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ABSTRACT

The ‘inorganic geochemistry . of coals from the Cretaceocus,

Emery Coal Field.'Utab and the Paleocene, Powder River Coal
\ -
Field, Wyoming have been determined using XRF, various

neutron activation techniques and SEM/EDS. Differences in
deposition environments for the two coal deposits results in
a higher ash eontent in thé Utah coal (avg.,-&.zx) relatjive

to the Wyoming coal (avg.,“4.4X). The Utah coal contaiﬂs; -

higher concentrations of 27 of the 40\31elentd ‘&ﬁtecteg in
both \\poals. The geochemistry of overburden aﬁd cfink‘e,r

associated with the Wyoming coal”-and _Fe-sulfidp potules
. . s

¢ .- - .
(selected elements) from within, the Utah coal " is also

'l a . ’ .
reported. ;

-
\ v

- v

Specifié mineral phases wjithin ‘the 'tpo . coals haQe-been
identified using: SEM/EDS. Discrete grains containéd 1§~t§'
surfaces of peiletl prebared from cfh;hed "whole coal were
:nalyzed and their ° mineralogies determined @ased or-x
!;koichiplétry. .

The oxidation of Fe-sulfide to hydrous Fe-sulfates is
documented. Paragenesis results in szomolnokite developing

on "clean" Fe-sulfide while halotrichite is the typical

-acondafy phase which forms in the presence of clays. ' -

v

144 ' o




The environmental aspeocts of coal utilization are discussed.
A new term, "The Effective Coal Concentration (ECC)" is
proposed to better assess the amounts of potentially harmful
(as well as economically igpoftan%) elements released to the
environment as a result of coal utilization.
Some new cﬂnclusions regarding -the organic/inorganic
affinities of¥ the elements are pfesebted based on the
« ﬁhysicochénical nature of the element at’ tge time of
,emplacenen}. Elements with ionic potpntialg (IP). >0.05 tend
to favor organic association while elements with IP<0.05

] ¢ tend towards inorzénic combination. Elements which exhibit

L

multiple oxidation states with resulting IP values above- and

below 0.05 .show the lafiest variations ' in organic/inorzinig

. ’ affinity.
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CHAPTER I: INTRODUCTION AND OBJECTIVES

I.1 INTRODUCTION

-~ -

Coal remains one of the most perplexing of all geologic
materials. Anyone pursuing coal studies knows oniy too well
the complicated relationship be£ween . the organic and
inorganic chgmistries responsible for its formation arid
diazgnesis. Furthermore,. few geolézic Egsources pre so
controversial in their use.

Proportionately, coal is one of the most important ¢;ologic
deposits. Although it accéuntg fPr oniy a small ;eréentage
of the sedimentaqy rocks of the earths surface it supplies
North America with approximately 14%X of its energy needs and
this.fizure is on ;:; rise. Unfortunately, the benefitp are
.not without -cqst. The by-produéts of coal combustion,
éarticulates, CO:, 80O, {and' other gaaes); and organic
-qlecules.. mAY pe the single \i;égeatg—;olluters of éur
environ;ent. This author es£inates that 6.8ix10' metric

tons of .coal were consumed vearly in North America during

the first part of this decade (calculated from ffigﬁres in

the 1982 U.S. Energy Atlas) resulting in the préductfon of .

—_ ' v :
1.02x10* tons/year of ash. If 2% of this esbaped emission
control devices 2.04x10¢ tons/year of particulate matter
Vere released into the atmosphere. The form of these

particulates (as sub-micron sized fly .ash) . and the

[




conc;ntrations of -harmful trace elements associated with
gﬁen has long been a concern to the Healtﬁ Sciences.. Only
after }He mode of occurrence of the various trace elements
has been SLternined can sSteps be taken to deal with the
control pf their emission. To that end, this work attempts
to betteg define the geé’chenistries of two large western

U.8. coal deposits: the Upper. Cretaceous Emery Coal Field,

Utabh and the Paleocene Powder River Coal Basin, Wyoming.
I.2 OBJRBCTIVES

The purpose of thi% study was three-fold:

(1) Document the overall geochemistry of two large
P4

Western U.S. coal deposits; the Cretaceous, Emery
Coal Field, southcentral Utah and one of the
larger Paleocene, Powder River Basin coals from

)

the Powder River Coal Field, Wyoming.

(2) Describe the relationships of the elements.

detected both ;ithin and betweernn the two coals.
(3) Elucidate a number of selected top}cs pertinent to
coal science, 'e.g., envi;onnental aspects of coal
gtilizaéfbn and the question of orgggio/inorzanic
affinitieg of th; elements.
One of the major goals in eo-pleting the abpve, (1) and (23,
was to preserve the 1nte¢fity of the original linqrai matter
in the coal.” Therefore, whenever possible, the coal was

’

-4



‘subjected to as little pretreatment as possible, e.g.,
elemental analyses were perfqued on whole coal (except
where noted) to avoid the errors introduced during ‘ashing
and/or chemical (acia) and mechanical (heavy liquid)
pretreatments.
Special attentién was given %9 some of the more potentially
harmful . trace elements associated with goal (see'Chapter

VI): Zn, As, Se, Cd, Sb, Hg and U.

S




. —GHAPTER I1: GENERAL DESCRIPTION OF FIELD ARRAS

"II.1.2 UPPER CRETACBOUS HISTORY /;*'//'

’ .

4

IT.1 UTAH: EMERY COAL FIELD

I/

II1.1.1 INTRODUCTION

The Emery Coval Field is situated in tﬁe southe;;,portion éf'
Castle Valley (once called the Castle Valley Field) in east-

central‘Utah (Figure II-1) :nnd gscluéea portions of Sevier

and Emery Counties. \Ihis NNE " trending field covers

hpprqximatély‘540 Km* as an elongate body 55 Km in length

and varying in width from 6-13 Km (Affolter, et.al., i979).

It>is bordered on the wenf by the Wasat;h Plateau, on the

north by the Book Cliffs and on the southeast by the San I

7/

Rafael Swell. _ .
: . T'f%
The Emery Field was firat described in detail by Lupton in " ‘is
’ b
1916 and later by Doelling in 1972. While the Emery Field ©

répresents one of the smaller coal -depoaits of Utahj ;;y“
. ~= e
Doelling (1971, 1972) has estimated that the field contai !5”'

B

approximately 3.9 x10% metric tons of recoverable, 19w
sulphur (0.99% average), medium ash (8.9% average), high
volatility C bitumifious &oal. C - v

W .
s

The Upper Cretaceous history of'khe Rocky Mountain Region is

———
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FIGURE II-1
ﬁOCATION MAP, ’SHOHING THE POSITION OF THE EMERY
- COAL FIELP IN SOUTH-CENTRAL UTAH.
(COMPILED FROM: AFFOLTER, 1979, " FIG. 1; COTTER,
1976, FIG. 2) .
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marked by four major transgressive-regressive sequences of
the Western Interior Cretaceo&n Seaway beginning in Late

Albian time (110 ma) and culminating at _ the end of

Maastrichtian time (65 ma): Greenhorn Cycle (Albian-
Turonian); Niobrara Cycle (Turonian-Campanian); Claggett
Cycle (Middle Campanian); Bearpaw Cycle (Campanian-

Maastrichtian). During this same period tectonic activity,
-related to the Sevier Orogeny, was increasing to the west

resulting in large scale overthrusting and local vertical

——uaptift (Armstrong, 1968). The proximity of a large
epeirogenic sea to an area of active uplift.resulted in
i;rge quantities q‘ clastic .hebnis being delivered to the
foreland of a newly forming Cretaceous basin, the Rocky

" Mountain Geosyncline (Figure II-2), whioh began subsiding at
approximately the same rate at whiéh sediment was being
supplied (McGookey, 1972). This relationship resulted in

periodic emergence and submergence of shorelines along the

western edge of the seaway. The above  scenario produced’

. idealaenyiron-entl for the formation of peatlands.
[ J
It was during a regressive stage of the Greenhorn Seawvay
(Turonian) that the Ferron Sandltoné, the most inporiant
coal bearing strata of the Mancos Shale, was deposited 1n.

central Utah at the southwest edge of the foreland basin

(Ryer, 198t1). .




- ~

P

FIGUR -
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THE X-SECTION (TOP PART OF DIAGRAM) REPRESENTS A

GENERALIZED VIEW OF CRETACEOUS STRATA ALONG A NE-38SW
LINE RUNNING THROUGH THE EMERY COAL FIELD. THE
SCHEMATIC SHOWS THE ACCUMULATION OF CRETACEOUS
SEDIMENTS IN THE FORELAND BASIN OF THE ROCKY
MOUNTAIN GEOSYNCLINE. THE SOURCE OF THE SEDIMENTS
IS THE SEVIER OROGENIC BELT TO THE WEST:. I

THE STRATIGRAPHIC COLUMN (BOTTOM PART OF DIAGRAM)
REPRESENTS STRATA 1IN THE EMERY COAL FIELD.
LITHOLOGIC DATA (LEGEND) REPRESENT -'ONLY THE MAJOR
LITHOFACIES PRESENT IN EACH ROCK TYPE. THE
APPROXIMATE | LOCATIONS OF STAGE BOUNDARIES
(TURONIAN, ETC.) ARE INCLUDED.

(COMPILED FROM: ARMSTRONG, 1968, FIG. 5; RYER,
1981, FIG. 4; RYER, 1983, FIG: 1)

!
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II.1.3 UPPER CRETACEOUS (TURONIAN) STRATIGRAPHY

Economically important coals of the Emery Coal Field occur
within the Upper Cretaceous (Turonian) F;rron Sandstone
Member of the Mancos Shale. Lupton (1916) named 14 coal
beds within the Ferroﬂ.SanAstohe and labeled them .from A to
M startin‘, with the lowest coal. Doelling (1972) used
Luptoﬁ’a designations but reorganized the cocal beds into
three zones: lower coal gzone, beds A-f;“liddle coal zphe,
beds F-G; aﬁd upper coal zone, beds H-M (Figure~II.3),
\

While the lower éoal zone cqQntains more widespread and
extensive coals it is the I and J coals of the upper coal
zone that are mined in the southern po;tion of the Emery
Coal Field. Locally, the I bed may reach ; thickness of 6-7
m (Cotter, 1976). .

II.3.4 PALEOENVIRONMENT

As noted e;rlger, the clastic debris which would beco-; the
Rocky Mountain Geo-yholine accululatéd on the westerh shore
of the Western Interior- Cretaceous Seaway. The origin of
these sediments, 'for the most part, was the Cordillor;n
Miogeosyncline to ﬁhq_ﬁist which was being uplifted by Qﬁe
Sevier Orogeny (fizutbagl-z) (Armstrong, 1968). Because of

the p{llating nature of this orogenic event olalfio -atorial

was supplied to the foreland basin at varying rates
. N

N
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EIGURE I1I-3

"GENERALIZED- STRATIGRAPHIC COLUMN SHOWING THE
RELATIVE POSITIONS OF COAL BEDS WITHIN THE FERRON
SANDSTONE MEMBER OF THE MANCOS SHALE FORMATION IN
THE SOUTHERN PORTION OF THE EMERY COAL FIERLD, UTAH.
COAL BEDS A-M (1) WERE ORIGINALLY NAMED BY LUPTON
IN 1916 AND LATER DIVIDED INTO COAL ZONES (2) BY
DOELLING 1IN° 1972. COALS FOR THIS STUDY WERE
COLLECTED FROM THE I/J SEAMS. NO SCALE IS GIVEN DURB
TO THE VARIABLE THICKNBESSES OF THE COALS THROUGHOUT
THE EMERY FIELD. THE 1/J SEAMS ARE APPROXIMATELY §
METERS THICK WHERE SAMPLES WERE COLLECTED FOR THIS
STUDY. '
(ADAPPED FROM COTTER, 1976)

3

Vs




MANCOS SHALE FORMATION

FERRON Ss

COAL
ZONE?

TUNUNK: Sh.

e ®a A

R

 se e

’ . Il [T N ad A
IRES 3 I RV TR AL XTI S

MIDDLE

— o w w—_———



-

resuitinx in periodic emergence and submergence 9f iooal
shorelines. ' It., was during a period of incre;sed
sedilentgiion that the Last Chance Delta for-e& a; part 6(
the Fertron Sandstone. |
)

The Last Chance Delta was a river doainated, Pizh-
constructive deltaic system responsible for depositiﬁg'the
coal bearia; sequence of the Ferron Sanditone in the
southern portion of Castle Valley(Figure 1II-4,A) (Cotter,
1876). Ryer (1981, 1983) has determined that'ihetvirious
coals of the Ferron Sandstone in the Emery Coal Fiela are
assoéiat?ﬁ with delt; plain deposits of a series of

individual delta systeas, pilé% one atop the other, which

are truncated by~ transgressive/regressive ‘erosional

. surfaces. -

Coal deposits within the Ferron Sandstone are elorigate aqd
arranged perpendicular to the.trend of the ancient shoreline
gFizure II-4,B). The geometry of these coal depbsits and
their dir&@otion of thickening is related to both the
subsidence of the _delta during deposition and th;
orlentation of .drainaze (erosion) immediately after

deposition (Flores, 1981). -«

I1.1.6 SAMPLE COLLECTION

Y

Simples of Utah coal were W%olleoted in the eagt-central
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FIGURE 11-4

A - SIMPLIFIED SCHEMATIC OF THE TURONIAN LAST
CHANCE DELTA OF SOUTHERN UTAH. THIS TYPE OF RIVER
DOMINATED, CONSTRUCTIVE DELTA IS THE SOURCE OF THE
FERRON SANDSTONE AND ASSOCIATED COALS IN THE EMERY
COAL FIELD. PEATS (SUBSEQUENTLY COALS) ACCUMULATED
WITHIN DELTA PLAIN SEDIMENTS IN INTERDISTRIBUTARY
SWAMPS.

(ADAPTED FROM COTTER, 1976, FIG. 9)

.

B - PREDICTIVE MODEL FOR THE SHAPE AND ORIENTATION
.OF FERRON SANDSTONE PEATS (COALS). CLOSED CONTOURS
REPRESENTy RELATIVE THICKENING OF THE PEAT. PEAT
DEPOSITS ARE ELONGATE PERPENDICULAR TO THE TREND OF
THE ANCIENT SHORELINE A  AND DELTA FRONT SEDIMENTS.
THIS MODEL HELPS EXPLAIN THE SHAPE - AND ORIENTATION
OF FERRON COALS AS BEING DEPENDENT ON FLUVIAL
EROSION SUBSEQUENT TO PEAT DEPOSITON.

(ADAPTED FROM RYER, 19813 FIG. 23B) v

~
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portion of the Emery Coal Field, Emery and Sevie; Counties,
Utah (sections 28, 29, 32 and 33, T22S, R6E). The Aooal is
mined from a subsurface room and pillar operation with coal
exposed'along two intersecting sets of corridors. One set
of corridors trends NE-SW f;r approxi-atel& 3 Km, a second
shorter set of tunnels runs NW-SE for appro;inately 1.6 Km
(Figure 1II-5). Per the di;ection of mine officials,

sampling was confined to those corridors presently in use

for mine inspection ("access corridors” in Figure II-5).

Samples were collected at 22 locations across the lateral -

extent of the mine (Figure II-5). Two samples of coal were

" collected at each Bite: those designated as "A" were

collected from the top of the exposed face of the seam;

those designated as "B" were collected from the bottom of

the seam (below "A").‘ It should be noted that the gxposed

face of the seam typical}ylincluded only the nid@le 2-3 m of .

the 6 ma thick seam: This ;as due: to the cht that roughly 1

m of coal was left on both the floor and roof of the tunnel

'for safety- reasons. These two meters of coal would

rep}esent the extreme top’ and bottom of the coal sean.
Furthermore, because the corr‘)ors are located within the
coal seam it was not possible to sample the sedi-;;ts abgve
or below the seanm. Additionnl samples included efflorescent

coatings, partings and Fe-sulfide nodules, when present.
The surfaces of the mine walls were dusted with a fine

.
L]
v '
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FIGURE II-5 .
TION AGRAM

SCHEMATIC ‘OF THE SUBSURFACE ROOM AND PILLAR MINE
FROM WHICH SAMPLES OF UTAH COAL WERE COLLECTED FOR
THIS STUDY. THE MINE ENTRANCE MARKS A POINT WHERE
THE I/J COAL OUTCROPS AT THE SURFACE. THE I/J SEAM
STRIKES NE-SW AND DIPS 7°¢-8° NW IN THIS PART OF THE
EMERY COAL FIELD. SAMPLE SITE #22 IS APPROXIMATELY
100 M BELOW THE SURFACE. '







limestone powder used to contrdl coal dust. This material

’waa thorqdhhly removed (to a depth of approximately 3 qm)

14

pfior to sample collection. - Subsequently, .5-1 Kg of
. FS ‘\ -
“fresh" coal was placed in a plastic bag and sealed with

tape.
» " i
v . . . L TR

. 'TI.2 WYOMING: POWDER RIVER COAL FIBLD

I1.2.1 <TINTRODUCTION s ..

£ ‘ N -

%.j" he—Powdet Rivét_ Coal Basin covers some 31,106‘ Km? in
, _ndrtheaster; Wyoming and soctﬂéa;tern Montaqd‘(Gléas, i981)

. dﬂjacent‘to the physiog;apﬁic' border Betﬁgen the Northern
Great Plains ;nd The Rocky Mountain Provinces (Figure II-6).

..' The‘banLn is separated from theyﬁiilistqp Basin to the north

by the Miles City - Cedar Creek-Agcﬁ agh from that'poiﬁt, in

a clockwise direction, is rimmed by, The Black Hills,

R 'Hartvilie\ Upllft. ~Laramie Range, Sweetwater Uplift, le

Creek Uplift and the Big.ﬂorn Mountains (Glaze and Keller,

: 19657, elve coal ‘fields .within the basin contain coals

8 .. . ;ranzida in ace_?;o- Uﬁper Cretaceous to Eocene. Of these,
-, '. the QJJ.tnoot prolific céal bearing astrata include the Upper
[ ' ‘- P.lgogépd; TOnge River Member o} the FOrp Union :Formation
" f. A and';he- pooene.i:anatch Formation, this ;grk is concerned

v .. 0 ngh.the“fbrler. The United 8States Geological Survey has

catimated that the Pdwger ﬂitgr.Coal Basin contains 101!

met@io” tons of identifiable coal resources of which

N . ,
.
.
. . .
. . -
| . . a [
. . .
- - 4 .
B
a,* . . :
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( FIGURE II-6
\\ LOCATION MAP SHOWING THE POSITION OF THE POWDER
RIVER COAL/STRUCTURAL BASIN IN NE WYOMING AND SE
MONTANA. THRE POWDER RIVER COAL BASIN COVERS SOME
7,500 SQUARE KILOMETERS WITHIN WYOMING.
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appqﬁxi-s(ély 5x10r1¢ * ‘Retric. tons are considered as
- . recoverable reserve base (Glass, 1979). The majority of*

this (63%) is located in Campbell County (Figure II-7).
= <
This one coal reserve alone could provide North America, at -

the present rpte of usage, with its energy needs, allocated
to coal, for approximately 100 years. Powder River Basin
cbals are typically suBbitu-inous --bitu-inous. medium ash

(avg. 7.9%) and low in sulfur (avg. 0.54%)(Glass, 1978).
~S’,"» . - ) T ° *
e - L.
v T T e
The Powder River Coal Basin is the same in nam® and aerisl

-

extent as €he Pdwder River Structural Baniﬁ. The basin iIs

14

formed by~an asymmetrical syncline bordered on the west by

S

the Big Horn Mountains and on the east by the élack Hilla'

(Figure II-6). The axis of the syncline runs NNW-SSE along

the western edge of the basin. 1In the western limb of the
Qld Upper Cretace.m.u and Pal.eocene rocks dip 15-20* to .the
" east resulting in relatively thin outcrops battern- compared
to the same strata WNICH dip gently westwardly (2-5°) in the
eagtern arm of the fold. The youn&er Bocene rocks ogcur as a
nearly flat lying cover throughout the central pertion of
the basin (Figure II-7)(Glass, 1978).

e

II1.2.2 EARLY TERTIARY (PALEOCENE) nx's'ronr

. .-
At the close of the Cretaceods NE Wyoming was essentially a

featureless plain, the final remnant of the last regression

of the Lewis Sea to the SE (HOonu,'IOTI: Robinson, 1972).
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OUTLINE OF THE POWDER RIVER COAL BASIN IN WYOMING
SHOWING THE GENERALIZED GEOLOGY OF THE PALEOCENE
FORT UNION FORMATION, THE EOCENE WASATCH FORMATION
AND OLDER UNDIFFERENTIATED CRETACEOUS STRATA. THE
MAJORITY OF THE STRIPPABLE TERTIARY COALS IN NE
WYOMING ARE LOCATED IN CAMPBELL COUNTY ALONG THE
PALROCENE/EOCENE CONTACT. COALS FOR THIS STUDY
WERE COLLECTED IN THE SE PORTION OF THE POWDER
RIVER COAL FIELD.

(COMPILED FROM GLASS, 1976, FIGS. 1, 2 AND 4)
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The earliest Tertiary marked the _onset of the Laramide
Orogeny which extended through the Paleocene into the
EBocene. During this time mountain building occurred from New
Mexico to Canada resulting in the formation of numerous
basins separatea by local uplifts. The Powder Riier Basin
owes its .present day shape to tectonic events that took

place during this time (Weichman, 1965).

The éonfiguratiqn of the geology of the basin is a résult of
its tectonic history.' Quring the Paléocene, western Wyoming
and‘?daho were undergoing zeosynclinalfco-preasion. At the
same time material was being subducted froa the southwest.
These: two factors resulted in vertical readjustment of
crustal -Qterial. ésﬂthe basin for-ed,.intenle warping, and
eventﬁally faultin;}’ developed near the basin margins,
lessening in .1ntensity towards the basin axis. Due to
differential uplift. warping on the western flank, adﬁrcent
to the Bjig Horn Uplift, was more intense than on the eastern

edge, adjacent to the Black Hills Uplifte, resulting in

basin asymmetry (Fanshawe, 1971).

In the Powder River Basin, sediment which accumulated during
this period formed a part -of the coal bearing, Upper
Paleocene, Fort Union“Fornution. Owin? to the nature of the
tectonic activity which occurred throughout the Rocky

Mountain Region, the Fort Union Formetion occurs mainly in

isolated patches in a NBE-SW line o$ basins whiéh‘include the




Williston Basin in western North Dakota,:northuest South
Dakota and eastern Montana, the P;wdér River Basin in
northeastern Wyoming, the Wind River Basin in central
Wyoming and the Green River Basin in southwestern Wyoming
and northwestern Utah (Robinson, 1972). Coal is found, to
some"wxtent, in all of these basins.

I1.2.3 UPPER PALROCENE STRATIGRAPHY

* >

Detgiled stratigraphic description of the :coal-bearing

Paleocene/Eocene rocks in tgé Powder Ri;er Basin can be’
found in.Flo;:s (1981) and Ethridze et-al.q‘.(IQBI)Hknd many
other'references cited by these autho;s This work attempts
only to familiarize the reader with ﬂ.e naJor rock formation

nomenclature and associated coal bed names in the arem in an

attempt to locate +these strata within the geologic time

frame.

"During the Laramide Orogeny rocks as old as Pre-Calﬁrian in
age were exposed in the cores of uplifted mountains
throughout the wyoiing Province (Houiton. :1?71). These
topographic highs shed eroded ‘sediments into adjacent basins .
across Wyoming. In the Powder River Ba.in the coal b;arin‘
Paleocene stratigraphy is best represented by tho 600-900 =
Fort Union Formation (Gla-s. 1976) which is- -ubdividod into

the Tullock, Lebo and Tongue Rivcr‘ Members (Figure II-8).

Each of these strata represent a -tsgo in tho development of




FIGURE I]-8

_GENERALIZED STRATIGRAPHY OF THE PALROCENE FORT
UNION FORMATION 'IN THE POWDER RIVER COAL BASIN
SHOWENG THE RELATIVE POSITIONS OF THE MAJOR COAL

BEDS WITHIN THE TONGUE RIVER MEMBER. THE FORT UNION
FORMATION RANGES FROM 600-900 METERS IN THICKNESS.
MAJOR COAL SEAMS E FOUND IN THE 460 " METER THICK
TONGUR RIVER’ ER. COALS FOR THIS STUDY WERE
CQLLECTED FROM THE - 30 METER THICK WYDOK-ANDERSON
SEAM. . . .

(COMPILED FROM GLASS, 1976, FIGS. 2 AND 3)
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the Laramide Orogepy. Coalg for this study were collected
from the Wyodak-Anderson seam in the upper part of the

g

Tongue River Member (Figure II-8).

Deposition of the basal Paleoéen&, Tullock Member marks the
bexin;;nz of the Laramide Orogeny prior to the beginning 56f
basin subsidence. Next came the accumulation of Middle
Paleocene Lebo sediments signalling the onset of Laramide
structural movement. Finallx, as the- Laramide Orogeny began
to peak in the Late Paleocene, deposition of the Tongue
River Member marked the close of Paleocene sedinenta@ion in

the Powder River Basin (Curry, 1971).

-~

. 1I1.2.4 PALEOENVIRONMENT

)
\ . .-
.

-

.Qne aspect of this work is concerned with thq variation i
geochemistry of coali‘frop different depoiltional settings.
However, the purpose of this section ls’;;rely to define the
palecenvironment of the Powder River Basin peatlands during
the early 1Tertiary. The size, economic importance and easy
- accessibility of Paleocene/Bocene coals throughout the
Powder River Basin ha¥® 1led 'to numerous studies by coal
scientiats. Interested readers are .reférrqﬂ to the various
n,works concerned with the detaitcd reconstruction of thes;
palecenvironments using lithofacies datn, e.g., Flores
(1980, 1981) and Ethridge, "at.al., (1981) and the numerous

references within.




The Upper Paleocene Tongue River Member of the Fort Union
Formation can be divided into two major fluvial facies, each
containing economically important coals: a.fluvial-channel-

»

doninated’. facies and a fluvial-lake-dominated facies

(Flofes, 1981). The lower 335 m of the Tongue River host .

thick (locally as much as 30m), lenticular coal bodies
associated with upper alluvial plain (fluvial-channel-
dominated) sediments. Lithofacies &agg " and their
relationship fb thick channel sands suggests that thfae
coals accumulated in poorly drained swamps on broad
.

floodplains constructed by hizh-sinuosigy streams (Flores,

1976, 1981). !

¥ Y

Thinner iusually less than 5 m) and‘kore continpous coals
are found in the upper 122 m of the Tongue River. The
precursors to these coals formed in loyer allqvial plain
(fluvial-lake-dominated) sediments. Coals of this origin

contain numerous partings, fresh water mollusks and are

interbedded with limestone. Deposition of these coals took

place in and around lakes that formed in backswamp areas
ad;;cent to linear fluvial chanpelg. Overbank and crevasse
splay detritus are the sourceas of the lihy’ partings
responsible for bifurcation in these cozls (Florel,‘lbsf).

-~

11.2.5 SAMPLE COLLECTION -
o * .

Wyoming coal .aﬁﬂles were collected from an open pit mine
‘ ’ & .



located in the southeast portion of the Powder River Coal
Field, Campbell County, Wyoming (SE Section, T48N, R71W).
The coal is lined'fro- two benches, each approximately 1600
a long, 30 m wide and 13 m high {(Figure I1-9). Samples were
collected from 6 zones at 4 levels representing vertical and
horizontal sequences from top to bottom along the length of
the benches® (Figure II-9). Additional samples include:
"floor"” samples, collected across the horizontal lénzth of

each bench; one sample of clinker, collected approximately

300 m from the benches; and two sampies of overburden
colleqted above eiflxer end of the uﬁper bench. |

Due to mine safety regulations, sampling of the two vertical
walls (levels 1, 2, 3 and 4) was accomplished with the'qid
of a- front end }aadinz tractor., The bucket of the trac£;r
was used to‘dig out a face sample at the degired level and
then lowered 'Qo. that hand samples could be selected.

Approximately .5-1 Kg of sample was collected at each site,

placed in a plastic bag and sealed with tape.




FIGURE II-9

SCHEMATIC OF THE OPEN-PIT BENCH MINE FROM WHICH
SAMPLES OF WYOMING COAL WERE COLLECTED FOR THIS
STUDY. SAMPLES OF COAL (N61WU, ETC.) WERE COLLECTED'
FROM FOUR LEVELS WITHIN SIX ZONES. OVERBURDEN (OB1
AND OB6) WAS COLLECTED ABOV EITHER END OF THE
UPPER BENCH. 1 - . :

—_
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CHAPTER III: DATA PRESENTATION; RRSULTS AND DISCUSSION

-

~ r

III.1 ASH

High temperature ash was prepared for 21 samples of coal
from the Emery Coal Filed, Utah (Table 1II-1) and 24 samples

of coal from the Powder River Coal Field, Wyoming (Table .
I11-2).

ITIT.1.1 UTAH

The ash content of the Utah coals ranged from a high of

23.0% to a low of 3.4% with a mean of 8.2% (Table III-1). It

bears noting that the high variability of these data (1
sigma +/-56%) is due ta.the large ash content of 4 of the
samples (UZ2A, Ul4A, Ul%ﬁand U19Ai. if‘the other 17 samples
are considered separately the mean is 6.3%X with a standard
deviation (1 sigma) of'+/-30%. Three of thg."anoualounly"
high figures come from "A" samples, cpllected towards the
&gp of the seam. In the case ' of the 5 sample sites E\£-
;aich "A" and *'B" (bottom of the seam) ‘samples were ashed,
the average for the "A" samples is 10.5% while the average

for the "B" samples is only 7.0%. The top of the seam

appears to be slightly "dirtier"” than the bottom.

III.1.2 WYOMING —_—

34 ' . a




TABLE III-1 | e
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TABLE III-2

S - R D D R A N N G WA P P G SR R S G SN SR YR EE SR D wn mm Ee e wm es E SR WE M we e W wm
- m S WA T G ED e EE R D WL WR Wh G D R TR TR om e an Nm R A T mm W Y e we e &P M ee e o e S e e e -

% ASH IN 24 SAMPLES OF COAL FROM THE
POWDER RIVER COAL FIELD, WYOMING.

e Am e e R R WL M MR SR N AR S AL MR R en e e e e T MR e e e W W e ey W

SAMPLE LEVEL ASH

WITHOUT
. ANOMALOUS
VALUES~

MAXIMUM 15
RANGE . 75

8TD - STANDARD DEVIATION
(N) - NUMBER OF SAMPLE
™ =~ (N61WL, N62WL, 522WL)

£,




The ash content of the Wyoming samples ranged from 15.0% to
0.2% with a mean of 4.4X (Table IfI-Z). As in the case of
the Utah -cgals& the large variation (1 sigma, +/-66%)
regults from 2 very lpw values (N6I1WL and S62WL) and one
anomalously large value (S22WU;. If these data are not
"considered the mean ash content becomes 4.3%X with a standard

deviation (1 sigma) of +/-37%. -

The ash content of the 6 2zones and § levels are also
congidered separately (see Sect. 11.2.5 for explanations of
"zones" and "levels” as they apply to sample sites). Mean
values for levels 2, 3, 4 ané.s (2 being the uppermost and §
being the bottom) {re 6.0%, 3.8%, 5.5% and 3.1%
regpectively. If these £GVels.are considered without the
anomalous figures noted above the mean values become 6.0%,

2%, 3.6% and 3.6% and the largest ash content ia'found in
the top of the seaa. The;resultF for zones 1-6 (representing
6 vertical sections across the seam) are 5.4%, 7.5%, 3.7%s#
3:3%. 3.8 and 2.4% respectively. Once again, without the

anomalous values, the leaﬁa become 5.#*. 3.8%, 3.7%, 3.2%,

3.8%X and 4.2X respectively.

III.1,3 SUMMARY

The major difference in ash content for both the Utah and

Wyoming coals occurs v%rtically‘githin the seam: Utah - top

10.5%," bottom 7.0%; Wyoming - top 6.0%, bottom 3.1%X. This

37




difference is not surprising thn one cd@sider. that the
accumulation of organi¢ matter in peatlands is typically
ternina€;d by increased sediientation as a result of basin
subsidence, hence, more sediment is incorﬁorated in the last

organics to accumulate. This material is preserved as the

top of the coal seam. This does not preclude that other '

> -

mechanisms of increasing the ash content at the top of a
coal seam are not also operating, e.g§., preferential

precipitation on mineral matter from groundwater entering

from the top of the seanm.

There does not appear to be any discernable lateral
variation in ash content in either the Utah or Wyoming
samples. This is due, presunaﬁiy, to the fact that the
confines of both mines, and therefore the area sampled, are
ninpscule compared to the total aerial extent of the seanms,

In fact, these data,\ considered as a whole for each aine

separately, actually represent a single sample site within

the seam.

I11.2 CHEMICAL AND MINERALOGICAL ANALYSES (BY METHOD)

N

I11.2.1 INTRODUCTION

Representative samples of coal from each location, Emery
Coal “Field, Utah and Powder River Coal Field, Wyoming, were

selected for analysis by a variety of methods. An&lypqs

-
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were performed at the tollowiﬁk laboratory facilities: The

University of Western Ontario - X-Ray §1uorescent

Spectroscopy (XRF), X-Ray Diffraction (XRD) and Scanning

Electron Microscopy (SEM) coupled with Energy Dispersive -

Spectroscopy (EDS); Becsuerel Labs, Ontario - Instrumental
Ne;tron Activation Analysis (INAA); Nuclear Activation
Services Ltd., Ontario - multiple-method c¢oal analytical
package (includes INAA, XRD, XRF, Direct Current Plasma
(Dg?), Rabbit (short lived INAA), Prompt Gamma Counting and
special wet methods). The data presentation and discussion

for each method of analysis are presented aepaqately.
III.2.2 INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS

II1.2.2.1 INTRODUCTION

Ten samples of whole coal and 2 samples of Fe-sulfide
nodules froa Uéah and 6 samples of whole coal from Wyoming
were analyzed by INAA for the elements Zn, As.'Se. Cd, S8b,
Hz. and UT These elements were chosen because of the
potentially harmful environmental impact they poﬁj resulting
from coal utilization.

\

I1I1.2.2.2 UTAH: WHOLE COAL

Five pairfs of samples (10 sample total) of/whole coal from

Utah were analyzed. BRach pair included a/ sample taken from

vt !




the top- ("A") and bottom ("é") of the seam (e.g., Sample 2A

"yand 2B). Table III-3 shows the results for the Utah :aiplel:

Mean concentrations for 5 of the elenenyl indicate relative .
abundances of As, 3.45 ‘ﬁ m > Se, 1.65 ppm > Hg, 0.96 ppma >
U, 0.79 ppma > Sb, 0.34 ppm. Two of the elements, Zn and Cd,
were not present at concgntrations above detection li.itp, a

paximum of <9.2 ppm in the case of 2Zn and <2.0 ppam in the

case of Cd. Only 'Sblahd U were detected in all 10 sauples:
Nine samples contained detectable levels of As, 4 sanplés
contained Se, and Hg was detected in only 2 of the samples.
The hizhgst'range of concentrations (maximum/minimum) occurs
in As, 27.5 times (x) followed by U 8.1x, Sb 4.2x, Se 2.4x
and Hg 1.1x. The 1ar¢é variations in concentrations for a
given élement are also reflected in the relative standard
deviatione (1-sigmd) of (in %) As(123), Se(35), Sb(41),

Hg(4) and U(70). -

~
-

'> I11.2.2.3 UTAH: Fe-SULFIDE NODULES
: >~
In additiqn ‘to the whole coal samples, 2 samples of Fe-
sulfide nodules (pyrite/marcasite), from two seSﬁrate
locations in the Ut mine, were analyzed (Table III-3,
bottom). Average co;‘trationc. of A-,— 3i0 ppm, Se, 35 ppa

and Hg, 36 ppm were determined in the tﬁb samples, U, 0.52

PpR was detected in only one of the samples. Zni Cd and 8b

p were not detected above maximum detections limi€s of 2n




TABLE II1I-3 .

INSTRUMENTAL NEUTRON ACTIVATION ANALYSES (INAA) OF 7
ELEMENTS IN WHOLE COAL AND PYRITE NODULES (PYT. NOD.) FROM
THE EMERY COAL FIELD, UTAH (X MST (MOISTURE) INCLUDED).

- e on e s S T e S e P TR EE WD R S A R D e R WS GF D Gm Em - e MR R b SR TR Ak G E En P S G G T e Sm m e e

- D W R L En WSy M G S AR S e W G e S R R D R S e e G TR S e e S am AE E, En e e W e e

WHOLE COAL .
2A <§.7 5.47 <0.91 <1.40 0.37 <0.35 1.15 2.8
2B <4.6 0.45 <0.70 <1.10 0.31 <0.28 0.70 3.0
SA e <6.8 0.42 1.20 <1.50 0.34 <0.33 1.17 2.9
5B <6.3 10.80 2.40 <2.00 0.53 1.00 0.29 2.6
10A <3.8 0.40 <0.55 <1.20 ©0.14 <0.31 0.26 2.6
10B <7.5 11.00 2.00 <1.50 0.20 0.91 0.45 2.5
14A <7.4 0.53 <1.10 <1.00 -0.43 <0.31 1.00 2.6
14B <4.7 0.78 <0.76 <1.60 0.26 <0.27 0.37 2.8
18A <9.2 1.20 <0.84 <1.10 0.59 <0.32 2.10 2.8
18B <7.0 <0.35 1.00 <1.20 0.18 <0.28 0.44 3.0
MAX TMUM NA 11.00 2.40 NA 0.59 1.00 2.10 3.0
MINIMUM NA 0.40 1.00 NA 0.14 0.91 0.26 . 2.5
RANGE™ NA 27.5 2.4 NA 4.2 1.1 8.1 1.2
MEAN B NA 3.45 1.65 NA 0.34 0.86 0.79 2.8
STD NA 4.26 0.57 NA 0.14 0.04 0.55 0.2
(N) NA 9 4 NA 10 2 10 10
PYT. NOD

6CA <36.0 268 31.2 <3.60 <0.22 33.3 0.52

1.1
13CA " <25 9] 333 38.8 <3.80 <0.24 38.3 <0.46 0.7

(N) - NUMBER OF SAMPLES
NA - NOT APPLICABLE
STD - STANDARD' DEVIATION
“ = RANGE = HAXIMUN/HINIMUH




<30.0 ppm, Cd <3.80 ppa and Sb <0.24 ppa. It was also noted
by the laboratory doing the analyses that the nodules
L J

contained "unusually high" concentrations of Fe, W , Au and

Co (no numbers were reported).

The ash content of these 10 Utah coal samples ranged froa

. - A
15.4%X to 3.8% with an average of 9.2%.

I11.2.2.4 WYOMING: WHOLE COAL

Si% samples of coal from Wyoming were analyzed: 4 wall
samples and 2 floor samples. ?he 8ix samples were cposen to
represent 2 vertical sequences of 3 samples each collected
from opposite ends of the mine benches. Unfortunately,
based on £he analyses contained herein and observations made
at the mine, there is reason to believe that the floor
samples were contaminated at the mine, therefore, wall and
f;oor samples are considered separately. The data are.listed
in Table III-4.

-

The elements &s. Se, Sb and U were detected in all 4 of the
well samples. Mean concentrations ’ "of these elements
indicate relative abundances  of S;, 3.38 ppm.> As, 2.42 ppm
> U.’0.7!‘pp- >-Sb, 0.35 ppa. None of the samples contained

the eleientl Zn, Cd or Hg at concentrations above the

lixilui detection limits of Zn <10.0 ppm Cd <l1.4 ppm and Hg

L)

<0.74 pp-.“~




TABLE 1I1-4
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INSTRUMENTAL NEU;RON ACTIVATION ANALYSES (INAA) OF 7.
ELEMENTS IN WHOLE COAL FROM THE POWDER RIVER COAL FIELD,
POWDER RIVER BASIN, WYOMING (X MST (MOISTURE) INCLUDED).

------------------------------------------ MST
SAMPLE Zn As Se Cd Sb Hg U %
WHOLE .COAL
FLOOR SAMP: x
T62F 14.00 15.80 12.90 <1.20 0.23 1.40 0.39 9.60
T12F <15.0 17.80 9.48 <1.80 0.75 <0.91 1.09 9.80
WALL SAMP: : :
N61WU <7.70 0.77 1.10 <1.00 0.29 <0.31 0.61 10.00
S62WU <7.50 1.00 0.71 <1.10 0.24 <0.34 0.37 10.50
N11WU <8.90 0.54 1.10 <1.20 ©.65 <0.34 0.82 9.00
. S12WU <10.0 7.25 10.60 <1.40 0.32 <0.74 1.04 9.40
* MAXIMUM NA 7.25 10.60 NA 0.65 NA 1.04 10.50
MINIMUM - NA 0.64 0.71 NA 0.24 NA 0.37 9.00
RANGE"~ NA 11.33 14.93 NA 2.71 NA 2.81 +1.17
MEAN NA 2.42 °'3.38 NA 0.38 NA 0.71 9.73
STD NA 2.79 4.17 NA O©.16 NA 0.25 0.57
(N) NA 4 4 NA 4 NA 4 4
E e e T e S S S S S T T S S ST S C - T E R T LN IS oIS Tl E=CT=mZET=mZZ=Z=Z===ZzZ=Z=

* - FLOOR SAMPLES NOT USED IN STATISTICAL CALCULATIONS .
(SEE TEXT FOR EXPLANATION)
(N) - NUMBER OF SAMPLES
NA - NOT APPLICABLE :
STD - STANDARD DEVIATION
~ - RANGE = MAXIMUM/MINIMUM
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Ash contents of the 4 wall samples range from 9.4X to 3.8X%

with an average of 5.8%.

.

One or both of the floor samples contained detectable levels
of 8ix of the elements: As, 16.8 ppm > Zn, 14.0 ppm > Se,
11.2 ppm > Hg, ‘1.40 ppm > U, 0.74 ppm > Sb, 0.49 ppm.
Neither sample contained Cd above. the detection limit of
<1.80 ppm. ' -

Ash contents for the floor éanples were 4.8% and 7.2% (avg.,

6.0%).
I1I1.2.3 X-RAY FLUORESCENT SPECTROSCOPY

I1I.2.3.1 INTRODUCTION

The concentrations of lQ_elenenis (Al, s, K, Ca, Fe, Ti, V,
Cr,~Mn, Co, Ni, Cu, 2n, Ga, Rb, Sr, Zr, éa,'and Pb) in whole
coal from the Emery Coal Field, Utah (21 samples) and the
Powder River Coal Fiéld, Wyonfng (24 samples) were
det;rnined using X-ray fluoresoent _spectroscopy. The
elements can be separated ipto four groups basea on'-ea;
concentrations as follows: >0.1%, 100 ppa - 0.1%,” 10 - 100

ppa and <10 ppma.

I11.2.3.2 UTAH: WHOLE COAL

. N .. . <, - ~
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Table III-5§ shows the' results of the XRF analyses for 21
samples of Utah coal.. Five elements were present at.-;an
concentratioqn »0.1%: 8, détgcted in 20 samples (ﬂekb),‘:;s
the most abundant element with a mean concentration of 1.4%
followed by Ca, 0.65X (n=21), Fe, 0.58% (n=14) and k, 0.10%
(n=2). The concentration range (maximua/minimum) for these

‘elenents varied from a high of 48x in the case of Fe to Al

356x, 8 26x, Ca 9.5x and K 7x. ‘“

The elements Ti, Ba and Sr were detected in all 21 samples
(n=21)»at mean concentrations between 100 pPpm - 0.17: Ti, ‘
688 ppm, Ba, 213 ppm and Sr, 203 ppm. ' Titanium exhibited -
the largeét concentration range, 9.4x,‘fqllowed by Sr 3%.and
Ba 1.8x. \ . s
Zirconium, Mn and-i were detécteéA in all 21 sdmplea*(n:?;55.
at concentratiéaa between 10 - 100 ppa. Ziéé?niun was %he

most abundant -with a mean concentration of 31 ‘ppm followed
e A

by Mn, 30 ppm and V, 10 ppm. Vanadium showed the largest .

concentration range in this group, 20xy followed by Mn 4.5x

Eight elements were present in the Utah samples at mean

. o

and Zr 3.5x.

concentrations <10‘pp-: in ordeg‘ of decreasing abundance

they are Cr, 8.8 ppm (n=21), Cu, 7.3 ppm (nz21), Zn, 6.1 ppm’

(n=6), Pb, 4.7 ppm (n=21), Ni, 3.3 ppm (n=21), Ga, 2.3 ppm




CTABLE 111<S
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»\; 1-RAY FLUOﬂESCENT SPECTROSCOPY OF 19 ELEMENTS IN WHOLE COAL FRM THE EMERY COAL FIELD, UTAH,
ccea et rcsccmeccccatmrmr——————— e e mtma s . —— am e s e e — - = ————— =
v >

bt R R b I bttt e e L L L T T

- — . = . - - e A T P W D P = T S e e s B W -

T7]) 0.72 0,70 0.45 1309 8.6 13.1 28 0.9 2.5 7.7 1.9 1.3 204 S0 2718 .5
u28 0.9 0.35 0.43 0.41 79 7.0 8.6 3t 5.4 7.0 1.8 0.6 1S58 29 270 3.2
u3 0.85 0.72 0.58 0.¥. 666 8.4 3.6 30 0.7 3.6 5.1 1.4 1.3 216 30 248 2.3
uSA 0,06 1,64 0.80 53 8.1 8.8 29 4.3 2.3 7.3 22 0.7 227 9 A5 69
use 0.28 2,49 .93 4.95 147 5.7 4.t 3 3.2 8.% 3.0 0.5 281 21 T8 1.0
Us 0.38 1.53 0,43« 522 .1 4.8 32 2.0 2.7 53 L1007 210 24 245 2.1
us- 0.62 1.90 . 0.350.09 118 14,4 &4 32 1.3 2.4 5.0 3.4 0.6 148 35 19 3.9
UloA 0,58 3.25° G4t -9 .8 1.8 3z 7 1.8 3.0 0.1 0.0 209 21 212 3.4
U0B 0.28 3.43 - 0.83 2,90 172 &6 &7 31 1.5 6.3 &9 2.4 L4 212 21 195 12.8
v12 0.37 172 0.49 2 7.9 47 3217 3.0 3.5 L3 0.5 215 20 21 2.8
U3 0.08 0.43 0.58 0.31 201 2.3 L.7° 30 3.1 2.8 0.1 0.9 286 18 239 2.5
Uld  0.53 1.51 2.53 737 11,2 13,4 8 2.1 2.3 127 3121 40 56 224 4
UI4B  0.85 1.48 9.50,0.29 275 5.9 7.2 30 0.5 2.8 3.9 1 L3 174 21 230 3.8
UIS T 1.36 0.72 0,03 0.31 0.17 1143 16.9 147 35 1.8 3.1 10.1 3.6 3.6 2.6 138 34 1bl 4.4
Ule _ 0.95 2,53 0.38 0.46 878 1.5 9.0 35 1.5 4.1 8¢S 4.0 0.5 142 27 1Bs 4.2
U7, 0.51 2,95 0.38 0.27 783 7.1 8.2 33 ‘l‘i J3b b6 2.8 1.3 0.6 143 28 U A
WE | 2.750.74 0.18 0.90 051 1577 46.2 3.6 <15 0.8 6.8 20.5 t6.0 9.2 14,3 234 ! 176 9.4
UISE .29 . 1,05 0,06 1127 1.4 14,4 28 1.7 3.5 10.A ©3.6 2.5 159 49 151 4.0
U198 - - 0.37 0.13. 0,27 0.25 743 1.8 4.2 3b 2 47 30 1.3 0.3.134 2 173 2.5
b20 0.87 0.44 0.40 1068 9.9 12.7 37 1.7 3.3.8.8 2.1 0.8 181 35 195 2.9
¥22° . 0.25 0.13 0.76 0.28 247 4.3 1.1+ 31 1.7 2.7 5.0 0.2 0.9 25 22 239 4.0
N AW % 05 16 03 5 b 0.4 0.5 0.6 0.5 0.5 0.6 0.9 0.2 0.5 3.4 .3 L2 21
S UMAKIMUM 2,75 3.83°0:18 2.53 2,90 1377 46.2 36.6 36.0 4.3 6.8 20.5 16.0 9.2 14,3 400 51,3228 13.0
. MINIMUM ©0.08 0.13 0.03 0.27 0.06 147 2.3 1.1 8.0 0.5 1.5 2.3 2.8 0.1 0.3 134 17.7 151 2.t
. RANGE* 35 T2 1.0 9.5 46. 9.4 20 33 4.5 8.6 4.5 8.2 5.7 92 45 '3 %5 L8 6.2
MEAN  0.71.1.40 0,10 0:65 0,58 88 10.4 8,8 29.6 .70 3.3 7.3%.1 2.3 1.7 W3 MY A7
. 810, {0.56.0.95 0.08°0.47 0.78 392 9.1 7.4 5.3°0.9 1.3.4.0 5.0 1.9 2.9 3122 3 3.0
AN 2002002 2 42 820020 16 2 S 2t 2
_ ::nOs:::3:l::uzzur::::x:ur:z:::u:::::::=:n:-rxz-:::::a:-xxx:a-:lx-:::::=:s=::x:sa:a=:s:=-§:aa=' ¢
BLANK SPACES REPRESENT CONCENTRATIONS LESS THAN DETECTION CYMITS (D.L.). -
STD - STANDARD DEVIATION . —_
(N) - NUMBER OF SAMPLES " ’ .
D.L.- DETECTION LINIT
ND ~ NO DATA.

~ - RANGE = MAX[MUN/NININUN ' b
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(n=21), Co, 1.7 ppm (n=16) and Rb, 1.7 ppm (n=21). Gallium
showed the widést concentration range, 92x, followed by Rb

45x, Cr 33x, Co 8.6x, Cu 8.2x, Pb 6.2x, Zn 5.7x-and Ni 4.5x.
0 . . - ~ 2 - .

~

II1:2.3.3 WYOMING: WHOLE COAL -

3 a

Table III-6 1lists the results of the XRF analyses for the

Wyoming coals (24 samples). Results for two "floor" samples

4T62F . and TI12F) , are reported but ﬁﬁ% considered with the

"other 22 "walljy sdmples.'because of suspected contamination

at the mine. e .
. . . T @

. ) n N
. . ) _ )
Three elements’ dere present at mean concentrations >0.1%: S,

0.98% (n=12), Ca, ' 0~98%. (n=22) and Al, 0.39% (n=21).
- ‘ N 3 ) ﬂ ] . : a -
Aluminum showed the largest variation in concentration with

-a range of 41x followed by S 4.1x and Ca 1.3x.

- ~

Foﬁ; elegpents were found &t mean concentrations between .100-
lpbo.pp-: Ti, 767 PPR (ﬁ:lZ))\Ee. 500 ppm (n=4), Ba, 46i ppma
Jh:Zé) and Sr, 269 Ppm (n=22). Titanium showed. the I;rze;t
opqgehtration range, 83x, followed' by Fe 6x, Sr 5x and Ba

~

206x- ) . , ’ -’

- ’ ~ .

R . ' .‘ . L]
All 22 vall samples of Wyoming <oal .cont.ained four elements
at n€:n concentri%ions §9tueen'i0*- 100 ppma: Mn, 23 ppm, Zr,

22 ppm, V, 12.3 ppa and Cu, ‘11.5 ppa. Copper exhibited the

iar(o.t1‘gncdhtratioﬂ \rangg,-lax. fbllowe@‘by Zr 8.1x, v 8x

*
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1-RAY FLUCRESCENT SPELTROSCOPY OF 19 ELEMENTS IN WHOLE COAL FROM THE POWDER RIVER COAL FIELD, PONDER

/RIVER BASIN, WYORMING.
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D R L L b e et D LT S P

(IONE &T>--- ' - .

NOIWU 2 0.1 1,92 1,00 2714 20.4 8.3 20 1.2 2.4 14,8 1.7 0.6 158 21 38 2.9°

NolWL 3 u.3s 0.94 133 18,2 0.2 27 12.& 4.7 10,4 3.1 1.6 1.9 279 18 578 1.t

S 4 0.41 0,73 v.87 1.9 2.6 31 2.7 2.1 4.2 2.6 1.8 400 15 870 3.4 .

semL 5 0.31 Z::;"‘9.94 97 15.9 1.0 26 12.6 2.9 9.0 1.3 1.7 382 18 723 8.2 )

{IONE §)----- _

NSINL 3 0,50 v.99 182 8.9 3.3. 22.2.4 1.4 4.1 9.2 0.6 153 22 390 3.t ¢

SSWU 4 0.80 0.50 0.92 : 7.1 050 21 2.0 3.1 3.9 3.7 1.2 240 16 528 2.g;

ssML 5 0.09 0.95 sA4 9.2 b.f 26 2.7 3.3 9.0 0.7 1.2 198 22 S 3

(I0ME 4)-----

NeIWU 2 0.311.55 1.00 353 20.3 5.2 15 5.0 S.1 9.2 3.2 2.6 0.4 222 25 456 3.9

NAINL 3 0.04 0.55 1.09 B.1 0.2 8114 38106 48 0.3 1.3 175 44 510 16 -

S4m8 4 0.15 .90 3.6 1.0 26 3.0 2.0 37 0.4 0.8 154 13 320 2.7 .

SAML S5 0.72 0.99 0,03 4.5 0.4 2313.9 4,22770 3.6 1.0°2.8 763 18 843 11.2

(10NE 3)-----" : . . : v ,

N3IMU 2 0.11 0.78 1.09 458 9.4 10.5 20 2.7 6.213.3 6.0 0.8 0.9 190 26 33 3.8

RIML 3 0.30 0.59 1.06 51 8.9 88 20 2.4 7.6 5.1 3.5 1.4 0.6 182 15 333 3.7

s3mU 4 o3 1.0t 0,55 0.04 10.1 ff% 34 3.8 2.7 S.3 5.0 1.4 1S 276 le 439 s

sImL S 0.4 ° 1.00 3.7 0.3 34 B.4 3.8 &.1 0.6 185 14 391 8.5

{IDNE 2)--=-- ’

N2INL 3 0.50 0.74 1.1 183 11,7 1.8 19 25.4 4,310.9 3.7 2.3 1.8 205 18 375 5.7

SIMU 4 1.85 0.85 4208 27.1 20.6 31 5.8 4.5 34.4 5.2°5.9 3.4 761 Ta S48 8.1

S2ML 5 0.91 0.02 6 3.4 30 0,971.8 3.2 0.3 1.1 1S4 15 33 2.0

(10ME 1)-—--- A .

NSO 2 0.24 2.03 10 . 1336 27.5 8.0. & 3.7 2,243.1 2.7 0.8 184 32 4 3.1

NUIML 3 0.29 0.73 1.06 S.7 3.2 11121 4.7 S5.9 0.7 0.9 187 14 35 7.

SI2) & 0.87.1.51  0.92 0.12 847 25.0 10.3 22 3.8 7.612.2 3.8 3.9 L5 385 371 M8 1.7

SIM 5 .10 0,93 T9.4 0.2 23 6.8 4.5 8.9 3.2 0.4 183 12 WS 7.1

B.L. PP 30 05 10 3 S b6 0.F 0.2 0.6 1.2,05 0.6 0.9 0.2 0.5 34 3.0 1.2 2.1

MAXIMUM 1,65 2.03° ND f.11 0.12 4208 27.5 20.6 34 25.4 7.6 43.1 4.0 S.9 L4 763 5.4 G843 135.7

MINIMUM  0.04 0,50 ND 0.85 0.02. S5t 3.8 0.2 -6 0.9 1.4 3,2 3.1 0.2 0.4 183123 320 2.0

RANGE® M 41 M 1.3 6.0 B3 7.5. 103 5.7 28 5.4 13 1.9 30 8.5 5 b1 2.6 1.9

NEAN 0.39 0.98 MD-0.98 0.05 767 12,3 4.4 23 b6 J.9ULS 40 1.8 1.3 26927 Ml el

sT0 0.35 0.44 WD 0.07 0.04 1099 7.3 4.7 7.5 S.8 1.810.1 0.9 1.4 0.7 171 13.2 138 3.7
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TABLE 11]-6 (COMTINUED)

233ZSEIETE SR 2RI IRIIIISIII SIS IR IR ZEFEZCIETS IZATSAT XTI IIEETTTIZIT SIS
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ELEMENT CONCENTRATIONS
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Te2F 1 0.29 3.12 0.80 1.05 10.6 10.9 21 3.5 21,90 5.1 119 1.2 207 16 #54 13.5
TIF 1 0.56 .63 0,79 2.1t 18 5.0 8.4 18 6.0 €0.9 13.310.5 47 3.2 40 25 M4 18,1
REAN 0,8 S.9ERR 0.8 1.6 18 17 9.7 20 &8 31 9.2 11 32 2.2 3¢ 2 450 1
2L IECC IR RIS I I IS ST S S E T S S I SIS I S I S I TSI S S I T S S R RS S I XSS S SIS IS IS S SIS TS SIS
BLAMK SPACES REPRESENT CONCENTRATIONS LESS THAN DETECTION LIMITS (.L.).

(I0NE 1..6) AND LEV. (LEVEL) 'ARE EXPLAINED I[N THE TEIT, - "

STD - STAYOARD DEVIATION (1 SJ6MAY |
b.L.- DETECTION LIMT
IN) - NUMBER Of SAMPLE

N - MO ATA, ) L
v - RANGE = RAXIMUM/MINIMUM
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Seven elements were present at ;ean concentrations <10 ppm:
.Co, 6.6 ppm (n=22), Pb, 6.1 ppm (n=22). Cr, 4.4 ppa (n=22),
Zn, 4.1 ppm (n=11), Ni, 3.9 ppm (n=22), Ga, 1.8 ppm (n=20),

. and Rb, 1.3 ppm (n=22). Copcentration ranges for this group,
in decreasing order, are: Cr 103x, Ga 30x, Co 28x, Rb 8.5x,

Pb 7.9x, Ni 5.4x and Zn 1.9x.

Potassium was not detected in any of the Wyoming coal
samples. Values 'for the two "floor" samples (T62F and T12F)

are given at the end of Table III-6.
I11.2.4 MULTIPLE-TECHNIQUE ANALYSIS
I11.2.4.1 INTRODUCTION

Five samples of Utah coal were analyzed for 56 elements
- using a variety of techniques inqluded in a coal analytical
"package” offered by Nuclear Activation Services Ltd.,
Haliiton. Ontario. The results of those analyses are shown
in Table III-7 which includes the analytical_nethod used for

fach element. Eight samples of coal from Wyoming were run

through similar analyses at - the same ladb for 40 elements.

The results of the Wyoming analyses are shown in Tabhle III-
8. The data in Tables .III-7 and III-8 are sorted relative té

two coriteria: first, the number of samples (N) in whioch N
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ANALYSES OF S& ELEMENTS (WHOLE COAL BASIS) FROM THE EMERY COAL’FIELD, UTAM,

EEETRRTIT

coa

ELEMENT COMCENTRAT IONS®
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TASLE 1177 (CONTIMED)

ZSZEEIEIEATIE IR EIEISEXASEEEEE SN IR IREISI S EIREIRIRATE SR SEEN SEISTENE SRR

— - ._ TELEMENT CONCENTRATIONS®

ELEMENT D.L. TYPE METH. U3 U8 UI3 U7 U22 MAI MIN RNG MEMN  STD (M)
' tl 10 ¥ R 10 10 % 10 % 10 9.0 30 35 &
Y 1 A X 5 202 2 S 2 025 2.8 L3 4
Rb R S | 3 2 ¢+ 3 3 1 30 23 0.8 4
Br 0.5 W I 0.6 0.5 1.1 0.8 1.1 05 2.2 0.8 0.2 &
S (I 0.00 A I N N 049 370 MD 3.7 0.49. 7.8 2,10 1.4 3
Se 0.2 W 1 08 1.7 2.3 2.3 0.6 3.8 1.5 0.7 3
Cs L T T 0.1 0.3 0.2 0.3 0.1 3@ 0.2 0.1 3
1 0.5 ¥ R G.b 9.5 0.6- 0.5 1.2 0.6 0.0 2
Ay 0.0% A D NOOKD 0.35 0.55 M0 0.55 0.35 L6 0.45 0.10 2
Hy S A S 109 100 100 1.0 100 0.0 1 _
- Ta 0.1 W 1 0.2 0.2 0.2 1.0 0.2 0.0 |
R T X Y I D MMM oW Wm0
Be 1 A 1 MO M M M
In 0.1 ¥ R MO W W W 0 —_
W 1 w1 MM~ M M )
1) 0.05 ¥ I MM M W M0
§a o ¥ R Y I W R '
64 - 0.5 W P M- M M M0

.
=3X I t ZRZZITTZXIZLER 38E t = 3 =8

- CONCENTRATIONS [N PPM UMLESS GTHERUlSE NOTED. BLANK SPACES REPRESENT CMEITRAHNS
* LESS THAN DETECTION LIMITS. .

ShP, ' Ny
TYPE - SANPLE TYPE (W = WHOLE COAL; A = COAL ASHED AT 350 C ANG CORRECTED FOR 10T ASH).
ANAL . :

METH.- AMALYTICAL WETHOD (X = X-RAY FLUORESCENCE; 1 » INSTRAMENTAL NEUTRON ACTIVATION
ANALYSIS (IMMA); R = SHORT LIVED INAA; P = PROMPT GANNA COUNTING;

b = DIRECT CURRENT PLASMA; 5 = SPECIAL WET METHOD). . o '
WAL - MAXINUM VALUE MIN - NININUM VALUE STD- STANDARD nsmnou .
D.L.- DEVECTION LINIT ND- MO BATA NA- NOT APPLICABLE
(N)- § SAWPLES RNG- RANGE .
. [ 3
[ )
. . °
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given element was detected; second, in decreasing order of

abundance (mean vdlues) within each value of N.

I11.2.4.2 UTAH: WHOLE COAL

All five samples (N=5) of Utah coal contained detectable
levels of the first 39 elements (Ca to Au) in Table III-7.
Seven ‘of those elements (Ca ' to Mg) were present at mean
concentrations >0.1%, 6 elements (Ti to K) were present at
mean cuncenerhtions between 100 ppm and 0.1%, 2 elements (Z2r
and Mn) occur b;tueen"lo-loo PPA, 15 elements (Ce to Mo)
were p;psent in the range 1-10 ppm and 9 of the elements (Hf

to Lu) occur at concentrations of <1 ppm.

The elements Cl, Y, Rb and Br were detected in only 4 of the
samples (N=4), ranging from a high of 30 ppm for Cl to 0.8

ppe  in the case of Br.

Selenrium; 1.5 pp-,-aﬁd Ca, 0.2 ﬁpn, were detected in three
. ° '4

of the samples {(N=3).

\

- . :
Two samples (§=2) contained detectable levels of I, 0.6 ppm, -

and Ag, 0.45 ppm.

- - [

Mercury, 100 ppm, and Ta, 0.2 ﬁpl, were detected in only one

" sample each (N=z1). )

—
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The last seven elements in Table III-7 (CAd to Gd) were not

present above the lowerg limits of detection in any of the

Utah samples (N=0).

I11.2.4.3 WYOMING: WHOLE COAL
Table III-8 shows that 29 elements (Ca to A?) uere,Aetected
in all 8 éalples (N=8) of Wyoming coal. The first §
elements (Ca to Mg) were present at Iean~concentration-
>0.1%, 4 elements (Na to Sr) between 100 ppm and 0.1%, 3
elements (Mn to—Zn) between 10-106'pbn, E’elenen?s (V to Br)
from 1-10 rrpm and 9 of the elements (Sc to.Au)'wére preseni
at mean concentrations of <1 ppm.

Antimony, 0.07 ppm, and Eu, 0.06 ppm, were present in 7

samples (N=7).

Five samples (N=5) contained detectable levels of Se, 0.6

ppm, Cs, 0.3 ppa and Tb, 0.06 pp=u.

Molybdenum, 0.7 ppm, was detected in only 4 of the sanpiel
(N=4).

None of the Wyoming samples (N=0) contained measurable

amounts of the last 5 elements (Ni to K) in Table (wtblO3a).
< V'

I11.2.4.4 WYOMING OVERBURDEN SEDIMENT AND CLINKER

L]




TABLE 111-8 d
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ANALYSES OF 40 ELEMEWTS [N COAL FROM IHE POMDER RIVER COAL FIELD, POVOER RIVER BASIN, WYONING

' ~ ELEMENT CONCENTRATIONS*

AMAL, --—m-meemmmmmemmmmmmman e - ---- —-
ELEMENT D.L, METH. MOIWL S6ZWL NAIML SAZWL N2IWL SIZWL NIIWL 5120 MAX RIN RNG MEAN STD (W
Ca (U 0.05 I 0.5 0.98 0.9 1.02 1.17 1.03 1.12 0.88 1.17 0.88 1.3 1.01 0.09 8
AL (1) 0.00 R 050 0.66 0.33 0.6 0.39 0.27 0.28 0.32 0.66 0.27 1.8 0.42 0.14 8
Se (1) 0.00 §  0.21 0.3 0.33 0.32 0,35 0.3 0.39 0.21 0.39 0.21 1.9 0.31 0.6 B
Fe (1) 0.01 I 0.7 0.18 0.12 0.19 0.14 0.19 0.2 0.16 0.20 0.12 1.7 0.17 0.03 &
Mg (1) 0,05 1 011 6.3 9.15 0.13 0.18 0.13 0.14 0.1 0.18 0.10 1.8 0.14 o.ozg 8
' 01 710°7% 530 S%0 370w 280 510 870 870 370 2.4 s4d  180) 8
Ba 20 1 400 260 260 640 280 290 250 240 640 240 2.7 348 159 8
n 20 R 180 320 105 120 300 210 200 180 320 105 3.0 202 71 8
.Sr SO 1 320 130 135 470 150 130 150 100 470 100 4.7 198 121 8
M 20 R 10,5 17.6 34 19.2 25.8 4.2 41.9 17.8 4.9 6.2 8.8 2l.e 11.1 8
e - 0 R A 13 14 18 16 12 - 9 13 2.0 9.0 2.3 143 33 8
In s 1 - 10 10 14 11 10 8 9 149 B0 1.8 10.4 1.7 8
v 0 OR 7.4 203 6.6 4.8 10.8 44 53 68 0.3 44 46 B3 49 8
Co 0.1 1 3.9 6.4 57 61 S8 S 4 4 64 39 1.6 51 0.9 8
As 0.5 1 22 6 5 S &7 44 34 32 &0 22 27 43 1.2.8
Ce 05 1 33 3 22 &7 A4 2,3 42 22 67 22 3.0 3.6 t.4 8
Cr 0.5 I 23 31 L% LS 03 L9 21 24 i LS 21 2.2 05 8
La ol 1 LS L4 1 38 22 1 1.8 1.1 3.8 1.0 3.8 1.7 09 8
d 0.5 I 12 65 ot 27 te L2 2 1 27 1.0 27 1.5 05 8
Br 0.5 I 08 4 12 12 L 1 1.2 12 f.4 0.8 20 L2 0.2 8
5 0.00 I 0.83 1.2 0.5 0.89 1.3 0.52 0.57 0.64 1.30 0.52 .2.5 0.82 0.28 B
Th 0,02 I 0.6 07 0.4 05 1 04 0.6 04 1.0. 0.4 2.5 06 02 8
by 0.03 R 0.2 0.3 0.2 0.57 0,37 0.34 0.28 0.25 0.57 0.20 2.9 0.33 0.11 8
Sa 0.05 I  0.22 0.33 0.2 0,53 0,32 0.3t 0.34 0.2t 0,53 0.20 2.7 0.31 0.10 8

. 0t I * 0.3 0.4 0.2 03 0.4 03 0.3 0.2 04 0.2 20 0.3 0.1 8
v 0.03 D 0,21 0.31 0,44 0.17 0.26 0.13 0.17 0.13 0.31 0,13 2.4 0.19 0.06 B
Y 0,05 I 0.1 0.5 0.11 0.36 0.14 0,25 0.19 0.12 0.25 0.11 2.3 0.15 0.04 8
Ly 0.00 [ 0,014 0.025 0,019 0.024 0.023 0,041 0,029 0,019 0.041 0,014 2,5 4,024 0,008 8
b (PPB 1] f 3 0t S 2 2B 12 1 3.0 L.¢23.0 &0 7.3 8
5 0.05 1  0.07 0.07 0.11 0.07 0.05 0.05 0.08 0.14 Q05 2.2 0.07 0.02 7
Eu ~ 0.05 I  0.06 0.06 0.05 0:03 0.07 0.06 0.05 0.08 0.05 1.6 0,06 0.01 7
Se 0.5 1 0.6 0.5 0.7 0.5 0.5 0.7 0.5 1.4 0.6 04 S
Cs 0.2 1 0.2 0.2 0.2 0.3 0.4 0.4 0.2 20 03 0.4 S
™ 0.05 I 0.07 0.05 0.1 0.05 0.05 0.10 0,05 2.0 0.06-0.02 5
Mo 0.5 I 1.2 0.5 0.7 0.5 1.2 0.5 2.4 0.7 03 &
Ni 0 1 NN R M MO
] (1 MM M M M0
Rb 5 | MMM M W 0
Ta 0.5 I. . “ W, M M WM M0
K (1 0,02 1| " S S R S |

- CONCENTRATIONS IN PPH UNLESS OTIGRllSE NOTED. BLAMK SPACES REPRESEIT CONC. LESS THAN D.L.
0-MMV§!SFMCMMMS§OCW€MEEEFM 101 ASH.
ANAL.
METH.- ANALYTICAL METHOD (1 = INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS (INAA); R = SHORT LIVED INAA;
. P = PRONPT GANMA COUNTING; D = DELAYED NEUTRON COUNTING; S = SPECTAL WET METHOS)
NAX - MAXINUN VALDE AIN - NINIMM VALUE TR~ STANOARD DEVIATION (M)~ & SANPLES
D.L.- DETECTION LINIT a4 - N0 DATA NA- NOT WPPLICABLE ANG- RANGE




I1II1.2.4.4.1 INTRODUCTION

\ ™~

Tps/concentrations of 40 elements in two sediment samples
(overburden) and ’ one sample of clinker (see Sect.
111.2.4.4.3 for explanation) associated with the ﬁ}onin‘
coals siudied here ;re shown in Table 1III-9. The Two
overburden samples were collected above and at either end of
the coal seam (bench}) from which coal samples for this study
were collected. The sample of élinker-yas taken from a bulk
pile -which was being excavated (for use ag paving Stone)
-fron éelow one corqef of the coal bench apgigiilately 0.5 Km
from where the coals were collected.  In effect, the
overburden represents sediments immediately adJaceq§ to khe
top of ‘the seam while the clinker represents the remains of

sediments stratigraphiclly lower _than the coal (seat

L
v

earths).

Table IIi—}O, -columns 1 and 2, K6 lists -the average
concen;rationa for 39 elements in the overburden and clinker
"from this study. Data from Hinkley and Ebens (1971&7%361;
55) and Ebens and McNeal (1971, tables 60 and 61) on the
average concentrations of three sed}-ent types that dc;ur ;l
overburdeA associated with strippable coal deposits in the
Fort Union Formation. throughout the Northern Great Plains
Coal Province, including the Powder River COaI.Field, are

used for comparison as  showr in columns 3, 4 and §: column

‘58




TABLE I1i-9

2EZI3TISE SIS S I IESIRESEI SIS ESIIZIISEISATIZIZ S TR SIEXNITXTITIILEIT

ANALYSES OF 40 ELEMENTS IN OVERBURDEN SEDIMENTS (0B) AWD CLIMKER
FROM THE POWOER RIVER COAL FIiELD, POMDER RIVER COAL BASIN, NYOMING.

- B ] ~——— - ——
N s

: ELENENT CONCENTRATIONS®

B e e -— ——-

ANAL . OVERBURDEN SEDIMENTS !
ELEMENT D.L. METH. 0B6 O0B] Rw6 MEAN | CLIMKER
Na 1 920 B8 1.1 8% 1000
S Mg 0,05 ] 0.45 0.72 L& 0.59 0.28
Al (1) 0.002 R 5,52 8.39 LI 7.4 8,49
S {1 001 S L) ) NA N NA
ol 10 R 200 <200 NA [ <200
kot 0,02 ! .20 1,30 1.1 1.25 1.
Ca {1} 0.03 I 0.53 0.48 L.t 0.51 0.46
Sc 0.01 I 15 15 1.0 15.00 13
h 20 R 3700 4400 1.2 M50 ! 4700 .
v W R 12 1% 1.2 1 115
Cr 0.5 I 87 93 1.1 5 50
Kn 20 R WO 1MW 1.9 25 1180
Fe (1 0.01 [ 3.8 238 1.6 311 ¢ 1.94
Co’ 9. ¢ I ls 18 1.1 17.0 ) 14
Nt 50 ] NA NA '
in 5 I 3310 L 97 93
As 0.5 1 12 17 L4 A5 16
Se 0.5 - I t L0 Lo
Br y TE o7 0% LI u8 0.7
Rb 5 1 150 170 4.t 180 ¢ 150
Sr 50 1 130 200 1.5 185 150
Mo 0.5 I 6.6 1.2 11 &9 N
) 0.05 I 1.1 (I U U O T
Cs 0.2 I B.5 %5 g1 40 10
8a 2 1 630 830 1.0 &3 750
La 0.1 I 3.1 e 11 M9 L 382
H¥ 0.1 1 8.8 8.9 .10 89 ! 30
fa 0.5 I I TR VO SR 3% S B 1.1
W I | 2 I LS .S 3
Au IPPBY 1 6 7 12 8% b
Ce 0.5 ! 83 2 1.1 815 T
Nd 0.5 1o | I5 - L1 3.0 27
S8 0.0 I 5.9 6.4 11 615 4.9
Eu 0.05 - .08 1.3 1.3 17 1.04
T 0.08 1 0.81 1.04 1.3 0.93 0.7%
Dy 0.03 R 4 48 1.2 A4 4.2
) 0.05 1 L3 032 10 3.8 2.9
Lu 0.005 1 - —0.511 0.516 1.9 &5t 1 0.472
h 0,02 1 16 18 1.1 17,0 0 1A
u 0.03° D 99 569 1.2 S.30 ! .61

2RSS 2388 EAEVETEE

> -~ CONCENTRATIONS [N PPN UNLESS OTHERWISE NOTED. BLAMK
SPACES REPRESENT COMCENTRATIONS LESS THaw D.L.
ANAL.- ANALYTICAL METHODS ARE THE SANE AS IN FIGURE (UTBLO3A)

B.L.- DETECTION LINIT ND- NO DATA . STD- STD DEVIATION

NA - NOT APPLICABLE y— RANGE . (N)- & SAMPLES
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(

3, fine grained sedimentary rocka; column 4, shale; column
5, sandstone. When comparing element concentrations in the
follqwins discussions ratios falling bDetween 0.67 and 1.5

(+/- 50%) are arbitrarily (based on the known variability of

coals) considered inconsequential, i.e., the concentrations
are close enough as not to represent a substantial
v

enrichment or depletion in one or other of the samples.

I11.2.4.4.2 OVERBURDEN SEDIMENT
\ LI .

The concentratjons of 37 elements (Ni and Cl were not
present above the 1limits of detection) detected in two
overburden samples from this work are 1listed in decreasing
order of abundance in column 1 of Table III-10. These data
are compared to average concentrations in si;ilar sediments
associated with ‘Pouder River Coal Field coals: column 9,
comparis&q with shales; coluan 10, comparison with

L4

sandstones.

Work done by the U.S8.G.8, to assess the env%roniental impact
of overburden usage in fhe Northern Great Plains Coal
_Province has shown that changes in mineralogy over large
areas is responsible for chan&e- in tﬁe major and trace
element geochenistriel of the‘sedi-enti, depending on the
trace elelents.in'que-tion. For example, Mg, Ca, Na, Ba and

Ti vary -iénificantly over the largest saiplin‘ area and .

correlate well -with the occurrence of dolomite, oafoite.

-

.“ ,. [} l.‘




TABLE 111-10

GEOCHENISTRY (39 ELEMENTS) OF SEDIMEWT (SEDS) AMD TLINKER (CLINK) ASSOCIATED WITH COAL FROM THE POMDER

RIVER COAL FIELD (PRCF), POMDER RIVER BASIN, WYOWING. DATA FOR OTHER NORTHERW GREAT ‘PLAINS (NGP)

SEDIMENTS ARE SHOWN FOR COMPARISON. RATIOS ARE EXPLAINED IN THE TEXT. (CONCENTRATIONS IN PPM)

THIS MORK (PRCF) !  OTHER WGP SEDS ¢ ! RATIOS

CoL.i. COL.2 & COL.3 - COL.4 COL.S: COL,& & COL.7 : COL.B & COL.9 ! COL.10
; . tCOL1:COL2 {COLI:COLA ICOLI:COLS :COL2:COLA :COL2:COLS

. ELENENT SEDS CLMK : FN RX SHALE SANDST (EL. RATIOEL. RATIDIEL.: RATIDIEL., RATIQ!EL. RATIO
“hl 75000 <BE000 | 79400 70000 43000 K 2,3 iAs 2.8 iSe 5.3 7m0 W2
) 31000 19000 ! 31000 24000 15000 ing 2.0 iCo 1.9 3.3 as 3L lAs 3.
K. 23000 10000 : 22000 45000 14000 iFe 1.6 iRb .1.5iC0 3.1 €0 1.8 ifc 3.0
Mg 8000 3000 1 14400 14000 11000 iSe 1.3 :Th L3¢ 28T LARD 2.8
Ca 5000 5000 i 12000 14000 24000 iCe 1.2 iCe 1.3 2.7 Rb L4 2.5
n 4050 4700 : 3800 3400 2300 iTb 1.2 1,3 4Sc 2.6 1Al .28 2.3
Na 1000 1000 ¢ 6600 4200 4900 INd 1,2 iFe 1.3 iTh  Z.4 0V 1.2 2.1
Ba 630 7301 420 940 700 iTh 1.2 L3 e 2200 - L21A0 2.1
Mn 275 1180 ¢ 300 320 280 iLa 1.2 L3 Fe 2.0 LT 2.0
Sr 165 150 ¢ ND 170 160 lAu 1.2 ! 1.2 3r 2.0 iS¢ 1.1:r %0
Rb 160 150 ¢ 110 110 58 !S¢ 1.2 ! 1.2 2.0 iTh " .1 iTh 2.0
v 126 11S: 8 9 % 1.2 L2 A1 8 ir 1! 1.7
In .9 93 100 8o M40 7 1.1r LT 1.8 iCe L1 iYD 1.4
Cr %0 90! n 84 45 1Br L1 IAL L1 1.6 ita 0.9 Ce 1.3

JCe 88 Mt 65 67 55 Bu 1.1 tta. Lb e 1.6 0.9 Fe 1.3
La CTR - B Q2 35 18r 1.1 1.0 Y6 1.5 0.8 1.2
Nd LA YA ND NB-iTa 1,0 i¥e 0.9 M0 1.4 iBa 0.8 ila 1.1
Lo 17, 16! 8.7 %L S8 1.1 0.9 iLa 1,3 !Fe 0.8 182 1.1
Th 17 14 13 13 7.0V L ke 0.9 1.0 N0 0.7 0.9
8¢ 15 13 1 12 5.7 iR 1.1 iBa 07 1.0 0.5 0.7
As B TR TS V'R S Y S 18 Y I NS (TR PS Y. S X I 0.9 [€a 0.4 0.3
Hf 10 10}  ND- ND ND iCo 1.1 iCa 0.4 0.5 iNa  0.2:Ca 0.2
Cs . 9 10 W D ND DS 1.0 N2 0,22 0.2 0.2 ! 0.2
Mo 6.9 61 &1 B Siln 1.0 !Eu ERR-iNa 0.2 !Sb  ERR ! ERR
Se 6.2 49 ND ¥ ND INa 1.0 iTa ERR tEu ERR iCl  ERK !Se  ERR
u 5.3 &6 3T Al 27ia 1.0 ERR !Cs° ERR !Sm  ERR ifs  ERR
Dy a4 L2 W ND ND !Cr 1.0 :Cl  ERR !Nd  ERR !Ew  ERR M1 _ ERR
Yb 3.2 030! 29 37 2.1 i 1.0 N ERRICL  ERR Au  ERR ! ERR
. " 2.5 3T W ND ND 'As 0.9 !Au  ERR !Mu  ERR !Ta  ERR !Lu  ERR
Ta L2 L1 W KD ND iCs  0.9-!Hf. ERR !Mf ERR !Ni  ERRIEu  ERR
Eu L2 1.0 ND N0 _NDIAl 0.9 !Cs ERR !Br ERR JHf  ERR !Tb  ERR
Sb .1 28! ND ND ND !Ti 0.9 !Tb ERR !Ta ERR !Tb ERR !Ta ERR
Se 1 <0.5! 0.2 ND  0.19 Ba 0.8 ERR !Sb  ERR !Se  ERR !C1  ERR
Th D N ¢ MDIN  0.8:!Sh ERR !Se ERR !Md  ERR }Md  ERR
Br AN, N (] ND iSb  0,4/ilu  ERR !N  ERR iLu ERR IN  ERR
Lu 0.5t 0.47 % M ND ND iMa 0.2/ INd  ERR Ilu  ERR !Cs  ERR !Br  ERR
My 0.007 0.006 : WD (1] ND ICl  ERR !Dy ERR !Ni  ERR :Dy ERR i  ERR
Ni 50 <50 3 16 !Mi ERR !Se ERR :Tb ERR !N  ERR iSe  ERR
¢l 200 <2000 N W N ERR !4 ERR !0y ERR !Br ERR ily ERR

..... -— -— el ——ea : —————e—-

HER NGP SEDIMENTS: FN RX (FINE GRAINED SEDS), DATA FROM HIMKLEY AND EBENS, 1977, TABLE 53;

SHALE AND SANDST (SANDSTONE), DATA FRON EBENS AND MCNEML, 1977, TBLS. 40 & bl

ERR - DATA NOT AVAILABLE FOR CALCULATION

!’
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plagioclase and chlorite. pthef'elqpent- (B, Co, Cr, Cu,
Ge,“Ni, Sc, Th, .V, Ya Zr and Yb) were found to vary on a
‘ L]

reﬁidnal_basis, probably*as a“function of the type of clays

14 N B

present in the overburderi. The tréce.eléggntS'As. Hg and 8e<~
’ ‘ did not vary sixnificahtiy on a regional séalp (Hinkle}, et
. ‘al, 1980; Ebens and McNeal, 1977). . |
Sy o |
/In addition, these studies showe& that the mineralogy, and
related geochemistry of the overburdepn did not vary
significantly over the area of a typical strip' mine (1-~5 kn_

separation). Furthermore, the largest variations occurrdd

vertically within single cores taken and were wTelated to

variations in lizbology”/ﬁi.e,,l fine grained roqka or
sandstones (Hinkley and Ebens, 1976 and 1977). .

N Q:\\J

The results of this stu&% are in exoelient agreen:nt witﬁ"

the above ﬁentioned ﬂbrks. The cénpariqons are presented in

Table III-10. The 661,1centratio;m of 23 elements (As —Ja')

in overburden aedinent& from this work are‘conpared to mean
values for shales collected‘ throughout the Northern Great
Plains Coal Province in Tablé III-10, column 7: Eighteen of 1
the elements (Rb - Ba) are _pregsent at similar conéentrationo

i?/- 50%) in both sample sets. - fwo elenept- (As and Co) are
present at slightly h&gher .concentrations. in ;hé samples

from this study while 3 elements (Mg, Ca and Na) ocour at

significantly lower concentrations. Column 8 (Tablo.III—IO;

compares data from this study with sandstones from




thronahout the Northern Great Plains Coal Province. These
R - ° . )
data dn\ not correlate as well as those for.the shales. Of

- -3
-

the 24=51ennntn compared in columd 8, 15 (Se - Ce) are

‘ { .- .
enrichepd in the Powder River Coal overburden relative to  the
sandstones, only 6 elements (Yb - Ba) are present at similar:
»06ncént¥ationg and 3 elbements (Mg, Ca and 'Na) are relatively

depleted. ;

~‘t".
R

In bath cases mentioned above Mg, Ca and Na are the only
e}enehtﬁ ‘appreciably depleted in tRe Powder River Coal Field
overburden relat{v¢ $o either the shaleé or sandstones. .As
shown by Hlnkley- and Bbens (1977) this difference can be
qxplained by the absence of the ninere}s'calcite, dolomite,
and plazioolase. Bikew;ae, seven qf.the elélentﬁ re?orted\
by Hinkley. et. g; (1980) nnd‘ﬁink1eyiand Ebens (1977) as

beins correlatahle .with .claya-‘throuzhout thg area they

. e e e

studied }re n-onn the 13 efeneﬁts found enriched by this

\tudy reldiive to the other sandstones. Coﬂversely, only Co
..

wag-enrjched in . the ‘Powder River Codal Field ovérbu}den

a
hd - , e -
. .

-relative§t6 the other shales. It appears fron these data.

that t" ‘eoohe-iqfry of the ovgrburden in the Powder River
' Cotl Field ?! doninated, at least where samples for this

atd&y webe collect.d, by the presepce of d&lays in the
‘ e L4 ! .

_nodfien&o. e

. - JEN .~
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when traveling through the Powder River Basin in NE Wyoming

od% cannot help but notice that the majority of the
topographic highs consist of gently westward dipping questas
c;pped with a reddish-orange Lﬁe and that thea same colour
scheme highlights the berms of paved highways and the tops

. ®
of secondary (gravel) roads (jt only makes sense to look for

the most accessible and the "strongest” paving mpterials on,

the eroéionalLy resﬁgtant topographié highs). The material
in question is "clinker"”, a rock formed when the in situ
combustion q? coal beds bake. the - surrounding. strata,
typically sanéy' to shaley siltstongs in the case 9£ the

Powder River Basin. ~1In some cases clinker is produced by
k L 3

temperatures approaching 2000°C resulting in fusing or

melting of the parent material and the fesmation of high
oL

-

temperature mineral - phases such ~as beta crystobalite
~ 9 - .

(Herringf 1980). "Métanorphis- of the parent _rock under

these conditions makes it more resistant to erosion than the
P A

ad3acen£ rocks, pence. inversion of ;opozraphy' re-uit-
dur}nz erosion and the clinker becomes the resistant éap
rock. Detailed acoouﬁtb of how burns (in sjitu coal fires)
are caused, sustained and the ;esﬁits "can be found.in
‘ﬁ;;ring (1980)-and Coafas'(IQBO) and refeggggggﬂy@;%&g} -

. : LY

Direct observation of a 100 year old Yurn at Bowman, North

_Dukpia"set- + the rate of burning at approximately 3 m/yr
(Hg;rinz; 1980). Coates and Naeser (1980) have .determined

the rate of burning to be apgFoximately 10 i/xqoo y¥ at
. - M - s . ‘ B .
.. . v Y. ~
oo N . .
T N . v
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L1t£1e Thunder Creek, Wyoming (Rochelle g;lls, Southern

anpbeli County). They'%ase their findings on fission track

&tins of zircons annealed during burni\.nxl In addition they

have predicted that a single burn in the Powder River Basin,

that h;s lagsted for the past .750.000 years, has released a

mass of carbon approximately equal to the amount contained

N in‘the present atmosphere!

, 4
A natural result of the formation of clinker is mobilization
of the elements contained in both the parént naterigl and
the coal. Some elements, or compounds (e.g., Se, Hg, F,
CS:s, CO{) are volatilized and escaﬁe ;o the atmosphere via
chinnqyl created in th? overlying strata b;'fracturing due
-~ to heating and warping (Her}ing.‘ 1980).',0ther elements
(e.g., S, As, Sb) enter into recombination by condensing
onto overlying material as cirbuation za;es cool, and others
are left behind as refractory compounds -  (e.g., Al, Si).
This fractionation process i, not unlike the formation of
ash and slag in the furnace of a coal burning plant. The
result in that the clinker should be different, chedically,
fron°the material from 'which it _ formed. The follouhrz

d1;00l.10n show that this is not the case for the-clinqu

-

analyzed in this study. . i

. ’ '-‘ [ ]
The concentrations of 38 elements (Se, .Ni and Cl were not

detected above detectien limits) in the clinker ,analysed in
N ‘\ - .

this wogk.-renliie;a in column 2 of Table III-10. These




)

data are compared to typical Northern QGreat Pl}ins.Coal'
Province shales and sandstones in coluiis 9 and 10

respectively in the same manner as the overburden discussed

in the previous section. ¢
As in the case of the overburden samples, the geochemiatry

of the clinker is very similar to the shales (col. 9).

Sixteen of the 23 elements (Ti - Mo) detected in both lllplGA

sets occur at similar concentrations (+/- 50X). Three
elements (Mn, As, and Co) are enriched in the clinker and 4
elements (éa, Na, Mg and K) are depleted. Conversely, when
the clinker is compared to the sandstones (col. 10) only 8
elements (Yb - K) are present at similar concentrations
while 12 elements (Mn - U) are present at higher
concentrations and 3 elements (Mg, Ca and Na) at lower
concentrations than tﬁe sandstones. These data show that the
clinker is more similar, geochemically? to the shales of the
North;rn Great Plains than to the sanditone; from the same

area.
I11.2.4.4.4 COHPARIBON‘OP,CLINKfR VS OVERBURDEN

A  most lfrikinzl geochemical similarity exists between the

clinker and overburden analyzed in this work. - -Of the 36

-—

" elements these samples have in common the watios of 31 (8a-

g4

W) fall between 1.3 and 0.8 (col.:6; Table IIF-10) snd 20 °

of those (U — Ti) vary by ‘less than 10%. Only.K, Mg and Fe

[ . - . C Ny



were'foundzptvsubstantlally hi:heﬁ_conoentrstion: and Sb and
Mn at‘%ower.concentrntions in théuoverburden relative to the
clinker. Many of . the elements expected to be enriched in
‘the clinker due to ﬁhéir refractory nature (e;é;, Al, Ti, V;
U, W) as well as those one would predict as being
volatilized during. bﬁrﬂinﬂ (eﬂx.,' As, Zn) exist:a; nearly
identical ccncentfationﬁ"in both the ov;;burdeﬂ and the
clinker. Explanations fo; these oggervationl are
specuiative. The‘te-p¢ratupe of - the burn, ‘exact mineral
phases hosting trace elelgnts and the zeoche-iatry of the
post-burn environment (groundwater) as well as .deptb to the
water table wmight all ‘play a part in the observed

(eochelintﬁies.

The main assumptions to be drawn from the geochemical data
is that ihe precursor ‘'to the clinker was a shaley rock
similar in, composition to the present overburden and that
little geochemical change took place during its formation.

L J

III s SCANNING ELECTRON HICROSCOPY /
ENBRUY DISPERSIVE SPBCTBOSCOPY (SBH/BDS!

II1.3.1 m'molguc'rxou

Scanning BElectron \Hldroscopy (SEM) coupled with Energy

dispersive Spectroscopy (EDS) has long been a useful tool in

examining the jpn situ occurrence and distribution of minute

. mineral phases in coal. Tlpi%n}iy. SEM/EDS ‘' analyses are
[ 1




performed on cut &nd polished sections or broken fragments.
Sample preparation, in these cg.es..requires a ainiaum of
mechanical (polishing) and chemical. (lubrioant’)
pretreafleni. A disa?vantaze to this technique is that the
analyst is limited to a two dimensional surface thriough the
coal. In many cases this surface is selected on the basis Af
macroscopic identification of unusual structures or
dI;;oloration, and is therefore biased. This technique 1;
useful, however, a beehn}éue is needed” which more readily
allows analysis of the finely disseminated mineral matter in
coals with a Dbetter probability of finding those

.
constituents which may be "hiding" under polished surfaces,

»

but without subjecting Epe' coal to methods ofh
preconcentration suéh as densiéj” separations (heavy
liquids), thergal ashinz (low or high . temperature) or
chemical methods luch_;s wet oxidation (acids). All of-these

can affect yhe iineralosy or the' coal and, therefore, the

'distribuiion and co-b;;ationl of the caonstituent elements.

The.method used §n this study involved crushing the sample
(156\eah) and foraing a ,pellet in the same nnfter as for

XRF analysis but without adding- any type of binder, In

effect, the sample is honozénizéﬁ'guoh that the surface of

any polla} shoyld obptain - rcé;olontativo amount of each

mineral constituent in the cdal. _The triok‘thah is to find

those particles. Only aftefr ene has pooroa into .the CRT of
] A hd J -

the SEM for long periods does it bscome cpp.éoq; that this

—_—— S
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task is impossible (within a normal time frame). Figure III-
1 (;ellet) shows that the backscatter electron image (BEI)
(for ‘atomic number contrast) of a pellet rese-bles an aerial
view of New York City at night with eaoh individual mineral
particle shinning brizhtl; on the dark 5ackzround of the
coal matrix. Obviously, there 1is little chance of finding
all of the different =aineral phases represented in the
surface of a given sample. However, this method is very
useful for observing the more prevalent minerals and hence

in identifying discrete element asgsemblages.

The above technique was employed for a number of pellets
from both the Utah and Wyoming coals. The samples were
aglected on the basis of chemical anomalies #8 reported from
other methods (XRF/INAA) as well as high ash contents. In
the following discussions each -spectrun’ and/or 1list.of
elements Aﬁﬁfigs to an individual zrain. identified in the

*

pellet.
SEM/EDS ;nalynol of pyrite nodules from the Qtah_coals are
prglented in a separate sections.

o' -
Conclusions re‘nrdinx the probable/possible presence of a
given mineral phase b‘sod solely on the element a.ne-blages
H’dtod here are speoulntiv.. Honovor, it is not unoo-J; in
the titerature to find such evidonoe unod to support other.

types of analyses, eo. (., XRD, whon oo-on -1noral phases are

. - . Y

- . . -
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FIGUR I- .

A - PHOTOMICROGRAPH (BACKSCATTER ELECTRON IMAGE) OF
A TYPICAL PELLET OF WHOLE COAL FROM WHICH EDS
ANALYSES WERE COLLECTED. BRIGHT SPECKS REPRESENT
MINERAL PHASES IN THE SURFACE OF THE PBLLET THE
DARKER HATRIX IS COAL.™. ° .

B - PHOTOMICROGRAPH OF ONE OF THE GRAINS SHOWN IN
"A" ABOVE.







present. In as nmuch as the data from this study correlate
well with other work and since the mineral phases suggested
here are common in other coals"studied, the following

conclusions are deemed valid.

<

The relative peak heights for the elements represented in
the spectra »d{sousaed here are used as a se-iquantiﬁative
means of deté:nining whether or not the element .is a major
or trace cbnatituent\o} the grain.

- ‘ ‘ ~ A ' ) £
Fur?hernore, as with the TEM work of Allen and VanderSande
(1983) many of the elements coﬁtainéd::in the following
specg;};were also detected when the &;parently clean coal
(matrixh was analyzed. It must be assumed that these
elements exist on an atomic scale bound in inorganic

'conbinations as well as in larze; visible minerals and that

this occurrence has affected the EDS spectra accordingly.

The following spectra are discussed on the basis of their '

most probable mineralogy. By no means is this considered to
be n‘—dafinitive statemént as to the true aineralogy. On .the

contrary; the majority of the element assemblages found in

theseg individual particles can be attributed to many lor§

than one mineral and in most cases to a mixture of two or
’ * ' ¢
more phases. However, a compromise in avoiding chemical

prétreat-ent ta 16-ure the integrity of the lin;raln seens

favorable in light of the fact that the majin purpose of this

70
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part of the study was to identify mineral assemblages which SiZT

' )
are probably inseparable by most mechanical methods.

As noted above the majority of the element asse-blazéa
represented by the following spectra can be explained in

more than one way. In fact it is almost impossible to

discuss the spectra individually, 1i.e., without refg?ence

from one to another. Therefore, some of the more plausible
reasons for the complexity of the following -spectra are
ligsted below. One or the othef of thése are applicable, in ,
some p;rt, to thé discussions concerning the origins of the

follo&inz apectra (except for the simplest).

EDS 1is not efficient in -detecting elements below atomic
number 11 (Na) and so these light elements are.not included

4

in the following discussiona. This is not to say that they
a;e not present (e.g., the C in carbonate or the O in
oxifes). In addition, many of . the small pegks
(perturbations) are not labeled for one of two reasons:
they a;e.'.goo :small to resolve and therefore no

identification was possible; they are sum or escapé

(artifact) peaks of existinj elements.

Some of the common complications arising when trying to
4
assign mineral names to EDS spectra include:\

1. Spectra which can be attributed to - more thgg

‘one mineral, e.g., a spectruam containing the




elementa 41, 8i and K might belong to either

a " clay such |, as Illite (Ke -

?Alc(Al,Si)cO:o(OH)c) or to potassium
f;ldapar (EA18i30s). Both could yield the
;a-e spectrum and the choice 1is often
cogtinzent on the presence of accessory peaks
of other elements.

.Spectrs from ; single .nineral.which c;ntaina
the elements tound in two or more other
separate minerals and vice . versa. This
proble; typically involves a clay mineral.
For example, a spectrum containing “the
ele;ents' Mg, Al, 8i, Ca, Ti and Fe could
indicate éhe presénce of . ‘clays such as
chlorite or' d.nixpd la}er clay of the tyée
illite—hont?brillonite. Alternaiiveir; ‘an
aggregate ;f kaolinite iAl.sf.o.(on).)y which
included adsorbed Ti, and—a mited—earbonate
((Mz;Ca;?e)CO.) would produce virtually the‘
san; sﬁectrup. To fqrthef co;plicate matters,

the same spectrul' could result 1if the
aggregate coniained the ltherals kaolinite

(A1,8i), ilmenite (Fe, Ti) and carbonate (Ca,

Mg, Fe), obviously, other oombinations are

¢
-

-aisg pongible. . . ':

. - . L N
.This group can be expanded to include




discrete minerals which contain some amount
of surface coatings of another mineral. If
the coating is elementally different than the
host the spectrun‘becones more complicated.
If, on the other hand, the coating contains
one or more of the same elements as the host
the peaks for those elements become
disproportionately larger than would ?e
expected.: -
Spectra produced wheg the spectral resolution
of the incident electron beam (approximately
5 microns) is larger than the grain being
analyzed, the resulting spectrum would
eogtain peaks for those elements present in
the ma£rix adjacent to the target grain.
Theée‘natrix-elements may be present either
as metal-organics or ihorganically combined
on an atomjc scale within the matrix (Alién
and VanderSande, 1983). In either case, they
will appear as belonging to the target grain
and therefore complicate identification.
Typically the®e speetra also have large
brehmsttrallungs (backgrounds) indicative of
the organic carbon in the coal matrix
(Goldstein and Yakowitz, 1976). .
Speoctra from m=minerals in which extensive

diadéchy, ion e;chanze or s0lid solution are

<&
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common will invariably yield pépﬁ;.nhich make

.identification, based on -9xpected

.
—- - stoiehiometry, more difficu;}. These problenms
are inherent in -iﬂeralozy.
4
The electronics of EPS can affect the relative peak heights
of the elements making it more difficult to-determine

whether a given element. is a major or minor }trace)

constituent of the particle. A few of the problems which

are a function of the equipment include:
. 1. Prefferential absorption by the Be window

employed on most EDS detectors. Absorptdon of

- . ’
. the characteristic X-rgvse 6f elements lighter

than atomic numbgr 11 (Na) is virtuall;
quantitative, makigg‘ detection of those
elements }npoasible by conventional EDS
methods. ’Furthé;nore. adsorption of &-rays
emi®ed by those elements slightly heaViqr
than Na also occurs, decreasi?z ‘wﬂeh

increasing atq-ﬂc- number. Peaks for those

‘elements are usually smaller othan their

- - 4

actual concentrations would predict;

2.. Non-counting of .signal ' in the pile-up

rejecter 1? a problem brought about by using
too high of a count rate, Gsually due to an
excessive exoitatigd .energy 76t - the Vlement

in question. Hﬁen this oocurs signals cannot

-

T
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be(assisned to a given energy level and so
o ai‘ rejected {not counted), resulting in
decreased peak heights for tpole elements-
Unfortunately, it would be impractical tp use

A\

an optimum excitation energy (1.5-3 times:.the

characteristic energy) for each elements as

a given element, or two, in a given spectrum,
or analysis. -

3. As can be seen by the x—r=y ;ontinuu- (white
radiation) there is preferential absorption
by the s&ste- of- x-rays towards tﬁe higher

end of the spectrum. This translates into

smaller peaks than might be expected for some

elqgfnts.

All of the above electronic aberrations produce peaks which

are not representative of the relatfve abundance of the'

elements affectad. Other problenl which affect peak heights
of the constituent elements have. to 'do with detector
igo-etﬁf (the spatial relationship of the detector and the
sample), dazree of polish on the saaple surface, olennlinesn
of the detector window, and etc., these are ndequntgi,
covered’in textbooks dedicated to the subject o! SEM/RDS
kGoldsteih and Yakowitz, 19785). )

N,

Suffice to. say, there are many problems associated with

=

thatawould mean collecting only the peaks for .
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_identifying minerals based solely on EDS spectra, i.e., EDS’

is not a tool for determinative niJé;alosy and that is not
at’s purpose here. Rather, this work is concerned with the

types and assemblages of the elenents‘ which cafl be

identified in minute (discrete) particles in coal, leading

to a better understanding of ethe relationships of the

elements in the coals.

III.3.2 UTAH: WHOLE COAL

I11.3.2.1 INTRODUCTION

The elements detecked in discrete mineral particles in
pellets of Utah co;l usiné EDS include Mg, Al, S8i, 8, K, Ca,
Ti, Mn, Fe, Sr, Zn; Sn and Ba. The various combinatiods in
which these elements were found are listed in Table III-11,
according to mineral designations. Letter designations in
Tale III-1) (e.g., a, b, etc.) correspond to the letters of
the spectra in Figure III-2. All of the elements detected
using EDS (excluding Sn for which no independent analysis
was attempted) were also found by one of. the - other
analytical techniques discussed in other seotiéns in ;his

wo*k. N

~y
The ’beotra are discussed according to their probable

repissentativn of one of the major mineral groups: clays,

carbonate, silicate, oxide, -ulfide.and sulfate. -

-

a)




LIST OF ELEMENT ASSEMBLAGES DETECTED BY EDS IN DISCRETE

MINERAL PHASES IN -PELLETS OF UTAH COAL. THE SAMPLES ARE

LISTED ACCORDING TO MINERAL GROUPS. LETTER DESIGNATIONS

- ("A"Y,

J)

K)
L)
M)

N)

ETC. ) CORRESPOND TO THE. SPECTRA.IN FIGURE II-2.
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Mg-Al-Si-K-Ti-Fe -
MG-Al-Si-K-Ti-Mn-Fe
Mg-Al-Si-Ca-Ti-Fe -

SILICATES (OTHER THAN CLAYS)

- ———— — A S wD me Wb wp wm e e A G S am o e e

Si \
Si-2r

Al-Si-Ga

Al-Si-K (SAME AS ABOVE)

Si-Ca-Ti-Fe

Mg-Si-Ca-Fe

OXIDES ° - »

Ti-Fe

Al-Si-Ti-Fe ¢ y
Al-S1-Sn-Fe .

SULFIDES

Al-Sr-8-Ca-Ba-Fe



FIGURE III-2

‘A To.' P - REPR
GRAINS CONTAINE
COAL.

ENTATIVE EDS SPECTRA OF INDIVIDUAL
IN WHOLE ¢€OAL’ PELLETS .OF UTAH

o
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IX1.3.2.2 CLAYS

-

Clays are ubiquitou?uin .coals. Typically they are the main
inorganic constituent of a coal and may comprise 50X or IO;:
of the total mineral matter: (Gluskoter, 1975};_$h. fo;-st{on
of clays both fronk the P;droly:is of aluminosilicates as
well as feaotions befupep_gi::blved alumina and collo*dal
silica in solutione arg well known. ‘Owing to these different, -
origins, . clays may be considered as eitherghliotenic or
autﬁlzenic té the deﬁosit?onal basin. Furthermore, the
autHigenic fraction ﬁ@y be ei;her syngenetic or bpi!;netlb
with regard to :Bqth the peatifigation and coalification

~ processes..

-~
-

Those i;SF;ra interpreted as represent{hg.clayl_ére among

the -oit‘go-pliqatgd as” far as the number bf'el;nenf% are ‘
concerned. - This is not -urpridinz,c;;sidorini the wide
cdlpéntgibn;i ;353&» of ‘host ‘cl;yi and their +high ion-
exohahcé capacity. ' pata'oo-pil;d'by kuhqtigngl;. (1980) 66
the gééchcnis;ry ‘of clays nlsocia;;d with coais froa
Illinais, Tﬁb ,B;iterA Qniteé -

‘‘States show that for " the ° ollyi. ksolinite, 1illite,’

States and the Western United

S

-ontdbtil;onitL. chloﬁ;to» ;nd iixqa layer bliyq the major
elements inciuded Mg, Al, .81, K, Mn wnd Fe and the uinor

b;dstituént; nqibefcd 27 and "eto.” in v;riinx combinations.
. ) . T, . o ' :'
SR | _ ..
'xgghxuix[: The mineral - kaolinite 1is represented in

’

. - .
' . .
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Figure IJI-2, A. Kaolinite is ibe éonnon weathering
produéé of feldspars from ‘acidic (zranitie) rocks
'kK:auskopf, 1867; Brownlow, 1§79) and is reported in
) virtually' all mineralogic studies of coals. Figure
III-2, A shows the peaks for Al and Si at'apprbx;iatgfy>
the sa(e heights which is cénsistent with tﬁe 1:1 ratio
of thesé elements in this mineral< The absence of peaks
for other elélents is expected ' given that the
composition of'k;ofﬁnite is nofnglly very close to the
ideal formula (Krauakopf; 1967) and its ion-exchange

o . capacity is low (1-10 mBq/100”g) (Brownlow, 1979).
ILLITE: Figure, III-2, B contains the elenenta-Al, Si
~.- - and KL ‘Hhile thesé elelentp\?ake-up-the niperal.illite
they are also constituents in other sa#licates commonly
found in coals (e.g., feldspars). It is unlikely that

. illite would produce such a "clean" spectrum. The

structure of {llite\is ;ranbitiona% between muscovite
and montmorillonite (KrauskopY, 1967) and sub:¥itution-
of Fet* aq& Mgt* for Al** in the octaﬁpdral layer can .
be as high a 33*, how?ver, peaks for;thcsg'ele;ent- are
ab:ené in Figure III-2, B. Also, ion-exchange in illite °
ranges f;o; 10-40 mEq/100g (Brownlow. 1978). ‘These two

. Fh.raotoriatio- would lend themselves. to ‘a ‘goré
comaplicated element nlspnbla.e -tgan lhown' in Fisure

111-2, B, However, under the ﬁropir conﬂitidn-‘og higP

(K] and high [H*] and lacking the availability' of Mg .
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and Fe, 'formation of a. "pure” illite is possible (this
spectrum is also included in the section on Silicates).
ﬂIXBD-LA!gg CLAYS: The spectra in Figures 11172, C and

D are believed to represent -ixéd layer clays of the

type illite-montmorillonite. Both spectra have similar -

ratios of. Al:Si (0.18 for C and 0.16 for D), Mg:Al
(0.75 for C and 0.67 for D) and K:Fe (0.53 for C and
0.68 for D). Both also contain lesser amounts of Ti and
Figure I1I-2, D contains a small Mn peak. The ration oé
illite:montmorillonite iéf\ihese_ types of clays can
extend from 1:9 to 9:1. Owing to the large K p;ak in
thes; spect;:iand‘the lack of Ca, this clay is'prob?bly
ciosér to the 9:1 gnd with 'Iilite predominating over
montmorillonite. The" peak for Fe is large in both
cases. The ;;latively large concentration ‘of 8i
;elative tb' Al pfgbnbly ste!s from n-.liligéd
substitution ;;'Al" for 8i4* in the tetrahedral léyéfh
and i: further enhanced by extensive -letitution of
Fe?+ for Al?* in the ootahed;al' layer. .éubltitations
of these types can reach 33% and 100% re;pbotjvoly in
illite and iontnorillonité (f;iuskopf, 1967) and could

result in spectra as shown. The 'Ti and Mn in the two

spectra probably exist ‘mbsorbed into the. clay. lattice.

Both illito and montmorillonite a;lou oxton‘ivt“ion-

exchange (Brownlow, 1979).

N

B £ e



QLAQQQ!II#_LHQEIEQEILLQ!IIEL3 The Spectrum in Figure
I11-2, B }a, interpreted as representing
glauconite/montmorillionite. The ratio for Al:Si (0.08)
is much lower than the other clays and the ratio for
Mg:Al (6;50) is slightly._lower. The major difference is
the presence of Ca. In as much as Fe and Ca are major
elenenté in montmorillonite and because glauconite
forms from illite by extensive replacement of Ald* for
— ' Fet* in the oct;h;dral layer accompanied by Cat*
replacing K* in the 'inter layer spaces (Krguskopf,
1967), botﬁ.interprétations ?re possible. As with the -
6ther claya,'the Ti is probably absorbed into thé inter

layer areas.

I1I1.3.2.3 SILICATES (OTRER THAN CLAYS) -

As with the clays the interpretation of EDS spectra for even

~

the more simple silicates is much more tenuous than for some

of the other mineral phases. This stems from the extensive

variety of silicate minerals, many of which- contain tﬂe same
elements but in varying amounts and structures, two
characteristics undetectable by EDS. ° Once again, the

following inferences are based. on data _callected here as-~

v - well as in the lite;ature and offer the best explanation.

possible.

QUARTZ (SILICA): The spectrum in Figure III-2, F




-contains only the beak for Si and represents one of the

members of the silica group, probably quartz. Quarts
is ubiquitous in detritus in coals but an authigenic

origin cannot be rulded out.

ZIRCON: The spectrum in Figure III-2, G contains peak;
for S; _and' 2r. 2Zircon is common 1in many coalsrtas
detritusubwing to ite resistance to mechanical -and
chemical weathering. In some cases zircon is abundant
enough that when annealed during -in situ coal fires
{burns) they ‘can pe. used to : fix thé rdée of burning
(Herring.-ISQOXf

~

——— '
- .

FELDSPARS: Two types of feldspars, plagioclase and K-
feldspar, are reprepenied by the spectra 1n:Filurel
III-2, H®H and_, ITI-2, B respectively - (not;; 'ah
alternative interpretation for B }is . given in the
section on clays). Feldspars have been' reported in
coals from varied 1locdations (Kuhn, 1980). They are
;ﬁbnz the most common of the silicate minerals in both

igneous and sedimentary rocks of the earth’s crust and

therefore are present as detritus in coals. . Iﬁ

"addition, authigenic ?eldsp;rn were reported as early
N * kY

as the 1860’'s by both Rose (1865) and Drain (1861) (as
oited in Kastner, 1971) and  this origin is also

possible in coals. Assuming that' these two spectra

-beiong to feldspars is complicated by a number of

-

LA Ll -



I1I1.3.2.4 CARBOFATBB (FBR/MG-CALCITRE)

‘ things. The ratios of Al:Si (0.24 for H apd 0.13 for
B), for example, are very different :ﬁkn would be
expected, 1:1'in the case‘of plagioclase and 1:3 in the
case of poté:siu- feldspar, even with considerab;s/
preferential absorption (by the Be window of the
detector) of Al relat;ve to S8i. An aiterna}ivq
explanation for the 'gpectrun in \Figure' III—Z,. B is
given in the sectioﬂ on clays .but considering the
"clean"” nature of the spectrum it is most likely a
simple K-alunin%gilicate. An alternﬁtive for " . the

spectrum in Figure III-2, H’nizht be a Ca member 6f the

ihtnet ﬁroup, e.g., grossularite (CaaA13(8104)s).

Garnets are resistant to weatherig and are common -

detrital constituents in sedineﬂ%s.
-

~

Si—ba-Ti-Fe: The spectrum in Figure III-2, I shows
peaks for Si, Ca, Ti and Fe, a common assemblage in the
silicgée minerals. The field_ is narrowed somewhat by
the dssence of an Al peak. This mineral could be a

s

member of & number of different silicate groups, e.g.,
pyroxene (augite, CaFe(Al,81i):0¢), garnet (andradite,
Cai:Fe; (SiO4)s) or sphene (CaTiQiOs), and there.are

others. . . -

Ve

L™

Catbonates are § common mineral phase associated with coals
. \

v
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(Rao and . Gluskoter, 1976). The large crustal abundance of

the metals Ca, Mg and Fe and their complete diadochy fin the
carbonate phase (solid so;ution);&bééunt; for the extreme
uﬁg%abilit? of &arbonate minerals in ‘couls ‘fron dfffereni
areas. _Giuskotgr (1975,‘ and references within) notes that

. 4
the most common carbonates associgted with '.coals are

dolomite and ankerite but that the occurrence of pure

) \ -
calcite and siderite dre not unusual. Furthermore, the

prredominance of one ‘carbonate over another is 3ften a

function of location: M

-

«

Thé,spectrun representing carbonates is shown in Figures

I11-2, J. . Typically Ca {s tﬂ@ major element present and is

usually accompanied, in varying degrees, by Mg and/or'Pe.

The peaks for C and O (from the CO3) are not detectable by

EDS. This, and the fact that no other peaks for anions

\ : .
(e.g8., 8 or P) are present are evidence for assigning these

spectra to the carbonates, probahiy calcite with minor Mg

and Fe. However, -Cs-oxalate (and other oxides of.Ca) has

been reported in modern peain;(Ba;din and Bish, 1883). There

. - : . Y
-i8 a possibility that some of the Mg and Fe in these spectra

e e e - —

are present™as oxides (goethite or brucite).. Goethite

-

(FeOOH), for example, is a common constituent in some coals

-~

'‘as theée end pfoduct of pyrite weatharint,ﬁ(ﬂﬁtlindﬁ et.al.,

1983). However, the fact ‘that the' peaks for Mg snd Fe are

almost always present in minor amounts with the Ca, and in

' such varying amounts, leads to the conoclusion that they sare

- a

m
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part of the carbonate fraction. “

111.3.2.5 OXIDES

Oxides and hydroxides are common constituents in both fresh

* o

‘ and Weathered coals (Kuhn, et.al., 1980; Huggins, et.al.,

1983). The three spectra in Figures III-2, K, L and M, and
v o
arg believed to represent, at least in part, the presence of

erutile group minerals of Ti and Sn.

L] .

Ti~-DIOXIDE (RUTILE): Titanium is the major constituent .

of spectra *in Figures III-2, K and L. In the case of
fizure.IIrLZ, L no other pe:;s (save a small Fe peak)
aré present} and so it probably represents one of the
TiO: minerals, e.g., rutile. The Fe "is probably bound
in the rutile'which is known to ;poorpotat? as much as
'11% Fex Oy (Berry and Mason; 1959). The spectrum in
Figure I81-2, L is slightly more complicated,
containin) peaks for Al and Si in addition to those for
Ti and Fe.-;iile *Ti is commonly associated with clays
(ag;orbed) it' is unlikely that {1_ would.y}eld such a
. .large peak under these conditions and hence, this
spootru: also represents a 4103 mineral and the Al -and
?1 are wuost likely present as clay. This does not

precl&de éhat some of the Ti is not also present in the

clay.
4




CASSITERITE: The spectrum in Figure III-2, M contains

-y

peaks for the element Sn along with those for .Al, Si

and Fe. This was the only spectra to yield a %B peak.

Nonethele;g, Sn was reported as early as 1935 by V.M.

Goldschmidt (1935) in cocal ashes at concentrations 10 C/P—

times that of crustal abundance. Most probably this
spectra represents the mineral cassiterite which is e
cpnnon‘ detrital resistate. Alternatively, it may
represent a clay w}th abundant adsorbed Sn, both are
common in the sedimentary environment (Rankama and

Sahama, 1950). B .

I11.3.2.6 SULFIDES (PYRITE/MARCASITE)

Sulfides are a common constituent of the mineral matter in
co;I and, mainly for environmental. reasons, are the most
studied. While. the dingrphs of Fe-sulfide, pyrite and
marcasite, are the most common sulfides found: in coals,
galena (PbS), and sphalerite (ZnS) have also been found in
substantial amounts (Glusakoter, 1975; EKukhn, 1980). Sulfides

in coai. owe their existence to both chemical (by the decay

of organic matter) and microbial reduct&gn of sulfate in the .

presence of‘chalcophile elements.

. .
-
[ 4

~

<

Pyrite/marcasite was the only sulfide mineral detected 15
these coals and is represented by the spectrum in Figure

I1I-2, N. Of the many particles whiph yielded spectra




identical to that shown, none contained spectral lines for
: -

‘any of tﬁe other elements which are typically found in

sulfides (e.g., Pb, Zn, Cd, etc.). gfelunably. these
elements were either absent during the time of formation of

these sulfides or are present at concentrations too small to

be detected by EDS (approximately 0.1X%X).

I11.3.2.7 SULFATES

-

Sulfates are the common product of the oxidation of sulfides

in coals'exposed to weathering but also have been reported
in fresh (unweathered) coals (Allen and VanderSande, 1983).
Discussion of the formation of the more common Fe-sulfates
(not detected in th; coal pellets) and related secondary
minerals in pyrite n§§ules associated with these coals 1Q

covédred in Chapter IV. The sulfates detected in peilets of

¢

\\ybole coal contained the elements Ba and Sr. Barium and Sr

’

N [
are a geochemically ctherent pair and are among the more

abundgnt trace elements found in sedimentary rocks.
Typically .they are transported as .ulfato‘in the weathering
solutions of igneous rocks and readily form the sulfates

barite (BaSOs) and celestite (Sr30.).

BARITR: Figure III-2, O ocontains the peaks for 8i, 8,
Ca and Ba. Owing to the predominance of Ba over Ca and
the substeritial S peak, this spectrum probably

represents the mineral barite, a common oconstituent in

-

7

-
L]

Y’
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coals (Kuhn, 1980). The Ca\in this cpeétru- is probably
contained in the barite .(Berry and Mason, 1959). The
size of the Si peak i-ﬁliel that a grain of silica was
contacted by the x-ray beam (possibly below or adjacent
to the~bar;te). This would seem the only source for the
Si considefThg that there Are no Ba-silicates which

could produc? this pattern.

BARITE/CELESTITE: The spectrum in Figure III-2, P is
interpreted as a Ba/Sr-sulfate. In as much as a solid
solution 'series. exists between Ba and Sr’ ih the sulfate
bhase and because both are represented by major peaks

it is difficult to assign a name. It lhoula be poted

that there may be an appreciable amount to Si

represented in the Sr peak as these elements overlap in
EDS analyses. If this is the case the 8i is likely to
be combined with the AL‘ss clay which also incorporates
the tiny bit of Fe shown. The Ca of this spectrum is
probab}y replacing Sr iq the sulfate.

v

IT1.3.3 WYOMING: WHOLE COAL

I11.3.3.1 INTRODUCTION

»

LI

Spectra identified as quartz, pyrite/marcasite, Ba-sulfate

and Ti-oxig’ were noted in the Iionin‘ coal gcllotl. The

'iniérpéetaﬁlon of these lpoof;n are the same as for the Utah




FIGURE III-3J

A TO D - REPRESENTATIVE EDS SPECTRA OF INDIVIDUAL
GRAINS CONTAINED IN WHOLE COAL .,PELLETS OF WYOMING COALS.

.
.
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. samples and so are not iepested here. Spectra unique to: the

Nyoming,samples are shown iu‘Fizure 111-3, A-D: "A" and "B"
are simtlar in their elemental assemblages, as are "C" and

"D", but within each _set there are éoticeaﬁle differences.

Virtually all of the EDS analyses of the.Wyo-iniicoal share

in common the presence of Al, 8Si and Ca. Furthermore, the

.

relative abundancés (peak heights)” for these three elements

appear to be related. However, no spectrum contained only

those elements, i.e., they are always present with other

elements but in l1&sser amounts. This would suggest that they

are present 'either in the matrix (atomically and/or

organically bound) or as coatings attached to the surfaces

"of mineral grains. Bvidence for the forier was noted du

analyses -of ‘"clean" coal matrix, all of th;:: spextra

contained Al, Si and Ca. The fact that the ts,:f these '

»

elements vary in the spectra 'lhg;n‘ in Figure III;3 is

probably a function of the amount of the incident[electroﬁ

beam that cdntacted the matrix adjacent to the target grain.

Where 8i is reprelentéﬁf as a ;ajor peak it is due to the

presence of a Si mineral rather than the above expLangtioﬁ.

- L

I11.3.3.2 INTERPRETATION , _ -1

& . -

P
L]

»

. r'd

The l?qétru in Pigure I1II-3, A and B contain the elements
Al, 8i, Ca, Cr.and Fe. The probéble origin of the Al;'SI and
- - . . - -

Ca in these analyses is discussted .bovc.’howovor,_ the major

. . o

AR

.9‘



-

difference between tlese two spectrt is the lurxe 31 pcsk in
. Pigure III-3, B. Assuming that the Al, Si and Ca in Figure
III-3, A are contained in the matrix, only Cr ang Fe result

from the tarzet grain. Thig would .indicate the presence of

" an Fe/CTeoxide (e.g:, chromite). \ .\\<h .

P
- 4 . =
The 8Si in Figure “11I-3, B is present either as quarte,

é Y
intimately related with the Fe/Cr-oxide, or as Fe/Cr-

-

+

‘. silicate. In the later case, an Fe-silicate® with C:""

replacing Fe?? -f% ‘pb-non diadochy) offers the best -

explanation. ‘ .

The Spectra in §1¢ure I11-3, C and D eéhtain the elenentl
Al 8i, Ca, Cr, Fe and Ni (the Al is not labeled in D" and
tle Ca is not labeled in “C", both‘are very small). Unliko
the spectra in'Figure III-3, A and B, §i was alw;yl pfelent
‘as & major constltuent witthr, Fe-and Ni, 1ndfbat1n| that
the prosenoe of NI is ti.d to the presence of 81. Rankama
and Sahama ‘(1950‘ note that Ni-lilicatel are col-on 1n ‘sSome
peats. Considering thil souroé, thegfor-ation of Cr/Pe/Ni-
liiicates‘is likely. Chrome, F;'gnd Ni were éever observed
alone but the*prosénoe of Cr/Fe/ki-oxide‘ plus quartz cannot

be ruled out.
. ) » 'S
I11.3.3.3 SUMMARY <

' "

»

‘éhe Wyo-in¢ ooa1 studied here contains approximately half as




luoh ash as the Utah coal. Accordingly, the humber of

-ineral partiolel observea in the surfaces of the pellets of

R "wyo-ing coal was substantially lower. It follows that t ere

a

is much less chance of finding particles which are truly
rgpresentative of the nineral. oons?i)uents withiq the

S Hyo-inz coal. One.exa-ple Hhich illustrates this probleam is

—

that no Mg was ;ddtected fn any of the discrete grains

analyzed- in thg ‘ wyoning sa-ples 'eQen thghxh .the

-

‘concentration of .Mg in’ ;he Utah. coal ‘(avg. 0. 15%) and‘the
wyoninx coal (avt. 0.14%) is sililprs Haznesiu- (along with~

‘Al, Si and Ca) was,'houever,‘ dctected as a oonstituent in

[

ahaly;aa of the -atrixj‘ i.e.; “cleqp"f boalﬁ'_?bssible‘

AL A

’explan?tions for this inéldde il).~no Mg-élgys,‘(oé other
' ailicst;i, carSonaies, etc.) are ;r:;ent (2) if Mg-minerals.
are present they are, too. slall snd evenly dlstributed g}thin
the matrix to be detected (imaged) .(3) the Mg is contained'

p&edoninately in netgl-orlanio conplexea wi;hin.the.-atrix
(hishly unlikely) (4) other pellet:, not analyzed: con;ain
_ the laJority of the Mz—-ineraLr suzzesting Iocalized-
concentrntions. This last ponsibility, (4), is. coulintent
with other observationi, e. x.. -pectra contatning ef and Fe
were not detected in dthe same. lapplel as those ‘containing
Cr,°Fe and Ni. Tﬁg“Cr and Fe are obviously more ﬁidb-prend
in the_‘-Wyo-Lnt' 0941-— -thle the Ni is -or§ locally *

’”
'

ooncentrated. This ‘may “also .be ~ the ' oase’Trfor Mg.

1

¢ Unfortunately, all the samples could not be qnal}ned by this

method and so this question remains gn‘ﬁswored b@iad on BDS
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analyses. . : . ' . -
. ’ - . - : . ’ '
The wubiquitous nature of Al, 8Si, and Ca (Mg tp a lesser
degree) in the Wyoming <¢oals, but nevear ;tn éilorete
particles, leads one to believe that clays are p.reseni: but"
that they are too small to be ‘imaged. The faet that no ) a
‘physical s;paration {partings 6r lenses) of detgitds'wal
noted anywhere within the seam from where fhg.ﬂyq-inz
samples were collected <« would support this 'observation,
indicating that the clafs are probably authigenic injotiﬁin.
Other common dgneral.bhases detected in the Utéh coal (e.g.,
carbongteé, simple silicates, etc.) were not fouﬁd in thg.”
Vyoning samples. One ,aJor reason for this coul§ .Se-the .g
difference in depositional settings between the coals. %he '
Utah coal received periohic incursions of marine water’
,alternating with deltaic detritu$ in a near thre
environment. The Wyoming coal ‘ acquuula;ed' in 34 -oréu
quiescent fluvio=Iacustrine setting Qhere nedi;eht'(é.g.f: —
overbank splay; etc.) may have been excluded by véibtntign
~which "protected” the peatlands. L
III.3.4 UTAE{/EB—SULFIDB NODULES ’ )
ITI.3.4.1 INTRODUCTION ' |

Iron sulfide nodules associated with the Utah coals were . ¢



FIGURB III-4 :

PHOTOMICROGRAPH OF THE EDGE OF ONE OF THE FE-
SULFIDE NODULES FOUND IN THE UTAH COAL. THREE
DISTINCT AREAS ARE SHOWN. ~ ‘

LOWER RIGHT - SHOWS THE EDGE (RIM) OF THE NODULE.

LOWER LEFT TO UPPER RIGHT - SHOWS THE COALY ZONE
(CZ) WITH VEINLETS (V). .

UPPER LEFT-- SHOWS THE BEGINNING OF THE BANDED ZONE

(BZ) WHICH IS SEPARATED FROM THE "COALY" ZONE BY

WHAT APPEARS TO BE AN EROSIONAL SURFACB (ES).
S R

~—
.






¢
) . AN
collected at various locations from within the mine. Thé

nodules were present throughout the extent of the mine and’
did not appear to be related, i.e., in zones (layers? or
adjacent to other types of structures, e.;.} parﬁiﬁgs or
lenses of detritus. The no@ules varied in sige and were
generally tear-drop shape&. Those nodules collected ranged
"in size from 1-5 cm in length and 1-3 cm in width but -ucﬂ
larger and smaller nodules were noted. The noddies were cﬁt
(wate; lubricated saw) and flat ground (9 micron har?

diamond 1lap with water libricant). Scanning RElectron

Microscopy (SEM) and Bnergy Dispersive Spectroscopy (EDS)

were used to observe the structure of the nodulgs and

adjacent areag&;nd to characférize the ckemical and-spgtial-
relationships.of the constituent wminerals. Three diff;rent
areas were ,Pbaerved based on textural\ relptioﬁahips and
lineralogy..Theae relationships gije gvi?ence,for ;rigin anq,
:tine of e-plaéement. Figure III-4 shows the three areas 1ﬁ
queation which consiat of the nodule (lower;hrt;ht), a
"coaly" zone including ‘veinlets radi&tin; away from the
surface of the nodule (lower left to upper right) and a

finely banded zone (upper left).

II}.S.:EZ HfNBRALOO? AND GROCHEMISTRY

- N -
v

. The internal structure of the nodules is shown in Figures

III-5, A and B. The. parallel and arcuate arrangement of

cells in the noedule (Fi‘uri III-5, 'A) are indicative of a.

Ed

100
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_ FIGURE II]-5

A - PHOTOMICROGRAPH’OF THE INTERNAL AREA-OF THE FE-
SULFIDE NODULES FROM THE UTAH ‘COALS. THE PARALLEL
AND ARCUATE NATURE +OF THE CELLULAR STRUCTURES

INDICATES A BIOLOGIC PRECURSOR. - C e

B - PHOTOMICROGRAPH OF SOME OF THE CELLS IN "A”, . iy

CELLS APPEAR’ OVATE OWING TO THE ORIENTATION OF TH¥ J‘
SECTION. CELL INFILLING IS FE-SULFIDE. NOTE THA

CELL WALLS Agg NOT DISTORTED IMPLYING THAT THE CELL f;
WERE

-
-
at ]
L ]

FILLINGS

‘ EMPLACED PRIOR TO COMPACTION
(COALIFICATION). ;
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FIGURE III-6
A - PHOTOMICROGRAPH OF A BRECCIATED VEINLET FROM

WITHIN THE "COALY" ZONE OF THE FE-SULFIDE NODULES
IN THE UTAH COALS.

B - EDS SPECTRUM FROM THE GRAIN AT THE FAR RIGHT OF.

THE PHOTOMICROGRAPH  (b’). ONLY FE IS SHOWN,
INDICATING AN OXIDE OR CARBONATE PHASE.

" c¥- EDS SPECTRUM FROM THE-GRAIN IN .THE CENTRAL PART

OF THE PHOTOMOCROGRAPH (c’). THE PREDOMINACE OF 8
RELATIVE TO FE INDICATES FE-SULFIDE.

D - .EDS OF fTHE MATRIX (CEMENT) ADJACENT TO THE‘

CENTRAL GRAIN.(d'). THE PREDOMINANCE OF FE OVER 8
INDICATES FE-SULFATE. o _ .

)
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‘biologic precursor. Close\bxapination of the cells (Figure

111I-5, B) shows there has been liﬁtle distortion of the cell
walls. This ;ould indicate that the cell infillings were
elplaced prior to ooalificattb# (conpdctibn). As shown by
EDS the cell infilling is Fe-sulfide (pyrite/marcasite).
Some isolated occurrehcel of Ca-Sulfate (gypsum) and Ca-
carbonate (calcite) were alsoc noted withinithe interior of

1

the noduies.
The area immediately adjacgnt to the nodules consists mainly h
of coal which has been cut (fractured) by veinlets. The
larger veinlets radiate away from the nodule while smaller
veinlets can be seen running parallel the surface of the
nodule. In some blaces the veinlets appear brecciated as
shown by the arigular shapes of the grains in Figure III-G.(

A. The chemdstries of the individual fragments vary. EDS
(Eigure III-6, B) of the large grain at tHel)far right of the
photomicrograph in Figure III-6, A shows only the presence

of Fe. The unusually flat naéure of the 1&ft side of the

spectrum collected on this grain (0-4 Kev range) is

suspicious and appears to have been artificially suppressed

. (possibly by the electronics). However, multiple analyses

irgs:;ﬁthin this grain and at varying detector geometries
yielded essentially identical results and this phenomenon
was not experienced in tKe spectra collected on adjacent
grains, therefore, the analysis oho;; is oconsidered real. .

This (r‘in is interpreted as being ‘either an Fe-



10¢

oxide/hydroxide or Fe-carbonate, the oxide seems most -
llkely. The ratio of Fe:S8 in the spectrum (Figure III-6, C)
collected from phe grain in the central part of the
photomicrograph in Figure III-6, A indicates that it is an
Fe-sulfate while analyses of the matrix " (cement ?) between
the ;rainn (Figure III-6, D) shows S8 predo-igatinx over Fe,
indicag}nz the presence of Fe-sulfide. Close proximity of
these phases has also been reported on an atomic scale from
. Transmission Electron Microscopy of coals (Allen‘ and
vanderSande, 1983). Furthermore, this relationship is common
when sulfides begin to oxidize to sulfates (Huggins, et.al,
1983). It. is believed that the veinlets represent
precipitation of Fe-sulfide in shrinkage craéks formed

during coalification. ‘ -

Within this "coaly"™ area Fe-suylfide also occurs as isolated -
spherical masses confined mainly to the periphery of the
nodules. These mEasses appear t;‘Be aggregates and presunably
represent coalescing crystallites, indicatinz that
precipitation of this material was less vizofou- than for
’the more massive cellular fillings within the‘nodulg. The
spherical form suggests emplacement while the -atrix (humus)
was still soft enough for ¢?owth to occur, possibly
penecontemporaneous with the ' cell infillings. The
distribution of these isolated spheres around ‘the edge 3}

the nodule are eviaonco for the simultaneous deGQLOpnqnf of

separate but similar microchesmical enilrgnnegt-.

‘
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A - PHOTOMICROGRAPH OF A CLAY BLEB FROM WITHIN THE
"COALY" ZONE ADJACENT TO THE FE-SULFIDE NODULES.
CIRCLES ENCLOSE FE-SULFIDE GRAINS WITHIN THE CLAY.

B - EDS SPECTRUM FROM THE CLAY BLEB SHOWN IN "A".
THE PEAKS FOR AL AND SI INDICATE THE PRESENCE OF
KAOLINITE. :

—

C - EDS SPECTRUM FROM THE FE-SULFIDE CRYSTALS.

CONTAINED IN <PHE CLAY BLEB (CIRCLES 1IN '"A"). THE
PEAKS FOR S AND FE ARE FROM THE FE-SULFIDE, WHILE
THE PEAKS FOR AL, AND SI ARE FROM THE CLAY MATRIX.
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Claysnobserved in the "coaly” zone are sho¥n in Figure III-
7, A. The clays occur as 1§olated. shapeles-.blevh and are
not related to the veinlets of Fe-sulfide. As indicated by
‘EDS (Figure 1III-7, B) the clay is kaolgnite. Sl&l} subhedra
of Fe-sulfide were detected within the clay blebs (arrows in
Figure IIIi7, A and accompanying spectrum in Figure II1I-7,
C). The;e is no textural relationship (e.g., witQZn banding
or partix:zs) _between the clay and surrounding coal l.a.tri‘o
indicate the-time of e-place-gnt, however, the irregular
shape of the clays may 1;dicate an authigenic origin, ;.e., ~
while the humus was still soft. The subhedral form of the
inclu&?d Fe-sulfides would also fav;ur this time of

emplacement.

The "coaly" zone and veinlets end abruptly at what appears
to be an erosional surface (Figure III-4): there is no other
evidence to support the idea that the surface is erosional
in nature.. Across this boundary the obai bQOOI;I more or
less regularly banded with carbonate (Figure III-8, A) but

within a few mm of the contact the bands become crenulated

(Figure III-8, B) and the mineralogy t?hngel.'

The relatively smooth banding adjacent to the contact
consists mostly of alternating \layer- of Ca-carbonate
(calcite) and coal with the-occasional occurrence of clay

;nd.re--ulfide oconfined to the edges of the carbonate. The

[P
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S
A - PHOTOMICROGRAPH OF THE BANDED ZONE CLOSEST TO -
THE FE-SULFIDE NODULE. LIGHT ° AREAS  ARE
 PREDOMINATELY CALCITE (CAL), DARK AREAS ARE THE

COAL MATRIX.

B - PHOTOMICROGRAPH OF THE BANDED ZONE FARTHER FROM
THE FE-SULFIDE NODULE THAN THE BANDING SHOWN IN
"A". THE LIGHPEST AREAS ARE FE-SULFIDE - (PYT), THE
LESS LIGHT AREAS ARE CALCITE (CAL) AND THE DARK

AREAS ARR COAL. :

Cs - PHOTOHICROGRAPH SHOWING * THE MICRO-FAULTS .
DEVELOPED IN THE COAL BANDS (DARK AREAS) WITHIN THE
BANDED ZONE ("A" AND "B"). THE - MICRO-FAULT IS
FILLED WITH CALCITE (CAL), FE-SULFIDE (PYT) I8 ALSO
SHOWN IN ADJACENT FRACTURES.

D - PHOTOHICROGRASH OF A CALCITE RHOMBUS (CAL)
WITHIN ONE OF THE CALCITE LAYERS FROM THE BANDED
ZONE ("A"). THE DARK AREA IS COAL.

% - TYPICAL EDS SPECTRUM FROM ANY OF THE FE-SULFIDE
SHOWN IN "B" AND "C".

F - TYPICAL EDS SPECTRUM FROM ANY OF THE CALCITE
SHOWN IN "A", "B", "C" AND "D"
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porous nature of the carbonate in this area suggests that.
precipitation was incomplete during the time of enplacé;ent
and/or that subsequent dissoLutidn has occuf;éd. In places ~
micro-faults in the coal layers are filled with Ca-carbonate
indicating that —the coal was brittle at the time of
‘deposition (Figure III-8, C). The material within these
‘brggks may have originated 1in the pores that now exist in
the adjacent layers. In other places discrete rhombuses of
calcite were observed within pcres in the carbonate layers
(Figure I1I1-8, D)) One ;;ﬁld not think that the
auperaaturatiop needed to initiate precipitetion of a new
crystal in the presence o¢f a host mineral of the same
chémistry could be attained and this might very well be a
cleavage fragment trapped in the pore during grinding._A-

representative spectrum of the various forms’ of calcite

discuassed I; shown in Figure III-8, F.

As the banding becomes more distorted (Figure III-8, B) the
presence of Fe-sulfide increases. Since Fe-aul}ide is
competent enough to preserve plant -orphélogy (as casts) in
coals (Kronberg et al., 1987{. it’s pfesence in the
distorted bands in consider&d as evidence for précipitation
after the banding became crenulated, ﬁo--ib;y- while the
carbd‘gte was beinc.dis.olved. The form' of the Pe-sﬁlfide in

this area, as irregular masses rather than thin distorted
v <, :
_ban@s} would glsoﬁindioate _precipitation after distortion.
. P . ¢ § .
‘The spectrum in Figure III-8, E is representative of the




-—

sulfides throughout this area.

I11.3.4.3 SUMMARY .

The foregoing textural rélationshipa taken together
indicate, in some ways, the relative times of emplacement of
the mineral phases -‘asgsociated with the nodules and more
precisely, individual evente:

(1) " Infilling of the cellular structure with Fe-
sulfide during - the early stages of
peatification/coalification (prior to co-pacti;n)
feaulting in their preservation: simultaneous
growth of the spherical masses of Fe-sulfide and
élays in the soft humus adjacent to the nodules.

(2) The’"erosional" surface probably represents s-;ll
scale:slunping. due‘ to :différential compaction,
around the more éonpetent'nodule

(3] Precipitation of Fe-sulfide in shrinkage cracks
(veinlets)v sdjacent ‘ to the nodules dﬁrinﬂ
coalifioati&ﬁ. Hovgneﬁts within the coal duriné
this period (compactien) resulted in brecciated

zones within the veinlets.

(4) The bands of calcite were preluiably precipitated

along with humus during peatification. The ‘

alternating relationlhip of calcite and humus
might reflect small changes in the chemistry of

the 'pore waters, i.e., fluctuations between

«®

-
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saturation and under saturation with respect to

the carbonate phase. "

(5) Distortion of +the banding seems to have occurred

-

after thg/céalﬂﬁecale brittle as evidenced by the

an(ul;f’nature of some of the coal bands and the
[~

emplacement of calcite within micro-faults.
(6) Precipitation of Fe-sulfide within the distorted

bands probably accompanied by dissolution of the

calcite, sometime after the banding was distorted.
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CHAPTER IV: SPONTANBOUS OXIDATION OF Fe-SULPIDtho
‘Fe-SULFATE }?

IV.1 INTRODUCTION

The spontaneous oxidation of Fe-éulfid; to various forms of
-:E;§r§ted Fe/Al—sulfatea_ was observed gccurrinz on the
| surfa;és qf the nodules described in the previous Chapter.
Similar - sbservations have been reported from numerous
natural environments (Bol'shakov and Plushko, 1971; Cody and
Biggs, 1973; Faymond, et.al., 1983; Zodrow and Mcandlish,
1978; Zodrow, .et.al., 1979) =as weli as the laboratory
(Huggins, et.al., 1983; Weise, et.al., 1986). ‘

Basically, this reaction creates relatively soluble salts
froi® the relativély insoluble sulfides and is of importance
for a number of reasons. Oxidation of ¥Fe-sulfide in coal
mines contributes considerably to the ;roblé- .of acid
drainage waters in areas of active mining as well as coal

]

refuse piles, —and storage sites, The reaction is exothersic

(AH .= -1465.49 KJ Tn the case of . pyrite ~-> melanterite)
andlis believed to be respon:1;1e for in situ coal fires
(burns) and spontaneous combustion in coal storage piles.
The large volume increase as-ocifted with the transformation
of sulfide éo . hydrated * sulfate contributes to the
inatability of roofs and .pillar& in mines and to increased

mechanical erosion in road. cuts ‘(Zodrow and Mcandlish,

1978).

. -
' . e s 'g',- 5%
R AN R e R T
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v . . o
The types " of hydrated sulfates formed appears to be a
_ -

- " function of environment (moisture) as well as -the \\\\\

' availability of eleneptl necessary to the formation of the

secondary minerals. If, for example, the reaction is one

”

involving redistripution of the elements inherent in the

oriiinal mineral along with the addition of water then
s . .

- hydration/dehydration is the important mechanisa. Reactions
‘ - - N

of this type wereireported &by Zodrow, et.al., {1979) who

noted fibroferrite (FeSO4 (OH)-5HsO0) growing from l*%anterite

- »
(FeSO.:7HzO) on ldboratory stored samples’ and also replacing,¢4

{42

lelantéfite qﬁ/ mine walls. "Many 'othsr secondary minera

~

rhases were also rfoted presence/nbsence seemed to

SZ a funéiio ity as they changed diurnally and with
. - b

incre d distance from the nmine adit. In a similar study ' v

Zodrow and Mcandlish (1879) noted the alteration of
melanterite to rogenite , tFeSO;-4H:0). ‘pparentf} the
~.labor$t9ry controlled reactions in these studies were not in -

.- contact withiother mineralss, such as clays, and 80 ambient
., . .
‘ conditions -(humidity and temperature) were the controlling.

fﬁctors.
.i ’ el .
. e - The_for-ation of other hydrated sulfates ' such as epsomite

:’“.ﬂH¢804-7HaO) .and halotrichite (FeAl.(SO().-ZZB{O) requires

- . .
-

. r - not only addition of water but also the introduction of Mg

or Al wand so are dependent of the presence of‘otber mineral

i \

: i phases, c.g.; carbon;tc (for the Ca) ;nd clays (fdk'th%yAl).

: ’ . 3
:s of course many otheér ;‘{nornl phases, as well as the pore

. v - ' .
S . - . & ™~
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solutions, could provide these elements. Hug‘lnl, et.al..,
{1983) point out the ilportancg/ﬁf the spacial arrangement.
of the‘constitu;nt mineral matter in coal; for the above
‘types of reactions to occur, noting as many as 6 different
iron phases including sulfief, sulfate an& hydroxide

\intinately related (<1 mm separation).
IV.2 GBOCHEMISTRY OF SECONDARY MINERAL PHASES

The major hydrated sulfates describeg here were identified
as szomolnokite and halotrichite §2ped on EDS analyses and
confirmed by: limited single crystal XRD. Other phases were
.detected (XRD) but not identified owing to their scarcity
(Weise,. et.al., 1986). For that reason, in the following
diséussion those sécondary minerals containing 8 and Fe will
be collectively referred to as szomolnokite and those
containing Al, S8 and f? will be referred to as halotrichite.
Other phases are certainly prepent_as the re;ctionl\ihvolveq
in their formation are transitional (stepwise) (hu‘(in.,

et.al., 1983). The distribution of the secondary minerals on

samples studied here correlated well with the occurrence of

v

ori:inaLLﬁineral phases. ’ A

IV.2.1 SZOMOLNOKITE : . - -

. & AR
Szo-olnokfte was the predomainant secondary mineral

assooiated with (distributed throughout) the internal ares

- . N ' .



of the nedules where initial SEM/EDS analyses had detected
enly Fg;sulfide witlr limited clay, Ca-carbonate and Ca-
sulfzfii The szomolnokite occurs as equant euhedral to
subhedral crystals covering the -aJorify of the interior of

the nodules (Figure 1IV-1, A) and masks the cellular

structures which were observed on freshly cut surfaces.

Szomolnokite was also observed growing on the Fe-sulfide

spheres adjacent to the exterior of, the nodules and in
places well Aeveloped rosettes similar to the on¢ shown in
Figure IV-1, B uere‘developea.‘A representat{ve Bnggfbectrun
for the szomolnokite is sﬁown in ?igure IV-1, C. Generally,
szomolnokite was the oqu seconi..v_lineral to develop on
"clean" surfaces of Fe-sulfide, i.e., where other elements
were not available from sources such as clays. or carbonate.
The progressive alteration of Fe-sulfide to szomolnokite is
shown in gigures IVv-2, A to F. The phyaicai changes 1in this
sequence demonstrate the volume change which results from
the oxidation of sulfides 1in coal and hence contribute to
the mechanical er&iion aqsociated with the process. During
the first stages of alteration the surface of the sulfides
become fractured (Figure 1IV-2, A) and as the process

proceeds anhedral grains develop {(Figure Iv-2, B).
Y

Subsequent grains take on a .subhedral appearance F}igure-

Iv-2, C, D an& E) and finally euhedral crystals are formed )

~
(Fi‘\ll‘e Iv‘z. P) . ; [y

Ive2.2 .HALOTRfﬁng!

A Y
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A - PHOTOMICROGRAPH OF THE INTBREOR"O? AN FB- - ..

SULFIDE NODULE AFTER ,OXIDATION OF THE FR-SULFIDE,K TO
FE-SULFATE. THE SMALLER EUHEDRAL, EQUANT GRAINS ARE
SZOMOLNOKITE (SZM) ICH COVERS THE INTERIOR OF THE
NODULE AND MASKS THE ELLULAR STRUCTURES NOTED ON
* FRESHLY CUT SURFACES (SHOWN IN FIGURE 1III-4). A
"RIBBON" OF ACICULAR HALOTRICHITE (HAL) CAN BE SEEN
GROWING ALONG THE SURFACE OF A VEINLET OF GYPSUM -
. (GYP). BUNDLES OF HALOTRICHITE ARE ALSO PRESENT IN
THE LOWER PORTION OF THE PHOTOMICROGRAPH.

B - PHOTOMICROGRAPH OF A EUHEDRAL ROSETTE' OF

Q SZ0MOLNOKITE  OBSERVED GROWING ON THE SURFACE OF ONE

- OF THE ISOLATED SPHERES OF FE-SULFIDE AT THE
PERIFERY OF THE NODULE.

C - TYPICAL EDS SPECTRUM FROM THE SZOMOLNOKITE
SHOWN IN "A" AND "B". NOTE THE RATIO (PEAK HEIGHTS)
OF S TO FE IS CLOSE TO 1:1.

1.

e ' .. L o T - -
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A TO, F - A SERIES OF PHOTOMICROGRAPHS SHOWING THE
PROGRESSIVE ALTERATION OF PFE-SULFIDE TO FE-SULFATE
AND THE ATTENDED VOLUME CHANGE. IN "A", THE FRESH
FE-SULFIDE IS JUST BEGINNING TO BREAK-UP AS SHOWN
BY THE CRACKS FORMED.,, A "POPCORN" TEXTURE 1IS
DEVELOPED IN "B" AS ANHEDRAL MASSES FORM. "C" SHOWS
THE DEVELOPEMENT OF SUBHEDRAL GRAINS. IN "D" AND
"E" THE CRYSTALS BECOME MORE ' DEVELOPED, TENDING

F IV-

_TOWARDS EUHEDRA IN "E". THE END PRODUCT, A BUHEDRAL

ROSETTE, IS SHOWN IN "F". NOTE THE CHANGE IN VOLUME
IN THE SEQUENCE: THE GRAIN IN "A" IS NEARLY FLUSH
WITH THE SURFACE OF THE SAMPLE WHILE IN "F" THE
ROSETTE HAS ERRUPTED OUT OF THE SURFACE AND NOW
SITS ON TOP OF PHE SAMPLE (MAGNIFICATION VAR]IES AS

* SHOWN AT THE BOTTON OF EACH PHOTOMICROGRAPH).

e

b






The formation of halotrichite results from the oxidation of
Fe-sulfide in the presence of clays and is evidence for the
degradatio; of clayg in the process. The majority of the
halotrichite obe;rved occurs at the rims of the nodules
where there -are abundant clays and gives the appearance of a
"forest™ of aciculdr crystals S(Figure IV-3, A). In places
acicul?f bundles of }balotric§ité wer;' associated with

[ . . .
szomolnokite on the surfaces of -isoiated spheres of Fe-

sulfide (Figure 1IV-$, B, upper “left) while on adJacgnt

. sphéres only platy crystals of halotrichkjte had developed

(Figure IV-é, B, lower fight). ?;he isolated spheres of: Fe-
sulfide are ' composed of a“i?‘Pte' of crystals as dgn be
seen in the granular naturé*of the one shown in Figure 3-B
(lower right). The clays necessary for the formation of the

halotrichite are probably hosted within grain boundaries.

Halotrichite also occurs in the interior of the nodules as
iﬂz{rted bundles and "ribbons". The bundles are composed of

more or less parallel acicular crystals capped by anhedral

material (Figure IV-Q, A). The material on tep of the bundle.

yields EDS spectra characteristic of those for szomolnokite

—— -

and halotrichite (Figures IV-4, B and -C) and also include

' the peak for Si. This material appears tc have been carried h

along as the halotrichite dréw. The St is likely present as

residual silica (from the degradation of the clays) or as

clay combined with a portion of the Al. The minerals in this

v e e atmmr em v e o S e T T P N PR A, Y G I L, SRS S 7=
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FIGURE 1V-=3

A - PHOTOMICROGRAPH OF THE "FOREST" OF ACICULAR

HALOTRICHITE (HAL) WHIEH FORMED AT, THE RIM OF THE
NODULE. THE LOWER RIGHT OF THE PHDTOMICROGRAPH IS
THE INTERIOR OF THE NODULE WHILE T UPPER LEFT IS8
THE "COALY" ZONE.-" '

'B - PHOTOMICROGRAPH OF HALOTRICHITE (HAL) WHICH
" *FORMED . ON THE ISOLATED . SPHERES OF FE-SULFIDE

ADJACENT TO THE RIM OF THE NODULE. IN THE UPPER
LEFT HALOTRICHITE (HAL) IS A  SHOWN ASSOCIATED WITH
SZOMOLNOKITE (SZM) WHICH HAS TDEVELOPED ON THE
SURFACE OF THE FE-~SULFIDE SPHERE. 1IN THE LOWER
RIGHT, PLATEY CRYSTALS OF HALOTRICHITE (HAL) HAVE
DEVELOPED ON A SPHERE OF FE- SULFIDB WHICH HAS NOT
YET OXIDIZED TO FE-SULFATE.

-
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FIGURE 1IV-4

A - PHOTOMICROGRAPH OF ONE OF THE BUNDLES OF
ACICULAR HALOTRICHITE (HAL) FROM WITHIN THE

INTERIOR OF THE TNODULE. NOTE ‘EQUANT CRYSTALS OF
SZOMOLNOKITE (8S2M) SURROUNDING THE-RALOTRICHITE.'

B - EDS SPECTRUM OF THE ACICULAR HALOTRICHIﬂB

- —

C - EDS SPECTRUM OF THE MATERIAL "CAPPING" (CAP)
THE HALOTRICHITE. THIS MATERIAL IS BELIEVED TO BE A
MIXTURE OF HALOTRICHITE, FE-SULFIDE, FE~SULFATE AND
SILICA WHICH WAS CARRIED ATOP, THE BUNDLE AS IT GREW
UP FROM THE SURFACE OF THE SAMPLE.
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material are too intimately related to allow for individual

" EDS analyses and consequently the resulting spectra are a

composite of more than one phase.

Closer examination of the base of one of the bundles shows

-

fﬁrther evidence tﬁat the hal&trichite grew from the surface
of the sample. Fizdre IVv-5+ A shows the needles of
halotrichite emerging from cracks in the coal substrate as

well as from within an area of Fe-sulfate. Opviously, the

chelicaT‘Fbactions between the clay and sulfide are taking

place at some distance below the surface and the cracks are
providing pathways through which the -secondary minerals
and/or solutions are forced, this a function of the~volpne
increas; which accompanies the addition of oxygen and water

to the secondary mineral structures (oxidation and

hydration). As pointed out by Weise, et.al, (1986) the
partial pressure of oxygen required for the oxidation of Fe-
sulfide to hydrated Fe-sulfate will not he favored below the

surface owing to the exothermic nature of the reaction.

Therefore, it is possible that this reaction takes place at,.

. ‘. {
or near, the surface. A first step in the ‘process involves
the oxidation of Fe-sulfide to fe-sulfate wiih exceés H* as

one product. If the heptahydrate melanterite is considered

. .
as the sulfate product and pyrite the reactant, AG (-1196.91

)

KJ) and AH’ (-1465.49 KJ) for the reaction are large and the
formation of the sulfate is spontaneous (w;ise, et.al.,

1586). This reaction requires quy airborne moisture to

128
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FIGURE IV+5 -
-~ Y
”~ ‘ -
A - PHOTOMICROGRAPH OF ACICULAR HALOTRICHITE (HAL)
GROWING FROM CRACKS IN THE SURFACE OF THE COAL (C)

IN THE INTERIOR OF THE NODULE. SZOMOLNOKITE (8ZM)
IS SHOWN SURROUNDING THE HALOTRICHITE.

B - PHOTOMICROGRAPH OF HALOTRICHITE (HAL) GROWING
THROUGH/AROUND/FROM A CRYSTAL OF SZOMOLNOKITE
(SZM). NOTE THE GROWTH LINES IN THE HALOTRICHITE,
CONVERGING FROM' THE SURFACE _OF THE SZOMOLNOKITE.

C - PHOTOMICROGRAPH OF A BUNDLE OF ACICULAR

HALOTRICHITE (HAL) AS SHOWN 1IN FIGURE IV-4. NOTE

THE GRAINS OF SZOMOLNOKITE (8SZM) ATTATCHED TO THE
HALOTRICHITE. THE SZOMOLNOKITE HAS BEJEN CARRIED
ALONG AS THE HALOTRICHITR GREW, AFTER IT ATTATCHED
AS SHOWN IN "B". - ' ' :

\_/2"\‘
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proceea and therefore, at the ad}f;ce of the samples, which

are virtually covered with Fe-sulfide, the reaction would be

<

universal. As a second step, the H* produced would enter

pore waters, in the fractures produced by the volume change,
<

’ ~
and ultimately cause the degradation of kaolinite (the only
clay associated with the nodules) in the subsurface. The Al
released during this stage would then be free to move along

-

with the S liberated in the reaction sulfide --> sulfate,

: possibly via c§pillary action, towards the surface where

contact with the previously ' formed sulfate would result in
the formation of halotri@hite. The following coupled

reaction for this ©process was given by Weise, et.al.,

(1986),
{kaclinite) (pyrite)

AlaSizOs(OH). + 2FeSs + 19H; O + 70y + 2H* --> .

. FeAls (SO¢)¢-22H;O + 28102 + Fetls
(halotrich#te)

“°

If the process.occurred as described above the E?ecipitation

of halotrichite would take "place ‘in the near surface, as
opposed to being extruded from the subsurfacge, and this
origin is supported by other textural evidence. S"ur

B shows anf:acicular crystal of  halotrichite zroufnt

re IV-5,

through/around a grain of szomolnokite. Close examination of

the base of the halotrichite c¢rystal shows growth lines

converging from the ':zoiolnokite. indicating that it is

acting as a substrate. Similar 1lines are observed at ‘the
———

base of the halotrichite bundles in Figure IV-5, A. There is

13
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no doubt that loié of the‘needlec of halotrichite, as shown
in Figure 1IV-§, A, are emerging froa the cra‘ﬁs in the coal

surface but possibly this initial stage of extrusion is

"followed by precipitation of material carried in capillary

solutions, i.e., delivered fo the base—of the reaction area
from the subsurface. That the process continues is shown in
Figure 1IV-5, C which shows how grains of szomolnokite
attiéhed to the halotrichite. needles.are lifted from the

surface as growth <continues. Certainly, both processes,

extrusion and growth at the surface, are important.

-

Unlike the bundles, "ribbons”™ of halotrichite (Figuares IV-1,

A and IV-6, A) do not give any evidence of being extruded
from the subsurface and  do not incorporate other material
(szomalnokite or siliéa) during formation. This form of
halotrich%te consists of fandonly oriented acicdlhr‘crystals
Hhiqh vield spectra similar to the one shown in Figure IV-G;
B. These "ribbons" were_only observed ip the interior of the
nodules and associated with (growing on) Ca-sulfate'??igures
IV-6, A and 1IV-1, A and the spectrum in Figure IV-8, C)
which occurs as wavy veinlets in the -surface of the nodules.
It.is presumed that growth occurred at the surface and th;t
1nitinlly fogmed cry‘kaln ;ere punh;d‘ up as asuBsequent
lrowth continued, resulting in the rando- orientation no}ed.
The exact relationship of the gypsum and hnlotrichite is not
oclear. It is possible that the gypsum is seoondsry, fpr-ed

by the reaction between pre-dxisting calcite and pyrite as

;3:
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FIGURE IV-6
A - PHOTOMICROGRAPH OF THE END OF THE HALOTRICHITE
(HAL) "RIBBON" SHOWN IN FIGURE 1IV-1, A. NOTE THE
"CLEAN" APPEARENCE OF THE HALOTRICHITE, I.E., IT
DOES NOT CONTAIN THE "CAP" OF MATERIAL AS OBSERVED
ON THE BUNDLES OF HALOTRICHITE (FIGURE IvV-4, A),
NOR DOES ANY MATERIAL APPEAR TO BE TRAPPED WITHIN
THE RANDOMLY .- ORIENTED ACICULAR CRYSTALS. THE
° "RIBBON" APPEARS TO BE FOLLOWING A VEINLET OF
GYPSUM (GYP). THE EQUANT CRYSTALS SURROUNDING THE
e HALOTRICHITE  ARE SZOMOLNOKITE (8SZM).

B - TYPICAL EDS SPECTRUM FROM THE HALOTRICHITE
SHOWN IN "A™ -~

C - EDS SPECTRUM OF THE GYPSUM SUBSTRATE ON WHICH
THE HALOTRICHITE IS“GROWING.
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proposed by Huggins, et.al., (1983),

-

(calcite) -
4CaCO; + 2FeS; + 9Hs® + 15/203 -->
(pyrite)
4CaS04-2Hs O + FeOOH + 4COs
. (gypsum) (goethite)

This type of coupled reaction could produce halotrichite

rather than goethite if kaolinite is added as a reactant.

o

L



CHAPTER V: DATA COMPARISONS (OVERALL GEOCHEMISTRY)
V.1 INTRODUCTION

Here the geochemistrie of Utah and Wyoming Coals are
compared to other works on'the same coals and to other coals
from geographically similar areas. The Utah and Wyoming
coals are also compared to each other in an attempt to

understand the mechanisms of emplacement of the elements in

(;:E two coals.

V.2 UTAHR

Table V-1 shows the concentrations of 49 elements in.coals

from the Emery Coal Field, Utah as determined from this

study (Cdl.1) compared tao _other analvaes of Emery Coal Field

coals (Col.2) (Affolter, et al, 1979) and data from othér
coal fields in Utah (Col.3) (Dakota and Straight Cliffs Fm.,
Affolter and Hatch, 1980; Wasatch Plateau Coal Fiéld.
Blackhawk Fm., Hatch, et al, 1980; Muddy Creek Coal, Smith,
1981).. The data in the first three columns of Table V-1 are
liated in order of decreasing abundance relatfve to thiSLJ
work (Col.1). < Columns 4 and 5 show the ratios for the

results from this study (Col.i)»co-pared to the other two

data sets (Cols. 2 & 3). Ratios of <2 or >0.67 represent

differences of +/- 50X relative to the this study, within

these limits the data are in good enough agreement as not to

v o D aee B
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COMPARISDN .OF THE GEOCHEMISTRY (49 ELEMENTS) OF EMERY COAL FIELD COALS

TABLE V-t

FROM THIS STUDY WITH OTHER EMERY COALS Nt OTHER UTAM COALS (PPM),

coL. §

1C0L.1:C0L.3

JAiC0L.2
RATIO :ELEM.

: ‘OTHER *

' OTHER ¢+
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S 138000 ' 20
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TABLE V-1 (CONTINUED) .-
-- - = - - . ’
Cm. l : cu- 2 : Cﬂ.. 3 :: ma 4 : COL. 5 A}
THIS + OTHER ¢ | DTHER *  1ICOL.1:COL.Z :COL.1:COL.3
ELEM. WORK (M) ! EMERY (N) ! UTAH (N) ;iELEM., RATIO ELEM. RATIO
Sa .57 5. M 20 3.2 &l ND YD 0.3
Sb 0,29 15, 0,9 _20: 0.4 ?8 4ild ND iCs 0.3
AL .22 S 0.7 201 0.7 78 iBe KD iRb 6.3
s 0.2 3%t N 20 0.76 5 iiBr N iSa - 0.2
tu 0.15 5S¢ W 20 0,2 2111 ND Br 0.1
lu , 004 5: N 20 1 1 iibd ND iLu 2.0
] 2 15! N 20 0.06 52 1iCd ND iBe kD
ge (.0 53 2.0 20% 1.3 78 liku ND . Cd L
Ed 0.8 51 MD 20 0.45 2P RD 6d N
Tb 0.05 5% N 20% 0.1 1IN ND iTh 0

OTNER EMERY GOALS. DATA FROM AFFOLTER, HATCH AND RYER, 1979.
OTHER UTAH COALS OUTSIDE THE BMERY COAL FIELD. DATA FROM AFFOLTER

" AMD HATCH, 1980; HATCH, AFFOLTER AND DAVIS, 1980; AND SWITH, t98%

4
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4
be considered as significantly more or less concentrated in

either coal.

The 1list of ratios in Col. 4 represent relative
enrichment/depletion of the elenents. determined from this
study as compared to previous data on ooaI; from the Emery
Coal Field. Overall, the first 9 elements in Col. 4 (Hg to
As) were found at higher concentrations than previous work
while the next 25 elements (S to U) were detected in lesser
amounts. The last 15 elements (Rb to Hf) were not detected
in one or the other of the two sample groups, and so cannot

be compared.'

Only 4 elements (Hg to B) were detected at aignificantly

higher concentrations than previously reported (ratios >2).
Nine of the elements (B to Nb) were found at similar
concentrations (ratios <2 or >0.67). The last 20 elements in
Col. 4 (V _to U) were detected at substantially lower

concentrations (ratios <0.67).

Colﬁ;n 5 of Table V-1 conpa}es data from this work with data
on other Utah coals from outside the Emery Coal Field. The
Emery coals appear to oéntain’hizher concentrations of 18
elements (Hg to Se) thhn’éhe §th8r Utah coals, two elements
(ho anqATi) were fohnd at idenﬁioal,ooncentrition-. and.2§

elements (Pb to Lu) were detected in T;sser amounts. Four

elements (Be to Tb) were not detected in one or the other of

139



the coals.

\
Ratios for twentyfive of the elements in column 5§ (Ca to Al)

fall in the range <2 to >0.67 (+/- 50%). Five elements (Hg

to Nd) are appreciably higher in the Emery coals (ratios >2)
and 15 of the elements (V to Lu) are significantly Ilower in

abundance (ratios <0.67).
V.3 WYOMING

Data on the abundance of 36 elements in coals from the
Powder River Coal Field (PRCF), Wyoming , as‘deter-inéd from
this study, (Col.l1), other‘ work on' the PRCF (Col.2) (Hatch
and Swanson, 1977) and other Wyoming coals from outside the
PRCF (Col.3) (Glass, 1978; Swanson et al., 1976) are shown
in Table V-2. The data in Cols. 1, 2 and 3 are arranged in
order of decreaging abundance relative to this work (Col.l).
Columns 4 and § a;e the ratios between this work (Cpl.l) and

the other“two“data sets (Cols. 2 and 3).

———

-

As’ shown in Col. & of Table V-2 this study found higher
concentrations . of 7 elelenks (Co to As), iower
concentrations of 1} glelents (éa até. Th) and identical
conoentrationé of two elements (Cu and Pb) as compared to
other work op PRéE coals.

e

- ——

Ogly 1 olo-gnt (Co) was deteocted at appreciably higher

T I T b P - e s . N L . - N N I Y o B
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., TABLE v-2

. TTITITITTSIISTRZILRRETITIZRRITEINSRLRSLRTERNZS ETREXBE

COMPARISON OF THE GEOCHEMISTRY (36 ELEMENTS) OF POMDER RIVER BASIN COALS
(PRBC )FROM THIS STUDY WITH OTHER PRBL AND OTHER WYQ. COALS (PPN},

- -~

-—

oL, 1 ¢+ COL.2 ¢ COL. 3 ' COLL 4 ! COLS
THIS » OTHER ¢ ! OTHER >  !!COL.1sCOL.2 COL.1:C0L.3
ELEW. MORK (N) i PRBC (M) : WYD. (M) IiELEN, RATIOIELEW. RAT10
fa §900. 20 ! 11000 410 ¢ 7500 48 !:Co 3.1 6.8
S 7200 20 ND 410 4000 4B ::Se (.8 :Co 3.1
Al 4000 29 ¢ 7800 410 : 7200 48 iiir 1.5 | 2.5
Mg (400 B! 2100 410 ! 1700 48 !:Ba 1.4 1.8
Fe 1300 12! 54000 WO ! S100 48 !Ny 1.3 Na 1.5
Na 600 8% 1100 410 : 400 48 !iSr 1.3 !r 1.5
T S4L 20: 410 410 : B0 48 iAs L2 1.4
Ba 431 30 300 40 300 48 !:Cu 1.0 !Ba f.4
Sr 25Q 30: 200 410! 100 48 !:Pb 1.0 :Ca 1.3
A 23 30: S1 MO0 40 48 !:Ca 0.9 Mg 0.8
Ir 2 2% 15 M0 15 WM 0.8 M 0.8
cl 14 B: N 410 100 481V 0.7 ! 0.7
Lu 12 22¢% 111 410 ¢ 8 48 Mg 0.7 ! 0.7
v 11 30! 15 810! 15 48 !!6a 0.6 ! 0.6
In 6.8 19 20 40 1B 48 !'Ma 0.5 ! 0.8
Co 6,2 30 2 40! 2 48 iCr 0.5 1Al 0.6
Pb b.1 22 6.4 410 (3.0 48 !!Al 0.5 : 0.5
" .9 22! 5 40 ! 5 48 !iMn 0.4 ¢ 0.5
Cr 3.8 30 7 410! 7 8% 0.4 iIn 0.4
As .7 12 3 40 3.0 48 iiMo 0.4 iYb 0.3
Ce 3.6 B ND MO (20 48 !!In 0.3 iFe 0.3
Se 1.8 9! 1 40 0.8 480w 0.3 iTh 0.2
6a 1.8 20! 3 40! 348 S 0.3 ¢! 0.1
La 1.7 8! ND #10 ! <7.0 - 48 !!Fe 0.2 ! ND
Nd RS B ND 410! 15 &8 0.2 iAs . N
St 0.82 8! 2 410 1.5 48 :iTh 0.1 ¢ D
Mo 0.7 & 2 40! 1 48!S ND Y D
™~ 6 B &3 40 2.7 48y ND iCe ND
1 0.19 B! 0.9 410 <0.9 48 !iw ND ! ND
5b 0.18 11! 0.6 410 (0.4 48 !iCe ND ! N0
') 0.15 8! 0.5 410! 0.5 48K N ! N
Y 2.0 22 5 40 - 5 48 1:C N ila ND
N N<2.0 20 1.5 4100 LS 48 liLa L ND
K (200 30! 500 410! 600 48 !imd ND iP N0
£d (1.5 &41!-0.09 410} <1.5 48 !IEd . N D
Hg 075 4 F 001 MO T 0.1 48 :iNg 2ND iHg "]

P e L T TS e

(N) - NUMBER OF SAMPLES '
¢ - OTHER POMDER RIVER BASIN COALS. DATA FROW HATCH & SWANSON, 1975,
“ - OTHER WYONINE COALS OUTSIDE THE POMDER RIVER BASIN. DATA FROM
GLASS, 1973 AND SWANSON, 1974.
ND - NO DATA
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concentrations (i:tios >2) while 13 eleLents (Ga to Th) were
determined at significantly lower con‘rntrations {ratios
<0.67). Twelve‘ elements (Se to Mg) were present at
concentrations similar Eo those found in other studies (+/-

50%)., Ten elements (8 to Hg) were not detected in one or

the other of the studies.

The ratios in Col. § of Table V-2 conpé;e data from this
study with data from Wyoming coals outside the PRCF. This
work found that PR&% coals contain higher concentrations of
.9 elements (Ti to Ca) and lower concentrations of 14
ﬂelelents (Mg to Cl) than other Wyoming coals. Three
elements (Ti to Sr) were préseht in éixnificantly higher
concentrations iratioa >2?. 10 elements (S to Mo) at about
the same concentrations (+/- 50%) and 10 elements (Ga to Cl)
at much lower concentrations '(ratioas <0.67). The last 13

elements in Col. 5 (Sb to Hg) were not detected in one or

the other of the coals.

V.4 UTAH VS WYOMING

Table V-3 compares the overall geochemistries, of the Utah
‘and Wyomaing coals studied here. ﬁean concentrations of the
elesents are listed in decreasing order of abundange
‘relative to the Utah coall; ‘Utah:Wyoming f:tios are also

.

115ted’1n“decreaain¢ order.

P ‘ . , .
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Twenty seven elements (Fe to Mg) were found to be more

abundant in the Utah coals than in the Wyoming ®doals (ratios

>1.0) and 13 ele-entl (Ca to Au) were less abundant in the

Utah .coals (ratios <1.0). Over half of the elements

detected in both ' coals (Sm to Br) were  present at

&

- ~
differences of less than +/- 50%. Approximately 1/4 of" the
elements (Fe to Cr) _were present at significantly higher

conceritrations in the Utah coals (ratios »>2) while only 4

-

elements , (Cu and. Au) were 5 detected at appreciably lower
- » .

levels (Qatios <0.67). ' °
‘ ’ L]

The 39 elements detect%ed in both coals can  be conveniently
sepa{ated into §°”¢roups on the basis of their m=mean
dbncentrations as' follows: group I, >0.5%; group II, 3.01-
0.5%; group THR, 10100 ppm; group IV, 1-10 ppm; group V,
<1.0 ppn. An eléméents was placed into a given group |if tg§
largest concentration for ‘either the Utah or Wyoming samples
" fell into that category. Table V-4 shows the 5 groupl, each
arranged felative"to the ratio Utah: Hyoninm in decressing

order. - & T

-~

‘The concgntrations of the 'elenents in the five groups are
graphed’ 1n Figure V 1. A to E. Qgrrelation ;oeffiogents for
the data each.graph are shown at the top of.éach graph.
The solid 1line in e;;h ‘jhph represents'parity for the two
coall (x Y), i. e., ratio. Utah: wyoning of~.1. ) The dashed

“iines repranent the ratios Utah Hyoninz- = 0.67 and’

1 3

"’
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FIG V-
GRAPHS OF THE FIVE GROUPS OF ELEMENTS COMPARED IN
: THE UTAH AND WYOMING COALS. DASHED LINES REPRESENT
P “ENRICHMENT OR  DEPLETION OF GREATER THAN +/- 50%
RELATIVE TO THE UTAH SAMPLES. THE SOLID LINE IN
EACH GRAPH DESCRIBES UNITY BETWEEN THE Two COALS

(1:1 RATIO FOR YHE ELEMENT).

A - GROUP I ELEMENTS, CONCENTRATIONS >0.5%
. B-- GROUP II ELEMENTS, CONCENTRATIONS oLbl-p.sx

C - GROUP TTI BLEMENTS, CONCENTRATIONS 10-100 PPM

D - GROUP IV ELEMENTS, CONCENTRATIOQQ 1-10 PPM

E - GROUP V ELEMENTS, CONCENTRATIONS <1 PPM
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Utah:Vyoming = 2.0 (+/- 50X relative to the Utah coals),
within this zone neither coal is considered as enriched of

depleted relative to the other.

The major elements (Group 1) detected in both coals include
Al, 8, Ca and Fe. There is.a positive correlation for these
elements in the tgo‘sa-ple sets (R=0.662).. Of these only Fe
is appreciably more concentrated in the Utah coal while Ca,
A% 9nd S8 are present at similar concentragions in both

coals. - Iron shows the largest concentration difference of

any of the elements (U:W = 4.9).

}Group II1 elements show the highest posaitive correlation

(R=0.758) for the five groups. Sodium is present at

]

significantly higher -concentrations in the Utah coal.

Magnesium, Ti and Sr are present at similar concentrations.
Only Ba is present at appreciably higher concentrations in

the Wyeping coal.

Group .II1 elements also show a good positive correlation

(R=0.748). tn this group only Cl exhibits a notable

L5

pnrfohnent in the Utah coal. Three elements, V,_Mn, aﬂd Zr,

are present at fairly similar concentrations and Cu is more

.

concentrated in the Wyoming i.-ples. .

-
-

There is virtually.no correlation (R=0.152) between the Utah

and Wyoming coals for the elements in Group IV. Of the 12
a

150
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elements in this group, Cr, Rb, Ga, As, Se, Ni, Pb and Zn
exhibit siailar‘conoentrationc in both 'coals. Lanthanum,
Ce, Nd ﬁhd Cr are apprecigbly more concentrated in the‘Utdh
coal and Zn and Co are relatively enriched in the Wyo-ins

coal.

"Group V is the largest of the five groups (13 elements) and

shows positive correlation (R=0.668) between the two coals.
As a group, these elements exhibit the greatest tendency fo
be enriched in the Utah coal. JFour of the elements, U, Th,

Eu and Hf are significantly more concentrated in the Utah

samples.

*

V.4.1 CORRELATION DATA

Correlation data for 16 elements (not all elements the same

for each coal) plus ash (AH) for the Utah and Wyoming coals

are shown in Tables V-5 an& V-6, respectively. The "Top"
portion of gach table shows the correlation coefficients for
the variables 1listed in alphabetic order. The "Bottom" of
each table iists the conrelation‘ coefficients for each
element in decreasing order Qr magnitude felative to the
other elements, 1i1.e., The (first value in each column shows
the correlation of an element. with itself and, tﬁerefdro.'il

1.0. The Other values decrease do‘mf the column and the last

value in each colu-h repre.anfs the largest negative

correlation.

18
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relation data from the "Bottom™ of each table are
graphed in \Figure V-2, A to Q. In each case the ordinate
represents he correlation coefficients of the element in

question wit the other elements for Wyoming coal, the

abscissa those for the Utah coal. Zero cqrrelation lines are

"shown where applicable. These plots show whether or not an

element correlates with the other elements in positive or

negative way between the two coals or not at all.

——

decreasing order of "~ correlation (R) between the two data
sets: A],(é:O.ss), Ga (R=0.83), Cr (R=0.67), V (R=0,58), Ti
(R=0.55), Ni ((R=0.55%, 2r (R=0.88), Cu (R=0.48), Ca

'(R=0.24), Rb (R=0.21), Ba (R=0.18),, Mn (R=0.01), Co (R=-

0.01), Pb (Re-0.12), Sr (R=-0.34) and 8 (R=-0.58). Ash (AH)
is included at the end, Fizufé V-2, Q, “and shows a

correlation of 0.58.

. : N
Correlatidns of >0.50 and <-0.50 between the two data sets

.ate oonsidéred srznificant. Those ° elements exhibiting

correlations >0, include Al, Ga, Cr, Aﬁ, V, Ti, Ni, Zr and

Cu. Sulfur is the only element which shows a large negative

+

correlation _ (<-0.50). The reniininx elements, Ca, Rb, Ba,

———

Pb, and Sr, show relatively 1nsi¢hifiognt correlations

‘ranging from 0.24 (Ca) to -0.34 (Sr).

The 16 elements in Figure V-},r—ﬁ\“ba‘gP\~are listed in

13
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FIGURR V-2 '

A TO Q - GRAPHS OF THE CORRELATION COEFFICIENTS OF
INDIVIDUAL ELEMENTS FOR THE UTAH AND . WYOMING COALS
TAKEN TOGETHER (SEE TEXT FOR EXPLANATION). -
CORRELATION COEFFICIENTS FOR THE TWO DATA SETS ARE
SHOWN AT THE TOP OF EACH GRAPH. THE SOLID VERTICAL
AND/OR HQRIZONTAL LINES REPRESENT ZERO CORRELATION,
WHERE APPLICABLE.
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It should be noted that some of these correlation data are
misleading owing to outliers (data points a considerable
distance from the res;ession line, not showq in the plots).
In fact, in some cases one or two data points have actually
resulted in "changing the sign (+ or -) of the correlation
and/or significantly w=moving the value. For example, the
relatively‘large negative correlations. - of Mn with most of
tﬂe other elements in the Utah samples is responsible for a
number of such problen;:‘ The Ca-plot would show a slight
negative correlation if it were not for the position of Mn
in the.two data sets but instead the correlation is slightly
positive. Calcium in ‘the Mn-plot and Ti in the Pb-plot have
similar effects. The reader will observe similar probleams in
other plots as well. Keep in mind that the correlation data

are not being used to predict 'trendé (as in regression

analyses). The individual points, taken alohe, are used to

predict whether or not the elements have similar modes of
occurrence in both coals. This type of graphic p4esentatioq
makes comparisons easier than hunting through tables of

data. Look, for example, at the V-plot which shows that V
i,
has the highest positive correlatig& with 8 in the Wyoming

coal but a negative correlation with 8 in the Utaﬁ coal.

: ' . . '

This nizbt‘-ply that V in the Wyoming coal is contained in
- .

a sulfide phile but Ehigwtt is either organically bound or

in hydrolysates in the.Utah.ooai. The later is corroborated

4
L 4

by the high V-Al correlation in the Utgp samples.
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CHAPTER VI: COAL UTILIZATION / FLY ASH;
ENVIRONMENTAL CONSIDERATIONS

VI.1 INTRODUCTION

ant————

-

Concerns over the possible environmental impact resulting

L)

from increased coal usage have stimulated interest on the
suQJect lof coal geochemigtry. Recent works invariably
cohtain, somewhere in their introduct9ry remarks, refer®fice
to the environmental risks associated with coal combustion
as a function 6f increased usage. These openipg remarks are
typically followed by results of work aimed at
characterizing the geochemistry of a given coal or eoals but
with little eise but some references, if that, as to why/how
coal utilization is environmentally harmful. However, this
issu; is central to the field of cgal ,§eochemistry and so,
included here is a section discussing the fate of some of

the more VO;atile and potentially harmful trace elements

foupd in coal as well as the wmechanisms by which they

. {:scppe to the atmosphere during coal combustion. Whilﬁ this

work does not take into ac¢count other types of harmful
eiislions. elg., organic species, gases (80x, CO:), etc.,
associated with coal combustion, they are not forgotten.

Many references Jh this subject can be found in a review

» r

article by Roy et al., (1981),.ihe results of some of these

are suamariged below and a new term is propoled to better

describe the environmental hazards associated . with cosal

.

utiliszation. ' . R

- - 186



Vi.2 THE PROBLEM

Given the present public opinion in North America against
the use of nuclear power, it appears as though coal offers
the only alterﬁative to our ever growing energy demands.
This is nqt tB say, however, that: coal 1is the best
alternative. Obviouély, the rate .ag which we wuse coal
affects both the anouh£ of' waste 5roduced as well as
predictions of how long our resources will last. Klein, et
al, (1975) estimated .that the world coal consumption
approached 3x10* metric tons in 1975. The Natlbnal Coal
Asgociation predicted that the U.S. would double it's
utility (power) 6oaL7usage (from 4.4x10% to 8.5x10% ametric
tons/year) in the teh.¥Ear period from 1976 to 1985 {(Ondov,
et al, 1979&). Furthermore, the President’s Natioﬁal Energy
Plan bredicgéd that U.S.. coal c;hsu-ption would more than
double again (to appfgxilately 1.9x10* metric tan;year)
bet?een 1985 and the year 2000 (Adriano, et al, 1880).
While‘sone of‘this.proznootication is a bit tﬁp heavy, the
trend is definitely towards increased coal usage. As

calculated here ((ron data in theé U.N. Energy Yearbookl

1984), and shown . in Table VI-1, world coal consumption

approached 3.87x10? metric tons/year at the beginning of
this - decade and 6.81%10% metric tons of this (17.6%) was

_-consumed in North America (U/.S. and Canada). How will this

rate of consumption affect the future of the environment and

187
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TABLE V1-1 T T
SIS I IR IR S I I I I S IZZ I SESEIIRI I XS IXTITZEZEIITISITIIRISIXRIIISXN

COAL CONSUMPTION (1982) FOR THE U.S., CANADA AND THE WORLD
(CONSUNPT [ON=PRODUCT I 0N+ INPORTS-BUNKERS-EXPORTS-CHANGES @@ STOCKPILES)

B TYPE (MILLIONS OF METRIC TONS)
HARD COAL SOFT COAL
(>5700 CAL/BR) (<5700 CAL/BR)- TOTAL
WORLD 2,763 1,104 s.saaf
u.S. 591 “® 639
3
CANADA 21 20 i
U.S.+ o
. CANADA 512 48 581
{TOTAL)
1 0f .
¥ORLD 22,21 6.21 17.81 )
(COMPILED FROM DATA IN THE U.N. ENERGY YEARBOOK, 1984)
SESESISIFIITTSTTIZTIZ= TTITzzTI=I=2= SIS3STSSIISTSITISTTISIITSIZISSISTIITITSIT
TABLE vI-2 - .
=3===“=3=====8!38883:22:::83338:=8=3:========:382:::2?::2::3::':3:::3:3
COAL RESOURCES FOR THE U.S., CANADA AND THE WORLD
COAL TYPE (MILLIONS OF METRIC TONS)
. TOTAL
PROVEN RECOVERABLE®  ADDITIONAL RESOURCES®
H S H 5 H S H 5

e L - e o e e o D s P A W W -

NORLD 920000 00000 515000 431000
{1981)

Uu.S. 223725 _205113, 125353 131750 472103 469321 361405 4des4il

(1979) -
CAnADA 1607 4292 25687 35035 34431 21810 ,
11981)
. ' . ’ -
“-5.' . ‘ -l
m coocon.lo--uuu-.n-.-n--.-unoo.n.-.tlc":o-lon-n'onno-a‘- 86‘077 -
(TOTAL) -

+ TOTAL CALCULATED AS, (RECOVERABLE)+0.S(ADBITIONAL), i :
> RECOVERABLE ACCOUNTS FGR APPROX. 521 AMD 481 OF THG PROVEN RESOLRCES <o .

IN THE CASE OF MARD (N) AND SOFT (S) COALS RESPECTIVELY. ' . ’
mgn.sm OATA 1N THE U.N. ENERSY YEARDOOK, 1984)

«
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J— - ; . P - A - ’~



-

\

when will the coal be gone?

VI.3 RESOURCES - CONSUMPTION - WASTE

Coal is a non-renewable resource, ergo the rate of usage and
the amount of existing supply are intimately related when

trying to.detep?ine how long it will last. Table VI-2 siv;s(
estimates of t@e .coal resources remaining in the 6.8.,

Canada and the World (as conpiled from data in the U.N.

Energy Yearbook, 1984). From Table VI-2: "PROVEN" resources
are known to exist; "RECOVERABLE" resources represent the
amount éf "PROVEN" resources which can be produced under
current economic conditLonsi and "ApDIfIONAL“ resources are
suspected to exist wi£h a high degree of confidence. The
recover;bleiresources account for appréxi-aﬁely 52X and 68%

pf the proven resources for hard (H) and saft (S) coal

respectively. Accordingly, it is ' assumed here that a.

‘conservatively proportionate hnount (50%) of the additional

resources are also recoverable. Based on these figures
"TOTAL RESOURCES" ., are calculated as,
{ RECOVERABLE)+0.5(ADDITIONAL). This figure amounts to

8.64x1011 metric tons of coal resources for North America.

Divfﬂing‘the total ‘resources (8264x1031'letric gbnl) by the

total yearly .consumption ~(6.81x10’ -et?i¢> tons) wg'can.

predict that coal in North Amerioa should last for some.

-t

1,269 years at the p}estnﬁ rate of consusption. As alresdy'“

0
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pointed out, coal usage is rising dra-aticglly and this
estimate is, at best, only an order of magnitude
calculation. A 'bétter estimate (taking into account
approximately doubling usage every 30 years) lies somewhere

in the 200-300 year range.

Given the above estimates on resources and ' rate of
consumption we can calculate the amount ;f waste that will
be produces at the é:rrent rate of usage. These calculations
are based on average values compiled from numerous studies
of existing coal burning facilities, as follows:

1. -Approximately 15% (World a;eraze) of all coal
consumed 1is ash (this fizure ;ili undoubtgd{y
increase as economic restrainiq force indusfry to
use "dirtier"” coals). o . - N\

2. Approxi;ately 98X (this ranges from 85X to 99.5+X,
see for example: Bertine and Goldberg, 1971; Lee,
et al, 1975; Bolton, et al, 1975; and Ondov, et
al, \1979b) of all ash ‘is remgved via cleaning
devicés of ;me type or another. The remaining 2‘
is emitted to thé atmoaphere.

.

3. Approximately 5% of the potentially harmful trace
‘elements associated with coal penetrate emission
control devices . (sefsfollowing discussion): This

-~

:1¢u§§ is much highef for ‘QIOIQntI such as Se

17
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. (30%) and Hg (90%) (see.for'exa-ple: Anderson and
. Smith, 1980; Andren and Klein, 1975; and Billings
®na Matson, 1972). : Q
-

_Applying the above to North America: 1.02x10° metric tons of

ash are produced yearly and 2.04x10¢* metric tons are emitted’

to the atmosphere. Considering tkat §.7x more coal is

consumed werldwide than in ' North America: 5.11x10% metric '

tonq/year of ash are produced worldwide and 1.16x107 metric

tons/year of ©particulate matter is released to the
.. [ 4 .
atmospher®, Finally, By the. time all the caal in North
- -
America (calculated total resources, Table VI-2) has been
-

used up: 1.3x1011 metric tons of ash will have beeq produced
and 2.59x10"4etric tons of pafticulaégs will have been
emitted to @he atmosphere.- Otherlpredictiéqs on particulate
emigsions }Campbell,et ._al, 1978) and' -ash produced
(Adriano, et a;, 1980) as a_ieaul; of coél combustion are

consistent with s#¢his study if differ;nces in time and the

-

¢

type of coal La;;e are consigered. These figures are -

probably quite conservative when onhe considers that in a

country like China, which .relies even more heavily on coal”

for energy: there -are virtually no emission control

" standards! (W.S.Fyfe, pérsonal communication). 1In one form

or another, all ofj,h”is ash must be deglt with as uast_e..

’

= — -
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"VI.4 MODE OF OCCURRENCE OF POTENTIALLY HARMFUL TRACE
ELEMENTS IN COAL i

“’{
ey

The‘ele-qné;' discusBed hare (Zn, As, Se, Cd, Sb, Hg and Pb)
are potentially some \of the most harmful trace elements
aqgociated with- cqpl for two reasons: the way they react
during coal co-ﬁustion (their fate); and the ffot that they
are either known or highly suspected carcinotenl.and/or
.nﬁtazens.' The gubject of toxic;iy ia covered briefly in a
later section. Natﬁach and Wallace.(1974), Natusch (1978),
Davison,-et al, (1974) and Piperno (1975) an; references
within, cover the subject in detail.’ Presently w; will
ngnine son? of the characteristics pf the common compounds
- of theae. elements which. determine ;;;ir mode of 6E?urrence
in coal and ultimately their fate during combustion, there
are a nuamber of similarities.

’ (N

-

First, the elements in dbeliion characteristically occur in

the inorganic fraction of éoal, i.e., they are .ﬁert of the .

mineral matter (Gluskoter, et at, 1&7?; Gluskoter, 1975; -

Ruch, et al, T973). Gluskoter (1975) presented data showing
that Zn, As; Cd, yg and Pb were among the elements with the
highest inorganic affinities in four -sets of: coals from

' J .
geographically, and depositionally, difforeﬁt settings (Se

and Sb to a lesser degree). ° .

Second (and the reason for "First", ‘}bovo), th)Le elements

occur lainli as -ulfidos in coal (chalcophile, Goldschaidt,

LY




)
1937). This sigmilarity stems mainly from the availability

of reactingL ligands in the peatland environment and the

)

stability of the compounds formed. All swvaap eavironaents

contain abddlant organ‘ic ligands and are conducive to the
growth Qf sulfate reducing bacteria which wultimately result
in the production of sulfide .(H3S -> HS- -> 8--). The
Jépianic ligands and the sulfide compete for4®he chalcophile

elements. Partitioning of the element depends, to a large

degree, on the concentrations of, the two ligands. The
stabilities of the compoundg which form are a function of

the affinities of the two ligands for the metals. Zubovic

[
(1976) uses the example of the‘affinity of a certain amino

.acid. and sulfide for Cu. He péints out that the
' dissociation constant (Kse) for . the Cu-sulfide is 19;::
while that of the Cu-amino acid is 10-!7, therefore Cu-
sulfide 1is by far the do-in;nt species and Cu-amino acid

should only form (appreciable amounts) after the majority of

the sulfide has been removed.
L ]

Third, the tommon compounds - of the metals in‘question, as

oxides and sulfides, are volatilized well below the
temperatures of oogl combustion (Davison, et al, 1974). The

" result being that the metals are released into ~ the flue
B ¢

i

] H ‘
- gases during combustion, i.e. scseparated from the codl.

-
*

VI.3 ELEMENT PARTITIONING: THE COAS COMBUSTION FACILITY

173
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FIGURE VI-1

SCHEMATIC OF - A COAL COMBUSTION FACILITY.
PARTITIONING OF ELEMENTS CONTAINED IN THE COAL
TAKES' PLACE IN THE BOILER (BA), MECHANICAL DUST

COLLECTOR (MA), SCRUBBER (8S)- AND ELECTROSTATIC
PRECIPITATER (PA) (SEER TEXT). PARTICULATES REACHING

THE PRECIPITATOR OUTLET (PO) AND SLURRY OUTLET (SO)
ARE EMITTED TO THE ATMOSPHERE.
ADAPTED FROM KAAKINEN, 1975) L ]

»”
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.inciea-es frgn'ss -> eoo-ﬁﬁ- for Zn, 15 =-> 280 pﬁn,for As,

—~——— * . . ) -
. . i .
\ o v

-

Coal co-bu-tion facilities (e.g.. power p{nnts) act as point

sources for redittpibutinz ‘gnd concentrnting the ;snoe e T

elements in coal. Figure VI-1 (adapted from Kaakinen. et

al, including abbreviations, 1975) is & schematic of  a coal

combustion facility which illustrates the locations where-

tracg elements in coal are partitioned during the combustion

processf.

2

The first partitioning £akes pPlace in the boiler _where those

elenents not volatilized durin‘ combustion are converted to

botto- ash “(BA), .or slkx, and subsequently seﬁapatea from

" the volatilized elements which move ‘doun&treéi along with
the fly ash and flue zasé31' The -fxture of fly ash and flue

gases then go through a second ‘partitioning in the various

-

emission control. devices.ﬁ ﬁatetial retained here as.

-echanical dust collector ash (HA). acrubber slurry (S8) and

precipitator ash (PA) is separated-lro- that fraction which

AN
1

passes all emission gontrol dalzoe- and is e-itted to .the

atmosphere a£ " the precipitator | ocutlet (PO) and the slurry

outlet (S0). Kaakinen, et al, (1975) determined the

concentration of 2Zn, As; Se, 8Sb, Hf dnd. Pb in }ly ash
3

collected at the various -p;ffitioninz sites. The sequence,

BA-~> MA -> PA -> PO/SO in Figure, VI-1 represents increased

-di.taﬂce from the boiler, ip‘:| downlfrenl dlrac%ion.> The

donpontrition- of_‘the q}e-entl in the sequence (BA ->. 80)

f‘F -> 440\ﬁb-.lor Se, 2.8 -> 22 ppm for 8b and § -> 340 pps

f

T,




for Pb. Only Hg did not increase because it was not detected
in either the PO or SO, presumably because it escaped in, the °
gas phase (see for exa;ble. Billings snd Matson, 1972; ﬁilb,
1975; Bolton, et al, 1975). This phenomencon is discussed in

the next section.

)

Klein, et ,al, (1975) noted that the elements could be

seﬁaratqd into three groups according to Fhe wa; they react,
- or are .psrtitiééed, durlns codi éo-bustion (uhink'thé wofk_

of Goldschmidt, 1?37, but .being specitic for the -aterials“

found in coal” burning plants). Group - inoludes the

lithophile ellments (e.g., AL, Ca, Fe's Mg, Si, (.ml;ich
‘;;ﬁ not  volatilized helow the 't?;;eratﬁté; ;of coal
conbun£ion.\-(apbroxilateli f3§b°C) and thereé:re-:are
retained, for the . most part, in thé-boiler acfolaz, or

‘- bottom ash {BA)}. Group I eie-ents ‘are enriched 1n the slag

~—

over the coal, but are not appreciahly.partitioned between

" slag and fly ash nor between outiet and ' inlet. ath &'ay
collected 'ﬁrior to and Jjust' after scrubbers .and_

" electrostatic precipitators, Fig. YI-1). Group @II ele-enti?_
(e.qa. As, Cd, Sb and Pb) are conpo:ed mainly of the
éhalcophge elements - whioh . are volatilized during
sombustion. These elements are not enriched in &he'boiier

‘l;ll' rell?iye te the coal but are prefd}enpially

concentrated in the inlet ash relative to the slag and in

the outlet ash relative to tle inlet ash. Groﬁp 111 ‘elésients

19:313 Bp_ahd Se) are slnost_goiplofely converted to the gas

L Y




phase and qperefore are not partitioned, nof‘iilovod,.by any

‘of the emission control systems.-

L]

VI.6 MECHANISMS OF FLY ASH FORMATION

e

'The ochange in trace -wleément chemistry of fly ash with

'iycreaséd dintsnco from the conbhltion'cha-ber. as discussed

. above, is partially ‘a function of the ways in which fly ash

fores. Smith, et al., (1979) propo-ed three different

nech;:idki of formation, notinz that" each contributes IOle
. . } . /
component tosthe end product. Two of these lethodn include:
.- s
4

microns) followed by coggplntian' into larger partiolel 9{

homogeneous éheiistry; and eondenlatioq of volatiliged _
\

eo-pounds onto entq,ined particles oriziqally°in tie ooala-

.e.E., soot and s --ioron sized nineral -aﬁbe}. Neither of
. i -

these appears to be A major QOntributor ‘to the bulk of the

f1y ash. Fisher ot al., }1916) and Page 51 ;1,.0(19:9) have

shown that fly. ash is not bo-oceneous che.loglly, ruling out

1

the proce-- of ho-ogeneou- nucleutioﬁ as a .ajor oontributor

v

.to thg bulk of th& fly Ilhn As  for the lecond'oaya above,

a

its ilportanca lies 15 _@hg .a-ount. of .db-icréd sized

-

-inaral »n&tter in a given ooal, hehbe thtl -othod of

’
e

.for-ation will vary in 1-porttnce from -one ooal to"nothern

A third -oohsng;q .of fly ash, fon-dtioﬂ propo-od by Smith 1&'

al., (1979{, apposgn to otfor the lo.t.plauniblo oxplnu‘;;on
of for-stion eoanidorin( tho ob:orvod oh.-i-try of flr ash.

. homogeneous .'nucleatiopv of vplatilized co-poundi (0.01:

7 '.

3.




This method involves ihe coazulalion aﬁd condensation of
volatiliged oonpo\'md- on the surfaces of ‘parti‘cles vh¥ph
have formed by the bursting of initial grains due to rapid
lqh f?;gale in ;he hi:h‘heatw‘ofico-bultion: - This method
explains héw/wﬁ;‘ ash cores are che-icallf similar to slag

(mainly lithophilei//ﬁgiie the rims are conﬁosed mostly of
volatile compounds (chaldophile): <

%
Figure VI-2 schematically éu;;afizes the'proce;a'of fly ash
formation gnd shows how the trace elements' in coal are
partitioned %nto " slag, fly ash and vapour. In the
co-bulfion chamber temperatureas are such (1550°C) -that
volatile compounds are relegse¢ as gases, ai:altaneogsly,fiy
_ash is formed. C;-pounds -eta-stah%: at these te-pefqtures
. {lithophile erelent;) remain As alak:_Flue gases begin to
cool nitﬁ—ingreased distance from the boilers until some of
the volatilized compounds (chalcophile) oxidize to more
stzble forms. _Tﬁese pblpounds condense (coagulate) on ﬁhe
surfaces of éntrained fly ash. Finally, the most volatile
of ‘the conpou;dl remain in the vapour phacq. .never reaching
iheﬂcbnditions' necessary for condensation. What does all
this mesn to the .overnli concentration and distribution of

N
‘trace elements on fly ash?

VI.7 “DANGEROUS" CHARAleBISTlcg OF FLY ASH

— -

Mechanisms of fly ash formation and the fact that the
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FIGURE VI-2

SCHEMATIC SHOWING PA.RTITIONING OR THE BLBMBNTS AND
DEVELOPMENT OF FLY ASH IN A COAL BURNING FACILITY
(ADAPTED FROM SMITH,  1979).

. "y




.SCHEMATIC SHOWING PARTITIONING OF THE ELEMENTS AND
DEVELOPMENT OF FLY ASH IN COAL BURNING EFACILITIES.
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COMBUSTION CHAMBER
(1550 DEGREES C) . °*
—p. LITHOPHILE ELEMENTS
REMOVED AS SLAG
~“(GROUP I)
FORMATION ‘ ,_
OF FLY ASH -
(VARIQUS MECHANISMS)
+

VOLATILIZATION OF
CHALCOPHILE ELEMENTS -
(GROUP II)

s TEMPERATURE DECREASE '
(APPROX. 130 DEGREES C)

- L]

OXIDATION OF
VOLATILIZED COMPOUNDS
(GROUP II)

COAGULATION AND CONDENSATION
ONTO ENTRAINED
Fey ASH ‘

a

HIGHLY VOLATILE COMPOUNDS
CONTINUE IN GAS PHASE
- (GROUP 11I1I)

- . -

" STACK'
(EMITTED TO ATMOSPHERE)
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potentially harmful trace el;nenta associated with coal are
vola£ilized undér the conditions of coal combustion combine
fo impart e—;fdangérous” character to fly ash, t; wit,
potentially harmful elements are prefareniially concentrated
on the surface of the smallest sizgd fly 'ash. Simply,
volatilized compounds will condense on the surfaces of
partiéles with the highest surface area to volume ratios,
i.e., the smallest paftic;es (a fact of particle physics).
This is best illustra%ed Py looking at the concentrations of
the various elements of ;ize classifie; (sorted) fly ash aﬁ

well as concentrations changes from the surface towards the

'centef of the particles, i.e.,  distribution within the

F

sample.

Natusdﬁ_gﬁ al,y (1974) determined the concentrations of a
, ‘ . \

number of elements on size classified fly ash. They found

‘ that for particles of 74 microns and greater, those easily

retained in  the plant by cleaning devises, the

concentrations of the elements (in ppm) were Zn (500), As’

(180), Se, (<12), Cd (<10), 8b (1.5) and Pb (140) while the
concentrations of thd same elements on particles 1-2 -1cron;
in sige, ﬂhose ;séaping to the atmosphere, wereuZn'(l3000),
As (1700), Se.(59), Cd (35), Sb (53) and Pb (1600). Coles,
et al., (1979)'_g$a-§ned trace élenent enrichlenk ratios
'(relative to Ce, which remained oconstant in all 'l1;0

~

.2 ' .
fractions) for Zn, As, Se, Cd, Sb, and Pb in size classified

}1y ash and found that the larger particles- (1B.S5 iiorgnl)

N >
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)

had trace elélent concentrations’ consistent with the

_immobile ele-qpts (approximately 1:1). Smaller particles

(2.4 microns), however, had enrichment ratios ranging from a:G -

low 6f 4.7x for Cd to a high of 28x.in the case of Se.
>
The relationship between - particle size and element
concentrations as a function of locatipon within a power
plant was shown by Kaakinen, et al, (1975). He plotted
enr;cynent‘ratios (relative to Al) as a function of dist;qce
.fro- the combustion source, i.g.. BA ;> MA <> PA ->'P0‘-> 80
(set Fig. VI-1 for sample locations). This sequence wo&lq
also répregent decreasing particle size. Enrichient ratios
fo; Pb, As, Zn and 8Sb were <1 for +the BA and MA but
iﬁcrea;ed rapidly-(>13 for PA,'PO anq SO with the largest
ratioa. >4, in the SO. . : - ‘
While overall ®race element ' concentrations incgeaae with
deéreasing particle size ther® appears to be a limiting
._aize, ?bove arfd below which /;here is relativel; little
variation. This relationship-is illustrated diagrammatically
in F;zufd y1—3. The.ﬁlilitinz size lied somewhere betweeA 1
and 10 micrpns (Campbell, et al, 1978; Smith, et &l, 1979).
' .Smith, et al, (1979) ' places this oritical Q}ize..at

, approximately 3.0 microns noting that v;rtuilly to change in

chemistry -is observed in particles with diameters below 1

micron and onl) slight changes ‘are detected on particles
. ‘ - .

P

greater than 10 microns in diameter.

[ 1]
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FIGURE VI-3 RO
- - . L. . t R

SCHEMATIC SHOWING THE RELATIONSHIP BETWEEN PARTICLE .
SIZE AND TRACE  ELEMENT CONCENTRATION  FOR —
PARTICULATE MATTER COLLECTED FROM A GOAL BURNING .
FACILI Y ‘(FLY ASH). CONCENTRATIONS OF THE TRACE ‘
ELEMEN INCREASES DRAMATICALLY  ON PARTICLES <10
chnons IN DIAMETER. BELOW.1 MICRON THERE IS LITTLE
CHANGE. _ \

(ADAPTED FROM SMITH, ET AL, 1975)

F Vi-4

SCHEMATIC SHOWING THE CONCENTRATIOH OF TRACE
ELEMENTS AS A FUNCTION OF DEPTH BELOW THE ‘SURFACE

FOR ' PARTICULATE MATTER (FLY ASH) FROM A COAL S
BURNINQ POWER PLANT. THE MAJORITY OF THE TRACE
ELEMENTS ARE CONCENTRATED IN THE UPPER 500
ANGSTROMS OF THE PARTICLR. -

(ADAPTED FROM LINTON, ET AL, 19I§)‘_”mu“'
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. FIGURE VI-3
(ADAPTED FROM SMITH, 1975)
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The concentrations of various .elements as a function of
depth below the surface of the fly ash wai investigated by
Linton, et al, (1976). They found a dramatic decrease in the ®
i concentrations of surface predominant elements with dipth
(F%gure VI-4). In fact, the bulk ‘of most of the elements
discussed was contained in the outer 500 Anzstr&nl of the
surface and as much as 80% of some of the elements were

concentrated in the upper 1000 Angstroms.

'Furfher evidence of increased concentrations of trace

o

‘ elements with decriz;}ng size comes from enrichment ratios

’ as a fu}xction of specific surface area (surface area _ to
1

volume ratio). Kaakinen, et al, (1975) found, that

enrichment ratios. for the elements 2Zn, As, Sb and Pb

* .increased as the. specific surface area of the particles
increased (i.e:, with ﬂpcrealing size) from <1 to >5 mi/g.
The larger 'pattiélel; for example material collected in the
BA and MA had ratioé of 0.38x and 1.27x respectively and
represented the largest particles (lo;est;specific surface
area) while PA, 3.07x and PO, 4.8x had “the largest
enrichment ratios and repre:ﬁgted the swallesat particles:

(largest specific surface area). .
: < . . -

-

The bottom line ...7. particles which are emitted from coal

combustion facilities (<3 microns) carry with them unusually
'

high concentrations of potentially harmful trace ;Ionontl as '

.
k] [ 4]




surface coatings. The high speciffc surface area of the
particles provide an: immense potentially reactive surface
- area once the particles have found their way into the

&

» environment. « »

—
L J

VI.8 -HEALTH CONSIDERATIONS

. " The same particles which penetrate emission control-devices
also penetrate the farthest into thé human respiratory
syE?Zi when inhaled. . The amount of “inhaled material
retained in themv;rious areas of the respirator{ system is
determined by the size of the particles.
Figure VI-5 (adapted fro; Natusch, et' al, 1974) »;hows the
depositional ;fficiencies (i deposited) as a function of
particle diameter for the three major areas of the
respira ofy s;ste-: pulmonary (P); tracheobronchial (T); and
. nasophai}hgeal (N). The nasopharyngeal afeq is very
M efflciént;at removing particles larger than 10 microns and
w£}1 evég . filter,. from inhaled air, the majority of
particulates in the 3. micron range. - The tracheog}onchial
region can remove a maximum of 35X of the particulates as

4

. small as 0-.01 micron. Material deposited in’ these two areas
is passed qq}ckly (within hours) to th; pharynx via cilia
action and then to the stomach (by swallowing). Only 5%-15%
of tho~tr.oe'élenegtt .;sooilged with the inh;LQd’particlel

is absorbed into the *glood throuih sthe stomach wall




FIGURE VI-5

GRAPH SHOWING THE PERCENT OF INHALED PARTICULATES-
RETAINED (DEPOSITIONAL EFFICIENCIES) IN THE VARIOUS
AREAS OF THE RESPIRATORY SYSTEM AS A FUNCTION OF-
PARTILE SIZE:» -
N - NASOPHARYNGEAL, '

T - TRACHEOBRONCHIAL,

P - PULMONARY.

(ADAPTED FROM NATUSCH, 1974)
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(ADAPTED FROM NATUSCH, 1974)
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(NaEusch. et al, 1974; Piperno, 1975).

Tie pulnonggy fezion, however, io' cap;bie Aof_retainiﬁc
between 30X and 60X of the aub-aig;on sized particulates’
which are inhaled. Residence times in thil 'retion range
from weeks to years, during whie“ time p’a;tipulatet are in.
direct oontact with the alveolar nehbraneA which separates
the inhaled air{fro- the blood. Here, as much a; 803y (in
the case o} Pb) ;}“’the harmful trace elements agsociated
with the particuLatgP can‘ be absorbed into the biood; Iﬁ
additibn, many of the elements are - alaso cytotoxic to the
alveolar licrophage "which is responsible for‘detoxification

-

of the lungs against inhaled particlen, i.e., the danger is
s

twofold {Natusch, et 5;.,F_1974. Piperno, 1975; Aranyi,
- 1979) .

i
VI.9 SUMMARY: A NEY JJRM

[t - N

It would appear from the above Hiscussian that Sll;llin‘ ﬁh?g‘
) buli zgocheni;try‘ of coal and/or fly ash collected {; ‘eo;l :
> burning facilities only in part 1dcnt1fy tho-anvirdﬁlgné:l
. hazards associated 'with co:} utilization for ﬁha followin:
reaisn, (ﬁatupoh, g&_gl"fsfi}; . o B
1. Bulk analyses qu:’{} ash célloc‘id by
eiission control devices underestisates

the amounts of‘ the: most toxic trace

eleiﬁntg . being Qlit}" to




\ :
‘lospherq .

The preferential cqnéentration and

&

~ .
surface predoainance of toxic trace
eleleﬂtl on subamicron siged fly ash
inérea;?ﬁ their potential- environmental

danger.

In addition, 100% of the potentially hsr-ful elenents found.
\ in coal are rfelehsed intao the environ‘ent in one form or
other (e.g., slag or fly ;sh) and all of this material is

—
-

potentially dangerous‘if not managed ﬁrqperly.
. ’
Given thev abéve, it is time to coin a new term which more
correctly identifies the environmental hazards associated
with coal’ utilization. -The "RELL ve Coal Qoncentr.tién
"(ECC)" of an ele-;nt is héreiﬂ de ed as "The tptal amount
"of a given element contained‘in all the coallcdnnu-ed in'a
‘itfn year”. This is, in effect, the sgount  of the element
which must be dealt with as waste dﬁe to coal utilization.

) - . | .
Obviously. this term has 'little meaning on a local qcile.
130.3'§or1d.averate. of . trace ,elctint. 1?' coal are guch

different than . for local and/or re:ional co.l‘depoaits. Far

~that reason it uould be convenient' to unliln‘an ECC value to.

each large coal deposit now. being mined as a lt}orciouroe of

fuel ocodal. These figures could be used to anticipate

environmental problems of vaste didposal as well as to




cy ' " 'Y i -
predict the*effects of increaled.ouir‘usaﬁo in a given area.

e.g., on a regional basis (I'n sure ' the Medical Sooiclo(ilt-

”

and Geographers could -fipd sqlo__interestin( correlations
between éiseasés. deaths and coql usage). Once these figures
weré_conpiled, not an awesome task in this dhe.of.conputers,
ind}vidugl coal purning facilities could easily assess their

cohtributipn to the waste problem by calculating their ‘own
. '/;'.

ECC “output based on tonnages of coal bugled from various

deposits. This index would cﬁ&nge with time as a fypction of

the types of coal burne#.

-~

»

For the U.S + Canada andf‘fﬁé-ﬁorld, ECC values have been

calculated for the elements Zni As, Se, Cd, 8Sb, Hg and Pb.

' Necessary variablea “are shoﬁﬁ' in Table VI-3. The tob of

.Table VI- 3alists the avera‘e concentrations of the elements

covered hene -and the ‘average penetration of ‘each through

b - L] -

enisaion control devicel (Bolton, et.al., 1976)' Shown at

.

the bottom of Table VI-3 are figures for ye.rly con-u-ption,

avera:d~aah content and total efficrency of anh ra-oval, as

O 3 - i Ly -

.
discussed earlier'in thig chapter. . P
‘ Il ‘ . 0 . . ‘...

. . L

L 3 . -

Calculations based ot tﬂ@ above figures sre shown in Table

L

vVI-4. Approxi-ately 1. 02x10' metric tonl qf ash are produccd

 4yea;1y 1n -the u.s. +c.nnga. Of thi-, >2.04x10¢ metric tons

are emitted to the at-osphero. The 2n+As+8.+Cd+Sb+8(+Pb

-ITotal BCC) smobilized yaarly-a- s result of ooal utilisotion

1n tha u.s. +Cnnnda .noﬁntn to _ 247,000 -otrio tons. Over

L4

. - . o . . Lo

- ) . . . e . ™ -
[P o . . . . o , S e PR STRY s LA s, o
T T S PRS- Tl L L N NP SO ST BRI 2 W WY Lo YR O N R 3 7y~ P

.’.




-

.

s .

%ﬁ' TERATIY LT
A L

+ U.S.+CANADA, YEARLY CONSUMPTION ..

-----——-—-—--——----—-—— - — - . G e P WD G Gw P WL R R R G GR R Gn WD R R e . e

- AVERAGE CONCENTRATION  AVERAGE PENETRATION
ELEMENT (PPM) .+ 1 (%)
Zn 35 . 5 |
As, ‘ 10 S 5 _‘
Se 3 30
cd 1 : - 5 i
‘Sb 1 . 5 '
Ha 0.2 ' 80 }
Pb 20 : 5 .

.6.808E+08 MET. TON.

' WORLD, YEARLY CONSUMPTION ......... 3.868E+09 MET. TON.
-AVERAGE ASH CONTENT ....... e 15% ' N
TOTAL EFFICIENCY OF ASH REMOVAL ...98% - ' <
3 AN
/ - -
. \ - ’ . . rd .
» - - - | :
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*TABLE VI-4
(SEE TEXT FOR EXPLANATION)

- e mm - e e e oo ot --m-- -——.——'-—.-'-'———.
U.s. +CANADA . WORLD
(METRIC TONNES).

ASH PRODUCED, YEARLY 1.021E+08 5. 801E+08
ASE 'EMITTED, YEARLY ~2.042E+08 1.160E+07

. EFFECTIVE COAL CONCENTRATION (ECC)

135,800
38,810
11,842
3,881 -
3,881
778
77,610
. TOTAL. . .. . 272,411
AMOUNT EMITTED TO THE ATHOSPHERE




-

. 0 -
3,000 metric tons of these same elements penetrate emission

control devices.

~

It bears pointing out that while these figures are ilportapt
to North‘ America, and the World, as a whole, they are
devagtating to the logaIMindustrial qreas_wherg the majority
.of the coal is consumed. One gtudy of Hg concentration in
the rear surface atmosphere has shown that approximately 100

times as much Hg is detected in the atmosphere near

industrial centers in éonparison.with rural areas (Biliings

and Matson, 1972).

-
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CHAPTER VII: OBSERVATIONS ON THE GEOCHEMISTRY OF COAL

r

-

.VII.1 INTRODUCTION .

This chapter is concérned' with two differgnt. but related,
subjects. The first of these deals with the relative
abundan®e of some of the elements in coal as compared to
6ther rock types as a function of the geochemical nature of
the elements. The seéond topic addresses the problem of the
organic/inorganic affinities of the elements. Some of the
present available data on opzanic/inorzanig affinities is
here interpreted on the basis of the physico-chemical
characteristics of the elements in some detail, and some new
conclusions are presentedl This is not intended to be a
definitive statement as to the orzan%e/inorsgnié affiﬁitiel——
of the elements, but rather offers some food for thought. -
The ideas that some elements are enriched in coals and tﬁat
there are sone- elements which "prefer” the organic 5r
inorganic fractions of coals are hardly new. The fact that
some elements are enriched in coal ash relative to the crust
of the Earth and that cert; elements show a preference for

LA 4

the organic/inorganic . fraction in coal was postulated by
V.M.Goldschmidt some 50 years ago (Goldschmidt, 1935). In
his work 6n "Rare BlQ-ants in Coal Ashes" Goldschmidt qite-‘
similar works: from some 50 years prior to his own. These ’

original works sparked renewed interest in the subjéct of

~ 196
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coal geochemistry as the "organic rock” became increasingly
important as a source of fuel. Recent works in coal
geochemistry have attempted to characterize the occurrence

and distribution of the elements in coals fron.various

standpoints.

Naeval (1981) points out the extreme variability of elenehts
in coal, noting that characterization is difficult within
seams'froq a siﬁzle Aeposit, let alone between deposits from
different areas. Nicholls (1968) determined organic/
inorganic affinities (from float/sink data) f;r a number of
élenents ahd conclﬁded that the mechanisas re;ponsible for
concentrating an element vary with lécation. Zubovic (1961,
1966a) fLund (1) ihat the distribution oﬁ some elenénts, at

the edges of or toﬁstds the interior of hAziven deposit, was

a function of proximity to the source area, (2) that the

lithology of the s8ource area (igneous vs8 second order -

sedimentary) was a coﬁtributing factor in the avaiiabiiity‘

of certain elenents't6 the coal swamp (Zubo&ic, 1961) and

(3) that the physical - .and chemical character (ionic

potential) of the elements in question were instrumental in

their organic/inorganic affinities (Zubovic, 1966b). Sawyer
and Griff}th {1983) also noted the importance of source area
\1n’oontrqilin¢ the distribution’of minéexral matter in_peats.
Kﬁhn, etat., (19%0) and Gluskoter (1875) h;;e also conpiied
data on organic/inorganic affinities . of sone~e1e-ent- in

coals from different localities.” Rao and Gluskoter (1976)

-
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* A .
determined quantitatively the mwmajor and trace minerals

asgsociated with Illinoisadqcoals. Gluskoter et al., (1977)
determined that those elements assocjated with the orzagié ’
fraction of coals exhibit less variability ‘while “tRe
inorganically combined elements showed thé largest ranges in
concentrations. Ruch, et al., . (1972) conducted a similar
study as that éf Glusk?tef et al., (1977) with similar
results., Qualitative and quantitative identification of tge
mineral matter in low temperaturel(rhdio ftequency, <150°C) é
coal ash has been reported_  by™ Gluskoter (196%), Eatep et ) f§
al.,. (1968), O’Gorman Lnd Walker (1971), Frazer ang Belcher &
(1972), Painter et al., (1978) and Miller et al., (1979). '552
The affects of high temperature ashing {150°-1400¢.C) on the
mineral matter in coal# was reported by Mitchellh and
Gluskoter‘(1976) and Gluskoter (1975). Kuhn (1986), Rao and "
Gluskoteri (1976) " and Gluskoger et al., (1977) havq'v '  2
correlated trace elenent data with individual maineral phaing”%F‘;

in coal.

: PR
Probably the most common single premise shared by all of: tpgﬁ’

above works is that the geochemistry <of coal is extrquiy y
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ViIi.2 TﬁB:RBLATIVB ABUND OF THE GEOCHEMICAL ELEMENTS IN
COAL VS OTHER ROC! TYPES. ‘ ) ,

)
' -~
.

. »
VIiI.2.1 INTRODUCTION *

‘ye

" In this gection data on the relative abundance.wqf 38‘

elements (those for which data was available in all sample

types conpa}edl in the Utah and Wyoming coals, and typical

~

crustal and basaltic rocks are compared. When the various -

combinations of these data sets are graphed some interesting

t:gnde are noted. Surprisingly enough, the resulting graphs
do not appear sigpificantiy different th;h if the absolufe
ébundanées of the ele-entf were _plottedf The geochemical
nature éf the elements in questi;n. i. e;. the clasl of the
elelent. e. g.. litﬂgphileu chalcophile* etc., determines, to
a larle.extenp, the position of the element in the following
plots. Tpere is a rough separation of the, elements when
presented in tHis manner. ) \
) “ .

L
-

It should be emphasized that in the following graphs only
ﬁhé religive abundance'of thg same 38 elements are plotéed
so thdt oo-parilons, i.e., cﬁanze-. are easily recognizable.
The no-t abundant ple-ent in each ata 'et, is assigned the
(slue of 038-and the lé;lt abuAQ:nt_giepent 1: given the
vnluo of #1. ,For- exu-ple. in 'Fit&re VII-1,A- (baiilt vs

-

cru-t) Al is- the most abundant ‘element .in each Jock type

&

(L4ei, #38§and Se is the lesst abundant (i.e., #1). The

t -




™~

-gegmented line represents the ratio 1:1, correlation

. coefficients (R) are given at the tqg Q} each graph. Figures
S

V&i-1, A and B preient data for lik§ lithologies: basalt vs
. - *
‘crust (A) and Wyoming coal vs Utah coal (B). Figures VI1-2,
¢t A: and B and VII-3, A and B show data for “"mixed"

lithologies, coal vs crust/basalt. :;‘ "~ )

The following elements, shown in each graph, are here 1i;ted

'accofﬁind to their most likely geochesmical clasi roughly in
order of decreasing relative abundanrce’ as shown in Figure

—~
[

VII-1,A:

’ .
. ' )

Chalcophile; S, Cu, Zn,; Ga, Pb, As, Sb, Se
Siderophile; Fe, N;, Co, Mo

- ' . Lithophile; Al, .Cd, Mg, Na, Ti; Mn,.Sr, Ba, V,
. . Cr N Zr, Ce.. .Rb' Sc r Nd} L& q.l s.' Th.
- -—w - Yb,'Br’ Hf, C.' u, Eu. Tb,_Lu

-

-
-

] — "
.

{ X * , «
. ' ‘Many of ., the angg ele-ents fisg into -ore than one category,
e.8., Mo . has a stron¢ chalcophil\ tendency even though it -is
_11qted ~as‘ a uiderqphile ele-ents. These types of overlap-
. will be . useful in describinz the ano‘aliel in . the follouinl'
zraphs. . .
VII.2.2 COMPARISONS OF LIKE LITHOLOGIES
. Fithre VII-1, A shows the plot of the relative abundance of

the elements in typical crust and typical basalt (data fros
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FIGURE VII-1

GRAPHS SHOWING THE RELATIVE ABUNDANCES OF 38 ELEMENTS IN
TYPICAL BASALTIC AND &RUSTAL MATERIAL (A)(DATA FROM - ®
- KRAUSEKOPF, 1867) AND BOTH THE COALS FROM THIS STUDY (B)
(FOR EXAMPLE, AL IS THE MOST ABUNDANT ELEMENT 1IN BOTH
BASALT AND CRUST, THEREFORE IT IS #38 WHILE SE IS THE
LEAST ABUNDANT AND IS #1). CORRBEiIION COEFFICIENTS ARE
I.B.

SHOWN AT THE TOP OF EACH GRAP THE DIAGONAL LINE
REPRESENTS THE RELATIONSHIP 1:1, THE SAME ' RELATIVE

ABUNDANCE IN BGTH DATA SETS.
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Krauskopf, 1967). Axgreement between the data sets is very
good (R=0.879) indicating that the re}g;ive abundance of
thess eleieqts is very similar in the two rock types.
Furthermore, the positions of the elg-ents in the graph do
not apﬁear to be a function of their geochemical class. That
is, the chalgophilc élé-ents are distributed fﬁrouzhout the{
dat; points ranging from a high position for S to Se, the
least abundant in e}ther rock type. The same is true for éhe

siderophile and lithophile elements.

.
»

As might be expected, similar good correlation (R=0.964) is
observed éhen comparing the two coals (Figure VII-i, B).”~
Correl&tion for the coal data is better towards the high and
.low ends of the graph and less so towards the nmiddle (more
scatter);>lntepe-tin¢1y enough, the scatter of data points
in the central part of the graph is due to geochemically
similar elements. Cobalt and Ni (lidQ!Ophi%é) and Cu, Zn and
Se (chalcophile) have shifted towards the Wyoming coal axis
while Cr, Ce, La and Nd (lithophile) are Wore prominent in
the Utak coal (note: Ce, La and Nd ‘form a zecchén}cally
oohgrent trio). '

[N
The most obvious difference, based on the geochemical nature

of the elements, between basalt vs crust and coal vs coal is
the shift in the positions of the chtléophilo'elonontl

o

(Figure VII-1, A and B). SUL?ur moves froa approximately

position #28 in both rocks to #38 and #37 in the Utah and




Hjonin: Coals, respectively. Selenium makes a similarly
large move from ponition #1 in. both rocks to_approximately
#15 in both coals and As goes from around #10 to near #20.
The majority of the other -chalcophile elements show similar,
but lesser, shifts gith one exception, Ga. Galiiun makes no
move at - all, possibly a function of the tendency of this
metal to follow Al in éhe ;ediientary cycle.
Y _ .

Other shifts are due, in part, to elements being displaced

by the chalcophile elements. Sonme, however, are real. For

example, Mo moves up the order considqrably in"ihe coals vs .

crust and basalt and this is likely due to the.p;zti;l
chalcophile nature of this element. conversely, Rb drops in
the order when going from rock " to coal. This change would
probibly mimic a similar.shift in k. unfostunately data on K

is mot available for comparison.

7

VII.2.3 COAL VS ROCK

Plots of the relative abundance of the elements for the Utah
coal vs basalt/crust-are shown in Fizure‘VII—Z, A and é.and
for the Wyoming coal vs basalt/crust in Figure VII-3{ A and
B.  In addition .to an overall drop in correlation between the
various data sets (R values) there are IOIO'IiIillritiél
which logically result from ocomparing datf -et{}which have

shown high correlation with each other.

»
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FIGURE VII-2

»

GRAPHS SHOWING THE RBLATfVE ABUNDANCE OF 38 ELEMENTS IN_ .

UTAH COAL FROM THIS STUDY COMPARED TO TYPICAL CRUSTAL
(A) AND BASALTIC (B) MATERIAL (ROCK DATA FROM KRAUSKOPF,
.1967). CORRELATION CROFFICIENTS ARE SHOWN AT THE TOP OF
EACH . GRAPH. THE DIAGONAL LINB REPRESENTS THE
RELATIONSHIP 1:1, I.E., THE SAME RELATIVE ABUNDANCE IN

BOTH DATA SETS.
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FIGURE VII-3

GRAPHS. SHOWING THE RELATIVE ABUNDANCE OF 38 ELEMENTS IN
WYOMING COAL FROM THIS STUDY COMPARED TO TYPICAL CRUSTAL
(A) AND BASALTIC (B) MATERIAL (ROCK DATA FROM KRAUSKOPF,
1967) . - CORRELATION CEOFFICIENTS ARE SHOWN AT THE TOP OF
EACH GRAPH. THE DIAGONAL LINE REPRESENTS THE
RELATIONSHIP 1:1,#I.E., THE SAME RELATIVE ABUNDANCE' IN

- BOTH DATA SETS.




WYOMING COAL

“WYOMING COAL

’,

WYQ COAL VS CRUST:. RELATIVE ABUNDANC
("( R e 08818) : -
* <
. A
3% 4 MG ,E‘L
A
30 -+ - SRB‘
ZR/ N . .
. Ccu °
28 N v
pg ° g h .
20 A 3 ok T
Ga CE N
SE
14 LAND
BR ke "
sSC
10 « MO ™
J cs,, M
s <8 - "
LU\‘}8
0 Y‘ R S ﬁ: ] T T T
(o] 10 20 30 40
CRUST “
. P
’
WYO COAL VS BASALT: RELATIVE ABUNDANCE
(R = 09070) -
© °

JSJ

"o
28
20 -

s -

10

v
S8

- .

F8

g1




20

LN
-

The scatter of the points for the Utah coal vQ crust and the
- Wyoming coal vs crust are virtually ggentlcal, as are those
for either coal vs basalt. For that matter all 4 of the

graphs in Figufes VII-2 and VII-3 are very similar. .

The loqq{ obvious difference when comparing either coal to
‘eithe; rock and/or similarity. whén comaparing both coals to
both fock; is the shift of thé chalcophile elements towards
the 'coal axis of the graph. A more subtl; difference
involves a shiét of the majority of the lithophile elements
t?wards the rock axig. Neither of these patterns is noticed
ﬁhen co-pﬁring rock to rock or coal to coal. In effect,
thege p;tterns represent a separation of the elements

- "

according to their geochemical character.

VII.2.4 SUMMARY . ]

‘ I
The above descriptions show that the reiativd abundances of
the elements in two diffore;t rock types as well as between
two different coals are very similar. In addition, the
elements shown do not show a.preferenc§ for one or the other

~of the data sets when %ike materials are co-pafed. ﬁowever,‘

‘obvious separation pf the elements results W“hen comparing
coal to rock. In addition, many trends .in the plo£.~ can be’

- R explained on the basis of geochemical similarities, as,

between pairs of‘elo-ents.




VII.3 ORGANIC/INORGANIC AFFINITIES OF THE RLEMENTS IN COAL

VII.3.1 INTRODUCTION

Where/how the various metals feside in coal has 1long been a
question of major importance to the chemist, geochemist and
process engineer. It remains largely unanswered, or at best
highly speculative. This is owing, mainly, to the difficulty
invoived in isolating and examining metal-organic complexes
found in coals. In this section existing data regarding
organic/inorganic affinities of the elements will be used to
predict the conditions under which a given metal might show
a marked preference for one phase or the other. The-
following predictions. are based on limited observations but
many of the conclusions drawn here appear valid. In ;any

caseg the present‘postulate is born out with a high degree

—~—
~ v

of certainty, to wit, the organic/inorganic affinity of a
metal is iarzely predictable based on the'oxidbt;on'ltate of
the metal at the time it is introduced 4into the peat/coal
'eqyiron-ent. In other words, a given metal cannot be
~con§ider;d as having a high organic or inorganic affinity
throughout a range. of different oxidation states, rather,
each oxidation state of the metal must be looked at

separately. This has not been the case in the recent

literature.

¥

The oxidation state of the  metal - controls the 1Ionic




Potential (IP:char:e/radius).' which is the parameter used
here to describe the physico-chemical mature of the element
at the time of emplacement. This view is ‘oversi-plified, as
other characteristicas, e.g., anion affinity (andladsor

electronegativity in the case of some of the nonmetals.

-

discussed) are‘obv?oualy important’ . .

/ a
rd
- ’

rd

By way of introduction, Figures VII-4 and VII-5, A and B are

shown to describe the relationships between oxidation state

(CHG) and ionic radius ({RAD) (data from Greenﬁooé_aﬁd-
Earnshaw, 1984). Figure VII-4 shows RAD and CHG'vdlqes for

all the elementsa detected inl-coals from this study. EacW

"point” on the ‘graph repreaents an element with* that

combination of RAD and CHG. The. columns of points show Qil

the elements with the same CHG. The "N" values at the top‘of

each column indicate tﬁe nunbe£ of individual po}nts in the

column and the symbol "<>" .shows the average for each

column. Thg‘seg-ented line describes the relationqhip>of

‘:IP=CHG/RAD=0.05 (the siznifiéance of which is éorthc;ling{.'
As shown, 45 points have IP. <0.05 and 45 have 1IP >0.05.

'Numerous observations can be made from Figure VII-4:

(1) +3 is the most common oxidation stat§ fo; the

e d

elements sh&ﬁn (the mode).
(2) No eleament 17 the +1 or +2 oxidation state has an
IP >0.085. i

(3) No elemernit in'the +85, +8 or +7 oxidatiOnistate'has

an IP <0.05. , N

211

i .




FIGURE VII-4 7

GRAPH OF THE - IONIC POTENTIALS (CHARGE/RADIUS) OF THE

ELEMENTS DETECTED IN BOTH COALS FROM - THIS STUDY. EACH ,
"DOT" REPRESENTS ~ AN ELEMENT - WITH THAT COMBINATION OF

CHARGE AND RADIUS. "N" VALUES SHOW THE NUMBER OF

INDIVIDUALS IN EACH COLUMN, I.E., OXIDATION STATE. "<°"

SHOWS THE MEAN RADII FOR EACH COLUMN. THE SOLID LINE

REPRESENTS..THE RELATIONSHIP IP=0.05, 45 INDIVIDUALS HAVE,

IP<0.03 AND 45 HAVE IP>0.05.
. 2
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FIGURE VII-5 P
=

A - GRAPH OF THE IONIC RADII VS IONIC POTENTIALS OF THR
ELEMENTS DETECPED IN BQTH COALS FROM THIS 'WORE. THE
VARIOUS SYMBOLS CONNECT ELEMENTS OF LIKE CHARGE, E.G.,
THE "BOXES” CONNECT THOSE ELEMENTS WITH AN OXIDATION °
STATE OF +1, ETC.

B - GRAPH OF THE OXIDATION STATES VS IONIC POTENTIALS OF
THE ELEMENTS DETECTED IN BOTH. COALS FROM THIS WORK.
SYMBOLS ARE THE SAME AS FOR FIGURE VII-4.
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i (4) Elements in the +3 ¥nd +4 oxidation state strtdale
c. ,  .the TP=0.05 lipe. - .
$(5) ?here is ‘an ohvious exponential relationship
between the mean values of each oxidation state
(an ob;ious‘ reault of the way the 19nio‘raéiua
decreases with increasing e%harze crossing the
: periodic table).
z The graphs in Figure VII-5, A and B will fuéther illustrate
\\¥h§ relationships between IP, CHG and RAD. Figure VII-5, A
shows how IP changes as a fﬁnctio# 9? Rép-féf given values.
of CHG (points of like charge are lahefza'gt tg;gtog o{4esch:
qfiph and are represented by like sy-bals,‘etg., &dt; points
for +1  oxidation states are shown as "boxes” and are all
- °  connected. thiq plot shows that the IP of thé elements
increassn with &ecfeasing RAD. The reverse is true when CHG
is plotted against IP, as the CHG increases so d;es the IP,

shown in Figure ‘VII-5, B (symbols in Figure VII-S5, B are
the same as for Figpre' ViI-4). Both these graphs merely
degcribe the relationship IP=CQG/ﬁAD. |
One premise shared by the majority of the lgspratgfe-is that
the geochemistry of qos; is extremely variable. The"
congentrations of some- elements vary by orders of magnitude
within a given seanm and conpnrisons between various coals

show even f;rcer variations. _Thes‘b di(&eroncol are not

surprising considering the complex nature of coal formation

o ' Qﬁd the vastly different mineral ocontents (ash). It is,




however? disturbing to find that so many of the elements
studied are evidently cont;ined in the organic fraction of
‘one.coal Jbut the inorganic fraction of another coai.'That
is, while t.l}e lists of relative org‘ic/inorganic affinities
sh;w rough éorrelation between differeﬁt coals from
different studies there ané always major discrepancies.

" Furthermore, the elements exhibiting the largest

variabilities are the same in many studies while others are

Pl

surprisinzlf oconsistent. For example, As and 2Zn are
vi%@uallyvalwayé found in the inorganic fraction of a ocoal
wﬁif%i Gg%svgg“anég.Be ‘are typically associated with the
organic:;‘éiiggzon, ’:;zgrdleas of the coal studied.
Conversely, elements like V and &o ranzeqfro- 100% organic
to 100% inorganic affinity within a single coal seam
depending on the sample being analyzed, other elements
exhibit lesser variabilities. Table VII-1 shows the resglta
of stu@ies of organic/inorganic affinity for 7 different

coals. °

Obviously, ohe- major factor: _in the organic/inorganic
affinity of any element is the stability o('the qrzanic
complex vs the common -;neral phas;(l) 1t'foris.'Virtually
all of the elanéhts show some organic affinity but thi, does
not necessarily imply that the metal is complexed in an

organic molecule. Many elements are merely absorbed on the

durface of the organic substrate ‘while others are contained .

in ' inorganic phases too small ;nd/or finely disseminated to

217
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TABLE VIi-1
msn:nnmsxngmnmuw FREEEEERTREZRES
TABLE OF ORGANIC/INORGAMIC AFFINITIES OF SQME ELEMENTS IN COAL.
SLUSKOTER | JUBOVIC ! HORTON % AUBREY NICHOLLS
Loig2 403 & L (1086 (1 OR6.) !
B/O 1 6e/0 ! 6e/0 :6e/0 ! Ge (B7)/0 : Ge  (100) /0 ! - |
Ge/0 : 6a/M0 B /0 8B /0 : Be (B2I/JQ W (100) /M0 ¢ B — ORBANIC N
Be/0 : Be/0 ! P /M0 : Be/s0 | Ga {79)/MD : B (75-100) /0 T
. Ti/MG ¢ Ti/m0 ! Bes0 : Sb/MQ : Ty (78)/M8 ! Be (75-100) /0 : Ga] USUALLY E
Ba/M0 : Sb/MG : Sh/mMD 1V /MO LB 177)/0 ! Ba (7S-100) /M0 . e} ORSANIC R
PNCG : Co/Ml : Ti/mQ : Mo/l 'V (761/M0 : T (75-100) /W0 ! Mo - N
v /%0 ' P /N0 . Co/Ml . Ba/MG i N1 (STI/MI : Mo (50~7%) /1 ¢ 3
Cr/Ml . Mm/N] : Se/Ml ¢ P /MO ! Cr (SS)/M1 ¢y (0-75) /W] ! Cu) USUALLY )
Sb/M0 & Cu/Rl : 6a/M0 : Se/MI : Co (S31/M1 i Cr (0-100) /M1 WMy InORGMNIC | )
Se/Ml ! Se/Ml 1V M L N/ML LY (53)/4 ! In (50 /1 | As A
CosMl ) Cr/ML } Mu/MI i Cr/Ml : Mo (4011  Co 125-50) /NI o T
Cured_ma/1 | Pbs/1 : Co/Ml  Cu (34)/M] : Cu {25-50) /A1 ! 3
‘ Ni/BL G In/1 4 Cu/ME ¢ Cu/NI i%BR (271/% ¢ Sa (0) /¢ ¢ My
5 dn/b LI/ Egsl  To/M0 o LaTI3) /e ! In
Iril V0V IR0 Tr/Y ) Ied 4 I 1OY 7D oLu [ MADNLY
Mo/l i Mo/l i Cr/ml: PB/I : o v SPB ] INOREMMIC
Ca/I> } PO/1 | Mo/l ! Ma/l ! ! : Co
Hg/l ¢ Hg/l ' As/l | As/1 : v Cr
Pb/1 3 As/l | Mo/l Ca/f : Py
/1o T2 S U V5 B : .. ! Bl
As/1 VIn/lod Hg/l ; -
BLUSKOTER: DATA FROM FOUR DIFFERENT COALS; . : ]
0" - ORSAMIC
*N0* - PMOSTLY ORGANIC : DESIGMATIONS PROPOSED BY
*Mi® - MOSTLY INORSANIC BLUSKOTER (1975)
*1* - INGREANIC
- 1UBOVIC (1960, 1961)r 1 ORGANIC AFFINITY CQMPILED FROM DATA ON 13 EASTERN INTERIOR
' REGION COALS.
HORTON AND AUBREY (1950): DATA FROM THREE VITRAIN SAMPLES.
SR

NICHOLLS (1968): DATA ON COALS FROM VARIOUS LOCATIONS. o ’

¢ - ELEMENTS NQT DETERMIMED BY GLUSKOTER.
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be removed by common separation techniques (i.e., float
sink). In addition,’ the density of the inorganic phase,
e.g£.9 sulfide vs clay, will affect calculations of

organic/inorganic affinity for finely disseminated material.

Other -elements are structurally bound within'\orzanic
‘complexes, and stability series for metal chelatep have been

deterained for univalent, divalent and trivalent metals

(Basolo and Pearson, 1958). These trends roughly parallel .

the organic affinities observed 1in coals (Zubovic, i966b).
Apparenggy, the tipe of organic ligand (e.g.,
bidendate/quadridendate) does, not‘siznificantly‘chanze the
stability series for a given set .of metals ) (ﬂellor and
Maley, 1948). .

Whether or §;;k a given metal resides in a mineral phase—or
an organic complex 1in the coal 1is a function of the
difference in the stability (dissociati;n constant) betyeen
" the two. Elements with large IP (large charge and emall
ionic radii) Are favored in the organic conple;e:. As shown
by Zﬁbovic (1966b), there is agreement between the relative:
organic affinity and .IP for the specific oxidation states of

the 13 elements he considered.

Ionic potential (here calculated :1“ unit charge (+)/radius

in pm) can be used as a measure of the organic affinity, ’

i.e., organic chplate- favor. the smaller, -hixhly charged
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metals. This {8 similar to the way the IP of an element is
used to predict whether the element will form soluble
cations (IP<0.03), insoluble anions (IP>0.10) or be taken up
by the hyﬁrolysates {0.03<IP<0.10). The key variabie is the
oxidation state of the metal. As shown in Figures VII-4 and
VII-5 the IP increases substantially with increasing charge.
Base&"oA the work of Zubovic (1966b and 1976) and
calculations made here it appéars tha£ IP:0.0S‘ is an
approximate boundary  between elenent: e§hibitin¢ high
organic affinity (1P¥0.05) and * loﬁerl~orzanic wiffinity
(IP<0.05). That is, the higHer the If the lafzer:the orzanié
affinity and the lower the I% the 1srzer) the incorganic
’affinity: h . . . R S "

é -
The importance or..IP in deternid@iz. oFganic/inorzﬁnic.
affinities is a function of the number of oxidation‘states
common to a given -element in near surface conditions (Lnd
within the conditions of diagenesis, coalification). For
purposes of discussion, this -:work assunes-.that all the
éo;;on ox{daéion states of the elglentsd in question are
péﬂhiblé'at gsome time in the peat --> Ggoal --> post-coal
depositional environments. This is ‘not an junreanonsble
assumption, Allen and ' VanderSande _(1583) have 1dqﬁ§ifled
oxides, sulfates and sulfides of Fe witbin <100 microns

separation in fresh coal, hardly an equilibrium cbnﬁition.

The data in the folloging section is pres;nted with the
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elements ‘grouped in two ways: according to ¢eqche-16q1

nature (chalcophile, etc.); and according to the nuaber of

‘common oxidation states (1, 2, etc.). In each of the

following graphs the two dashed 1lines represent ‘the
boundaries IP=z0.03 and IP:O.IO.. elements with IP<0.03 form
soluble cati;ns those with IP>0.10 form ih-oluble anions and
elements with IP falling between these limits are commonly
associated with the hydrglysates. The solid line in each
zrapb representg .IP=0.05, - the .snazinary boundary *

{
separating elements with hxzh organic affinity (IP>O 05)

“from those with 1éw orgpqic affinity (IP<0 05). Data in the

'graphs marked - "(literature)”™ are taken' from céluin 1 of

Table VII-1 which lista the results of numerous . authors on
the organic/inorganic affinities of various eiepents.

o
r

VII.3.2 _THE ROLE OF.  IONIC POTENTIAL (IP) IN DETERMINING THE
ORGANIC/INORGANIC AFFINITY OF THE ELEMENTS

-

The calculated EP for ﬁhe elements in Taﬁle VII—l,'colunn 1
are plotted in figuré- -VI1I-6, A, B and C acco?dinx to the
number of common oxidation states. The data in Table VIiIi-1,
coluqn 1 are from Gluskoter (1875) and are representative of
the other data shown, ;1th obvious exceptions. The data in
Figurs VIi—G will bé used to examine th validity of the
premise that IP, and C’.herefore o:@idation stateg is a
oontrolling factor in determining the orzanic/inorxanic

affinfty of the elements. The elements will be. di-cu-.ed on

the bgsia of (1) those ‘ "always” _ showing high o?'.nic




FIGURE VII-6 'S _
GRAPHS OF THE IONIC POTENTIALS (CHARGE/RADIUS) OF SOME
ELEMENTS FOR WHICH THERE ARE DATA ON ORGANIC/INORGANIC
AFFINITIES.

THE ELEMENTS ARE SEPARATED ACCORDING TO. THE NUMBER OF
COMMON OXIDATION STATES: (A), TROSE OCCURRING IN ONLY
ONE OXIDATION STATE; (B) THOSE WITH TWO COMMON OXIDATION
STATES; (C) THOSE WHICH COMMONLY EXHIBIT >2 OXIDATION
STATES. THE ELEMENTS SHOWN ARE TAKEN FROM COLUMN 1 OF
TABLE VII-1 (DATA FROM GLUSKOTER, 1975).

DASHED LINES REPRESENT THE RELATIONSHIPS IP=0.03, BELOW
WHICH ELEMENTS TEND TO FORM SOLUBLE CATIONS, AND
IP=0.10, .-ABOVE WHICH - ELEMENTS TEND TO FORM INSOLUBLE
ANIONS. THE SOLID LINE DESCRIBES THR RELATIONSHIP
IP=0.05. ELEMENTS WITH .IP>0.05 TEND TO OCCUR IN THE
ORGANIC FRACTION OF COAL WHILE THOSE WITH IP<0.05 SROW A
HIGHER INORGANIC AFFINITY. ‘




™~ 3 .
) - P
.
«
N -
.- -
- - .
o
- LY
P
i ]
B
»
3
=]
<
- ]
o
- <
9
. .
.
- L. - N .
- E_EMENTS 7= 2 DxIDATON S7ATES .
L TERAt s
o
L L4 o -Cos /
’
t1e o S ® =008 .
7
4
~ 100 4 - / -
i ll » N
- b rd
-
> .
- -
~
- Q
« -
. L
. . o -
L3 - _
h t 4
°
.
-
* »
S g OTPATIIN StatD e 5.‘.
c -
. ELEMENTS WITH >2 OdDATIDN 3TATC3
ITERATURE )
- L -] - ' —.
; ] .
. ] ® = 503 !
/
‘'
L] . 0 cay ‘,
E (2] ” .
L3 o
) ’ 10 4 J
. ; / w -
< Ll g
< ] . " -] LR
. / N Vg
80 -4 [ < w0 ,’
v ! L0
! : / cm ' ,”'
. o ' cv - v -
* ) 50 4 p ” .
[ d
. ® =00 oo " '
rd
. ,' ’
| / i
. , )
. % . o= 4 £ - - v v
. ° b . v .8
- o-ronv;o-'svnr( (»}
.
.
. t .
.
. i (
. .
. . .




-
Y
* - -

affinities (B, Ge and Be), (2) those that,, qrémfalways"
associated with the inorganic fraction (Mn, Zr, Mo, Cd, Hg,

Pb, Zn and As) and (3) those exhibiting 1large variations

, - . -
between tﬁp two phases (Ti, Ga, P, V, Cr, Sh, Se, Co, Cu a?dJ

Ni). This lkter group can further be auﬁdivided into those

elements "usually”™ 1in organic combination (Ti, 6a, P, V and

bs and those "usually” found with the inorganic fraction’

(€e, Se, Co, Cu and Ni). In the following discuseion, the

IP's will be shown "in parentheses following the symbol of

~

*

’
the element. . .

The .élene;ts B, Ge and Be fenérally exhibit the highest
organic affinigies:r Of these, B and Be occur in only one
oxidatioh state. The IP of B': (0.11) is consistent with a
high organic affinity whilej Bet* (0.04) should--ffvor an
inorganic association. .The two oxidation states of Ce

straddlé the IP=0.05 line, bpt Get {0.08) is the common

oxidation state and would tend towards organic affinity.

For the elements which are comamonly associated Qi;h the
inorganic fraction of coals the amount of observed relative
organic affinity, in decreasing order, is, Hn&lr. Mo, Cd,
Hg, Pb, Zn and As (this order varies considbrailf from one
data set to another). For the most part the predicted
1nor¢‘nic affinity of these. ele-eﬁts: based on fP.

correlates well with the observed inorganic affinities. Two

of thesé eleientq that occur in only one oxidation 'tsto;
- 4 ]

- L]
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. cds ¢ {0.02) and Zn¢* (0.03), -are coﬁsistent with a high
inorganic affinity. Based on IP Zr4* (0.06) should exhibit a
higher orgaric affinity-fhan observed. The fact that Zr is
normally ‘present in the resistates {zircon) in the
aedi-egtary environment (i.e., not 1in socluble form) may
aocount for the unusually high inorganic aéfinityivTh; ézhér
elements in this group exist in more than one oxidation
state. The IP'foy both common oxidation: states of Hg, Hg!'*%
(0.01) and Hg?* (6.02), lie well within the area of high
inorganic affinity. Lead?* (0.02) should show ’higher
inorganic affinity than :be' (0.05) and both are common,
explﬁininz why Pb @ederally shows higher organic affinity
than Hg. Manganese?* (0.03),  Mn®* (0.05) and Mn** (0.08)
straddle the IP=0.05 line and, as expected, HD‘ is quiie
variable s.within the highly ingrzanic group. %Molybdenun

apbears anomalous at first glance, of its 4 common oxidation

states, Mo?* {0.04), Mos:* (0.06), Mos+ (0.08) and Mo"-

(06.10), three are well within the organic field. The

4

-.Lypically high inorganic affini&y'bf Mo;pfobsbix stems from

the fact that Mo*+ (the most ,connon>oxidation 'statg) forms

L]

the oxyanion nolybdqhate and{so is not frse to complex with

v .

the organics. Howevér, the relatively.higﬁ.qosition of Mo in

column 4 oof _Taﬁle. Vii-1, as well as its yariabiliiy

throughout the data sets, suggest tHat Mo®* phh Mo¢* are’

availabple to form organic complexes. Arsenic poses another -

. exception? for this group. Even thbugh As ¢6ngfitently1-shqws

. one .of

—

the hizhe’t inorganioc affinities its two common

223
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oxidation states, As?* (0.05) and_Aa" Sp.ll). fall at and
‘well within the organic field. Obviously, the =strong .
electronegative nature of As, especially in a reducing
(coal) environment, results in As?- being .complexed in an
inorsa;:c phase. o -
The middle group of eleleqts in column 1  of ~Table VII-1
exhibit large variabilities in organic/inorganio affinities.
This is not surprising considering that they all, except Ga,
exi;t in multiple oxidation stgtes* which straddle (or
,inpinze on), to some extent, the IP:OJOS' boundary. Asé
predicted, these ?lenenés shouid vary sups;antially in tﬁair

organic/inorganic affinities depending fbn their oxidation'

state at the time of being intrpduced tnto tbe peat/coal= v

PSS

setting. Unpredicted trends occur for Sb?- anu Se*~, as for

'As abovej - with Se¢* (0.08) favoring an organic affiliation.
fie abo _ .

The strong electropoﬁitive nature of Cré+, V8¢ and P¢** would-
lead to formation ﬁ; the inorganic .oxyhnionl,chrbi;te,

‘VQnadate " and " phosphate, ' respectively, while the lower
. [ N

oxidatioﬁ itateg .of each, Crat (0.07), Cr¢* (0.10), V3

(0.05), V4+ (0.07) and P3¢ (0n07) wbuld favor organic
conﬁléxes. The highest ox1dATidn ctates.o{ Cu?* (g.osx, Cos+
(6.05) and Ni¥* (0;65)fllé close to the'lé;0.0G boundary bg}
‘their lower okizziion state-; Cut*+ (0.03), Cur+ (6.01). 90"

1

. (0203) and Nize (o. 03) are-all within the inorganic field,

thus the obcervad tendoncy .of these metals to :gur in tho

1

inorganic pha.e.fcbnéer ¥y, ‘the lower qkidstion state of




' . B e

L 4

‘' i3+ (0.04) is close to the boundary while Ti¢* (0.07) lies
in* the iﬂoréanic figl& and this element favors the orzaniéi
phase. Finally, Ga?* (0.05) lies directly on the IP=0.05

t 3

line and 8% it exhibits a variable nature. -

[}

Ionic potentials for the elements detected in both cdiigJ

. L ad

from this study are sbown in Figure VII-7, A-F. The elements

- .

discussed above are also‘included in these graphs 8o it is

.,

not necessary .Y discuss‘ these data, again. It is
interéstinz, howefrer, to see the~éata grouped according to
.o -their' zeocﬂe-ical natures, i.e.; chalcophile, etc. The
lithophile elements are further subdivided on the bagis of
- the nunﬁér of oxidstion~sta£é; only for convenience/clarity

(there were too -ahy Iithophile elements for one grabh).

™ .

- ‘Ionic potentials for most of the chalcophile éle-enpa lie
near or below the IPz0.05 value. Only Se,ﬂSb, As and Sﬂiie

withfn the organic field of ' the graph (IP>0.05) and, ‘as
. .t .
‘discussed above, these elements generally form anions and so

e . .
. are not availableg to complex with organic 1ligands.

Therefore, it is not surprising that, as  a group, the

chalcophile ele‘gntl show relatjively ‘low gffinity for ﬁpe

or‘anfc fraction of coal (ex

t organic 8).

Of the siderophile elements, Mo shows a large variatiog in

- [

)

[} ' . N M
or‘snio?inortsnio .affinity owing to its many oxidation

a strbnz.ohalqophila

Ny ' s?atis and the fact that it also. has

- . » <




FIGURE VII-7 -

GRAPHS OF THE IOﬁIC POTENTIALS (CHARGE/RADIUS) OF THE
ELEMENTS DETECTED IN BOTH €OALS FROM THIS STUDY. THE
DASHED AND SOLID LINES ARE THE SAME AS iIN FIGURE VII-6.

THE ELEMENTS ARE SEPARATED ACCORDING TO THEIR
GEOCHEMICAL NATURE: (A), CHALCOPHILE; (B), SIDEROPHILE;
(C), (D), (E) AND (F), LITHOPHILE, FURTHER SUBDIVIDED BY
NUMBER OF COMMON OXIDATION STATES. ) )
. 8 -
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characier. The other siderophile elements are distincotly
inorganic, as expected, based on their -IP values. Some
inorganic tendencies are noted because Fe, .Co and Ni each
have— ond oxidation state which lies close~to the IP=0.05 -

line.

Data on the organic/inorganic affinities of the.majority of
ethe lithophiie elements are not available: The elements in
Figure VII-7, C-F, for which multiple data are available,

are discussed above, with the following exceptions.

-~

o —

Hofton and Aubrey (1950) deternin?d that Sn has_a 0% organic

B affinity while Zubovic et al., (1961) found Sn alsopiated
with the organic fraction of coal 27X of the time. Tin is
gimilar to elements such as S;\\end Ni, with 8Sn3+ (0.02)
falling well within the inorganic field and Sné+ (0.08)

lying close to the IP=0.05 line. This would account for the

mostly inorganic nature of Sn.

Nicholls (1968) observed that Ba?* S0.0I). Sr3+ (0.02) and
Lit+ (0.01) were "mainly inorganig” in nature, as would be
indicated by the fact that each elements exists in only one
oxidation state which lies well within the inorsuqio field.

‘.Brégar et al.: (1955) determined that U has an 85% organic

affinity. Uranium occur-.in 4 oxidation states that straddle

the IP=0.05 boundary.“i/ﬁith Cr, Mo and V, additional work




S

"will probably show large variations in its organic/inorganic

affinity.

..

Some generalizations can 'be made ' regarding the
organic/inorganic affinities of the other lithophile
elen;nts. The Alkali and Alkaline-earth elements, except Be,
have IP values which would predict a . large inorganic
affinity. These elements typically forn large s8oluble
cations (IP<0;03). Recent data by Miller and Givens (1987)
show that large amounts of Ca, Mg, Sr, Ba and Na, when
associated with organic matter in coal, are extractable with
1.0 N ;l-oniu- acetate.and are, therefore, probably present

a8 carboxylate salts. They also found that some of the Ti

and Al associated with organic matter was extractable by 1.0

N HCl. The majority or the Rare Eérth—eie-ents (those with
only one éxidqtion state, +3) should show little affinity
for the organic fraction of coal based on IP values. Not
only are the IP’s of these elements too small but they are

also takdn-up by hydrolysates.

L]
VII.4 SUMMARY

k
J

The organic/inorganic gffinity— of an element cannot bql

examined without fir#t qualifying the oxidation state of the

olonént. Elements yith large values of IP)0.05't66d towards

a higher organic affinity but. other considerations, e.g.,'

whether or not the .element forms oxyanions, if the element
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is only present in resistatl& (i.e., not as an aqueous
species) and what other mineral phases (e.g., hydrolysates)
are competing with the organic ligands, must be oonsiderod.
In most cases the above factors are controlled by the
oxidation state of the element and as this Jkr;;ble_ohanges'
so will the organic/jnorganic affinity of the element. In
general, the - smaller the IP of an‘elenent, the less it’i

A

organic affinity.

- The following general rules appear to apply: \
(1) For elements with only one oxidation state; "_Q&
-(A) If the IP of the element is substantially
larger than 0.05 it wi#ll exhibit high organic
affinity. ' '

(B) If the IP of the element is substantially
smaller than 0.05 it will exhihit a high
inorganic affinity.

(C) 1If the 1IP of the element lies close to 0.05
it- will exhibit variable organic/inorganic
affiniti. .

(2) For elements wite multiple oxidation states; -

(A) If the IP"s for all of the oxidation states

fall well within either the orgsnioc or
 inorg;n field the elemenit with exhibit a
high.‘kanlo 3 or l.n;rgunic affinity,

respectively.

(B) If the IP’s for all the oxid.tioﬁ,lt.t-- fall




’
/
I

P
A

within either the organic or /inorganic field

-but also approach the IP=0.05 boundary the

~

(C)

element will exhibit some variability but
will show a greferenoe for the organic or
inorzanié'txpctio;. respectively.’

If the IP’Q for all the oxida§i8n states

straddle the 1IP=20.05 boundary the element

will show extreme variability in

organI;/inorganic affinity. ‘ﬁ
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CHAPTER VIII: CONCLUSIONS

-

The processes: responsible for the geochemistry of a given

_coal are extremely variable both within and between

different coals. " It would not be a gross overstatement to
say that comparing coals from different localities is like

comparing apples and oranges. . ' N

The_ peats wﬁich now nakg-up the coals of the Cretaceous
Emery Coal Field, Utah and the Paleocene SBUder River Basin
Coal Field, Wyoming accumulated in very different
paleoenvirqpnents. The ﬂtransxressive/re&ressiv; setting of
the constructive delta plain on which tﬁ; Utah peats were
d;posited received numerous influxes of detritus and marine

waters, both of which contributed. to thevhicher ash content

"~ of these coals, average 8.2%. Conversely, the Wyoming peats

were deposited in a quiescent fluvio-lacustrine setting,
-protected from major sedimentary events. In addition, the
iectonic setting of the Wyoming Structurn} Province at the
_time (Turonian) must h;ve been in dynamic equilibrium, with
subsidence occurrinz' ;t only a slightly hizger rate than
emergence of the surrounding 'Precs-brian' uplifts.
Accordingly, vast, thick coals resulted with relatively low

ash céntantn. averaging 4.4% for this -tudy%

Iron Sulfide nodules. in the Utah coals host unusually high

concentrations of some of the potentially environmentally

23‘ '
.
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e elements. Arsenic, Se and Hg are present at

araful tr

[ t than order of ‘magnitude concentrations relative to
the wholg coais. Zinc and Cd were not defected‘in either tﬁe
coals or nodules. Antimony was detected in both-coals but
not in the nodules.quaniun was present at approximately the
same concentrations in both coals and the nodules. Geld, Co

and W were also present at "unusually high" concentrations

in the nodules (no numbers reported).

Overburden and clinker aésociated with the Wyoming coals are

geochemically similar to each other and to other fine

grained rocks within the Powder River Basin: The
geochemistry of the clinker and overﬁurdén is controlled, to
a large extent, by the presencé'of_clays and associated
elements. Furthermore, there appears. to have béen little

chanze; geochemically, in the clinker during burning.

The mineralogy of the two coals is appreciably different
bagsed of SEM/EDS analyses of discrete grains. the Utah coals
coﬁtain clay; (kaolinite, illite, mixed layer and
glauveanite/montmorillonite), silicates (quartz, ziroon,}
p}a(iocla-e feldsp;r, alkali feldsggr and a mixed Ca/Ti/Fe-
silicate), carbonates (Ca+Mg+Fe), oxides “(rutile and
cassiterite), sulfides (pyrite/-arcaiite) and sulfates
(barite and celestite). The Wyoming coals contain quartz,

pyrite/marcasite, harite and rutile similar to the Wyoming

‘ia-plol. Iﬁ. sdditiou,‘thé' Wyoming coals' contain oxides of




Cr/Fe/Ni. Unlike the Utah coals the Wyoming samples 6011'

appreciable amounts of Al, Si and Ca in the "clean" coal

-matrix.

Mineral paragenesis resulting from the oxidatiort of Fe-
suifide, contained in fhe nodules of Utah coal, to hydrous
Fe-sulfates include szomolnokite and halotrichite.
Szonolné&ite is the typical secondary_ phase which develops
on "clean" Feiédlfide while halotrichite reaults from the

-

oxidation of Fe-sulfide in the presence of clays. The growth
of gglotrichite appears to have occurred in the near surface
.environment of the nodules. The origin of the nodules can be
inferred from mineralogical and textural ,relafionships

within and adjacent to ﬁhe nodules.

The bulk geochemistry of the two -coals is reflegted in_the
higher ash content for the Utah samples. On average, the
Utah coals cont;in.hiiher concent;ations of 2% elements, in
decreasing order of enrichment, Fe, La, U, Th, Ce, ﬁa. Eu,
Hf, Nd, Cl, Cr, Sm, Al, S, Lu, Sb, Dy, Yb, Mo, .Rb, 2r, So,
Ga, As, Ti, Mn and Mg while 13 elements, Ca, Se, V, Ni, Pb,
8r, Zn, Cs, Br, Cu, Ba, Co and Au are more concentrated in
the Wyoming Coals. In general, neither coal is significantly
diff&rent from geogra;hically ginilar coals. For that

matter, these two coals are much more silllnr. than

different seams from with the same coal at other locations.

]




Comparisons of 116 eae-entl Plus ash fop the. two céals show

that'Al, Ga, Cr, -ash,_V, Ti, Ni, Zr and Cu exhibit positive

{R>0.58) c;rrela%iona for all the elements taken together

both within ‘and b;tnéen the two cocals. Calcium, Rbé Ba, Mn,

<

Co, Pb and Sr do not show significant correlation .

(-0.5<R<6.5). Only 8 exhibits’ a l;rge negafive correlation

({R=0.58) betwegn the two coals. Interﬁretatiqn of these da&a
is complicated. Obvidusly, linerglozy, ‘ash fcqn;ént,
~dia.igenesis, groundwater, weathering and the zeoéhenical
nature of the element ;re all factors. Howevér, it is iikely

that the major factor controlling the tendency of an element

to be positively correlated with the other elements in one

coal while negatively correlated with the same elements in
another coal is a function of the organic/inorganic affinity

of the element in question at the time of élplaceaentt *

The envifohnentql impact of cogl. utilization‘ has been
greatly underestimated based on bulk analyses of waste
producta.retained ?n conbﬁstion facilities. The toxicoloky
‘of inhaled pafélcles emitted froi power plants is enhanced

.owing to the preferential concentration and digtribution of

caroinogenio/nu;azenic triqg elements on the surfaces of the

elifted paréiculatbé. Over 479000 ° metric tons of
* Zn+A8+Se+Cd+Sh+Hg+Pb are -obil:::;-_;EErly as a result of .

goal utilization in Nort@a America and more than 3,000 tons
of thil'ro;ch the atioaphereu A new ters is proposed'to more

correctly identify the hazards associated with coal

A
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utilization: the T"Effective <Taal Conéent;ation" of an

element i's here defined as the total aadunt ;f the element

‘mobilized yearly as a result of coal utiifzation. This term

aw

can be adapted to local situations.

The organic/inorganic affinity of an eie-ent appears to be
controlled, in part, by the ionic potential (IP=charge/ionic
radius) of the eleme™ at the time of emplacement. Elements

which exhibit-IP>0.05 favor organic affinities’ while those

with 1IP<0:05 show higher inorganic affinities. Elements

which exhibit nultiplé okidatioq states, i.e., IP values

above ‘andX\ -below 0.05, also show the zreateat'variability in

RN

ganic affiniﬁy. - .

\

. | ' i

organic/in
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