. This favours a syngenetic mode of

deposition of the Pb.

Uranium
Average U content in coals worldwide 1is 1 ppm (Bertiné and
S ) -
Gol@berg; 1971), however'anompiously high values are commonly reported
'in tge literature (for example King and Young, 1956 and Lamb, 19882).

Average contents in the Monkman and Moose River Basin coals are 2.11 and

1.60 ppm respectively. The value for the Monkman sediments is higher

¢ <

averaging 4.64 ppm. In the Moo§e River Basin higheét average values are
fouﬁa in the clays (4.51 ppm) and the silts (4.76 ppm)_witﬁ lowest
avgaige congents in th§;§ravels (1.46 ppm).

| High U values in sedimenté‘and coals are commonly associated with
the presence of organic matter: A simple experimént run on crushed and
uncrushed ﬁo@se River Bésin lignite révealedlthat tﬁe U from a 100 ppm U

Ed

solution was adsgrbed by the lignite within the first few hours of
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contact. U is therefore readily adsorbed by coal. U occurs in many forms

in coals and coaly substances, however there appears to be a strong

association with the organic material and particularly with the humic

-

acid fraction of coals (Breger et al, 1955; Szalay, 1964: 1974;

Gluskoter et al, 1977; Kuhn et'al, 1978; Cecil et al, 1979; Borovec et

~.

4 . {
il/-19797 Halbach EEUEE' 1980 and Hurst, 1981).

U in coal is thought to be derived from the fluids cifculatiné

through the system. In these waters U may be carried as chloride

<

complexes or as suggested®” in®Van der Flier and Fyfe (1985) (Appendix ITI)

ag simple organic comblexes. U may be introduced syngenetically in which
case it will be uniformly distributed throughout the c¢oal, or
epigenetically. Epigenetfc U tends to be concentrated in the upper
levels of coal seams (Denson and Gill,“W?56 and Vine, 1962)., and
generally ogcurs in mineral phases such as uraninite or coffinite
' : (Breger, 1974). Atkers et al (1978) list fifteen U-bearing minerals from
low rank Western United States coals, however Finkelman (1980) states

that this mode of occurrence is Qf/rélatively little .importance in non- .
T . ' . s . \
uraniferous coals. Finkelman (1980) used the Lexan technigue to

determine the mode of occurrence of U in coals. His results suggest that.
most of the U occurs dispersed probably in organic combination in the

. o

coal. Approximately 20% was found in zircons (see alsb Hurlay and ‘

o

Fairbain, 1957). Finkelman alsoc reports significant amounts of U '

‘

occurring in a number of R.E. phosphates. ’

U in the Monkman coals correlates with §iO,, TiO,, Alzdi,‘Kzo, Cr,

'V;and negatively with LOI. These hajor elements are importapt components

of clay minerals particularly illite and U is thought to occur as with-V

and Cr adsorbed onto the clay minérals. The negative associatdon with
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¢
LOI or organic matter substantiates the conclusion that U is associated -
5 , ’ - S
with the mineral fraction. of® the coal. In. the undifferentiated Monkman

sediments U exhibits no correlations with_ any other elements. This may
imply that .U is associated in different ways in the various sediment

types (as is found in the Moose River Basin samplesg) or that U occurs in
> v‘\ ' s .
many forms in fach&group, for example associated with bpth the clay

minerals, heavy minerals and with the organic matter.
In the Moose River Basin lignite U is correlated most highly with
Th (which is correlated with AlZQ3) and also with TiOZ, Sr, to a small

extent with Cu and negatively with S. No mineral phases of U have been
, -

Hetécted with the SEM~-EDX ahd' U -i1s thought to occur associated with the |

-clay minerals, pqssiny kaclinite and also perhaps with a carbonate

I3

phase. - i
4

° A
The U in the gravels is assocciated with the detrital heavy minerals

such as zircon, rutile'and chromite and also with the clay minerals

’ . . -
(correlation coefficients are high with AlZOBf TiOz, 2x, Th, Cu, tb ana

to a ilesser extent with 2Zn). Halbach et al (1980) found U to be

.

associated with zircon @tc. in the Brocken granite. The Moose River

-

Basin sediments are derived from granitic- material and the heavy mineral
‘phases are proposed as the source of the U. Loss of U relative to~Th in
) . .

these materials is evidenced by the high Th/U-ratios: I1f "we assume that
. - R kY . oy, : .
the U in solution, derived from the weathering of the heavy minerals, is
adsorbed onto the clay minerals and partly onto the organic matter in
3 '
the surrounding sediments, then this explains the lo® Th/U ratios found

.

“in these materials.

U in the oose Rlver Basin clays correlates with Cu and to a lesser

extent w1th .%E%w negatlve correlatldns exist for MgOo and K 0. Cu is

& .

210,

4
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‘

‘associated at least in part with the clay'minerals in these samples but

v
‘

the lower coefficients indicate that adsorption onto.clay minerals is
not the only mode of .occurrence of the U and the Cu. The increased U

contents in the coaly or carbonaceous clays indicates that U may also be

o

associated with the organic matter in these'SQﬁpleé. In Van der Flier
and Fyfe (1985) it was'sugqgéted that oréani;-éomplexeS'tranSporting ¢]
may be adsorbed onto ghe clay min?rals and/or “bonded éﬁto the 5fganics’
resultiné in highest U congén%rations in the organic-rich clays and

shdles.

+
.

In representative vertical profiles (Figure 5.3) from the Moose

‘River Basin and Monkman areas, it is evident that U 1s depleted in the.
. . , " &\
coal seams reldtive to the other seédiments. If the U is predomainantly

associated with the clay minerals and the detrital heavy mirerals 1t

follows that sincé these phases are less abundant in the coals U will
also be debleted. U may have been adsorbed to a greater extent onto the

organic material at - some stage in the history-of the coal but the high

\

porosity of this lithotype,coupled'with high rates of Watér,flow through

the system may have ieacﬁéd the U from the coals. Clays' tend to be less
. . r

)

N N - . . . .
porous and thus the U remains concentrated .in these sediments. There is

no net increase or.decrease in U content in the sections, therefore the

- d—

U must have been introduced'during the early stages of deposition and

coalification of the materials rather than epigenetically.! ) .

-

Thorium
Averége Th content for United States coals asudetermined\by Swanson

et al (1976) is 4.7 ppm. Average values in the'Monkman and Moose River

Basin coals are 3.0 and 2.7 ppm . respectively. The' contents in the

- .
‘
'
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E_gure S 3 _Representative® vertical profiles from Monkman and the Moose River
“Basin, showing U and Th/U distmibution with _depth ond lithology
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sediments are significantly higher With'averages of 6.8 ppm in the
Monkman sedimépts and 11.5, 9.1 and‘é.9 ppm in the Moose River Basin

clays, silts éﬂd‘gravels respectlvgly:

Th/U ratios for all the sémples-analysed were calculated and their

dist;ibution is shown in Figure 5.4. values range from 16.15 to 0.02 and

o

are less than-average crustal ratios in all but the Moose River Basin

gravels and some -of the coarser Monkman sediments. This indicates that

\

Th 1is enriched relaﬁ?ve-to U in the gravels while in all the other’
saﬁples U‘is.enriched relative to Th. Th is known to be:relatlvely
) immbbile in‘phe wea@hering process and the source of the Th is thouéht
to be(a; yith u), iircons and detri£al heavy minerals.Tﬁ is found'in

the Moose River Basin gravels to be highly correlated with TiO Z2r, Cr

2/
and to a lesser extent with U, confirming an association with the heavy
mineral suite. The high Th content in the clays may be explained by the
common occurrence of zircons in these sediments or by some mobilization
of Th in the system (Langmuir and Herman, 1980). Th correlates with U in

many of the sediments and may therefore follow U in béing adsorbed onto

.

~

clay minerals and possibly erganic matter.in the coaly clays.

In the Mbose River Basin lignites Th cgfrelates with A1203, Ti0,,

’

Siéz, Cu, U and negatively with S and therefore occurs adsorbed onto the
clay minerals and ;erhapslto some extent assocxate@ with the detritals
such as qgaftz and rutile. Th in the Moose River Basin élays 1s not
correlated ‘'with any other ele@ent indicating several‘modes of occurrence
. possibly including association with the clay minerals, the ~¥ganic
matter or with the remain}ng detratal héaVy‘mlneraIs.

Gluskoter et al (19277) found Th 1in coals to exhibit a strong

.

‘inorganic affinity. This conclésion.is supported by Filby et al (1977)
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Figure 5.4. Distribution of. Th/U ratios in the Moose
River Basin and:Monkman samples.
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and Finkelman (1980). In” his study of. the Wéynesburg coal Finkelﬁan
A - ) - . , . . -

- (1980) found Th to.occur predomindntly in monazite grains. in gdditibh

the Th/Zr ratio, which he found to.be equal to that cited by Taylor
(1964) for the crustal average sgr%gs as evidence for'the»bredominantA

3

detrita1~s§urce for the Th. Baranov gnd,Titéyéva (196:1) found that in
thHe org@nic—riéﬁ sedimen£svthé§ étudie& Tﬁ was introduéea in‘éetriﬁal
and coiioidal4ma£erials. Finkelﬂan.(1980),foundATh(iﬁ some coals
occurring in zircons, #enotime‘gréins)and one RE phosphate. In addition

he states that Th may also be associated with.the_play minerals. .Kuhn et

gi‘(1978) found Th to have organic tendencies.
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CHAPTER SIX

DISCUSSION ) . e

" In this study trace element associations in the coals and sediments

of the Moose River Basin and Monkman are examined. Table 6.1. provides a

summary of the results obtained for each element in each sample group.

c N

Table 6.2 shows the element suites (or groups of elements which are

'étrongly correlated) identified-in each sample. set. o s

‘/ .
Differences in the sedimentology and mineralogy of each area .are

discussed in chapters three and four. Aspects of these and other factors

’

thought to have influenced the concentration and association of the

trace elements in the two deposits will be discussed. Comparisons will

also be QIaWn, ith other, areas.
‘- Tables 6.1.and 6.2 show that many elementé'fnbluding Ti, Ni and Mo

e

are varlably assdﬁlasqk\ln different -sediment types and algo in the

dlfferent areas. Major varlatlons in element concentratlons were also

observed between the sample graups.

L]

Of the elements examined V, Ti, Rb, Cd, ¥, Nb, Cr, As and Au appear

to be associated entirely with the_inorganic"fraction in the samples. Of -

the other elements Sr, zr, Ga, Pb, Cu, 2n, Ba, Ni, Co, Mo, W, C1, U and
Th may be in part associated with the organic matter in some of the
sample groups. Clay'minerals.are,impoftant element sites in both the

Monkman and Moose River Basin samples. Cu, RD, cr, Au and U are

4

associated'%ith clay minerals in almost all the sample 'sets. Elements -

0 .

such as Rb can substitute for ions in the clay mineral lattice while Cu -

i

and U hay occhf adsorbed onto the. clay mineral surface. Heavy minerals

appear to contrlbute elements such as 2r, Ti, Cr and in some aneslﬁ and -

S | 216 .
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‘Table 6.1
p
. MOOSE .
LIGNITE
P
“Cl organics
Ti .clay
mlnerals
V. NA
Ccr heavy - -
minerals
Co sulfides
. : clay
mineralg,
Wi organics
clay
~minerals
pyrite
" cu clay
/minepals
Zn organiés.

Ga

- Sy

RIVER

- and Monpkman samples

CLAY
carponate

)

inorganics- -

lorides

heavy
minerals

BASIN

~

paxtly in
clay.
minerals
sulfides
organics
clay
minerals

clay
minerals

organlcs
clay

TT-—minerals

NA

.sulfides

detrftals

b

" . carbonate

clay,
minerals'
organics

[

sphalerite

- NA -
sulfides

¢
L4

llllte

..feldspar‘

carbonate
phosphate

A

GRAVEL

carbonate
clay minerals

NA
heavy
minerals
clays - .- -
minerals
NA

heavy
minerals

‘sulfides?.

organics
pyrite

clay"
minerals ©

¢

Elay

minerals

'NA

. NA

illite .
feldspar E

carbonate:

MONKMAN
'COAL

" calcite

barite

" NA .

wélay

minerals

clay

. e
minerals

biay
minerals
- (illite)

. sulfides

clay,
mlnerals

:clay

mlnezals
sulfldes

organlcs

clay
minerals

_Asphalerlte

organics

clay‘
minerals
sulfides

ilTite &

édrbonate
barité

Summary of the element assoc1atlons in the Moase ‘River Ba51n

_ SEDIMENTS -

calcite

NA .

“clan

minerals:

clay.

minerals

~clay

mingrals
(illite)

.sulfides

sulfides
‘galena

clay
minerals

- sphals

erite

clay )
minerals

NA

illite

barite




(Table 6.1, continued)

¥

L Zr

Nb

Mo

Ba

PGE
~Au

Pb

Th -

NA Nog‘Analysed.

NA

tw

pyrite
organics

NA

organics

sphalerite

NA

sulfides(

. organics

detrital
organics

2

., organics?

o

clay
minerals
carbonate

clay
ninerals
heavy

_minerals .
rutile

ND ‘Not Detected

NA

zircons
clay |,

minerals?-

NA

organics

ND

NA

sulfides

organics .-

detrital
organics

clay
minerals

organics?

rd

organics
clay
minerals

clays
minerals

organics

heavy,
minerals

NA

zircons

NA .

Fe-rich
cements

ND

NA

NA

5%trital

. organics

" detrital

clay
minerals
organics?

. heavy

minerals

Lo~

"heavy

minerals
clay
minerals

heavy ’
minerals

heavy
minerals
clay
-minerals
carbonate

zircons
clay
minerals
organics?
u

heavy
minerals

ankerite

clay
minerals

clay
minerals
sulfides

NA

barite
calcite

clay
minerals

sulfides

NA

clay

-~ minerals

clay
minerals

organhics

pyrite?

clay
minerals

-he
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heavy
minerals.

clay
minerals

zircons
clay
minerals

heavy
minerals

clay
minerals

NA

.NA

barite
calcite
organics

NA

NA~

NA

byrite

clay

minerals
organics
heavy )
minerals



Table 6.2 Element suites identified in the sample sets
from Pearson correlation coefficients

Moose River Basin

Clays ~

Zr, -LOI, -S

5102,

. A1203: (Crl Cu; —Caol Mgo)

Ca0, Mgo, Na,0, K,0, Rb
Fe;05. MnO

TiO2/ Zr

LOI, S8, -Cr, (Mo)
U, Cu, (Ni)

Mo, Ni

Lignite

SiOz, A1203.

TiOZ, Th
Cu, Rb, -LOI ’

. . Ca0, MgO, Sr, (TiOz)

Fe,O

205 Mﬂol Z2r, (Cr, Co)

TiOz, U, Sr, Th, (Cu, -8)

Cu, Th

Monkman

Sediments

5102, -LOI

TiOz, Alzoj, Rb, Cr,
.(KZO, Y, Cu, V)

MgG, Cal

Fe,O Mno, (-NaZO)

273"

Ni, Co, Pb, MgO

Ba, Sr, (9205)

Coal

S10,, TiO,, Al,0s, U, -LOI,
(K,0, Cr, Rb, Ni, Zn)

MnO, MgO,-Cal, Nb, Y, -Sr

Sr, Ba, (Ca0)

Nb, zr, Y, Rb/ Cu, (Pb)




Table 6.2 continuéd

Gravel

$i0,, -Fe,05. -MnO, -LOI, -Ni
Al,05, TiO,, U, Cu, Zﬁ
Ca0, P;0g, ST
Fey05, MnO,'LOIJ Ni, (S)
Tioz, Cr,. 2r, U, Th{ )
Kzo,‘Rb

2 Zn,‘MgO, P,Og, Cu, -Th/U ,
Pb, S
‘Cu, Pb, Mo, Zn

: '

Silts

SlOZ, —A1203, -LOI, —P?

A1203, Uf Pb, Cu

* a0, LOI, sSr

Fe,05. M@0, K,0, MnO, P05, Rb,
TiOé:Eer Zr 4

Cr, Sr

u, Thﬁ S

Co, Ni

220




Th to the samples. Elements such as Pb, Ni and Co do not have high
- - )

correlation ceoefficients with any elements and are thus thought to occur
in several formsh‘ASSociation with the clay minerals, organics,
sulphides, carbonates and/or the heavy minerali,are examples of some of

these.

Variations in concentrations of elemgnts in“the sample sets appear
to support these reiatlonships; for example Zn which is organlcélly
associated in the. Moose River Basin lignites ~exhibits highest
concentrations in this sample group. Rb, U, Th, Cu and Pb are most

concentrated in the Moose River Basin clays, Co 1is highest in the

gravels, Sr and Ni are high in both clays and lfgnites while Zr 1is
equally concentrated in the clays and gravels. In the Monkman sdmples
Zr, Rb, 2n, Cr, V, U and Th are more concentrated in the sediments while

in the coals Nb, Sr, Pb, Ba and Ga are relatively enriched. 6 Equal

concentrations of Y, Cu, Ni and Co are found 1in the sediments and coals.
o ] ‘

The higher concentrations in either the sediments or the coals may be
due to different detrital inputs, more favourable geochemical conditions
for the precipitation or adéorption of that element, or the higher

-.number of. favourable sites in either of these dgroups. Competition for

-certain elements which are not very abundant in the ground waters may

alsc be intense. For example U 1in the Monkman sediments can be adsorbed

onto organics as well as clay minerals, and as U 1s low 1n these

H

samples, sediments which contain both organics and clay minerals i.e.

the carbonaceous clays are most enriched in U.

N

‘ . .
emphasise these relationships as can be seen from Table 6.2. Clay

mineral-forming major elements are associated with Cu, Rb, Th and others

1
° 4

i~

The element suites identified from theé correlation matrices further



I

>

: ! . . ' . . )
while carbonate-forming major elements are associated with Sr and
: ! .

N v

occasionally Nb and Y. Similarly Zr- and often Th and U are linked to the

detrital heavy mineral suite which ipncludes TiO, and is associated with
SiO2 representing the detrital matter:.
Detrital input in the form ofaheavy minerals, clpy minerals,

feldSpar etc., can be important in tHe concentration trace elements

in a coal. However due to the remobilization of trace elements =n coal-
forming environments element sources are often difficult to distinguish,

Determination of the contribution  -of for example clay minerals to the

trace element contents of a coal is facilitated by examination of .the
a4

related sédiments. Thus zircons can be identified as a source for the U

in the Moose River Basin samples and systematics .of U distribution can

i

be derived. : '

Adsorption of trace elements onto clay minerals and organic matter
. ' , o
from circulating ground waters is another important process in trace

3

element accumulation in coals and sediments. Elements accumulated in

this way tend to be preferentially distributed close to areas of

<

increased permeability and porosity such as boundarﬁes,between different

sediment types etc. Increased flow of circulating ground waters along

I

‘ . .
coal/clay boundaries leads to marked marginal concentrations of elements

such as-Vf Cr, Zn and Ni.

A ’

Plants contain’'significant inorganic material as shown in Table

4.7. some of this may have contributed to. the, mineral and trace element

. ' . o ’
contents of the coal and ].ignite.x Organic .associations of trace elements

decrease as coal rank increases indicating that-fswer~sit9£ are
. R ,
7

available ﬁnd that trace element redistribut;oﬁ is téking place.

™




‘a bias in favour of organic affinity of the elements.-:

"

6.1 "Element associations in the coal samples

Results shown in columns one and four in Table 6.1 can be compared
: s

with those of Table 6.3. This lists the results of studies on organic

e

and inorganic affinities of trace elements in various coals. The

Q

variability of modes of occurrenge of trace element$ in coal is

9

I

apparent. It is notable that many elements not only show variations

between coals but also within a single deposit or seam. Thus organic and

inorganic affinities have been noted for a single element in one coal

‘o

deposit. This was also observed in the Monkman and Moose River Basin’

« -

coals, for example Ni is associated with the organic matter or  the clay
K . : :

minerals in Ni-poor iignites and with pyrite in lignites with higher Ni

contents! a

Finkelman (1980) attributes much of the variability to the

JY

occurrence of intimately dispersed accessory minerals -in coal.

Concentration of a particular trace element in a coalemay also be
important, for example where little U is present in a coal it may be

associated with the organic matter or the clay. minerals, whereas whén

=)

present at higher concentrations sgparate U minerals such as

e ®

uranociwcite or uraninite tend to form. The same has been noted for Zn,, .
5 ' » .,

Generally the trace elements in the Moose River Basin and Monkman

coals appear to be more commonly associated-with- the inérganics than is

the case for the deposité listeéd in Table 6-3.4Tﬁis may be due to the

. higher inorganic content and detrital- input of the Monkman and Moose

S -

River Basin coals. Also as mentioned prgviouslyfﬁhe commonly used float

£e .
(]

<

. X . . O . » . . . - -’
sink method of determining organic and®inorganic affinities incorporates
s -

<

o . . “e
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Summary of organic/inorganic affinities of trace elements

<

v
AR

O organically associated

I inorganicall
I/0 inorganica

11

associated ) )
y assqciated > organically associated
" 0/I organically associated > inorganically associated

.

.

. in coal as determined by Goldschmidt, Zubovic, Nicholls,
, Gluskoter, Finkelman and Fairbridge .
- o
Goldschmidt Zubovic Nicholls Gluskoter Finkelman Fairbridge
Element 1935 1966 1968 1974 1980 1972
P ’ 1/0 1/0
cl o)
Ti (©] 1/0 o/1I
\% ' I fﬁ I ‘I/0
Cr 0/1 ' 0/1 I- o .
Co N O/1 'I 0/1 I I/0
Ni o/1 0/1 o/I I/_O o/I
Cu I/ I/0 o/1 o/1 I 1/0
Zn 1/ f . I I 1/0
Ga o 0/1 ' 1/0 1/0 o>
As i/ 5;1 I I O/1 .|
Rb I o
sr 1 " 1/0 ‘
Y 1/ 0/1 o/1 ;
Zr I I O
Nb . 1
Mo . 1/0 o/I I 1/0 - 0/1
Ba 1 I I
W % o
: P? I
Au ) “I“ - i I
Pb 1/ I 1 1/0
U I/
Th -
—
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6.2uwFact9rs which affect mineral and trace element associations

o - -

Coal has ‘a complex geochemical history. Many of the trace element

- T . . v
characteristics observed in samples from present day swamps and in peat
€ - - .

profiles (Manskaya et al, 1960; Erametsa et al, 1969; sillahpaa, 1272

and’ Casagrande and Erchull, 1976) are overwritten by later gecchemical

events which.the organic material undergoes. Thus trace element prefiles
N . ‘. i

characteristic of peat bogs are not observed 1in coal seguences.

Redistribution of ‘the trace elements and extreme mobility 1s the basis

for the observed trends and ‘patterns. The organic structure of the coal

alters continuously through&ut the depositional and coalification

processes and thus original trdce element égsoc1ations and particularly

organic -associaticns may he destroyed. Changes 1in organic structure are
“t .

also reflected in significant.porosity variations which may influence

]

water flow-through rates and-‘thus mineralogy and crace element
. . .

concentrations in the - coals. . . . . . S

-

6.2.1 Depositional ‘Environments O E o
The "effects of ‘the geéchemical conditions during the

and early diagenetic stages of coal formation can réadgly'be 1dentarfied:

~ -

w
4]

- . . * - . - : - . . ~‘ § -
from, the mineral content .and distribut:ion 1in the sediments and coeal. |

. . . o . . N

I

mentipned in chapter four cengi%gﬁgreés 1s the depositional ‘envrronment
. Lo - '_}5' T . .

-~ - - .

are wetter 4nd -moré oxidising or reducing than others. Eor examgle the

. . - R " .
levee sediments ahd—crevasse splay surfaces have a mineralogy *///

; . -

‘characteristic J&f atidic situations with peraodicaliy high water flow-

. - . .

through -rates " (altexnating wet dnd dry). Minerals sucn .as kaolinite and

these sediments in-the Moose River Basin. Illite forms

gibbsite -occur 1%

tuations- (wher'e the water table 15 &t or‘ above the

| . .
| .

in higher pH si

sediment surface) where the leaching of mineral matter 1s‘not so great.
:

? : |
- \

. .
’ - - .

- ) - BN

(94



Kaclinite and -1llite are thought to form in ,the seguences at

.

approximately the same times (i.e. syngenetically) and -a situation such

as that shown in Figure 6.

-

1 1s proposed. On the elevated areas in the

depositional environment .kaclinite forms in preference to 11llite, while

in the depressions and wetter zones 1llite forms. Where 1llite occurs,

trace elements wnh

ich may

have

flowed through or been leacred from the

ra@olinite-forming zones may be adsorbed onto tne :11lite and cther

- - L4 *
minerals for example muscovite or s:deriie.

Marine influence can greatly affect the coal mineralogy and trace
element content fMansfield and Spackman, 12€%; Horne 2t al, 1978; Cecuil
et al, 13817 and Styan and Bustin, 1%83bj. Clay minerals such as

. i . '
montmorillonite, smectites and 1llite are more COmMmMOnR 1N marine

k)
influenced <han freshwater coals {the same 15 also true ior” sediments,
Olorunfem1 1283 ani Clorunferm: and Fvfe, 1384)., wWilliams and Keith
{12€3} anc Horne et al (1278 have demonsirated inat ccals having marine
roaf rocks Tontain more S and pyrite than ccals with roof rocks of
‘\ -
freshwater or:zin. Rlthough trace elements in these coals nhave net been
analysed, % 1s tnought that elements such-as U, Mo, Tl and Na will also
be enricrned. This 1s due uc tne greater avallabil:ity of inese elements

Fy

The subsenvironm
foect tne elemen: and

or stoney

ccal

““he Moose River Bas:in, £

¥4

¢

§

4]

s
'y

(&)

cocal

seams and

~i1tn brackish or saline.
the coal lithotypes alsoc

-

in tnese materials. -Bone

so1ly lagni

e 1n

ot

wnen the swamp was Tlooded and faine

H

iments are raich in

ally contains very

»
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little detr;£él qaterlal. Thé bright and bright baﬁded Iithotypes formed
in relétlvély dry situations -while the dul;'aﬁd”dﬁll banded liﬁho£§§es
formed under prodressively wétter conditions, ée;taln“elémeﬁts such asQU
are more likely to precip1£ate in the higher pé conditions of the wetter
lithotypes' than the more §x1§ised and aClAlC..FﬁSinlth materzal as
mentioned previously requires extreme oxidising conditions to form ‘and
as a result of -this, Spelegd minerals and trace element; are

concgg;xated in the cell cavities of the fusinitic material. In coal

/lignite seams with predominantly dull or earthy lithotypes, the

. ~ ’

0

détrital input is great.and this wi1ll be reflected in. the trace .element

o

contents. Lithotype .characteristics  such as_tﬁé porosity. and nature of
- k]

‘the ogganié ﬁattef (1.e. the types of orQanic molecules) will also
influence the subséq;e;t t;ace‘element.distributlon and concégcratlon,
Precﬁrsor vegetation which is différent for eéch'llthotype will
contribute varying amounts of inorganic material to the>;fstem (see

- l’ S

Table 4.7)

<

6.2.2 Groundwater : ) - ) B )

-

Coal is a porous and absorbent 'medium thus factors such as the
P

groundwater composition must be of great importance. Groundwaters
. .

flowing through different rock types in each area will contain different

elements in varying concentrations. Metal-rich peat deposits (sdqh as

2

the Cu-rich peat in New'Brunswick, Canada, Fraser, j965)'caw often

. hd . * . -
reflect anomalies in the surrounding rocks. Marine influenced surface-
N . . + : ‘4

£ L]
2 . v

waters affect the geochemistry differently than nonmarine (Horne éE al,
1978)." This factor as well as rising groundwaters near the marine

. .

interface -can be invoked to explair the high Mo and ¥ concentrations

.
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s
observed. in some Brazilian sulphide rich ¢oals. (Lamb, 1982; Forman and

Waring, 1980 and Ayres,. 1981).

' . - v

The porosity and‘permeability characperistié§ of the sediments‘and'
coal will influenceé the quantities and rates of flow of the groundwaters

through - these matérials.lﬂigh poreosity coupled with high rates of water

.
;

flow throggh'siits.qr claysawili, given iQQ 8102 activity andij, lead,

to the formation of gibbsite rather“than‘kaglibite or tl1lite due to -

- g ' .

t

removal of leached cations. Also high permeability zones such.as'cléats'

1n the bituminous coal are often the sites for precipitation of

epigenetit minerals. As noted above, several.trace elements concentrate
towards the:upper and lower boundaries, of coal seams, This has been

explalnéd by higher grbundwater flow” along the coal -sediment boundarles“

leading to yreater interaction between the trace elemeﬁt§ in solution

« .y

and possible .adsorption sites in the sediments and coal.

6.3~ Comparison of the two deposits

. The geolégical hi;torlés of the 'two coal Pearing successions

although they are of similar ages are very different. The Cretaceous

sediments of the'Moose Raver Basin dare flat lying.to gently warped while’

- .
) . . .

the Monkman sediments nave been folded, thrust faulted and have
undergone more: compaction-and diagenesis. Resulting from this, the rank

of the coal, degrée of diagenesis and subsequently the mineralogies are
different 1in each area.
LY * '/ -

.2 " If percentage Al203‘l5 used as a measure of the cldy minerals

e

i preseﬁt and percentage bi of the 1llite (feldspar 'is assumed to be
equal in both areas), 1t 1s evident that 11l1te 1s more common in the

Monkman samples. Studies such as Farrah and Pickering'(1979), have shown
that on 'the %lllte clay mineral lattice there are more adsorption sites.

+



coalifiication the organic structure changes altering the Zn-organ

from aqueous fluids than do -higher rank coals.

230 -
- .

than on the more simple kaolinite lattice. Fewer elements are associated

with the clay minerals in the Moose River Basin samples (Cu, Cr and

occasionally' U) while due to the hi@her‘number of adsorption and

substitution sites available in the Monkman samples more elements occur

in*this way (¥, Rb, Cu; V and Cr) in these samples.
The trace elements introduced .into the coal-forming swamp in the

deﬁrit&l heavy minerals y}li also differ as the source rocks differ. As

shown_in’chgpter four the mineralogy of the Monkman sediment 1Is more

complex than that of the Moose River Basin, however trace elements 1n

the coal and clay thought to be derived from or associated with the
heavy minerals are quite similar. A higher number of epigenetic minerals
afe,present 1n the Monkman samples, thus rankerite in the coals is

associated with some trace .elements including Nb, Y and 3r,

|

The carbonaceous deposits of the Monkman ared“gre more highly

compacted and ."coalified" than the Moose ‘River ‘Basin lignites. A

t

Saniflcant‘dumbér of elements are thought to occuyr in organic

f

combfnatlpn in the lignites while fewer elements are directly associated
with the organic matter in the coal..It is thought that elements such as
Zn which have high' organic affinities may have at one time been

. B '
associated with the oarganic matter in the Monkman coals, however during
,— . * ‘\‘“
ic’

K

‘bonds. Also studges.by‘Moore {1950) and Cameron ahdeeC;air %1975) ha%e

shown that lignites and lower rank coals adsorb higher proportions.of U

’

. Stach ét‘al-(1982) note that humic acids which are.present in peats
and.lignites do not occur in bituminous coals. Humic acids are thought

to be important accumuléﬁors and adsorbers of trace elements (Manskaya

i

- -
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et al; Szalay and Szilaéyl,']967; Szilagyi, 1971; Szalay, 19¢4; 1974;

aw ~

"Schnitzer and Khan, 1972; Rashid, 1974; Nissenbaum and Swaine, 1976;

‘Kerndorff and Schritzer, 1980 and Scholkovitz and Copland, 1981) and

¢

thus the loss of these during q@alififation may releasefsighiflcant

amounts of trace elements p:eviohsly held in their structures. Elements

subsequently released mqy‘Be taken up by clay mlnerais or.in the case of

Zn may form epigenetic minerals such as sphalerite. Shotyk et al (1983)

-
-~

proposed -that some egements, for grxample the platlnuﬁ group elements and
U, may have been transported into the .swamp environment as

orgaﬁometallic complexes. These complexes might easily be. incorpeorated

into the decomposing plant matter ‘leading to an erganic association 1n

the coal. Such associations, which may be evident in the lignite have an

1ncreased liklihood of being destroyed in the more advanced

coalification stages required. to produce bituminous coal.

‘ . .
The exact nature of the association'of trace elements such as Zn,
. ¢ - -
\ .
Mo and Ga with the organic matter 1s not known. The presence of humic

acids 1s obviously very important in lower rank coals, while adsorption
onto other orggnlc‘molecules or complexation with the organ:igs and the
formation of chelate complexes may also be of significance (Reuter and

perdue, 13977; Swanson et al, 1966 and Vuceta and Morgan, 13978).

During the process of coalification from lignite to bituminous zoal,

the organic structure .changes considerably. This 1s reflected in,

substantial porosity changes. Randomly' ariented organic molecules in "the
lignite polymerise and become oriented in bituminous cbals thus reducing

the porosity. Through-flowing groundwaters will be less in the nigher

'rahk~coals thar’ 1n the lignites.



As_ﬁentioned;abové porosity and perméability characteristics are

.

extremely important. This is particularly’evident in the,light of the
‘almost cataétrophic washing which the Moose River Basin sediments and
lignite have undergone. These materials probably were flushed with great
quantities of.dilutg water during each ice sheét ‘retreat throughout. the
. _ ‘ Pleistocéne.  ° 7
# , 1 /
- // .
. - ° *
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CHAPTER SEVEN ,
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CONCLUSIONS

A detailed study of the Moose River Basin and Monkman sediments and

coal has shown that trace element concentrations and>associations are
extremely variable. Elements whigch exhibit organic affinities In.some of

€} .

~

the sample groups are Sr, 2Zr, Ga, Pb, Cu, 2zn, Ba, Ni, Co; Mo, W, Cl, U-

B
'

and Th. Of these Cl, 2Zn, Mo and Pb are associated entirely with the

\
organics in the Moose River Basin lignites. Ga 15 the only element

entirely organically associa?ed in the Ménkman coals. ’ ®,

“The mos£ common trace elemept occurrence 1s 15 Assoclation with the
clay minerals, and 'in particular with illite in the Monkman samples.
Less/illite is present 1in the Moose River Basin éamples and consequently
fewer'eiements are associated with the clays: Kaolinité which 1s more
comﬁon in these samples céntalns fewer adsorption sites and as 1t 1s
syngenetically precipitated ig clca;er than m:ight be the case for
detrital clay mlnegéls. ' - ‘

Det}ital heavy.minérgls such as zircons, chromlge, rutile and rare
earth éhos;hateﬁ host elements such as ér, Cx, Ty, U, Th, ¥ gnd Nb. Some
elements,.for’example U and Th are tho;qﬁt to -have originally been
présent only 1in héavy'mlnerals from which they were released and
rédistribu;ed in £he clays and coals.

Elements can exnhnibit several modes of occurrence in one sample

group. Due to the mobility of trace elements in the cvals and sediments,

g

trace element sites may have been guite variable through time~s For

‘

example an organically ‘associated element such as 1 in the Moose River

Basin lignites is also present in pyrité 1d more Ni-rich samples. This

33
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a

may reflect diagenetic concentration and redistribution. A similar

b5 SN

situation was noted for Zn 1n the Monkman coals where 1t occurs

.

associated with the organics as well as 1n sphalerite.

Association with the carbonates was noted for P, Sr, Y, Ba, and U

:

<

in some of the sample groups. As the carbonate minerals are commonly

.epigenetic, these elements may have been introduced into the sediments

at this late stage when the water composition was likely different or

were redistributed from other sites and.incorporated intg the

L - carbonates.

~— ™ Several factors i1nfluencing the mineral and trace element

characteristics of the sediments and coal have been proposed. These

include variations between and within depositional environments,

original vegetation type, composition of the groundwater and flow
patterns, nature of the surrounding rocks, diagenetic factors including

~. depth of burial etc., coal rank and postdepositional effects. The
& . B

interrelationships of - some of the above in the Monkman and Mocse River

Basin areas have been examined,

e

These coéi deposits exhibit nO’anqmalou5~trace element
concentrations relative to values for other coals and sediments and as
such are regarded as "normal" coals. Few studies have examined both
- sediments and coals from a. single area. An important aspect of this

"study has been to £race the associations of elements in several sediment
N o types as well‘as cegl and thus to improve the understanding of the trace

element system%fics in a coal-bearing sequence.



!).

Scope for Further Research

. . P
Fine grained mineral matter in coal 1s an impSkFant rep05lt6f9'of
N .
v -
N .

trace elements. Méthods have been developed to analyse such mineral
matter e.g. SEM-EDX; however 1t is important to guantify the amounts
N .
present and more carefully examine their associations.- Technigues such
as TEM or SIMS may be appropriate.
In addition to this more detailed geochemical analyses of the
- 3 L
different macerals,” with a view to establisnhing the trace element
contributions from different precursor vegetation would be'oi‘great
interest. B
Factors which 1influence the trdce element concentratlons 1in coals
and sediments such as groundwater composition nave been discussed. 3
detailed study of a single cdal deposit and associlrated groundwaters
- @
(taking 1nto account water composition and flow-througn rates) woull

assist i1n unraveling the processes involved in this system. In tnis way

oy

minerals which are 1n eguilibrium with the groundwatars can bde

1dentified.

More .detailed geochemical studies of coals from different

depositionalienvironments (from back-barrier to. lacustrine}

in a single déposit would be useful.



APPENDIX A: Table A.1 Whole sample mineralogy of Mogse River \
Basin samples, as determined by X-ray diffraction

: Quar:qQ Kaol- Musc- Mixed Sié- Gyp- Feld-
Sample inite ovite/ layer erite sum spar
: Number 1llite clay K
Drillhoie 82-01
L-1-22 ? L - ‘ —/ - - -
L-1=21. P L-T - - - -
~ 1L-1-13 ? P VI VVL - - vL
L-1-'8 P P "5 9 VL - - VL
’ L-1-24 ? L - - - - T
L-1-23 - VVL - - - L -
R . S
N -
L-1-23 ? B T VL - - -
L~-1-29 2 P L T - - VL
-t 2 i T VL T - -
L-1-186 z ? T VL - - to-
L-t1=-1%3 2 4 VL L T - \29
[ Z--14 ? 4 VL VL T - -
L-1-13 P 2 - VL vL Z-VL - VL
L=1-3Z ? ? Vo YL T - VL
RS =] o - . - - - , VL
LG P P-L T VL - - VL
- L-1-3 ol f_. T T VvVL vvVL YL
. (VL)
ToL-i-8 P b T-VL T - - -
‘T
L= 2 ~ T-VL - P - -
* : {L-T)
. L=1-5 b4 - VL VL - — -
(T)
L-1-5 P - vVL T - - -
(T~L} : -
L-1-4 P L-T - s VL - - -
v - '
L-173 P - - VL S T - -
(L-T) o
L-1-2 P - o vVL - - -
()
’ L-1-13 P VVL T VL - - -

N

Other

L- rite

VL-dolomyite

VVL-nematite

T~hematite -

VL-hematite

T-pyrite

13




.

{Table A.1

continued)

Drillhole J-1-2

L-2-27
L-2-28
L-2-26
L-2-25
ﬁ-z;23

L-2-24

‘L-2-20"

L-2-10
“L-2-13
L-2=11

L-2-12

L-2-21.

L-2-22

8 8

K

«1

T-hemataite

T-pyrite

2



w3

~oa

* «{Table A.1 cont

r1nued)

Location TZ’Ada@ Creek
AC-29-82 P T_
AC-22—§%. P L
Xt-éo—sz F P
« AC-21-82 L P
AC-28-82 P ]
TAC-27-82 P P
AC-26-82 P-L _;A P
AC-25-82 {j;;; P
.AC—?4—82”P L
AC-23-82 - P P
- h g
 AC=30-82¢ L p
,ﬁq§§q—82. Vﬁ { L’
LSéqffén 11 Aédm Creék
EAC;;4-82‘ P-r . P’
: - 2
tAc-17<82 P - 'p

AC-15-82 P

- AC-16+82 . L

-., AC-i9-82 T

aC-18-82 VL
Location 3 Adam,
AC~-10-82 VL ;
JAC-09-82 VL
AC-08-82 P

AC-07-82 P -
s . PN

- V'
Creek

- VVLa
VVL VL
T-L -

- VL

L UVL -
vVL -
{

- VL

VVL -
i
- \'2%

v

P-geothite

(g;bbsxte-éEM)

P-pyrite near Lop
YVL-dclomize

. -

VL-ilmenite

]



Y,

{Table A

Location
AC-32-82
AC-33-82
AC-34-82

AC-35-82

F'major
L minor
T trace
VL very

v

i

.1 continued)

15 Adam Creek

P T

P . T

P P

P’ P
componént
component
-component
litctle present

VVL almost negligible

(X) Mica



e
. R Table A.2 Whole sample mineralogy of selected Monkman samples,
as determined by XRD
Sample Juart:z Kac.- Musc- Mixed Anck- Cuner
Numper inize ovite laver er.:e
iilize clay ’
- Srillncle MDDTE-14 :
B s - - - - L L
STa- T N - - z VL -pyrite R R
~ : A
tITe v T TN VL - Vi-s.Zeriie,
»
- $T4-72 s T T s - Vv.-s.derize.
EREE s - T el ~ . L-s.der.:e
$ea-% Y T VoL "L-si:der.te. oyrite zalena o
. 574-7 z T ke - s VL-pyrite VS L-czarite ’
cca. , ,
tlET 7 z T s - T-galena
ERE - F - T T- fafps Cps “L-galerna s:derize feliszer
] .
TlE: 7 TVl -1 VL T CL-pwrlite
1= T - - L - TevL “L-zarite feldlsper
S : T T - -
25-12 r Tz T B - e -
Srillncle M ET-DE i ‘
’ -3 B - -7 - -
- ‘. A
dq-- - - - .« [y ~
iz = ! T-VL ot e P .
.
il z "o - e - SCL-gvyite  galen:  ander.te  s.cer.ze ,
- - ’
L Bl - - - - - -
3% . o .
4
2 e = - < - ' .
2302 E p . iy .
. BI-7 F -1 T fatied) - “L-zalerne sidsrite
. ccal . , o
5:-12 B e T p* ~ Vi-pvrive. galsna  fal s.ier.te X -
car.te *
3Cte z L - - e TNl T-feldspar ‘
] . IS
£3l% T s alee Eays - Vl-siderite d
: - 85—t P VL T - - VL-gypsum. ga.ena VWL-calc:ite,
? Z: . marcasite, ocarize, feldspar
sS-0 - T = - - '
. ‘clay only ’ ot
- .
-
— R .




{Table A.2 continued)

Draillhole MD 80-02 ' )

§2-7 P T VL - T T-calcite VL-pyrite, -siderite
5290 P VL T VVL VL T-feldspar, siderite VL-galena
: (L=T)
5291 P T T VL. - T-siderite, feldspar VL-calc:ite
5292 P T L - VL T-siderite, galena VL-calc:ite,
(L) feldspar
52-8 P - T-L VvVL T-VL-siderite, galena VL-calcice
' (y VVL-feldspar, pyr:te
$2-2 P (29 T Vi VL Vi-siderite, calcite, galena R
(L) " VVL-feldspar, barite, pyrite
Dr:llhole MD 80-31
Si-1 P T T VL - . N
(coal) P VL T VL VVL VVvL-galena
(L) :
5361 P T VL - - VL-siderite
£343 T VL ¢ VL VL - i
5341 2 VL - - T VL-sider.t
5337 P T VL - - YVL-pyrite
5338 T VL vVL VL VYL VVL-pvrite, calcite, feldspar
/barize
Drx:ilrole MO 30-03 . '
.
2354 o - VL LT Vi-calcite, VJ/L-s:iderize
5355 L T VVL gt Vi vVL-feidspar, siderite
$3-% 3 129 T VLt 4 T-marzasite, Vl-calcice
‘ ]
P mas;or component ,
L minor component . :
T wrace zomponent : : . . EPTASERR T
VL very little presert : ’ . - v
VVL almost.negl:igible . o).
A A v
{X, Mica
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ABSTRACT _ S .

A detalled study of U-Th distribution~}n.tn5 Lower
GrctacéBUB coals in Canada shows that for these coals formed in a

continental fluvial and deltaic environment with no marline

{nfluence, the U contents are ln the.range 0.07-7.5 pom with.Th
in the range 0.3-11.C ppm. Average Th/U ratios are near 2 'which
indicates slight uranium enrichment, The environments of the two

coals show dlfferent degrees of weathering imontmorlillonite-

{1iite and kaolin-qlbbsite} and U values are lowest In the mpre
weathered environment. In sedimentary -proflles assoclated =ith
the coals, the maximnum uranium values are not. in thescoals but- in

carbonaceous clay sediments above and below coal seams., Yranium

o -

distribution patterns can be c6rrelatéd with MY, Cu) Ab, Pb, Sr,

«

and lr, lIndlicatling contributlons from heavy nlnqraLs plus more

noblle speclies {(possibly simple.organic compounds) which are
, . . ' -
adsorbed or htonded onto clays or organlic matter, - ’

1

INTRODUCTINN

4igh uran}Jm leJC; have been ohserved, in coals from »ar{on
narts of ‘the world, e.g. S. NDakota, Sl 3razil, WdrNiékShifC. .
GC.R., etc. fhe dverage concentration of uranium in coals world-

wide ts 1.0 ppm (Rertine and Coldberg, 1971 and U.S. Env. Prot.

Agency, 1975) but valucs as.high as 10% have been reported in

" coal matertal (King and Youﬁq, 1956 )». This$ large range 1Is

attributable to a \ar{et; of. factors I{ncluding coal rank,

chemi;tfy of the groundwater, local hydrology, enclosing,
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Lithologles, rate of wcather%ﬁg of the surrdunding rockS,’and
deposytlonal environment.

Two-coal; were examined in this study. A Cretaceous
bituminous coal from the Peace River Basin {n N.,f£. British
Columbia and a Cretaceous lignite from the Moose River 8§sln in
N, Ontarifo. The coals and a rariety of sediments were analysed
for uranrum¥ thorium, major.and ten additional trace elements.

Hlne;élogy was determined by X-ray diffraction.

The obtective of this study was to establish

.

a) the concentratlons of U In the coal and assoclated sediments
b) ghe stting of the U in the coals
c) any assoclated trace elements or trace element suites. ’

d) the characteristics of the Th/U distribution relative to the
general stratligraphy. In both areas

e) . possible relationships to the depositional 'environments,

The assgclation of U with coal has long been known
(Berthoudl 1985).‘ Moore 01554) established expergmentally ihe ] '
abllitty of carbonaceous?materdals to exEract U from solutlons,
and showed that more than 99% of the U from a solution of uranyl
suif&te (UOZSOQ);,conta{ning 200 ppm uraniumat a pH of 2.45 was
taken up by pegg, lignite and sub-bktumanus coal. Prbposcd
serCC5 for uranium iw coal have. tncluded the origin;l plant
matcrialz_‘Althngh enhanced concentratlons of uranium havc’becn

found In plants growing In reqlons gf‘uranium mineralizatlon,

<.

€.9.- 160 ppm U In the ash of oak leaves (Dean, 1?66), 1.5-1000

ppm U in ashes of ‘lew Jealand shrub Copromosa Australls

+




.{Whitehead and Brooks, i969)3 U;anlumclg generally consideredvan
ablogenlc eleﬁenf. Average uranium'values>16 terrestrial plants
are charactcrisﬁlcalli iow, 0.58-0.20 ppm U in ash (Ocan: 1966),'

0.6 ppm U In ash (Cénnon[ 3960) and 0.00S;0.0é'ppm U in plant dry

matter (Bowen,.1979);

Most peats also show low average U values, for examplé

-

Shotyk (1984) calculated an average of 0.2 pom U for sample’s
from several.peat deposdts. U In peat tends to concentrat; at a
definlte level near the bottom of the bogs (Erameta et al.,

1969)., Preferential accumulation at this 1evel'may be attributed
to U sorption from very dilute solutioAs fn natural wate;s moving
upward due to summer evaporation (Taylor, G. H., 1979; Erameta et
al., 1969). Peat bogs do not exHibit the near surface U concen-
tratlons that Qould be related to enrlchment by living plants.

Follo%ing/the trend ;f low U contents f{n plants ahd peats,
moét‘coals are also ufanium poor, howcve;, higher U values are
foupd 1Q coals affected by Y-rich watersydur!nq and/or after coal
deposition,

Most_;orkers now agree that U in coal is der{vca fraom
cirCulating—groqu waier§, where {t may travel as the Uranyl fon
UOZ"(%rcgcr and Nuel, 1956); as an'glkall.uranyi‘carbonatc
(Breger; 1974) br as varlous organo-uranyl complexes (GCermanov
and Panteleyev, 1968).

Heavy llquld, acid lcachiﬁg experiments, etc., have |

demonstrated that U {s associated with the arganic material and

pacticularly wlith the humic acld fraction In- coals {(Hurst, 1981;°

ey
[

i3

Ut




o

Halbach et al., 1980; Borovec ;t al., 1979; Breger, Ouel and

~

‘Rubinstefn, 1955; Zubovie, .1976, 1961). Breger aad.Duel (1954)

‘proposed "three ways {n which this may occur. Where
- —
1) the organics act as reducing agents converting soluble uoer

-

to the ' Insoluble uranous form,

2) the coal decompcsition products, e.g. HpS act as a reduclng
agents,
3) the carbonaceous material idsorbs U from the ground waters
Al

i

resulting In organo uranium complex formatlion.
Szalay (1964, -74) found the catlon exchange properties of humic
acids to be responsible for U accumulattion. As this Is a revers-
1blc process Kochenov et ql. {1965) proposed that cépion exchange
in a continuous réduc!nq eﬁ»lronment could lead to the observed U
contents In peats. 3reger, Duel and Rublinsteln (1955} found U

in the S. Dakota lignite to be held In organo uranium complexes,

Davidson and Ponsford (1954) found the U in coal to cumuylate pre-

‘
~

dominantly by sorptleon which then results [n organo uranium ..
complexes. Sych compleres have bcgn reported Intact from
Precambrian cirbendceous mdteé}al from Cluff, Saskatchewan
{Bonnamy, Olerin dand Richet, 19982). Gruner (1956) descripea
colloldal size cof;inLtc and uraninite in 6hq Fo;t UniOn

lignit;. Thése collolds For@ when U bearing soiution§ are {ntro-
duced into. the coal dlsng'fractures and shrlnkqgé~cracks, and
adsorotlon‘of,th; i on the coal'leads to the formation of cymplcx

U ¢compounds which may later be reduced to U minerals (Breger,
. - 1

19741 Xononova, 1966). Clearly several stages and processes may

+
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be involved in-U accumulatlion in coal. Initial adsorption may be

followed by formation of organo uranium complexes or colloids.

CENERAL GEOLOGY

The Moose River Coal Basin Is situated in the Cochrane

District of N. Ontarilo, about 50 miles south of Moosonee, between

820 and 83°W longltude, and 510 and 51030'N latitude. The
sediments are from the L. Cretaceous Mattagaml formation and

include lignite, clays; silt, sandstone and gravel. The section

examined at Adam's Creek, can be subdivided into an upper

1 .
" kaollnitic quartz gravel unit overlylng a finer gralned sequence

of silts, claysvand lignite. The deoosifional“enuironmcnts are
fluvial channel and floodplain/swamp respectively possibly In an
anastomoslng river sifuatlon (Fyfe et al,{ 1983; Try, 1984 and
Try et al., 1983).

The M;nkman coal deposit lies {n the Rocky Mountaln
Foothllls belt, gpproximatel; 60 miles W. oé the B.£.[Alber§a

o

border, and S. of Dawson Creek, at approximately 120044

r

longitude and 54048' latitude. §amples are from phe L.

Cretaceous Cates HYember whlch .at Monkman contalns twelve bitumin-

ous coal seams together with clay, coaly c1ay,-siLt,'carb0naéé0us

sdndstonef'and rare ‘conglomerate, The matertials we}e dcgoslteﬁ
tn a lower to upper delta plain environment {Carmichael, 1982).
METHODOLOGY

SamplcsAnerc ohtained‘from_recéntLy exposed outcrop and -’

¢ -
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' drill core at Moose River and from drill~corc at Monkman. The
sa&ples were alrdried and crushed té a -200 mesh size fraction,
some relatively undegraded wood samples were ashed in open
porcelaln crucibles over a bunsen burner and subsequcptly ground.

Approximately ZOOA;amples were analysed for U by Delayed
Heutron Counting, Th‘was analysed LF 35 of these by Induced
Neutron Activation Analysis. This work was carried out by
'Nucledr Activatfon Services, Hamt{lton, Ontarlb. Detection levels
wnere 0.01 and 0.3 ppm for U and Th respectively. Malor and trace
elements were analysed by X.R.F." The Monkman samples were
apalysed at thé Uni;erslty of Western Ontarlo and the Moose River
samples at Y -Ray 3issay Labs,lDOn Mills, Ontario. Hineralogf ras
determined uslﬁg'X.R,D.,accoﬁpanicd by some S.E.M, énd thin

sectlion work,

MINERALOGY

The domindnt mwinerals In the *aose River Rasin.sedimentls are

quartz and Naollnite,. Trace qlbbsite wnas detected In one sample

(AC-18-82). Thils mlneralogy Indicates a “ighly seathered contlin-
. . # ) . 1
ental sltuation. Secondary minerals such as pyrite, calcite and

“

stdecite are also gbundgnt {n some of th; samples. The llgnites
. : aéd sedimenats are relatively unconsb;idated:and flat-fying.

The Monkmnan ~atertals contaln predomlipantly quartz, 1llite
and mﬁntmor[llonlte wits minor secondary calcite, ankerite and

pyrite. Ill[thocé;rs In less weathered environments or as dn

alteratton product of kaplinlte and/or montmoriilonite with




increasing depth of burlal. The ﬁonkman‘sandstoncs often Eontain
coaly stringers and wisps, whlch contrasts strongly with the
ordanic free Moose River Basin gravels and sandstones. Thesé
sediments are well consolidat?d and are structurally deformed.

No discyrete U minerals were found in any of the samples.

RESULTS AND DISCUS§ION

The results of the U and Th analyses are listed in Tables 1,
2 ané 3. Tables 1 and 2 give lithology, U and Th and Th/U where
avallable for each sample from the Yoose River basin and Monkman

3

-respectively, In Table 3 th'e samples have been dfvided by
lithology Into]coal/wood, clay/silt and sand/qravel, ch_
averages and ranges given for each group.

The ranbc ftn U céntenis for all the samotltes is 11.3 to 0.05
ppm. Clays and silts contéln‘the highest average U, l.e. 4.839
and 4.84 ppm In the Moose éivgr and Honkm;n édmple; respective-
ly., Wwlthin the clays;hlghest values occur in the'mést arganic
rich samples (where the organics are elther jlssgmindted or occur
as dlscrete fraqments/rootlets{. Th; aUeraqé J c?ntent){n the
coals/woods Is much lower, 1.63 and 2.3%5 ppm for “oose River and
Monkman respectively. ,Ih1$.Qe;reasc in U content {n the coal Is
éiso €;ident‘in \ercicél\logs‘drann from.both study areas (flg.
. 1198'and 2;75 opm are the‘a»gréq; V) vaiues‘for the Moose
River and Honkman’;apds and gravels. The Th/U ratios are nhigher
}han for the coals or the clays, 5.41 and 5.19 {n the Moose R[{ver
and Monkman sands and qra~el% respectively. ' The awe}dqe TH/U.

o
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TABLE 1 - U, Th and Th/U values by sample
. ~ Moose River basin lignites and sediments
R U ppm Th ppm Th/U s
AC-03-82 1.13 2.8 2.48 Wood from red sst
- AC-04-82 2.65 6.9 2.60 Laminated mud silt, org-rich
> 05 (2.15) (5.6) 2.60 Wood
96 1.88 7.1 3.78 Laminated mud/siit, org-rich
07 » 6.35 11.6 1.83 Clay with roots, brown
08 2.97 6.1 2.05 Lignite
¢ 09 1.88 3.2 1.70 Wood from lignite
10 0.13 2.1 1618 Pyrite + wood
A (0.35) (1.27y  3.83 Yood
12 0,87 1.8 2.07 taminated sst + coal
- 13 0.15 1.2 8 00 Pebbly sst -
14 3,46 6.2 1.79 Banded silt and sand, + roots
v 15 0.97 2.2 2.27 Sandstone
16 5.29 9.4 1.78 Clay (tan) .
17 4.13 i 3.6 2 32 Clay (tan)
18 6.83 15.2 2.23 Clay (light-brown)
19 8.43 12.7 1.51 Brown clay . !
20 3.15 10.0 3.17 Orange clay
~ 21 4.8 1.0 2.29  Browny/blue clay
22 0.52 3.5 6.73 Gravel -
23 5.39 9.9 1.84 Brown clay + roots
. 24 5.95 9.2 1 55 Brown clay .
25 3.80 9.2 2.16 Silt + sst with roots
26 (2 23) (2 36) 1.28 Wood :
27 ©5.35 12.4 2.08 8rown clay .
28 5.57 11.4 2.05 Clay (White)
29A 1.04 5.9 5.67 Gravel with clay
30 (0.43) (0 66) 1.54  Wood ‘
- 31 0,42 . 1.6 -3.81 Clay {White) “
328 067 . 5.0 7.46 Gravel
32¢C 1.57 2.8 1.78 Tron-staiped gravel
33 3.05 11.3 3.70 Clay (¥hite)
34 6.72 8.3 1.24 Brown clay
35 (7.2) {0.14) 0.02" “ood
Py 0.88 HA - Pyrite nodule from gravel
RCI 0 59 HA ~ Red sst/qravel + wood
RP 024 HA - Red sst/gravel with pyrite
0E 2.56 73 2.85 _ WJeathered lignite . ’
0€£2 ~0.07 < 0.3 4.29 Wood stump ,
0£3 0.29 0.7 2.4 ‘Bark lignite . N
DL4A « 0.33 0.3 o.N Wood - inside
. - 0£48° 1.10 2.5 2.27 ‘lood - cuter portion
- , '0E6 103 2.3 2,23 ood
ot7 1.2 HA - Green clay
29 clay 2.39 10.9 4.56 Clay {White)
29 gravel 3.64. 35.6 9.78 White gravel

¢

velues extrapolated from U. ppm in agh, assuming no U. loss
on ashing.
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clay
White+red+green-sst
White-yellow clay
Brown clay + silty sst
Med. sst (clay + org, rich)
qtz. gravel
tan silt + orgs
white silica sst
tan-grey org rich sst
blatk earthy lignite + woody
woody lignite )
v. woody lignite
earthy lignite
vwhite (+ brown) clay .
med. dk brown clay + few orgs
1t. grey. tan clay + orgs
black v. org. rich clay
woody + peaty lignite
woody + peaty lignite
woody + soily lignite
dk. grey clay + orgs
dk. grey original clay
black clay )
org rich black clay + silt lens
med. dark grey clay
dk. grey-black clay, much wood
dk. + 1t. grey banded clay t+ wood
med. grey clay
lignite earthy + silt lenses

£}
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Depth
Feet

172.5
200-185
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5
quartz gravel
sdndy gravel
dark grey silt (banded v.f.)

% dark grey.silt + org. mtl.

sandstone

lignite

Tignite underclay

banded silt + orgs.

med.-dark grey silty clay + ores.
dark:grey siity clay
light grey silt

light grey silt

med., grey silt

v.f. sst {mainly silt)
med./finefgst + silty sst poorly sorted -
red + green clay

red +.green clay

green + yellow clay

yellow + green clay

green grey clay +'orgs.

réd-+ 1t. green clay .
green grey clay {littlie orgs.)
yellow/grey <lay

orangé red clay

red + grey green ¢lay

'

.
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10 80-01

Depth (metres)

a2.
,48.
57.
70.

79.

86.
88.
20.
92.
93.
124.
127.
153.
i55.
193.
h94.

70-
65-
22-
20-

35-,

59-
90-
11-
30-
07-

42.
48.
57.
70.

79.

86.
89.
.92

9

92.
93.

41-124.
33-130.
61-155.
02-156.
78-194.
24-195.

73
75
30
35

55

64
19

97
28
65
18
02
9N
24
80

TABLE 2 - U, Th and Th/U values by sarple
Monkman, .

Sample
Number

S1-8
S1-7
S1-6
S1-5
= coal
51-4C]ay
S1-3
5344
5347

-51-1
$1-2

5361
4343
5340
5341
5337
5338

1o 80-02

T3z,

30.
3
3

32.
76.
76.
76.
78.
79.
.80.
al.
£6.
97.

25-

o

05-
70-
49-
72-
80-
10-
97-
30-
79-
32+
60-

30.
31.
32.
32.
32.
76.
76.
78.
79.
8n.
81.
81.
86.
97.

1o 80-04

4.95- 5.
5.66- 6.
56.45- 57.
59.06- 60.

35
55
05
70
35
50
80
10
87
30
79
83
37
67

66
20

77

09

S2-7
5290
5291
5292

2-6
S2<5
S2-4

5294 (A) -

5295
5296
5297
S2-3-
$2-2
s2-1 v

5303
5304
5299
5301

NDWNDOO—~NWLEwWD N

OO =N

Ot —— O L&D WWUNOU & s~

.64
.62
.40

17

.33
.85
.41
.96
.27
.69
.41
.62
.81

24

.44

76

.83

.74
.92 . .
.30(3.03)
.93
.52
.67
.70
.65
.96
.90
.20
.99
.96
.33

.44
.99
.88
.48

2.

B.C.

Th

7

W~ o

WO~ O M~y

Th/U

1.22
.21
1.68

O — P —

1:95
.98
.69

.35
.85
.08
.78
.73
.075

coal in v.c.=55t
coal + coarse sst
coal + clay

ground coal + clay

- stoney coal

clay

coaly silt

85 repeat

clay + coal. stringers
clay + coal = :
B85S

B3

Bd

coal + clay °

B3

clay
dull coal + v.f. sst
stopey coal + clay

81

coal + coaly clay
clay, coal + M. sst
coal # coagse sst

83

81

233



nole MG 2C-232

Oepth (metres)

26.
29.

37
39.
39.
42.
43

43.
44.
46.
48.
51

7e.
73.
74.
76.
108.
1.
113,
114.
123.
122.

32-

82-
0s-
14-
61-
55-
03-
90-
34-
60-
01-

.28-

22-
Bd-
99-
81-

26.20

29.76
37.15
39.34
42.07
43.03
43.70
44 34
36.52
48.01
50.90

51.43

72,32
74 99
76.37
77.01

81-108 98
27-111. 32
75-114.10
91-115.10
42-121.50
23-122.04

Hole MD 80-05

27.
35.
36.
38.
4.
42.

45.

51
56.
69.
69.
.
72.
73.

73.

75.
87.
113.
113,
116.

117.

38-
92-
91-
11-
53-
88-

1s-
.92-

94-
36-
50-
17~
45-
40-

80-

29--

48-

27.50
36.10
36.80
41.12
42.88
45.05

45.30

52.00
57.00
69.50
1.1
72.23
73.40
73.80

73.94

75.19
87.55

£0:113.86
€6-115.52

34-117.40

96-118.03

LI

Sample

Number u
c T 2.04
S3-124 2.87
$3-11 - 336
£3-10 420
$3-9 9.98
5348 2.77
534 409
£350 3.4%
5351 529
5352 2 56
5353 2.21
$354 2.47
T 3.67
S3-8ug s
$3-7 5.40
5356 1748
5357 1.06

$3-6 1.3
$3-5 2.08
$3-4 3.36
5360 0.56
$3-3 - 4.22
$3-2 0.05
. $3-1 5. 71
$§-11 . 3.95
- $5-10 3.84
$5-9 3.87
531} 2.12
5312 0.72
5313 0.34
coal 1.1
55-8 clay 3.44
$5-12 4.94
. S5-6 4.17
+§5-5 5.10
5307 1.24
5308 2.02
5309 1.45
5310 2:68
5.12
$5-7 0al 4,37
$5-4 . 4.60
$5-3 ©2.67
55-2 2.65
5305 0.7
5306 0.96
coal 3.16
3391 ay 3192

h

3

p—

m W

2

[oaN =)

o

Th/U

189

0.30

1.25
1.79

1.64

5™
w

fine sandstcne
coal o
fine sst + coal
clay + sailt
clay + coal

\

coal

clay -
clay + coal

83 seam

clay + coal

v.f. sst + dirty coal
coal + carby. silt

81 seam bese

clay + coal

fige sst + dirty coal
clay + coa

\ R
N

clay *+ coal
clay + coal
clay + coal

B84 seam

coal

clay ’

clay + coal

silt + v.f, sst « ,
coal + clay

B3 seam .

silt P

coal

claystone

v.f. sst ¥ grey silt

fine sst + coaly partings

B1
coal .
clay + silt ,
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02-112

21-117.

88-138.
15-136.
10-144.
10-155.
85-167.

.28-172.
.S8-177.

30-181.
04-206.
14-212.
50-215.
95-218.

.29-220.

80-223.
90-244.
36-244.

.175-249.

85-250.
23-253.
70-284.
51-287.
35-287.
54-288.
65-293.
31-284.
69-295.
77-297.
09-298.
12-298.
70-329.
52-331.
24-331.
99-357T
48-371.

03

60

sample
Number 1]
$14-22 4.73
S14-1 2.57
1270 2.83
S14-2 4 83
S14-6 4,80
Si4-3 8.23
514-4 5.37
S14-5 in
S14-7 6.21
S14-8 ' 4.56]
$¥4-9 4.27
$14-10 4.29
S14-1 7.02
$14-12 3.96
s14.13Clay 3.79
coal
S14-14 2.58
1281 7.48
S14-15 6.13
$14-16 2.40
$14-17 6.27
$14-20 1.63
S14-18 5.22
1283 4.52
1284 6.63
1285 2.69
1291 3.09
1292 1.41
1293 2.82
1294 0.96
1295 0.50
1296 0.62
1297 ?
1298
S14-19 5.23(5.13)
$14-27 . 1.62
$14-23 3.13

Th

3

9.

8

3

7.9

oo
~ o

-2
.15

o~

" ThIU

.16
.43

.41

.63
.25

sst  Jenses in black silt
Bone coal + sst

coal

clay + coaly partings
coal + clay

clay + coaly str
dirty coal + clay
fine sst + clay
coal + clay

clay + coal
carby. mud + coal
clay + coal: [y
coal in clay

clay + coal

coal + clay
clay + coal

* coal

coaly clay + clay
coal~.+ clay

coal + clay

coal + v.f. sst
coal + clay

-B4 seam

B3 seam
¢oal + clay .
v.f. sst + coal

Ssilt v vof, sst

N
914

a
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MDD 79-10

-

20.12- 20.
22.58- 22.
32.11- 2.
35.58- 35.
39.00- 39.
- 50.88- S1.
53.64- 53.
57.43- 57.

79.25- 79.

.93.30= 93.

93.50- 93.

94.90- 94.
120.58-120.
"122.30-122-
135.50-135.
165.51-165.
173.08-173.
180.10-180.
224.20-224.

38
75
3
70
11
00
79

40
68
98
70
56
80
45

35

28 .

23
40

Sample
Number

S10-1
S10-2
$10-3
Sie-4
S10-5
S10-6
$10-15
S10-7

$10-8 coal

clay
$10-9
$10-10°
S10-11-
$10-12
S10-14

©$10-13

510-16
S10-17°
s10-18
S10-19

bbbwwh&&-\uu}—luo\om—'www&

.44(1.48), |
.08

.69

.42

.94
17(4.20)
.36

78

67

.47
.05

Th

—_

O D

12.0

Th/U

D lay + coatpartings
f)“j .

€

dirty coal + clay

clay + coal

dirty coal + clay

coal bands in clay
coal '

silt + clay

*coal + clay
- clay + coal frags.

f. sst + coal , -
clay + coal ~ .
coaly clay + coal
coal + clay

clay
coal + clay’
clay + copal
carby clay + calcite veins
coal + clay : -

clay + coal.str.
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value for ‘the continental crust i{s in range of 3 to 4 (Wedepohl \
T T g§9-78), therefore the sands and gra@els are depleted in U while

“

’ the coals aqﬂsclays with ratios <4 are relatively enriched In u. *
* . The qiéher average U values In the Monkman coal; may be a
function of coal rank (Breger and Hoor;,.1955; Cameron and
LeClair, 7975}, or result from the less weathered environment,. .
The higher axérage"u‘xalues in the Monkman sands and gravels may
be explained by the abundance of coaly_st;ingers, wisps and
detritus within them compared to the relatively clean Moose River
grévqls and sands, 'fhe organicﬁ may provide s{tes for U comp{éx—
-ing and adsorption as well as a reducling énviropment that could
{ enhance U precipitation. - . )
Ffg. 1 shows U, Th/U ratio varlations with depth and
¢+ lithology. U values show no net fncrease or decrease';ith depth,
- .which 1ndicates that origin 1Is syngeﬁetic ratger than by lateF
Introduction. ,
Lftholdg; has an Important effect on U distribution, with
Clay rich. sediments having highest U cgggg‘trations. This 1s
. Yo, !
also the case for clay partings within a‘coal_seami This could
‘be eiplained by'the presence of a gfeater number of potentiai
sites in the oréanie tich cf;ys, f.e. hoth clgy minerals and
humic aclds ﬁhereas'only humic acid sites are present In ;oals.
Several cher e}ements (Cuf/dl,'Pb, Ir, Sr) exhiblt th; same
trend rclqtive to.llthology as U (Fig. 2). MajJor elements Al203,
‘ 5105, 110, and’Fegoj:are stmilarly dilstributed. Graln stze with

its effect on porosity and permeablllity may have some effect on U

3




-

Variations in the contents of U and Th/U with depth and
lithology in a composite section from Adam's Creek,
Moose River basin,-drill hole -J-1-2, Moose River basin

and drill hole MD80-05, Monkman, B.C.
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Variatibns in the contents of U, MgO, TiD2, Fe303, .
A1,03 and Si02 with-depth and lithology in a-lignite

bearing section of J-1-2.

.

Variations in the contents of Pb, Rb, Nf, Cu and Ir

in the same seciion. ., , 4 T
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concentration in the sediments. For' example an organic rich

L

silty sandstone contalns less U than an organic rich clay (3.80

ppm U 1n AC-25-82 vs 6.35 ppm U In AC-07-82), . .

- ¢ .

-

DIS&USSION‘

Pearson correlation coefficlents were determined from
analyses .of both sample sets (Table 4) }n order to establish
eyements or suites of elements d550ci$ted wiph u. In the Moose
River Basin lignites a correlat{on exists bet@een U and Ni. The
clay sediments exhiblt a correlation between U and*Cu and to a
lesser extent with Al;03., This assoclatlon of U and Cu }é aiso

" evident in samples from peat profiles (Shotyk, 1984), where tgf

elements are similarly correlated and qppear to behave In a

2

similar fashion. However the correlatlion s greatgst In the
'dlgal calcareous oozes dzrectly below the peat (r:: ;92566‘for U
and Cu) where U and Cu values are also at maxlmum concentration. -
U in ‘the gravels~i5 assoclated with Ti0;, Z}, Th, é} and less
.strongly with A},03, Mg0, P,0s5 and Cu. Ordanlc C was not

analysed but it is clear that U 1s more concéht}ated inztheﬁ

organic-rlich clays and gravels. . ’ .,

~

. Most of the U in the gravels is probably detcltal, assoctat-
ed with zifcon or other-heavy minerals. U In the llgnlté and the
clays appea?s»to have been Introduced lafer_intatﬁhe s;stem.
Nfégbl and ip som; cases copper‘&rc commonly dssocliated wlth the
humic écids fn coal (Nicholls and Lorinq} 1960; Swalne, 1977;

lubovic, 19276; Zubovic et al., 1961). lThelr correlation with U




o~
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£

fABLE 4 Significant Pearson Correlation Coefficients (r) - with Uranium

o

Moose Ri\;er Moos’e River Moose River : Hon’kmaﬁ-al] :
coal clay - gravel
A0, NS 6708 .0 6909 8775
Ti0, NS Cows - 19415 - 8142
K,0 NS NS | NS © .9463"
MgO . ©ONS CoNsT 16983 - L72m
Si0, . NS ~ NS NS T .6460
P,0s TN - NS 5321 NS
Yy o NS ' NS NS - " 8617
Pb NS A NS sNsS . .8884.
Zn NS NS NS ses0
Sr NS | NS NS _ .7703 J
Ba ©OSONS TS s, | ©.8608 -
T~ 7308 ’ NS S ONS s '
ol w NS © NS 939 - L5037
’ Th N NS, < o1 . NA
— ' cr NS ] LS . 9266 T gsar
C o s 8262 6304 6115

"+ NS means not significant.
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may indicate that the U is organlcally bound. This 1s, also
: ) —

indicated by-the obvious Increase {n U in organic rich clays and

gravels. In the clays, U is also "inorganically held, probably on
the mineral kaolinite, where 1t may be adsorbed on the outer
surface‘difectly or indlrectLy'on adsorbed humic aclds (Rashid,

1974{ Greenland, 1971; Brookins and Lee, 1974; 80£ovec, 1981).
Copper s alsg ;eag}ly adsorbed onto clay§. At pH's > 6 U and
Cu adsorptlon onto clays may be important, wigh the reduciné
environment produced by the orgahic materidi providin; further
incenczve for the precipitation of U ﬁFarr;h and qugering,
1979). It ls érdbaﬁle that both organic and inorganic sites
exist for éhe U and that édsorptiba can OCCUradLrect%y or :
indirectly, s C ’ ‘ | . . . .
The Monkman materlal was not subdivided for this analysls,:

however the. same gener;l trends may be reéognizgd. U shows
signiflcant correlations with A1203, K20, MgQ and Ti0; which are
{mportant co?sgituents of tllfte. U is also correlated with Cr,
Y,»ij In, SE and Ba, of which Cr and Y ;re generally orgadically

asséclated {n coal. Pb, Zn and Sr, Ba are found in sulphides,

and barite or clay minerals respectively.

A} - - .

u

Transporting Hecﬂadlsm for Urdniuq '

The assoclépién of U and organic matter héé‘qp till now beeq
explained.by the reduction of the Uranyl‘ion by the orgAnic
m?tter and/or the sorption and formation of organouranyl complex-

es (Szalay, 1974; Dol et al., 1975; Muto et al., 1968; Blundell

A
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and.Jenkiﬁé, 1977). The pbssibglity.exlﬁts tkat U may also be

transported {n natural water by Eimple organic.compoundS and U
B s & .7 -

accumulatlon occurs by polymerfzation or bonding of the simple

organic compounds to the coal network. ™ .
Y . : . -
Langmuir (1978), Dongarra and-Langmuir (1980) have shown -

that U In ‘natural waters 1Is usually complexed. Langmulr

v
.

indicates that fluoride and hydroxy complexes are {mportant in

)anoxic fieshwaters at pH 3-4% and higher pH's respectively., “In
e N &’ . \\ £l

oxidized waters fiuoride and UO, are found at low pH's, while at
medfum (5-7) and high (>7) pH's, U0 (HPO4) and uranyl dil- and

tri«carbona?@p-dominate respectively (sée ?1q.\11 in Lanqm&ir,
. N )

-~ Y978}, Most authors consider carbonate complexes to be the most

important transporting mechanlsm for U Ln both marine and fresh-

water, environments,
¢

Deposittonal Envtrodﬁe&ts»j'
The envirdnments dT-deiogltionAof the Monkman and Moose

River coals are lower to upéer delta plaln and fluvial respect-

{vely. “Thelr chemistrles may, be compared to that of a back-

+

‘barrier swdmg type coal from S, ér?zll; to examline the cffeét of

1

different depositional environments on U contents In coakls. The;

Middle Permian age Flguelra depasit of S. Brazil (Ayres, 1981
forman and Warlnq, 1930) 1s U rich {up to 0.05-0.5% U) and has

) . " _ . . Ve . -
cocrrespondlingly high Mo and S values (dp to 0.1-1.0% Mo and up to

27.38% S) (Lamb, 1982). .The U in the coal occurs In the form of

‘uranocirclte (Forman- and Warlng, 1980). The contlnental coals ¢

[
. s




- . '~ \\A 1

contaln much less U and Mo and are low in S'(<3.7%). This may be’

, ’

t

'expi@lned in part by looking at the chemistry of  the clrcGlatiqg

waters.

.o

Sea water contalns more dissolved U, Mo, and S and i{s more .

.oxidising than contlnental waters (Table 5). Periodic lnundationA

et

o

by sea water and contact with more saline ground waters would-
) P -

lead to"elevated U, Mo and S contents tn coals‘affétteﬁ by mgrlqgt
waters. -Other factérs tnfluenced by the dbpositionailenvlronment
should also be taken Into account., For‘examplc,\borosLty
variations between aq'ad}acent.bafrier éandségne and a fluvial~

-9

channel sandstone may affect ground water flow rates through a

‘"coal. DIlfferent coal lithotypes aiso'exhlbit \ariablc porositles

and Schopf and Cray {1954) found the more porous 1ayers In a

U- rlch Dako&e llgnltc to be prcferentlally enrlchcd ln uranium

Also chemistry ‘of llthologlcs overlylng thc coals will vary. from
mdrine to flu»ial cnvironmcnts.' P051tion relative to sea level
’ ¥

must also lnfluence the quantity and type of grpund water flow °

through anL»en”coal pgposit. It s evident tha; dgposltbonaf

environcht plays.a role-in determiﬁingAU content In é&al;. Post
depositional and‘didgenctlc ﬁrocésscs may aiso be imporgant fpr U
acchhulat;on. For cxa%élc‘K;ng and Ypung.q$9§6) found proximity -
gqrgquiféré and pcrmcabill;y'(jélntiﬁg) to be;impqrtantfcont}ol-
ltng factors on minerzllzatfon‘ln S. 6akova u}aﬁlfero;g'

lignites, Also Denson and Gill (f956) and Vlnc (1962) have shown

that thc stratlgraphlcally highest coal beds bclow the volcanlc'

tuff U source rocks'in E, Montana\and N, and ‘S. Nakota are moat
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N N

o Sea Ho0 fresh water brines

S . 4: 0% ! ppm sulphate - Casaqrande 1977

)

i d J\u -

TU ppb - 1.4 ppb 7 0.040x10-9 g/cct .. from Wedepohl

Mo g/l 1.0 %9/1 0.5 q¢/17° 1.7 g/l from Wedepohl

peat pH neutral E N « A from Casagrande .-
Seawater B . B : 1977
and- fresh- .. ' N

'hater .\ i v.-v . . ) - ) 75 :
influenced ’ .
] A R
*In the Mi%sisslippl River (Rona and Urry, 1952).
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-enrlched in uranlum,

L

CONCLUSIONS ' .

The cbncluslon; of the study are as follows,

Highest U values are found in the organlc rich clays with

Ed

. low U In the coals and gravels. Th/u ratlos were less than

4 in the clays and .coal with lowest values In the lignites/

coal and the organic rich clays 1ndlcét1ng greatest U

enrichment relative to Th. . . .

3

[

2. Highest average U values are féund in the %oals of hlgher
rénki ‘ ‘
3. The U {n éhe coal may be held {n organo uranyl compiexes,
and in the clays 1s probahly adsorbed on the clay minerals
. directly or JSndirectly via humic acid U complexes.'.' .
4, Cra;n'slze may have some effect on U concentration espectfal-
ly when felated to minerglog;‘and hence adsorption sites.
. - ~
S. Deposltional environments especlally marlpc vs non marine
effect U concentratlion f{n coals. Codis,with High U may show
qlnfluence of marine waters. !
Two’éxamples.df normal coals have been itudled here. No}mal

coals are trace element poor relative to mean sediment values

©

(Bowen, 1966, p. 42-45) and crustal abundances (Téylor and

Mclennan, 1981 and Bowen, 1966, p. 44-45), have originated from

plants and pqaplthat‘are Inherently depleted f{n many trace

elements and have been Influenced by normal groundwaters. .

There has bcen a‘tcddancy in thé'gcochemlcal,lL;craturc to



B .

.

- ’
Cocus“attentégn on coals that have abnorma] and above -average
B . . . g -

metal contents. Such enrichment may have occured through contact

with métal rich clrculating groundhaters, for example marine,
deep groundwaters or groundwaters Influenced by mineral -
I . k] e

deposits, Coals such as these ‘are therefore the exception and

more ‘normal coals. should be studied to .obtain better average

trace element data for coals. . v :
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