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PREFACE

Alaskan coal, the pnincipal source for power
generation in interior Alaska, is also finding mar-
kets abroad. Alaska’s huge coal resources can
meet Alaska's future energy needs as well as those
of Pacific Rim Nations.

This volume contains 20 of the 28 papers
presented at the two-day conference, “Focus on
Alaska’s Coal '93,” held in Anchorage at the Hotel
Captain Cook on May 5-7, 1993. “Focus on
Alaska’s Coal ’93" is the fourth in a series of
conferences. “Focus on Alaska’s Coal 1975" and
“Focus on Alaska’s Coal 1980" were held in
Fairbanks, and “Focus on Alaska’s Coal *86" was
held in Anchorage. Their proceedings have been
published.

The principal objective of the 1993 confer-
ence was to provide a forum for the review of
knowledge gained on Alaska’s coals since the
1986 conference. Highlighting developments dur-
ing the past six years were:

1. Selection of the Healy Clean Coal Plant for
funding by the U.S. Départment of Energy.

2. Laboratory research into hot-water drying asa
means of upgrading low-rank coal by the Min-
eral Industry Research Laboratory.

3. Pilot scale testing of hot-water drying and
combustion tests of hot-water dried Usibelli,
Beluga, and Little Tonzana coals by the Uni-
versity of North Dakota.

4. Evaluation of Deadfall Syncline coal as asource
of fuel for Northern Alaska’s villages and coal
mine development by Arctic Slope Consulting
Engineers,

5. Alaskan coal research efforts of the U.S.G.S.,
principally the efforts of Ron Affolter, Gary
Stricker,and Romeo Flores.

In all, there has been a significant addition
of new knowledge on Alaska's coals over the past

Seven years, as is evident from the contents of this
volume,

iif

Dr. Scott L. Huang, Acting Dean, School of
Mineral Engineering, University of Alaska
Fairpanks, welcomed the participants. Speakers at
the opening ceremonies were Joan Wadlow, Chan-
cellor, University of Alaska Fairbanks, Glenn Olds,
Commissioner, State of Alaska, Department of
Natural Resources, Paul Fuhs, Commissioner, State
of Alaska, Department of Commerce and Eco-
nomic Development. Dr. Victor Der, Director,
Office of Advanced Technology Development,
U.S. Department of Energy, Washington, D.C,,
presented the keynote address. Luncheon speakers
were Samue} Dunway, who discussed land permit-
ting, and Robert Stiles, who summarized develop-
ments in the Mental Health Trust Lands litigation.
The banquet speaker was Jim Burling, Pacific
Legal Foundation, Sacramento, CA. .

The technical sessions were preceded on
May 5th by a “Short Course on Small Scale Coal
Combustion” taught by Mike Mana, EERC, Uni-
versity of Narth Dakota. The conference was
sponsored by the University of Alaska’s School of
Mineral Engineering and Alaska Section of Soci-
ety of Mining and Exploration of AIME.

Successtul completion of this volume was
made possible by many individuals. Special thanks
are due to Carol Leaky and Nancy Mighells for
their patience and word processing skills in pains-
takingly formatting these proceedings, and to Cathy
Genaux for compiling the final manuscript. Our
sincere appreciation is extended to the program
committee members and to the speakers and par-
ticipants for their valuable contributions to making
“Focus on Alaska’s Coal *93" a success.

The School of Mineral Engineering intends
to organize another coal conference at an appropri-
ate time, in the coming years, to review knowledge
of future exploration, mining, and utilization of
Alaska’s coal resources.

P. Dharma Rao

July 1, 1994
Daniel E. Walsh

Fairbanks, Alaska
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MINING CHALLENGES AND OPPORTUNITIES
AT THE DEADFALL SYNCLINE

Steve W. Denton
Denson Civil & Mineral, Ward Cove, AK

ABSTRACT

ASCG, Incorporated, a subsidiary of Arctic
Slope Regional Corporation (ASRC), has been con-
ducting pilot scale mining and basin wide exploration
on ASRC land in the Deadfall Syncline (DFS) area
since 1984. This effort has identified the presence of a
large deposit' of high quality bituminous coal, with
adequate measured reserves to support the develop-
ment of a coal mine producing 1 to 2 million tons of
cleancoal per year. During the course of the exploration
and mining activities, there has been an ongoing study
of the engineering, environmental, infrastructure and
market requirements for development of a major mine
at the Deadfall Syncline. Although there are some
obvious obstacles facing development at the DFS, thece
are positive aspects of the deposit which favor its
development.

Coal seams identified by exploration drilling
are consistent in quality and thickness over broad areas.
Both underground and surface mining methods are
being investigated for large scale production from the
DFS. Many of the commonly regarded impediments to
development in the Arctic, such as permafrost, weather
and remoteness, are less severe and may even hold
opportunities for improved efficlency in mining at the
DFS. Permafrost, while making surface construction
expensive on the Arctic Coastal Plain, ig not a serious
problem for surface activities in the dry foothills region
where the DFS is located and may improve ground
control for underground mining. Winter, though long,
is moderated by proxtmity to the ocean and is less
severe than found further inland, the effects of which
can be further moderated by underground mining,
Remoteness, while making transportation and project
support more costly, does not carry with it the problems
of proximity to National Parks, Preserves or critical
habitar areas, which are common impediments to devel-
Opment in other remote areas of Alaska,

.'Ihis paper will present a brief history of pilot
scale ining activity that has occurred at the Deadfall
Syncline coal deposit in Northwest Alaska since 1986

followed by a discussion of the engineering challenges
and opporuuiries involved in large scale development
of the deposit.

INTRODUCTION

The Deadfall Syncline (DFS) is located within
the Western Arctic Coal Field 1n northern Alaska. The
Western Arctic Coal Field (WACF) is bordered on the
west by the Chukchi Sea, on the south by the Delong
Mountains and extends eastward to include the
Kukpowruk River drainage. Most of the potential coal
resource within the WACF is located on lands owned by
Arctic Slope Regional Corporation (ASRC). DFS has
been identified as an area containing mineable reserves
ofhigh quality bituminous coal in close proximity to the
Chukchi Sea. Geology and reserves are detailed in 2
paper by Teresa A. Imm and J.E. Callahan, presented at
the Focus on Alaska’s Coal ' 93 titled, Coal Exploration
and Reserve Evaluation, Western Arctic Alaska (not
submitted for publication).

HISTORY

The WACF has been studied at various times
since the beginning of this century. Detailed evaluation
of the resource began in 1982 with a State funded
exploration and resource evaluation program, which
identified the DFS as the most promising coal reserve
for development 10 supply domestic and small commer-
clal use throughout the Arctic and Western Alaska.
Since then, exploration, pilot scale mining and prelimi-
nary feasibility analyses funded through a combination
of State, North Slope Borough and ASRC sources has
identified the DFS as a significant resource with poten-
tial to supply not only local needs but also Jarge scale
export markets,

Pilot scale mining was inifiated in 1986, with 2
shallow underground test mine producing approxi-
mately 100 tons of coal for home heating in Arctlc
coastal communities. Pilot scale mining has grown and
now produces approximately 400 tons annually along
the west imb outcrop of the syncline, from DFS 4 seam,



using mechanized surface mining techniques. Current
mining activity is serviced by an airstrip, 20 person
camp and equipment maintenance facilities. Pilot scale
mining activities, though small and relatively ineffi-
cient, have provided invaluable experience and resulted
in the conclusion that large scale mining, using high
efficiency mining methods, should be feasible. The
geologic, environmental and soctal aspects of miningin
the DFS will provide many challenges to the potential
developer, but also present some unique opportanities
for mining in the area.

Exploration drilling at the DFS through the mid
1980’s was targeted, primarily, at shallow auger and
rotary borings near known coal outcrops. This data was
used to develop a general geologic model for the syn-
cline and identify prime targets for more detailed re-
serve drilling. Exploration drilling on a thick coal seam
near the syncline axis was initiated in 1991 in an area
dubbed the Kuchiak Block, after Kuchiak Creek, which
roughly parallels the syncline axis. This two year
drilling program identified a thick coal seam, K3 seam,
of high quality coal apparently continuous along the
syncline axis to a depth of at least 800 feet with good
lateral extent. K3 seam is currently the focus of mine
design and feasibility analysis.

QUALITY

Table 1 lists the average proximate analysis for
DFS4 seam and X3 seam for 1991 exploration borehole
samples (both core and cutting chip samples) taken
from holes reaching below the surface weathering zone.
The above analysis is typical of quality found in thick
coal seams, which have been sampled by exploration
drilling, near the lower part of the coal bearing forma-
tion. Channel samples taken of DFS4 seam from the
active mine in 1987 and 1991 average 3.3 percent ash
across the full depth of the seam. Therefore, actual
quality of the coal is anticipated to be slightly better than
indicated by exploration borehole samples. Samples
taken in the southwest portion of the syncline indicate
slightly lower rank and heating value as one progresses
stratigraphically upward.

Grindability of the coal is good, with values of
50 to 60 typical of the samples tested. Slagging tem-
peratures typically are below 2400 °F, which is lower
than what is associated with similar coals mined in the
contiguous United States and more in line with typical
slagging temperatures of low rank coals. This could be
a problem for boilers designed to burn coals with high
slagging temperatures, but would be a beneficial char-

TABLE 1
Deadfall Syncline Proximate Analysis

Ash, %
Volatile Matter, %
Fixed Carbon, %

Heating Value, BTU/b
kcal/kg
Total Sulfur, %

3.68 4.19
8.78 9.06
31.48 32.81
56.06 33.85
12750 12602
7080 7000
0.30 6.19

Source: Mineral Industry Research Laboratory Report No. 93(presently unpublished), April
1992, Deadfall Syncline Coal: Quality and Reserves.
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acteristic for use in slagging type combustors. K3 seam
. exhibits free swelling indices of up to 5 with an average
0f2.4. Ingeneral, the quality of DFS coalsindicate they
would be superior fuel for steam generation and may be
attractive as blend coals for metallurgical coke produc-
tion,

GEOLOGY

The DFS is a canoe shaped synclinal structure
with bedding dip of approximately 8 degrees near the
axis outcropping of K3 seam, at the northeast end of the
syncline, Bedding dip at the outcrop increases as one
progresses along the limbs of the syncline. The site of
present mining activity is located approximately three
miles along strike from the syncline axis, where bed-
ding dip is 20 degrees.

Atleast 7 mineable coal seams, ranging from 4
to 18 feet thick, have beenldentified by drilling to date.
Coal seams are typically separated by thick sections of
sedimentary rock, up to several hundred feet thick. The
stratigraphic thickness between seams and the moder-
ate coal dip at outcrops limits the potential for large
openpit mining. However, the Iong strike length of coal
outcrop and a broad section of dipvslope oriented coal in
K3 seam pear the syncline axis provide a good potential
for low ratio reserves amenable to surface mining at a
rate of 1 to 2 million tons per year from multiple
locations.

Coal dip and thickness are within the range
typically encountered in high efficiency mechanized
underground mining in the Western United States and
other locations throughout the world. The thickness,
absence of partings, apparent continuity and simple
geology in the major coal seams provide favorable
conditions for underground mining to produce a clean
raw coal product without waste rock dilution. Based
upon the geology and resources indicated at the DFS a
mining rate of 4 to 5 million tons per year from com-
bined surface and underground operations appears to be
a reasonable expectation,

Overburden materials at DFS range from mas-
stve beds of well cemented sandstone, to poorly ce-
mented clay and silt stones. Overburden bedding bas
been observed in the current open pit to be complex and
lenticular, with beds pinching out over several hundred
feer of strike length. A typical section, through the 40

foot highwall at DFS4 seam pit, would contain 10to 15
beds of clay/silt stone, sandstone and coal pebble con-
glomerate from a few inches to several feet thick. This
complex bedding should not present any serious im-
pediment {0 surface mining. However, assuming the
condition persists throughout the syncline, it is ex-
pected to complicate roof control for underground
mining.

CLIMATE

A visitto the DFS in early spring, during start-
up of the camp, drives home the most severe aspect of
the climate quite vividly. The pit, camp and the interior
of rooms and equipment cabs are all packed full of
drifted snow. Although snow removal will be a con-
stant headache for mine operation in the area, it will not
represent quite such a forrmidable task when dealt with
on a daily basis during year round operations. Use of
good engineering practice, such as elevated roads with-
out berms, can mitigate much of the difficulty resulting
from the nearly constant wind and frequent ground
blizzards of the area.

Temperatures atthe DES area are moderated by
proximity to the ocean and temperatures Jess than -30 °F
seldom occur. The average daily temperatures are
below freezing for 9 months per year. This will increase
operating costs for heating of mine facilities, but will
decrease maintenance cost for haul roads. Both the Red
Dog zinc and the Usibelli coal mines operate year round
in temperatures as cold or colder than anticipated at
DFS and thus temperatures are not expected to be a
serious impediment to year round mining. Under-
ground mining would be relatively immune to the
effects of surface temperature, Activities requiring
personnel to work outdoors, such as surveying, can be
seriously hampered by the cold temperatures and windy
conditions. However, modern surveying techaiques
like the Geodetic Positioning System can be used to
greatly reduce the unpleasantuess of such tasks.

Daylightextremes inthe Arctic will necessitate
provisions for extra area lighting capability in the
winter. During the nearly 4 months of continuous
summer daylight, productivity and efficiency of all
surface operations will increase. Schednling can be
used to take advantage of increased summer productiv-
ity to yield savings in operations during the summer
which benefit most from the long daylight, while mini-



mizing the impact of lower productivity during the
winter, when usable daylight is reduced to approxi-
mately S hours.

PERMAFROST

The most unique aspect of operations resulting
from the climate will be dealing with permafrost, which
is expected to extend to depths below 1000 feet. Fortu-
pately, the majority of DES is located in rolling hills
adjacent to the Arctic coastal plains, where the effects
of permafrost are minimized, with respect to construc-
tion of surface facilities. The area is characterized by
frequent, dry hogback ridges, resulting from differen-
tial erosion of the sedimentary rocks. These rock rabble
covered ridges are often continuous for several thou-
sand feet at a time and wide enough for siting of roads
and other surface facilities. Using the ridges for loca-
ton of surface facilities should permit employment of
conventional low cost construction methods.

Ice dich surface solls between the dry ridges are
typically less than 20 feet deep, but will require special
handling during surface mining operations. Because
the volume will be small, ice rich materials could be
buried under overburden during backfilling to prevent
thawing or mixed into overburden without serious
effecton spoil stability, everif it thaws. Ice rich surface
soils will need to be stripped in advance of the highwall
to prevent material from flowing imto the pit during
thawing conditions. Highwalls cutin the active mining
pit have undergone several freeze/thaw cycles with no
apparent reduction in highwall stability.

Blasting of the frozen overburden has been
highly successful using small diameter boreholes, rela-
tively confined conditions and a powder factor less than
1.0 pound per cubic yard. It is anticipated that large
scale mining could achieve acceptable blasting with
practices typical for mining in non-permafrost sedi-
mentary formations. Ingeneral, the effect of permafrost
on the cost of surface mining is expected to be negli-
gible.

The permafrost, which is expected to have
pockets of free water, will necessitate some changes
over conventional techniques for underground miniag.
The use of water for dust control may not be practical for
mining in permafrost and dry dust control methods may
have to be utilized. Permafrost is expected to increase

the strength of roof rock, which should be beneficial for
roof contro) in conventional or continuous foOm and
pillar mining, but could be a serious impediment to
longwall mining. Permafrost materials, if they have
significant ice content tend to behave plastically, which
would promote creeping collapse of the roof behind a
Jongwall face. This could result in excessive pressure
on the face and shields and render Jong wall mining
practically infeasible. However, the discontinuous
nature of bedding may create adequate weakness in the
roof rock to promote proper caving. Inis probable that
room and pillar mining will precede longwall mining
until adequate knowledge of frozen rock behavior is
gained.

REMOTENESS

Perhaps the preatest impact to cost of opera-
tions will be the remoteness of the DFS, which is
located approximately 40 miles from Point Lay, the
nearest community. Point Lay currently does not have
any facilities designed for provision of services to
industrial activities in the area. The mine will therefore
need to be self sufficient. Spare part inventories will
peed to be large enough to remove reliance upon supply
from traditional sources, which could be cut off com-
pletely during periods of inclement weather and at a
minimum will need lead ime for supply of even routine
materials. Additional storage capacity for bulk com-
modities, such as explosives and fuel will need to be
adequate to accommodate nearly a full year’s require-
ments.

Camp facilities will need to be constructed with
self sufficiency in mind. Facilides fos personnel shoutd
ioclude adequate recreational amenities to maintain

employee moral and an airstrip adequate for large
freight hauling aircraft.

The remote and relatively pristine patnre of the
area is expected to result in opposition to the mine
during permiting, However, because of the mine’s
remoteness, it can be operated to minimize impact on
local residents. The DFES is not located within any
critical habitat, such as a caribou calving area, and is
approximately SO miles from the nearest wilderness
area, the Noatak Natonal Preserve. Use of the area
offshore from DFS by beluga whales has been identi-
fied by local residents, who hunt the whales, as an area
of major concern, which may necessitate timing restric-



tions on shipping, if the coal is taken offshore from
DFS. In summary, although permitting a mine at DFS
will likely face opposition and some significant hurdles,
there do not appear 10 be any fatal flaws precluding
permit procurement.

One of the key elements of maintaining effi-
ciency in operations in remote mining operations is
incorporation of flexibility in mining methods and
equipment selection, which will be especially impor-
tant at the DFS. Equipment currently used for mining,
a large backhoe excavator and dpper dozer, provide a
small equipment compliment capable of performing a
wide varety of tasks, though perhaps not the most
efficient equipment for all tasks.

The same principle should be employed when
mining is expanded. It may be pecessary to sacrifice
some efficiency in mine design and equipment selec-
don in order to provide flexibility. This could mean
scheduling producton to maintain large coal invento-
des to accommodate jntermptions in new coal produc-
ton, development of multiple production areas to miti-
gate unforeseen environmental or geologic conditions
and standardization of equipruent to be used for differ-
ent tasks to provide interchange ability and avoid exces-
sive reliance upon any single production unit.

PERSONNEL

The limited availability of labor skilled in the
areas required for mining is commonly cited as an
impediment 10 development in remote parts of Alaska.
However, because of the need for self sufficiency and
the experience gained through employment during trans-
Alagka pipeline construction, there is a fairly high
percentage of personne] with heavy equipment operat-
ing experience in the North Slope Borough. Therefore,
finding qualified local personnel for sucface mining
operatioss is not anticipated to be a serious problem.
Conversely, there is virally no experience base in
underground mining and the operator of an under-
ground mine will need to lostitute an aggressive oain-
ing program to develop a trained local work force.

Experience to date hag shown that work at the
mine is desirable for local residents and jobs at a DFS
mipe would be in high demand at local communities.
Current mining activity experiences a high rate of turn-
over, which stems primarily from the short duration of

the work and the inability to offer permanent positions
to employees. Local residents also treasure subsistence
activities as part of their lifestyle. A mine that offers
permanent positions on a scheduled rotation, which
would provide time off for subsistence activities, should
find little difficulty atiracting hard working local per-
sonnel for production and maintenance positions at the
mine. '

RECLAMATION

Minipg has only recently progressed to the
point where backfilling of open cuts could begin and
figorous investigation of revegetation techniques was
possible onbackfilled mine spoils, However, past areas
used for camp sites have exhibited good natural inva-
ston of native plants, Grass seed broadcast along the
edge of the existing runway several years ago bas
survived and is doing well without subsequent mainge-
nance. From this experience, it appears thatreestablish-
ment of vegetation on backfilled mine spoils is techni-
cally feasible and the test plots recently established
should yield the informatiop necessary to design a
successful revegetation strategy.

The two other major areas of reclamation,
backfilling and draipage conirol, are expected to be
similar to methods employed at other mines and in
many respects, may be less costly. Because of the low
mean anmial temperature, the permafrost condition of
backfilled spoils is expected to be reestablished, which
would promote long term backfill stability. Because
much of the surface disturbance will be 1ocated on the
rubble strewn ridges, which serves as the available
topsoil in the area, the surface of backfilled areas is
expected to be quite resistant to erosion and rill and
gully formation,

The DFS is located within an area described as
an Arctic desert, with rainfall at less than 10 inches per
year. The permafrost condition, which tepds to inhibit
ground water flow, means volumes of water which mugt
be handled by surface water treatment facilities will be
small. Experience with water impounded in the active
pit, shows quality of water purnped directly from the pit
frequently meets discharge standards without treat-
ment. This, coupled with the low quantity of rain and
ground water anticipated, leads to the expectation that
water collection and treatment can be performed at
minimal cost.



TRANSPORTATION

The single greatest impediment to develop-
ment of the coal resource at DFS is, most likely,
transportation of the coal t market. Proximity of the
area to the coast and favorable terrain for road construc-
tonlends itself to a wide range of transportation options
from the mine 10 2 marine loading terminal. However,
the Chukchi Sea near DFS is ice free for less than 3
months per year and is shallow along the coast, requir-
ing omne to go offshore several miles before reaching
water depths adequate to accommodate Panamax size
vessels. Overland transportation through the Delong
Moupntains, 1o deeper water and longer ice free seasons,
has been investigated but, as expected, very high pro-
duction rates are required to justify investment in the
infrastructure.

However, the potential for shipment from the
coast near DFS has pot yet been fully investigated.
Detailed bathymetry is needed to conclusively deter-
mine the offshore distance which must be travesrsed and
detailed studies of ice movement are necessary for
design of any offshore structures. Ledyard Bay, which
islocated adjacent to DES, does not exhibit the massive
pressure ridging typical of other areas along the Arctic
coast. This points to the possibility that conventional
pile supported structures may be feasible for continuous
offshore transport, which would reduce transfer termi-
n2l construction and operating costs and minimize
tmpacts to beluga whales, an area of concern when
considering lightering type of operations. The expand-
ing use of fce breakers may provide an opportusity to
extend shipping seasons 0 an acceptable length.

The long period during winter when the ground
and ocean are frozen provide opportunities for some

unique approaches to transportation, not yet fully inves-
tigated. The Arctic winter perjod is frequently used as
the period for overland shipment of bulk commodities
with minimal road construction cost and environmental
disruption. This principle may also be applicable o
offshore shipment of coal. An ice road across Ledyard
Bay to an offshore island constructed for coal stockpil-
ing and ship loading is an option deserving investiga-
tion for economic and techmical feasibility, since it
would virtually eliminate potential impact on whale
migration. Furthermore, the annual maintenance cost
of such a system would be the cost of ice road construc-
tion, 2 definable and low risk cost component.

CONCLUSION

The Deadfall Syncline coal basin contains mine-
able coal seams of adequate thickness, quality and
tonnage to make it an attractive resource for energy
consumers throughout the Pacific Rim and Western
Alaska, The geology and geography of the area are
favorable for large scale, high efficiency surface and
underground mining with minimal impact on the envi-
ronment. There are many epvironmental, social and
economic factors challenging the resources and ingenu-
ity of a potential developer of the deposit. Most of these
factors have the potential to becorne assets in the design
of coal mining operations at Deadfall Syncline. Using
the knowledge gained from pilot scale mining at Dead-
fall Syncline aod other successful mining operations
under equally challenging conditions, the author is
optimistic about the potential for economically viable
production of coal from the Western Arctic Coal Field.




COAL EXPLORATION AT USIBELLI COAL MINE, INC.

Dan Graham
Usibelli Coal Mine, Inc., Healy, AK

WHERE IT ALL BEGINS...

Usibelli Coal Mine, Inc, operates two mine
sites in the Nenana Coal Field. Both mines are located
in the Hoseana Creek basin just porth of Denali Na-
tional Park near the town of Healy. They are supported
by a shop/office facility located at the confluence of
Hoseana Creek aod the Nenana River.

All reserves on Usibelli leases lie withip the
Usibellf Group, which consists of 5 formations ranging
in age from Upper Oligocene (33 MY) to mid-Upper
Miocene (6 MY). The Gold Run Pass mine reserves are
from the Healy Creek Formation, whichis the basement
formation in the Group. The Poker Flats mine reserves
are in the Suntrana Formation, which holds the bulk of
the reserves in the valley. The Sanctuary, Lignite and
Grubstake formations contain no currently mineable
reserves within the leases.

The deposits in this area have been structurally
altered by two main events. The dominant event was
the uplift of the Alaska Range, with more Jocalized
complexities cavsed by the igneous intrusion know as
Jumbo Dome. The result has been a trend of east-west
anticline/syncline structures plunging westward and
assodiated faulting, both major (regional effects) and
minor (limited to ope or two properties).

SO WHY ALL OF THE EXPLORATION?

Since the inception of Usibelli Coal Mine in
1943, the dominant market for the coal produced has
been tarerior Alaska. Current customers include the
city of Fairbanks, Golden Valley Hlectric Assoctation,
the University of Alaska Fairbanks, and the military
bases of Clear, Eflson and Fort Wainwright. Through
the seventies and into the eighties, this lead to sales of
between 600,000 and 800,000 tons per year (see Fig. 1).
1n 1986, UCM started shipments of coal to the Korean
Power Company (KEPCO) via Suneel Shipping Com-
pany in Seward, which average roughly 700,000 tons
Per year. This increass in sales effectively reduced the
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mine's reserve life by one-half, This led to a “revital-
jzed” exploration program starting in 1986, which con-
tinues today. The early years of this program included
intense field programs, while the more recent yearshave
been spent compiling this information and moving into
mine planning and permitting.

PROPERTY DEVELOPMENT PLANNING

The planning and development process used by
the mioe ranks properties or muiping uoits into a 5 stage
ladder, beginning with 3 literature search and concind-
ing with a permitted property with respect to the Alaska
DNR - Division of Mining’s Surface Mining Control
and Reclamation Act (SMCRA) program standards.
The stages include (1) lease-wide or basin-wide litera-
ture search, (2) field mapping and confirmation, (3)
broad-spaced drilling program(s) , (4) fill-in or detailed
drilling and data gathering, and (5) mine planning and
permitting.! In the standard sequence of events, a
property may take from 8 to 11 years to complete the
process. The philosophy adopted by the engineering
department is to keep future mine properties *‘spread-
out” by holding the majority of properties in stage IT and
minimize the number of properties that are brought into
the higher and more expensive stages, particularly stages
1V and V, while maintaining enough permitted reserves
to meet future sales. The details of esch stage are
discussed below.



Stage I

The literature search or regional appraisal por-
tion of development an essential starting point for any
development program that is to maintain integrity and
proceed in an informed manner. In 1988, an appraisal
was conducted on all of the Hoseanna Creek Leases
held by UCM to better define the stats of our reserves.
All available information was compiled on each prop-
erty. Thelevel of development for each was determined
and a reserve calculation was done using the data
available and a uniform list of criteria. This 100k nearly
1 full year to complete with the resuits compiled into a

single report.
Stage IT

Once the office research is complete, the next
and least expensive information available is field con-
firmation of data through mapping. This can include a
variety of observations including mapping outcrops,
formation contacts, measured sections with lithology
definitions, strike/dip measurements and fault linea-
tions. UCM contracted the services of a UAF Ph.D.
candidate who spent several summers collecting geo-
logic data (as well as other data related to his thesis) and
compiled all geologic data on 17=200" scale topogra-
phy maps. These maps have proven to be an excellent
too} for calculating initial reserve estimates and plan-
ning for dnlling and/or geophysical programs at later
stages. ‘The total time involved for this stage is a
function of climate, area to be covered and the number
of geologists employed. As a general rule, 1 to 2 years
should be expected, with the emphasis on two years as
fewer geologists may take more time, but could resultin
more consistent data.

Stage IT1

The broad-spaced drilling program (and the
potential for surface geophysical assistance) is the first
stage 4t which major costs are incurred. Thus, wise use
of information gathered in the first two stages can
greatly reduce the risk and expense incurred at this
stage. In some deposits, however, this may be the first
stage at which any significant data canbe gained, which
may lead to higher costs and risks as more drilling may
be needed.

There are rules and costs that apply to all

deposits at this stage, while other costs are a function of
the deposit. In general, drilling conducted at this stage
does oot have specific drill targets. Maximizing the
depth of these initial holes can be highly beneficial,
limited by either the physical fimits of the drill or other
limits deemed practical by the envisioned mining
method. However, it has proven useful in the past 1o
have preliminary holes extend several hundred feet
below practical mining limits in an effort to better and
more fully define the geologic structire, Good downhole
geophysical logging is another must for drilling pro-
grams at this stage. Anyone who has tried to perform
correlation exercises from a pure geometrical vantage
point in a structurally complex region can testify as to
how futile this can be. A natural or induced gamma log
can define a seam signature that greatly aids correlation
exercises. Fairly user-friendly and portable logging
instruments are available for sale or lease, or the logging
services can be confracted. Whichever rethod is cho-
sen, the added cost greatly increases the usefulness of
the drll information. Finally, depending on the drill
methodchosen, chip samples and/or core samples should
be collected to give a preliminary indication of coal
quality. Fifty million tons of 1:] steam coal isn’t worth
much if it doesn’t bave good combustion characteris-
tics.

Site-specific items that affect costs which need
to be considered include access, transportaion modes
and living quarters for work crews. These costs are
greatly reduced when activities are conducted near
existing mine Sites as opposed to remote locations. The
time frame for all of the above activities will generally
range from 1 t0 2 years, including office time to compile
data and generate updated reserve information.

Stage IV

Once a company has advanced to this stage of detailed
driiling and data gathering, a strong comunitment has
been made. Once we bring a property to this point, we
have basically committed the property to full develop-
ment within 2 reasonable time frame. It is not cost
effective to force properties into this stage of develop-
ment just to have them wait in line for 10 or 15 years
pdor to starting a permit process. Costs incurred here
may be viewed more as a development cost to be
returped, rather than pure exploration costs that are
sunk, in the final cash flow (barring any fatal flaws
which have gope undetected).




Activities at this stage include specific drill
targets with vanable and fairly well defined depths to
better define structure, a concenftrated effort on coal
quality gathering, potential geophysical work to help
delineate limits and structural complexities (if appli-
cable), and geotechnical and hydrological data gather-
ing. An excellent method to achieve all of the above is
reverse circulation drlling for a majority of the work,
supplemented by some form of coring. Inaddition, test
pits may be appropriate. The timeline for this work may
again vary, but 1 and more likely 2 years should com-
plete this stage of development. In the end, a final
geologic model should be prepared and ready for mine
planning. A major portion of baseline data needed for
permitting shonld also bave been collected in this stage.

Stage V

The final stage combipes a multitude of profes-
sional skills 10 bring 2 property through the mine design
stage and prepare a SMCRA permit application. (Other
permits obvionsly apply, but the SMCRA permit from
DOM tends to determine the critical path of the project.)
This is the final stage for test pits to confirm drilling and
product performance. Hydrologic and geotechnical stud-
ies are finalized, and a final mine plan is produced.
From this mine plan, reclamation plans are produced
and bonding amounts calculated. A bit of crystal-ball
technology and voodoo science combine to predict and
compare pre- to post-mining hydrology and vegetation
conditions. Ifall goes well, it may take 2 years, several
copier toner cartridges and a good supply of 4™ 3-ring
binders to produce a “complete” permit application.

After submitting a permit application to DOM,
ittakes on the average 2 years to receive a permit to mine
on the property. This appears to be a fairly ngid
average, with a standard deviation of omly 1 to 2
months?, regardless of the applicant history, property
size or location.  All totaled, this gives a range of 8 to
11 years from the ime a property is first investigated to
the time the first shipment of production coal is able to
be removed.

THE NUTS & BOLTS OF PAST
EXPLORATION

A A gradual progression of exploration tech-
mques has been used over the years on UCM leases.
Stopptug short of a churn dril], exploration has spanned
from mud-rotary drilling through reverse circulation
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drilling and recently included beta site testing of
NanoTEM (geophysical) as an exploration tool in coal
exploration. Here is a bref descripion of what has and
hasn’t worked in the past.

Beginning with the early 1970’s, extensive
mud-rotary drilling was conducted throughout UCM
leases. Although the drillers’ logs from this drilling are,
for the most part, warthless, downbole geophysical l1ogs
were conducted on all drillholes and have proven to be
very valuable. The logs included gamma, density and
resistivity logs, with the first two being the most useful
for seam correlation. Several holes were twinned with
core holes to obtain quality information, as no useable
chip samples could be obtained from the mud-rotary
drlling. Later in the 70's and into the early 80’s,
straight air-rotary drilling was conducted for fill-in
drilling. These produced better defined drilless’ logs,
but produced no quality information and no geophysi-
callogs were run. Correlations in complex areas can be
frustrating without the aid of the geophysical logs, but
someof these holes have helped aid surface geophysical
work in complex areas and structural definition in “non-
compiex” regions,

Beginning with the 1986 program, reverse cir-
culation (RC) drilling was used. Advantages of RC
drilling includes excellent lithology pattern defigition,
accurate depth records of formation changes and con-
tacts, representati ve quality data, and excellent produc-
tion rates, For gathering quality data, the drill rig is
stopped upon contacting a target coal seam and the
cyclone anddrill pipe are washed out. The process takes
about S minutes. Whendrilling resurmnes, all cuttings are
easily collected in S gallon pails. They are then run
through a splitter, bagged, tagged and sent to the lab for
a proximate analysis, giving representative quality data
of the entire interval drilled. Reducing contamination
from sloughing of the overburden greatly depends on
the ddll bit. Bits with little or no reaming cutters work
best, if the formation allows it. Afterdrilling, a portable
logger is used with a radium source to produce simple
gamma-gamma logs. The logs are run in either open-
hole, through the drill steel, or, in areas of a weak top
layer, a combination of the two. Once complete, the
holes may be backfilled or used as piezometer installa-
tions if the hole stays open long enough to allow ap
installation.

To further improve coal quality information,
some wireline diamond coring has been conducted in
the late 80's/early 50's. However, the need for and



amount of coring required has been greatly reduced by
the RC drill data. It should be noted that there was a
three- fold increase between the cost of RC drilling and
coring during a recent program,

Addidonal techniques used for drilling to im-
prove results while reducing costs include angle drill-
ing, hinged drill beds and seasonal dnill programs.
Angle drilling has proven highly effective near a major
fault area where the coal beds roll from a 7 degree dip
to 80 degree Aip over a reladvely short (50’) horizontal
distance. Angle drilling has also been useful on ridge
tops or ridge lines where making a drill pad down the
outslope is not practical. When using this method, itis
imperati ve that the driller or rig geologist be prepared to
make several downhole measurements of the dip and
direction of the hole for accurate data calculations. One
major drawback of this method has been the inahility to
conduct geophysical logging inanangledhole. In other
areas where the outslope makes drill pad construction
marginal at best (specifically on north facing slopes),
the use of a hinged leveling bed allow versatility in drill
site location without the need for of dozer preparation
and the often disastrous mistake of removing the tundra
mat. The drill carrier parks facing downdip and the bed
of the drill is leveled via rams mounted behind the
carrier cab. We have set up on slopes up to 14 degrees
with few problems encountered. Where access has
been a problem, particularly in permafrost areas, sea-
sonal programs may be required. Drilling in April has
proven to greatly improve certain Jogistical problems.
Temperatures reach marginal freezing to above freez-
ing during the day while refreezing at night It is also a
good relief from the contour maps you have been
staring at on the computer screen all winter.

A final drill technique used with good success
in shallow holes has been auger coring. A 5 foot core
barrel replaces the cutting head or plug bitin the center
of the auger stem and is retrieved at the end of each
augerrun. An adjustable rod attaches to the core barrel
to allow adjustment of the barrel with respect to the
auger face. When used for geotechnical/hydrological
field programs, soft soils had near 100% recovery,
permafrost zones were cored with ice lenses in tact, and
excellent coal/footwall interface samples were extracted.
While drill rates were rejatively slow, it has had the best
record for extracting solid geotechnical samples and
data that I have seen in sedimentary formations. After
testing, the samples may also be used for chemical
analysis of the different lithology packages.

Geophysical techniques have been reconsid-
ered as of late as a more cost-effective way 10 perform
better structaral definition without spending big dollars
on drilling or as a way to belp reduce drilling costs. The
first technique used in the recent past was a black-box
technology that uses electrotellurics, or ET. This meth-
odology, in short, reads transient currents set up in the
earth by solar radiation, translates it to a “pitch” or
sound for varying resistivities at depth, and is recorded
by the geologist/geophysicist wearing headphones. The
point data is treated as a drillhole in modeling. After
being highly sold on the method and cost savings early
on in the program, subsequent drilling on old ET sites
has cast a gray cloud over the data that was collected.
One big bonus for this method is that it only works on
bright sunny days with litle or no cloud cover. If only
that were true for drilling, eh?

Apnother method that has been studied for use at
UCM, but not yet tried, is VLF/EM. It has been used
in coal mines in the western US to define faults and
subcrops. Itis a simple method, requiring little training
and minimal ground preparation. The cost of purchas-
ing the equipment is also relatively low. One catch to
this method is the need to know the maintenance sched-
ule of the ransmitting sites io the area, namely Wash-
ingtop and Hawaii. Also, the data from VLF/EMis two
dimensional in the horizontal with no ability t0 record
the vertical depth of the change. We anticipate ranning
a trial of this method sometime in 1994 or 1995 to help
locate future drill targets.

A fipal geophysical method that was tried at the
mine (as 2 beta site) was NanoTEM.? In short, it is 2
shallow transient electromagnetic method that maps
resistive anomalies. Itcontains its own transmitter and
receiver loops for creating and recording field decay.
Although the initial trial had poor results, modifications
to the system and retests performed during the spring
and summer of 1993 showed great improvemeats and
encouraging results in the first several hundred feet of
the surface. Field work for NanoTEM is more {avolved
than a VLF/EM survey. Two to three field hands are
required as well as fairly flat terrain.  Working in
wooded areas is possible, but would be much more
cumbersome than working on the open tundra. Another
requirementis a fairly distnct difference in resistivities
between the target and the host. Data produced is in
section bepeath the line of testing. The accuracy re-
quired will determine station spacing. A sample of the
data producedin the final 1993 testisincluded in Figure
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2. This shows an area where the coal has been faulted
and a void zone exists.

CONCLUSION

The success and future survival of any com-
pany in production mustinclude planning for the future.
To make the most informed decisions, information
must be compiled in a presentable and meapingful
form. Methods of obtalning and adding 10 the informa-
tlon is constantly changing. To Stay competitive, a
company must keep up with the laest technology.
Usibelli Coal Mine strives 1o meet all of these goals
through and in its exploration program.

! These stages are adapted in part by those defined by
Dell Adams, Consolidation Coal Company, whom
the author wishes to thank.

2Prom a speech by Sam Dunaway, DOM Surface
Mining Manager, 1993 Focus on Alaska Coal Con-
ference

SNanoTEM is a method exclusively designed and used
by Zonge Engineering of Tucson, Arizona.
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CAST BLASTING AND PRESPLITTING
AT USIBELLI COAL MINE, INC.

Alan E. Renshaw
Usibelli Coal Mine, Inc., Healy, AK

INTRODUCTION

This paper discusses cast blasting and
presplitting a¢ Usibelli Coal Mine, Inc. (UCM), with
respect to the technlques used and design consider-
agons. UCM Is located within the Alaska Range near
the town of Healy, about ten miles northeast of Denali
National Park’s main entrance.

UCM was founded in 1943 and produces ultra-
low sulfur subbituminous coal for domestic and export
markets. The domestic market consists of about 800,000
tons per year supplied to six interior Alaska power
plants, and approximately 700,000 tons per year are
shipped through the port of Seward to the Republic of
Korea.

BLASTING GENERAL

Annually, UCM produces about 1.5 million
tons of coal while excavating over 10 million bank
cubic yards of spoil. Roughly 6.5 million Ibs. of
explosives are used to blast the overburden and coal.

A frozen gravel layer at the surface is drilled
and blasted by conventional blasting methods and
prestripped with a truck and shovel operation. This first
lift usnally averages 20 to 40 feet deep. Additional
sandstone overburden is then blasted and also removed
with trucks to achieve the desired bench volume for our

dragline pit.

Once the prestripped material is removed, the
cast blast pad is prepared. Each blast hole is staked by
the blasting engineer so that the drill pattern matches the
design. Afterablasthole isdrilled, the hole is dewatered
by using a Legra blast hole dewatering pump. A 10 mil
plastic blast hole liner, which is used to protect the
explosive from getting desensitized by water, is low-
ered into the hole. Next, a one Ib. cast primer witha 350
millisecond (my/s) insert delay is lowered to the mid-
point of the blast hole. The explosive, which is 65%
ANFO and 35% emulsion, is then bulk {oaded {nto the
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blast hole. The final step is to stem the top of the drill
hole with the desired amount of drill cuttings.

Once the panern is drilled out and loaded, it is
tied together with a surface delay system. The proper
delay sequence is set up so that the material will cast in
the intended direction.

The cast blasting technique is easy to explain.
By overloading the blast area, relative to standard
blasting, the material is cast across the pit into the
desired location. If cverything is done right, it is pos-
sible to achieve a 60 to 70% cast ( 60 to 70% of the
material is removed by explosives instead of by ma-
chisery).

Presplitting is a method ofhighwall control that
minimizes backbreak from the production cast blast.
Basically, presplitting involves a single row of holes
drilled aJong the back perimeter of the area to be
excavated. The holes are spaced and loaded to achieve
a blasted plane of broken rock and a split, which forms
along the length of the presplit line. The presplit line is
shot in before the production cast blast is even drilled.
When the production shot takes place, it should break
back to the presplit line leaving a safe and well defined
highwall

PRESPLITTING - SPECIFIC DESIGN
CONSIDERATIONS AT UCM

We have tried many different combinations of
hole spacing with varying amounts of powder. The best
results, which we have achieved for our geology, will
be discussed.

Drill spacing in our frozen ground is 15 feet on
centers, and these holes are drilled at a 20 degree angle
from the vertical. We use 18 feet spacing in our unfro-
zen material and these holes are usually drilled at a 15
degree angle; the drilling angle 1s based on geotechnical
coasiderations. Drifl holes are drilled with a 10 5/8 inch
diameter bit.



We have found that using air gaps, with 180
1bs. of explosives at the bottom of the hole and a 75 1b.
charge placed half way up the hole, works best.

We have tried not stemming the hole and found
that all the explosive gases vented out and poor
presplitting was accomplished. By using 16 ft. of stem-
ming from our drill cutting, we get our best resuits. This
appears (0 be proper confinement of the explosive
gases, in that the gases can readily split to the adjacent
hole rather than blow out the stemming.

Note that 1801bs. of explosives ira 10 5/8 inch
diameter hole only takes us a few feet of bore hole; the
remainder of the drill hole is filled with air. The upper
charge and the stemming are heldin place by aninflated
air bag. This is technically called air gap presplitting.
Presplitting is thought to be a combination of the
explosive’s shock energy and the explosive’s gas en-
ergy working together. As adjacent holes shoot, the
shock waves start the cracking, but it is believed that the
gas pressure from the explosives over come the com-
pressive strength of the rock causing a split t0 occur
along the path of least resistance, which should be the
adjacent hole,

It works bestto drill and shoot the presplitholes
before the production portion of the shot is even drilled.
This way, the presplit gases are not tempted to Split in
the undesired direction of the production shot.

Another observationthat we have noted, which
gives better results, is 10 not use delays between or in
the presplit line, Wider cracks appear, hole to hole,
when all are fired at the same time. It seems logical to
visualize the gases from each hole going half the dis-
tance and meeting with the gases from the adjacent
holes on both sides. When delays ate used, the gases are
expected to split all the way to the next hole, one after
the other, which makes it easier for the powder to blow
out the stemming. Also, by notusing delays in a presplit
shot, you minimize the cap scatter that is associated
with o/s delays.

Presplitting is considered by maay to be 100
costly and therefore not worth the effact. I'd challenge
that. It can be economical when you consider what the
presplitting adds to the production blast. The zone
between the presplit line and the last row of production
blast hole isadded matesial that contributes in the total
Volume being blasted. It is also tmoportant 1o remember
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that we are dealing with highwalls that often exceed
several hundred feet inheight, andit’sthe rock fall from
these highwalls that is the number one cause of fatal
accidents in open pit mining. Presplitting will produce
the safest highwalls possible.

CAST BLASTING - SPECIFIC DESIGN
CONSIDERATIONS AT UCM

The first consideration that usually comes to
mind when cast blasting is how much powder should be
used. The amount of explosive will depend on rock
type, buta typical powder factor range for cast blasting
is 1.0to 1.7 Ib./cubic yard. By only looking at powder
factors you do not consider the strength in a given
explosive. A better measure is using energy factors.
For example, when heavy ANFO js used in a mixture of
35% emuision to 65% ANFO, you will have about
40% more energy by volume than straight ANFO. At
UCM we use an energy factor of 470 Kcal/cubic yard.
When casting it is also important to remember that the
primary goal is to blast the rock across the pit; our
secondary goal is to fragment the remaining rock that
must be handled by equipment. It has been observed on
high speed camera, that only the first three rows really
cast rock; the remaining rows start to stack up. This
suggests that we should use a high heaving explosive on
the outside rows, and a high shock energy explosive
capable of good fragmentation on the inner rows. ANFO
happens to be a very good heaving explosive, but due to
its light relative density a lot of extra drilling is needed
to obtain the same energy factors. Due to limited angle
drilling capability at UCM, we have compromised by
using a higher shock egmergy explosive in order to
spread out our drill patterns. In our front rows, we use
a higher energy factor and decrease it towards the back
rows pear the presplit line.

At UCM we have found that midhole priming
is giving us advantages overtop or bottom priming, We
think that having the powder column initiate from the
middle of the hole helps the highwall face achieve
maximurm flex before the explosive gases have achance
to vent. This appears to help the middle of the highwall
blow out first and then the top and bottom of the
highwall is dragged along with it. Another slightadvan-
tage of midhole priming is that the powder column is
completely initiated in half the time that it takes com-
pared to top or bottom priming, This may allow the
explosive gases to produce a better cast.
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We use a 10 5/8 inch drill bit and drill ata 15
to 30 degree angle from vertical depending on the
highwall geotechnical considerations. It becomes im-
practical to bulk load an angle hole greater than 30
degrees because the explosive will not slide down the
drill hole. Our main drill is a Driltech D60K, which is
capable of dalling "up to a 30 degree angle hole.
However, beyond 20 degrees there is a substantial
decrease in drilling rate.

A staggered drill pattern has proven to be
superior over a square pattern. The number of rows will
vary from 5 to 7 depending on the overburden depth. In
the front row we reduce the burden to 2/3 of the normal
burden in order to assure that the toe of the highwall is
displaced. If the toe of the cast blast does not move, then
there is real trouble. Instead of the explosive energy
casting the rock across the pit, it sends the epergy wave
in the wrong direction, causing it to crash through the
presplit line and making a mess of the highwall. If there
is a golden rule for cast blasting itis, “Thou shalt make
sufe that the toe in row one is sent flying across the pit!”
The burden and spacing are adjusted {0 maintain the
desired energy factor, We use a spacing to burden ratio
of atleast two. The geometry of the burden and spacing
is important and will vary with your material.

It is crucial not to blast into our coal; we have
found that we need to keep the bottom of our drill holes
10 to 15 feet above the hanging wall. In doing so, we
have been able to properly fragment our overburden
while leaving our coal seams virthally untouched.

Stemming is also a very irnportant parameterin
cast blasting. It is better to use a little too much
stemming than not énough. If there isn’t enough stem-
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ming the cast will tend to shoot up instead of out, which
will result in a low casting percentage. In order to
minimize pad preparation after the cast blast, we inten-
tionally ry to shoot in a flat blasted profile. This is done
by varying the amount of stemming from row 1o row.
We use 18 feet of stemming in the front row and
increase it to 22 feet in the back row.

Timing is the key between a good and bad cast.
We are still trying to optimize our timing sequence. The
goal is to get the rock masses working together by
taking advantage of inertla. If the timing is too slow
between rows, energy will be lost as the first row is
trying to break away (in tension) from the second row.
If the timing is too fast, energy will be lost when the
back row shoots into the front row before it has proper
time to move. When the timing is just right the rock
mass moves across the pit in perfect harmony. For a
rough rule of thumb on time delays, from row to row,
start out with 5 m/s per burden foot between rows one
and two, and increase it up to 10 m/s per burden foot
between the last two rows. At UCM, we generally have
130 ov's between rows one and two, and increase it to
200 nv/s between the final back rows. Scaled distance
laws will determine the pumber of holes you can shoot
in an 8 m/s pedod. At UCM, we put a 9 m/s delay
between each hole and each drill hole has a 350 m/s in-
hole delay to prevent cutoffs.

CONCLUSION

At UCM we have been able to accomplish an
effective cast blasting and presplitting program, which
has proven to be a cost effective way to move material.
When all the blasting parameters are correct and work-
ing together we achieve very satisfying results.
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LONG-TERM REVEGETATION AT USIBELLI COAL MINE

Dorothy (Dot) J. Helm
University of Alaska, Palmer Research Center, Palmer, AK

INTRODUCTION

Usibelli Coal Mine began reclaiming land in
1972, five years before it was required by the Surface
Mining Controland Reclamation Actof 1977 (SMCRA).
Every year since they have reclaimed land disturbed by
themselves or prior mine operators. Durlng the summers
of 1985 and 1989 selected reclamation areas were
surveyed to determine what has happened over tme on
several sites.

The short-term goal of Usibelli's reclamation
is to stabilize the site while the long-term goal is the
reestablishment oflocal species. The short-term stability
goal is addressed by seeding with grass andlegume seed
mixes and fertilizing. Results of various grass trials in
the early 1980°s at Usibelli were reported by Mitchell
(1987). Local woody species are being reestablished by
transplanting of young plants from native vegetation
(Jackson 1987) or by depending onnatural seed dispersal.
This study was intended to identify what species of the
original seeded species survived, what local species
were colonizing these sites, and what site characteristics
were assoctated with these successes,

Some of the original seed mixes contained over
20 plant species until it conld be learned what species
would grow in the area. The major speciesincludedred
fescues (Festuca rubra), other fescues (Festuca spp.),
two bluegrasses (Poaspp.), Manchar smooth bromegrass
(Bromus inermis), meadow foxtail (Alopecuris
pratense), reed canarygrass (Phalaris arund inacea),
imothy (Phleum pratense), crested wheatgrass
(Agropyron cristatum), annual and perennial ryegrasses
(Lolium spp.), alfalfas (Medicago spp.), clovers
(Trifolium spp.), other legumes, and canola (Brassica
Campestris). The yellow-flowered canola is used as a
marker to detect stripping inthe aserial seeding. Over4S
cwltvars of these species have been used at one time or
another between 1972 and 1989. Reclamation at Usibelli
Coal Mine preceded the release of most cultivars
developed from Alaskan collections that are used in
reclamation today.
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It precedes much of the other reclamation work
that has been performed in Alaska. Omnly a few of the
original species in the seed mixes survived very long-
red fescue, brome, foxtail, Kemucky bluegrass (Poa
pratensis), and some alfalfa. The original reclamation
work performed at Usibelli Coal Mine not only has
helped Usibelli improve their reclamation but has
provided background work for many other reclamation

projects.
SITE DESCRIPTION

Usibelli Coal Mine is located near Healy,
Alaska, and mine sites occupy the Healy Creek and
Hoseanna Creek Valleys. Much of the parent material
in the area consists of sandstones and gravels. Streams
in the area are actively downcutting, which has resulted
inunstable slopes. Reclamationin the area must stabilize
slopes that nature has not yet stabilized . The area is
windy and can be hot and dry, especially early in the
growing season. Summer precipitation may include
thunder showers and heavy downpours which result in
gullies where slopes are not adequately protected by
vegetative cover,

PROCESS

Reclamation takes place as soom as a pit is
mined (Jackson 1987). The pit is backfilled, regraded,
and aertally seeded and fertilized. Aedal seeding reduces
compaction by heavyequipmenton the site and facilitates
seeding large areas in rough terrain. Many sites are
furrowed across the slope to reduce runoff and soil
erosion. Tracks of heavy machinery may also increase
moisture catchment and increase seed germination and
plantestablishment (Jackson 1987). Aoothertechnique
used in the past was to terrace the slopes, which resulted
in more moisture at the base of the slope. This created
wetter sites, which formed the habitat for species that
would not be able to colonize drier sites.

Young individuals of woody plants such as
alder (Alnus sinuata) and white spruce (Picea glauca)




were obtained from nearby pative vegetation and
transplanted with their root ball to the reclaimed site.
By trapsferring the soil with the plant, the workers were
able to keep the soil microorganisms thathelp in putrient
absorption. Associated plants frequently came with the
target plant. In recent years this program has been
expanded to include paper birch (Betala papyrifera)
seedlings. Unrooted cuttings and fresh catking with
seeds of willows such as feltleaf (Salix alaxensis) and
others have been placed around ponds and other moist
sites . The deeper root systems of woody plants help
hold the soil in place like rebar while grasses and
colonizing mosses stabilize the surface soils. Both
grasses and woody plants are needed for stabilization,

RESULTS

Vegetative cover may be variable duripg the
seeding year depending on rainfall and temperatures
while plants are becoming established. In good moisture
years, initial establishment may be lush in areas. During
dry years with grasshoppers, some areas have had to be
reseeded. Yellow flowers of capola dominate the
seeded area during the establishment year, but this
anoual plant does not reseed itself. The second year
may have a flush of growth, which is partly dependent
on the inttial fertilizer applications. Afier that living
grass cover may decline, which permits increased nattve
colonization, Litter and roots are still present from the
initial flush of growth to bind the soil. The original
seeded cover may lose much vigor, but native
colonization becomes more noticeable during years 5
through 9 deperding on site conditions and distance to
native vegetation. '‘Where the surface has been furrowed,
better grass growth occurs ip the troughs where the
moisture is greater. Nafive colonization may ocour
either on the ridges of the furrows where there is less
competition or it may occur in the troughs where
moisture is better,

Some of the smdy areas included sites at Gold
Run Pass dating back to the late 1970°s. The Gold Run
Pass area is near tree line, and nearby vegetation is
dominated by glandular birch (Betula glandulosa) and
ericaceous shrubs such as bog blueberry (Vaccinjum
uligi nosum) and Labrador tea (Ledum groenlandicurm)
as well as prasses and sedges. Over 30 native plant
colonizing species have beep identified in the Gold Run
Pass area, including 25 on one site alone. Several of
these have flowered and set fruit, an important step in
establishing a self-sustaining community. Some of

these are species associated with organic soils, but are
colonjzing these mineral soils; Labrador tea and bog
blueberry. Several species of willow have been found,
including some with catkins. Seedlings of four species
of trees have been found including paper birch, balsam
poplar (Populus balsamifera), aspen (Populus
tremuloides), and white spruce. This is particularly
interesting since none of the broadleaf trees (birch,
poplax, aspen) occur in native vegetation above these
sites. The seeds apparently are lofted from lower
elevations by windsunder particular weatherconditions
or carried by animals.

Many species of mosses usually associated
with various successional stages have beea found in the
Gold Run Pass as well as other areas. The thizoids
(zoot-like structures) of mosses help stabilize surface
soils. This binding is so strong that when mosses are
dug up, a substantial amount Of Soil clings to the
rhizoids.

These smaller plants colonize some of the sites
where the grass cover is beginning to deteriorate.
However, other plants may colonize the sites with tall,
dense grass cover pear the active areas on Poker Flats.
Alder is found in many moist areas. Raspberry (Rubu
$ idaeus) and wild rhubarb (Polygonum alaskanusm) are
colonizing amidst tall grass cover on slopes at Poker
Flats at alower elevation than Gold Rua Pass. The wild
thubarb has become particularly vigorous on many
portions of the outslope.

A gravel cut on an access road to the Poker Flats
area illustrated the effect of aspect on native plant
species colomization. This was seeded with a grass mix
in 1977 and young white spruce individuals from nearby
native vegetation were transplanted at the same time.
The site consisted of porth- and south-facing slopes.
Twelve years after planting the two slopes had dramatic
differences in cover and species composition. The
north-facing slope was covered with alder with some
white spruce and Labrador tea. Labrador tea was
presentinnearby vegetation, but the adjacent vegetation
was dominated by glaodular birch, paper birch, and
white spruce. Although Labrador tea usually occurs in
relatively undisturbed commusities, it can colonize
recent disturbances as indicated by vegetation in this
gravel cut and sites in Gold Run Pass.

The south-facing slope of the gravel cut was
very open after 12 years with very little evidence of the
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initial grasses. Some white spruce transplants were still
growing. Althoughother spruce had died, several of the
native species that came in with the transplants were
alive and expanding. Theseincludedlowbush cranberry
(Vaccinium vitis-idaea), bearberry ( Arctostaphylos
spp.), Labrador tea, and the lichen, Stereccaulon

paschale.

Not only has the aspect affected the native
colonizers, it has affected the seeded specles suceess.
Different grass communities developed on different
slopes and substrate s on 2 dump in the Poker Flats area,
even though all sites were seeded with the same seed
mix. Depending upon where mining is occurring, some
of the overburden is sandstone while some is gravel,
thus creating different growth media. Approximately
five years after the site was first seeded, the south-
facing slope on sandstone had somewhat open vegetation
dominated by Manchar brome but Arctared red fescue,
meadow foxtail, and Nugget Kentucky bluegrass were
present. The north-facing slope on sandstone had very
dense cover but was dominated by foxtail with some
brome and red fescue. Both the south- and north-facing
slopes on gravel were dominated by red fescue. Foxtail
was not observed on the gravel substrate.

Some of the oldest and harshest sites occurred
at Viuo in Healy Valley. Hot , dry winds blow off the
Alaska Range during the summer, Not only do these
winds make it diffcultfor plants to become established,
but the loose sandy soil is eroded wherever grass cover
is not protecting the soil. University research plots that
had been seeded and fertilized in 198 1 and half fertilized
again in 1984 had been pictured in Figure 3 of Mitchell
(1987). These plots were revisited in 1989, The once-
fertilized portion was barely visible while the twice-
fertilized portion had substantially more cover, although
much ofithadlow vigor. This points outthe needto use
fertilizer to help grasses become established.

‘ Not far from Vitro, butalso in the Healy Valley,
15 0ne of the first reclamation projects by Usibelli Coal
Mine. Portions of the site are barety discernible from
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the surrounding native vegetation 17 years after
reclamation. Permafrost material had been pushed over
the north-facing side of a slope in 1972 and the area
seeded. Hence good moisture and seed source were
present. Little evidence of grass remained on the slope
17 years later, although it was seeded like other areas.
However, the seeded area could be distinguished at the
base of the slope, but feltleaf willow was colonizing the-
site and was large enough to serve as moose browse.
Grass seedings provide opportunities for wildlife
diversity in an area dominated by woody vegetation,
either forests or shrublands. The grasses provide
extensive cover for voles, which can be food for raptors,
Hence grass seeding may increase the raptors in an area
(Elliott 1984). Ptarmigan and cadbou are frequently-
seen in the Gold Run Pass area, moose are seen in the
Poker Flats area, and bears and moose have been
observed near the active mining.

Although grasses are the most visible part of
reclamation in the short term at Usibelli Coal Mine,
many native species are colonizing the area in the long
term and the older sites are becoming more sirnilar to
native vegetation,
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HEALY COAL - AN ELECTRIC UTILITY PERSPECTIVE

Dan Berg and

Frank Abegg 11

Golden Valley Electric Association, Inc., Fairbanks, AK

INTRODUCTION

This paper describes how Healy coal’s physi-
cal and chemical characteristics influence the operation
of a coal-fired power generating station. Golden Valley
Electric Association (GVEA) operates Healy Unit#1, 2
25 MW mine-mouth power plant. It consumes 160,000
tons of Healy coal each year generating electricity for
interior Alaska. A 50 MW plant addition, the Healy
Clean Coal Project (HCCP), is being designed now with
anticipated operation by 1996, The Healy plant’s exist-
ing coal handling system mst be upgraded to serve
both plants, and the sew System will incorporate equip-
ment changes (0 minimize past coal handling problems.
Studies on Healy coal flowability were performed to
optimize storage bunker design.

Healy Unit #1 has a boiler fueled with pulver-
ized coal. GVEA installed a baghouse in 1979 to reduce
the boiler’s particulate emissions. Recent stack testing
revealed relatively low emission rates of sulfur dioxide
(80,), nitrogen oxides (NO, ) and particulates (TSP). In
fact, there is evidence that some of the SO, is being
absorbed by the coal ash

Healy fly ash characteristics and fmarketing
potential are also discussed in the paper. Today electric
utilities are developing markets for fly ash to rechuce its
disposal cost. Fly ash is used throughout the world as
a cement additive and in road foundations. Alaska i
beginning to realize its potential uses, The recently
completed Bradiey Lake Hydro project used Healy fly
ash asa pozzolanto reduce cementrequirements. GVEA
is also cooperating with the University of Alaska and

the Alaska Departmentof Transportation to establish its
vafue as 4 road sub-base material.

HEALYPLANT COAL HANDLING SYSTEM

GVEA's Healy #1 plant receives mine run coal
from the Usibelli Coal Mine (UCM). Coal is delivered
daily in 95 ton Dresser Model 325M HaulPak trucks
and unloaded near the plant’s coal crusher intake hop-
per. Figure 1 shows a diagram of the existing system.

A John Deere 850B dozer is used to spread,

contour the coal pile, and push mine run coal into the
intake bopper. This hopper has a slotted beam-bar
sloped grizzly with six inch openings. Vibrating pan
feeders atthe base of the hopper feed the coal to the coal
crushers. Jeffrey model 45FT crushers reduce the coal
size t0 3/4" minug and discharge jt onto belt conveyor
#1. This conveyor is 24 inches wide, equipped with 20
degree idlers, and is inclined at 14 degrees from hor-
zontal. It spans a distance of over 415 feet to climb a
height of 100 feet. The coal is discharged through chute
work to the plant’s storage bunker #1A or onto con-
veyor #2, an inclined belt, 1o feed into storage bunker
#1B.

Each bunker has a design capacity of 195 tons.
However, actual working capacity is only about 160
tons each, due to the coal’s sloped cone at the top (each
bunker has a single fill point). A Galigher coal sam-
pling system is located between belt conveyors #1 and
#2. The design capacity for the existing coal handling
system is 200 tons/hour with both crushers operating,
Only one crusher is normally operating with the other
crusher as spare. The present coal handling system
capacity is operated near 125 tons/hour, and Unit #1
burns 500 tons of coal daily. The plant bunkers can be
filled within a 4 hour period. This schedule allows the
coal crew sufficient time to perform routine mainte-
nance apd cleanup during a single work shift.

COAL BANDLING PROBLEMS

The existing coal handling system eacounters
operating problems primarily due to large chunks of
mine run coal, the coal’s high mojsture content, and
arctic weather conditions.

Mine run coal is delivered to the plantuscrushed
and normally ranges In sizes from 36 inches to fines.
The largercoal chunks are either broken up by the dozer
or set aside to weather and break up into smaller pieces
on their own. This sorting process is fime consuming
for the coal operator and increases the ¢coal loading time.
The large chunks that do pass through the grizzly will
slow the crusher’s output; since they operate best crush-
ing 4 inch coal to 3/4” migus. Tramp iron from mine
equipment and large rocks can also canse problems.
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They can jam inside the crusher and cause internal
damage, requiring downtime for repairs. This prob-
lem does not occur very often, but it is worth men-
tioning because of its impact on the coal handling

equipment.

Healy’s ambienttemperamiresrange between
+85 °F in the summer to -60 °F in the winter. Arctic
sub-zero temperatures Create severe operating con-
ditions for the coal haodling systemn. The coal's
moisture content aggravates system operation, when
the coal sticks and freezes to cold metal surfaces.
Summer raing and winter snow storms also increase
the coal’s surface moisture. Saow falls in this area
are usually followed by wind, which will drive the
snow into the coal pile and create spow drifts in the

storage yard,

The existing reclaim hopper has shallow
angles; 50 the coal often freezes and sticks to the
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corners and sides of the cold steel hopper wall and then
decreases flow to the crushers. This conditon also
occurs on the crusher’s discharge chutes. The coal
bridges across the hopper or crusher outlet unless it is
manually removed, which can be time consuming and
hard work. During snow, cold and wet coal conditions,
the coal can bridge over in less than an hour of operating
tme. This coal flow problem seriously impacts the
operating capacity and reliability of the entire coal
handling system.

Coal flow is also a problem in the boilec’s
sworage bunkers. The crushed coal freezes together
inside the bunker, and then bridges across the bunker
outlets. Coal also freezes to the metal walls of the
bunker, hindering its flow downward though the
bunker's discharge outlet. Vibrating thumpers are
mounted on the walls of the bunker t0 keep the frozen
coal flowing. These vibrators help to a degree; but they
also tend to0 pack the coal tighter and increase the
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Diagram of Existing Healy Plant Coal Handling System



problem. Evenwally, the coal must be manually dis-
lodged by inserting steel rods and air lances through
poke holes near the bunker's outlet. This work is
physically demanding and requires quick action by the
crew before the boiler runs out of coal.

PLANNED COAL BANPLING
IMPROVEMENTS

The HCCP plant addition provides an opportu-
nity to improve the existing coal handling system and
minimize future coal handling problems. HCCP and
Healy #1 will consume 1,800 tons/day of coal com-
pared to Healy #1°s 500 tons/day. The most cost
effective system would utilize as much of the existing
facilities as possible.

Stone & Webster Engineering Company
(SWEC) began tbeirinvestigation by defining the avail-
able capacity of the Healy #1 bunkers and HCCP coal
stlos. Healy #1's bunkers can hold approximately 320
tons of coal, which is enough to operate the boiler for
about 15 hours at 2 burn rate 0f 21 tons/hour. The Healy
#1 bunkers must be filled at the beginping of the day
shift (8 AM) ard then topped off by the end of the shift
(6 PM) o keep the plant operating continuously over-
night. HCCP’s silos are being designed to Store up to 22
hours of coal for its boiler; so they will only need to be
filled once each day. To fill all the coal silos and
bunkersina single 10hour shift, SWEC determined that
the new conveying System would operate 9.25 hours per
day. The mode of operation required double filing of
the existing Healy #1 bunkers and a single filling of
HCCP's coal silos. At the maximum combined coal
burning rate of 75 tons/hour, a minimum conveying rate
of 240 tons/hour would be required:

Coal Burned Daily: 75 tons/hr x 24 hrs/day =1,800 tons

Coal Conveying Time: 1,800 tons / 240 tons/hr

= 7.50 hours
Startup/Shutdown/Cleanup =),75 howrs
Total Daily Coal Handling Time 9.25 hours

Major equipment maintenance could be performed
after hours.

SWEC then reviewed the drawings and ob-
tained field iaformation on the Healy #1’s existing
equipment. They récommended the following modifi-
cations and component replacements to achieve the 240
tons/hour coal handling capacity:

* Install Pre-Crusber: Install a primary stage crusher in
the coal yard to reduce the mine run coal to 4 inch
‘before entering the existing crushers. This equipment
addition could increase the existing crusher capacity
from 150 wn/hour to 240 ton/hour. At present, the
crushers are the bottleneck because too much Size
reduction is required. Field tests confirmed that pre-
sizing the coal could increase existing crusher capac-
ity to at least 217 tong/hour. UCM is providing a
Stamler feeder breaker as the primary crusher.

* Mobile Equipment: Use a front end loader to transfer
coal from the yard stockpile to the primary crusher.
The existing dozer would be used to maintain the
stockpile area, not move coal to the crushers.

¥ Modify Yard Hopper: The nmew primary crusher
discharge would elevate the coal enough (o raise the
hopper and make its sides asteeper angle. This change
would reduce the coal buildup problem.

* Variable Belt Feeders: The existing vibrating pan
feeders are each rated at 100 tons/hour. Vibrating
feeders are very susceptible to slugging of the coal
flow and can even cause plugging in the crushers.
SWEC recommended replacing them with variable
speed belt feeders. These feeders have superior flow
control compared to vibrating pan feeders. This
control is critical, when operating coal belt conveyors
near design capacity.

* Install Magoets: Magoets above the hopper belt
feeders would catch the trampiron before it enters and
damages the coal crushers,

* Upgrade Crusher Motors and Drive; Contimious
operation of the existing crushers at higher flow rates
requires increasing the crusher motor size from 100
HP to 150 HP and upgrading the drive belts and
sheaves.

* Upgrade Belt Conveyor: The existing conveyor belt
1§ designed to handle 200 tons/hour. Good engineer-
ing practice requires limiting capacity to less than
95% of abelt’s maximmm rated loading to account for
surges in flow, belt misalignment, etc. SWEC'S
computer modeling identified three possible upgrades
for conveyor #1 (see Table 1). Case #2 was selected
as the best choice. Itrequires upgrading the conveyor
belt suength, increasing the comveyor drive motor
horsepower, increasing the gravity takeup counter
weight, and increasing the angle of the existing 20°
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TABLE 1
Healy Conveyor Belt Upgrade Options

Design Case
Troughing Angle (degrees)
Idler Diameter (inches)

Belt Speed (ft/min)

Length (feet)

Lift (feet)

Minimum Operating Temp. CF)
Max. Capacity @100% (ton/hr)
Design Capacity @ 93% (ton/hr)
Brake Horsepower (100% load)
Motor Horsepower

Tight Side Tension T1 (Ibs)

Slack Side Tension T2 (Ibs)
Size of Gravity Takeup (1bs)

Base #1__ #2  #3
20 20 35 35
5 5 5 5
450 550 450 500
416 416 416 416
100 100 100 100
30 30 30 30
216 264 274 305
200 245 255 284
44 55 55 62
50 75 75 75
4566 4670 5780 5842
1522 1557 1926 19547
3044 3113 3853 3895

Note: Above design calculations based on Conveyor Equipment
Manufacturers Association (CEMA) standards.

troughing idlers to 35°.

*Modify Galigher Coal Sampler: The existing sampler’s
cutter hopper outlet needs to be increased to allow 240
tons'hour flow rate.

* Install TIVAR Liners: Slick TIVAR liners on the
metal walls of the crusher hopper, crusher discharge
chute, and Galigher sampler chute would minimize
the buildup of wet and frozen coal.

* Install Dust Suppression System: Dust control will be
Installed to capture coal dust at each transfer point.
Baghouses at the crusher building and HCCP storage
$io area will remove the coal dust from the ventilation
Systemn,

Figure 2 shows the proposed coal handling
21

system for both plants. The system modification pack-
age was awarded to Mid-West Conveying Company.
They have been released for engineering and detailed
design; fabrication and installaton of the new system
will begin once all of the necessary permits are received
for HCCP. The above changes can be accomplished in
stages to minimize Healy Unit #1's dgowntime.

In an effort to minimize future coal flow prob-
lems, SWEC stdied Healy coal’s flow properties to
optimize HCCP's coal silo design. Jenike & Johanson,
material handling specialists, performed tests to deter-
mine §}o discharge dimensions pecessary to malotain
flow. Wall friction angles were determined on different
wall materials. The test results are shown below for a
3 fi. opening using stainless steel wall material and
using a TIVAR coating:



Wall Materia} Hopper Angie (max)
304 #2B finish stainless steel  19° to 23°
TIVAR-88 27° to 34°

TIVAR (an ultrahigh molecular weight poly-
ethylene) allows the hopper 10 be 10 degrees less steep
and still achjeve mass flow, its use also increases the
silo's storage capacity without increasing height or
outside dimension. The HCCP silos will have a 1/2"
TIVAR liner on their discharge cone. This thickness is
expected to have a teg year wear life. Its use should
improve coal flow, and the Jarge 3 fi. outlet should
eliminate coal bridging problems experienced in Healy
#1.

HEALY BOILER EXHAUST EMISSIONS

GVEA performed emissions source testing on
Healy #1 botler in 1990Q. It was required by the Alaska
Department of Environmental Conservation as a condi-
ton of the plant’s operating permit. The test measured
tne amounts of sulfur dioxide (SO,), nitrogen oxides
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(NO)), and particulates (TSP) exiting the stack. Test
results vesified that the boiler operates well within its

permit.
Regulated Emisstons (Ibs/hour)

Acual  Permitted
Particulate (TSP) 6 74
Sulfur Djoxide (SO,) 76 199
Nitrogen Oxides (NO ) 210 570

The baghouse on the boiler outlet is very effi-
cient; it removes over 99% of the particulate before
reaching the stack, Healy #1 does not have a scrubber
to chemically remove SO, from the exbaust. All of the
S0, gas produced inside the boiler is emitted, when the
coal’s sulfur oxidizes. Nitrogen oxides form in the high
temperature zone of the flame. Healy #1's coal burners
are the original equipment installed 25 years 2go. Modern
coal-fired boiless equipped with Low NO, burners and
sulfur scrubbers would have much lower SO, apd NO_
emissions.
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FIGURE 2

Diagram of Updated Healy Plant Coal Handling System
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The emission source test results documented
lower SO, emission rates in the stack than were ex-
pected. The SO, emissions should be directly related to
the sulfur content of the coal. According to the test
results, either the coal used during the test had a lower
than normal sulfur content or sulfur compounds were
retained somewhere tnside the boller. Healy coal hasa
very low sulfur content, ranging between 0.15% and
0.3% (as received). It also has a high percentage of
calcivm in its ash.

We suspected that the calcium richflyash might
be capturing some of the SO, gas as it passed through
the dust covered filter bags in the baghouse. In August,
1992 a second source test was performed, and sufficient
data was collected to construct a sulfur balance for the
Healy #1 boiler. Emissions monitoring was performed
by EMC Analytical, Inc. The coal and ash samples were
analyzed by Hazen Research, Inc. SWEC prepared the
test program and the final report. Table 2 shows the
analysis of coal burned, Table 3 a typical fly ash
analysis, and Figure 3 the actual and expected SO,
emission levels during the tests.

A sulfur mass balance compared the coal’s
sulfur content to that found at the following boiler
locations: a) SO, in the stack gas, b) sulfur products in
the boiler bottom ash, and ¢) sulfur productsinbaghouse
flyash. Table 4 summarizes this data.

The test verified thatactual SO, emissions were
less than expected. Only 91% of the available sulfurin
the coal was emitted up the stack; the bottom ash and fly
ash retained 9% of the sulfur. There was equal capture
of the sulfur in the fly ash and bottom ash, indicating
that the baghouse was not a major influence. Even
though the calcium levels in the ash provides an alkali
to sulfor molar ratio of 6 1o 1, conditions needed to
promote these reactions wWere not present.

FLY ASH UTILIZATION

Waste reduction and recycling are becoming
pdorities for electric utilities today. Even substances of
Seemingly little value can be candidates for recycling.

For more than a decade, GVEA has promoted the use of

fly ash as a resource in Alaska. In many other states, it
i used as an aggregate t0 pave highways and airport
funways, as an insulation in industrial buildings, and as
an excellent concrete-lke fill material for roadway
foundation construction.
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Healy#1 produces about 30 tons/day of fly ash.
Pozzolanic, Inc. markets fly ash from plants in Alaska
and the Northwest. They currently market Healy #1 fly
ash as an industrial pozzolan; it has been approved by
the U.S. Army Corps of Engineers as a qualified source
of Class C structural grade fly ash. Table 5 shows its
typical charactesistics.

The University of Alaska Institute of Northern
Engineering received a grant from the Alaska Science
and Technology Foundation in 1990 to study fly ash.
GVEA and the Alaska Department of Transportation
are assisting the University by providing financial sup-
port, fly ash, and testing facilities. The project’s objec-
tves are to develop engineering criteria and design
methodologies for utilizing Alaskan coal ash as a con-
struction material. Their research will test fly ash as an
admixture in concrete mixes to promote strength, dura-
bility and workability and as a source material that is
stabilized with cement and used as a high strength,
light-weight and insulating layer in roads. This re-
search project should be completed this year.

Healy fly ash is beginning to gain acceptance as
structural §ll. Thousands of yards of Healy fly agh were
mixed with concrete in the construction of Bradley
Lake Hydro, which was recently built near Homer,
Alaska. Pozzolanic, Inc. markets fly ash as a ready
mixed flowable fill (RFF), which is a blend of cement,
fly ash, sand and water. It is a low strength, flowable
material requiring no subsequent vibration of tamping
to fill excavations, such as backfilling sewer trenches,
bridge abutments, building excavations, etc. RFFisa
high density backfill and reduces costly maintenance of
roadways due to settiement. It can also be re-excavated
easily. Healy's fly ash is also being used on the North
Slope oil field as a drill well cement.

SUMMARY

This paper has examined some the aspects of
handling, burmning, and ash disposal of Healy coal at
GVEA'’s mine mouth power plant. Coal is plentiful in
Alaska and the United States. Itis competitively priced
a0d can be purchased undex stable, long term contracts.
Healy coal has a very low sulfur content, so it requires
Jess scrubbing to meet today’s permitted SO, emission
lmits. However, coal-fired power plants are expensive
to build today and require more labor and equipment for
fuel processing and ash disposal. Material handling
systems need to be designed efficiently to minimize



TABLE 2

Healy Coal Analysis (8/92)

Proximate (%)  AsReceived Dry Air Dry

Moisture 25.60 . 10.57

Ash 11.06 14.87 13.30

Volatile 3472  46.67 41.74

Fixed Carbon 28.62 38.46 34.39

Total 100.00  100.00 100.00

Sulfur 0.22 0.30 0.27

Bruw/lb 7,533 10,125 9,055

MMF Buw/1b 8,554 - -

MAF Bru/tb | R - 11,894

Air Dry Loss (%) - - -

Ultimate (%)

Moisture 25.60 - 10.57

Carbon 4429  59.63 53.24

Hydrogen 3.49 4.69 4.20

Nitrogen 0.67 0.76 0.68

Sulfur 0.22 0.30 0.27

Ash 11.06 14.87 13.30

Oxygen 1477 19.65 17274

- Total 100.00  100.00 100.00
.i.'!
' TABLE 3
Healy Fly Ash Analysis (8/92)

E] I Analysis of Ash (9 A Viscosity Calcular
Si0; 53.14 Base Content (%) 26.84
Al;O5 14.16 Acid Content (%) 73.16
TiO, 0.54 Dolomite Ratio 67.82
Fe, 03 6.28 Base/Acid Ratio 0.37 ;
Ca0 15.20 Silica/Alumina Ratio 3.15
MgO 1.68 T250 Temperature (‘F) 2,448 '
NaO, - 0.51 Equivalent Silica Content (%) 69.65
K20 1.22 Ash Type Lignite
P,0s 0.40

SO3 0.79




operation and maintenance Costs. Jenike & Johanson, Inc.September, 1992, Material Prop-

erties Tests and Recommendations For a Mass
During the past twenty years, the United States Flow Coal Silo

has changed its position twice on fuel preference for

electric utilities and industry, depending on global Stone & Webster Engineering Company,October 1592,

events. In the 1970’s, it discouraged the use of oil, Healy Unit 1 Emissions Characterization Test

natural gas, and nuclear epergy; coal was prefesred. Report

Then in the 1980's, it switcbed back to natural gas.

Today, the utility industry burns coal to provide over  Alaska Science and Technology Foundation Grant,

60% of U.S. electric energy demand. The Department ASTF Project 90-1-042 1990, Udlization of
of Energy’s Clean Coal program should provide the Alaskan Coal Ash as a Construction Material
technologies needed to make coal an acceptable fuel
choice in the near firture.,
SOURCES
Stone & Webster Engineering Company, May, 1992,
Healy Unit 1 Coal Handling Study
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Healy #1 Boiler Sulfur Dioxide Emissions (8/92)
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TABLE 4

Healy #1 Sulfur Balance (8/92)
Test # #1 #2 #3 Average
Plant Load (MW) 25.1 25.0 24.8 250
Excess Air (%) 19.5 11.0 28.5 19.7
Sulfur In (Lb/Hr)
" - Coal Burned 71.52 73.15 80.00 76.89
Sulfur Out (Lb/Hr)
- Stack Exhaust 70.69 72.48 85.14 76.10
- Baghouse Flyash 3.50 2.86 3,77 3.38
- Bottom Ash 3.25 4.33 4.55 4.04
Total 77.44 75.67 93.4% 83.52
Sulfur Balance 100.2% 108.8% 116.7% 108.6%
TABLE 5

Healy #1 Fly Ash Pozzolan Characteristics

Healy #1 ASTM C 618 Requirements

TEST PARAMETER Fly Ash ClassF Class C
Fineness: 12.5 34 34
(max % retained on #25 sieve)
Pozzolanic Activity Index: 108.8 75 75
(min % of control at 28 days)
Soundness: +.048 0.8 0.8
(max % expansion or contraction)
Chemical Composition:
Silicon Dioxide SI0, (%) 38.12 - -
Aluminum Oxide  A1LO, (%) 17.77 - -
Iron Oxide Fe,0, (%) 738 - -

Total SiOp+ALOs+Fe,04 (min %) 63.27 70 50 !
Sulfur Trioxide SO3 (max %) 1.34 5.0 5.0
Moismre Content (max %) 0.08 3.0 3.0
Loss-on-Ignition (max %) 2.3 6.0 6.0

Specific Gravity 2.56 - -




UTILIZATION TECHNOLOGY FOR THE
HEALY CLEAN COAL PROJECT

Steve W. Denton
Denton Civil and Mineral, Ward Cove, AK
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Golden Valley Electric Association, Inc., Fairbanks, AK

R.A. Jensen
Stone and Webster Engineering Corp., Denver, CO

ABSTRACT

The Healy Clean Coal Project (HCCP) isa new
50 MWe nominal pulverized coal-fired power plant to
be constructed near Healy, Alaska. Power plant tech-
nologies will include an entrained combuston system
developed by TRW Applied Technologies Division in
conjuction with an activated fly ash recycle flue gas
desulfurization system developed by Joy Technologies
Inc. The integration of these technologies is expected
to result in significantly lower emissions of SO, and
NO, than previously achieved in conventional pulver-
ized coal fired power plants. This paper will present a
current description of the integrated technologies and
stanis of the HCCP.

INTRODUCTION

In 1989, the Department of Energy (DOE) se-
lected the Healy Clean Coal Project to participate in its
Clean Coal Technology (CCT) Program. The CCT pro-
gram is a government and indusiry co-funded technol-
0gy developmeot program aimed at demonstrating new
and innovative coal utilization processes in a series of
large scale showcase facilities. HCCP was selected for
participarion because the technologies being demon-
strated have the potential to achieve significant reduc-
tions in emissions of sulfur dioxide (SO,) and oxides
of nitrogen (NO,,).

Key project participants include the DOE, pro-
viding about half the project funding, the Alaska In-
dustrial Development and Export Authority, the plant
owner, providing the remainder of the funding, and
Golden Valley Blectric Association, the plant operator.
Usibelli Coal Mine will supply the coal. TRW Ap-
plied Technplogies Division is the advanced coal com-

bustion system developer. Joy Technologies is the ad-
vanced flue gas cleanup system developer. Stone and
Webster Engineering Corporation prepared the proposal
to the DOE and is providing project engineeting and
design services.

HCCP DEMONSTRATION GOALS

The primary goal of the HCCP is to demon-
strate a new design feamring integration of an advanced
combustion aud heat recovery system coupled with both
high and low temperature emission control processes.
The HCCP technology suppliers believe the demon-
stration technology can achieve NO, and SO, emis-
sion levels significantly below current New Source
Performance Standards for new utility coal-fired units
(Table 1). Control of these pollutants is expected to be
achieved by integrating the TRW entrained slagging
combustors with Joy Technologies’ back end spray
dryer absorber featuring a sorbent recycle system (Fig-
ure 1).

CONTROL OF OXIDES OF NITROGEN

To understand the NO, reduction technologies
being demonstrated it is important to understand the
NO,, generation mechanisms.

Mechanisms of NOy Formation

NO, formed as a result of coal combustion is
typically referred to as thermal NO,, fuei NO,, or
prompt NO, depending on the formation mechanism.

Thermal NO, is produced when atmospheric
nitrogen and oxygen combine at temperatures normally
over 1700 degrees F. Production of thermal NO, is an
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exponential function of flase temperature and a linear
function of the time the combustion gas Is at the flame
temperature. The thermal NO, mechanism follows the
Zeldovich reactions:

(1) N,+0&NO+N
(2 N+0,~NO+0
3) N+OHO NO+H
At temperatures aone about 3000 degrees F produc-

ton of thermal NO, becomes sigaificant. The reverse
reactions are not favored in the presence of molecular

oxygen. Inatypical combustion zone Where excess air
is present the NO formed is essantially fixed.

Fuel NO, Is produced by the oxidation of the
chemically bound nitrogen present in the fuel. Signifi-
cant factors governing this mechanism are the amounts
of chemically bound nitrogen in the fuel and the de-
gree the fuel is mixed with air in the early stages of
combusion whea fuel bound nitrogen is released. It is
also governed by the amount of oxygen available dur-
ing the combustion process.

Coal, when decomposed during combustion,
releases fragments composed of hydrogen, carbon and

TABLE 1
HCCP Target Emission Levels
Proposed PSD Target
Bollutan! NSPS Limit Permit Limit Emissions
NO, 05 IWMMBw 0.35 {b/MMBtu 0.2 Ib/MMBtu
SO, 70% Removal 80% Removal 90% Removal
PM 0.03 byMMBH 0.02 IbYMMB1 0.015 15/MMBtu
ADVANCED TECHNOLOGIES
- ENIRAINED COMBUSTORS
- FGD WITHRECYCLE
TUBULAR
AR
FURNACE [PREHEATER
\/ sox _
SPRAY
ORYER
ABSORBER
SORBENT [
ACTIVATION
SIAG AND BOTTON *
ASH 1O DISPOSAL
-
INEATS, REAGENT
PRODUCTS AND FLY
ASH YO DISPOSAYL

Figure 1: Process Flow Diagram




nitrogen substructures. In fuel rich combustion zones,
gas phase nitrogen componeats react in several steps
to vagous amine species: NH,. Subsequent reaction of
these amipes is the most important aspect of NO,, con-
trol.

In a fuel rich environment where excess oxy-
gen is scarce, the amines combine with NO or other
amines in a reaction converting the fuel bound nitro-
gen to molecular nitrogen (N,). In an excess air envi-
ronment and with adequate mixing of fuel and oxygen,
amines react with oxygen to form fuel NO,.

Prompt NO, is produced by the reaction of
disassociated nitrogen, either from air or the fuel, com-
bining with hydroxyl radicals from the fuel according
to the mechanism proposed by Fenimore:

N+OH&e NO+H

A final set of reactions important in NO,, control are
those leading to the destuction of NO. These reac-
tions take place in a fuel rich environment and convert
NO (o other pitrogenous species.

Figure 2 excerpted from Song et al (1) sum-
marizes five major reaction paths for fixed nitrogen
formation and conversion in coal-air combustion.

To summarize, maintaining temperatures near

ot below 3000 degrees F during fuel-lean combustion
or by operating under fuel rich conditions. with little or
no O, mitigates production of thermal NO,.. Fuel NO,
may also be reduced by bumning coal under fuel rich
conditions. Prompt NO, is minimized by combustion
in a fuel-lean atmosphere where hydroxyl radicals for
the decomposition of the fuel are scarce. Finally, NO
destruction to other nitrogenous species occurs in fuel
gch environments.

HCCP Control Technology for NO,

The TRW system uses a staged combustion
process to establish envirorments unfavorable to the
production of oxides of nitrogen. The process enploys
three main components including a precombustor stage,
a main (slagging) combustor stage and a short slag re-
covery duct connecting the combined combustor stages
10 the boiler. Figure 3 shows the arangement of the
components,

Additional NO, control takes place just down-
stream of the combustion system in the boiler furnace.

Precombustor Stage

The precombustor will burn approximately 20
- 50 percent of the total coal consumed by HCCP at
substoichiometric conditions to boost the temperature
of the combustion air supplied to the slagging combus-

Thermal NOX — - = — —.
Fuel NOx
Prompt NOx ——

—_—

N2 Production

—— —— NOx
Conversion

Figure 2: Reaction Paths For Fixed Nitrogen in Coal Combustion
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tors well above the temperatures normally supplied by
the combustion air heaters. The temperatre of the air
is increased to a value necessary to achieve optimum
slagging performance of fuel in the main combustor

stage.

Downstream of the bumer, air is added in a
mix apmulus to produce 4 fuel-lean mixture of com-
bustion products. This mixture is then ducted to the
main (slagging) combustor stage.

TRW tests have measured very high NO, lev-
els in the combustion products stream. However, when
additional fuel 1s combiaed with this combustion prod-
uct stream in the main slagging combustor, a fuel-rich

STEAM DRUM

combustion environment conducive to NO, destruc-
tion reactions is established. The resulting NO, in the
£as stream exiting the TRW combustion system to the
furnace is negligible.

(ain (Slageine) ¢

The key component of the TRW Entrained
Combustion system Is the slagging combustor. It con-
sists of a water-cooled cylinder with a tangential air
inlet and a key slotted baffle located about two-thirds
of the way down the combustors longitudinal axis. Pre-
heated air enters the cylinder shaped main combustor
tangentially imparting a swirling motion to the com-
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Figure 3: HCCP Boiler Arrangement and Entrained Combustor Installation
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The portion of the pulverized coal not used in
the precombustor stage is introduced axially through
multiple ports into the main combustor stage where it
is mixed with the prebeated gas entering from the pre-
combustion stage. Air inlet and baffle combination
promotes efficient mixing/combustion reactions and
internal slag flow patterns. The coal {s burned at high
temperatures and in a fuel-rich (substoichiometric) con-
ditions.

Actual total air provided is nearly 90 percent
of the theoretical air required for complete combus-
tion. Ash contained in the coal is released in drops of
molten slag as the coal particles burn. The swirling
motion resulting from the tangential entrance of the
precombustor exhaust gases causes the molten slag to
collect on the walls of the main combustor. Slag re-
moval at this stage accounts for about 80 percent of the
total coal ash: The slag nearest the water cooled wall
solidifies to protect the combustor walls from erosion
and corrosion. Slag nearest the combustion zone re-
mains fluld and flows by acrodymamic and gravitational
forces through the key slot and into a slag tap located
just downstream of the baffle into the slag recovery
stage. Heat transferred to the combustor cooling sys-
tem is recovered in the pawer generation cycle.

The main slagging combustor converts solid
fuel components to a hot partialty oxidized fuel gas in
an environment conducive to destroying the complex
organic fuel bound nitrogen compounds that could eas-
Hly be oxidized to NO, in the presence of excess oxy-
gen.

Slag Recovery Stage

The slag recovery stage located beneath the
slotted outlet of the main combustor directs the molten
slag into a water-filled slag recovery tank for subse-
queat removal to disposal. The partially oxidized fuel
gas is ducted into the furnace section of the boiler for
final combustion.

Kinal Combustion

When the exbaust gases leave the slagging
Combustor, coal has been mixed with 70 to 90 percent
of the theoretical air necessary 10 complete combus-
tion. Hot swirling gas entering the furnace is rich in
carbon monoxide (CO) and hydrogen H,).

The final stage of combustion takes place {n
the furnace section of the boiler as entering fuel gases
mix with air added via the “NO, ports” at 2 low sec-
tion of the furnace.

Delaying addition of combustion air to the main
combustor exhaust gases entering the furnace untit the
gases are sufficiently cooled (by radiation and convec-
tion to the furnace water walls) allows final combus-
tion to occur at temperatures below the 3000 degrees F
thermal NO,, threshold. This results in a second stage
of NO,, reduction.

CONTROL OF SULFUR DIOXIDE
Mechanisms of Sulfur Dioxide Formation

Sulfur dioxide (SO,) formation from coal com-
buston is solely dependant on the sulfur content in the
fuel. Formation of SO, during the combustion process
results from oxidation of sulfur or conversion of hy-

drogen sulfide (EL,S) in the fuel:
() S$+0,-S0,
(2)  2HS+30,-2H,0 +2S0,

HCCP Control Technology for SO,

The SO, removal process at HCCP integrates
SO, removal features of the entrained combustion sys-
term, a Joy spray dryer absorption system and a baghouse
collector in a three stage process.

First n

The first stage of SO, removal takes place in
the furnace as flue gases pass through the furnace to
the spray dryer absorber.

Reactive material needed for this process and
the back-end SO, removal process (second stage re-
moval) is produced by introducing pulverized limestone
(CaCO,) into the main combustion stage exhaust gas
stream in the slag recovery duct. While passing iato
the furnace, most of the limestone decomposes to flash
calcined lime:

CaCO, + heat — CaO + CO,
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The mixture of lime (CaQ) and ash (not removed by
the combustors) is called Flash Calcined Material
(FCM).

Reductions in the fumace are achieved by op-
timizaton of conditions under which SO, will absorb
and react with FCM. Limestone calcination occurs at
the outlet of the combustors where gas temperatures
produce a soft burnt highty reactive finely divided fiash
calcined material. When limestone is added and flash
calcined with the final air for combustion at the com-
bustor furnace interface, the resulting FCM is thor-
oughly mixed with the hot products from the combus-
tor. SO, removal is achieved by the thorough mixing
of the highly reactive FCM with the flue gas stream.

Entrained particulates leaving the furnace con-
tain a highly reactive FCM with minimum ash content
and a high percentage of available calcium oxide and
minimurn dead burn of the limestone.

Second stage SO, Control

Second stage of SO, removal is accomplished
in the Joy spray dryer absorber (SDA) using reactivated
flash calcined material (FCM),

Flue gas exiting the boiler contains fly ash,
FCM, NOx and SO,. This gas epters the FGD system
through connecting ductwosk for secondary treatment.

Downstream fabric fiiters located in the
baghouse remove fly ash and FCM from the flue gas
steam. The particulate is periodically removed from
the fabric filters and stored in a fly ash-FCM surge bin.
Part of this material is transferred to the Joy FCM reac-
tivation system for reactivation and ased as a sorbent
in the SDA. The remaining portion is transferred to a
fly ash storage silo for disposal. Figure 4 depicts the
flue gas desulfurization system.

FCM produced by flash calcining limestone
contains unreacted lime, dead burned lime and calcinm
sulfate. The calcium sulfate reaction products form a
hard deposit on the surface of the lime particles. The
Joy FGD system reactivates the unreacted lime for sub-
sequent use as a sorbent SDA.

A heated slurry of fly ash containing the FCM
solids is prepared in a mixing tank. Heating the FCM

sturry for a time causes a reaction between the slaked
hydrated lime and the fly ash to occur increasing the
1otal surface area and reactivity of the sorbent pacticles.
This slurry is further activated by abrasive grinding in
a vertical tower mill, This process provides conditions
for slaking of the calcined lime and increases the sur-
face area of the lime particles. The reactivated FCM
slurry is transported to the SDA where the SO, removal
PIOCESS occurs.

Flue gas exiting the boiler at about 300 degrees
F enters the top of the SDA and is distriduted through
scrolled dispersers. At the discharge of the dispersers,
the flue gas is mixed with an atomized spray of the
reactivated FCM. As a result of thorough mixing of
the flue gas and shury spray, SO, in the flue gas stream
reacts with calcium hydroxide (Ca(OH),) to form hy-
drated calcium sulfite(CaSOQ, 2H,0) ang hydrated cal-
cium sulfate (CaSO, 2H,0). Simultaneously, the sen-
Sible heat of the gas causes the water in the shury mist
to evaporate leaving a dry particulate residue suspended
in the treated gas stream. The gas stream exits through
the angled bottom of the SDA vessel. The flue gas
stream transports reaction products and FCM to the
baghouse for collection and further reaction. Particu-
late fall out from the bottom of the SDA is collected
and conveyed to the fly ash silo.

Third Stage of SO, Controt
A third stage of SO, removal occurg in the

baghouse as FCM deposited on the filter bag surfaces
reacts with SO, In the flue gas stream.

The bags in the baghouse are periodically
cleaned by pulses of low pressure air. Particles broken
loose from the filter bags by a reverse flow of air fall
into alower comnpartment hopper and are subsequently
conveyed to the fly ash silo.

CONTROL OF PARTICULATE MATTER

Particulate Matter (PM) emissions assoctated
with the combustion process result from ash entrained
and transported t0 the exhbaust stack by the flue gas.
PM emissions reduction at HCCP integrates features
of the TRW entrained combustion system and the Joy
flue gas desulfurization system. PM emissions are re-
duced as a result of the slagging design of the main
combustor, which removes 80 percent of the ash in the




coal as stag. The remaining ash is collected in conven-
tional design fabric filter collectors located in the
baghouse. Fly ash is also collected in the hoppers at
the bottom of the furnace, boiler bank and the SDA.

HCCP PROJECT STATUS
Technology Testing

Prototype tests conducted at TRW’s Cleveland
Test Facility have confirmed operability and perfor-
mance of a small scale slagging combustor unit. De-
sign Verification Tests have confirmed performance of
the full sized precombustor stage as well as the associ-
ated one-third scale direct coal feed system.

SO, removal tests using 200-mesh top size
limestone, conducted by TRW have displayed SO, lev-
els consistent with expectations. Pilot tests at Niro con-
firmed the reactivity of the FCM geperated in the TRW

combustors. Pilot tests demonstrated overall SO, re-
moval exceeding 90% at atomizer feed solids rates up
to 50% by weight

Engineering/ Design, Permitting, Construction

Engineering and design is approximately 75
percent complete, All major equipment procurements
have been placed.

The Prevention of Significant Detesiorization
Permit has been Issued by the Alaska Department of
Environmental Conservation (ADEC). Other permits
are in the review process.

Coopstruction is currently scheduled to begin
in the Spring of 1994. Start of the demonstration phase
is scheduled to begin September 1996. Commercial
operation is schedule to begin after the demonstration

test program.
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Figure 4: Joy Recycde/Reactivation SDA System
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CONCLUSION

The HCCP team participants look forward to
the successful operation of the project and expect the
project to demonstrate:

Economical and environmentally acceptable
commercial operation

Emissions significantly below the current New
Source Performance Standard Limits for new
power plants

Economical use of limestone as a sorbent ma-
terial.

Process will display SO, reduction by lime-
stope injection into the furnace with coal con-
taining wide ranges of sulfur.
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A STUDY OF NON-EVAPORATIVE, HOT WATER DRYING OF
THREE ALASKAN LOW-RANK COALS

Daniel E. Walsh, Hong Chu Owens, J.R. Mokka, P.D. Rao,
MIRL, University of Alaska Fairbanks, Fairbanks, AK

ABSTRACT

Over a period of four years (1989-1993) the
Mineral Industry ResearchLaboratory (MIRL) Univer-
sity of Alaska Fairbanks, has investigated the effects of
temperature, residence time, and particle size on the
degree of low-rapk coal (LRC) upgrading for a non-
evaporative drying process, hot water drying (HWD).
Three Alaskan LRCs were used in this study: Usibelli
coal (Seam No. 4) from the Nenana coal feld, Little
Tonzona coal from near McGrath, and Beluga coal
from the Beluga-Yentna field on the west side of Cook
Inlet. Replicated, factorial tests were conducted. The
discussion is based on the results of analysis of variance
(ANQOVA) of the experimental data. Within the tested
particle size range, there was no significaot effect cue to
particle size and no inferaction effects bertween the
factors were significant. Experimental results indicate
that most of the low-rank coal upgrading via HWD
occurs rapidly within the first 10-20 mimutes of resi-
dence time. Thereafter, the upgrading process slows
downand over 100 minutes of additional residence time
are required to produce similar percentage increases in
coal properties to those achieved in the first 10-20
minutes, The properties of the hot water dried products
were very sensitive to process temperature, Calorific
value, carbon and oxygen contents, and equilibrium
moisture leve] all appear to change lipearly with tem-
perature within the 275° C to 325° C range.

INTRODUCTION

Alaska, generaily known for its oil wealth, also
has large resousces of coal. The most readily acces-
sible, economically recoverable coals are of subbitumi-
nous ‘C’ rank Usibelli Coal Mine, Alaska’s only
Current operating coal mine, has an annual production
pf about 1.4 miltion (MM) metric tons (mt). Half of this
Isexported to Korea while the remainder supplies heat
and power for interior Alaska. The Beluga coal field,
adjacent to Cook Inlet, is readily accessible to ice-free
udewater. Both Placer Dome, Inc. and Diamond Alaska
Coal Co. have been extensively drilling and evaluating
this field and now await the availability of markets for
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the contained coal. The Little Tonzona coal deposit,
which lies 80 miles east of McGrath on Doyon, Ltd.
lands, is being considered for use in power generation
at McGrath.

The U.S. Department of Energy, under the
CleanCoal Technology Program, selected Healy, Alaska
as the site for a cogeneration plant that will use about
300,000 tons of coal per year. It is envisioned that, by
the turn of the century, process heat from this operation
will be utilized to reduce the moisture of raw coal for
export markets.

Coals from Usibelli Coal Mine and the Beluga
field are of subbituminous ‘C’ rank and typically have
calorific values of 8,000 Bavib. The moisture of these
coals measures about 28%. Little Tonzona ¢oal is also
of subbituminous ‘C* rank, but slightly more lignitic.
The combination of high mojsture and a low heating
value has restricted most low-rank coal (LRC) usage
worldwide to mine-roouth power generation, which, in
turn, has limited export sales of Alaskan coal to only
0.75 MM tons per year. This comes at a time when
Australian coal exports bave topped 100 MM tons per
year, and the steam coal marketjs expected to more than
double in this decade. Given economic methods to
reduce moisture and enhance quality, Alaskan LRCs
can participate in the Pacific Rim coal market,

The most desirable qualities of Alaskan LRCs
are their low sulfur (typically 0.2%), ash (about 8%),
and sodium contents plus a relatively high calcium
concentration within the ash that assists with reactive
sulfur capture. Since the principal impediment to the
export growth of these coals is their high moisture
content, the thrust of current Alaskan coal drylng re-
search is to produce a stable product with low equilib-
rium moisture.

Conventional Drying

Numerous conventional, low-ternperature,
evaporative technologies are available.*’¢ Most of
these use hot furnace gases or superheated steam (o




evaporate moisture, The final moisture content achieved
in the product is dependent upon particle size and
residence time. Typical driersytilized include fluidized
bed driers, Pacry driers and rotary driers. These pro-
cesses are quite economical due to the low temperatures
employed and are preferred when the dried coal is used
immediately, LRC dried at such low temperature tends
to reabsorb moistare, heat spontancously and ignite,
and can be very dusty. Such problems can be mini-
mized by coating the dried coal with an agent such as
residual ofl or by briquetting. The AMAX drying plant
near Gillette, Wyoming attempts to dry subbituminous
coal to between 10% and 15% moisture, and stabilize
the product by coating with residual fuel oil.

Moisture reabsorption tendencies can be pre-
vented by drying coal at higher temperatures. Subject-
ing LRCs to a temperature exceeding 240° C results in
changes in their basic chemical properties that induce
decarboxylation, thereby reducing the coals’ ability to
bind water.*¢ Product stability, especially with respect
to spontaneous combustion and the production of fines,
needs to be evaluated for candidate coals.

Several processes have been developed for
high-temperature drying. Examples are the Koppleman,
the DK, the Fleissner, the Evans Siemon, the Untversity
of North Dakota, the Bechtel hydrothermal, the
Saskatchewan Power, and the Institute of Gas Technol-
ogy processes. These operations use water or steam at
higher temperatures, generally exceeding 230" C, and
pressure. Other procedures, including the WECO pro-
cess, utilize superheated stcam and the Hitachi and
Mitsubishl processes carbonize the coal at 400° to
450° C.

Hydrothermal Treatment of Coals

In 1921, Fischer and Schrader first studied
hydrothermal treatment of coals. Their procedure in-
volves subjecting coals, in the presence of water, to a
temperature of 320" to 400" C in an autoclave. With
Koppleman'’s process, utilized in the K-fuels system,
LRCs are treated, under high pressure, at temperatures
of 500° to 600" C; this operation liberates moisture as
well as light hydrocarbon gases and liquids. The hot
water drying process developed by the University of
North Dakota and Bechtel employs temperatures under
400° C, and the gases liberated consist principally of
COo,?

In cooperation with Dr. Warrack Willson (Magp-
ager, Fuel and Process Chemistry Research Instute,
EERC, University of North Dakots), the Mineral Indus-
try Research Laboratory (MIRL), University of Alaska
Fairbanks, began conducting hydrothermal drying stud-
ies. Under Dr. Willson’s direction, Li’ studied hydro-
thermal treatment of LRCs from the Usibelli Coal Mine
and the Beluga coal fleld. Much ofhis wosk focused on
the preparation of coal-water fuels. Later, Rao, et al.?
investigated the hydrothermal treatment of lump coals
from Usibelli Coal Mine and the Beluga coal field to (1)
determine the quality of product that can be prepared,
and (2) delineate petrographic changes accompanying
hydrothermal treatment that will eventually iafluence
the mechanical properties, surface area and product
reactivity. Both of these studies, Li” and Rao?®, utilized
a7.61iter autoclave system for the hydrothermal drying
studies, which investigated drying temperatures 0f 275°
- 325° C. Though the autoclave systesu worked well,
residence time at temperature was not confrollable due
to the long heat-up and cool-down times inherent to the
system. Hence, the focus of this present study was to
explore the effects of residence time on hydrothermal
drying using a tubing reactor system.’ The effects of
feed coal particle size and process emperature were
also studied.

PROJECT DESCRIPTION

The coals tested were subbituminous ‘C’ coals
from Alaska; Usibelli coal (Seam No. 4) from the
Nenana coal field, Little Tonzona coal from near
McGrath, and Beluga coal from the Beluga-Yenma
field on the west side of Cook Inlet. Bulk samples were
collecteq at the sites and transported to MIRL where
they were crushed and screened into size fractons.
Prior to hot water drying (HWD) tests, raw coal analy-
ses were run on each coal. These are shown in Table 1.

Hot water drying tests were conducted using a
reactor System similar to the one designed by Youtcheff.!°
The system provides excellent isothermality and accu-
rate residence time measurements. The reactor consists
of three components: 1) 2 stainless steel tublng
microreactor, 2) a flutdized sand bath used for heating
the reactor, 3) an agitation device.

Two jdentical wbing bombs were used as
microreactors. Each microreactor had a2 75 ml capacity
aad was made of 28 mm outside diameter, stainless




steel tubing, Two Swagelok threaded plugs capped the
end fittings. A 6 mm hole was bored at the midpoint of
the tube reactor and tubing was welded in a vertical
position to support atee-valve assembly and a 3,000 Psi
Bourdon gauge. The tnbing bomb fitted into a holder
which was connected to a vertical oscillation device.
The reactors could be removed from the holder quickly,
so that a rapid quench was attainable.

The drying tests were arranged according to a
randomized, replicated, factorial design (Table 2). The
three factors were process temperature, particle size
and process residence time. The three temperature
levels of 275° C, 300" C, 325" C were chosen for this
study. Residence times were chosen between 1-120
minutes according to different feed particle sizes. For
Usibelli coal, the first coal swdied, four particle size

ture, the reaction vessels reached their desired process
temperature within a short time (average 4 mins), with-
out decreasing the sand bath temperature below the
desired process temperature.

The tubing reactor was immersed in the fluid-
ized sand bath and the thermostat controller was resetto
the desired process temperature setting. When the
gauge pressure reading reached the saturated steam
pressure corresponding to the desired process tempera-
ture, the clocking of residence time was begun. After
the required residence time, the reactor was quickly
taken out of the sand bath and quenched in water and the
hydrothermally dried product was taken out of the
tubing reactor and separated from the process water.
The products were centrifuged to reduce surface mois-
ture prior to analysis.

Table 1. Raw coal analyses of the three low-rank coals used in hydrothermal drying tests. (All data
expressed on a dry, ash-free basis except for equilibrium moisture, which is expressed on
a raw coal basis),> 11
Equilibrium | Volatile | Fixed | Calorific
Morsnrre Matter | Carbon | Value
Coal % % % Bwld |C,%|H % |N%| 0,% | S.%
Usibelli 25.1 523 | 47.7 | 11730 (699 5.1 | 1.0 | 238 | 0.2
Beluga 244 45,7 | S0.3 | 11930 (689] 6.1 | 1.0 | 23.8 | 0.2
Little Tonzona 27.4 56.0 | 44.0 | 11095 [66.5] 5.0 | 0.7 | 266 | 1.2

fractions were used; 6.4 tam x 4.8 mm, 4.8 mm x 2.4
mm,2.4 mm x 1.2 mm, 1.2 mm x 0.6 mm. Basedon the
results of this particle size test series, only two size
fractions of Beluga coal (4.8 x 2.4 mm and 1.2 x 0.6
mm) and ooe size fraction of Little Tonzona (L. T.) coal
{4.8 x 2.4 mm) were studied.

The hydrothermal drying tests were conducted
by charging the tubing reactor with 22-24 gm of raw
coal. Dejonized water was added umtil ail the material
was immersed in water. About 85% of the reactor
volume was occupied by coal and water,

. Thefluidized sand bath was preheated toalevel
20° Chigher than the desired process temperamure. By
Setting the temperature higher than the desired tempera-

The feed and various product samples were
analyzed for heating value, equilibrium moisture (EBM),
proximate analysis, and ultimate analysis in accordance
with standard ASTM methods. Improvements in prod-
uct quality were evaluated on the basis of equilibrium
moisture reduction and other characteristics, expressed
0n dry ash-free basis.

RESULTS AND DISCUSSIONS

Analysisofvadance (ANOVA)techniques were
applied to the data analysis in this study. The ANOVA
results were used to determine the significance of factor
levels at a 95% family level of confidence. The differ-
ence between factor levels was also determined at a
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Table 2. Experimental designs.o. 1)

TEMPERATURE=275", 300° and 325°C

Particle Size Fraction Residence Time (minules)

6.4 mm x 4.8 mm 120 50 60 30

4.8 mm x 2.4 mm 80 60 40 20 Usibelli

2.4 mmx 1.2 mm 60 45 30 15

1.2 mm x 0.6 mm 40 30 20 10

4.8 mm X 2.4 mm 60 30 5 1

Beluga
1.2mm x 0.6mm 60 30 5 1
4.8 mm x 2.4 mm 60 25 15 5 1 } Little Tonzona

95% family level of confidence. SPSS* software (4.0/
4.1 version) on the University of Alaska Vax com-
puter network was used for the analysis of variance.
Where a confounded nature of the experimental de-
sign existed, i.e. nnequal sample sizes (not all particle
sizes were processed at all residence times), a regres-
slon approach was used for analysis of variance.

According to the ANOV A results, oo interac-
ton effect among the three factors (particle size,
process temperature and residence time) was signifi-
cant, nor was there a significant effect due to particle
size. Because of the ton-significance of particle size,
Tables 3-5 shows the average proximate and ultimate
analyses of the hot water dried products calculated
over particle size ranges for Usibelli and Beluga coals.
While sulfur values of the hot water dried products
were not measured in this study, previous work has
shown that HWD does little to affect the low sulfur
values of these raw coals.”* !

Effect of Particle Size

ANQOV A results show that within the particle
size ranges studied, particle size does not have a
significanteffect on the products’ calorific value, total
carbon content, oxygexn content or equilibrium mois-

ture coptent within the HWD design parameters tested.
Particle size could possibly influence the product proper-
ties via heat transfer. Stanmore and Boyd' studied the
thermal conductivity of Victorian coal. They stated that
3 mm coal particles require about 10-15 seconds for the
core temperature to reach the surrounding temperature
within a temperature range 0f 200" Ct0 225° C. Virtuaily
all the resistance to heat transfer was found to be a
function of conduction within the coal. With a decrease
In coal particle size, the tire required to bring the feed
coal particle up to process temperature decreases.

Experimental results from this study indicate
that for feed coal under 1/4 inch in size, heat trangfer
during HWD was not a determining factor within the
tested particle size fractions. Because of the non-signifi-
cance of particle size, this factor was dropped from the
ANOVA regression mode! design and the ANOVAsg
were rerun as two factor models using only temperature
and residence time.

Effect of Residence Time

The effect of residence time was determined
over a range of 1 minute to 120 minutes, Figures 1-3
shows the influence of residence time, averaged over the
different temperature Jevels, on the product properties of




Table 3. Averaged analyses of hot water dried 6.4 mm x 0.6 mm coal, No. 4 seam Usibelli Coal
Mine. (All data expressed on dry, ash-free basis except equilibrium moisture, which is
expressed on raw coal basis.9

PROCESS TEMPERATURE=275°C
Residence  Equilibfum Volatile Fixed Calorific
Time, Moisture Matter Carbon Value
minntes % % % Buauib C, % 0, %
120 13.1 470 530 12650 739 20.4
90 13.4 476 524 12570 73.4 208
80 13.2 476 524 12645 73.7 203
60 13.6 475 525 12560 73.0 21.1
45 14.0 505 505 12490 72.8 21.0
40 14.0 489 51.1 12515 727 214
30 142 495 505 12405 726 214
20 14.2 488 512 12335 72.1 22.1
15 14.8 514 48.6 12320 71.7 222
10 147 502 498 12270 71.8 22
5 16.5 52.1 479 12055 723 214
1 17.6 533 46.7 11805 71.1 22.8
PROCESS TEMPERATURE=300' C
Residence  Equilibrium Volatile Fixed Calorific
Time, Moisture Matter Carbon Valye
mintes % % % Btulb C, % ‘0, %
120 102 47 553 13050 75.9 18.1
%0 10.6 45.1 549 12995 758 18.2
80 104 4838 512 13065 753 184
60 114 479 521 12895 75.1 18.9
45 116 49.0 510 12875 749 189
40 120 476 524 12915 75.0 18.8
30 122 482 52.0 12765 744 19.8
20 12.6 494 306 12665 74.0 199
15 123 50.8 402 12620 738 202
10 12.1 494 50.6 12430 73.6 203
5 152 504 496 12210 73.0 20.8
1 173 515 435 11875 71.9 220
PROCESS TEMPERATURE=325"C
Residence  Equilibrium Volatile Fixed Calorific
Time, Moisture Matter Carbon Value
minues % % % Btwlb C, % 0, %
120 85 435 565 13540 T.9 16.0
90 92 424 576 13305 719 16.1
30 84 465 535 13480 T8 15.8
60 91 455 545 13355 772 16.6
45 92 45.7 543 13230 76.3 17.5
49 100 46.8 532 13275 113 164
30 9.7 46.0 54.0 13130 76.3 " 17.6
20 10.5 478 522 13100 76.1 179
15 10.9 476 524 13005 76.1 176
10 108 474 5286 12885 753 185
5 139 487 513 12475 74.8 18.9
1 154 504 496 12230 T32 20.6
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Table4.  Averagedanalysesof hotwaterdried4.8 mm x 0.6 mm, Beluga Coal . (All data expressed
on dry, ash-free basis except equilibrium moisture, which is expressed on a raw coal
basis).

PROCESS TEMPERATURE=275" C
Residence Equilibrium Volatile Fixed Calorific
Time, Moisture Mager Carbon Value
minates %o % % A C.% 0, %
60 10.3 459 54.1 12690 74.7 18.7
30 11.4 413 52.7 12500 74.0 19.6
5 13.0 49.5 50.5 12280 72.5 21.0
1 14.6 50.7 493 12085 71.5 22.1
PROCESS TEMPERATURE=300° C
Residence  Equilibrivm Volatile Fixed Calorific
Time, Moisture Matter Carbon Valve
minutes % % % Bulb C, % 0.%
9.6 4.0 56.0 13070 76.9 16.6
30 9.6 449 55.1 12820 75.4 18.1
5 12.0 43.0 52.0 12445 73.9 19.7
1 13.5 50.8 49.2 12305 72.3 21.3
PROCESS TEMPERATURE=325" C
Residence  Equilibriom Volatile Fixed Calorific
Time, Moisture Matter Carbon Vahe
minnes % % % _Bauib C. % 0. %
60 8.2 415 58.5 13605 78.8 14.6
30 8.6 443 55.7 13260 77.3 16.2
5 9.7 46.0 54.0 12720 75.0 18.6
i 12.2 478 52.2 12460 73.3 20.3




Table 5. Averaged analyses of hot water dried 4.8 mm x 2.4 mm, Little Tonzona Coal . (All data
expressed on dry, ash-free basis except equilibrium moisture, which is expressed onaraw

coal basis).lt
PROCESS TEMPERATURE=275" C
Resideace  Equilibrium Votatile Fixed Calorific
Time, Moisture Matter Carbon Value
minutes % % % Btu/h C % 0, %
60 18.2 47.5 52.5 12335 - -
25 17.2 48.9 51.1 12280 72.3 21.0
15 19.2 50.4 49.6 12035 - -
5 18.8 5137 48.3 11875 70.0 23.2
1 21.5 542 45.8 11440 68.1 25.2
PROCESS TEMPERATURE=300" C
Residence  Equilibrivm Volatile Fixed Calorific
Time, Moismre Matter Carbon Value .
minutes % % % Btw/h C, % 0, %
60 154 44.6 55.4 12605 - -
25 154 47.1 52.9 12500 738 19.5
15 17.4 472 52.8 12285 - -
S 17.8 49.6 50.4 12170 71.7 21.6
1 19.8 52.6 47.4 11760 69.7 23.6
PROCESS TEMPERATURE=325" C
Residence  Equilibrium Volatile Fixed Calorific
Time, Moismre Matter Carbon Value
mionies % % % __Bw/lb C.% 0,%
60 15.1 42.8 57.2 12725 - -
25 14.0 45.0 55.0 12665 75.6 17.8
15 15.7 45.5 54.5 12490 - -
5 17.0 47.9 52.1 12415 73.6 19.5
1 18.0 50.1 49.9 12120 7L.6 21.6
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Figure 1. Hot water dried Usiballi coal parameters versus residence time; (a) Calorif-
ic value, (b) % Carbon, (c) % Oxygen, (d) Equilibrium moisture. Data are
mean vajues averaged Over process temperatures and error bars repres-
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calorific value, carbon content, oxygen content, and
equilibdium moisture.

Since there was no interaction of temperature
and residence time the change of coal properties at
different process temperatures follows the same trend
over residence time factor levels, although the curves
shift upwards or downwards with increasing tempera-
ture. Experimental results indicate that upgrading reac-
tions occur rapidly within the first 10-20 minutes of
HWD. Thereafter, the upgrading process slows down,
and over 100 minutes of additional residence time are
required to produce similar percemtage ipcreases to
those achieved fn the first 10-20 minutes.

The vadous mechanisms of LRC upgrading
have been noted by Stanmore and Boyd":

1) shrinkage of the coal structure,

2) the differential thermal expansion of ¢oal and
water, coupled with a lowering of the viscosity

of water at high temperatures,

3) the carbon dioxide evolved from decarboxyla-
tion forces water from the pores,

4) the surface nature of the coal chaonges from
hydrophilic to hydrophobic above 250° C.

The thermal expansion of water and the coal
shrinkage rate are controlled by the heat transfer rate.
Because of the high heat transfer rate within the coal
particle and lower water viscosity at high temperature,
the effects of mechanisms (1) and (2) take place very
rapidly at the beginning of process and then play a
minor role withincreasing residence time, Furtherslow
and continuous improvement of coal properties is due
tothe increase of decarboxylationover longer residence
times?. In other words, the upgrading of LRCS during
the beginning of the HWD process is affected by all four
mechanisms mentioned above, Later upgrading is most
affected by mechanisms (3) and (4), and the rate of
change in coal properties slows down, i.e. the curves of

product properties versus residence time tend to level
off.

o rr—

Effect of Process Temperature

‘ The properties of the products were very sensi-
Uve o the process temperature. The relationships
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between process temperature and the product proper-
ties are shown in Figures 4-6; plots of mean values for
temperature factor levels averaged over residence tires.
Al) four properties appear to change linearly with
temperature within the 275° C 1o 325" C range. For
Uslbelli coal, the calorific value was increased by 2-4%,
for each 25" C increase between 275° C and 325° C.
Similarly total carbon increased by approximately 2-
3%, oxygen content decreased by roughly 8-13% and
the equilibrium moisture level decreased by about 15-
20%. Comparing the properties between raw coal and
the 275° C products mean values shows that the calo-
rific value increased by 6%, carbon content increased
by 4%, oxygen content decreased by 12% and the
equilibrium moisture level decreased by 45%. The
other two low-rank coals show gimilar upgrading after
HWD (Figures 7 and 8).

Process temperature has heen found to be a
significant factor controlling the shrinkage of coal
structure and the differential thermal expansion of coal
and water. With increasing process temperature, the
effect of the thermal expansion of water and coal
shrinkage increases, which undoubtedly will lncrease
the water loss and assist the upgrading process, Higher
temperatures also help to lower the water viscosity so
that the resistance to the flow of water through the
porous coal will decrease.

During the HWD process, the degree of decar-
boxylation increases with increasing process tempera-
are. The following two points have been noted by
Taoda, et al.? as coal quality changes believed to affect
the calodfic value of coal after heat geatment

1) Elimination of oxygen from the coal. Oxygen
escapes in the form of gases such as CO or CO,;
causing a calorific value decrease or increase

respectvely. -

2) Elimipation ofhydrogen from the coal, Hydro-
gen escapes in the form of H, or hydrocarbon
gas such as CH,, causing reduction of the calo-
rific value.

A significant decrease in the oxygen content
and equilibriom moisture level was observed from
experimental results. These are due to the Joss of
oxygen-containing functional groups such as carboxy-
lic acid, and the degree of decarboxylation increases
with increasing process temperatute. No significant
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change in hydrogen content was apparent from the
product analyses.

Vitrinite Reflectance

Vitrinite material (ulminite, telecolligpite,
desmocollinite) in low rank coals is present in several
forms as precursors to vitrinite fn high raok coals.
Ulminite is gelified plant tissue in which cell structure
can be seen. Telecollinite is completely gelified struc-
tureless plant tissue. Both of these macerals can exist as
thick bands. Desmocollinite is also a completely gelified
structureless material but is found as a ground mass
embedding other macerals such as exinites and
inertinites. Desmocollinite is generalty of lower reflec-
tance than ulminjte.

Although vitrinite reflectance is not the best
indicator of rank for low rank coals, it is a very good
indicator of structural changes accompanying thermal
treatment of coals. Inthis study ulminite and telecollinite
were chosen as indicators. Mean maximum reflectance
was measured in oil. Ulminite reflectance values of the
raw coals and the dried products are shown in Tables 6-
8. Ulminite reflectance is found to be very sensitive to
process condittons. Ulminite reflectance for Usibelld
coal increased from 0.30% inraw coal 1o 0.72% for coal
treated at 325° C for 40 minntes. These changes in
ulminite reflectance are indicative of induced coalifica-
ton, §.e. rank progression, by the HWD process. The
HWD process accomplishes in minutes what requires
million of years in the natural world The data showed
thatreflectances for Usibelli coal of 0.48 can be achieved
by a treatment time of 40 minutes at 275" C or 10
minutes at 300" C. Treatment times can therefore be
dramatically reduced by increasing the temperarure of
treatment. The other two low-rank coals show similar
reflectance changes, In Figure 9, the linear relationship
thar exists between dry, ash free carbon, and ulminite
reflectance of the raw coals and their hot water dried
products can be seen.

Equilibrium Moisture Determination

Over all of the thre¢ coals’ hot water dried
products, EBM values demonstrated a much larger
variability than other measures of product quality. This
suggested a larger degree of experimental error existed
indetermining EBM values and bence, the question was
asked, ““What impact does sample handling (L.e. evapo-
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rative drying at ambient or higher ternperatures) have
on EBM determination using ASTM procedures?”

A supplemental study was initiated to look
more closely at EBM measurements. For each of the
three coals, additional HWD tests were runon 4.8 x2.4
mm and minvs 0.21 tom size fractions. All tests were
tun at 300° C for 10 minutes regidence times. EBMs
were then determined for the products after the follow-
ing pre-treatments:

1) Products stored moist,
2) Products air-dded at 20° C for 48 hours,
3) Products air-dried at 107" C for 1.5 hours.

Following pre-tregtment, EBMs were run on:

1) 4.8 x 2.4 mm raw coal, :

2) 4.8 x 2.4 mm hot water dried coal,

3) Size fractions of crushed, 4.8 x 2.4 mm hot
water dried coal,
a) 0.85 x 0.42 mm
b) 042 x 0.21 mm,
) 021x0.11 mm,
d) -0.11 mm.

4) 4.8 x 2.4 mm hot water dried coal pulverized to
minus 0.21 mm,

5 Minus 0.21 mm, bot water dried coal.

Table 9 shows the results of this series of tests,
and iodicates that while air-drying at 20° C has little
impact on EBM values compared to stored-motst prod-
ucts, 107" C drying displays a more noticable effect.
Individual size fractions of crusbed, 4.8 X 2.4 mm, hot
water dried products, shows no significant differences,
but minus 0.21 mm, hot water dried products appear to
have decidedly lower EBMs than 4.8 x 2.4 mm prod-
ucts. This may indicate, that at smaller particle sizes
than studied in the main body of this project, i.e. 1.2 x
0.6 mm coal, that particle size begins to have a signifi-
cant impact on hot water dried product quality. More
work is recommended in thig area.

Hot Water Dried Product Quality

The previous discussion has described the ef-
fects of HWD residence ime and temperature on the
parameters of the coal products characterized in this
study. However, oo coal is marketed on a dry, ash-free
basls. Marketed coals contain moisture and ash which



Table 6. Ulminite reflectance of 1.2 mm x 0.6 mm, raw and
hot water dried Usibelli coal. 9

Process Temperatire Residence Time Ulminite Reflectance

*C Minutes Rmay, 0il
1 034
275 5 0.37
10 0.42
40 048
1 039
300 5 043
10 048
40 0.57
1 0.44
325 5 047
10 0.60
40 072
Raw Coal 030

“Table 7. Ulminite reflectance of 1.2 mm x (.6 mm, raw and

hot water dried Beluga coal.
Process Temperamre Residence Time Ulminite Reflectance
c Minues Ry, ol
) 041
215 5 048
30 0.5%
60 0.64
\ 0.51
300 5 0.54
30 0.70
60 0.84
1 059
325 5 071
30 0.86
60 0.94
—Raw Coal 032
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Table 8. Ulminite reflectance of 4.8 mm x 2.4 mm, raw and
hot water dried Little Tonzona coal.t!

Process Temperature
°C

Residence Time

Migutes

Ulminite Reflectance

ﬁmﬁx» oil

275

0.27
035

0.40
043
0.56

0.34
0.40
0.50

078

328

1
5
15
25
60
I
5
15
25 0.63
60
1
5
15
25
60

042
0.52
0.63
0.63
0.78

Raw Coal _

Q.18

determine their as-shipped calorific value and in the
crudest sense their economic value, though contempo-
rary environmental regulations will certainly cause
sulfur values to have increasing pricing significance.

HWD, as investigated by this study, is seen to
hold promise for permanently reducing the moisture
levels of Alaskan L. RCs and thereby increasing their
marketability by:

1) reducing transportation Costs,

2) increasing calorific values,

3) reducing moisture readsorption and the
attendant spontaneous heating,

In some instances, HWD may also reduce boiler fouling
ash levels by leaching alkali cations.”

HWD can be applied to low-rank coals to
- successfully reduce its equilibrium moisture level and
2 increase their calorific value. Table 10 compares raw

» - Usibelli coal 1o its hot water dried products produced at
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the various process temperatures at a 10 minute resi-
dence time.® After only a 10 minute residence time, a
very significant improvement in coal quality was
achieved. Ashlevelsremain essentially unchanged; the
apparent increase in ash levels above that of the raw coal
being due to the dramatic decrease in equilibrium
moisture (42% - 57% decrease). Calodfic values in-
creased from 19% to 31% on an equilibrium moistre
basis. After aninitial increase above the raw coal level,
volatile matter changed little, while there was a steady,
gradual increase in fixed carbon levels. This leads to an
increase in the fuel ratio (fixed carbon: volatile matter).
The fuel ratio is an empirical ratio developed in Europe
over 50 years ago as an indicator of the fuel’s combus-
tibility. Many coal users consult it when buylng coal to
assure high enough reactivity to achieve nearly com-
plete carbon burnout The higher the fuel ratio, the
lower the volatile content, which is indicative of a
material that is difficult to ignite and requires longer
residence times for complete carbon burpout It is
important to note that, while the fuel ratio gegerally
increases with increasing HWD temperature, even at
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Figure 9. Relationship between ulminite reflectance and carbon content
of raw and hydrothermally treated coals. Solid symbols indic-

ate raw coal values.

the highest temperature tested, 325° C, it remained well
below the nominal 1.6 suggested as a cut off point for
many combustion applications.'>"?

In contemplating the industrial scale produc-
tion of hot water dried lump coal from raw Usibelli coal
or other low-rank coals, a cost-benefit analysis of oper-
ating parameters versus product marketability would be
helpftl. While lower process temperatures woutd al-
low lower process pressures and enable lower capital
costs to be realized, higher temperatures obviously
produce a higher quality coal product. Process resi-
dence time and reactor volame would also need to be
considered. Induced coalificaton is seen even at the
Iowest temperature (275° C) and a short residence time
(10 minutes), yielding a hot water dried Usibelli prod-
uct with a 42% lower equilibrium moisture level and a
19% higher calorific value. Detailed studies will be
required to demonstrate that hot water dried lump coal
has the physical and oxidative stability to withstand the
rigors of transportation.

Finally, it is worth noting that microreactos
HWD tests seem to predict pilot plant performance
well. AtEERC, University of North Dakota, a series of
HWD tests were performed processing Beluga coal in
2200 kg/hr pitot plant.> At FERC, coal was ground to
minus 420 microns, giving a mass mean diameter of
about 90 microns. Ground coal was mixed with water
to prepare a dilute feed slurry, with a solids content of
around 40%, which was fed to heat exchangers by
positive displacement pumnps at pressures slightly above
the saturated steam pressure at the selected tempera-
ture, The preheated shurry entered the topof a downflow
reactor which was externally heated by electrical resis-
tance heaters. The residence time at a pOminal slurry
flow rate of 200 kg/hr at reaction temperature was
approximately 10 minutes in the pilot plant. Following
pressure reduction, the hot water dried Beluga coal was
physically dewatered using 2 continuons solid bowl
centrifuge and concentrated to its final concentration in
preparation for characterization, rheological analyses,
and combustion testing as a coal water fuel.
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Table 9. Comparison of equilibrium moisture values for the three low-rank coals
given HWD feed size and post HWD treatment.

USIBELLI COAL BELUGA COAL LITLE TONZONA COAL
Stored AirDried Air Drisd| Stored Air Dried Air Dried| Stored  Air Dried Air Dried
1. Raw Coal
A.48x24mm 253 256 21 | 245 236 202 | 326 286 254
B. 021 mm - - . - - - 309 28.4 254
2. Hot Water Dried Coal
@ A. 48 x 2.4 mm feed 186 183 17.6 177 166 15.7 . 167 164
B. Crushed 4.8 1 2.4 mm after HWD
1) 0.85 x 0.42 mm 20.8 19.8 19.5 17.5 16.9 159 - 184 172
2) 042 x0.21 mm 207 200 187 176 164 15.4 - 18.9 18.2
3) 021 x 0,11 mm 19.8 19.0 18.8 166 162 152 - 180 178
4) -0.11 mm 189 179 170 | 163 154 153 - 169 170
© WD G0 2Ly 203 192 193 | 15 165 160 . 174 170
D. 0.21 mm feed 18.4 18.1 18.3 14.3 14.3 134 . 175 17t




Pilot plant results are shownintable 11. These 2)
results can be compared to those of Table 10, also for a
10 minute residence ttme, but from microreactor HWD
tests at MIRL using Usibelli coal. Results indicate a  3)
good agreement between pilot plant and bench scale
tests. Figures 7 and 8 indicate that Beluga coal may
yield hot water dried products, which are more highly
upgraded than those from Usibelli and Little Tonzona
coals, at a given process temperature, especially at
longer residence times. Li’ previously noted this dis-  4)
tinction between Usibelli and Beluga coals in his auto-
clave study of hot water drying.

5)

SUMMARY AND CONCLUSIONS

The objective of this study was to determine the
degree of upgrading experienced by three Alaskan low-
rank coals as a function of particle size, residence time
and process temperature during a non-evaporative dry-
ing process, hot water drying. The conclusions of this  6)
research are summarized below;

1) The particle size of the feed coal, within the
range of 6.4 mm to 0.6 mm has no significant  7)
influence on the degree of upgrading for the
temperatures and residence times evaluated.

There exists no significant interaction between
process temperature and residence tme.

The degree of upgrading with respect to calo-
rific value, total carbon content, oxygen con-
tent, and the equilibdum rooisture level is af-
fected by both process temperature and resi-
dence time.

Process temperature has a greater influence
than residence time on LRC upgrading.

The upgrading reactions take place rapidly.
Most occur in the first 10-20 minutes of resi-
dence time, and the rate of upgrading decreases
thereafter, although significant upgrading can
still take place given long enough residence
time.

Beyond 40-60 minutes, the curves of upgrad-
ing, response variables versus residence time
tend o level off.

All four of the upgrading, response variables
(calorific value, carbon coatent, oxygen con-
tent, and equilibrium moisture level) increase

Table 10. Improvement in Usibelli coal quality after hot water drying
(equilibrium moisture basis). 9

HWD PROCESS TEMPERATURE, * C

(10 minute residence time)

Property Raw Coal 275 300 325

Equilibrium moisture, % 25.3 14.7 12.1 10.8

| Ash, % 47 6.0 5.9 5.9
| Volatile matter, % 36.5 39.8 40.5 39.4
Fixed carbon, % 33.5 39.5 41.5 439

Fuel Ratio 0.9 1.0 1.0 1.1

-\ Calorific Value, Btu/lb 8,200 9,730 10,190 10,730
|
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8)

9)

or decrease linearly with process temperature
within the iemperature range 0of275°C10325°C.

Vitrinite reflectance increased significantly
from the raw coal to the hot water dried prod-
ucts, indicating significant structural changes;
i.e. induced coalification has occurred during
the hydrothermal drying process.

Hot water drying holds promise for perma-
nently reducing the moisture level of low-rank
coals, thereby enhancing its marketability by
reducing transportation costs, increasing its
calorific value and reducing moisture
reabsorption tendencies.
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SUBSTITUTION OF COAL-WATER FUEL (CWF)
FOR OIL-DERATING ISSUES

Warrack G. Willson, Everett Sondreal, Chris M. Anderson and Jay Gunderson
EERC, University of North Dakota, Grand Forks, ND

W.(Bill) Irwin
International Coal Preparation Consultants, Ltd., Calgary, Alberta, Canada

BACKGROUND

Oil importing natons have grave concerns
regarding the security of 0il supply and the volatility of
oil prices from OPEC. Many, like Japan and Korea,
have included the reduction of the dependeénce on
imported ol as a key objective of their long term
national enerpy policy planning. Given the enormous
quantities of heavy oil consumed by utilities alone,
eary retirement of oil-fired units and replacement with
other generating options, i.e., coal, gas, and nuclear, are
being considered.

Of all the coal-based alternative fuels, coal-
water fuels (CWES) appear the most promising. The use
of bituminous coal-water fuels is being aggressively
pursued in China, Italy, Japan, Korea and Russia to
produce a low cost, more secure suppiy of quasi-liquid
fuel that can be substituted for heavy oil in industrial
and utility boilers.

The magnitude of the alternative ol marketcan
be gauged by the consumption levels of heavy oil for the
production of electricity in Japan, Korea and Taiwan
alone. In 1990, the utilities in these countries consumed
about 200 million barrels of oil, the equivalent of about
80 million tons of CWF.('29

In some cases it may be possible to convert 0il-
designed boilers to dry buik coal-firing. However, the
cost for adding all the dry coal preparation and handling
equipment and particulate controls is high. Conse-
quently, despite the strong desire to reduce dependency
on imported oll, the rapidly increasing energy require-
ments are likely to prectude retiring oil-fired capacity in
the near future,

Replacement of imported oil with CWF would
eliminate concerns over stability of price and supply,

and provide a low-cost alternative (o retirement of oil
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fired capacity. Retrofitting anoil-designed boiler to fire
CWF will be far cheaper than converting the facility to
dry buik coal. CWFRoperation would use all the existing
oil infrastructure, and apart from burners, which may
have to be redesigned, only minor modifications would
be necessary to the fuel handling system. The only
requirement would be some sort of particulate control
system, such as a baghouse or ESP. Thus, with minimal
retrofitting CWF will provide low~cost life extensions
for oil-fired boilers.

Perhaps the most attractive feature of CWF is
that its price would be based upon relatively stable coal
prices prevailing in the international steam-coal market
and the cost of producing the fuel, not upon volatile
international crude oil prices. Since the intemational
steam coal market is served by major producers from
around the world, consumers would not be subjectto the
high level of uncertainty regarding fuel cost and stabil-
ity of supply, which exists in the OPEC dominated i)
market.

Another attribute of CWF is that it is non-
hazardous and would produce no long term negative
environmental impacts should amajor spilloccur, There
have been three major oil spills since December 1992,
involving over 128 million galions of oil, which have
provoked a strong reaction from environmentalists to
mandate improved tanker safety and which may lead to
increased oil transportation costs.

Since CWF is simply coal dispersed in water, it
is non-hazargous and represents no environmental threat
in the event of a spill. Therefore, CWF can be trans-
ported in single hulled tankers likely to be retired from
oll service when the requirement for double hulls is
enforced. This should result in future trangportation
costs for CWFs becoming substantially lower than for
oil.
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BITUMINOUS CWF

Today's international coal-water fuel industry
s based on the use of finely ground, high quality
bituminous coals formulated into dense CWFs with
solids content of around 69%. Because of their low
inherent moisture, bituminous coals can be used di-
rectly without moisture reduction to prepare CWFs,
However, due to their rheological properties at the high
solids concentrations, bituminous CWFs require the
use of costly, proprietary additives.

The high costs of additives and bituminous
coal, when compared 1o the relatively low cost of fuel
ojl, have led to the decline of interest in CWF in North
America. For instance, Canada, which was acknowl-
edged as a world leader in CWF technology in the early
1980s, bas no CWF producers today. However, in
countries with few indigenous energy resources and a
high dependency on imported oil there are concerns
over security of oil supply and the drain on hard cur-
rency for imported oil. In these countries, notably
Japan, a CWF industry is developing rapidly.

Japan, the world’s largest coal importer, has
closed its direct liquefaction project in Australia and is
now concentrating on bituminous CWFs.© Signifi-
cantly, Japan has reached an agreement with a pumber
of Chinese firms to build several CWF production
plants in Chima, A nominal 250,000 tpy plant in
Yanzhou has been producing CWF for use in Japan
since Fall of 1992.®" The combined output from Japa-
nese plants located abroad and those located in Japan
using imported bituminous coal are expected to exceed
7 MM tpy before the turn of the century.“® The bullish
position taken by Japan, stems from extensive testing of
CWFs in a 75 MWe unit and a 650 MWe unit at the
Nakoso power station.” As a world leader in bitumi-
nous CWF technology, Japan has become the major
player in an emerging CWF market. It is important to
note, that Yapan has initiated an R&D program for the
use of Jow-rank coat upgraded by hydrothermal treat-
ment as a CWF feedstock.®

An Italian firm, Snamprogetti, is the leading
developer of bituminous CWF technology in Europe.
Soamprogetti opened a S00,000tpy CWF plantusingits
patented, “Reocarb” technology on Sardinia this year
and is involved in the largest single CWF project todate
in a joint venmre with Russia® When fully opera-
tional, S MM tpy of bituminous CWF will be produced

inBelevo, Russia and transported 260 km by pipeline to
Novosibirsk to power five 220 MWe generaltors.®

LOW-RANK COAL-WATER FUEL
(LRCWF)

Until recently, the high inherent moisture in
low-rank coals (LRCs) has precluded the use of these
cheaper, more reactive coals to produce CWFs. To
prepare concentrated LRCWES, the inherent or equilib-
rium moisture must be reduced to levels similar to those
for bituminous coals. Presently, the most promising
method for effecting a permanent moisture reductionin
LRCs is hydrothermal treatment, commonly cailed hot-
water drying (HWD).®“Y HWD s an advanced tech-
nology, developed at the Energy and Environmental
Research Center (FERC) in Grand Forks, ND, USA.
HWD features high-temperature/pressure, non-evapo-
rative drying, which irreversibly removes much of the
inherent moisture.*" LRCWFs are non-toxic, easily
transportable quasi-liquid fuels that avoid the stability
problems of dust generation and spontaneous combus-
tion normally associated with LRC inits dry bulk form.

HWD is accomplished by wueating a slurry of
pulverized LRC at high pressure and temperature in
water. Sufficient residence time is provided to ensure
that the interior of the largest particle reaches the
desired temperature. Following HWD, the system
pressure is reduced and excess water is removed by
filration oOr centrifugation leaving a LRCWF.0emm
HWD is similar in many respects to pressure cooking,
retaining most of the desirable characteristics of LRC.

Water is removed via expansion and expulsion
by carbon dioxide (CO,). Devolatilized tars and oils,
being hydrophobic, are retained on the coal surface in
the pressurized aqueous environment, giving a uniform
tar distribution that seals most of the micropores mini-
mizing water reabsorption.!” By retaining most of the
volatile matter in the form of tars, the high reactivity of
LRCs, as well as most of the energy value, is preserved.
HWD can be viewed as induced coalification which
occurs in seconds rather than millenia required to con-
vert LRC to bituminous coal in nature. However, since
LRCs retain some of their oxygen functionality after
HWD, they have significantly different properties than
bituminous coals when slugried. Many hot-water dried
LRCs are inherently stable and exhibit pseudo-plastic,
shear thinning, rehology. Consequendy, no stability
enhancing or viscosity breaking additives are usually
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required. Typically the only additive recommended for
LRCWEFs is a biocide 10 prevent biological growth for
fuel that is 10 be stored for some period of time before
use. 0an

The technical feasibility of HWD has been
demonstrated in a2 nominal 7.5 tpd pilot plant at the
EERC.®» The unit has operated for over a thousand
hours with LRCs from around the world. As a general
rule, the increases in energy density for LRCWFs
versus coal water slurries prepared from untreated coals
are 30% for subbituminous coals, about 50% for lig-
nites, and well over 100% for brown coals, peat, and
biomass, 110

Derating of Oil-Designed Boilers for CWFs

In addition to costs for the conversion of o0il-

fired units to CWF, i.e., new atomizers/bumners, addi-

tonal soot biowers, and particle collection devices, a

major concern of potential CWF users is the extent of

any derating. In converting from oll to CWF-firing, it

has been assumed that significant derating will occur.

: Derating is acomplex phenomenon, dependant on coal,

f ash and CWF properties, as well as, boiler design. Until

significant practical experience has been gained, there

is little data to provide concrete examples of acmal

derating. Instead, there is a wealth of data generated

E from a variety of test combustors using bituminous

CWFs exclusively that have been used to develop a

number of derating models. While many of the models

are proprietary, one developed by SAIC using the Burns
: and Roe boiler code has been widely reported.®>"

Derating factors include, fouling, slagging,
carbor burnout and erosion. Fouling and slagging are
determined by ash chemistry and maximum boiler
temperatures. Carbon burnout is determined by coal
reactivity, boiler temperature and residence time, at-

- omization and aggiomeration. Erosior, which is re-
- garded as the most serous cause of derating, is a
function of ash composition, ash panicle size distribu-
tion (PSD), unburnt coal and velocity (> ™

Wit

A In the SAIC code, the calculated derating is
2" usually based on ash PSD and the resulting velocity
~ limits. Ash PSD is more comptex than just the maxi-
mum particle size determined by the size of the ground
coal.¢41% To achieve the current defacto standard CWF
of around 69%, by weight, finely ground bituminous
coal dispersed in water, costly, proprietary additives are
required yielding a slurry that ends to be dilatent, i.e.,
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shear thickening.'¥ This characteristic has contributed
to the need for significant expenditures {0 develop
atomizers which will produce droplets ideally only
slightly larger than the finely ground coal. However,
since most bituminous coals go through a plastic stage
when heated, they still tend to agglomerate producing
particles many times larger than the ground coal.t*'®
Agglomerates lead to poor carbon-burnout and large
ash particles, both of which contribute 10 lower boiler
effictency

The SAIC derating model suggests that if, in
the absence of slagging or fouling, the ash composition
and PSD allow a boiler to be operated at velocities used
for oil firing, up to 120 ft/sec, derating should be less
thao 15%.9%% However, if ash properties indicate that
velocities must be reduced by about third or more to
avoid excessive erosion, derating will be from 20% to
over 40%.9%1% Obviously such severe derating will not
encourage many boiler operators to switch from oil to
CWF.

The perception that CWF applications in oil-
fired boilers necessarily means a substantial derating is
supported by recent tests in the U.S. using CWFs made
from relatively unreactive bituminous coals. As an
example, Penn State researchers have made extensive
boiler tests with CWF made from a Pennsylvania bitu-
minous coal with a fuel ratio of around 1.7 in their new
15,000 Ib steamv/hr, oil-designed boiler. To date no
attempts to operate using CWF alone have been suc-
cessful '® At least 23.7% nawral gas IS required to
obtain acceptable performance, and even with this fuel
support, the best carbon-burnout achieved to date is
only about 95%.19 Due to the fact that much of the
funding and equipment used in these CWF tests comes
from the State, Pennsylvania bituminous coals are the
mandated feedstocks. Unfortunately, these coals usu-
ally lack the inherent reactivity to produce premium
CWFs.

Another example of poor boller performance is
the recent testing performed for DOE and Jim Walter
Resources by Energy and Environmental Research
Corp. in a fire-tube boiler at the University of Ala-
bama."” CWF was made from reject, low-volatile
bituminous coal fines from the JWR coal preparation
plant, and the results were similar to those at Penn State.
The boiler could not be operated with CWF alone, but
required natural gas assist. The maximum boiler load
achieved was 80%, a 20% derating, even though the
CWEF accounted for only 62% of the energy input with
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the balance being natural gas.C”

These examples imply that conversion from
oil-firing to CWF-firing will require auxiliary fuel,
yield carbon burnout of less than 95%, and result in
deratings of over 20%. However, in reality, the poor
performance was mainly due to the choice of the coal
feedstock. Since, burning CWF is, in reality burning
coal, the choice of a coal with low reactivity wil}
inevitably result in poor performance in oil-designed
boilers and advanced combustors. A more reactive
coal, such asa high volatile bituminous coal, with a fuel
ratio (fixed carbon/volatile matter) below 1.6 or virtu-
ally any LRC, all of which have high reactivity, should
significantly improve combustion performance.

The most well documented, extensive test of
CWEF in an oil-designed boiler was the CWF demon-
stration at the Charlottetown power station, PEI, Canada,
1986-87.9%-'9 The demonstration was & joint project of
Energy, Mines and Resources Canada, Maritime Elec-
tric Co., Ltd., Cape Breton Development Corp. and the
New Brunswick Electric Power Co. The Charlottetown
boiler was a 20 MWe wall fired unit designed for ofl
with tube spacings of only 25 mm. The only modifica-
tions that were necessary were to add new burners,
which could be operated witheither oil or CWF, another
soot blower and a baghouse.!®

The CWF used in this tests was prepared by the
Cape Breton Development Co. at their Victoria CWF
Plant in Sydney, Nova Scotia. It was prepared from a
beneficiated high volatile bituminous coal. CWFspeci-
fications were 69% solids, less than 4% ash, heating
value of 10,500 Btu/lb and a viscosity below 1,000

cp‘( 18)

Two independeat studies predicted that the unit
would suffer nearly a 50% derating when it was switched
from oil to CWF.(® However, actual operation showed
the unit could readily obtain 95% of the full load
capacity of 20 MWe.® The maximum output obtained
with CWF was 19.§ MWe with a boiler efficiency of
83.2%, compared with 85.4% on oil, a derating of less
than 3%.1'® A key finding was that the bulk density of
the ash produced with CWF was oaly about a third of
that from fly ash produced from the same coal burned as
a pulverized coal.™

LRCWFs do not require costly additives and
have psendoplastic flow behavior, which means that
they are shear thinning and easily atomized."*""'* [n

addition, LRCs have no tendency to agglomerate and,
in fact, tend to blow apast when heated® ‘These
characteristics produce a fuel that burns rapidly and
completely. In all combustion tests, both at the EERC
and atother combustion test facilities, LRCWFs burned
significantly better than comparable bituminous
CWFs.¢19 Recent tests run in the GM Allison’s coal-
fired turbine simulator, with 5,000 gal. batches of
LRCWF made from subbituminous coal hot-waterdried
in the BERC pilot plant, demonstrated the superiority
of LRCWFs over commercial bituminous CWFs, ¢9
Carbon burnout obtained using a LRCWF with a mass
mean diameter of about 15 microns was over99% under
alt operating conditions. Carbon burnout obtained with
commercial bituminous CW Fs with similar PSDs, even
under optimum operating conditions, was 4-5% lower.%

It is notable that with the correct choice of a
feed coal, a CWF can be formulated that requires no
auxiliary fuel, has carbon utilization at over 99% and
results in a derating only a fraction of that calculated
from mathematical models. This suggests that because
of their higher reactivity and small ash size, CWFs
produced from LRCs can be used in oil-fired boilers
with little derating.

CWF Costs

Coal-water fuel costs are site and coal specific,
especially for LRCWFs. Coal specificity determines
the optimum HWD temperature foreach LRC. As little
asa 15 °Cchangein the temperature can cause as much
as a 20% change in capital costs, due to the higher
pressures.

The data used to develop CWF costs for a hot-
water dried LRC were generated using EERC's HWD
and combustion pilot plants using subbituminous coal
from Placer Dome U.S. Inc.’s Beluga field west of
Anchorage, Alaska’" This particular coal field is
considered by many to be the world’s largest and least
expensive source of ultra low sulfur coal (less than 0.2%
on adry basis) near tidewater. Beluga LRC was treated
by HWD and concentrated into a LRCWF with energy
densities approaching 7000 Btw/1b."" It bumed readily,
giving over 99.8% carbon burnout with virtually no
fouling; SO, emissions were far below compliance’
levels. D

Preliminary cost estimates to ass¢ss Beluga
LRCWF competitiveness with heavy oil and bitumi-
nous CWF in Japan are presented in Table 1. HWD/
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LRCWEF costs have been estimated for Beluga LRC1o
range between $1.15 - $1.85 per MM Bitus depending
mainly on the size of the LRCWF production facility.
With Beluga mining costs originally estimated at
between $0.45 - $0.65 per MM Btus, and pipeline and
marine transportation costs ranging from $0.88 to
$1.04 per million Btus, the costs of a Beluga CWF are
estimated to be between about $2.48 - $3.54 per MM
Btus, CIF Yapan.®'*® Curreatly, this Is well below the
reported heavy oil price of $4.60 per MM Btus, and is
competitive with bituminous CWF.¢43  Compa-
rable cost numbers were reported by Bechtel National,
Inc., Ina study for the North Dakota Lignite Energy
Council on preparation and transportation of hot-
water dried North Dakota lignite.?

CONCLUSIONS AND
RECOMMENDATIONS

The following are a list of conclusions regard-
ing the use of CWF produced from hot-water dried
LRC:s as an oil substitute:

« Too much attention has been placed onincreasing

the solids concentration of CWFEs rathes than
focusing on combustion characteristics.

+ Coal selection is critical in preparing CWFs with
good combustion characteristics.

» A key to rapid ignition and carbon burnout is the
reactivity of the feed coal, which is a function of
the volatile matter content.

As a general rule of thumb, coals with fuel ratios
(Fixed Carbon/Volatile Matter) above 1.6 will not
produce pood CWFs.

1t has been shown via & commercia) demonstration,
that a high volatile bituminous coal can be formu-
fated into a CWF that can be substituted for oil with
a decating of less than 5%.

Predicted derating of boilers converting from oil-
firing (0o CWF-firing using current models are far to
severe. With the proper coal selection, a derating of
only a fraction of the calculated value is possible.

CWFs are being produced in China and transported
for use in Japan at prices well below those for heavy
ofl,

1t appears that LRCWFs can be produced in Alaska,
by hot-water drying, and transported to Japan at
prices comparable to or below those for bituminous
CWFs.

Due to the higher reactivity, low-rank coals are
prime candidates to produce premium CWFs,

A commercial demonstration of LRCWF in an oil-
designed boiler is a critical need.

Based on the promising preliminary process

economics and the enormous market potential for CWFs
made from hot-water dried Alaskan coals, the next
critical step in developing an Alaskan CWF industry is a

TABLE 1. Estimated costs for Beluga LRCWF made at the mine in 2 1 MM tpy plapt.

Cost Estimate
_ ($/MM Btus)
Oxperation Low High
Mining 0.45 0.65
HWD/LRCWF Production 1.15 1.85
Pipeline - Mono Buoy 0.24 0.24
Marine Transportation* 0.64 0.80
LRCWF Cost USD CIF Japan 2.48 3.54

*Shipping costs have decreased and, if new double hulled requirements are enacted for oil carriers, could be
reduced further.
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commercial-scale demonstration o instill confidence
in potential users and enable them to develop their own
economic analysis. Project sponsors have formed the
Alaskan CWF Consortium to develop funding for the
demonstration project. The Consortium consists of
three principal organizatons; Usibelli Coal Mine, Inc.,
Hobbs Industries, Inc., and the Energy and Environ-
mental Research Center. Consortium affiliates taclude
the Alaska Energy Authority, Cook Inlet Region, Inc.,
International Coal Preparation Consultants, Ltd., Major
International Inc,, Power Engineers, Placer Dome U.S,
Inc., Tyonek Native Corp., and the University of Alaska
Fairbanks.

There is a unique opportunity to demonstrate
this technology in the dormant Knik Arm Power Plant
owned by Hobbs Industries, Inc. near the Port of An-
chorage, Alaska, USA, at a fraction of the time and cost
it would take to build a new facllity. This facility will
be available as part of the overall cost share from the
Alaskan CWF Consorttum, which is seeking joint ven-
ture sponsorship for the three year, $25 MM demonstra-
tion project from the State of Alaska and the U.S. DOE.
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ABSTRACT

Pacific Rim utility boilers in Japan, Taiwan and
Korea consumed about 200 miltion barrels of high
sulfur heavy oil in 1990, Low-Rank Coal-Water Fuel
(LRCWF) is a product which is designed to replace
heavy oil in utility and industrial boilers. Although
heavy oil use is increasing in the Pacific Rim; there are
plans in all three countries to gradually retire boilers
which use heavy ofl. A market can be developed for
LRCWF by convincing the owners of the scheduled-to-
be- retired botlers to convert them to use LRCWF. This
would allow for a practical demonstration of the quali-
ties of LRCWF while extending the life of the heavy oil
boilers. Similar markets exist in Hawaii and Alaska.
Rural Alaska also offers some opportunities to use
LRCWEF to replace diesel fuel. Alaska LRCWF faces
competition in two major areas: the development by
Japan of bituminous, or high rank, coal-water fuel, and
a decision by the Japanese to begin to {nvestigate
LRCWF. A successful introduction of LRCWF could
prompt users to assess the performance of Alaska low-
rank coalin bulk form. A briefreview of the steam-coal
export market is given.

INTRODUCTION

Low-Rank Coal-Water Fuel (LRCWF) is rela-
tively unique in world energy markets because it seeks
to replace a petroleum product, heavy oil and/or diesel
fuel, with & fuel developed from another energy soufrce,
coal. In order to clarify marketing goals, it should be
noted at the onset, that LRCWF is pot intended to
compete with lump coals, either bituminous or subbitu-
mipous. LRCWF is designed to replace heavy oil and
bituminous coal water fuels (CWFs) in existing oll-
fired boilers. CWF is an attractive substitute for heavy
ol primarily because it is based upon relatively stable
coal prices and the cost of producing the fuel, not on
volatile crude oil prices. In addition, the large and
diverse number of established coal suppliers guarantees
secure supplies.

THE MARKET

The first market comparison must be made
between the expected cost of LRCWF and the current
and expected export prices of crude oil and heavy oils.
Prices for crude oil and residuals (heavy oil) are both
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important because although Japan uses resldual fuels in
its utility and industrial botlers, it also directly fires
crude oil in some boilers. The price of LRCWF is site
and coal specific but for Beluga coal, from the Beluga/
Yentna coal field, Alaska, it is estimated t0 range
between $2.48 and $3.54 per million BTU, CIF Japan
(1.234 The high sulfur fuel ofl market price in Japan, as
cited by Nagata in September 1992, for example, was
$4.60 per million BTU with crude oil selling for $17 per
barrel 9, The price of crude oil is expected to follow a
trend of gradual increase while continuing to undergo
fluctuations. The level 1S expected o edge up to
between $21-$22 per barrel through 1995 and reach
$25-$26 per barrel in 2000 ®, Clearly, a market
opportunity exists to replace heavy oil with LRCWE.

PACIFIC RIM MARKETS

The most likely large export market for an
Alagkan LRCWF would be for Pacific Rim utility and
industrial boilers. The magnitude of the potential
market for CWF can be gauged by the consumption
levels of heavy oil by utilities for the production of
electricity in Japan, Taiwan, and Korea. In 1990, Japan
required 141 million barrels of heavy oil for its oil-fired
utility plants . Taiwan's electric utility wsed 27
million barrels of heavy oil in 1990 and estimates this
level of consumption of heavy oil will continue through
the decade 7. Korea’s consumption of heavy oil for
power generation tn 1990 was 32 million barrels for a
combined three-nation total of 200 million bamels ®.
The equivalent toonage of CWF from low rank coal
would be about 80 million tons per year. Capturing just
1 percentof that figure would more than double Alaska’s
current coal exports of about 750,000 tons per year

(tpy)-

The use of heavy oil in boilers is not limited to
power utilities. While electric utility use of heavy oil in
Korea in 1990 was 38 million barrels, total use was
more than 122 million barrels ®, leaving an additional
84 million barrels of consumption, primarily in indus-
trial boilers. Similarly, Japan has more than 2,000
industrial boilers operated with heavy oil , adding
gubstantially to consumption totals.

" THE CBALLENGE

The major marketing challenge facing LRCWE
is to develop a way to offer owners of oil fired utility and
industrial boilers an opportunity 10 test the fuel in a
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manner which does not detract from their current boiler
use. Pacific Rim nations have developed long-term
plans to reduce dependency on heavy oil by retiring oii-
fired boilers and replacing them with other generating
options such as coal, natural gas and nuclear *-67%9),
However, oil-fired facilities continue to be added to
meet increasing energy requirements. Heavy oil use in
Korea has increased dramatically over the past several
years. Oil use for Korea Electric Power Co. (KEPCO)
rose from 32 million barrels in 1990 to 38 million
barrels in 1991, and increased to 53 million barrels in
1992 0 KEPCO’s heavy oil use is expected to peak in
1993 at 65 million barrels before gradually declining to
57 miliion barrels in 1995 9.

A component of the LRCWF marketing effort
should incorporate an effort to identify those oil-fired
bollers which have been targeted for retirement. The
owners of the boilers should then be approached with a
proposal to test LRCWF in those boilers. A very
attractive aspect of LRCWF would be that consumers
would not have to retire their oil-fired plants, and could
look toward low cost retrofitting for LRCWF-firing and
extended life for the boilers. Reduced dependency on
oil could be accomplished without the high cost of
constructing new plants or retrofitting existing plants to
utilize pulverized coal.

WESTERN HEMISPHERE MARKETS

Hawaii

Hawaii generates much of its electric power
with heavy oil, and may be the first to feel the expected
increases in fuel prices due to regulatory requirements.
such as the use of double hulled tankers (Oil Pollution
Act of 1990), as well as increased liability insurance
requirements. Hawali bas initiated efforts t0 expand
coal-fired power generation. Contacts with two utilities
in Hawali have demonstrated an interest in LRCWF, It
isbelieved that marketing LRCWF to Hawaiian utilities
can proceed at 2 pace faster than that with Pacific Rim
countries because there are no language or cultural
barriers to be overcome.

Mexico

Mexico is in the process of building new coal-
fired generating capacity as rapidly as possibie, particu-
larly on its west coast. Since Mexican coals are so high
inash (38-50%), the current Mexican government phi-
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losophy is to avoid expanding or opening new domestic
coal mipes, but instead increase port capacity and
import foreigncoals. Contacts indicate Mexican power
geoeration officials are interested in LRCWF as an oil
substitute in existing units. LRCWF marketing efforts
should continue to develop these contacts. At this point
it ts considered likely that Mexican utilities will want to
test LRCWF once. it is available in supplies large
enough for meaningful tests.

MARKETING OPPORTUNITIES IN
ALASKA

Virtually all of Alaska's more than 200 rural
villages use diesel fuel for space heating and to generate
electricity. Use of diesel for energy is both expensive
and potentially hazardous. Since 1980, the State of
Alaska, through a program now known as Power Cost
Equalization (PCE), has provided financial assistance
in the form of rate relief to rural utilities dependent on
fuel oil as a means to generate electricity ¢2. In FY
1991, the PCE program served 67,223 rural residents in
160 communities. Fuel oil consumed just by electrical
utilities participating in the program was 23.5 million
gallons at prices of up to $1.94 per gallon ®¥. This does
not account for heating use or industrial users such as
mining, tmber and fish processing. More than $19.6
million was spent by the State to subsidize rural electric
rates in FY 1991 “¥. Until recent years, the PCE
program was an adequate solution to assist rural com-
munities. However, declining state oil revenues are
threatening the program’s future,

Rural Alaska also faces severe and immediate
problems with bulk fuel storage facilities in many rural
communities. These communities, primarily Jocated in
western and northem Alaska, are dependent on bulk
fuel storage because the vast majority of fuel must be
delivered by barge during a very brief ice-free shipping
season and stored throughout the year 4,

A total of 44 communities were surveyed by the
Alaska Energy Authority and consultants, and detailed
engineering studies were prepared for 32 of the commu-
nites. The total estimated cost for complete repair and
renovation of deficient diesel storage facilitiesinthe 32
communities is $47 million . The AEA has indicated
it believes the cost to repair deficient facilities in rural
communities statewide ranges from $200 million to
$300 million. The cost of environmental remediation of
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extensive contamination was not included because it
was not possible atthe time to quantify the level ofeffort
which may be required. In many instances, the
remediation costs may far exceed repair costs 4,

The State of Alaska, through AEA, has a policy
of diesel replacement wherever possible. There are
many alterpatives o oil, such as wind, hydro, solar,
natural gas, and geothermal. However, detailed studies
have shown in most cases those alternatives are not
practical because of the surrounding environment of
cost. CWF may be a viable alternative because it
addresses both economic and environmental problems
for rural Alaskan communities. The use of CWF could
save from 25 percent 10 35 percent in fuel costs alone.
When considering increased operating efficiency and
mitigation of environmental expenses, the savings be-
Come even preater.

In most rural applications, standard thermal
power and heating equipment can be used in cosjunc-
tion with existing fuel handling equipment to address
power aod heating peeds using CWF. Although the
capital cost is higher for thermal equipment than stan-
dard diesel equipment, thermal equipment has a much
longer life, thus eliminating any disadvantage in a
plant’s life cycle cost. The ability to take advantage of
standard equipment makes CWF very attractive from a
maintenance and reliability stand point.

Research is underway to develop an internal
combustion engine capable of running solely on CWF.
LRCWF produced at EERC has proven that an internal
combustion engine can run efficiently and cleanly on
CWF. Tests of alow ash, LRCWFina General Electric
diesel engine gave equal or better carbon burnout than
the commercial bituminous CWF %,

TECHNOLOGY LICENSING

It is obvious that Alaska cannot begin to sup-
ply all the LRCWF that could be in demand if wide-
spread oil substitution takes place. However, substan-
tial revenues can still be generated through licensing the
technology in areas whete Alaskan LRCWFs are un-
economical. Licensing thetechnology presents a world-
wide market opportunity. This opportunity may be
most pronounced in developing nations where LRCs
are the primary energy source.
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COMPETITION

While resource-rich countries such as the United
States, Canada, and Australia have no tmmediate need
for the widespread use of alternative sources of energy.
Pacific Rim countries such as Japan, Korea, ang Tai-
wan, which have few natural energy resources, are
actively pursuing the goal of reducing their dependence
upon imported oil. To achieve that objective, the
energy mix in those countries is being changed to
include alternative fuels as an energy option to o] 67
9 Of all the alternative coal-based fuels, coal water
fuels are the most promising.

Today's coal-water fuel industry is based on
the use of bituminous coals formulated into CWFs
using costly, proprietary additives 4. The high costs
involved when coupled with the relatively low cost of
fuel oil have led to a decreased interest in CWFs in
North America. Canada, the world leader in CWF
technology in the 1980s, has no bituminous CWF
producers today 9. However, in countries where fuel
oil prices are much higher and where there are concerns
over security of 0il suppliers or theloss of hard currency
for imported ofl, a CWF industry is developing. Japan
is aggressively pursuing the use of bituminous CWF as
a direct replacement for oll. In addition to its own in-
country CWF production capacity and plant construc-
tion programs, Japan is a joint venture partner in the
ownership of CWF plants currently either in production
or under construction in Matnland China . Similarly,
South Korea’s Jargest oil refiner is investigating the
construction of a CWF plant ®.

The estimated cost of Japan's bituminous CWF
is $3.26 per million BTU; which is approximately in the
middle of the cost estimate range for LRCWF @9 The
$3.26 figure should be viewed as a reasonable estimate
of what Pacific Rim markets expect to pay for CWFE,
before adding any premium for such benefits as supe-
rior combustion, lower inherent sulfur and less boiler
tube fouling,

To date, Pacific RIm countries have shown
little interestin LRC because of perceived poor quality.
Japan, in particular, appeared to place its initial depen-
dence on bituminous coal for its CWF production,
ignoring the superior combustion characterstics of
LRC and LRCWF. This reliance, however, is in a state
of change. A joint venture effort led by JGC Corpora-
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tion surveyed processes 10 determine which was the
most suitable to produce CWF from low-rank coal 7,
The joint venture selected the hot water drying (HWD)
method developed by the Energy and Environmental
Research Center of the University of North Dakota as
the best and most appropriate low-rank coal up-grading
process (7, JGC Corporation has installed a bench scale
test plant in its Kinuura Laboratory and is constructing
a 1,100 pound-per-hour pilot plant in the Onahama
Plant of its joint venture partner, Japan COM Company.
The pilot plant i scheduled to begin operation in mid-
1994, Assessment of a commercial scale plant is
scheduled to beginin mid-1994 7 It would appear that
the uncontested window of opportunity for Alaskan
LRCWE has been defined.

Another competitor of LRCWF is a liquid fuel
product called Orimulsion, which is also used as a
substitute for heavy oil. Orimuision is produced in
Venezuela by emulsifying a natural occurring bitumen
material rich in heavy hydrocarbons with 30% water ¢!,
In mid-1991, commercial contracts totaling 4 million
tons per year had been signed with large utility and
industrial users *®. Additional boiler conversions to
Orimulsion fuel are planned in the United Kingdom,
Spain, Sweden, Japan, and Canada,

Compared to CWF, Orimulsion has a higher
energy content and usually a lower ash content. How-
ever, Orimulsion has a very high sulfur content of 2.8
percent “; compared o a suifur content of 0.1 percent
in Alaskan LRCWF . Initial use of Orimulsion in the
United Kingdom has demonstrated higher emission
levels of sulfur dioxide. The cost of emissions control
equipment needed for air quality compliance can be a
significant cost component in conversion to Orimulsion
and may limit its use in many applications. Addition-
ally, Orimulsion has sigaificant heavy metals in its ash
which may require that it be treated as hazardous waste,
further limiting the attractiveness of the fuel 09,

Although viewed as a competitor, Orimulsion
should also be recognized for the positive effect it may
have on LRCWF because of its role in demonstrating
that a coal-like liquid fuel can be used successfully tn
heavy oil boilers. LRCWF marketing efforts can point
to the success of Orimulsion as a reason a utility or
Industrial user shoutd consider the testing and ase of
LRCWF.
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LRCWF’S ENVIRONMENTAL PREMIUM

The environmental impact of oil spills and the
requiremeats of the Ol Pollution Act of 1990, including
the requirement for double hulled tankers, will enhance
the atiractiveness and competitiveness of LRCWF.

Any marketing effort should stress the “envi-
ronmentally benign” aspects of the fuel should a spill
occur, whether on or offshore. With a spill on land, the
coal could be reclaimed by hand t00ls or heavy equip-
ment after the water has evaporated or been absorbed by
the ground. Offshore or fresh water spills also pose no
environmental threat. The coal particles will disperse
with the curreat, seutle out, and mix with bottom sedi-
ments. Since the coal is inert and the sulfur is insoluble
in water, there is no acid leaching and no harm is posed
to sea life of any kind,

ALASKAN LRCWF DEMONSTRATION
PROJECT

A consortium led by Usibelli Coal Mine, Inc.
and the University of North Dakota's Energy & Envi-
ronmental Research Center i3 seeking public sector
partial funding for a low rank coal water fuel commer-
cial demonstration project in Anchorage. Other consor-
tium members include Placer Dome US Inc., Cook Inlet
Region Inc., Intemational Coa! Preparation Consult-
ants L1d., Major International, Environmental Services
Ltd., and Tyonek Native Corp. Affiliates include the
University of Alaska Fairbanks (Mineral Indusiry Re-
search Laboratory) and the University of Alaska An-
chorage (Center for International Business).

The LRCWF demonstration project will last 36
months. Prior to initiation of the project, it is the intent
of the LRCWF Coasortium (o engage aa end user as a
consortinm member. The extent of end user participa-
tion couldrange from anagreement to purchase LRCWF
to equity participation in the project The first 18
months will be devoted to completing design and per-
mitting activities, recelving equipment and supplies,
and completng construction or refurbishing. Afier a
shakedown period, demonstration runs will begin with
Usibelli coal and conclude with three months of test
runs using Beluga and Little Tonzona coals. Marketing
during the first 18 months will concentrate on develop-
ing agreements with potential users to test the fuel in
their boilers and to purchase LRCWF upon compietion
of a successful demonstration project.

As soon as data are developed on the properties
of the LRCWFs from each test coal, site specific pro-
cess economics will be developed. Specific test data
will include coal preparation steps, preferred HWD
operating parameters, LRCWF rheology, all the com-
bustion parameters, and emission contro} and waste
disposal/utilization options. These results will be used
with input from consulting engineers, Alaskan native
corporations, DEC and other state agencies as required,
and potential coal suppliers and LRCWF users to de-
velop coal and site specific process economics.

In addition, pipeline, overland, and marine
transportation issues will be addressed as part of the
ongoing economic assessment for each coal.  Site
specific ransportation alternatives, i.e., pipeline versus
rail versus truck haulage where applicable, will be
evaluated. The lowest cost option will be integrated
with the process economics to determine required sell-
ing costs for both the export and Alaskan markets.
These economic data will become the basis for market-
ing the technology, and developing the financial back-
ing for a 1 million ton per year commercial LRCWF
production facility in Alaska.

EDUCATIONAL AND TRAINING
OPPORTUNITIES

It is the intent of the LRCWF Consortium to
continue to operate the test facility upon completion of
the demonstration project. Other Alaskan coals, as well
as coals from around the world, could be tested for
LRCWF applicability. Inaddition to the demonstration
of the technical and economic feasibility of CWF pro-
duction, the facility would offer many opportunities for
University of Alaska involvement for teaching, train-
ing, and research. Teaching and training could cover a
broad range of intefests, from graduate education to
non-degree technical training. Researchactivities would
be more specifically directed at unit processes of HWD,
combustion engineering, and international marketing.

On a graduate level, the University of Alaska’s
mineral preparation engineering (MPR) program would
likely be the largest beneficiary of the CWF demonstra-
tion project. This program has in the past produced and
continues to produce masters students with expertise in
coal preparation, including coal drying. The facility
would become a practical laboratory for MPR students,
who could research both practical problems encoun-
tered durinp the demonstration project and longer term,
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basic research directed towards future LRCWF process
development.

Likewise, undergraduate students from many
disciplines could use the facility for field trips, senior
projects and laboratory sessions, A very exciting aspect
of the university’s interaction with the demonstration
project, as well as that of the Alaskan native corpora-
tions such as Doyon Ltd., is non-degree technical train-
ing in the areas of coal beneficiation and power plant
operation and maintenance. This may become a more
important part of the faclility’s educational function,
ghould rural Alaska communities begin the transition
from diesel/electric generator sets to coal-fired power
generation.

STEAM (THERMAL) COAL EXPORT
MARKET

Although LRCWF s intended as a substitute
for heavy oll in existing oil-fired boilers, its successful
use may prompt users to assess the performance of
Alaska low-rank coal in bulk form. Therefore, a brief
review of the steam coal export market is appropriate.

It is expected that the steam coal demand for
Japan, Korea, and Taiwan alone will exceed 100 mil-
tion tons per year by the end of this century (see Table
A below &-47419)  However, within this predicted
growth, representing tens of thousands of megawatts of
new boiler capacity, currently there are concrete plans
to design only two facilities for LRC firing.

Of the 29 new plants, representing more than
15,000 M, to be built in Korea by the year 2006, oaly
two plan to use LRC 9. These plants, Samchonpo #5
and #6, will gencrate 550 MW and will each consume
about 1.2 million tpy of LRC.

Korean Electric Power Co. (KEPCO) will ac-
commodate LRC in boilers designed to operate with
coals containing between 7,700 to 10,300 BTU per
pound, down from the usual range of 9,500 to0 11,300
BTU per pound ®®. For Alaska to be successful in
winning Samchonpo contracts, the bids must be com-
petitive and will be based on the going Australian steam
coal price. That price, as the basis for negotiation, will
be decreased in direct proportion to the heat content of
the coals.

KEPCO hasindicated that Alaskan} RC should
expect stiff competition from LRCs from China, Indo-
nesia, and Russia "». However, Russia and China are
not expected to become immediate competitors due to
eachcountry’s infrastructure problems and overwhelm-
ing need for domestic power, The threat of Indonesian
LRC is real, however, because that country is rapidly
expanding its port and mining capacity. Indonesian
coal may also have environmental qualities equal to or
better than Alaskan LRCs. KEPCO has invested in at
leaston Indonesian LRC property. Inanyevent, KEPCO
indicates the expected share for Alaskan LRC would be
around 40 percent, a figure which would double the size
of Alaska coal exports €19,

TABLE A. Current and projected steam-coal imports

1990 1995 2%!9
MM tons | MM tons % % /year | MM tons % lyear
Increase Increase
Korea 10.1 24.0 137 19 36.9 265 14
Japan 34.7 515 49 8 74.8 116 8
Taiwan  13.0 216 16 11 274 110 8
Total 57.8 97.1 68 - 139.1 141 -

71




N[

Lo

Without a significant change in the perception
of LRCs by Pacific Rim coal importers, LRCs will
largety be excluded from this rapidly expanding steam
coal market. Demonstration of the economic viability
of producing clean, low cost power from LRCWFs at
a commercial scale will be the most effective method
for moving Alaska decisively into the emerging inter-
national CWF trade. LRCWF represents the quickest
way Of significantly increasing the size of Alaskan coal
exports. It also offers the prospect of overcoming the
perception of many Pacific Rim coal importers that
LRCs are low quality fuels. As LRCWF users become
familiar with the superior combustion performance,
they may want to assess LRC performance in dry bulk
form. This, in turn, could lead to widespread accep-
tance and use of LRCS in the rapidly expanding steam-
coal market.
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APPLICATION OF CORRELATION MODELS FOR PREDICTING HEAT
CONTENT OF ALASKAN COALS

Olayinka I. Ogunsola, Michael Downing, and P.D. Rao
MIRL, University of Alaska Fairbanks, Fairbanks, AK

ABSTRACT

This paper discusses the results of a study
aimed at evaluating the reliability of some existing
models derived from ultimate and proximate analyses
data in predicting the heating value of Alaskan coals.

About 247 coal samples from the major coal
mines in Alaska were used in the study. The proximate
and uitimate analyses data obtained from previous
studies were used. The reliability of these models were
compared and constrasted with each other.

Models derived from ultimate analysis were
better than that derived from proximate analysis in
predicting the heating value of the Statewide, Northemn,
and Southern coals, while they were comparable in
predicting the heating value of the Interior Alaska coals.
In geneal, the heating value was predicted to within less
than about 100 Cal/g.

INTRODUCTION

Alasgka’s coal resources account for about half
of the United States coal resource base®. These coals
are of Cretaceous and Tertiary 2ge @ and are mainly of
subbituminous A to high volatile A bituminous ranks.

The bulk of Alaska's coals are found in the
Nornthern Alaska basin where more than 4 trillion tons
of coal are deposited @, Coals in the Northern Alaska
are mainly subbituminous and bituminous®, The next
largest coal deposits of Alaska are located in the Cook
Inlet-Susitna Basin, with estimated reserves of over 1
trillion tons, most of which are low-rank @,

Alaskan coals are generally very low in sulfur
and moderately low in ash, They are therefore, excel-
lent candidates for clean power generation. Low foul-
ing/slagging potential is expected as a resuit of the ow
ash content. SO_ emissions afe also expected to be
below Environmemal Protection Agency (EPA) ac-
ceptable limit of 0.4 1b. SO/10° Btu. In addition,
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Alaskan coals are very reactive and are, therefore,
excellent feedstocks for utilization in gasifiers and
other advanced coal vtilization technologies.

Heat content, that is, the quantity of heat per
umnit mass of coal (which is commonly called calorific
value or heating value) is an important parameter for
assessing the economic value of coal. Price of coal is
now commonly quoted in dollars/Btu ($/Btu). Coal
buyers and users depend on calorific value in order to
design and/or modify their plant for efficient operation.
Calorific value is, therefore, an important measure of
coal quality and is usually required along with other
important properties of coal (such as elemental and
proximate analyses) by respective coal buyers and
users.

Calorific value, and these other coal properties
are generally determined by analytical techniques. The
advent of advanced instrumentation has made the proxi-
mate and ultimate analyses of coal quicker and cheaper
to obtain than determining its heating value. In view of
this, theoretical computation of heating value from the
elemental composition appears to be economically jus-
tifiable. Many theoretical equations have been pro-
posed for predicting the heating value of solid and
liquid fuels “*», Some of these equations are more or
less empirical correlations and are most suitable for
predicting the heating value of liquid fuels *', Mott
and Spooner @ proposed an equatons for predicting the
heating value of low-rank coals, that is, coals with more
than 18% oxygen content on adry, ash-free basis. This
equation was later modified by Given and co-workers
“, Equations have also been proposed for predicting
heating value from the proximate anatysis of coal ¢,
While all these equations have been used for predicting
heating value of coals from many parts of the world,
including coals in the lower 48 states of the U.S. @,
Europe®, South Africa®, and Australiat®» theyhave
not been applied to Alaskan coals. The Pennsylvania
State University coal databank were used for the previ-
ousstudieson U.S. coals. Atthe time those studies were
conducted, Alaskan coals were not included in the
Pennsylvania State University coal databank.



This paper presents the results of the first study
o apply some existing correlation equations to Alaskan
coals.

DATA COLLECTION AND ANALYSIS
Coal Samples and Data Used

The Mineral Industry Research Laboratory
(MIRL), University of Alaska Fairbanks (UAF) has
been actively involved in characterizing Alaskan coals
for many years. The MIRL coal analysis databank was
therefore used for this study. Coals ranging from lignite
to high volatile bituminous were used in the study.
These samples represent coals from the major Alaskan
coal fields. For the purpose of this study, the coal fields
were classified into three regions, Northern region,
Interior reglon, and the Southern region. The Northemn
region can be considered to consist of coal fields north
of the Brooks Range. The major fields in this region
considered in this study include mainly the Deadfall
Syncline coal field and the Cape Beaufort coal field.
The Interior region coal fields include mainly the Nenana,
Little Tonzona, and the Jarvis Creek coal fields. This
region falls between south of the Brooks Range and
north of the Alaska Range. The Southern reglon, which
falls south of the Alaska Range, consists mainly of the
Kenai, Beluga, Yetna and Susitna coal fields.

Data on about 247 well characterized samples
from the various fields were obtatned from MIRL
databank. The data of importance 10 this project were
the proximate and uldmate analyses, and heating value.
The data were divided into two sets. Table 1 gives the
ultimate analysis and the measured heating value, while
Table 2 summarizes the proximate analysis and the
measured heating value,

Application of Existing Correlation Equations
Derived from Ultimate Analysis Data

The aim is o assess the suitability of existing
correlation equations in predicting heating value of
Alagkan coals from the ultimate analysis. The follow-
ing equations, expressing the heating value, Q (Cal/g)
in terms of the elemental compositions in weight per-
cent on dry, ash-free {daf) basis was used.

Q =80.8C + 345/t + 22.55 - 43.10 (Eq. 1]

Q=280.3C +33%/T + 22.5§ - 34.70 [Eq. 2]

Q =80.3C + 339H + 22.55 - 36.60 + 0.17202

[Eq3]
Q =78.34C + 339H + 22.18 - 33.00 + 152

(Eq. 4]
Q = 84.0C +278H + 25.0S - 26.50 + 15.0N

[Eq. 5)

The first four equations are based on Dulong’s
law, which states that the heat generated by a fuel during
combustion is approximately equal to the sum of the
heats generated by its component elements, Equation 1,
proposed by Francis and Lloyd®, is one of the earliest
expression of Dulong’s law. Modifications of this
equation by Mott and Spooner®, who made empirical
correlations for the finite enthalpy of decomposition of
coal, ylelded equations 2 and 3. Equation 3 was
proposed to take care of low-rank coals with oxygen
content greater than 15%. Equation 4 was proposed by
Given and co-workers® who explicitly included ethalpy
of decomposition as a separate term, Equation S is
empirically derived by Boie @ for solid and liquid fuels.

The value of Q was computed for all the samples
listed in Table 1 using the above-listed equations. The
predicted heating value in each case was then compared
with the measured value given in Table 1. The closer
the value of predicted heating value, Q to the corre-
sponding measured value, Qm, the better is the equa-
tion,

Application of Existing Correlation Model Derived
From Proximate Analysis

This approach is relatively newer than via
ultimate analysis. The first equation relating heating
value 10 components of the proximate analysis was
proposed by Goutal (reported by Ernest & Fyans®“)who
expressed heating value Q (Cal/g) in terms of fixed
carbon F and volatile matter V, contents in weight
percent on moisture-free basis. This is written as:

Q=82F+aV [Eq. 6]

where a is g coefficient which varies with the volatile
matter content of the coal. Variatton of Goutal coeffi-
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cient “a” with volatiie matter content is illustrated in
Table 3. The value of Goutal coefficlent is obtained
based on the dry ash-free volatile matter while the
Goutal equation (Eq. 6) lself uses volatile matter and
fixed carbon contents on moisture free basis. Goutal
equation implies that a constant correlation of 82 calo-
ries per percent of fixed carbon exist Y. However, the
contribution of. volatile matter t0 the heating value
depends on the volatile matter content since ‘a’ varies
with volatile matter“¢* stressing the empirical nature of
the equation. Another observation from Goutal formu-
las is that the correlation is forced to pass through the
origin ignoring the possibility that the natural correla-
tion intercept could be higher,

The Goutal equation was apphed to the proxi-
rmate analysis data sShown on Table 2 to obtain predicted
heating value for each of the coal samples. The calcu-
lated value Q was again compared with corresponding
measured valye, Qm.

RESULTS AND DISCUSSIONS

Tabies 1 and 2 illustrate the ultimate and proxi-
mate analyses and measured heating value of the coal
samples used in this study. As mentioged earlier,
Equations 1-5 were applied to the uitimate analysis data
on Table 1 while Equation 6 was applied to the proxi-
mate apalysis data on Table 2 to estimate the heating
value of the coal samples. The performance of each
equation in predicting the heating value of Alaskan
coals was determined by subjecting the results to statis-
tical anatysis.

Prediction Using Ultimate Analysis Data

The five existing equations (Eq. 1-5) relating
heating value with elemental compositions of coal (C,
H, N, S, O) obtained via ultimate analysis yielded
beating values that were compared with corresponding
measured value.

Denoting the difference of the measured and
calculated heating values for sample number i by & =
Q,, - Q, we define the mean of the absolute differences
by

A=y 3 1§ 1 (Eq. 7]
'Ni§1 .
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and the mean of the absolute relative differences by

{ N

A=g 3 1500 [Eg. 8]

The statistics for the distribution of d are the mean
difference

Mz

8=

1
N ) [Eq. 9]

and and the standard deviation of the differences

) N 21 12
o3 = [N‘ i)=:l(5i ~5)} (Eq.10]

Table 4 summarizes the results obtained. The
mean difference vajues in Table 4 show that the heating
value of Alaskan coals can be predicted by Eq. 2, 3, and
4, (o within the acceptable interlaboratory variation of
measured heating value (55.5 Cal/g) recommended by
American Soclety for Testing and Materials (ASTM).
The value of mean difference obtained for Bq. 1 (due to
Francis and Lloyd (3)) and from the Bole empirical
formula (Eq. 5) are higher than the the ASTM accept-
able experimental difference. The results of the calcu-
lated meandifference 0(3,”), show that the heating value
of all the Statewide samples can be predicted to within
about 3.5 Cal/g by the theoretical formula derived by
Mott anad Spooner © for low rank coals (Eq. 3).

Considering only the mean of absolute relative
difference vaiues, shown in Tabie 4, it appears that Eq.
3 (proposed by Mott and Spooner#) is the best of all the
equations (with Ar value of 1.10,%) in predicting the
heating value of Alaskan coals. This is followed by Eq.
4 (proposed by Givenetal.®). Eg. 1 is the poorest (with
Ar value of 2.0%) {n predicting the heating valuof the
Statewide set of zamples.

A comparison of the Ar value obtained for
Equation 5 in this study with those reported by Boie, et
al. ® and Ringen, et al. ® suggests that Eq. § better
predicts the heating value of Alaskan coals than Wyo-
ming coals. Ringer et al. ® reported Ar Value of 1.86%
for 54 Wyoming coal samples when Eq. S (due to Boie,
et al. ™) was applied. This is higher than the 1.68%
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obtained in this study for Alaskan coals. Also, applica-
ton of Eq. 5 to western Canadian upgraded low rank
coals by Friesen and Ogunsola®® yielded a higher Ar
valve than obtained in the present study. Again, this
implies that Eq. S gives a better prediction of Alaskan
coals than it is of western Canadian coals and Wyoming
coals. Similarly, Eqs. |4 predict the heating values of
Alaskan coals better than those of western Canadian
coals. Ar values for Eq, 1-3 were reported to be greater
than 2% for western Canadian coals . Results ob-
tained by Given et al.“’who applied Eq. 4 to 1004 coals
from the l1ower 48 yield relatively poorer prediction for
those coals than for Alaskan coals. The value of the
mean difference reported by Given et al. “ for coals
from the various provinces in the U.S. as well as all the
coals together varies from about 31.5 Cal/g for all
lignite samples to about 62 Cal/g for all coal samples.
Also, about 71 Cal/g was obtained for all coals from the
Eastern province. These values are much higher than
the 9.5 Cal/g obtained for Alaskan coals.

In order to evaluate the difference (if any) inthe
predictability of the heating value of coals from the
different regions, the Statewide coal samples were
separated into three groups based on the three different
regions. Eq. 1-5 were then applied to the elemental
analysis data set in each region. Table 4 shows values
of the mean absolute difference, mean absolute relative
difference (Ar), the mean difference (8)), and the stan-
dard deviation of relative difference (G,) obtained by
subjecting the measured and calculated heating values
for each formula to statistical analysis.

From the results, it appears that the heating
values of the Northern coal samples are better predicted
by all the five equations than those of the Interior coals
which in tum are better predicted than those of the
Southern coals except for Eq. 1 and 2 which give abetter
prediction for of the Soutbern coals than the Interior
coals. The reason for the better prediction of the heating
value of the Northern reglon coals is probably because
of the less variation in the elemental composition of
these coals compared to the Interior and Southern coals.
This is supported by the results obtained by Given and
his co-workers®when Eq. 4 was applied to 10014 coal
samples from the lower 48 states. In general, the
performance of each of the five formulae in predicting
the heating value of the Northern coals is about two
times better as that of the Interior and Southemn coals.
The heating values of the siatewide coal samples are
even better predicted than for both the Interlor and

Southern coal samples (see Table 4). In summary, the
order of predictability for the Northern coals, is:

Eq.5< Eq.4<Eq.1<Eq.2<Eq.3

For the Interior coals, the order is:

Eq. 1 <Eq.5<Eq.2<Eq.3=Eq.4

and for the Southern coals the order is:

Eq.1<Eq.5<Eq.2<Eq.4<Eq.3

For the Statewide samples, the order is:

Eq. 1 <Eg.5<Eq.2<Eq.4 <Eq.3

Figures | and 2, which are plots of measured
versus predicted heating value for Eq. 3 and $, pictori-
ally illustrates the superiority of Eq. 3 (the best) overEq.
5 (the poorest). Although it appears that Eq. 3 (due to
Mott and Spooner®), which was developed for low-
rank coals (coals with >15% oxygen content), is better
than most of the other formulae for predicting the
heating value of low rank coals in the Interior and
Southern Alaska. It is not as good as Eq. 4, proposed by
Givenetal.®, particularly for the Interior Alaskan coals
(see Figs. 1 and 3 and Table 4). The difference between
measured and calculated heating value by Eq. 4 is
pictorially illustrated in Fig. 3. Notice the difference in
the degree of scatter in the data of the different sets of
coalL

Predictions of Heating Value from Proximate
Analysis Data

In order t0 evaluate the reliability of predicting
the heating value of Alaskan coals from the proximate
analysis data (fixed carbon, volatile matter, and ash
contents), Goutal formula (Eq. 6), which utilizes fixed
carbon and volatile matter, was applied. This equation
was forced 10 pass through the origin, hence there is no
intercept.

Table 5 shows the mean difference, mean of
absolute relative difference, and average absolute dif-
ference Results presented on Tables 4 and 5 provide 2
basis for comparing and contrasting the use of existing
equations derived from ultimate analysis anod proximate
analysis data for accurate prediction of the heating
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value of Alaskan coals. From the results on Tables 4
and S, it is obvious that all the formulae derived from
ultimmate analysis data (Eq. 1-5) are better than the
Goutal formula (Eq.6) dedved from the proximate
analysis data in predicting the heating value of the
statewide coal samples used in this study. Forexample,
the worst model (Eq. 1) obtained from the ultimate
analysis, which predicts the heating value of the state-
wide samples to within 2%, is better than the Goutal
formula (Eq.6). Hence, prediction of heating value of
statewide sample setis more reliable using the formulae
derived from ultimate analysis than from the proximate
analysis. On regional basis, the formula derived from
proximate analysis appears to predict the high rank
coals of the Northern region better than it does for the
lower rank coals of the Interior and Southem Alaska.
The Northern coals can be predicted to within 6% while
those of the Intedor and Southern regions can respec-
tively be predicted to 12% and 14%. Extent of predict-
ability of Eq. 6 is pictorially illustrated in Figure 4.

Although, the results obtained in this study
suggest that the heating value of Alaskan coals ¢an
better be estimated from the ultimate analysis than from
the proximate analysis data, it is recommended that
correlation modeis obtained from proximate anatysis
be used 1o estimate the heating value of coals, particu-
larly from a new field. It is more economical to use
equadon involving proximate analysis to estimate the
thermal quality of a new field during exploration since
it is cheaper to obtain proximate analysis than ultimate
analysis. Besides, proximate analysis of coal must be
done before ultimate analysis and heating value can be
reported on the conventional dry, ash-free basis. So,
just obtaining the proximate analysls can reasonably
(within less than 100 Cal/g) estimate the heating value
on any basis of choice. Whereas, if you determine the
beating value either experimentally or by calculation
from the ultimate analysis, you still need to determine
the proximate analysis.

CONCLUSIONS

The aim of this study has been application and
evaluation of appropriate models for estimating the
thermal quality of Alaskan coals from proximate and
ultimate analyses data.

About 247 coal samples from the major coal
fields in the Northern, Interior, and Southern Alaska
were used inthe study. The fields of study include those
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from the Deadfall Syncline, Nenana, Jarvis Creek,
Littie Tonzona, Beluga-Yetna, Kenai, Chicnuk, and
Matanuska. Flve exising formulae (Eq. 1-5) derived
from ultimate amalysis data and one derived from fixed
carbon and volatile matter (Eq. 6) were applied to
Alaskan coals to determine their reliability in predicting
the heating value of these coals.

From the results, the heating value of Alaskan
coals could generally be predicted to within 100 Cal/g
of the average value by the existing formulae derived
from ultimate analysis. The Goutal formula (Eq. 6),
derived from proximate analysis was off by more than
10 percent. for the statewide, Interior, and Southern
coals.

The accuracy of prediction was found to vary
with equation and coal region. For example, the North-
ern coals were best predicted by all the models. How-
ever, Eq. 2 was the best for the Northern coals.

In spite of the relatively better accuracy exhib-
ited by equations derived from the elemental analysis
data over that derived from the proximate analysis in
predicting the heating value of Alaskan coals, the Goutal
formula (Eq. 6) obtained from fixed carbon and volatile
mafter can still be used to estimate the thermal quality
of a new coal field.. This is because of the economic
advantage that would be derived from using proximate
analysis data over those of ultimate analysis. For
example, proximate analysis has to be done in order to
report ultimate analysis and/or heating value on the
conventional dry, ash-free basis. This is particularly
attractive for assessing the thermal quality of a new
exploratory coalfield.
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Table 1: Ultimate Analysis and Measured Heating Vatue of Alaskan Coals
Samples Used

__Dry, Ash Free___
i Total  Heating |
j C H N o] Sulfur Value

Region  (wi.%) (w1.,%) (wt..%) (wt.,%) (wt. 0b) Callg

— -

Interior 68.68 518 0.89 25.07 0.18 6738
Interior 70.47 5.01 0.79 23.48 0.25 6771
Interior 70.38 5.23 0.88 23.05 0.46 6687
Intertor 70.54 5.43 0.92 22.73 0.38 6655
Interlor 69.81 5.34 1.74 22.60 0.51 6663
Interlor 69.51 5.16 0.81 24.24 0.27 6526
interior £9.67 5.16 0.89 24.03 0.25 6546
interior 68.97 5.21 0.82 24.89 0.31 6495
Interior §6.21 4.93 0.45 27.55 0.87 6077
Interior 68.73 5.20 0.75 25.09 0.23 6486
Interior 70.29 5.45 0.80 22.96 0.40 6642
Interior 68.40 5.54 0.94 24.84 0.28 6574
Interior 69.54 5.60 0.93 23.37 0.56 6579
(nterior 68.60 497 0.83 25.30 0.20 6529
Interior 72.90 5.58 1.15 20.18 0.21 7015
Interior 71.01 5.24 0.96 22,54 0.256 6769
Interior 70.69 5.15 0.81 23.06 0.29 6603
Interior 71.21 5.09 0.83 22.62 0.25 6623
Interlor 70.77 5.13 0.78 23.08 0.23 6603
Interior 69.54 5.49 0.87 23.78 0.33 6584
Interior 69.63 5.58 0.90 23.44 0.46 6596
Interior 69.76 6.30 0.84 23.54 0.56 6652
Interior 69.59 5.12 0.83 24.18 0.27 6658
Interior 70.09 6.34 0.83 23.50 0.24 6643
Interior 70.38 5.44 0.89 22.84 0.44 6626
Interior €9.62 6.20 0.87 23.82 0.49 6636
Interior 70.64 5.22 0.85 22.96 0.33 6685
Interior 70.00 5.22 0.87 23.39 0.53 6731
Interior 70.35 6.1 0.90 23.00 0.59 6682
Interior 69.70 5.14 0.92 23.64 0.60 6672
Interior 70.67 5.01 0.94 22.97 0.41 6681
Interior 69.43 6.44 - 0.98 23.57 0.59 6623
Interior 68.49 5.1% 0.85 25.19 0.32 6627
Interior 68.66 6.24 0.88 24.93 0.28 €653
interior 70.11 5.17 0.8% 23.59 0.29 6575
imerior 69.97 5.07 077 23.92 0.27 6556
Interior 69.69 5.33 0.87 23.63 0.49 6569
interior 70.75 5.36 0.91 22.31 0.67 6619
tnterior 69.85 5.42 0.8% 23.53 0.32 6622
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Table 1; (Cont.)

__Dry Ash Free__
{ Total  Heating |
] C H N 0] Sulfur Value

Region  (wt..%) (wt.%) (wt.,.%) (wt.,%) (wt.,%) Cal/g

- - -

Interior 69.25 5.830 0.85 24.36 0.25 6727
interior 65.73 §5.22 0.86 27.90 0.29 6659
Interior 69.29 5.43 0.88 24.11 0.28 6709
Interior 67.24 S.64 0.91 25.93 0.38 6016
Interior 73.81 4.19 1.14 20.43 0.43 6799
Interior 74.33 3.66 0.92 18.86 2.23 6818
interior 71.09 4.82 0.59 22,01 1.49 6781
Interior 69.43 4.83 1.09 24.08 0.57 6693
{nterior 71.73 3.42 0.76 21.30 3.21 €708
interior 70.83 S.02 1.13 21.583 1.49 €006
Intarior 73.17 4,72 0.58 21,28 0.33 7042

Northarn 84.18 4.98 1.43 9.05 0.37 8123
Northern 84.15 4.76 1.57 8.12 0.40 8124
Northern 83.11 5.30 1.27 10.02 0.31 8112
Northern 83.13 5.29 1.50 9.74 0.34 8117
Northern 82.79 5.18 1.48 10.17 0.39 8129
Northern 82.82 5.38 1.57 9.88 0.37 8134
Northern 82.97 5.38 1.39 10.03 0.23 8134
Northarn 83.15 6.25 1.48 9.82 0.30 8143
Northern 82.58 5.56 1.67 9.72 0.47 8136
Northarn 83.70 5.04 1.53 9.54 0.20 8097
Northern 80.75 5.50 1.7% 11.58 0.49 7932
Northarn 80.64 5.32 1.51 12.01 0.53 7953
Northern 82.78 4.69 1.41 10.93 0.20 7862
Northern B0.41 5.34 1.61 12.19 0.48 7876
Northern 83.78 5.06 1.44 9.42 0.31 8058
Northarn 82.93 5.20 1.78 8.79 0.30 8087
Northern 83.38 5.08 1.41 9.80 0.33 8092
Northern 83.19 5.04 1,50 10.04 0.24 8058
Northern 82.34 5.34 1.73 10.13 0.48 8061
Northarn 82.81 5.46 1.52 9,85 0.36 8144
Northern 83.32 5.45 1.25 9.75 0.23 8221
Northern 83.29 5.55 1.23 9.65 0.28 8226
Northern 82.85 5.56 1.26 10.08 0.24 81989
Northarn 82.86 5.52 1.17 10.26 0.20 8210
Northern 83.04 5.61 1.36 9.75 0.24 8229

Northern 83.54 5.75 1.48 9.01 0.21 8259
Northern -83.98 5.34 1.68 8.70 0.30 B259
Northern 83.45 5.52 1.74 8.98 0.31 8254

Northarn B83.27 5.53 1.26 9.75 0.19 8267
Northern 83.45 5.46 1.38 0.49 0.21 8168
Northern 83.70 5.24 1.40 9.05 0.61 B172
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Table 1: (Cont.)

___Dry, Ash Free___
| Totai  HMeating |
| C H N 0 Sultur Value

Reglon  (wt. %) (wt. %) (Wl %) (wl %) (wt. %) Calig

- — ——— = R ey i b £y S e e

Northern 82,92 5.46 1.80 9.48 0.34 8177
Northern 83.28 5.28 1.30 9.76 0.38 8168
Northern 82.76 5.67 1.58 9.73 0.25 8169
Northarn 81.83 5.60 1.75 10.60 0.22 8178
Northern 83.60 5.25 1.54 B.32 0.29 8188
Northern 83.94 5.31 1.47 8.85 0.32 8191

Northern 83.53 5.41 1.18 9.68 0.21 8181
Northarn 82.91 570 1.58 9.36 0.45 8184
Northern B3.50 5.17 1.39 8.7 0.24 8053
Northern 83.77 5.14 1.44 9.19 0.46 8134
Northern 83.64 5.09 1.42 9.6 0.25 8115
Northern 84.76 5.38 1.43 8.13 0.29 8019
Northern g4.11 549 1.43 8.75 0.23 8259

Northern 83.99 5.36 1.42 8.98 0.26 8212
Northern 85.18 5.26 1.46 7.84 0.27 8179
Northern 83.44 5.38 1.28 8.66 0.23 8083

Northern 82.87 5.17 1.25 10.42 0.28 7945
Northern 83.24 4.84 1.17 10.37 0.28 7896
Northern 83.64 4.65 1.24 10.25 0.22 7858

Northern 83.43 541 1.18 9.73 0.25 8214
Northern 84.40 5.29 1.38 8.58 0.34 8151
Southern 70.48 5.38 1.04 22.91 0.18 6718
Southern 70.58 5.45 1.04 22.71 0.21 6759
Southern 71.22 5.32 0.97 2229 0.20 6792
Southern 69.80 6.56 0.99 23.37 0.28 6674
Southern 67.89 5.11 0.79 26.35 0.6 6593
Southern 67.16 5.24 0.73 26.35 0.08 8576
Southern 70.77 542 1.07 22.55 0.20 6793
Southern 67.55 5.68 1.05 25.33 0.39 6556
Southern 71.38 5.06 1.25 21.88 0.43 6869
Southiern 70.25 576 1.12 22.69 0.18 6733
Southern 72.05 5.34 1.08 21.38 0.18 6811
Southarn 71.08 5.54 1.31 21.76 0.30 €866
Sautherm 69.11 511 oNn 24.63 0.34 6526
Southern 70.30 6.03 1.02 22.44 0.21 6787
Southem 68.40 5.51 1.16 24.65 0.28 6471
Southarn 69.42 5.29 1.14 23.81 0.35 6477
Southern 70.40 5.16 1.09 23.09 0.27 8546
Southern 70.01 525 0.79 23.74 0.2t 6751
Southern 70.08 6.09 0.73 23.74 0.26 6458
Southern  71.83 5.30 100 2157 0.20 6924
Southern 69.40 6.49 1.28 23.57 0.26 6607




Tabie 1: (Cont.)

__Dry, Ash Free___
[ Totai  Heating |
| C H N 0 Sulfur Value

Region  (wt. %) (wt.%) (wt.%) (Wt %) (Wt %) Cal/g

Southern 69.79 5.56 1.13 23.27 0.25 6691
Southern 70.29 5.08 1.03 23.47 0.13 6700
Southern 70.39 5.32 1.21 22.77 0.30 6710
Southern 70.26 5.31 1.02 23.20 0.20 €661
Southern 70.79 5.35 1.09 22.61 0.16 ©662
Southern 70.54 5.07 1.19 23.00 0.20 6674
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Table 2: Proximate Analysis and Measured Heating Value of Ataskan Coat
Samples Used

_Moisture Free Basis__ __Dry, Ash Free__

| (wt.,%) | (wi..%) | Heating

i Fixed Volatle | Fixed Volatile | Value
Region Ash Carbon Matter Carbon Matter (Cal/g.daf)

Interior 16.52 38.28 46.20 45.31 54.69 5549
Interior 8.97 40.94 50.08 44.97 £5.03 5968
Interior 7.20 4417 48.63 47.60 52.40 6027
interior 12.26 41,00 46.75 46.73 53.27 8773
interior 12,14 39.06 48.80 44,486 55.584 5795
interior  10.25 42.81 46.94 47.70 5230 6002
interior 855 4436 47.08 48.51 §1.43 6162
Interior 419 4290 52.80 44,78 55.22 5822
interior 8.91 43.52 47.57 47.78 52.22 6036
Interior 7.85 41.47 50.68 45.00 55.00 5977
Interior 8.44 4402 47.54 AB08 5192 6092
Interior 8.0 44.01 47.98 47.84 52.16 6172
Interior 9.068 43.25 47.70 47.56 62.44 5988
Interior 17.26 36,37 46.37 43.96 56.04 5480
Interior 1251 38.22 48.27 44.83 85,17 5924
Interior 1318 43.30 43.52 49.87 50.13 §784
Interior 10.74 44.03 45.23 49.33 80.67 6042
Interior 9.77 4438 45.85 48.19 5081 6329
Interior 1196 42.08 45.86 47.80 52.20 6096
interlor 0.60 42,16 48.24 46.64 §3.36 5969
Interior 8.8 43.36 47.67 47.64 52.38 6058
Interior 10.15 42.B4 47.01 47.88 52.32 5968
Interior 10.25 41.99 47.46 48.79 53.21 6046
Interior 13.95 40.14 4581 46.65 53.35 6618
Interior 7.62 41.65 50.73 45.09 54.91 6100
interior 7.96 43.50 48.54 47.28 §2.74 6153
Interior 11.22 41.73 47.05 47.00 53.00 5976
Interior 1256 43.23 44,22 49.44 50.56 5853
Interior 10.30 41.50 48.20 46.27 53.73 5939
Interior 8.09 40.97 50.94 44.58 55.42 6106
Interior 11.25 4207 46.68 47.40 52.60 5931
Interior 7.72 4B.45 43.73 5250 4750 6285
Interior 16.72 3B.67 46.61 44.03 55.87 5647
interior 11.41 43.01 45.58 48,55 51,45 6118
Interior 1269 44.34 42.98 50.78 49,22 5853
Interior 408 48.65 47.28 50.72 49.28 6823
{nterior 6.34 46.97 46.57 50.15 49.85 6596
Interior 11.70 4Y.77 48.53 47.30 52.70 5848
Interior 788 4408 47.984 47.90 5210 6023 °
Interior 9.48 43.02 47.51 47.53 52.47 5907
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Table 2. (Cont.)
_Maisture Free Basis_  __Dry, Ash Free__
| (wi. %) ] (wt. %) . | Heating
| Fixed Volatile | Fixed Volatie | Value
Region  Ash Carbon Matter Carbon Matter (Cal/g,daf)

{nterior 1325 39.65 47.10 4571 54.29 6742
Interior 8.44 4259 48.98 46.52 53.48 6088
tnterior 13.05 41,49 4546 47.72 52.28 5717
Interior 11.07 40.98 47.84 46.08 53.92 5925
Interlor 11.86 40.68 47.86 45.88 584.12 5901
Interior 9.67 4295 47.18 47.85 5§2.35 6022
Interior 9.89 42.85 47.26 47.55 5245 59T
Interlor 1209 41.45 46.46 47.15 52.85 5847
interior 9.00 42.09 48.90 46.25 §3.76 6059
interlor 11.00 40.75 48.25 4579 = 54.21 5906
Northern 8.48 55.12 36.40 60.23 39.77 7490
Northern 8.33 56.27 34.40 62.08 3784 7376
Northern 3.87 61.20 34.83 63.66 38.3¢ 7828
_Northern 493 6239 32.68 65.63 3437 7661
Northern 6.21 61.35 3244 65.41 3459 7589
Northern 242 6296 34.63 64.52 3548 7993
Northarn 6.78 58.38 35.84 61.98 38.04 7647
Northern 7.10 58.77 34.14 63.26 36.74 7537
Northern 352 6057 35.81 62.78 3722 7893
Northemn 2.79 5991 37.30 61.63 38.37 7981
Northern 8.87 5530 3583 60.68 3832 7413
Northern 4.11 5842 86.47 61.97 38.03 7861
Northern 7.47 59.02 33.51 63.78 36.22 7522
Northemn 270 62.20 35.10 63.93 36.07 7869
Northern 3.76 58.856 37.38 61.16 38.84 7869
Northern 498 ©2.24 32.78 65.50 34.60 7657
Northern 4.04 67.23 28.73 70.06 290.94 7796
Northern- 253 62.62 34.84 64.25 35.76 B80St
Northern 448 59.42 36.10 62.21 37.79 7884
Northern 583 ©B4.12 29,49 67.77 3223 7845
Northern 3.17 60.10 36.73 62.07 37.893 7701
Northern 4831 60.76 34,93 63.50 36.60 7820
Northermn 6.97 63.48 80.57 67.49 32.61 7638
Northern 3.85 68.24 3291 85.77 34.23 7785
Northern 3.38 61.22 3540 63.36 3664 7911
Northern 5.69 68.93 35.38 62.49 3751 7672
Northern 3.00 60.60 36.40 62.47 3763 7978

P P

Northern  3.58 60.17 36.25 6240 37.60 7793 2
Northem  3.66 5866 3768 60.89 39.11 7914 :
Northern  3.38 62.34 34.27 6452 3548 7859 %
Northern 4.1 60.45 3540  63.07 3693 7813 4
Northem 14.11 5282 3207  61.61 3839 6824 L

#
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Table 2. (Cont.)
Moisture Free Basis_  _ Dry, Ash Free__
) (wt. %) | (wt.,%) | Heating
} Fixed Volatile | Fixed Volatile [ Value
Region  Ash Carbon Matter Carbon Matter (Callg,daf)

Northern 16.83 53.89 30.29 64.03 3597 6646
Northern 1564 52.84 3142 62756 3725 6765
Northern 581 £9.45 34,74  63.12 3688 7704
Northern 313 60.30 368.57 62.25 37.76 7955
Northern  D.82 56,70 33.48 6287 37.13 7263
Northern 1348 58.69 27.83  67.83 3217 6799
Northern  5.41  60.68 33.81 64.15 3585 7676
Northern  3.53 58.33 38.13 6046 3554 7967
Northern 2,67 59.75 37.68  61.33  38.67 8044
Northern  4.04 58.43 37.564  60.80 38.11 7868
Northern 11.80 59.48 28.72 67.44 3256 6934
Northern  B.27 59.34 34.38 6331 36.68 7647
Northern 4,37 59.41 36.22 62.12 37.88 7862
Northern 320 58.91 37.89 6086 39.14 7986
Northern 16.29 50.59 33.12 60.43 39.57 6818
Northem 495 b66.53 38.52 5947 4053 7774
Nothertn 440 57.14 38.46  59.77  40.23 7896
Northern  6.70 57.73 35.57 61.88 38.12 7521
Northern B84 64.72 36.64 59.89  40.11 7463
Northern 1343 5265 3392 6082 39.18 6818
Northern 12.42 52,22 3538  59.63 40.37 6947
Southern  8.07 41.92 52.01 4463 5537 8311
Southern 8.0t 4333 4885  47.10 62980 6217
Southern 9.63 46.68 43.68 51.65 48.35 603t
Southern 20.23 33,77 37.00 47.72 5228 4678
Southern  14.21 42,92 4287 5003 4987 5756
Southern 1B.79 36.03 45.18  44.37 5683 5512
Southern 13.67 41.14 4519 4765 5235 5762
Southern 474 40.76 5450 4279 5721 6286
Southern 6.58 45.67 47.75  48.89  51.11 6346
Southern 344 40.54 68.02 41.98 5802 6349
Southern 16.63 42.47 40.90 50.94 49.06 5459
Southern 12,88 4256 4476 4874 51.26 5816
Southern 11.23 4229 46.28  47.64 5236 5793
Southem 12.63° 41.35 46.01 47.33 5267 6002
Southern 17.37 35.42 47.21 42.87 5713 5417
Southern 5.09 48.34 4657 50.93 49.07 6484
Southern 2156 37.85 4058  4B8.25 51.75 5248
Southern B.43 45.01 46.56 49.15 50.85 6100
Southern 6.36 47.04 46.60 50.23 48.77 6359
Southem 638 4569 47.04 4880 61.20 6273
Southern 8.25 43.59 48.16 4751 5249 6177
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Table 2. (Cont.) [
_Moisture Free Basis_  __Dry, Ash Free___
| (w1.,%) ] (wt.,.%) | Heating
| Fixed Volatile | Fixed Volatile | Value
Region  Ash Carbon Matter Carbon Maner (Cavg.oaf)

Southern  21.55 34.16 44.29 4355 5645 5441
Southern 14.50 40.84 4466  47.77 5223 5681
Southern  11.40 4118 47.44 4645 5355 5867
Southern 1B8.32 3509 4569 4406 6594 5251
Southern 27.82 3251 39.67 4504 54.96 4610
Southern 24.91  32.08 43.09 4272 57.28 4778
Southern 24.87 33.87 41.17 4513 b54.87 4778
Southern  7.59 4454 4787 4820 51.80 6203
Southern 15.57 39.48 44.97  48.76 53.24 5446
Southern 13.17 36.35 5048  41.86 58.14 5716
Southern 15.89 38.21 48.11 4294 57.06 5733
Southern 1B.26 36.66 45.07 44.86 6514 5337
Southern 35.60 28.74 35.64  44.63 5537 4133
Southern 28.81 3494 36.75 4874 61.26 4725
Southern 29.07 31.01 39.92 4372 56.28 4804
Southern 18.78 37.34 43.88 4598 54.02 5327
Southern 16.18  39.79 44.01 47.48 6252 5561
Southern 13.06 40.37 4656 46.43 5357 5679
Southern 17.64 38.68 43.79 46.84 53.16 5314
Southern 37.28 85.14 3228  5B6.03 4397 4988
Southern 23.83 34.19 41.99 4488 5512 4999
Southern 20.10 35.88 44.05 4488 55.12 5300
Southern 18.86 34.67 46.97 4246 5754 5728
Southern  9.56 43.09 47.33  47.65 5235 5930
Southern 10.87 4273 4640 4784 5206 5932
Southern  7.14 4051 52.35  43.62 56.38 6070
Southern  9.82 43.35 4673  48.12 51.88 5926
Southern 12.39 42.68 45.08 4855 5145 5758
Southern 13.58 87.02 4946  42.81 57.19 5868
Southern 9,76 44.80 4545 4064 50.38 5917
Southern 13.97 4040 4583 4696 53.04 5746
Southern 845 40.78 5079 4452 5548 6815
Southem 31.68 33.37 3495 4885 51.15 4505
Southern 29.84 34.31 35.75 48.98 51.02 4800 )
Southern 8.34 38.49 5316 4200 68.00 5754
Southern 10.61 41.84 4B15 4620 53.80 5319
Southern  10.06 36.02 5392  40.05 59.95 5395
Southern 11,63  39.06 49.31 4420 55.80 5582
Southern 20.40 33.62 3698 47.62 52.38 4666
Southern 16.44 41.32 4224 4945 50.55 5778
Southern 16.84 89.41 4374 4739 5261 5791
Southern 10.10 4361 46.20 4851 51.49 6092
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Table 2. (Cont.) )
_Molsture Free Basis_  __Dry, Ash Free__
| (wt., %) [ - (wt.,%) | Heating
| Fixed Volatile | Fixed Volatile | Value
Region  Ash Carbon Matter Carbon Matter (Cal/g.daf)

Southern 18.64 38.25 42.12 47.80 52.40 5502
Southern 23.47 37.07 39.46 48.44 51.56 4936
Southern 24.03 36.35 39.62 47.85 52,15 5045
Southern 2346 368.55 39.99 47.78 52.24 5074
Southern 2549 30.19 44.32 40.51 59.48 4512
Southern  25.10 29.70 45.20 39.65 60.85 4559
Southern 24.04 30.21 45.75 39.77 60.23 4685
Southern 25.75 29.10 45.15 39.20 60.80 4426
Southern  13.48 40.32 46.21 46.60 63.40 5868
Southern 85.15 27.11 37.74 .41.80 68.20 4061
Southern 30.38 29.63 40.08 42.41 §7.59 4365
Southern 24.33 29.61 46.04 39.13 60.87 4787
Southern 1847 34.64 46.89 42.49 §7.51 5076
Southern 20.75 356.74 43.49 456.10 54.90 5160
Southern 11.42 36.65 51.94 41.837 58.63 5171
Southern 21,18 31.84 47.28 40.01 59.99 5068
Southern 35.63 36.22 27.97 56.17 43.83 49823
Southern 17.44 35.11 47.44 42.63 57.47 4984
Southern 21.06 32.02 48.80 40.57 59.43 4886
Southern  25.00 35.40 39.61 47.20 5280 4916
Southern 18.63 38.99 47.37 45.15 54.85 5871
Southern  7.76 40.78 51.48 44,19 65.81 §725
Southern 18.21  38.21 43.58 46.71 5329 5917
Southern 18.15 38.82 47.28 45.62 54,38 5597
Southern 22.65 35.89 41.46 46.40 63.60 5287
Southern 20.13 38.99 40.86 48.82 51.18 5441
Southern 17.61 38.75 43.74 48.98 53.02 5509
Southern  B.10 43.31 48.59 47.13 62.87 5986
Southern 21.67 36.48 41.84 46.58 8342 5077
Southern 20.57 37.01 42.41 46.59 53.41 5181
Southemn 1579 37.26 46.96 44,24 65.76 6262
Southern 25.11 33.48 41.42 4470 65.30 4976
Southern 30.24 31.44 38.32 45.07 6§4.93 4514
Southern 3243 29.54 38.04 43.71 68.29 4566
Southern 38.66 33.73 34.33 54.91 4508 4737
Southern 16.26 39.61 44.14 47.30 . 52.70 56869
Southern 1387 42.09 44.04 48.87 §1.13 5744
Southern 853 42.53 48.94 46.50 63.50 6848
Southern 22.81  37.00 40.18 47.94 §2.06 §076
Southern 14.75 3493 §50.42 40.97 58.03 5506
Southern 3847 26.07 35.46 42.37 67.63 4254
Southern 10.23 43.67 46.10 48.65 51.35 6059

87

|




Table 2. (Cont)
_Mofsture Free Basis_  __Dry, Ash Free__
( (wt..%) i (wt.,%) | Heating
| Fixed Volatite | Fixed Volatle | Value
Region  Ash Carbon Matter Carban Matter (Calg.daf)

Southern 18.85 41.30 39.85 50.89 49.11 5550
Southern 23.92 30.43 33.65 43,42 56.58 4705
Southern  28.10 34.41 37.48 47.86 52.14 4740
Southern 22,84 38.21 38.95 49.52 5048 5077
Southern 32.34 31.04 3B8.62 4588 54.12 4406
Southern 1776  53.18 40.16 64.66 35.34 5820
Southern 39.02 28.32 32.66 46.45 53.65 3886
Southern 40.02 24.61 35.47 40.87 59.13 4080
Southern 1949  37.64 42.88 46.78 £3.24 5282
Southern 16.20 39.01 44.80 46.556 ° 5345 5585
Southern  10.08 4215 47.78 48.87 53.18 5770
Southemn 9.13 42.09 48.78 46,32 53.68 5854
Southern 7.39 43.22 49.39 46.67 63.33 8573
Southern 25.36 82.77 41.88 43.90 56.10 - 4781
Southern 18.10 38.24 43.66 4669 5331 5297
Southern 20.85 38.63 40.47 48.89 1.1t 8325
Southern 11.53 45.79 42.68 51.76 48.24 5896
Southern 28.66 30.16 41.27 42.21 57.78 4644
Southern 27.86 30.82 41.32 42,72 57.28 4783
Southern 26.01 33.19 40.80 44 .86 £5.14 4808
Southern 36.87 27.96 35.17 44.28 £5.72 4090
Southern  10.63 43.82 45.55 49.03 80.97 5905
Southern  7.84 43.41 48.75 4710 5280 5948
Southern 12,07 39.82 48.10 45.28 54.72 8027
Southern 1668 40.96 42.36 49.16 80.84 5595
Southern  15.40 39.74 44.86 4697 53.03 5612
Southern 16.89 38.47 44.63 48.29 §3.71 5829
Southern 20.88 36.88 42,24 46.61 53.39 5589
Southern 21.41 387.23 41.38 47.37 52.63 5355
Southern 11.82 39.24 48.85 44.56 55.44 5527
Southsrn 7.70 4468 47.63 48.41 51.589 5539
Southern 7.82 41.24 60.84 44.79 565.21 5839
Southern 30.87 30.30 38.75 43.89 56.11 4372
Southern 27.94 3248 3357 45.08 54.92 46206
Southern 28.05 33.67 38.20 48.79 §3.21 4779
Southern 40.55 27.05 32.40 45.50 54.50 3817
Southern 1047 41.42 48.11 48.28 53.74 5875
Southern 12.24 42,50 45.27 48.42 51.68 6004
Southern  8.10 43.02 48.88 46.82 63.18 8113
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TABLE 3

Some Valuss of the Goutal Coefficlent “a” for selected valuss
of the volatile content (V’)14

¥’ (%) a(Calories/%)

5 145
10 130
15 117
20 109
25 103
30 98
35 94
38 85
40 80

NOTE: In anthracitic coals, a value of a = 82 js
employed and is considered constant. For
coke samples, the value of a = 0 Is recom-
mended.
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Summzuy of Statistical Resuits for Predictability of Heating Value by Models

TABLE 4

Derived from Ultimate Analysis

Formuia;

Average Heating Value (Cal/g)
Mean Absolute Difterence (Cal/g)

Maan of Absolute Relative Difterence, Ar (%)

Mean Difference, § (Cal/g)
Standard Deviation of Relative Difference, o

Average Heating Value (Cal/g)

Mean Absolute Differance, A (Cal/g)

Mean of Absolute Relative Difference, Ar (%)
Mean Difference , 6 (Cal/g)

Standard Deviation ot Relative Ditference

Average Heating Value (Cal/g)

Mean Absolute Difference , A (Cal/g)

Mean of Absolute Relative Difference, Ar (%)
Mean Ditference , § (Cal/g)

Standard Deviation of Relative Ditference

Average Heating Value (Calg)

Maan Absolute Difference, A (Cal/g)

Mean of Absolute Relative Diffarenca, Ar (%)
Mean Difterence, 8 (Cal/g)

Standard Deviation of Relative Differance

fa1 EQ2 Ea3 Ee4 Ead

Northern Region
8123
47.05
0.58
-20.06
70.83
Inteior Begion
6661
211.61
3.17
211.80
125.95
Southern Region
8848
172.10
2.59
1585.02
139.26
Statewida Reglon
7252
136.54
2.00
105.86
153.18
90

468.30
0.57
-28.24
66.93

111.63
1.86
82.07
124.35

85.83
1.46
25,13
135.63

81.75
1.18
25.25
118.40

45.33
0.56
-26,13
66,39

98.99
1.48
32.81
124.84

96.42
1.48
-25.24
133.86

76.65
1.10
-3.46
111.12

47.68
0.58
-34.07
65.49

£8.84
1.48
27.68
124.94

89.72
1.53
-30.26
134.93

76.24
1.13
-0.63
111.48

114.52
1.41
-114,52
66.14

112.53

1.70
-89.98
108.31

142.96
1.78
-114,83
128.25

119.78

1.68
-97.42
101.43
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TABLES

Summary of Statistical Results for Predictability of Heating Value by Model [Eg. 6)

Derived from Proximate Analysis

Region Northern
Goutal
Average Measured Heating Value (Cal/g) 7816 76816
Mean Absolute Difference, A (Cat/g) 478
Maan Absolute Relative Difference Ar, (%) 6.32
Meaan Difference, & (Cal/g) 469
Standard Deviation of Ralative Differerce, 170.48
91

Interior

5980
45
0.60
-0.02
81.98

Southern

5364
54
0.72
0.14
69.23

State-
wide

5871

0.58
-0.12
60.40



Fig. 1:  Measured vs. Predicted Heating Value
Derived from Ultimate Analysis of Alaskan Coals
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Fig. 2:  Measured vs. Predicted Heating Value
Derived from Ultimate Analysis of Alaskan Coals
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Fig. 3:

Measured vs. Predicted Heating Value

Derived from Ultimate Analysis of Alaskan Coals
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Fig. 4.

Measured vs. Predicted Heating Value
Derived from Proximate Analysis of Alaskan Coals
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CAN COAL REPLACE OIL IN RURAL ALASKA?

Dale R. Letourneau, P.E.
Arctic Slope Consulting Group, Inc., Anchorage, AK

ABSTRACT

Before the discovery of major oil and gas re-
serves in Alaska, coal was of prime importance as a
fuel source. The lower costs associated with oil and
Ras use spurred conversion, away from coal for power
generation and heating, in locatdons where they were
readily available. The low initial cost of diesel gener-
ating plaats allowed the electrification of many remote
villages.

Fuel cost has since become a major compo-
nent of the cost of living for most Alaskans, The State
of Alaska has recognized this overwhelming depen-
dence on ofl and is seeking price stable altermatives.
Coal has been targeted as a replacement as It is Alaska's
most abundant energy resource.

Magny rural Alaskan communities are located
in proximity to mineable coal deposits and most of
Alaska’s major communities are located along navi-
gable waters, providing an economic means of trans-
port. The environmental risks associated with ship-
ping a solid fuel, such as coal, are lower than with lig-
uid fuels,

Funding from the State of Alaska has allowed
ASCG INC. to investigate the feasibility of coal-fired
electric penerating and heating plants at a number of
westemn Alaskan communities. Funding from the North
Slope Borough allows continuing demonstration of coal
mining in the arctic,as well as for delivery of coal mined
to nearby villages for domestic space heating.

Economic comparisons of the cost to generate
electricity with coal in targeted western Alaska loca-
tions, using conventionally designed and constructed
plants, has not shown the conversion from oil to be
justified. Coal is being successfully mined in the arc-
tic on a demonstration basis. The use of coal for do-

- mestic space heating in the villages has had measured

HISTORY

Before the arrival of western man, Native Alas-
kans had already been using coal for heating in areas
where it was readily available. Western man “discov-
ered” coal in Alaska at Cape Beaufort in 1826, Ini-
tially, small amounts of Alaskan coal were mined for
use by whalers and aboard ships. The gold rush cre-
ated increased coal demand to power dredges and
riverboats, thaw gravel, and heat buildings. The ma-
jority of this demand was imported from the Lower 48
and Canada, with some coal supplied from local
sources.

The 1920's saw surveys of the National Petro-
leum Reserve No.4 (NPR4) and the western arctic re-
gion by the United States Geological Survey (USGS).
During this same era, oil was discovered in California.
Its availability began the conversion of mining equip-
ment to gasoline power.

In the ensuing decades, numerous mapping and
reconnaissance surveys were conducted by the USGS
and the U.S. Bureau of Mines (USBM) to quantify the
coal potential of the westemn arctic. One such survey
was conducted in 1946 and 1947 to identify potential
coal deposits for heating use in local villages. Local
coal was to replace coal, which was being imported
from the Lower 48 and supplied to villages under a
program started by the Bureau of Indian Affairs (BIA)
in the 1890's.

In the 1950’s, while efforts to quantify the coal
potential of Alaska by various agencies of the Federal
Government were continuing, the BIA started {nstall-
ing bulk fuel oil tanks in schools and converting to oil
heat. The availability of fuel oil in the villages prompted
conversion to oil heating in homes, initiating the de-
cline of residential coal use (Table 1).

The oil embargoes of the 1970°s caused dra-
matic oil price increases that had large impacts on oil
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TABLE 1
BIA Coal Shipments To Western Alaska

Xear Toas
1955 185
1966 36
1967 65
1968 90
1974 8

» A one time shipment of 1000 tons was
made to St. Paul in 1963.

* Three tons were delivered to the Seward
peninsula in polypropylene bags in 1986

dependent rural Alaska. Energy cost became an over-
whelming part of the cost of living. The State of Alaska
was driven to seek relief from oil price volatility by
identifying alternative enefgy sources.

Beginning in 1980, the Alaska Power Author-
ity (APA) commissioned a series of studies to assess
alternative energy sources available 1o rural Alaskans.
One such study for the City of Kotzebue (Arctic Slope
Technical Services, et al., 1982) assessed the feasibil-
ity of wind, hydroelectric, geothermal, and coal as én-
ergy sources. Coal was tdentified as having the most
potential as a replacement for oil in this particular lo-
cation,

In order to tap the enormous potential of the
western Alaskan coals, a number of APA studies con-
centrated on assessing the development of this resource.
An early study, which focused on western Alaska
(Dames & Moore, 1981), assessed the following:

(a) Resource Availability

The resource assessment identified three coal
deposits with potential to serve the needs of western
Alaska. These were the North Slope coals, the coals of
the Seward Peninsula, and the coal deposits along the
Kobuk Rijver.

{b) Feasibility of Use for Heating and Electrical Gen-
eration

The feasibility assessment phase of the study
compared:

1. Mining local coal deposits versus mining
a single large deposit capable of supply-

ing all the villages of the study area:
The conclusions reached were that due to
the quality of the coals and guantity of the
reserves, a centrally located western arctic
mine was most economic. The deposit
should be surface mined, have reserves of
60,000 to 100,000 tons per year for 20
years, and the coal should have a heating
value of 10,000 BTU/b minimum.

2. Local and subregional versus regional util-
ity cornpanies:
The local case provided independent plants
in each village. The regional utility cases
provided for larger centrally located plants
interconnected via transmission lines.
Small coal fired plants (less than 500 kW)
were found to be uneconomic, The high
cost of transmission lines made local power
plants with interconnections no more than
30 miles long the best generation opton.

3. Transportation modes:
Roads from the local coal deposits versus
barge transportation from a centrally lo-
cated mine were considered. Barges were
found 0 provide the most viable trangpor-
tation option. The mine should be located
within reasonable distance of the coast (20
miles).

(¢) Marketability Study

The marketability study of western arctic coal
focused on defining the market opportunities for this
coal, estimating the cost of coal as a fuel in compari-
son to oil, and examining the social and environmentai
impacts which mining would have in the western arc-
tic. The results of this phase were that the coal located
at Cape Beaufort was the most economic source to serve
western Alaska. Small scale mines serving a domestic
market (100,000 tons/yr or less) were found to be only
marginally economic. To be able 10 compete interna-
tionally, a mine must have a production level of at least
2,000,000 tons/yr.

RECENT DEVELOPMENT EFFORTS

Following these studies, the State of Alaska,
the North Stope Borough, and the Arctic Slope Regional
Corporation began a cooperative effort to demonstrate
the potential of western arctic ¢oal and at the same time
serve a portion of the energy needs of western Alaska.
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PROJECT SPONSORS

TASK

Western Arctic Coal
Development Project

Alaska Native Foundation &
Department of Community
and Regional Affairs

Determine feasibility of a
western arctic coal industry

Western Arctic Coal
Demonstration Project

North Slope Borough

Demonstrate feasibility of
mining coal and its use for
domestic heating

Atgasuk Coal Project

North Slope Borough

Demonstrate feasibility of
mining coal and its use for
domestic heating

Three projects were initiated, two of which opened
demonstration mines to supplty coal for domestic heat-
ing, and a third to determine the feasibility of develop-
ing of a full scale mining operation.

Western Arctic Coal Development Project

Phase 1

This project consisted of three phases, beginning in
1984. Phase [ evaluated the potential of two regional
deposits to serve the power and heating needs of west-
emn Alaska. Of the Cape Beaufort and Deadfall Syn-
cline coalfields, the latter was selected as the most prom-
ising minesite. This was concluded based on the higher
quality and mineability of the Deadfall Syncline coal,
despite Deadfall Syncline’s location several miles from
tidewater.

Phase Nl

The project's Phase II performed a market evaluation
to identify potential end users of the coal. It also col-
lected the field data and performed the necessary in-
frastructure and impact studies required to evaluate
commercial feasibility of a mine at the Deadfall Syn-
cline. This phase identified a potential instate market
of 500,000 ton/yr, given conversion by the military,
industry, and the 130 communities considered candi-
dates for conversion. A base case 50,000 ton/yr mine
was used 10 determine infrastructure requirements and
transportation costs.

At the bas¢ case production level, cost of delivered coal
was determined. Table 2 compares the delivered cost
of coal and fuel oil in the listed communities for use in

residential heating.

The large gap between coal and diesel costs,
especially apparent in Nome and Kotzebue, provided
the incentive for pursuing a conversjoa in those com-
munities. Also apparent from the (able, is the shrink-
ing of the cost gap the more southerly the community.
The incentive for conversions in communites located
closer to the source, of oil and further from the coal
source is reduced by the increase in the shipping costs
for coal.

After comparing the costs of power generation
and heating with both fuel types, it was concluded that
coat fired generation and district heating could be jus-
tified in the larger communities. In smaller villages,
those requiring less than 500 kW of generation, a cen~
tral coal fired generating and heating plant was found
to be uneconomic. However, the use of coal in stoves
and furnaces for heat is advantageous in those smaller
communities.

TABLE 2
Residential Heating Delivered Fuel Cost,
1986$
_ Coal Diesel

Commupity (/MBTLY  (YMBTU)
Kotzebue 4.5 11.6
Nome 4.71 10.95
Bethel 5.04 8.99
Dillingham 5.17 7.76
Dutch Harbor 5.21 5.73
Kodiak 5.71

5.37

Eiite
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Phase Il

Phase IH of the project tested coal stove per-
formance and proceeded with conceptual engineering
and cost estimates for power plants in three westem
Alaska locations. It also considered a number of other
production scenarios at the Deadfalt Syncline mine and
calculated mining costs and delivered coal prices for
these cases.

Coal Stoves

Testing of residential coal stoves found the
units to be 64% efficient in converting the heating value
of the coal into beneficial home heat, Given the low
sulfur content of the coal being supplied for the coal
stove program, the sulfur emissions from the coal stoves
was found to be less than the emissions from a diesel
fuel fired furnmace. While oil produced 76.7 Ibs of SO/
yr, the coal stoves produced only 6.9 Ibs/yr.

Power Plant Feasibility

To aid in determining viability of coal fired
power plants supplied from the Deadfall Syncline, coal
cost at various production rates were projecied. These
cost are shown graphically in Figure 1.

Concepmual plant designs and cost studies were
performed for the cities of Kotzebue and Nome, and
for the Red Dog mine. These locations were selected
for their proximity to the Deadfall Syncline coal mine
and for their large cost gaps between coal and oil. The
size of the load base in these locations also fit the guide-
lines established in the previous studies.

Designs and cost estimates of conventional
Rankine cycle, coal-fired, generating plants, with par-
tial district heating systems were prepared (SFT Inc.,
1992). The expected number of plant staff required
the and level of operating and maintenance expenses
were estimated. These are summarized in Table 3 and
compared to similar data for existing oil fired plants.

The coal fired plant figures represent redun-
dant boiler, singfe turbine piants with a capacity to meet
existing as well as projected load growth over the 10
year study term. The data for diesel-fired power plants
is based on costs to expand the existing diesel plants
(Humphrey, 1993).

Additional diesel plant capacity costs ate those
incremental costs to replace retired units or add new
units 1o an existing plant in order to meet the expected
load growth. These projects usually involve a retrofit
of an existing facility, which utilizes the existing infra-
structure to the maximum extent.

The heat rates given show the efficiency ad-
vaatage diesel generation has over a conventional steam
cycle, coal plant. The diesel plants exhibit overall effi-
ciencies in the 32% to 38% range, versus the calcu-
lated efficiencies of 21% for the coal fired plants. The
simplicity of construction and operation of the diesel
plants is reflected in the installed cost per kWh and in
the number of operating staff required.

The coal piant staff includes four shifts of me-
chanical, electrical, and operating staff to provide 24
hour, seven day per week coverage. Five day per week
supervisory and admipistrative staff positions are also
included. Possible reductions in these aumbers could
be garnered through integration of the coal plant with
the existing diesel plant.

Before an economic comparison could be car-
ried out, the cost trend of diesel fuel was projected
(Analysis North, 1991). The predicted prices of utility
and residential oil are shown below in Table 4.

Figure 2 compares the projected trend in die-
sel fuel costs with expected coal costs in Kotzebue and
Nome. The steady increase in oil price is accompa-
nied by coal prices which drop over time. The reduc-

TABLE 3
Power Plants For Nome, Kotzebue, and Red Dog

Technology Selected: Stoker Boiler Steam Cycle
Construction Method On-Site, Stick-Build
Heat Rate: 16,250 BTUAWh
Capital Costs: 3,300 to 5.400 S/AW
Suffing Levels: 22
Diescl Plant
Additional Capacity: 740 to 1000 $/kW
Heat Rate: 8.900 to 10,500 BTUAW
Staffing: 6w9
\
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FIGURE 1. Mining and Transportation Cost of Deadfall Syncline Coal at Omalik Lagoon and Delivered

to a Western Alaskan Community
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TABLE 4 tion in coal price is due to predicted increases in mine

Delivered Diesel Prices (1991$/Gallon)

Nome
Utllity
Reail

Kozebue
Utility
Redail

production. Using these costs, an economic analysis
1995 2000 2014 GROWTH  of generating the electrical and heating needs of the

89 94 113 13% study locations for the next 35 years was made. The
1.67 172 191 1% present value of costs to supply the same amount of
energy from coal, as compared 10 diesel, are reflected

in Table 5.

1.05 1.1 1.29 1.1%

17 175 194 7% The present value of fuel costs are positive,
showing coal to have a long term fuel component cost
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TABLE 5
Power Plant Economics

Present Values, 1991 M$

Nome Kotzebue  Red Dog
Fuel 14 15 44
Labor 20 23 26
Capital 27 26 -53
Recovered Heat Q) 1 =6
Net Benefit -33 -4 41

advantage over diesel. The negative labor figures re-
flect the higher staffing level estimated for the coal
plant. The capital mumbers indicate the high cost of a
complete new coal plant to meet the same load, which
could be met by an incremental addition 10 the existing
diesel plant.

The cost of recovered heat is negative in
Kotzebue and at Red Dog due to the need to burn addi-
tional fue! 10 meet the heating needs over and above
that which could be recovered from the condenser in
the generation cycle. To meet the heating needs in these
locations, steam would be extracted from the turbine
before it has reached the final stages. This extraction
requires additional fuel be burned to meet both the steam
and electrical loads on the plant.

In considering the itapact of each cost compo-
nent, if one assumes that the fabor deficit can be elimi-
nated by refining the actual number of staff required to

operate a coal plant, Table 5 still shows insufficient fuel
savings accruing to recover the capital required 10 build
the coal fired plant. Without a significant reduction in
coal plan capital costs in conjunction with an increase
in the fuel component savings from coal use, the use of
coal will not offer the cost advantages to the investor
and consumer necessary to warrant its construction.

The gap between coal and diesel fuel cost 1s
initially small, and does not become significant untt
well in the future. The fact that a significant gap oc-
curs later lessens the present value impact of the use of
coal, Coal used in rural plants such as these must there-
fore be sourced from mines with sufficiently high pro-
duction volume at the outset, to provide immediate cost
savings.

Figure 3 relates the cost components of 8 die-
sel and coal generated kilowatt-hour (kWh) of elec-
tricity purchased by a typical western Alagkan con-
sumer. The values are based on actial and estimated
oosts for the City of Nome projected to 1995.

In relative terms, the plot shows the effects of
the lower efficiency and higher operating costs of a coal
fired plant. Despite coal’s lower raw energy cost, pro-
ducing electrical energy with coal resuits in a higher
net cost per kWh to the end user. Thus, a coal fired
plant as conceived here would result in a net increase
in Power Cost Equalization (PCE) payments by the
State of Alagka.

A

3+ Total Cost of Generation
c 30t
S 2 oo Enemy e Cporag Cost
.5 20 1 Total Cost of Generation
0 45 !
..6; Consumer Rate PCE

10F - e et - - — — — Energy + Oparating Lost —
8 . j Rat Eriergy’ Cost Component ~ "~ "~ ™ Net Energy. Cost Component. . . . .

Raw Energy Cost gy Caast
0
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FIGURE 3. Cost Components of a Coal and Dissei Ganerated Kilowatt-hour of Electricity
in a Typical Westarn Alaskan Community.
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Viability of coal fired plants will require each
of 2 number of cost factors to jmprove. Lower capital
costs, higher plant efficieacies, and realistic staff lev-
els must all be realized in order for coal to become
Alaska's premier fuel resource.

Western Arctic Coal Demonstration Project

The Demonstration Project was initiated in
1986 by the North Slope Borough. Success of the
project has prompted continuing yearly programs, and
the project has progressed through eight phases. The
purpose of the project is to promote the following:
Demonstrate the feasibility of mining and
transporting coal in the arctic
*  Reaquaint the North Slope Villagers with the
use of coal for home heating
«  Provide a cost effective, alternative fuel
source.

The project funding provides for a yearly, small
scale, coal mining operation at Deadfall Syncline, with
bagging and transporting of the coal to the villagers of
Point Lay, Point Hope, and Wainwright. In addition to
the mining, a number of coal stoves are installed in the
homes of selected villagers each year. The funds for
mining and transportation of the coal, as well as for the
coal stove installation are provided by the North Slope
Borough. Arctic Slope Regional Corporation, the re-
gional narive corporation and landowner of the coal
resource, donates the coal to the project. From 1986-
1991, the project has produced the statistics shown in
Table 6.

TABLE 6
Statistics of the Western Arctic Coal
Demonstration Project

No.  Coal
Stoves Mined  Cost
Phase  Year Ipstalied (Tons) ($/Top)

I 1986 15 100 5550
11 1987 14 250 2910
il 1988 15 347 1559
v 1986 11 380 1028
\% 1990 - 7 400 1652
V1 1991 8 3100 1336
Average Cost of Stove Installation: $3420

Coal Quality

Coal was initially mined using a combination
of blasting and underground mining methods. This shal-
low depth coal resided in the freeze/thaw zone, and the
coal produced fractured easily. The resulting coal was
sized too small for effective use in stoves. In addition,
coal was delivered to the villagers in 1501b, bags. This
size proved too large for household use, Acceptance
of stove use by villagers was low as a result

Changing the mining method, using different
blasting techniques, and screening the coal at the
minesite improved the size quality of the coal. A shal-
low surface operation using only heavy equipment, re-
placed earlier methods. These changes, along with
packaging the coal in 60 1b. bags, ireproved coal ac-
ceptance,

By Phase I of the project, some villagers ad-
mitted to being totally dependant on coal for their heat-
ing needs. Average oil displacement has reached 100
gallons per home per montl.

Transportation

A combination of cat train, flowtron vehicle,
and helicopter was used in the initial phases to trans-
port coal from the mine to the project villages. The
most cost effective method of transport employed has
been the cat train from the Deadfall Syncline mine to
the coast at Omalik Lagoon, and barge transport from
Omalik to the three participating villages.

Operating Season

Original mining and transportation operations
were carried out in the late fall and winter. With the
switch to barge transport, the later phases have adopted
a spring mining and cat train operation. Barge trans-
port from Omalik Lagoon to the villages occurs in the
late summer.

Stove Use

Surveys are distributed by the project to the
villagers involved to assess acceptance of the coal
stoves. The results of these surveys indicate the accep-
tance of the stoves has grown over the life of the project.
The later surveys show that of the people involved in

the program:
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> 33% use their stoves daily (a fire af least
ongce per day)

> 20% use theirs periodically (fires 2 to 4
times per week)

> 21% supplementally (only during a power
outage or oil shortage)

> 26% did not use theirs at all

Of those surveyed, 10% use thelr coal stoves for their
total heating needs.

Atgasuk Coal Project

The Atqasuk coal project has similar goals to
the Western Arctic Coal Demonstration Project in that
a local coal source is mined and distributed to nearby
homes for domestic heating needs. The project was
initiated at the request of the village of Atqasuk, after
they observed the benefits of the ongoing Western Arctic
Project. The villagers of Atqasuk were also well aware
of the resource potential they had within waltking dis-
tance of their village.

In 1987, the North Slope Borough provided the
funding for a demonstration mining operation using the
Meade River coal mine as the resource. This mine had
served as the coal source to Barrow, 70 mile to the north,
inthe 1940's. The mine lies within the NPRA, and the
Bureau of Land Management is the resource owner,
Existing statutes allow mining of up to 250 tops of coal
per year for space heating by locals under a demon-

stration permit.

Coal stove installation and drilling and blast-
ing operations are performed in conjunction with the
Western Arctic Coal Demonstration Project. Due to
the quantity mined aod its proximity relative to the us-
ers (less than two miles), transportation of the coal is
by Caterpillar DJB (articulated dump truck). Statistics
for the Atqasuk project are shown in Table 7.

TABLE 7
Statistics for the Atquasak Coal Project
No, Coal
Stoves  Mined  Cost
Phase Year Installed (Tons) ($/Top)
| 1987 10 132 616
2 1988 10 200 263
3 1989 10 250 182
4 1990 3 200 268
S 1991 3 200 248
Average Cost of Stove Installation: $2400

Coal is mined by surface methods, with blast-
ing of the overburden and ripping the coal with a bull-
dozer to minimize fines production. Coal is transported
to the village, where it is screened and stockpiled.

Coal is bulk delivered to each program resi-
dent by pickup truck, where it is stored in a coal crib
constructed by the project. Acceptance of the coal has
been similar to that by the villagers of the Western Arctic
Coal Demonstration Project.

A coal stove complaint registered by the users
in Atqasuk with the use of stoves has been that heat
from the stove fails to reach throughout the entire house.
Relocating the stove and fans have been proposed as
solutions to improve heat distribution throughout the
residence.

CONCLUSION

The use of coal has a historic precedence in
Alaska. Larpe Alaskan coal resources and their wide-
spread distribution would lead one to believe that its
use could be expanded, even though coal use has been
superseded by the convenience of imported oil and the
economics of local gas.

Programs funded by the State of Alaska and
the North Slope Borough are promoting the use of west-
ern arctic coal both as a local fuel and as an export
commodity. These programs have demonstrated the
ultimate feasibility of mining and transporting coal in
the arctic and its vse as 2 home heating fuel.

The replacement of oil fired generation in west-
ern Alaska with power plaots fired with western arctic
coal has been shown (o be uneconomical using present
technologies and construction practices. Although coal
generation provides a cheaper energy component, its
higher capital and operating costs combine to far out-
strip any energy cost savings. The cost of coal gener-
ated power will have to be reduced below the price of
PCE supported oil fired geoeration in order to atwract
tnvestment in such conversions,

The work to date of the Western Arctic Coal
Programs has been summarized here. Areas requiring
further study have been identified by these programs
and will be targeted in subsequent phases. The prom-
ise coal offers should guarantee the continuance of these
programs and ensure that this very valuable Alaskan
resource be utilized.
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BELUGA COAL, POSITIONED FOR THE 1990S?

Cole E. McFarland
Placer Dome U.S., Inc., San Francisco, CA

Placer Dome U.S. Inc. is not new 10 Alaskacoal
mining. The Company formerly operated the Evan
Jones Coal Mine in the Matanuska Valley from 1956 to
1967. Placer Dome U.S., throughits subsidiary, Beluga
Coal Company, has held coal leases in the Beluga coal
field since 1971.

Placer Dome U.S. remains convinced that
Alaska coal will become an important fuel source for
the world — but the realization of this has required
patience. Recently, however, some developments have
taken place which may amplify interest in Beluga coal.
"This paper will outline those developments — but first,
abrief background of the project may be advantageous.

The Beluga coal field is located in south central
Alaska, only about 60 miles west of Anchorage. One of
the significant advantages of this coal field is that it is
adjacent to tidewater, allowing unusual economies in
the transportation of this fuel to its markets. 1n addition,
infrastructure from previous timber operations can be
utilized, including a 1475 foot pier capable of accom-
modating 40,000 Dwt ocean vessels,

The coal leases contain an estimated 500 mil-
lion tons of surface-minable coal, which can be subdi-
vided further into areas of very attractive strip ratios.
Exploration and engineering activities have defined
reserves that can be competitive at large production
levels as well as at low levels - mainly due to the existing
infrastructure.

The evolution of production from the property
is envisioned to start with an initial long term contract
of at least 1.5 million tonnes per year with production
Increasing to 5.0 million tonnes per year or more as
dictated by the market Traditionally, the marketing
scope has been local and Pacific Rim utiliies and
industrial consumers. A study was also performed in
the early 1980's to evaluate the feasibility of using this

3 coal to produce methanol for consumption in Pacific
k. Coast states for both power generation and vehicular

fuels.

Developments in the political/environmental
and technical domains have focused renewed interestin
Beluga coal because of its unusually low sulphur con-
tent, and its marketability has thereby been enhanced.

Environmental concems have resulted in im-
portant U.S. legislation. The Clean Air Act, which
Jimits the SO, and NO, emissjons, has already affected
fuel consumers and producers. As provisions of this
legislation take effect over the next few years, there will
be increasing need 1o provide fuels which are environ-
mentally aftractive.

SO, emissions are typically controlled by in-
stalling expensive scrubbers, fuel switching or fuel
blending. Beluga coal averages less than 0.2% sulphur
content — well below the SO, limits — making it an
idesl blending source for other fuels. Blending withlow
sulphur coal has enabled plants to minimize derating
while maintaining, 10 a considerable extent, thelr tradl-
tional fuel sources. In most instances, low sulfur
subbituminous coals have been blended with bitumi-
nous coal (o reduce the sulphur content of the mixture.
However, in arecent development, subbituminous coals
are scheduled to be blended with Ugnite.

The government has also installed an incentive
program to further encourage emission reductions
through credits. Holders of these credits can sell them
to other fuel users which burn coal having higher
emissions of SO,.

Not only is the Beluga coal's total sulphur
content upusually low, but it also contains inherent
calcium. During combustion, this tends to tie-up what
litdle sulphur there is in the ash, instead of emitting it to
the atmosphere. Beluga coal is also low in nitrogen and
burns at low temperature — both attractive factors in
limiting NO, emissions.

Testing has demonstrated that the coal per-
forms well in conventional applications. It has excel-
lent carbon burn-out and the ash has no problem trace
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elements; it is also characteristically low in sodjum and
has a high fusion temperature.

Additionally, other technologies are expand-
ing which favor Beluga Coal. Coal water mixtures
(CWMs) are moving into commercial status, most
notably in Japan and in Russia. Japanis currently in the
lead, with several separate industrial groups developing
this technology. Recently a CWM has started to be
imported by Japan from China. Its principal atiraction
can be viewed as an alternative for petroleum-based
fuels, inasmuch as it is distributed and handied as a
liquid fuel. CWMs made from upgraded low raak coals
(LRCWM) may offer a particular opportunity to the
subbituminous coals of the Cook Inlet area because the
product could be loaded on ocean tankers close to the
source of the coal. A paper given recently by the JGC
Corporation of Japan, a principal developer of CWM
fuels, reported on hot water drying methods for upgrad-
ing low-rank coals such as Beluga.

A coal-methanol fuel is another type of slurry
which may be appropriate to produce in the Cook Inlet
area. With the large supply of gas which is available,
methanol can be easily produced and may serve as a
carrier fuel for the particulate coal. A program 10
confirm the theology and pumping characteristics of
such a fuel is just now commencing.

SGI International, has recently performed a
first phase test of Beluga coal in which a liquid fuel

product was obtained as a by-product of char produced
from the coal. A commerctal demonstration plant was
recently completed near Gillette, Wyoming and 4 num-
ber of subbituminous coals will be tested for these
products. The high volatile content of Beluga coal is
beneficial for such a process.

At some point in time, gasification of Beluga
coal may become the preferred fuel source for a Beluga
power plant if world gas prices rise sufficiently. Al-
though coal gasification has not proceeded asrapidly as
had been envisioned only a few years ago, gaseous
hydrocarbon feedstocks are indeed produced from coal
in a number of locations, including the U.S., Japan,
Germany and South Africa.

While the above mentioned developments will
bring Beluga coal closer to the marketplace, the iming
of its development remains uncertain. However, it is
clear that environmental concerns regarding combus-
ton emisslons are causing increased regulations in
foreign nattons as well as in the U.S. and that there are
consistent growth projections for coal-fucled energy,
especially in the Pacific Rim. As these events transpire
and converge with emerging technologies, there is little
doubt that Beluga coal is well positioned to respond to
these international opportnaities.
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COAL OCCURRENCES ON NELSON ISLAND, SOUTHWEST ALASKA

James G. Clongh!, Bruce D. Hickok?, June A. McAtee3, and Agatha John4

lAlaska Division of Geological and Geophysical Surveys, Fairbanks, AK
2Deceased
3Calista Corporation, Anchorage and Bethel, AK
4Toksook Bay, AK

ABSTRACT

Lower Cretaceous coals crop out at several locali-
ties on Nelson Island within fluvial rocks of a nonmaripe
to marine siltstone-greywacke sequence. The coal beds
range in thickness from thin coal stringers to a 40 cm
thick seam (our observations) to a reporied 76 ¢cm thick
coal seam occurrence on the north side of the island.
Coal comprises less than 1.5% of our four measured
stratigraphic sections and is generally poor in quality
because of many observable ash partings. A sample
collected from a 40~cm-thick coal bed on the south side
of the isiand was analyzed and has an apparent coal
rank of medium volatile bituminous with an ash con-
tent of 12%, 0.47% sulfur (on an equilibrium moisture
basis) and a vitrinite reflectance of 0.97. The fluvial
depogitional setting of the coal-bearing section was
apparently not conducive to the accumnulation of thick,
laterally continuous coal-forming peat swamps.

INTRODUCTION

In July 1992, geologists from Calista Corporation
and the Alaska Division of Geological and Geophysi-
cal Surveys (ADGGS) conducted a reconnaissance field
investigation on western Nelson Islangd to determine
the extent and guality of the coal occurrences. Nelson
Island is approximately 68 km long by 65 km wide and
is located in southwestern Alaska northwest of the
% Kuskokwim River mouth. The island is separated from
.. the mainland by the Kolavinarak and Ninglick Rivers

= and Baird Inlet. The investigation was based from the
. village of Toksook Bay and conducted by small power
- boat and on foot to explore the exposures along the

£ coastline of the western end of the fsland for coal beds.

¥ Rour sites containing coal were Jocated and examined
¢ (fig. 1), three on the south side of Nelson Island on the

- nonth shore of Kangirlvar Bay (localities 1, 2 and 3)

and one on the north side of Nelson Island east of the

village of Tununak on Hazen Bay (locality 4). No coal
E _ beds thicker than 40 ¢m were located. A traverse by

power boat was made along the west coast of Nelson
Island from Toksook Bay around Cape Vancouver to
Tununak (fig. 1). Rocks observed along thig traverse
are folded and faulted and appear to be predominantly
marine shale and siltstone. No coal-bearing rocks were
observed, although our distance from the coast varied
from fifty to several hundred meters from shore. The
brief reconnaissance nature Of this examination did not
allow for a detailed on-foot investigation of the entire
western Nelson Island coastline. Additionally, signifi-
cant remnant coastal snowpack on the north side of the
island, east of the village of Tununak, prevented ex-
amination of 2 previously reported 76 ¢m thick coal
occurrence (Spurr, 1900; Weber, 1944). The purpose
of our paper is to provide additional information on the
nature of the coal exposures on Nelson Island includ-
ing proximate and ultimate analyses.

PREVIOUS INVESTIGATIONS

Reverend Kilbuck, a missionary from the south-
west Alaska village of Bethel, first reported the
occurence of lignitic coal beds to 76 cm at Kaluyak
Point (Spurr, 1900). Kaluyak is the Yup'ik Eskimo lan-
guage name for Nelson Island (spelled Qaluyaag). This
locality may be near the Kaluyut Mountains and our
locality 4. In 1944, Nelson Island exposures of coal
were examined by the U.S. Bureau of Mines in an ef-
fort to evaluate the potential of coal utilization at the
village of Tununak (Weber, 1944). East of the village
of Tununak six coal seams, including a 76 cm thick
bed (same thickness reported by Spurr, 1900, and prob-
ably the same locality), were evaluated and a plan for
mining 150 tons of coal annually was developed. The
76 cm coal seam was estimated to contain 550 tons of
coal within the initial 30 meter strike interval, however
the lateral continuity of the coal seam along strike was
not tested (Weber, 1944). A few tons of coal were mined
from this locality prior to a2 1954 U.S. Geological Sur-
vey field examination (Coonrad, 1957) but the year(s)
when this mining occurred is not known,
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Figure 1. Locations of coal occurrences investigated (1-4) ond genestaized geology
of western Neison Isiand (geology modifled from Coonrad, 1957).

Regional-scaie (1:500,000) geologic mapping of
the Yukon-Kuskokwim region by Coonrad (1957) de-
scribed the geology of Neison Island and provided two
locations of coal outcrops on the island. Subsequent
studies include two measured stratigraphic sections by
Lyle and others (1982) and unpublished petroleum in-
dustry exploration work.

REGIONAL GEOLOGY

The westem eand of Nelson Island contains a Lower
Cretaceous succession of unnamed graywacke-siltstone
sedimentary rocks (Coonrad, 1957) which are well ex-
posed along the coastline but poorly exposed in the in-
terior of the island (fig. 1). This succession consists of
marine 10 nonmarine sandstone, silistone, calcareous
siltstone, shale, claystone and thin coal beds. These
rocks are estimated to be as much as 1500 m thick and
are folded into broad N 70° W trending anticlinal syn-
clinal structures (Coonrad, 1957). The Cretaceous sedi-
mentary succession is overlain by up to 60 m of be-
tween 8 10 20 undeformed holocrystalline olivine ba-
salt Aows (Coonrad. 1957) (fig. 1). Similar sedimen-
tary and basalnic rocks also crop out on Nunivak Island

sithated 32 km to the soushwest across Ftolin Straight
where coal has also been reported (Coonrad, 1957).
Radiometric-age dates for the basalt flows on Nunivak
Island range from 6 Ma to Holocene (Hoare and oth-
ers, 1968).

Coal-bearing section

The nonmarine coal-bearing rocks consist of: 1)
thick intervals (m-scale) of crossbedded fine- to coarse-
grajaed sandstone, with minor pebble conglomerate;
2) interbedded with thick intervals (m-scale) of
claystone with locally abundant fossil leaf imprints and
coalified plant debris; 3) thin laterally-discontinuous
beds (cm-scale) of siltstone and very fine sandstone
with various amounts of carbonaceous shale; and 4)
thin coal beds as thick as 76 cm. Lyle and others (1982)
report the presence of minor thin beds of bentonitic
mudstone in the nopmarine section. Crossbedded sand-
stone represents deposition in a fluvial channel setting.
This sandstone is poorly sorted and compositionally
immature containing abundant angular to subangular
quantz, chert, white mica, and volcanic lithic fragments
sugpesting proximity to a volcanic proverance (R.
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Reifenstuhl, 1994, written communication). Lyle and
others (1982) provide an Albian-age (Early Cretaceous),
based on palynology, for the cosal-bearing strata on
Nelson Island. This age is similar to the coal-bearing
fluvial-deltaic rocks of the Nanushuk Group, North
Slope of Alaska, which contains economic deposits of
bituminous and subbituminous coal (Stricker, 1991).

MEASURED STRATIGRAPHIC SECTIONS
Locality 1, Kangirlvar Bay

Kangirlvar Bay stratigraphic section at locality 1
(fig. 2) was measured on the gently dipping east limb
of an anticlinal structure and consists of 33 meters of
sandstone, claystone and minor coal. The sandstone is
fairly well indurated and crossbedded whereas the
claystone 1§ poorly indurated and locally slumped and
covered. Between 20-22.5 meters above the base a
frost-disturbed claystone inmterval is interspersed with
a hipghly weathered coal blossom to 30 cm thick. At23
meters above the base, a 40 cm thick coal bed was
sampled (sample 92-JC-303, discussed below). Avery

Figure 2. NELSON ISLAND LOCALITY 1
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thin 6 cm thick coal stringer which pinches out later-
ally occurs at 27 meters above the base.

Locality 2, Kangirlvar Bay

Section 2 (fig. 3) at Kangirivar Bay locality 2 (fig.
1), contains 5.6 m of poosly-indurated claystone. Within
the claystone are a thin 10 ¢m thick horizon of high ash
coal and two beds of carbonaceous claystone to car-
bonaceous siltstone which pinch-out laterally. A thin
ripple-laminated fine-grained sandstone bed overlies
the lowermost carbonaceous claystone bed, This sec-
tion is on the same east limb of the anticline as locality
1 but is stratigraphicaily higher.

Locality 3, Toksook Bay

Locality 3 (fig. 1) is on the west limb of an anti-
cline which is located immediately west of the village
of Toksook Bay. The 53.5 m thick measured section
contains a 24 ¢m thick coal bed at 34 m above the base
(fig. 4). The sandstone beds in this section are fairly
well indurated and are crossbedded and represent flu-
vial channels. Abundant leaf imprints and coalified

r Figure 3. NELSON [(SLAND LOCALITY 2
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Figure 4. NELSON JSLAND LOCALITY 3
Toksook Boy
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plant debris occur at the top of the sandstone beds and
in the intervening claystone.

Locality 4, Hazen Bay

At Hazen Bay locality 4 (fig 1), about 18 m of
southwest dipping section is exposed. This section
contains 5 thin beds of coal ranging from discontinu-
ous 5 cm thick coal stringers to 25 cm of coal (fig. 5).
The coals are within a ponmarioe successton of pre-
dominantly poorly indurated claystone with 0.5 t0 im
thick beds of siltstone to very fine sandstone. Weath-
ered claystope covers much of the coal and excavation
is pecessary 1o examine bed thickness and lateral ex-
tent (fig. 6). A 76 cm thick coal bed, reported by We-
ber (1944) to be east of our locality 4, was not located
dudng our investigation. Coastal bluffs immediately
east of our locality 4 were covered by snowpack at the
time of our investigation obscuring this thick coal bed.

COAL QUALITY

A sample of coal (92-JC-303) collected from a 40
cm thick bed at locality 1 was submitted to the Mineral
Industry Research Laboratory, University of Alaska
Falrbanks for proximate and ultimate analyses (repotted
in table 1), The coal has a calorific value of 12,510
Btuw/lb, 12.14% asgh, 0.47% sulfur, 3.92% moisture (all
values Equilibdum Moisture Basis), and a vitrigite re-
flectance value 0of 0.97. The analytical results indicate
an apparent rank of medinvm-volatle bituminous coal
using the Parr formula (ASTM designation D-388-77,
1978). The coal is agglomerating and therefore of cok-
ing quality.

Hazen

25 cm COAL 20 cm CDAL

Cross~section along coastal

bluff, east of village of
Tununok, view towards southeast.
18 m of section, bedding dips
towards southwest.

Figure S. NELSON ISLAND LOCALITY 4

S00 meters

Bay

5 cm=thick COAL
steingers

EXPLANATION
coal and coal stringers

claystone

siltstone to
very Fine sandstone

110



A coai sampie from Nelson Island submitted to
the U.S. Bureau of Mines in 1925 for analytical testing
yielded similar results: 12,930 Bru/lb heating value,
14,6% ash content, 0.5 % sulfur and 64.1% fixed car-
bogn (Cooper and others, 1946). This compares well with
our Basis 2 in Table 1. Warfield (1967, p. 20) analyzed
four Nelson Island coal samples collected by the U.S.
Geological Survey for coking quality and found all
samples to be agglomerating; ong fair caking, one good
caking, and two firm aggiomerate.

PN

DISCUSSION

A tota] of 111 m of nonmarine Stratigraphic sec-
tion exposed along the coast of Nelson Island was ex-
o  amined in detail for coal. Nine thin coal seams of vari-

™" able quality and extent occur in a fining-upward se-
" quence consisting of crossbedded and channeled sand-
stone, overlain by claystone and then coal. Thin fine-
grained sandstone, siltstone and carbonaceous claystone

Figure 6. Excavation and sampling of 25 cm thick coal bed in coastal bluff at locality 4, east of
viltage of Tununak, western Nelson Isiand.

beds within these sequences represent small crevasse-
splay and overbank deposits. Coals on Nelson Island
comprise less than 1.5% of the measured nonmarine
section and appear (0 have formed in small swamps
marginal to meanderdng or braided streams. Thick in-
tervals of channel sandstone and claystone with thin,
laterally variable, seams of coal suggest the environ-
ment was not stable long enough to allow for the accu-
mutation of thick coal-forming peat swamps, possibly
due to tectontsm and/or rapidly migrating fluvial sys-
tems (G, Stricker, 1994, oral communication). The high
volcanic lithic content and imsmature nature of the sand-
stone [discussed above] indicates proximity to a volca-
nic provenance, further supporting an unstable tectoni-
cally-active setting, The apparent rank of medium-vola-
tile bituminous coal determined for a single 40 cm thick
coal bed (sample 92-JC-303) indicates the Lower Cre-
taceous sedimentary rocks on Nelson Island underwent
sufficient pressure-temperature gradients during burial
to form moderately high rank coal.
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Table 1. Proximate and Ultimate Analyses of Nelson Island Coal Sample No. 92-JC-303

Volatile Fixed Heating
Moisture. Matter, | Carbon, Valye Sulfur,

Basis % Ash, % % % Btu/lb Yo C% | H% | N.% 0, %
1 3.92 12.14 2323 60.71 12,510 047 |72.78 | 4.63 { 1.27 8.72
2 12.63 24.18 63.19 13,020 048 {7575 ] 4.36 | 1.32 5.45
3 27.68 72.32 14,900 0.55 | 86.70 | 5.00 | }.51 6.24
4 26.69 73.3)
5 14,410

1. Equilibrium Moisture Basis
2. Moisture Free Basis

3. Dry Ash Free Basis

4. Dry mm Pree

5. Moist, mm-free

The coal is agglomerating.
Vitripite Reflectance Ry mayx : 0.97
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RESPONSES OF COAL SPLITTING AND ASSOCIATED
DRAINAGE PATTERN TO SYNTECTONISM IN THE PALEOCENE
AND EOCENE CHICKALOON FORMATION,
MATANUSKA COAL FIELD, ALASKA

Romeo M. Flores and Gary D. Stricker
U.S. Geological Survey, Denver, CO

INTRODUCTION

Coal splitting and assoclated drainage patern
are often results of non-uaiform rates of sedimentation
controlled by autocyclic processes of depositional en-
vironments. These autocyclic processes directly reflect
rates of sediment influx, river discharge, and nature of
topography of the depositionat surfaces. The topogra-
phy of the depositional surfaces, however, may be con-
trolled by underlying tectonic conditions (e.g., faulting
and subsidence). Thus, syntectonic conditions may
influence the character of the contemporaneous depo-
sitional environments, which in furn affect the litho-
logic variations. Tectonic controis to sedimentation in
coal-beating sequences have been demonstrated by
Ferm and Cavaroc (1969), Padgett and Ehrlich (1979),
Flores (1984), Weisenfluh and Ferm (1986), and Field-
ing (1987). In all these swudies, differential rates of
subsidence have affected contemporaneous sedimen-
tation either on a local or regional scale,

Tectonic controls, specifically contemporane-
ous growth faulting, affected sedimentation in the Pa-
leocene and Eocene Chickaloon Formation at
Matanuska coal field, Alaska (Flores and Stricker, 1993)
(fig. 1). However, the most significant effect of con-
temporaneous syntectonism and deposition in the
Chickaloon Formation is splitting and discontinuity of
coal beds and coal zones. These observations are sub-
stantiated by cross sections constructed from 46 mea-
sured stratigraphic sections tn the highwalls of the Evan

;' Jones Coal Mine (fig. 2) and isopachous maps con-

structed from 9 drill holes for the straia near the mine.
The objective of this study, therefore, is to record the
effects of contemporaneous tectonism on coal splitting

. and drainage pattern in the Chickaloon Formation.

REGIONAL STRUCTURAL GEOLOGY

The Matanuska coal field is located on the

western part of the Matanuska River valley (about 10
km wide and 70 km long) at the northeast head of the
Cook Inlet. The coal field is bounded to the north by
the high-angle Castle Mountain fault (Martin and Katz,
1912) and the Talkcetna uplift composed of Jurassic
granitic and gneissic basement rocks. To the south, the
coal field is bounded by the Chugach uplift, which con-
tains Jurassic and Cretaceous greenstone, diorite, and
interbedded slate and graywacke basement rocks
(Barnes and Payne, 1956, Winkler, 1992). The Castle
Mountain fauli (figs. 1 and 2) was interpreted by Grangz
(1966 to be a right-lateral, strike-siip fault duting the
Mesozoic through the early Tertiary and a steep reverse
fauit from Oligocene time to the present. Detterman
and others (1976) indicated that the Castle Mountain
fault was active for millions of years and have recorded
at least several kilometers of netdisplacement. Lateral
displacement along the Castle Mountain fault zone
during the past few hundred thousand years has affected
river channel diversion and capture, and the geomor-
phology of tributary streams of the Matanuska River
(Detterman and others (1976).

Accumulation of a thick (greater than 2,000
m) interval of Tertlary strata (fig. 3) in the Matanuska
River Valley prompted Payne (1955) to interpret the
coal field to have formed in a larger, 50-km-wide, rap-
idly subsiding trough that extended beyond the present
eastern and westem boundaries of the valley. Map-
ping by Capps (1927), Bames and Payne (1956), Grantz
and Jones (1960), and Barnes (1962) in the Matanuska
valley showed that Tertiary nonmarine clastic sedimen-
tary rocks are mainly concentrated along the central
part of the trough. Subordinate amounts of the Ter-
tiary rocks copsist of hypabyssal intrusives and
volcanics (basait flow). These Tertiary rocks are flanked
to the north, south, and east by Jurassic and Cretaceous
rocks, which are generally marine to nonmarine clastic
sedimentary rocks intruded by volcanic and plutonic
rocks.
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locations of measured sections in the Evan Jones Coal Mine and drill data along the south Jimb of the
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LOCAL GEOLOGY AND STRUCTURAL
GEOLOGY IN STUDY AREA

The study area (fig. 2) in the Wishbone Hill
coal district (Bamnes, 1962) s marked by the presence
of two major structural elements: a synclinal fold and
oblique slip faults. The most prominent structural ele-
ment in the coal district is the southwest-plunging, S
55°80°W- striking, asymmetrical, canoe-shaped Wish-
bone Hill syncline (Patsch, 1981). The Paleocene and
Eocene Chickaloon Forrpation is mainly exposed along
the northern and southern flanks of the syncline. The
Eocene Wishbone Formation is exposed along the axis
of the syncline. Northeast- striking left-latesral oblique-
slip faults have offset the Wishbone Hill syncline. These
faults, commonly with an up-to-the-west displacement
component and Steeply dipping to the east (75°-857),
can he seen in the highwall exposures of the Evan Jones
coal mine along the northern limb of the syncline.
Measured horizontal displacement components range
from a few centimeters to 120 m and vertical-displace-
ment components are as much as 15 m. In addition to
these oblique-slip faults are subsidiary oblique-slip
faults that splayed from them and served as avenues
for a gabbroic dike (as thick as 7.5 m) (see fig. 1),

The left-lateral oblique-slip faults are located
less than 2 km south of the Castle Mountain fault, Al-
though previous surficial mapping did not extend these

oblique-slip faults to the Castle Mountain fault, we in-
terpret them as splays off the major fault in the subsur-
face. The orientation of these oblique-slip faults with
respect to the Castle Mountain fauit indicates that they
probably represent oblique-slip faults rotated as much
as 30° clockwise from the ideal R’ Riedel shear odien-
tation (Tchalenko, 1970) (fig. 4). The observed arrange-
ment of the faults does not necessarily conform to those
predicted by the Riedel model (developed on clay ma-
terdal). Because the rocks are heterogeneous, structures
were developed sequentially rather than instanta-
veously, and early-formed structures were rotated dur-
ing protracted deformation (Christie-Blick and Biddle,
1989). We suggest that the oblique-slip faults and/or
thetr precursors were active during the eatly stages of
deformation of the Castle Mountain fault from late
Mesozoic through early Tertiary time when the
Matamiska and Chickaloon Formations were deposited.
Vertical components of movement along these fanits
probably produced differential subsidence and uplift
of depositional surfaces, which in tura, affected local-
jzation and deflection of drainages as well as creation
of stable areas un-encumbered by detrital influxes.
Thickening of rock units on the downthrown sides of
the faults and corresponding thinning of the same rock
units on the upthrown sides of the fault as shown in
figure S indicates that growth faulting occurred during
deposition.

" Figure 5- Photograph of the highwall in the Evan Jones coal mine showing an oblique-
i slip fault with up-on-the-west displacement component. Note overthickened
units (ChS = channel sandstone) on the downthrown block of the fault and
relatvely thinned units on the upthrown block suggesting growth faulting.
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In order to examine more closely the nature 0f
coal splitting and pattern of associated drainages, these
characteristics were examined in a2 small area (10 sq
km) where data are abundant and rocks are best ex-
posed. Six, nearly continuous highwalls in the Evan
Jones Coal Mine were studied because at that location
the Chickaloon Formation is approximately 100 per-
cent exposed and nearby drili-hole data are avajlable,

FACIES TYPES OF CHICKALOON
FORMATION

Flores and Stricker (1993) described the facies
types of the Chickaloon Formation to include fining-
upward chaanel conglomeratic sandstones and sand-
stones, channel plug deposits, crevasse splay coarsen-
ing-upward mudstonpes, siltstones, and sandstones,
floodplain mudstones and siltstones, and carbonaceous
shale and coals formed in lowlying mires,

The channel sandstones represent deposits
ranging from high- sinuosity (meandeqing) to low-sinu-
osity (slightly meandering) streams. The meandering
channel sandstones are commonly amalgamated with
chanpel plug (abandoned) deposits consisting of mud-
stones and siltstones. The meandering channel sand-
stones, which are multiscoured and multistory, are com-
mon in the intervals between Eska-Premier coal zones
and Midway coalbed (fig. 6). This channel-sandstone
architecture indicates that the niver-channel processes
were predominantly cutting and filling followed {m-
mediately by shifting. The meandering channel con-
glomeratic sandstones, which are amalgamated with
chaanel plugs and are multiscoured and multilateral,
are mainly found above the Jonesville coal zone (fig.
6). Amalgamation of the channel sandstones and chan-
nel plugs suggests that river-channel processes were
dominated by infilling of channel cut-offs (channel plug
deposits) and active channels by cutting, lateral filling,
and shifting (channel sandstones). These channel sand-
stones are bounded by floodplain mudstones and silt-
stones and are commonly overlain by coal zones formed
in raised mires. Although mires formed on topographi-
cally high meander-ridge belts, the high ash content
(as much as 25 percent) and abundant carbonaceous
shale interbeds of the coals suggest that the local base
level must have been lowered probably by rapid sub-
sidence and/or sediment autocompaction to permit
flooding of the mires.

Crevasse splay sequences are abundant in the
interval between the Premier and Jonesville coal zones

(fig. 6). These sequences are thick and laterally juxta-
posed to narrow, thick, coeval channel sandstones
(thickness-to-width ratios as much as 1:30). The cre-
vasse sandstones that cap the coarsening-upward se-
quences are tabular and commonty burrowed indicat-
ing deposition in subaqueous floodbasins and/or lakes.
The channel sandstones are bounded by thick
interbedded sandstones, siltstones, and mudstones that
commonly contain upright tree trunks (as much as 6 m
long) suggesting well-developed levees, which formed
along the channel margins. The abundance of crevasse
splay sequences juxtaposed to narrow, thick, coeval
channel sandstones with well developed levees suggest
deposition in an anastomosed fluvial system (Smith,
1983). Thus, the Jonesville coal zone above these flu-
vial deposits was probably formed on an abandoned,
low-lying, subaqueous belt of the anastomosed fluvial
system similar to that found in the Saskatchewan River
(Smith, 1983).

Coal zones in the Chickaloon Formation are
therefore interbedded with deposits of the meandering
and anastomosed fluvial systems. The high ash con-
tent and abundant carbonaceous shale and mudstone
interbeds associated with the coal zones indicate that
they accumulated in lowlying or topogenous mires.
Although mires formed in topographically high mean-
der belts such as that below the Premier coal zone, base
level must have been lowered periodically 0 permit
drowning by detrital influxes. However, such influxes
were probably short lived, allowing for the reestablish-
ment of the mires, until a final sustained influx termi-
nated peat accumnuliation. Flores and Steicker (1993)
suggested that the lowering of 1ocal base leve! was due
to either o autocompaction of sediments or tectonic
subsidence. Thus, the vertical repetition of coal zones
(see fig. 6) in the Chickaloon Formation reflects inter-
actiont of autocyclic and allocyclic (tectonic subsidence)
processes. Syntectonism played an additional role,
however, in lateral and ventical variations of the coal

-20nES.

RELATIONSHIP OF COAL VARIATIONS
TO SYNTECTONISM

Coal variations in the form of coal splits and
thickening of intervening detrital deposits in the
Chickaloon Formation (fig. 6) are well developed in
the Premier coal zone and in the overlying interval be-
neath the Jopesville coal zone. Inadditon, merging of
coal beds accompanied laterally by “stacking” of chan-
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nel sandstones is clearly displayed in the intervals be-
tween the Eska coal zone and Midway coalbed. Pre-
cise nature of the thickness variations of the strati-
graphic intervals between these coal zones along the
Evan Jones Coal Mine highwalls are shown in figures
7-8. These cross sections are constructed by closely-
spaced sections that are approximately 15 to 150 m

apart.

Figure 7 shows that the Eska coal zone and
Midway coalbed are thick and merged on the upthrown
block (west side) of a oblique-stip fault. Here, the coal
zones are as much as 45-m thick and include rock part-
ings on the west or upthrown block and are immedi-
ately juxtaposed against thick, stacked channel sand-
stones on the east or downthrown block. The stacked
channel sandstones on the downthrown block and
merged coal zones on the upthrown block are shown
on the sides of a 7-m-wide gap through which the ob-
lique-slip fault developed (figs. 9 and 10). Figure 9
shows the thick (22 m), stacked channe] sandstones
underlain by the Eska coal zoae and Midway coalbed
in the downthrown block or on the east side of the gap.
Figure 10 exhibiis the merged Eska coal zone and Mid-
way coalbed overlain by a channel sandstone complex
in the upthrown block or on the west side of the gap.
The stacked channel sandstones on the downthrown

block are lateraily juxtaposed to the upper part of the
merged coal zone and coalbed in the upthrown block.
The stacked channel sandstones on the downthrown
block are vertically amalgamated with the overlying
channel sandstones elsewhere above the Midway
coalbed. This relationship of the merged coal zones
juxtaposed against stacked channel sandstones reflect
localization of channeling along the downthrown block
resuiting from contemporaneous subsidence enhanced
by growth fauiting.

Figures 7 and 8 are otriented normat to the con-
temporaneous oblique-slip faults and illustrate the dif-
ferences in thickness of the detrital intervats within the
Premier coal zone and between the Premier and
Jonesville coal zopes. The thick, merged Premier coal
zone (fig. 11) is located on the upthrown fault blocks at
the western part of the cross section. Eastward, on the
downthrown the fault blocks, the Premier coal zone
abruptly splits from the merged coal zone 25 m thick
to an interval 67 m thick consisting as many as 6 coal
beds that are separated by detrital sediments that range
from 3 to 18 m thick. This rapid lateral splitting occurs
within 0.8-km distance of the Jonesville fault. The sedi-
ments between coal-bed splits comprise fining-upward,
channel sandstones and coarsening-upward crevasse
splay sandstones; both facies types are interbedded with

Figure 9 - A photograph of the outcrop of the Eska (E) coal zone and Midway
(M) coalbed and assocjated channel sandstones on the downthrown
side of the growth fault. Cross section is restored from vertical com-
poaents of displacement of oblique-slip faults shown at the top.
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Figure 10 - A photograph of the outcrop of the merged Eska coal zone and
Midway coalbed (E-M) and overlying channel sandstones oa the

upthrown side of the growth fault.

Figure 11 - A photograph of the outcrop of the thick, merged Premier (P) coal
zone on the upthrown side of the growth fault.
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floodplain mudstones and siltstones, which are the
domipant facies type (fig. 12). Measurements (N=37)
of trough crossbeds in the channel sandstones show a
southwest direction of transport.

Figure 8, oriented notmal (o the contempora-
neous oblique-slip faults, exhibits variation in thick-
ness of the detrital interval between the Premier and
Jonesville coal zones. The interval thickens eastward
on the same downthrown block that affected splitting
of the underlying Premier coal zone. The interval
abruptly thickens from 25 m to 75 m within 0.8 km.
The interval is dominated by fining-upward anasto-
mosed fluvial chanpel sandstones bounded by thick
crevasse splay mudstones, stltstones, and sandstones
and thick, tree trunk-containing, overbank-floodplain
sediments (fig 13). Measurements (N=56) of trough
crossbeds in the channel sandstones exhibit a westerly
direction of iransport.

AREAL THICKNESS VARIATIONS OF
COAL ZONES AND ASSOCIATED
INTERVALS

Areal variations of the thickness of the Pre-
mier and Jonesville coal zones and intervening detrital
splits and the interval between the Premier and
Jonesville coal zones are shown in figures 14-16. Fig-
ure 14 shows the areal thickness distribution of the Pre-
mier coal splits and intervening detrital intervals. The
thickest and most widespread coal splits are in the east-
southeast, where the coal zone and intervening detrital
intervals are as much as 75 m thick. The areal pattern
confirms the dita from the cross sections. The pro-
gressive thickening from 10 to 75 m of the Premier
coal zone and intervening detritus to the east-southeast
suggests that the series of oblique-slip faults (right-nor-
mal dip direction) developed generally active down-
to-the-east displacement components during deposition
of the coal zone. These displacement components,
which formed from differential movements, created a
local topographic low where rapid rate of fluvial chan-
nelcrevasse splay-floodplain sedimentation was di-
verted repeatedly to the southwest between pauses of
slow rate of accumulation of peat in low-lying mires.

Figure 15 displays the areal thickness varia-
- tion of the detrital interval between the Premier and
" Jopesville coal zones, The areal pattern indicates a
general thickening to the east-noftheast {0 greater than
60 m thick from less than 30 m to the west. Compari-

son of figures 14 and 15 illustrates varying degrees of
control by the faults and differential accumulation of
the sediments. A uniformly thick (average 5S m) accu-
mulation of sediments by the westerly-flowing anasto-
mosed fluvial System was concentrated along the north-
erntier. Conversely, thin (average 39 m) accumulation
of sediments of the anastomosed fluvial system over-
lies the fluvial sediments of the Premier coal zone where
the zone is thick (average 46 m). This inverse relation-
ship suggests that the effects of continued subsidence
due to net displacements of the growth faults were prob-
ably better recorded where the underlying sediments
are thin as compared to where they are thick because
movements may have been masked by greater differ-
ential compaction of the thicker sediments. Further-
more, while the Premier coal zone and associated de-
trital splits show general thickening to the gast-south-
east, the overlying interval exhibits thickening to the
north and east, and thinking (0 the west.

Figure 16 shows the areal thickness variation
of the detrital intervals between the coal splits of the
Jonesville coal zone. The total thickness (as much as
51 m) of the detrital splits of the coal zone, like those
of the Premier coal zone and the interval between the
Premier and Jonesville coal zones, thickens to the east.
However, the eastward thickening is not as rapid later-
ally as that of the underlying detrital intervals. Inaddi-
tton, variable thickening and thinking occur within the
fault blocks.

DISCUSSIONS AND CONCLUSIONS

Our swdy shows that the lateral and vertical
trends of thickening of the detrital intervals within and
between coal zones of the Chickaloon Formation are
best developed in the Premier coal zone and the inter-
val between this coal zone and overlying Jonesville coal
zone. Northeast-striking contemporaneous oblique-slip
faults with down-on-the-east displacement components
developed growth-fault movements. Differential net
displacements along these subparallel faults caused
intermitient subsidence and provided a topographic low
on the downthrown blocks where fluvial sedimenta-
tion was diverted, resulting in coal splitting. Progres-
sive and rapid thickening of detrital coal splits in the
Premier coal zone to the east-southeast suggests in-
creased net displacements in the direction of the topo-
graphic low. The western part of the study area {s
upthrown across these faults and was probably affected
by least-vet disptacements, serving as a raised platform
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4 Figure 12 - A photograph of the outcrop of the fluvial deposits that consist of
M the detrital splits (DS) of the Premier coal zone.

i Figure 13- A photograph of the outcrop of the anastomosed fluvial deposits
| between the Premier and Jonesville coal zones. Cs = crevasse splay
channel sandstones; F = floodplain deposits.
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oblique-slip faulis are superimposed.
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Figure 16 - Isopachous map of the total thickness of the detrital splits of the Jonesville coal zone, Chickaloon Formation (Paleocene and Eocene).

Contermporaneous oblique-slip faults are superimposed.
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where continuous peat accumulated and was unaffected
by detrital influxes. Southwesterly-flowing fluvial-cre-
vasse systems were repeatediy diveried into the topo-
graphic low, interrupting accumulation of peat in low-
lying mires that were re-established during pauses of
detrital sedimentation. The topographic low was main-
tained with continued increase net differential displace-
ments of the faults on the north and east during deposi-
tion of the overlying detrital interval between the Pre-
mier and Jonesville-coal zones. Deposits of this inter-
val were formed in a westerly-flowing anastomosed
fluvial system that mainly drained areas underlain by
thin deposits of the underlying Premier coal splits; in
this area, net displacements of the fauvlls were not
masked by underlying thick deposits. Differential
growth towarg the east-southeast during deposition of
the Premier coal zone and overlying interval was re-
duced by a factor of 2 (from 65 to 38 m thick) suggest-
ing waning tectonic subsidence through time.

Active differential growth along the oblique-
slip fanlts during deposition of the Premier coal zone
and overlying interval was followed by diminished ef-
fect of tectonic subsidence as expressed by less abrupt
lateral vaniation of splitting of the Jonesville coal zone.
Simjlar thickness variation (38 m) of the Jonesville coal
zone and underlying interval indicates no differential
growth along the oblique-slip faults towards the east-
southeast. However, the variable thickening and thin-
ning of the Jonesville coal zone and detrital splits within
the fault biocks suggest that “scissor” components of
movement developed following active growth fault-
ing. Prior to active differential growth along the ob-
lique-slip faults syntectonism was represented by lo-
calization of a fluvial channel along a downthrown faul¢
block indicated by the channel sandstones in the inter-
val between Eska coal zone and Midway coalbed.

Recognition of contemporaneous growth fault-
ing in the interval between the Eska and Jonesville coal
zones, therefore, suggests that syntectonism played an
important role in the geomorphology of the depositional
surface and nature of the underlying substrate. These
characteristics, in tum, directly affected coal splitting
and diversion and localization of associated drainages.
Furthermore, the upthrown sides of the growth faults
being topographically high were the most favorable sites
for accumulation of thick, merged coal zones in the
Chickaloon Formation.
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GEOLOGY, MINE DEVELOPMENT, AND MARKETING
FOR EVAN JONES COAL

Mike Belowich
Hobbs Industries, Inc., Anchorage, AK

INTRODUCTION

The Evan Jones mine is one of numerous past
producing coal mines in the Wishbone Hill Coal Dis-
trict of the Matanuska Coal Field. The Matanuska coal
field covers an arez of about 200 square miles varying
from 6 to 8 miles in width and extending about 40 miles
in an east-west direction. The coal field is bisected by
the Glenn Highway and its western end, at Palmer, is
accessible by the Alaska Railroad.

The Wishbone Hill district lies on the north side
of the Matanuska Valley, northeast of Palmer . The
district takes its name from the prominent conglomer-
ate-capped hill that rises to 2,300 feet with steep escarp-
meunts along its central part. This canoe-shaped hill,
which slopes gently to the southwest, is approximately
8 miles long by 2 1/2 miles wide and extends from
Moose Creek on the west to Eska Creek on the east.
Access to the Evan Jones Mine within the Wishbone
Hill district, is via the Jonesville road that exits the
Glenn Highway at mile 61 in the village of Sutton. The
mine Is located 2 miles northwest of Sutton via this road
and another short gravel road that exits to the west
(Figure 1).

GENERAL GEOLOGY

The coal-bearing rocks in the Matanuska Val-
ley belong to the Paleocene-age Chickaloon Formation
which has been measured to be at least 3,000 feet thick.
The main coal measures, however, occur within the
upper 1,400 feet of this sequence. These coals are
interbedded with moderately well indurated claystone,
siftstone, shales, sandstones and thin conglomerates.
The Matanuska Vailey jtself is a structural valley that is
bounded on the north by the large-scale, high angle
Castle Mountain Fault and the Talkeetna Mountains
and on the south by many smaller faults and the Chugach
Mouantains, These two mountain systems are cored by
Cretaceous and Terdary-aged plutonics and volcanic
rocks. Reglonal tectonic deformation in response to
uplift due to these emplaced rocks and Subsequent
faulting has resulted in complex structures in the sedi-
mentary Chickaloon Formation. These include strong
folding and steeply dipping strata in many areas. Com-

plicating this activity was the intrusion of late Tertiary
hypabyssal igneous rocks (1.e. gabbro, diabase) along
withsome basalt into the already deformed sedimentary
assemblages of the valley.

In general, the eastern part of the Matanuska
Valley is more structurally complex and contains more
intrusive activity than the western part. This increased
deformation and thermal heating of the country rock is
reflected in a general increase in coal rank as ong
progresses in an easterly direction up the Matanuska
Valley (Merritt and Belowich, 1984)

The dominent structural feature of the Wish-
bone Rill district is the Wishbone Hill syncline. This
canoe-shaped fold extends the full length of the district
and iS cut into segments by several northeast trending
left lateral, oblique-slip faults (Flores and Stricker,
1993).

These faults result from shear related to move-
ment along the nearby Castle Mountain fault system.
The Wishbone Hill syncline is an open syncline that
strikes S 55°-80° W and whose axis plunges10° to 25° to
the southwest (Patsch, 1981). Dip angles of the strata
beneath Wishbone Hill range from about 20° to nearly
vertical. In the vicinity of the Evan Jones mine, these
dips average about 30°. Figure 2 jltustrates in cross
section the dipping structure of the syncline at the
location of the new Evan Jones development.

COAL GEOLOGY

The coal measures of the Wishbone Hill dis-
trict, as previously stated, occur in four matn groups of
three or more beds (Barnes and Payne, 1956). An
additional laterally persistent bed that is not part of &
group is also included. These coal units are separated
by relatively thick sections of Chickaloon Formation
Strata composed mainly of interbedded sandstones,
silistones, claystones, carbonaceous shale and minof
thin and discontinuous coal beds or stringers, The
following names have been applied to the coal units, in
order from oldest 10 youngest with average strati-
graphic thicknesses of the group in parentheses: Burn-
ing Bed coal group (125"), Eska coal group (70'), Mid-
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way coal bed, Premier coal group (1757, and the
Jonesville coal group (120). Only one-fifth to one-third
of the groups’s thickness is coal due to included part-
ings of sandstone, siltstone, claysione, carbonaceous
shale and bone coal.

Over 20 coal seams with thicknesses in excess
of three feet are known to occur in the Wishbone Hilt
district. Although seams to 21 feet are known, 8 feet is
the average bed thickness. Thicker beds are composites
of clean coal benches separated by claystone, coaly
claystone and bony coal. In no instance has more than
12 feet of coal been mined from a single bed (Barnes and
Payne, 1956). Thick mineable coal seams are located
throughout the Wishbone Hill District. These thick-
ened seams are generally located west of left lateral,
oblique-slip faults which commonly bisect the district
Those areas exhibiting thickesed coals are generally
located on the upthrown sides of the fault, while areas
to the east or downthrown sides exhibit overthickened
packages of clastic rock assemblages and splitting of
not only individual coals but entire coal groups (Flores
and Stricker, 1993). These “‘growth” faults that charac-
terize the environment of deposition of the coals were
also responsible for determining the location of the
numerous past-producing coal minesthat tasgeted these
thicker coal areas.

The coals of the Wishbone Hill District are
characterized as high volatile B bihuminous with heat-
ing valves slightly higher in eastern portions of the
district, which mimics the trend exhibited for the entire
Matanuska Valley, Average quality parameters are as
follows on an as-received basis: Moisture 4.0% - 6.0%;
Ash 9% - 23%; Sulfur 0.3% - 0.4%; Volatile Maner
35% - 39%, Fixed Carbon 37% - 46%; Heating Value
(BTU/Mb) 10,400 - 12,000; Ash Fusion 2310°F - 2960°
F; Hardgrove Grindability Index (HGI) 37-46 (air-
dried); and Free Swelling Index (FSI) 1-3 (air<iried). It
isa good steam coal and has been used extensively in the
past for power generation. Ashcontents, locally, canbe
high due to included claystone and bone partings and
washing of these coals has in the past been necessary to
produce a higher quality product.

e In terms of coal resources for the district, the

best estimate shows that 106 million tons remain in
i place after mining; 52 million tons indicated resources
and 54 million tons inferred resources (Barnes and
Payne, 1956). Itis presently thought that about half of
the remaining mineable resources of the district are
contained in the old Evan Jones property now under

lease by Placer Dome, U.S. In¢. As muych as 18 million
tons of coal, from the two predominant coal seams on
the property (3 and S seams), are predicted to be
recoverable on this lease.

PAST MINING

The presence of coal in the Matanuska Valley
was flrst learned of by prospectors and trackers from
natives in 1894, The first mining in the valley occurred
in 1913 at Chickaloon when 1,000 tons was hauled out
by sled for use by Navy steamships. This early coat
discovery prompted the building of arallroad spur to the
Chickaloon mine. In 1916, when the railroagd reached
the Moose Creek area, the first Wishbone Hill mine
openeg at the mouth of Moose creek. Completionof the
ratiroad to Chickaloon in 1917 opened the way for
development of the Wishbone Hill district. From 1917
until the last major Matanuska coal mine was ctosed in
1968, a total of nine separate mines were developed on
Wishbone Hiil, although no more than four operated at
one time.

The Evan Jones Mine, named after the original
prospector and first president of the company, was by
far the district’s largest and most consistent producer
from 1920 until it closed in 1968. Out of approximately
7 million tons of coal produced from Wishbone Hill, 6
million tons came from the Evan Jones Mine. In its
early years, 1920t0 1925, this mine produced coal from
the south limb of the Wishbone Hill syncline. In 1925,
aroughly 2,500 foot Jong crosscut tunnel was driven on
the level to the north through the hill to reach the beds
on the north limb of the syncline. It was from this
northern limb of the syncline that all subsequent pro-
duction came. The predominant mining method uti-
lized by the Evan Jones Coal Company in their under-
ground operatlons was coaventional room and pillar.
Some limited experimentation using mechanized min-
ing methods was attempted (Tucker, 1968) In 1953, a
surface stripmine that started with a small dragline, two
bulldozers and a few haul trucks was opened up on the
north side of Wishbone Hill on Evan Jones property to
supplement production from their underground opera-
tion. Production came from the outcropping Jonesville
and Premier Group coals that had been mined under-
ground. These include No. 3 and 4 seams from the
Jonesvilie group and No’s 5,6,7, and 8 seams from the
Premier Group. By 1959, production at the north strip
pits was sufficient to warrant termination of the under-
ground mine and it was closed.
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For 40 years, Evan Jones coal was used by the
Alaska Rallroad, but with conversion of locomotives to
diesel fuel in the mid-1950's, emphasis shifted to coal-
fired electrical power genecation on military bases near
Anchorage. After the bases converted to naturat gas in
1963, the domestic market was insufficient for the large
Evan Jones Mine and it finally closed in 1968. Since
1934, the earliest date for which recocds are available,
2,300 different personnel have worked at the mine
(Patsch, 1981). In 1956, Placer Amex, Inc., (now Placer
Dome, U.S., Inc)) purchased an interest in the Evan
Jones Coal Company. From 1959 to the closing of the
mine in 1968, it was the managing joint venture partner
of the property. The property still maintains one coal
lease, which covers a natural mining block of the
underground coal reserves. It is this lease that Hobbs
Industries, Inc. subleased in August of 1990.

PRESENT DEVELOPMENT

Development of the new underground Evan
Jones Mine was initiated in the summer of 1990 after
a court injunction involving the state of Alaska's Men-
tal Health lands blocked further development and per-
mitting of the Hobbs [adustries surface coal mine at

Castle Mountain, Coal was needed from the Evan Jones

Mine to fulfill contractal obligations to supply fuel for
Slana Energy’s Backscatter Radar Power Plant being
constructed near Gulkana, Alaska. The site of the new
mine is on the south limb of the Wishbone Hill syncline
adjacent to but above the old abandoned crosscut tunnel
portal. Instead of expensive and time-consuming reha-
bilitation of the existing underground entries or long
distance entry development through old landslide grav-
els, it was decided to trench through the landslide
gravels and place a portal into 5 seam of the Premier
Group. Work to obtain an underground mine permit
was also initiated at this time. After facing upin S seam
in late 1990, development work was terminated due to
a stop work order on Slana’s Backscatter Power Plant
project. Before portalling into 5 seam and subsequent
backfilling over the proposed undergroundentries could
be completed and land stabilized, an earthquake in
April 1991 caused a landslide that partially buried the 5
seam development. Development work and permitting
emphasis was then shifted to target the stratigraphically
higher but partially mined No. 3 seam coal bed from the
Jonesville Group. In July of 1991, 2 seam, the bed
directly betow 3 seam (8 - 10'), was reached. Portalling
and underground development work into this seam
commenced with the intention of flattening the entry to
intersect the overlying and thicker 3 seam once the old

workings from the early 1920s had been bypassed
downdip. With the termination of the Backscatter
project in fune 1991, development work at the new
Evan Jones Mine has slowed with no committed end-
user for the coal, InJanuary of 1992, the State of Alaska
Division of Mining issued a decision approving the
Evan Jones underground permit application that was
submitted in late 1990. Issuance of the permit is
contingent on submission of a reclamation bond for the
project. In the meantime, the operationt is being per-
formed under an exploration permit.

Underground deveiopmentto date is comprised
of one 350 footeniry (16' by 8") in both rock and coal (2
seam). A 12 foot half round multiplate portal structure
daylights this coal to the surface. With a seam dip of
32°, the entry is being developed at an angle to bedding
to allow manuverability for the mechanized mining
equipment used in the project, Mining equipment being
utilized at the Evan Jones Mine includes a Joy 12CMS
continuous miner, a Joy 10SC-22 shuttle car, and a Lee
Norse TD1-43 roofbolter. A Pemco power distribution
center converts 480 volts from a 300KW generator into
120/230/480/1,000 volts and distributes these various
voltages to run the underground electric mining equip-
ment. Hookup with Matanuska Electric Association
(MEA) power is slated for the funire when the mine
goes Into production.

Surface facilities at the Evan Jones Mine in-
clude two working factlity pads for equipment
maintenence, parts/material storage and mine office, a
settling pond for surface runoff and mine drainage
treatment, a coal storage area, and connecting haul and
access roads (Figure 3). The access road connects
directly to a State maintained gravel road and the paved
Jonesville road. The latter road terminates at Sutton
where it intersects the Glenn Highway . Trucking o a
rail loadout in Palmer via the Glenn Highway is the
envisioned route of the Evan Jones coal to prospective
end-users,

MINING PLANS

The Evan Jones Mine is envisioned to be a
continuous miner operation unleéss market demand ne-
cessitates expansion and the use of longwall mining.
Only continuous mining is envisioned within the present
permit area. Figure 4 shows the proposed underground
mine plan submitied by Hobbs Industries in its under-
ground mining permit approved by the State of Alaska.
Three entries into the underground reserve are depicted.
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These include an intake and return air entry and a
conveyor belt haulage entry. There is presently ongo-
ing discussion of rehabilitating the old crosscut tunnel
for future use as the main haulage route, possibly with
railcars. This change, however, would require a major
revision © the mining permit and has not yet been
submitted to the Alaska Division of Mining.

As mentioned previously, the continuous miner
operation would utilize a Joy continuous miner to mine
the coal with one or two Joy shufttle cars transporting the
ROM coal to an advancing conveyor system. This
system features 2 Stamler feeder breaker to downsize
the ROM coal to 6 inch minus for belt haulage purposes.
The mainline conveyor belt would then take the sized
coal out of the mine, and after it was elevated above the
upper development pad, it would drop into a conical
storage pile on the lower pad. A loader would then take
the crushed ROM coal and place it into another con-
veyor, which would load it into a combination crush-
ing/screening plant. Lump, stoker, and fine coal would
then result with each of these coals trucked separately
to the coal storage area near the access road, for storage
and transport to end-users. There is no washing plant
contained within this jnittal mining scenario. With an
increase in coal demand and concurrent production, a
washing plant would receive the ROM coal directly and
eliminaie the lower pad screening unit.

Only one mining sectionis presently planned at
the Evan Jones Mine, utilizing the continuous miner,
shuttle cars and belt haulage. Roof control in the
underground mine would consist of both conventional
and resin-grouted roofbolts supplemented with mat-
ting, mesh and timbers, as needed. Given the steep
operating conditions and off dip advancement of the
entries, one operating shift is projected to result in a
conservative dally production of 400 tons of coal.
Annually, this will result in approximately 122,000tons
with 305 operating days per year; another conservative
estimate. If mining conditions prove 1o be better than
anticipated or if less maintenance and down periods are
realized, this production could be increased. Market
demand may also play a parl in the determination of
production. This may require additional equipment or
working shifts. The proposed mine support facilities,
including screening operations and storage facilities
should be abie to accommodate the base case mine
production scenario of 122,000 tons per year. An
additional continuous miner and two daily shifts could
boost production to 500,000 tons per year, but this
would probably require vp-scaling the screening and

storage capabilities ofthe mine. The addition of longwall
mining, projected for the future on the west side of the
Jonesville Fault, would easily boost daily production to
6,000 tons and annual production to about 1,320,000
tons.

MARKETING

Marketing of the Evan Jones coal should prove
to be interesting and challenging. It can be safely
assumed that when coal starts 10 be commercially
produced at the Evan Jones Mine, the domestic, in-state
market will be the first to utilize jit. There ate presently
no bituminous coal producers in the State of Alaska.
The high heating value, low moisture, and low sulfur
characteristics of the Evan Jones coal will almost cer-
tainly make it a hit with local homeowners who still
possess coal stoves left over from the old days or
possess new coal-burning stoves and now must rely on
low-rank coal or wood. Residences and businesses
outside natural gas utilization areas may also become
markets, since they must now resort to expensive
heating oils for their heating needs. There also will be
potential in these remote areas for the placement of
small package coal heating systems and co-generation,
coal-fired, power plants.

Marketing of the Evan Jones coal outside Alaska
(i.e. Pacific Rim, Hawaii, Mexico) {s possible but will
require some infrastructure development and repeal of
the Jones Act. Whatever advantage Evan Jones coal
has, due 0 a local road network and rail haulage
possibilities, it is tempered by the lack of a nearby
shipping port. The cost of shipping coal to Seward has
proven to be too expensive 10 compete on the world
market (example - Wishbone Hill project). However,
should a new coal shipping port be established in
Anchorage or nearby Point MacKenzie, this export
inhibitor will be erased and Evan Jones coal could thea
be economically exported. Only time will tell on this
front, but in the meantime, Evan Jones coal should
compete very effectively in in-state residential and
business heating applications and coal-fired, co-gen-
eration, power plants.
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INTERFLUVE-CHANNEL FACIES MODELS IN THE MIOCENE
BELUGA FORMATION NEAR HOMER,
SOUTH KENAI PENINSULA, ALASKA

Romeo M. Flores and Gary D. Stricker
U.S. Geological Survey, Denver, CO

ABSTRACT

Interfluve-channel facies in the middle part of
the Beluga Formation, near Homer, Alaska, contain coal
beds that are presently considered a viable source of
coal-bed methane gas and channel sandstones that are
reservoirs for hydrocarbons in the onshore Kenai Pen-
insula and offshore Cook Inlet. Lithogenetic associa-
tions of the interfluve-channel facies of the Beluga
Formation indicate that the Beluga alluvial plain was
drained mainly by braided streams flanked by
floodbasins. Floodbasins were initially drained by cre-
vasse channels consisting of a type 1 channel sandstone
(thickness to lateral extent ratio ranging from 1:50 1o
1:200, suggesting oblate shape). Continned aggrada-
tion of crevasse sediments via feeder channels during
repeated floods promoted fusther progradation of cre-
vasse splays into the central floodbasins. Progradation
caused feeder channels to merge and diverge and de-
velop an anastomosed network. As major flow and
sediment influx were concentrated along one of these
channels due to stream capture, it was transformed into
a youthful braided stream forming a type 1l channel
sandstone (thickness to lateral extent ratio that ranges
from 1:25 to 1:250, indicating lenticular shape). Pro-
longed lateral and vertical accretions of coarse detritus
in this stream resulted in a mature, low-sinuosity,
bratded stream forming a type III channel sandstone
(thickness to lateral exient ratio ranges to as much as
1:400, indicating elongate shape). Continued occupa-
tion of this braided stream promoted avulsion and aban-
donment of adjoining braldbelts, which in turn, were
overrun by raised mires forming peat on elevated plat-
forms.

INTRODUCTION

Interfluve-~channel models for a rock unit (for-
mation) have been frequently represented by vertical-
and laterak-facies analysis of outcrop and subcrop lo-
calities. Data from these localities are often interpo-

tated across long distances. The iaterpolations, in turn,
are utilized to interpret the depositional setting for the
purpose of basin analysis. Small-scale studies
(Campbell, 1976; Rust, 1978; Stear, 1983, Lawrence
and Williams, 1987) are limited in areal extent and pro-
vide only parttal knowledge of basinal interfluve-chan-
nel models. Regional-scale investigations (Nilsen and
Moore, 1982; Turner and Whateley, 1983; Melvin,
1987) require interpolation between data that are widely
separated. The large gaps in data make basin wide in-
terpretation and comparison of interfluve-channe{ mod-
els difficult. Both small-scale and regional investiga-
tions are espectally disadvantageous in areas or basins
where rapid stratigraphic variations (vertical and lat-
eral) are present.

In this study, a regional assessment has been
made during the past 3 years on essentially contipu-
ous, linear exposures along the beach cliffs of Cook
Inlet and Kachemak Bay, for about 25 km, between
Anchor Point and McNeil Canyon in the southern Kenal
Peninsuta (fig. 1). Here, exposures of the upper part of
the Betuga Formation are oriented normat to subparaliel
of the axes of northeast-southwest trending anticlines
and synclines and the Border Ranges fault (Merritt and
others, 1987). These cliffs provide nearly 100 percent
rock exposure and represent the most continuous and
complete records of the upper part of the Beluga For-
madon in the Cook Inlet basin (see flg. 1). Our experi-
ence in the Cook Inlet basin, where less than 10 per-
cent of the Tertiary rocks are exposed, suggest that ex-
amination and description of vertical and lateral sedi-
mentologic variation and accurate identificadon of
depositional patterns is the most productive method of
investigation. The stratigraphic variations and deposi-
tional patterns can then be used to develop predictive
models for analysis of the basin,

The focus of this investigation is on the eco-
nomically important interfluve-channel deposits of the
Cook Inlet basin. The interfluve deposits contain thick
coal beds that were mined intermittently from the mm
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of the century to 1951 (Meyer, 1990, p. 309-320) and
are presently considered as a viable source of coal-bed
gas. {n addition, the interfluve deposits are associated
with channel sandstones that serve as reservoir rocks
for coal-bed gas and hydrocarbons in the Cook Inlet
basin (Kelly, 1963; 1968; Magoon and Anders, 1990).
The main objective of this study {s to characterize the
interfluve-channel models of the Beluga Formation near
Homer (see fig. 1) for the purpose of modeling the seal/
source-reservoir facies of nearby oil and gas fields in
the Cook Inlet basin (Flores and Stricker, 1993). Basic
data for this study consist of 63 measured sections and
continuous photomosaics between sections.
Photomosaics are complemented by outcrop sketches
to record the variabilities between measured sections.
Measured sections are about 300 m apart on average;
however, photomosaics and sketches between these
measured sections permit a closer control and better
correlation of facies types.

GEOLOGIC SETTING

The lowland of the Kenai Peninsula (see fig.
1) is made up of two coal districts: 1) Kenai district,
which is located north of Clam Guilch and completely
concealed by glacial and alluvial deposits and 2) Homer
district, located south of Clam Gulch (Barnes and Cobb,
1959). The Homer district, includes an area of about
2849 sq km on the southern Kenai Peninsula. It is
bounded by the Cook Inlet to the west, Kenai Moun-
tains to the east, Kachemak Bay to the south, and the
Kenai coal district to the north.

The Kenai lowland is the onshore part of the
Cook Inlet forearc basin (Cook Iniet) of the Alaska-
Aleutian Range (Kelley, 1985). Based on Bouguer
gravity mapping, Barnes (1977) outlined a broad struc-
turat basin in the Kenai iowland with a west and north-
west dipping paleoslope. Except for minor, gentle
upwarping resulting from folding and vertical faulting
(up to 24 m), the Beluga Formation is flat lying to gen-
tly dipping (Bames, 1951; 1967). The horizontal beds
of the Beluga Formation permit the tracing of marker
beds over long distances.

Tertiary coal-bearing rock units (fig. 2) exposed
in the Homer coal district include the middle and up-
per Miocene Betuga Formation and upper Miocene and
Pliocene Sterling Formation (Bames and Cobb, 1959;
Wolfe and Tanai, 1980). Exposures of the upper parn
of the Beluga Formation (a few hundred meters thick)
are mainly found along beach cliffs and valley walls of

large streams (Barnes, 1967). In the subsurface the to-
tal thickness exceeds 1500 m (Hartman and otherss,
1972). Older Tertiary coal-bearing units are the Oli-
gocene through middle Miocene Tyonek Formation and
the Oligocene Hemlock Conglomerate. These two for-
mations are present only in the subsurface in the study
area (see fig. 2). The four coal-bearing formations make
up the Kenai Group as modified by Fisher and Magoon
(1978) from the stratigraphic wock of Calderwood and
Fackler (1972).

Early iovestigations of the Betuga Formation
and its coal deposits (Dall and Harris, 1892; Dall 1896;
Kirsopp. 1903; Atwood, 1909) focused on mapping,
measuring, and sampling coal beds for resource analy-
ses. Later works by Barnes and Cobbd (1959),
Calderwood and Fackler (1972), and Adkison and oth-
ers (1975) established the stratigraphic framework and
coal quality of the Beluga coals. Recent investigations
of the Beluga Formation by Sisson (1985) and Merritt
and others (1987) expanded on the geology of the Bel-
uga Formation and resource characterstics of the as-
sociated coal deposits.

Environments of deposition of the Beluga For-
mation include braided and meandering fluvial settings
and alluvial fans (Hayes and others, 1976; Hite, 1976;
Rawlinson, 1984; Merritt, 1986). A recent study of the
Beluga Formation by Flores and Stricker (1992) sug-
gests deposition in an anastomosed fluvial system and
proposed a direct relation between thick coals and mires
formed in this fluvial setting. Paleocurrent analysis of
the Betuga Formation by Rawlinson (1984) and Kremer
and Stadnicky (1985) suggest & western transport di-
rection of its sediments.

LITHOGENETIC ASSOCIATION OF THE
UPPER PART OF THE BELUGA
FORMATION

The upper patt of the Beluga Formation in the
Homer coal district is composed of interbedded sangd-
stone, siltstone, mudstone, carbonaceous shale, and
coal, Sandstone is the dominant lithic unit and the car-
bonaceous shale and coal are the least common units.
These lithic units are drab-gray in color. The color of
the Beluga Formation is used to distinguish it from the
overlying buff to light-brown Sterling Formation
(Barnes and Cobb, 1959; Wolfe and others, 1966;
Merritt and others, 1987). However, we find sandstones
of the Beluga Formation that exhibit buff-yellow color
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similar to those of the Sterling Formation and there-
fore regard this criteria as unreltable.

The upper part of the Beluga Formation in the
vicinity of the McNeil Canyon consists of fine-grained-
rich (siltstones and mudstones) lithofacies (Flores and
Stricker, 1992). In this area, the upper 110 m of the

- Beluga Formation is dominated by thick floodplain or

interfluve lithofacies, which grade taterally into thin-

2B 10 thick-, narrow-channel lithofacies. Flores and

Stricker (1992) grouped the Beluga Formation into three

‘ lithogenetic associations (related rocks of the same ori-
gin); 1) a coarse-grained lithogenetic assoctation, com-

|

posed of medium- 10 very fine-grained sandstones; 2)
a fine-grained interfluve lthogenetic association, con-
sisting of mudstones, silistones, and silty sandstones;
and 3) an organic-rich mire lithogenetic association
consisting of carbonaceous shales, coals, and associ-
ated tonstein partings. In this paper we will follow a
similar scheme of lithogenetic associations but will
tump the organic-rich lithogenetic association with the
interfluve lthogenetic association because they are
commonly interbedded. Thus, the upper part of the
Beluga Forrnation will be divided into channef and in-
terfluve lithogenetic agsociations.
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CHANNEL LITHOGENETIC ASSOCIATION

Sandstones, which make up as much as 40 per-
cent of the upper part of the Beluga Formadon in the
study area, comprise the channel lithogenetic associa-
tion. The channel lithogenetic association may be clas-
sified into three types of erosional-based. fining-up-
ward sandstones on the basis of grain size, nature of
the basal comtact, intermal architecture (number of in-
ternal scour susrfaces, interconnectedness of units of
plumbing; vertical and lateral patterns of sedimentary
structures within units; extent and hierarchical arrange-
meant of internal bounding surfaces), and geometry (two
dimensional).

Type [ Chansnel Sandstone

Type I channel sandstone (fig. 3) is very fine
to medium grained, 1.5 (0 8§ m thick, and as much as
150 m in lateral extent. One subtype of the type I chan-
nel sandstone ranges from 1.5 to 3 m thick aad 15to 30
m in Jatera) extent. Thus, this subtype has a height to
width ratio of 1:510 1:20 (fig. 4). A thicker subtype of
type I channel sandstone ranges from 75 to 900 m in
lateral extent or a ratio of about 1:10Q to 1: 200 (fig. 4).
Type I chanoel sandstone (fig. 3) is oblate in shape and
the body is depressed at tts base and top. Type I chan-
nel sandstones are homogeneous bodies without inter-

-— - - L

Figure 3. Type I channel sandstone (1) s
thinning margin (TM).

nal scour surfaces. At their bases, they are marked by
shallow to deep scour surfaces that are overlain by ripup
mudstone and ferruginous clasts, and coal spars of a
basal lag conglomerate (fig. 5).

The internal architecture of the type I channel
sandstone i8 influenced by variations in grain size and
sedimentary structures. Channel sandstones of type I
are fining-upward bodies that display, from its base to
top, either a gradatjonal reduction upward in grain size
or increase upward of the occurrence of fine grained
interbeds (figs. 3 and 6). Similar vadiations in grain
size are represented laterally, Sedimentary structures
in the type 1 channel sandstone consist of trough
crossbeds (a few centimeters t0 0.6 m in height), con-
volute lamingtions (up t0 1 m in height), and ripple
laminations. A vertical profile of sedimentary struc-
tures of the type I chaanel sandstone consists of trough
crossbeds that decrease in height upward. Convolute
laminations accompany the trough crossbeds in its
lower part of the profile, whereas ripple laminations
are locally present in the uppermost part of the profile
(fig. 7). Sedimentary structures of the type I channel
sandstone grade laterally from trough crossbeds in the
interior of sand bodies into ripple laminations in the
margins of the body. Patterns of vertical and lateral
variations of internal architecture occur in both the thin
and thick type I channel sandstone bodies.
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Figure 4. Diagrams of geometry of the type L, 11, and [II channel sandstones
based on the thickness and lateral extent ratios.

Figure 5. Lag conglomerate (LL.G) and basal scour surface of the type [ chan-
nel sandstone. Conglomerate consists of ripup clasts. Handle of
mattox is about 0.35 m tong.
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Figure 6. Uppermost part of the type I channel sandstones (I) showing grada- 5
tional change of grain size (A) and upwacd tncreasing siltstone interbeds

(B).

Fgure 7. Ripple laminations (RL) and small-scale trough crossbeds (SCT)
characterize the uppermost part of the type I channel sandstone. The
handle of the hammer is about 0.3 m long.
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Type II Channel Sandstone

Type I channel sandstone (fig. 8) is fine to
coarse grained, 6 to 10 m thick, and 240 to 1,500 m in
lateral extent. Thickness to lateral extent ratios of the
type Il channel sandstones, are lenticular-shaped bod-
ies that range from 1:25 to 1:250 (fig. 4). The base of
these sandstone bodies are shallow to deep concave-
vpward, whereas, the 10ps are either shallow concave-
downward or asymmertrical, bi-convex in shape. The
sandstones are heterogeneous bodies with one internal
scour surface. Basal scour surfaces are marked by a
basal-lag conglomerate like that of the type [ channel
sandstones. The type II channel sandstones may later-
ally grade into the type 1 channel sandstones.

Like the type I channel sandstones, the inter-
nal architecture of the type II channel sandstones is in-
fluenced by prain size, internal scour surface, sedimen-
tary structures. Type II channel sandstones are gener-
ally fining-upward bodies; however, the upper part more
ofien contains silty interbeds (see fig. 9) than mixed
grain sizes. Silty intccbeds are also formed along the
margins of the sandstone body. In addition, partition-
ing of the type I channel sandstone by an internal scour
surface (fig. 10) defines a couple of fining-upward sand-
stone subbodies. These scour surfaces (basal and in-
temal scours) are overlain by basal-1ag conglomerates.
The internal scour surface may be as deep, but not as

Jaterally extensive, as the basal scour surface. Also,
this scour surface extends laterally into the margin and/
or 10 the top of the type Il channel sandstones, as well
as into the basal scour surface,

Sedimentary structures of the type II chamel
sandstones are trough and planar crossbeds, convolute
laminations, and ripple laminations. Trough crossbeds
are common and range from a few centimeters t0 1.2
m in height (fig. 11). Planar crossbeds are less com-
mon, as much as 0.6 m in height, and grade laterally
into and overlie, trough crossbeds. Convolute lamina-
tions are as much as 1.5 m in height and commonly
formed along steep foresets of trough crossbeds. Ripple
laminations are present in the uppermost part of the
sandsione body. Vertical profiles of the sedimentary
structures contains a set of large-scale trough and pla-
nar crossbeds with convolute laminations in the lower
part of the sandstone bodies. These convolute lamina-
tions are often truncated by the overlying internal scour
surface. The scour surface, in turn, is overlain by an-
other set of large- to small-scale (decreasing in height
upward) trough crossbeds, which grade upward into
ripple Jaminations in the upper part of the sandstone
body. Margins of the sandstone body are also com-
monly ripple laminated.

Heterogeneity of the type II channel sandstones
arises from the vertical stacking of dissimilar sets of

Figure 8. Type Il channel sandstone (If) showing a fining-upward grain size
wilh silty and muddy upper part (SM).
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Figure 9. The upper pan of the type II channel sandstone shows common
siltstope interbeds (SI).

Figure 10. Internal scour surface (IS) defined by a basal lag conglomerate

(LG) in a type I channel sandstone. The Jacob staff is about 1 m
long.
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Figure 11. Stacked trough crossbeds above and below an internal scour surface
(IS) in a type 11 channel sandstone. The Jacob staff is about 1 m long.

Figure 12. Type IiI channel sandstone characterized by iaternal scour surfaces
(IS) and a fining-upward grain size. Jacob staff at the bottom (middle)
of the photo is about 1.5 m long.
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sedimentary structures above and below the internal
scour surface. In addition, the internal scour susface,
which displays an uneven retief on the underlying cross
set, causes random juxtaposition of various crossbeds
different in types and scales. Stacking of fining-up-
ward sandstone subbodies also imparts textural hetero-
geneity of the type 11 channel sandstone.

Type Il Channel Sandstone

Type HI channel sandstone (Fig. 12) is fine to
“coarse grained, 7.5 to 15 m thick, and 1.5 kmto 3 km in
lateral extent. Thus, the thickness to lateral extent ratio
is ag much as 1:400 (fig. 4), and it may be described as
a elongate-shape body. This type of sandsione body
has a flat to concave up base and has a flattened top
compared to type I and 1l channel sandstones. Type [II
channel sandstone laterally grades into type I channel
sandstone,

Internal heterogeneity of type 1T channel sand-
stones is controlled by the grain size, continuity and
interconnectedness of the internal scour surface, and
sedimentary structures. Although type I channel sand-
stones are, in general fining-upward, they are partitioned
by internal scour surfaces into smaller subbodies that
are fining-upward. The internal scour surfaces may be
locally overtain by a basal conglomerate, particularly
in deepest parts of the scour sets. Overall, this imparts
an apparent random arrangement of conglomeratic
lenses.

Numerous (3 or more) taternal scour surfaces
are present in the type (I channel sandstones. These
internal scour surfaces are less extensive than the basal
scour surface. Internal scour surfaces are truncated by
adjoining and overlying internal scour surfaces. That
is, the length of an internal scour surface may be short-
encd by curting of a succeeding (younger) scour
surface(s). Thus, an internal scour surface overlies as
well as laterally offsets other scour surfaces. This pat-
tern of development of the internal scour surfaces, in
turn, affects interconnectedoess of sandstone subbodies.
Increased interconnectedness teflects heterogeneous
plumbing of the type II channel sandstone due to more
companmentalization of sandstone subbodies.

Sedimentary structures of the type III channel
sandstone consist mainly of rough and planas crossbeds
(fig. 13), as much as 1.5 and 3 m in height, respec-
tvety. Tabular to wedge shape planar crossbeds are
more common in type IIl channel sandstones than in
type I acd I1 channel sandstones. However, like the
previous chanpel sandstone types, convolute (as much
as 1.5 m in height) and ripple laminations are also lo-
caity present. Sedimentary structures of type III chan-
nel sandstones consist dominantly of trough and pla-
nar crossbed sets except for local lensges of ripple tami-
nations lateral to, and above these crossbed sets. Inter-
nal scour surfaces divide or compartroentalize the sand-
stone body into subbodies (fig. 14). The subbodies are
repeated successions containing vertically and laterally

PrigtigNal o ¢

Figure 13. A large-scale trough (T) and planar (P) crossbeds of a type I11
channel sandstone. Jacob staff is about 1.5 m long.
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arranged large- to smali-scale crossbed sets separated
by ripple laminations and some convolute lanminations.

Type 111 channel sandstone is more heteroge-
neous than the other channel sandstone types. This re-
sults from juxtaposition of various types of crossbed

sets resulting in multiple intercoanectedness by the in-
ternal scour surfaces. Crossbed sets, which are bounded
by numerous overlying and laterally truncated internal
scour surfaces, produce an apparent random pattern of
sedimentary structures. These characteristics of the
sedimentary suuctures and intemal scour surfaces are

Figure 14, Compartmentalization of type 111 channel sandstone into three sand-
stone subbodies by three internal scour surfaces (IS). Jacodb staff is
about 1 m long.

W o S

Figure 15. Thick-bedded, smectitic, heavily-rooted (R) mudstone-dominated
subtype of the clastic lithogenetic association. Handle of the hammer
is about 0.3 m tong.

151




overprinted by textural variations adding to the hetero-
geneity of the type 11l channel sandstone.

INTERFLUVE LITHOGENETIC
ASSOCIATION

The interfluve lithogenetic association of the
Beluga Formation is composed mainly of clastic and
subordinate organic lithogenetic associatons. These
associations are compose as much as 55 percent of the
total rock volume, The clastic lithogenetic association
consists of mudstones, siltstones, and silty sandstones.
The organic lithogenetic association, which may be as
much as S percent of the total rock volume of the Bel-
uga Formation, consists of coal and carbonaceous shale.

Clastic Lithogenetic Association

The clastic lithogenetic association may be
subdivided into subtypes based on dominant lithotype
and vertical sequential arrangement of the rock types.
One subtype of the clastic lithogenetic association is
dominated by mudstone with subordinate siltstone
interbeds (fig. 15). The second subtype of the clastic
lithogenetic association is dominated by silty sandstone

with minor mudstone and sjltstone interbeds (fig. 16).

The mudstone-dominated subtype is the most
common subtype of the clastic lithogenetic association.
This subtype may occur as sequences comprising: 1)
entirely mudstone, 2) mudstone with unorganized sth-
stone interbeds, or 3) mudstone with organjzed siltstone
interbeds. These sequences may grade vertically and
laterally into each other.

The sequence of entifely mudstone ranges from
gray to dark gray, has a massive texture, and is smectitic
(weathers with popcorn texture) in composition. Dark-
ness of coloc varies in proportion to the organic con-
tent, mainly macerated plant fragments, of the mud-
stone. Organic-marked roots and rootlets, carbonized
large leaves and stems, and petrified tree trunks and
stumps are present in this subtype. Mottled structures,
formed in association with plant roots and rootlets, are
rare, Horizontal and vertical animal burrows are com-
mon and range from pinstripe (o tubule shape. Some
crude thin- to thick-horizontal bedding is defined by
laminae of finely macerated plant fragments and mica-
ceous minerals. Spherical- to irregular-shaped (10 mm
to greater than 0.3 m in diameter) nodules and concre-

Figure 16. Silty sandstone interbedded with subordinate siltstones and mud-
stones. Jacob staff is about 1.5 m long.
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tions are commoa diagenetic sedimentary structures
present in the mudstone dominated subtype. The nod-
ules and concretions are composed matnly of siderite,
hematite, and limonite; and many contain nuclei of plant
fossils.

The mudsione-dominated subtype locally con-
tains siltstone interbeds that are unorganized within the
subtype. Siltstone interbeds are thin to thick (less than
an 20 mm to more than 0.3 m), and both grade verti-
cally into, or are in sharp contact with mudstone beds.
Sedimentary structures of the siftstone range from ripple
lamipations to small-scale (Jess than 75 mm in height)
trough crossbeds. Horizontal and vertical animal bur-
rows are rarely present. The sedimentary structures
may be destroyed by large trunk-root and rootlet pen-
etratons, both of which are abundant. Small leaves
and twigs are common along bedding planes of the silt-
stope. The mudstone-dominated subtype is character-
ized by the unorganized nature of siltstone interbeds in
vertical profile.

The siity sandstone-dominated subtype is the
least common subtype of the clastic lithogenetic asso-
clation. The silty sandstone subtype comprises both
fining- and coarsening-upward sequences. Fining-up-
ward silty sandstone sequences (fig. 17) consist of fine-

grained sandstone in their lower parts and grade up-
ward into very fine-grained sandston¢ in the upper parts.
These sequences are sharp at the base and gradational
at the top and range from 0.3 to 1 m in thickness. The
fining~-upward silty sandstone sequences contain trough
crossbeds (less than 150 mm in height) in their lower
parts and climbing ripple laminations in their upper
parts. The sedimentary structures are commonly de-
stroyed by root penetrations.

Coarsening-upward silty sandstone sequences
(see figs. 17 and 18) consist of very fine to silty mud-
stone in thejr lower parts and fine prained sandstone 1n
their upper parts. The coarsening upward sandstone
sequences have gradational top and bottom, and range
from a few centimeters to 3 m in thickness. The upper
part of these sequences locally contain scour surfaces
that are gverlain by muddy, fine-grained sandstone. The
muddy fine-grained sandstones comprise both single
and amalgamated bodies (see fig. 19). The coarsening
upward silty sands{one sequences are rippte laminated
(wavy to symmeltric ripple laminations that are rarely
draped by mudstone) and burrowed in their lower parts.
The sequences are scoured in their upper parts, and
capped by trough crossbedded (up to 150 mm in height)
and ripple laminated sandstones. The upper parts of
the coarsening upward sequences contain sedimentary

Figure 17. A thin, ining-upward, sharp-based silty sandstone (FU) eroding into an underly-
ing coarsening-upward (CU) mudstone, siltstone (with ironstone concretion - FE),
and silty sandstone. Handle of the hammer is about 0.2 m long.
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Figure 18. Athick (5 m) coarsening-upward (CU) silty sandstone Iocally eroded
by a fining-upward silty sandstone (FU).

Figure 19. An upright coalified tree trunk (TT), abeut 2 m high, bounded by
mudstones, siltstones, and silty sandstoges.
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structures, large roots and rootlets, and upright tree
trunks and stumps (see fig, 19).

The silty sandstone-dominated subtype is com-
monly interbedded with the mudstone-dominated sub-
type with siltstone {nterbeds. This silty sandstone is
tabular in shape that can be laterally traced in outcrops
for as much as 100 m.

Organic Lithogenetic Association

Economically, the most important part of the
Beluga Formation is the organic lithogenetic associa-
tion, however, it is the least common interfluve
lithogenetic association. This lithogenetic association
may be subdivided into coal-dominated and coal-poor
subtypes. The coal-dominated subtype consists of coal
beds (see fig. 20), which occur as a single coaly unit or
as a stack of coaly units. These coal beds are
interbedded with strata of coal-poor subtype, which
consists of carbonaceous shales, carbopaceous mud-
stones, and tonsteins.

Coal beds in the coal-dominated subtype are
dull black in color, with numerous bright, lustrous
vitrain bands., .The coal beds are woody, consisting
mainly of flattened coalified tree stumps, trunks, and
limbs that have retained the original woody prain tex-

ture Barnes and Cobb (1959). The woody texture im-
part platy partings that are parallel to bedding. Coals
of the Beluga Formation in the Homer coal district range
in apparent rank from lignite to subbituminous B (typi-
cally C) (Barnes, 1967), although they increase in ap-
parent rank (subbituminous to high volatile bituminous)
with depth. Vitrinite reflectance (% Ry may) analysis
of coals from outcrop yield values ranging from 0.36
to 0.42 percent and average sbout 0.37 percent by
(Merritt and others, 1987). Analysis of Beluga coal
beds in the Homer coal district, on an as-received basis
(ASTM, 1991), yield ash content of 3.2 to 22.6 percent
and sulfur content of 0.1 to 0.7 percent (Barnes and
Cobb, 1959). _

Barnes and Cobb (1959) reported that coal beds
in the Homer coal district are lenticular in shape with
at least 30 coal beds as thick as 1 to 2 m. Our study
shows that Beluga coal beds range from a few centi-
meters 10 2.5 m in thickness and have an average thick-
pess near 1 m. Thin coal beds (a few centimeters to
less 30 centimeters) are traceable laterally from a few
tens to hundreds of meters. Thicker beds (greater than
0.6 m) are traceable laterally up to at least a few km.
The thickness to length ratio, of coal beds we measured,
ranges from lenticular (1:9) to elongate (1:1,000 to
>3,000).

Figure 20. Thick (average about 1.7 m thick) coal beds (CB) interbedded
with mudstones, siltstones, and silty sandstones.
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More than two thirds of the total rock volume
of the organic lithologic association consists of car-
bonaceous shale (mud mixed with finely macerated
piant fragments). Laminae loaded with plant leaf and
stem fragments impart fissility to the shaie. Carbon-
aceous shale beds range from a few centimeters to0 0.3
m in thickness and are commonly interbedded with and
grade laterally into the coal beds.

Carbonaceous mudstone, in comparison 10 the
carbonaceous shale, contains Jess organic matter, lacks
fissility, and is less commonly interbedded with coaly
units. Carbonaceous mudstone units are commonly
penetrated by roots. Tonsteins are the least common
interbeds in the coaly units and consist of airbome vol-
canic ash (Reinink-Smith, 1990) up t0 15 cm in thick-
ness. Tonsteins are laterally exiensive.

FRAMEWORK ARCHITECTURE OF
RESERVOIR AND SEAL/SOURCE FACIES

In the Beluga Formation, the Jithogenetic as-
sociations of channel-sandstone types (I-III) serve as
reservoir facies for hydrocarbons. The interfluve clas-
tic and organic deposits serve as seal facies for hydro-
carbons and source facies for coal-bed methane gas,
respectively. Framework architecture of these facies
within the Betuga Formation is characterized by their:
1) coarse- and fine-grain size ratio and 2) vertical and
lateral relationships to each other. This concept fol-
tows that of Allen’ s (1978) alluvial architecture , which
refers to a large-scale distribution of alluvial sandstone
bodies within a finer grained sediments and their mu-
tual relationships.

A 3-km-long, continuous outcrop between the

» mouth of Diamond Gulch and Point Bluff (shown in
« Ag. 21) illustrates the framework architecture of the
= middle part of the Beluga Formation. This outcrop is
’§‘ dominated by the channel sandstone reservoir facies.
% The upper part of the study Interval consists mainly of
at least four distinct channel sandstone bodies of types
I and I11, which average 10 m thick, and make up the
reservoir facies (see interval B, fig. 21). Type H chan-
¢ nel sandstone bodies are as much as 12 m thick and are
. laterally extensive for more than 1.2 km. Type Il chan-
E nel sandstone bodies are as much as 15 m thick but are
-, more laterally exiensive (>1.5 km) than the type Il chan-
k. nel sandstones (see interval B, fig. 21). These channel
p- sandstone bodies that comprise the reservoir, are
E. multistorey or vertically stacked in which, from bot-

the lower part is overlain by a type 11 channel sand-
stone reservoir, three type 11 chaneel sandstone reser-
voir, and a type 1 channel sandstone reservoir in the
upper part (see interval B, fig. 21).

Interfluve seal and source facies, which sepa-
rate and bound the sandstone reservoirs (see interval
B, fig. 21), are subordinate member sediments in this
interval of the Beluga Formation, The seal facies im-
mediately below and above the multistorey channel
sandstone reservoirs is composed of mudstone, silt-
stone, and silty sandstone that range from 3 t0 4.5 m in
thickness. This intervening seal facies is up to a meter
in thickness. The source facies (see coal beds in inter-
val B, fig. 21), which consists mainly of coal and car-
bonaceous shale, below and above the multistorey chan-
nel sandstone reservoirs, ranges from 7.5 © 45 cm in
thickness and occurs in zones (coal beds that are
interbedded with thin to thick mudstone, siltstone, and
siity sandstone). This intervening source facies ranges
from 12 cm to 2.5 m in thickness.

Lateral variation of the reservoir facies is well
displayed by type [, II, and III channel sandstones at
their northern margins (see upper part of interval A and
lower part of interval B, fig. 21). Here the upper chan-
nel sandstone reservoir facies grades immediately into
interfluvial mudstone, siltstone, silty sandstone, and car-
bonaceous shale. The interfluvial sequence, from its
bottora to top, consists of rippled silty sandstone grad-
ing upward into rooted mudstone overlain by carbon-
aceous shale and rooted mudstone and silty mudstone.
Overall the units may be grouped into fining- and coars-
ening-upward sequences below ang above the carbon-
aceous shale. However, successively 10 the north, the
fining-upward sequence is alternately replaced by a
coarsening-upward sequence capped by rippled-rooted
silty sandstone and a fining-upwacd sequence imsmedi-
ately below the carbonaceous shale, which is thicker
and coaly at ¢this locality. In contrast and in the same
quence above the carbonaceous shale is locally replaced
by a small type 1 channel sandstone. Type 11 and I
channe] sandstone reservoirs laterally grade into coars-
ening-upward sequences of mudstone, interbedded silt-
Stone, and mudstone capped by a rippled siity sand-
stone, which in tum is overlain by rooted mudstone
and siltstone. These sequences are continuous north-
ward except that thin, discontinuous coal and carbon-
aceous shale beds begin to occur below and above the
rippled sandstone and pinch into the sandstone reser-
voifs.
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The lower part of the study interval (see inter-
val A, fig. 21) of the Beluga Formation between the
mouth of Diamond Gulch and Point Bluff depicts a high
proportion of interfluve seal/source facies. Mudstone
is the most abundant interfluve seal facies and is as
much as 20 m thick and is commonlty interbedded with
coarsening-upward siltstone and silty sandstone and
subordinately with fining-upward silty sandstone and
siltstone. These interfluve seal facies are interbedded
with coal and carbonaceous shale (source facies) that
are as much as 0.6 m thick. Overall, the interfluve seal
and source facies complex is encased in two tlers of
tsoiated laterally equivalent type I channel sandstone
reservoirs (see upper part of interval A, fig. 21). These
reservoirs are as much as 10 m thick and >1000 m in
lateral extent. The upper tier of the type [ channel sand-
stone reservoir is internally homogeneous, comprising
mainly trough crossbeds. This reservoir is as much as
7 m thick and 300 m in lateral extent. The tower tier of
the type I sandstone reservolr is internally heteroge-
neous. The lower 3 to 6 m of this reservoir conststs of
trough crossbeds, whereas, the upper 3 10 4.5 m thick
ts ripple Jaminated. In addition, this sandstone reser-
voir is flanked on both margins by a sharp-based dppled
sandstone imparting a winged appearance; however, the
rippled sandstone at the northem margin is split by
mudstone that thickens northward (see upper part of
interval A, fig. 21),

Figures 22 and 23 are cross sections constructed
along 8 7.4-km-long, continuous outcrop north of the
mouth of Diamond Guich. The stratigraphic interval
is immediately below the interval illustrated in figure
21. This part of the Beluga Formation is an interfluve-
dominated interval in which the seal and source facies
are abundant. Mudstone, which is as much as {2 m
thick, is the seal facies. Subordinate siltstone and silty
sandstone occur either as unorganized interbeds or as
coarsening-upward sequences ip the mudstone. A tabu-
lar-shaped silty sandstone caps the coarsening-upward
sequence. The source facies consists of coaly units as
much as 1.2-m-thick single beds or 2.5-m-thick mui-
tiple beds with numerous carbonaceous mudstone and
shale, and tonstein partings. These interfluve seal/
source facies are commonly repeated in cycles verti-
cally and unintermpted by channel sandstone reservoir
facies (see uppermost part of fig. 23).

Where the reservoir facies is encountered along
the outcrop (see figs. 22 and 23), it is distributed as
isolated, discontinuous channel sandstone bodies that

arc vertically and laterally bounded by thick interfluve
seal/source facles. The reservoir facies is composed of
type I, I and Il channe] sandstones. Type I channel
sandstone (see upper part of fig. 22) ranges from 1 to
12 m thick and 6 to 950 m wide. Small sandstone res-
ervoir lateraily mecges with the tabular silty sandstone
of the interfluve coarsening-upward sequences. Alarge
type HI channel saadstone reservoir (see lower left of
fig. 23) laterally pinches out southward into rooted
mudstone and stltstone. Type I channel sandstone (see
upper center of fig. 23) is as much as 2 m thick; how-
ever, it grades laterally into type II channel sandstone
that is as much as 8 m thick. These channel sandstone
types combined are as much as 1.5 km in lateral extent.
Their margins merge with thick, rooted mudstone and
siltstone interbedded with thin coal and carbonaceous
shale (see upper center of fig. 23).

In general, the outcrop collectively represented
in figures 22 and 23 may be grouped iato jower, middle,
and upper intervals based on the grouping of the chan-
nel gsandstone reservoir facies and retationships of the
seal/source and reservoir facies, The lower interval (see
lower part of fig. 22) is dominated by seal/source fa-
cies and encased mainly type 11 and [II channei sand-
stone reservoir facies that are randomly distributed. The
middle interval (see upper part of fig. 22 and tower
part of fig. 23) is characterized by abundant seal/source
facies that surrounds mainly isolated type I channel
sandstone reservoir facies. Discontinuous sandstone
reservoir facles is commonly distributed contempora-
neous with each other, but laterally separated by the
seal/source facies. In addition, the source facles (coal
beds) are thicker in the lower interval than in the upper
interval (see lower part of fig. 22 and upper part of fig.
23). These seal/source and reservoir facies relation-
ships are similar to those described by Flores and
Stricker (1992) of the uppermost part of the Beluga
Pormation in the McNefl Canyon area along the north-
ern coast of the Kachemak Bay.

DISCUSSIONS, INTERPRETATIONS, AND
SUMMARY

Lithogenetic associations and framework ar-
chitecture of the Beluga Formation in the beach-cliff
outcrops north and south of Diamond Gulch, west of
Homer, significantly contribute to our understanding
of the reservoir, seal, and source facies relationships
and their origin. In this area, the general pattern or
alluvial architecture of these facies in the middle part
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of the Beluga Formation are illustrated in figure 24.
Vertically, the sandstone reservoir facies displays a
nested pattern in which type Il and I channel sand-
stone reservoir facies are concentrated in the lower and
upper parts of the study interval. Type 1 channel sand-
stone reservoir facies is distributed mainly in the middle
part (see fig. 24).

Variations in the thickness, width and/or lat-
eral extent, and internal homogeneity/heterogeneity of
these channel sandstone types reflect the framework
morphology of fluvial pathways that drained the allu-
vial plain during deposition of the Beluga Formation.
In addition, the relationship of these chaonel sandstooe
types to adjoining interfluve deposits indicates the ar-
eal arrangement of floodbasin/mires settings that sepa-
rate fluvial pathways in the alluvial plain.

As shown in figure 24, type I channel sand-
stone in the middle pan of the study interval represents
two morphological styles: 1) thin and narrow, and 2)
moderately thick and wide fluvial channel sandstone
bodies. Differences in the morphology of the fluvial
channel sandstone bodies reflect the size, mobility, and
behavior (Friend, 1983) of the channelized flow that
formed them. Thin and narrow sandstone (type I) rep-
resents deposits of small, straight, and fixed fluvial
channels. The moderately thick and wide sandstone
(type 1) suggests a deposit of a slightly larger, straight,
and fixed fluvial channel. Close association of these
sandstones with interfluve coarseaing-upward se-
quences suggests deposition in crevasse splays com-
mon in fluvial ficodplains or floodbasins (Ferm and
Cavaroc, 1968; Smith and Smith, 1980; Flores, 1981,
1986; Smith, 1983). Thus, type 1 channel sandstone
represents floodbasin fluvial channels that were either
ephemeral (thin and narrow) or perennial (modecately
thick and wide). The ephemeral fluvial chaanels prob-
ably formed as feeder channels of crevasse splays that
broke through ievees and spilled into the floodbasins
during floods. During progradation of a crevasse splay,
a proximal feeder channel is transformed into a deeper
and farger channel as it served as a major conduit of

3. the splay, Continued occupation of this channel cre-
¥ ated a perennial fluvial channel. Where contempora-

= neous feeder channels ace transformed into major con-

=  duits, anastomosed streams are developed as they

merged and diverged. This process of anastomosis re-
sults from crevasse-splay progradation and develop-
ment of smaller floodbasins between merged crevasse
splay channels (Flores, 1986; Flores and Stricker
(1992).

Figure 24 shows that type Il and NI channel
sandstones in the lower and upper parts of the Beluga
study interval may be grouped respectively {nto: 1)
moderately thick and wide and 2) very thick and iater-
ally extensive fluvial channel sandstone bodies. Col-
lectively, both fluvial channel sandstone bodies sug-
gest prolonged development in more mobile channels
along a sinvous fluvial beft. However, the moderately
thick and wide fluvial channel sandstone represents
deposition in 2 less stable fluvial channel as evideaced
by its scattered distribution in dominantly fine-grained
interfluve deposits. In contrast, the very thick and Iat-
erally extensive fluvial sandstone indicates prolonged
occupation of the same part of the alluvial plain, as
evidence by their multistorey characteristics. The in-
ternal multiscour nature of type Ui and [II channel sand-
stones suggests deposition in a relatively low-sinuos-
ity cut and fil channels. ‘This mode of channelized-
flow aggradation is typical of braided streams (Smith,
1970 1971, Schwartz, 1978; Blodgett and Stanley, 1980;
Friend, 1983).

Interfluve facles interbedded with the various
fluvial channe] sandstone types differs in the thickness
of associated coal and carbonaceous shale beds. Thick
(greater than 1 m) coal and carbonaceous shale beds
are commonly interbedded with type Il and I fluvial
channel sandstones (see intecval A, fig. 21). Thin (less
than 0.6 m) coal and carbonaceous shale beds are com-
monly interbedded with type I fluvial channel sand-
stones (see fig. 22). Thick coal and carbonaceous shale
beds were formed in mires on abandoned, wide fluvial
belts of the braided streams. These abandoned atluvial
ridges of braided streams permiuted prolonged accu-
mulation of peat in mires on raised platforms during
periods of fluvial avulsion (rerouting of active fluvial
channels). Moreover, accumulation of peat deposits
on abandoned, topographically-elevated fluvial belts
allowed continuous organic deposition interrupted by
detrital influxes. In contrast, the thin coal and carbon-
aceous shale beds were deposited in low-lying mires
of floodbasins drained by crevasse and anastomosed
streams. Here the rapid rate of vertical accretion of
sediments and frequent lateral aggradation by crevasse
splays into the low-lying mires, resulted in abbreviated
accumulation of peat. However, longer peat accumu-
lation may occur on mires formed ia large, stable plat-
forms formed on an abandoned crevasse splay-anasto-
mosed stream complex as typified by those in the up-
permost part of the Beluga Formation (Flores and
Stricker, 1992).
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Overprinting of local stratigraphic variations
on the interfluve-channel lithogenetic associations of
the Beluga Formation, is the regional stratigraphic dif-
ference attributed to fluvial depositional changes and
effects of local or regional subsidence. This aspect is
illustrated in figure 24, in which the Beluga Formation
may have been deposited, in large part, by braided
streams as indicated in (the lower and upper parts of the
study interval. These braided streams alternated in
draining the Beluga alluvial plain with crevasse splay-
anastomosed streams a8 indicated in the middle part of
the study interval (see fig. 24). The fact that braided
streams can change morphology, as well as in the mode
of aggradation, is indicated by variations in the thick-
pess and laterat extent/width of type II and [ channel
sandstones (see figs. 21 10 23). For example, type 1
and III channel sandstones in the tower (A) and upper
(B) pans of the interval in figure 21, represent a change
from youthfuil to mature fluvial belts, respectively. This
youthful fluvial belt gives rise to the mature belt through
time as may be controlled by subsidence either due to
tectonism (regional) or antocompaction of sediments
(local). Subsidence permits prolonged occupation of
low-sinuosity fluvial belts and vertical stacking of their

Breided stream

deposits. The type I channel sandstone (see A in fig.
21), which was deposited by crevasse splay and anas-
tomosed streams, represents transient drainages in
floodbagins. However, stream capture may transform
some of these rransient drainages into youthful braided
streams.

Coasidering the overall interfluve-chanpel fa-
cies variations of the Beluga study interval, the evolu-
tion of types of streams in the alluvial plain is shown in
figure 25. The Beluga alluvial plain was drained mainly
by low-sinuosity braided streams flanked by
floodbasins (fig. 25A-C). Floodbasins were initially
drained by crevasse splay-chanpel systems. This re-
sulted in breaching of levees of the braided stream dur-
ing floods. Crevassing may have been developed ar-
eally either as isolated or muitiple breakouts along
stream margins. Continued aggradation of the crevasse
sediments via feeder channels by repeated flooding
promoted progradation of the splays into the central
floodbasins (fig. 25A). Progradation caused merging
and diverging of feeder channels and developed an anas-
tomosed network. Some feeder channels along the
floodbasin margins decpened and widened into straight

Crevasse aplay

EXPLANATION

Figure 25. Diagrammatic depositonal models (A, B, and C) showing evolution of braided streams and inter-
fluves from the lower (o the upper study intervals in the Beluga Formation.
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to slightly sinuous streams as they became major con-
duits. As major flow and sediment input were concen-
trated along one of these channels due (0 stream cap-
ture, it was transformed into a youthful braided stream
(fig. 25B) while the other channels were gradually aban-
doned and capped by peat-forming mires. Prolonged
Jateral and vertical accretions of coarse detritus in this
stream resulted in.a mature, low-sinuosity braided
stream (fig. 25C). This was accompanied by avulsion
in which the original braided stream was abandoned
and covered by peat-forming mires. The succeeding
cycle of anastomosis followed by braiding, occurred
during the next stream avulsion via crevassing into a
new floodbasin where the fluvial process was repeated.

Reviewed by Dwight C. Bradley, James G. Clough,
Thomas E. Moore, and Allison B, Till.
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GEOCHEMICAL EVALUATION

OF COAL FROM THE TERTIARY

USIBELLI GROUP, USIBELLI COAL MINE, ALASKA - ONE
OF THE LOWEST SULFUR COALS MINED IN
THE UNITED STATES

ABSTRACT

The Nenana coal basin extends 240 km in
length and 1.5-50 km in width along the northern foot-
hills of the Alaska Range in central Alaska, Located at
the western end of the Nenana basin is the Usibeili Coal
Mine, approximately 120 km southwest of Fairbanks.
The Tertiary Usibelli Group consists of coal-bearing
fluvial and lacustrine sedimentary deposits that were
derived from the Yukon-Tanana Uplang area located
northeast of the present mine site, To evaluate changes
in major-, minog-, and trace-element distributions, we
collected 65 samples from the No. 3 bed from S differ-
ent locations and 128 samples from the No, 4 bed from
6 different locations.

When compared to other western U.S. Tertiary
coals, the No. 3 bed is higher in concentrations of Ca,
Cr, F, Mn, Ni, Sb, S¢, Sr, V, Y, and Zr and lower in total
sulfur, organic sulfur, pyritic sulfur, sulfate sulfur, ash,
and the concentrations of Si, Mg, Na, Fe, Ti, Ag, B,
Cd, Ce, Ga, Hg, La, Li, Nb, Nd, P, Th, U, and Zp. The
No. 4 bed is higher in Si, Al, Ca, K, Cr, Cu, F, Mn, Ni,
Pb, Sb, Sc, V, Yb, and Zr and lower in total sulfur, or-
ganic sulfur, pyritic sulfur, sulfate sulfur, and the con-
centrations of Mg, Na, Fe, Ag, B, Be, Cd, Ge, Hg, Li,
Nb, Nd. P, U, and Zn.

The No. 4 bed shows a higher concenteation of
¥ elements in the upper part of the bed and a lower con-
% centraifon near the bottom. Over 60% of all analyzed
elements are statistically higher in the upper part of the
" bed. The No. 3 bed shows a high concentration at the
top and boitom and lower concentration in the middle
¥ part of the bed. This elemental distribution appears to
:  be directly related to tectonic changes that occurred in
~ the Yukon-Tanana Upland area during the development

- of the mire. These tectonic changes also altered sub-
B sidence patterus increasing the influx of clastic mate-
g tial and changing the ground water pattem in the mires,

Ronald H. Affolter, Gary D. Stricker, Romeo M. Flores, and Richard G. Stanley
U. S. Geological Survey, Denver, CO

thereby enriching the elemental concentrations in the
upper or lower parts of these beds.

INTRODUCTION

More than half the total coal mined in Alaska
has been produced from the Nenana coal basin. The
rest has been mined from the presentdy inactive
Matanuska coal field (Meyer, 1990). Resource esti-
mations for the Nenana basin are: 7.2 billion metric
tons identified and 12.7 billion metric tons hypotheti-
cal (Merritt and Hawley, 1986). Resource estimates
for the two major fields in this basin are 910 million
metric tons identified and 1.8 billion hypothetical for
the Healy Creek field and 4.4 billion metric tons iden-
tified and 6.3 billion metric tons hypothetical for the
Lignite Creek field.

The Usibelli Coal Mine is located at the west-
emend of the Nenana basin and currently supplies fuel
to a 25-megawatt coal-fired power plant. This power
plant supplies over half the electrical demand for the
northern Alaskan railbett. This mine also supplies coal
to several cogeneration power plants in Alaska
(Fairbanks Municipal Utlities, University of Alaska
Fairbanks, Fort Wainwright Army base, Eielson Air
Force Base, and Clear Air Force Station) (Anonymous,
1993). It also exports coal to Korea (Bohn and
Schneider, 1992) and could become a significant ex-
porter to Pacific Rim countries. Mine production has
grown from 9,050 metric tons in 1943 to 1,36 milfjon
metric tons of coal per year in 1993,

The Usibelli Coal Mine produces a low-ash and
one of the lowest sulfur coals in the U.S. (Affolter and
Stricker, 1987) and in the world (Anonymous, 1993).
The apparent rank of these coals ranges from lignite A
to subbituminous B with a mode of subbituminous C.
Mean heat-of-<combustion (Btw/1b) is 8,030 with arange
of 6,130 to 9,210 (Affolter and others, 1981).
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This paper presents 4 preliminary evaluation
of the concentrations of major-, minor- and trace-ele-
ments of the No. 3 and No. 4 beds from the Usibelli
Coal Mine. These coals are statistically compared to
Tertiary coals of equivalent age from the western United
States to characterize the potential of these Alaskan
coats in refation to other minable U.S. coals. Elements
of environmeatal concern, according to the 1990 Clean
Air Act Amendment, are also summarized and com-
pared to relative concentrations for other U.S. coals.
Vertical changes in chemical composition and bulk min-
eralogical determinations were also evaluated on se-
lected samples.

GEOLOGICAL SETTING

The Nenana coal basia consists of ten coal
fields partially or compietely separated by erosion. This
basin extends about 200 km along the nocthern foot-
hills of the Alaska Range and include, from west to
east, the Western Nenana, Healy Creek, Lignite Creek.
Rex Creek, Taflanika Creek, Mystic Creek, Wood River,
West Delta, East Delta, and Jarvis Creek coal fields

(fig. 1). These coal fields are located north of the Alaska
Range and appear to lie in areas whefe tributaries of a
majof paleoriver system draining central Alaska flowed
across subsiding basins prior to the uplifi of the Alaska
Range (Wahchaftig and others, 1994). Coal is found in
the Usibelld Group (Wahrhafiig, 1987), a sequence of
five formations of poorly consolidated continentat sedi-
mentary rocks of late Eocene and early to late Miocene
age (fig. 2). Some of these coal-bearing formations
have been identified in all the coal fields in the Nenana
coal basin.

The oldest stratigraphic unit in the Usibelli
Group is the Healy Creek Formation (fig. 2). This for-
mation consists of a fluvial sequence of poorly-sorted
and basally-scoured lenticular sandstone, conglomer-
ate, siltstone, and claystone with coals that thicken, split,
and pinch out abruptly. These sedimentary materials
were deposited by laterally migrating braided streams
(Stanley and others, 1989), Because the Healy Creek
Formation was deposited on a surface having a few
hundred meters of relief in 2 slowly subsiding basin,

84"16

ea&s} :

Figure 1. Location of the Nenana basin and Usibelli Coal Mine in central Alaska andAthe distribution of the coal

fields within the basin.
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the thickness of the formation as well as the number of
coal beds varies markedly. The peats accumulated in
mires developed on abandoned-braidbeit sandstones.
Coals are as thick as 20 m, and have been mined exten-~
sively in underground and surface mines.

Overlying the Healy Creek Formation is the
Sanctuary Formation (fig. 2), a thinly laminated shale
(possibly varved) 40 m thick. This non-coal-bearing
unit, which is assigned to the middle Miocene (Wolfe
and Tanai, 1980), accumulated in a Jarge shallow lake
(Wahrbaftig, 1987).

The overlying Suntrana Formation, of middle
Miocene age (Wolfe and Tanai, 1980), is as thick as
400 m and consists of 6-12 fining-upward sequences.
These sequences consist of basal conglomerates and
fining-upward cross-stratified sandstones, which are
overiain by mudstones and commonly are capped by
coals as thick as 20 m. Stanley and others (1989), have
interpreted the coarse clastic materials as having been
deposited in braided to meandering fluvial channels and
the mudstones as having been deposited in flood piains,
crevasse splays, and abandooed chanpels. Coals in the
Suntrana Formation are thicker and more laterally per-
sistent than coals in the underlying Healy Creek For-
mation. Peats accumulated in mires that formed on
abandoned braid and meander belts as evidenced by
thick beds directly lying above the fluvial-channel sand-
stones,

Overlying the Suntrana Formation is the Lig-
nite Creek Formation of middle and late Miocene age
(fig. 2). This unit, 150-240 m thick, is a multi-cycled
fining-upward sequence, similar to the underlying
Suntrana Formation, The Lignite Creek Pormation dif-
fers from the Suntrana by its sandstone, which was pri-
marily deposited in 2 meandering fluvial system; mud-
stone, which was primarily deposited in a floodplain
and crevasse-gplay environment, and coal, which is
thinner (typically less than 1.5 m) and less laterally
persistent. The peats accumulated in mires that devel-
oped on the floodplains and abandoned meander belts.

The uppermost formation assigned to the
Usibelli Group is the non-coal-bearing Grubstake For-
mation. This dark-gray, laminated shale and claystone
sequence is interpreted to have accumulated in a lake
formed by the damming of south-flowing streams
caused by uplift of the Alaska Range (Wahrhaftig,
1987).

The Usibellt Coal Mine is currently mining in
the Lignite Creek coal field, Poker Flats area, which is
located 4 miles north of the town of Healy (fig. 1). Near
the mine, the coal-bearing Suntrana Formation consists
of sandstone, siltstone, claystone, shale, and several coal
beds. The coal beds, which are subbituminous C in
apparent rank, are designated (bottom to top) by num-
bers one through six (Wahrhaftig and others, 1969) (fig.
2). In the study area, the No. 3 and No. 4 coal beds are
each overlain by a poorly consolidated fluvial sand-
stone uait and underlain by a carbonaceous shale and
siltstone unit.

METHODS

Sampling was accomplished over several field
seasons and from various localities within the Usibelli
Coal Mine. In most cases, coal samples were coltected
from the active face of each bed and were selected to
be as fresh and as unweathered as possible. Individnal
bench channel sampies were collected for both the No.
3 and No. 4 coal beds. Within the mine area the No. 3
bed ranges from 4.9 to 5.5 m thick (mean=5.2 m) and
the No. 4 bed ranges from 5.8 to 6.7 m thick (mean=6.7
m). Samples were collected 1n vertical succession from
the top of the bed to its bottom Jn 30-cm increments or
less, depending on megascopic observations. The thick-
ness of each sample was recorded and all partings were
sampled and identified. Samples were also taken of
the rocks overlying and underlying the coals. There-
fore, each face channel that was sampled represents a
vertical profile (top to bottom) throtigh the individual
coal bed. Samples collected consist of 65 samples taken
from the No. 3 bed from § different locations in the
mine, and 128 samples taken from the No. 4 bed from
6 different locations in the mine, The No. 4 bed was
more easily sampled than the No. 3 bed because of
mining conditions that allowed better access to the No.
4 bed. This easier access resulted in the collection of
more detailed samples and an increased sample den-
sity for the No, 4 bed.

Forms-of-suifur determinations are reported on
the as-received-basis and were determined either by the
U.S. Bureau of Mineg, the U.S. Department of Energy.
or by Geochemical Testing, Pittsburgh, PA. Analyses
of ash content and major-, minor-, and trace-elements
were done by the U.S. Geological Survey, Deaver CO.
Descriptions of the analytical techniques and procedures
used by the U.S. Geological Survey can be found in
Swanson and Huffman (1976), Baedecker (1987), and
Golightly and Simon (1989). Only samples with less
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than 50% ash content were selected for the summary
tables and statistical comparisons. A common prob-
lem in statistical summaries of trace-element data arises
when the element content of one or more of the samples
is below the limit of analytical detection. This resulis
in a censored distribution. In order 10 compute unbi-
ased estimates of censored data, all less than values
were reduced by 50% when summary statistics were
calculated. Accuracy of analytical values is repoded
to two significant figures for clements and to two deci-
mal places for forros-of-sulfur. In order to make all of
our comparisons consistent and to refiect the true na-
ture of the chemistry of these coals, all major-,minor-,
and trace-elements are calculfated to a whole coal basis
and are presented in percent or as parts per million

(ppm).

Selected Usibelli coal samples were ground to
pass 80 mesh and were then ashed in an International
Plasma Corporation jow temperature asher for 160
hours at temperatures no greater than 150°C. This low-
temperature-asher (LTA) method oxidizes and removes
organic material without altering the inherent mineral
matter in the raw coal (for more information, see
Gluskoter, 1965; Frazer and Belcher, 1973, Rao and
Gluskoter, 1973; and, Miller and others, 1979). The
LTA coal ash was pround and loaded into cavity-mount
specimen holders and then X-rayed.

STATISTICAL COMPARISONS

Three statistical comparisons (student’s t test,
95% confidence level) were made for coal from the
Usibelll Coal Mine (No. 3 and No. 4 beds). The first
comparison was made between the No. 3 and No. 4
beds t0 show the main difference between these two

[ beds. The next two comparisons were made compas-

ing the No. 3 bed and No. 4 bed to western U.S. Ter-

%" tiary coals. The reason for this comparison s that west-

© emn U.S. Tertiary coals are represeatative of most coals

& mined in the western U.S, and give a good idea of how
g coal from the Usibelll Coal Mine would compare in

i quality to other proven areas of marketable U.S. coals.

Western U.S. coals chemical summaries used in the

Y comparisons are from Affolter and Hatch (1984, 1993).
1) Comparison between the No. 3 bed and No. 4 bed

b. A statistical comparison between the No. 3 bed (table
b: 1 and table 2) and the No. 4 bed (table 3 and table 4)
s~ shows that the No. 3 bed is significantly higher in Na,
X' Ba, Be, Cr, Ge, and St and that the No. 4 bed is signifi-

cantly higher in total suifur, pyritic sulfur, organic sul-
fur, ash, Si, Al, Mg, K, Fe, Ti, As, Cd, Ce, Cu, F, Ga,
La, Li, Mo, P, Pb, Sb, Se, Th, U, and Zn, Conatents of
sulfate sulfur, Ca, Ag, B, Co, Hg, Mn, Nb, Nd, Nj, Sc.
Sn, V, Y, Yb, and Zr are similar for both of the beds.

2) Comparison between the No. 3 bed and western
U.S. Tertiary coals '

A statistical comparison between the No. 3 bed and
western U.S. Tertiary coals shows that the No. 3 bed is
stgnificantly higher in Ca, Cr, F, Mn, Ni, Sb, Sc, Sr, V,
Y, and Zr and significantly lower in total sulfur, or-
ganic sulfur, pyritic sulfur, sulfate sulfur, ash, Si, Mg,
Na, Fe, Ti, Ag, B, Cd, Ce, Ga, Hg, La, Li, Nb, Ng, P,
Th, U, and Zn. Contents of Al, K, As, Ba, Be, Co, Cu,
Ge, Mo, Pb, Se, and YD are similar for both the No. 3
bed and western U.S. Tertiary coals,

3) Comparison between the No. 4 bed and western
U.S. Tertiary coals

A statistical comparison between the No. 4 bed and
western U.S. Tertiary coals shows that the No. 4 bed is
significantly higher in Si, Al, Ca, K, Cr, Cu, F, Mn, Ni,
Pb, Sb, Sc, V, Yb, and Zr and significantly lower in
total sulfur, organic sulfur, pyritic sulfur, suifate suifur,
Mg, Na, Fe, Ag, B, Be, Cd, Ge, Hg, Li, Nb, Nd, P, U,
and Zn. The contents of ash, Ti, As, Ba, Co, Ga, La,
Mo, Se, Sr, Th, and YD and similar for both the No. 4
bed and western U.S. Tertiary coals.

ELEMENTS OF ENVIRONMENTAL
CONCERN

As utilization of both high and low sulfur coal
increases, more research will be needed to deal with
the stricter environmental regulations and the problems
of increased coal use. Problems such as increased SO,
emissions, potential greenhouse conditions, and the
effects of acid rain will all have to be addressed with
future increases in coal utilization. Alaskan coals have
the Jowest reported sulfur contents of any coal in the
United States (Affolter and others, 1981; Affolter and
Stricker, 1984; Stricker, 1992). The sulfur content for
the No. 3 bed (table 2) ranges from 0.03% to 0.32%
with 2 mean of 0.14% and the sulfur content for the
No. 4 bed (table 4) ranges from 0.01% to 1.0% witha
mean of 0.31%. When compared to western U.S, Ter-
tiary coals the average sulfur content from the Usibelli
Coal Mine is 5.5 times lower for the No. 3 bed and 2.5
times lower for the No. 4 bed.
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Table 1. Number of samples, range, arithmetic mean, and standard deviation of ash and 41
elements in coal from the Usibelli Coal Mine, No. 3 bed. (All analyses are in percent or parts per
million angd are reported on a whole coal basis. L, Jess than value shown.)

Number ot ~ Range Anthmetic Standard
samples Mirumum Maximum mean deviation
Percent
“Ash 57 4.9 24.5 38.60 4.4
Si 57 0.12 7.1 1.20 1.5
Al 57 0.13 2.8 0.66 0.59-
Ca 57 1.3 2.0 1.60 0.17
Mg 57 0.065 0.19 0.13 0.04
Na 57 0.003 0.32 0.074 0.06
K 57 0.006 0.33 0.050 0.07
Fe 57 0.26 0.56 0.35 0.06
Ti 57 0.002 0.18 0.030 0.04
Pacts per million
~As 57 0.63 1.9 2.3 1.5
B 57 141, 51 28 7.1
Ba 57 160 960 550 180
Be 57 0.05 6.8 1.2 1.8
Cd 57 0.006 0.073 0.019 0.010
Ce 57 0.47 24 6.4 59
Co ' 57 0.58 24 35 3.6
Cr 57 0.71 570 47 120
Cu 57 0.31 39 11 10
F 57 10 500 170 140
Ga 57 0.05L 15 2.0 2.8
Ge 57 0.22L 26 1.8 4.8
Hg 57 0.002 0.13 0.020 0.04
La 57 0.31 16 3.7 3.5
Li 57 0.29 14 1.9 2.1
Mn 57 43 800 120 170
Mo 57 0.50 3.0 1.4 0.72
Nb 57 0.0SL 6.9 1.4 1.7
Nd 41 3.0L 22 6.2 4.0
Ni 57 6.2 35 10 4.9
P 57 22 92 47 25
Pb 57 0.29 13 35 3.0
Sb 57 0.04L 4.7 0.88 1.1
Sc 57 0.15 26 43 6.3
Se 57 0.10L 1.5 54 0.37
Sr 57 73 890 410 140
Th 57 0.04L 6.5 1.3 1.6
U 57 0.15L 2.3 0.60 0.55
\Y% 57 1.3 110 24 28
Y 57 0.36 37 8.3 9.8
Yb 57 0.050 3.5 0.74 0.96
Zn 57 0.48 11 3.0 1.9
Zr 57 2.5 90 26 23

Table 2. Number of samples, range, arithmetic mean, and standard deviagion of ota) sulfur, and forms-of-sulfur
from the No. 3 bed, Usibelli Coal Mine (All values are in percent, and are reported on the as-received basis. L, less

than value shown.).
Number of Ranpe Arithmetic Standard
samples Miaimum Maximum megn devialion
Total sulfar 57 0.030 0.32 0.14 0.084
Sulfate sulfur 57 0.002L 0.058 0.013 0.011
Pyritic sulfur 57 0.01L 0.050 0.013 0.008
Orpanic sulfur 57 0.01L (.29 0.013 0.079
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Table 3. Number of samples, range, arithmetic mean, and standard deviation of ash and 41 elements in coat from
the Usibelli Coal Mine. No. 4 bed. (All analyses are in percent or parts per million and are reported on 3 whole

coal basis. L, less than value shown.)

Number of Range Arithmetic Standard

samples Minimum Maximum mean deviation
Percent
Ash 116 5.0 47.0 12.1 1.5
Si 116 0.14 13 22 2.3
Al 116 0.080 6.1 1.3 1.1
Ca 116 0.23 2.7 1.6 0.29
Mg 116 0.066 0.41 0.16 0.050
Na 116 0.001L 077 015 0.020
K 116 0.008 0.98 0.12 0.16
Fe 116 0.25 0.91 0.43 0.10
Ti 116 0.002 0.28 0.055 0.050
Parts per million

As 116 0.38 16 4.7 3.8
B 116 53 63 28 11
Ra 116 240 1300 460 170
Be 113 0.050 4.2 0.69 0.79
Cd 116 0.005 047 0.051 0.06
Ce 111 0.58 50 13 12
Co 116 0.61 21 3.9 33
Cr 116 0.1L 70 15 14
Cu 116 20 05 25 22
F 116 10 1100 270 260
Ga 116 0.076L 28 36 4.3
Ge 110 0.23L 26 033 0.32
Hg 116 0.005L 0.14 0.022 0.030
La 110 0.40 30 7.3 6.7
u 116 0.27 28 39 4.5
Mo 116 42 330 100 44
Mo 116 0.39 6.5 2.1 1.4
Nb 114 0.061L 10 1.7 1.7
N 107 2,1L 55 9.1 9.2
Nl 116 4.7 49 12 7.1
P 116 21 430 71 70
Pb 116 0.30 22 6.0 4.7
Sb 116 0.035 5.6 1.5 1.4
Sc¢ 116 0.15 14 3.8 3.1
Se 116 0.1L 2.5 0.72 0.54
Sr 116 73 460 240 %0
Th 11§ 0.056 9.7 2.5 2.5
U t16 0.075 5.1 1.2 1.4
\"/ 116 1.2 140 28 27
Y 116 0.74 33 8.0 6.9
Yb 116 0.10 24 0.75 0.61
Zn 116 0.54 72 11 15
Y4 116 2.9 140 26 23

Table 4. Number of sampies, range, arithmetic mean, and standard deviation of total sulfur, and forms-of-sulfur
from the No. 4 bed, Usibelli Coal Mine (All valyes are in percent, and are reporied on the as-received basis. L, less
M. than value shown.).

Numbex of Range Arithmetic Standard
samples Minimum Maximum mean deviation
Total syifur 116 0.014 1.00 0.31 0.25
Sulfate sulfur 116 .002L 0.030 0.012 0.008
Pyritic sulfur 116 Q1L 0.36 0.054 0.091
Organic sulfur 116 OIL 0.90 0.24 0.23
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Environmental concerns over stack emissions
from the combustion of coal may also be affected by
the Clean Air Act Amendment of 1990, which has iden-
tified several potentially hazardous air poilutants
(HAP). These elements are listed in table S along with
mean values for the No. 3 bed, No. 4 bed, western U.S.
Tertiary coals and Interior Province Pennsylvanian coals
(Affolter and Hatch, 1984). When the No. 3 and No. 4
beds are compared to western U.S. Tertiary coals, the
contents of Cr, Mua, Ni, and Sb show slight increases;
bowever, when compared to Interior Province Penn-
syivanian coals, then only the Cr content from the No.
3 bed is significantly higher. The coontents of Mn, Ni
and Sb are slightly elevated in the Usibelli coals, how-
ever, no mineral forms have been Idengfied for these
three elements and at present we do not have enough
information as to why these elements are higher in
Usibelli coals. Cr content for the No. 3 bed ranges
from .7) ppm t0 570 ppm. Mean Cr content for the
No. 3 bed is 47 ppm, which s 3 times greater than the
No. 4 bed, 4.7 times greater than western U.S. Tertiary
coals, and 3 times greater than Interior Province Penn-
sylvanian coals. Most of the Cr content from the No, 3
bed js found in the uppermost meter of the coal bed
(fig. 3). Average Cr content in table 6 for selected coals
and rocks indjcate that this value js the second highest
for U.S. coals. Brownfield and others (1991) report

that high-Cr content in coals from the Glacier area,
Waghington may be the direct result of detrital chro-
mium-bearing grains incorporated into the inorganic
fraction of the coal from nearby dismembered ophiolite
bodies. A mineralogical examination of the No. 3 bed
so far has not identified any Cr-bearing minerals, At
this ime we are not able 10 identify the source of the
high Cr content.

The distribution of Cr within Alaskan coals
(fig. 4) shows that high Cr concentrations in Alaskan
coals are not unusual. Alaskan coals generally show
high values of Co, Cr, Mn, Ni, and Pb (Affolter and
Stricker, this volume). Limited work has been done on
some of these elements, but recent Studies on Alaskan
North Slope coals indicates that the high values may
be related to the source areas for the coal-bearing sedi-
mentary depasits. Provenance for some of the clastic
material in the coal bearing units of the central and east-
ern North Slope is believed to be located to the south
in the central Brooks Range plutonic belt (Bartsch-
Winkler, 1985; Bartsch-Winkler and Huffrnan, 1988;
Affolter and others, 1992), which probably served as a
possible source for the higher coatents of Co, Cr, Mn,
and Ni, and Pb in these coals. In the case of the Nenana
coals, the source area is related to the Yukon-Tanana
Upland and the Alaska Range, which may have affected

VERTICAL PROFILE NO. 3 BED

BOTTOM

1 1

S
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T i T

200 300

Cr ( PPM whole coal )

Figure 3. Vertical profile of Cr concentration from a selected bench channel of
the No. 3 bed. The Na. 3 bed is 5.2 m thick.
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Table 5. Comparision of mean element contents for elements that have been classified as
hazardous air pollutants (HAPs) by the 1990 Clean Air Act Amendment. Comparisions are
made for the No. 3 bed and No. 4 bed with Alaskan Tertiary and Western U.S. Tertiary coals.
The mean values for Interior Province Pennsylvanian age coals are included for comtparision.
(All element contents are in parts per million and are presented on the whole coal basis).

No. 3 bed, No. 4 bed, Alaskan Western U.S. Intenor Province

Usibelli Usibelli Tertiary Tertiary Pennsylvanian

Element Coal Mine!  Coal Mine! Mean? Mean? Mean*
As 2.3 4.7 4.6 7.4 12
Be 1.2 0.69 0.84 1.1 2.0
Cd 0.019 0.051 0.12 0.10 .61
Co 3.5 3.9 5.9 3.5 6.7
Cr 47 15 22 10 15 .
Hg 0.020 0.022 0.038 0.12 0.15
Mn 120 100 120 62 100

Ni 10 12 20 4.6 25

Pb 3.5 6.0 4.9 4.2 42

Se 0.54 0.72 0.99 0.72 3.4
Sb 0.88 1.5 0.97 0.63 1.3

~ I'This Report
2 Affolter and Stricker, this volume
3 Affolter and Hatch, 1993
4 Affolter and Hatch, 1984

Table 6. Comparison 6f chromium contents for Usibelli coals with other coals and mafic,
intermediate, and felsic rocks.

Chromium content

Description (ppm whole coal)
NW Washington coal! - 100
No 3 Bed Usibellt Mine 47
Svea Bed, Spitzbergen? 38
Average U.S. coal® 15
No 4 Bed Usibelli Mine 15
Western U.S. Tertiary Coal? 10
Nova Scotia coal? 5
Ultramafic rocks’ 2,000
Mafic rocks® 200
Intermediate rocks? 50
Felsic rocks> 25

1Brownfield and others, 1991
2Nicholls, 1968

3Swanson and others, 1976
4Affolter and Hatch, 1993
SKrauskopf, 1979
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Figure 4. Distributdon of mean Cr concentrations for most Alaskan coal fields
and western U.S. Cretaceous and Tertiary coals,

the amount and type of clastic material introduced into
the mire.

VERTICAL VARIATIONS

The vertical variations within the No. 3 and
No. 4 beds were studied for 41 elements, ash, and tota}
sulfur, sulfate sulfur, pyritic sulfur, and organic sulfur,
Generally, most of the high element concentrations are
concentrated at the tops or bottoms of these beds; how-
ever, these trends vary slightly for each bed, All eleven
locations (No. 3 bed, § locations and No. 4 bed, 6 loca-
tions) within the Usibelli Coal Mine were evaluated,
and the vertical profiles of elemental distributions are
generalized by dividing each bed into three equal parts
in order to show the basic trends described below.

Number 4 bed (figures 5-6)

A generalized vertical profile of this coal bed shows a
higher concentration at the top of the bed and a Iower
concentration at the bottom of the bed for most ele-
ments. Over 60% of all analyzed elements are statisti-
cally higher in the upper part (upper 2.2 m) of No. 4
bed, many are 2-6 times higher in the upper part than
in the lower part. Over 90% of the elements are statis-

tically higher in the upper 1.5 m. Sulfur content is
0.62% in the top 2.2 m and 0.14% in the bottom part
(2.2 m).

Number 3 bed (figures 7-8)

A generalized vertical profile of this coal bed shows a
higher concentration at the top (1.7 m) and bottom (1
.7 m) and lowes concentration in the middle part (1.7
m) of the bed for most elements. Over 51% of the ele-
ments are statistically higher in the upper and lower
1.7 m. Over50% of the elements ase statistically lower
in the middle part of the bed than at either the top or
bottom. Statistical comparisons of elemental concen-
trations between the top 1.7 m and bottom 1.7 m of the
bed shows no significant differences. Sulfur content i§
only .07% in the middle pant compared to .20% in the
top and .12% in the lower part. (sce fig 7)

The reasons for the differences observed in
these beds may be directly related to tectonic changes
that occurred in the Yukon-Tanana Upland and Alaska
Range during the tme of accumulation of the No. 3
and No. 4 beds. We believe that tectonic changes al-
tered erosional patterns by exposing different rocks,
which changed both stream flows and accompanying
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Figure 5. Variation between top, middle, and bottom of the No. 4 bed for selected elements.
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Figure 6. Variation between top, middle, and bottom of the No. 4 bed for selected elements.
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Fipure 7. Variation between top, middle, and bottorn of the No. 3 bed for selected elements.

11 0 <l M T

v ﬂl'-ll.lII.I‘ILI!AIIII"‘W!IIIUIHI-I"IﬁlmﬂﬂmmllﬂlllmlﬂllllII-'I-"'JUII'_
+ B - s 3 R e e

Pb ETIDINGR T [T T LRI - TR
e imgrap e e AN T S A

[
Top
(O G 1 rormmu ——— S e—— Middle

Be |

B 2751 1e. 21 et LHM )< AT L1 Y1013 1T AR 3 ST 100 S LS bt |1 it 2GR AL LT
B e T S e T L R R e e oy e e

As T

PR . el 3
T T LEN s gt e T —————t

1 10 100
PPM ( whole coal)

Figure 8. Variation between top, middle, and bottom of the No. 3 bed for selected elements.
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sediment loads to the Nenana basin. Teclonic changes
also altered subsidence pafterns increasing the influx
of clastic material and changing ground water patterns
in the mires (Stanley and others, 1992).

MINERALOGY

Bulk-mineralogy determinations indicate the
presence of quartz, kaolinite, and varying amounts of
mica-type clays and feldspars in both the No. 3 and
No. 4 beds. X-ray diffractograms of the No. 4 bed also
show indications of a possible Crandallite group min-
eral (figure 9). Even though P, Ba, and Sr element val-
ues were high, they were not as high as found in other
Alaskan coals. Based on previous studies of Alaskan
coals, the presence of high concentrations of P, Ba, and
Sr commonly indicates the presence of Crandallite
group minerals and, therefore, indicates possible vol-
canic influences (Browafield and others, 1987, Stricker
and others, 1986, and, Affolter and others, 1992). They
suggest that the enrichment of phosphate may be due
to the alteration of apatite-bearing air-fall tuffs that were
deposited into the reducing environment of a mire and
that the Crandallite group minerals formed early dur-
ing diagenesis of the peat and were localized in the
kaolinitic-altered ash partings. These Crandallite group
minerals are difficult to differentiate by X-ray diffrac-
tion alone since they are members of a solid-solution
series that includes:

No 4 Bed

50 40

30

Crandallite (Ca end-member)
(CaAl3(PO4)2(0H)s H0),

Goyazite (Sr end-member)
(StA13(P0O4)2(0H)5 H20)

Gorceixite (Ba end-member)
(BaAl3(PO4)2(0H)5H20).

Vertical plots of the ¢concentrations of P, Ba,
and Sr were made for one bench channel of the No. 4
bed (fig. 10). At several locations within the bed, high
concentrations of P, Ba, and Sr were observed. At one
location near the middle part of the bed, P content was
2.4 times greater (170 ppm), St 1.4 times greater (350
ppm), and Ba 1.4 times greater (660 ppm) than the av-
erage for this bed. These associations were later seen
inseveral other bench channels of the No. 4 bed. Semi-
quanttatdve X-ray diffraction methods, based on the
reference-intensity-ratio method of Snyder and Bish
(1989), were made on several of these samples. These
studies indicated the presence of quartz, kaolinite, feld-
spar, bassanite (an artifact of the L'TA procedure formed
by extended ashing), and an unknown Ca-phosphate
miperal (table 7). Analyses using a scanning electron
microscope (SEM) were not available, which made
miperal identification difficult. At present, we have
tentatdvely identified this mineral as an unspecified
Crandallite group mineral, based on the high values of
P, Ba, and Sr and the X-ray diffraction resuits. [f this

20

10 0

Degrees Two Theta Cu K Alpha

Fgure 9. X-ray diffractogram, which indicates the presence of an unidentified Crandallite group mineral.
(Q=quartz, K=kaolinite, F=feldspar, P=Ca Phosphate mineral, B=bassanite).
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Figure 10. Vertical profile of St, Ba, and P from a selected bench channet of the No. 4 bed show

where the high vatues coincide.

Table 7. Mineralogy of the No. 4 bed using semi-quantitative x-ray methods based on the
reference intensity ratio method of Snyder and Bish (1989). [All values are in percent]

Mineral Minimum Maximum Mean
Quartz 17 54 32
Kaolinite 19 60 38
Feldspar 9 17 12
Ca-Phosphate 12 43 19
Bassanite 9 32 20

Interpretation is verified in future studies, this would
be the first time that volcanic ash partings have been
identified in these beds.

SUMMARY

Based on the data from this study, Usibelli coal
compares favorably with other western U.S. Tertiary
coals. Greater than 65% of the analyzed elements from
Usibelli coals are lower or similar in concentration to
other western U,S. Tertiary coals. However, some ele-
ments of eavironmental concemrn, such as Cr, Mn, Ni,
and Sb, are slightty higher in concentration in Usibelli
cozl than in other U.S. coals and require further studies

to determine their modes of occurrence. The mean sul-
fur content for the No. 3 bed (mean= 0.14%) is S.5
times lower than other western U.S, Tertiary coals and
the No. 4 bed (mean= 0.31%) is 2.5 times lower, thus
making these coals some of the lowest sulfur coals
mined in the United States. Possible volcanic ash part-
ings in the No. 4 bed may add information to the depo-
sitional history of these coals and should be studied to
further our understanding of the effects of how volca-
nic activity may have affected the elemental chemistry
and distributions in the coals of the Usibeili Coal Mine.

Alaska's onshore c¢oal resources are estimated
to be 5.3 trillion short tons (Merritt and Hawley, 1986;
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Stricker, 1991). More than half the total coal mined in
Alaska has been produced from the Nenana coal basin.
Within this basin, the Usibelli Coal Mine is now the
only active mine in Alaska and supplies most of Alaska's
coal power plants. The mining and utilization of this
coal will continue 10 have a large impact on the entire
state of Alaska for many years. Soon a new 50-mega-
waltt power plant will be built adjacent (0 the present
25-megawatt power plant. When this new plant is op-
erational, it will have the potential to become one of
the cleanest coal-fired power plants in the world. With
increasing attention for clements of environmental con-
cern (Clean Air Act Amendrnent of 1990), more infor-
mation on the chemistry of Usibelli coals should be
collected and evaluated. Future studies shouid focus
on detajled mineralogical and petrological studies of
the coals, partings, overburden, and underburden and
to their relationships with respect to coal-quality issues.
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SELF-HEATING CHARACTERISTICS OF ALASKAN COALS

Olayinka I. Ogunsola, P.D. Rao, and Daniel E. Walsh
MIRL, University of Alaska Fairbanks, Fairbanks, AK

ABSTRACT

This paper presents a brief description of the
three methods (adiabatic calorimetry, oxygen sorption,
and thermogravimetry) available at the Mineral Industry
Research Laboratory (MIRL) for evaluating the seif-
heating characteristics of coal and the preliminary results
obtained from an on-going experimental study aimed at
assessing the self-heating behavior of Alaskan coal.

For the experimental study, the self-heating
characteristics of four Alaskan coals (Deadfall Syncliae,
Usibelli, Beluga, and Little Tonzona) were investigated
using the adiabatic coal oxidation calorimetry method.
A 1kg, 16 x 50 mesh, coal sample was charged into the
calorimeter, then heated and maintained at 50 °C in
nitrogen for about 16 hours. The gas was then switched
to oxygen and temperature rise in the coal, as & result of
oxidative reactions, was monitored for 30 hours to
obtain atemperature-time profile. The maximumheating
rate, a measure of self-heating, was obtained from the
characteristic temperature-time curve. [t was found
that the Deadfall Synciine coal was significantly less
susceptible to self-heating than the other three lower
rapk coals. Usibelli and Beluga coals exhibited
comparable degrees of self-heating susceptibility, and
showed more susceptibility than the Little Tonzona
coal, a coal of similar rank and comparable properties.

INTRODUCTION

Many factors, both intsinsic and extrinsic, are
responsible for the self-heating propensity of a given
- coal. Some of the intrinsic factors are oxygen and
[, moisture contents and distribution of oxygen-bearing
£ polar groups. Exposure of coal to an oxidizing
¥ atmosphere, even at ambient conditions, ¢an cause
k.. cxothermicoxidative reactions, which may release heat.
& 1" Such heat release, if not removed, can cause
" temperature rise, which eventually may lead to
& spontaneous combustion. ) Therefore, coals proge to
k< Oxidaton, such as low-rank coals, are more Hable to
¥ self heating than higher rank coals.

Most of the accessible coals in Alaska are low-
rank coals. With increasing interest in expanding
Alaskan coal markets (domestic and foreign), thermal
upgrading is imponant. Upgrading of low-rank coals
most often results into a product with reduced oxygen
and moisture contents, but with increased moisture
readsorption and self-heating propensity, Hence,
accurate assessment of the self-heating behavior of
Alaskan coals is essential.

Many methods, reviewed by others, ! have
beenutilized for assessing the self-heating characteristics
of coal. Three of these methods are currently available
at MIRL for evaluating self-heating behavior of Alaskan
coals. These methods are: (1) adiabatic calorimetric,
(2) oxygen absorption, and (3) thermopravimetric
analysis (TGA). This paper presents a brief description
of the three methods available at MIRL and preliminary
results obtained from one of these; the adiabatic
calorimetric method.

DESCRIPTION OF THE METHODS USED
AT MIRL

Adiabatic Calorimetric Method

This is the method that best simulates actual
coal stockpile conditions. The adiabatic system at
MIRL is a coal oxidation calortmeter (COC) developed
by Broken Hill Proprietary (BHP) Research in Austra-
lia. The COC is designed to determine the self-heating
characteristics of coal in a controlled, adiabatic envi-
ronmeant.

The COC system (Figure 1) consists of a fur-
nace, temperature, and gas (nitrogen and oxygen) flow
monitot and cootrol systems, water bath/humidifier,
controller and an IBM compatible personal computer,
The computer, with custom menu driven software,
controis the COC.

The furmace assembly, clearly illustrated {n
Figure 2, consists of an outer casing, insulation, outer
block, and the inner block. The inner block has 16
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sample compartments, which hold the coal sample. The
sample compartments are separated from each other to
ensure consistent heating and temperature monitoriog,
There is an air gap between the inner and outer block for
temperature isolation. A stainless steel gauze at the
bontom of the inner block allows the gas to pass upward
through the coal sample. Both the inner and outer
blocks have precision RTD thermometers to control
and monitor the block temperatures. The cylindrical
sample compartments can hold about 1 kg of sampie
altogether. The outer block is wound with a heater
element which, in conjunction with a computer propor-
tional controller, raises the temperature of the outer
shell to match the temperature rise being generated by
the oxidation of the coal sampie contained in the inner
block. This adiabatic system controls the coal environ-
mentt00.01°C. The temperature of the two calorimeter
blocks is measured by highly sensitive and accurately
calibrated thermistors. A second, larger heater, is also
coptained within the inner block to enable the sample
temperature to be raised quickly to its initlal tempera-
ture, typically S0°C.

The oxidizing pas is passed into the inner block
via a manifold, down through the coal and out an
exhaust manifold. The gas is beated to the temperature
of the coal before entering the block to eliminate cool-
ing affects. The flow rate of the oxidizing gas is
monitored continually.

Oxygen Sorption Method

This method involves the measurement of pres-
sure drop and the concentrations of oxygen, carbon
dioxide, and carbon monoxide in the head gas of a
sealed flask containing 50 g coal (initially at one atmo-
sphete of oxypen), kept at constant temperature for 7-10
days. The volume of oxygen absorbed by the ¢oal and
associated production of catbon monoxide and/or car-
bon dioxide at the end of the test are a relative measuse
of the coal's Habllity 10 spontaneous combustion. The
pressure drop is monitored daily. From oxygen pres-
sure drop measurement only, it is not possible to deter-
min¢ if the changes are due to oxidative reactions or
simply to sorption of oxygen on the coal surface.

The oxygen sorption method, which has been
used t0 evaluate spontaneous combustion characteris-
tics of some naturally occurring and upgraded coals,
Scomplements the liability index obtained from cross-

ing point and calorimetric methods. Chakravorty
Kar “reported that high rank coals absorbed little o
oxygen and that the emission of carbon monoxidec
the coals correlated with oxygen sorption.

The method now routinely used at MIRI
performed under static conditions and is similar to ¢
used by the U.S. Bureau of Mines. @ Itis a simple 3
versatile method that cag be taken to the fleld. T
pressure drop in a sealed jar containing 50g of 16 x
mesh coal is monitored daily by a pressure transduc
Six jars containing six different samples, or replica
can be connected to a single pressure readout.
oxygen, CO and CO, concentration of the gas in the j
can also be momnitored.

Thermogravimetric Analysis (TGA) Method

TGA is another method used in evaluating sell
heating characteristics of coal. TGA measures
weight change in a small amount of coal as it is heated
If the coal sample is heated in an oxidative atmosphere
one can sometimes detect a weight increase as the coa
chemisorbs oxygen, followed by a weight drop as the
coal burns. When one combines this with evolved gas
analysis (TG-EGA) one can obtain data necessary to
follow the oxidative reactions that occur in the coal. At
MIRL, Perkin-Elmer TGA Models TGS2 and TGS7 are
used. Typical TG/DTG (thermogravimetric/differental
thermogravimetric) curves are shown ia Figure 3. From
these curves, kinetic data and reactivity of the coal can
be computed. The higher the reactivity, the higher the
liability to self-heating. The difficuity with this method
ts that it involves extensive Interpretation of data, It
requires only small quantities of material and hence,
rajses question of sample heterogeneity and represen-
tation. The reactions observed (at temperatures of 300°
C and higher) may not be similar to those occurring
during spontaneous combustion under stockpile condi-
tions. It is possible, however, to do DTG and TG in an
isothermal mode at more appropriate temperatures. In
differential thermal analysis, the amount of energy
released at these lower temperatures, when held in an
oxidative atmosphere, may cofrelate with spontancous
combustion propensity. Isothermal TG-EGA provides
data similar to the oxygen sorption technique discussed
earlier. It has the advantage of directly monitoring
weight gains and weight losses of the coal as well as
simultaneously analyzing the evolved gases.
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Figure 1. Adiabatic Coal Oxtdation Calorimetes

Figure 2. Furnace Showing the Sample Compartments
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EXPERIMENTAL

Samples And Their Preparation

Preliminary expenimental work on the self-
heating characteristics of Alaskan coals was conducted
using the adiabatic calorimetric method. Four Alaskan
coals (Usibelli, Beluga, Little Tonzona, and Deadfall
Syncline) were used for this study. The bulk coal
samples collected from the various mines were takea to
MIRL. Arepresentative splitofeach sample was stage-
crushed to 16 x 50 mesh. The crushed samples were
then divided into 1 kg splits. Table 1 summarizes the
properties of the four feed coal samples.

Test Procedure

About 60 g of the 16 x SO mesh coal samples
were charged into each of the 16 sample compartments
shown In Figure 2. The sample was first heated In
nitrogen and maintained at 50°C for 16 hours. The gas
was then automatically switched to oxygen. The tem-
perature rise in the coal bed, which occurs as a result of
the oxidative reaction between the coal and oxygen,
was continuously monitored. From the ternperature-
time data obtained, the maximum heating rate was
determined. The maximum heating rate is ameasuge of

the coal’s lability to spontaneous combustion. The
higher the maximum heating rate exhibited by a coal,
the more susceptible the coal is to seif-heating,

RESULTS AND DISCUSSIONS

The temperature-time profiles for Usibelli,
Beluga, Litile Tonzona, and Deadfall Syncline coals are
shown in Figure 4. In general, a steady increase in the
coal bed temperature, as a function of time, could be
seen for all four coals. This rise in (emperature is
attributed to oxidative reactions occurring between coal
and oxygen. However, Beluga and Usibelli coals
showed similar characteristic temperature-time history
that is quite different from the other two Alaskan coals
studied While a maximum temperature of about 93°C
was reached at about 12.5 hours, followed by a plateau
for the Usibelli coal, for example (Fig. 4), no such
maximum was observed for Littte Tonzona and Dead-
fall Syncline coals.

Although Figure 4 shows a steady rise in tem-
perature with time for all four coals, the rate of tempera-
ture rise (heating rate) was found to be different for the
coals. Thisdifference is more obvious when comparing
the maximum heating rates. Table 2 shows the maxi-
mum heating rates for ali four coals. The maximum
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Figure 3. Typical Thermogravimetric and Differential Thermogravimetric Curves
of an Alaskan Coal
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Table 1. Characteristics of Four Alaskan Coals Used
in the Preliminary Spontaneous Heating Study

Beluga Ustbelti Liwle Tonzonz Deadfall
Syncline
Proximate analysis (wt%, ASTM equilibrium moisture basis)
Moisture 24.4 27.3 274 42
Ash 7.7 40 4.5 8.7
Volatile matter 33.2 35.9 38.1 33.3
Fixed carbon 34.2 32.8 29.9 53.8
Ultimate analysis (wt%, ASTM equilibrium moisture basis)
Carbon 46.7 47.2 454 72.7
Hydrogen 6.9 7.1 6.5 5.1
Nitrogen 0.7 0.5 0.5 1.1
Sulfur 0.2 0.1 0.8 0.2
Oxygen 37.8 410 42.4 12.2
Heating value (cal/g) 4500 4531 4195 7078
Vitnnite Reflectance % 0.32 0.30 0.18 0.74
Table 2. Maximum Heating Rates of Four Alaskan Coals Used
in the Preliminary Spontaneous Heating Study
COAL Maximum Heating Rate (‘C/hr
Replicate 1 Replicate 2 Average
Belupa 2.78 2.56 2.67
Usibetli 2.69 266 2.68
Little Tonzona 122 _124 123
Deadfall Syncline 023 - 0.23

heating rate (MHR) obtained from temperature-time
profiles generated by the adiabatic coal oxidation calo-
rimeter, has been reported to be a reliable measure of
coal's susceptibility to self-heating. ! The higher
the maximum heating rate, the more susceptible the
coal 1 to spontaneous combustion and self-heating.

The results of Table 2, clearly indicate that the
Deadfall Syncline coal from Northwest Alaska is sig-
nificantly less susceptible to self-heating than the other
. three Alaskan coals examined in this study. This is not
8 surprising because the Deadfall Syncline coal is of a
- higher rank (high volatile A bituminous) than the other
:.  three coals, which are subbituminous. Generally, high

- rank coals are less susceptible to self-heating and spon-

taneouys combustion than lower rank coals. This is
because of the low oxygen and moisture contents {n
high rank coals relative to coals of lower rank, ("7

: In addition to the moisture and oxygen con-
¥ tents, there are other numerous factors and coal proper-

ties that alter coal's susceptibility to self-heating and
spontaneous combustion, Some of the other intrinsic
factors include, sulfur and material content and type and
distribution of oxygen functional groups. [*-*¢ Further-
more, the effect of some of the factors/coal properties
differ in different coals. *-? For example, pyrite has
been found to increase susceptibility of some coals 10
self-heating, while some high pyrite-containing coals
have been shown to have low susceptibitity . - It has
also been found that susceptibility increases with in-
creasing moisture content, only up to a point, beyond
which the effect is reversed. % This complex depen-
dence of susceptibility to seif-heating on coal properties
may explain the difference inthe results obtained for the
Little Tonzona coal, a coal of similar rank and compa-
rable properties to the other two subbituminous coals
(Beluga and Usibelll, Tables { and 2). Beluga and
Usibelli coals exhibited comparable susceptibility to
self-heating, but a significantly higher susceptibility
than the Little Tonzona coal.
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CONCLUSIONS

Three methods (oxygen absorption,
thermogravimetric analysis, and adiabatic coal oxida-
tion catorimetry) available at MIRL for determining the
self-heating characteristics of coal have been described
briefly in this paper. The three methods not only
provide accurate delermination of the spontaneous com-
bustion characteristics of coal, but can also used to
evaluate the oxidation potential and reactivity of other
carbonpaceous materials.

From the preliminary experimental study con-
ducted in order to assess the self-heating characteristics
of Alaskan coals using the adiabatc coal oxidation
calorimetric method, the following conclusions can be
drawn:

(a) The high rank coal (Deadfall Syncline) is sig-
nificantly less susceptible to self-heating than
the lower rank coals (Usibelli, Beluga, and
Little Tonzona).

()  Belugaand Usibelli coals appear to have com-
parable susceptibility to spontaneous combus-
tion.

©) Little Tonzona coal, although of similar rank
and properties to Beluga and Usibelli coals,
showed less susceptibility to self-heating.

(d) A coal’s susceplibility to self-heating is a com-
plex function of coal rank and properties.
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QUALITY OF ALASKAN COAL— A STATEWIDE SUMMARY

Ronald H. Affolter and Gary D. Stricker
U.S. Geological Survey, Denver, CO

ABSTRACT

In 1974 the U.S. Geologicat Survey began a
limited sampling program and collected 56 outcrop
samples of Alaskan coal from the Kenai, Herendeen
Bay, and Nenana coal fields. Since then, the U.S, Geo-
logical Survey, with the help of state and federal agen-
cies, the coal mining industry and various colleges and
universities, has collected and analyzed over 670 coal
samples throughout Alaska. These samples represent
most major coal bearing areas in Alaska and consist of
stratigraphic and chemical data from dsill core, drijl
cuttings, face channel mine, and outcrops. Informa-
tion on these samples is cufrently stored in the U.S.
Geological Survey's National Coal Resources Data
Systern (NCRDS).

A statistical comparison of Alaskan coals to
western U.S. coals of similar age and raak shows that
Alaska Cretaceous and Tertiary coals collectively are
significantly lower (95% confidence Jevel) in total sul-
fur, organic sulfur, pyritic sulfur, sulfate sulfur, and
contents of B, Nb, and Nd. Cretaceous Alaskan coals
are significantly fower in Si, Ca, Cu, Pb, and Se and
Tertiary Alaskan coals are significantly lower in Mg,
Na, Be, Ge, Hg, Sr, and U. When compared (0 western
U.S. coal both Cretaceous and Tertiacy Alaskan coals
are higher in Ba, Co, Cr, Nj, P, Sc, Yb, and Zr. Creta-
ceous Alaska coals are higher in Na, K, As, Sr, and Th
and Tertiary Alaskan coals are higher in Si, Al, Ca, Cu,
Pb, and Se.

Alaskan coals have the lowest average sulfur
coment of any U.S. coal. However, there is concern
that some elements that have been classified as haz-
ardous air pollutants (HAPs) by the Clean Air Act
Angendment (1990), such as As, Be, Cd, Cr, Co, Hg,
Ni, Pb, Sb, and Se, may be higher in some coal fields
in Alaska. Because of this, mose work must be done to
adequately evaluate the quality of all Alaskan coals.

INTRODUCTION

Since 1971, the U.S. Geological Survey has
been involved in 2 comprehensive program to obtain
coal quality data from major coal basins ir the conter-
minous United States. The goals of this program are to
collect and analyze United States coals using standard-
ized methods for chemical evaluation (Swanson and
Huffman, 1976). In 1974, the U.S. Geological Survey
began a limited sampling program in Alaska and col-
lected 56 outcrop samples of Alaskan coal from the
Kenai, Herendeen Bay, and Nenana coal fields. From
1974 to 1993, with the help of state and federal agen-
cies, the coal mining industry, and various colleges and
universities, the U.S. Geological Survey has collected
and analyzed over 670 samples throughout the state of
Alaska, These samples represent most major coal-bear-
ing areas jn Alaska and consist of stratigraphic and
chemical data from drill core (65 samples), drill cut-
tings (8 samples), face channel mine (521 samples),
and outcrops (76 samples). These data are stored in
the U.S. Geological Survey’s National Coal Resources
Data System (NCRDS).

Hatch and Swanson (1977) list the following
four reasons why coal quality data are necessary for
the proper evaluation and utilization of United States
coal. These include:

(1)  Evaluation of the environmental impacts of min-
ing and combustion of coal,

Evaluation of the best and most effective tech-
nological use of coal (combustion, liquefaction,
pasification, etc.).

Deciding the economical aspects of extracting
elements such as Ge, Se, U, V, and Zn from coal.
Development of geological and geochemical
models to help interpret and predict coal quality
and also retating these factors to the stratigraphic
and sedimentological framework.
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Coal quality data are also an essential compo-
nent of the U.S. Geological Sucvey's resource classifi-
cation system (Wood and others, 1983). Any evala-
tion of coal resource potential must consider quality as
well as quantity. The chemical composition of coal
will become more of a concem in the future during the
mining, coal cleaning, and reclamation stages. Envi-
ronmental concern over stack emissions from the com-
bustion of coal may also be affecied by the Clean Alr
Act Amendment of 1990, which has idestified several
hazardous air pollutants (HAP). Problems will also
arise for the proper disposal of the bottom ash and fly
ash that will be generated by these power plants. With
this increasing emphasis on environmeatal concems,
the quality of coal (sulfur content, heat-of-combustion,
major-, minor-, and trace-element content) will become
almost as important as the resource itself.

The main purpose of this paper is 10 summa-
rize the chemical data that have been collected and to
statistically compare these data with western United
States coal of similar age and rank. This is done (o
provide a better understanding of the quality and chemi-
cal composition of Alaskan coal in relationship to other
United States coal.

METHODS
Chemical Analyses

Proximate and ultimate analyses, heat-of-com-
bustion, forms-of-suifur, and ash-fusion-temperature
determinations are reported on the as-recetved-basis and
were done either by the U.S. Bureau of Minges, the U.S.
Department of Energy, or by Geochemical Testing,
Pittsburgh, Pa. Analyses of ash content and major-,
minor-, and trace-elements were done by the U.S. Geo-
logical Survey (Denver Co). Amalytical procedures used
for chemical analyses have changed several times dut-
Ing the last 20 years, Detailed descriptions of anal yti-
cal techniques and procedures used by the U.S. Geo-
- logical Survey can be found in Swanson and Huffman
K (1976), Baedecker (1987), and Golightly and Simon

. (1989).

Only samples with less than 50% ash content
. were selected for the summary tables and statistical

. comparisons. Most of the proximate and ultimate analy-
& 8€8, heat-of-combustion, forms-of-sulfur, and ash-fu-

,_ sion-temperature determinations were made on com-
L. posite samples, whereas the ash content and major-,
. Minor-, and trace-elements were run on single sampies.

Accuracy of analytical values is reported to two sig-
nificant figures for elements and to two decimal places
for proximate and ujtimate analyses and forms-of-sul-
fur. Heat-of-combustion and ash-fusion-temperatures
are rounded to the nearest tenth. In order t0 make all
of our comparisons consistent and to reflect the true
nature of the chemistry of these coals, all elements are
calculated to a2 whole coal basis and are presented in
pereent or as parts per million (ppm).

Statistical Comparisons

In order to distinguish between Alaskan coal
and other U.S. coals, statistical comparisons were made
for Alaskan Cretaceous and Tertiary coals with simi-
lar-aged western U.S. coals of the Northern Great Plains
and Rocky Mountain Provinces (Affolter and Hatch,
1984, 1993). We choose these coals for comparison
because these groups make up the majority of western
mined coal and would aid in characterizing Alaskan
coal with other proven areas of marketable coal, Three
statistical comparisons (student’s t test, 95% confidence
level) ate made with the Alaskan coal data. The first
comparison is made between Alaskan Cretaceous and
Tertiary coals. The second comparison is made be-
tween Alaskan Tertiary coal and western Tertiary U.S.
coal. The last comparison is made between Alaskan
Cretaceous coal and western Cretaceous U.S. coal. All
proximate and ultimate analyses, forms-of-sulfur, and
heat-of-combustion were compared on an as-received-
basis. All major-, minof-, and trace-elements were com-
pared on a whole-coal basis.

RESULTS

Summary Tables

Sample distributions of Cretaceous and Tertiary
coal are divided into Regions (Table 1), coal fields and
formations (Table 2, Figure 1). Mississippian age coal
and coal from the Susitaa field were not statically evalu-
ated in this paper because of the limited amount of

Table 1--Distribution of Alaskan coal samples by region

Total

number of  Cretaceous  Tertiary

Coal Region samples samples samples
Alaska Penjosula 13 12 1
Ceairal Alaska 259 - 259
Cook Inlet Susitna 98 - 98
Northern Alacka 296 132 162
Seward Peninsula 6 — 6
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samples, however, Mississippian coals are included in
the summary tables. Summary tables (Tables 3-15) of
proximate and vultimate analyses, heat-of-combustion,
forms-of-gulfur, and ash-fusion-temperature, as well as
major-, minor- and trace-element data (Tables 16-29)
are included for each coal field. Distributions by coal
field for ash content, total sulfur, and heat-of-combus-
tion are shown in Figures 2-4. Graphic comparisons
of 32 major-, minor-, and trace-clements for Alaskan
Cretaceous and Tertiary coals to western U.S. coals are
shown in Figures 5-8 (Cretaceous) and Figures 9-12

(Tertiary).
Alaskag Cretaceous Coal Verses Alaskan Terfiary Coal

Statistical comparisons between Alaskan Cretaceous
and Terttary coals show that Cretaceous coals are higher
in fixed C, C, N, heat-of-combustion, Na, B, Ba, Ce,
Ga, Ge, Hg, La, Li, Nb, Nd, P, T, U, and Zr. Terdary
coals are higher in moisture, volatile matter, H, O, Ca,
Mg, Fe, As, Cr, Cu, F, Mn, Mo, and Sb. The contents
of total S, sulfate S, pyritic S, organic S, ash, Si, Al. K,
Ti, Be, Cd, Co, Ni, Pb, Sc, Se, 81, V, Y, Yb, and Zn are
similar for both Cretaceous and Tertiary coals.

Table 2--Distribution of Alaskan coal samples by coal field
and formation

Coal Field Formation “Cretaceous T‘eninry
samples samples
Beluga Tyonek - (9
Capps Tyopek - 15
Chigpik Chignik ? -
Chvuitna Tyonek - 16
Death Valley Unpamed -- 6
Farewell Unnamed - 18
Herendeen bay Bear Lake - 1
Chignik 5 .-
Jarvis Creek Suntrana - 2
Healy Creek ~ [
Kenai Sterling - 29
Beluga - 20
Neoana Suntrena - 217
Healy Creek - 3
Cantweil - 8
Northern AK Sagavanirkiok - 162
Prince Creek 5 -
Chandler 27 -
Corwin 100 -
Rampart Suptrana - 3
Susitna Beluga -~ )|

Alaskan Tediary Cogl Vi : US. Tent
Coal

Statistical comparisons between Alaskan Tertiary coals
and western U.S. Tertiary coals show that Alaskan coals
are higher in volatlle matter, N, Ash, Si, Al, Ca, K, Tj,
Ba, Co, Cr, Cu, F. Mn, Ni, P, Pb, Sb, Sc, Se, V., Y, Yb,
and Zr, and lower in moisture, fixed C, H, O, total S,
sulfate S, pyritic S, organic S, Mg, Na, As, B, Be, Ce,
Ge, Hg, La, Li, Nb. Nd, Sr, and U. The contents of C,
heat-of-cornbustion, Fe, Cd, Ga, Mo, Th, and Zn, are
similar for both Alaskan Tertiary and western U.S. Ter-
tiary coal.

Alaskan Cretaceous Cogl Verses Western U.S,
Cretaceous Coal

Statistical comparisons between Alaskan Cretaceous
coals and western U.S. Cretaceous coals show that Alas-
kan Cretaceous coals are higher in fixed C, O, Na, K,
As, Ba, Co, Cr, Hg, Ni, P, Sc, Sr, Th, V, Yb, and Zc and
lower in volatile matter, H, total S, sulfate S, pyritic S,
organic S, heat-of-combustion, Si, Ca, B, Cu, Nb, Nd,
Pb, and Se. The contents of moisture, C, N, ash, Al,
Mg, Fe, Tj, Be, Cd, Ce, F, Ga, Ge, La, Li, Mn, Mo, Sb,
U, Y, and Zn are similar for both Alaskan Cretaceous
and western U.S. Cretaceous coal.

DISCUSS]ION

Differences in the composition of coal ashes
and the elemental contents of ¢oal result from varia-
tions in the total and relative amounts of inorganic min-
erals, the elemental composition of these minerals, and
the total and relative amouats of any organically bound
elements. The chemical form and distribution of a given
element are dependent on the geological history of the
coal bed. A partial listing of the geologic factors that
influence element distributions would include chemi-
cal composition of original plants; amounts and com-
positions of the various detrital, diagenetic, and epige-
netic minerals; chemical characteristics of the ground
waters that come in contact with the bed; temperature
and pressures during burial; and extent of weathering.
Few evaluations of all of these factors have been made
for most Alaskan coal deposits. However, the follow-
ing generalizations about Alaskan Cretaceous and Ter-
tiary coals can be made:

1) Alaskan coals have the lowest reported mean total
sulfur, sulfate sulfur, organic sulfur, and pyritic
sulfur content of any known U.S. coal (Affolter and
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2)

3)

others, 1981; Affolter and Stricker, 1984; and
Stricker, 1992). Mean total sulfur content for Ter-
tiary Alaskan coal is .30% verses .79% for western
U.S. Tertiary coal. Mean total sulfur content for
Cretaceous Alaskan coal is .34% verses .77% for
western U.S. Cretaceous coal. Affolter and Stricker
(1989) suggest that one of the reasons for low sul-
fur coutent in Alaskan coals may be related to the
the latitude at which the odginal swamp developed.
They suggest that lower temperatures at higher lati-
tudes (Alaskan coals formed at latitudes greater
than 60 degrees) affected the rate of microbiologi-
cal activity therefore inhibiting suifate reduction.
This would then supress the amount of reduced
sulfur available for incorporation in the peal a$ or-
ganic sulfur, which would also limit pyrite and other
sulfur minerals,

Over 50% of all the elements analyzed for Creta-
ceous and Tertiary Alaskan coals are lower or simi-
lar in content when compared to western U.S. coals.
Alaskan coal is generally lower than other western
U.S. coals in B, Nb, and Nd content and higher in
Ba, Co, Cr, Ni, P, Pb, S¢, V, Yb, and Zr content.
The contents of ash, Fe, Ti, Ga, Mo, and Zn are not
significantty different.

Over 70% of the highest mean-element contents
are from the following four Alaskan coal fields
(Table 30):

a) Rampar - Si, Al, Mg, Fe, Tj, Cy, La, Nb, Y,
and YD, and Zr;

b) Chignik - B, Li, Pb, Th, and Zn;

¢) Farewell - K, Ba, Cd, Cr, Ga, Ge, Ni, Sb, Sc,
Se, V: and

d) Death Valley- As, Be, Hg, Mo, Nd, and U.

Over 60% of the lowest mean-element contents are
from the following three Alaskan coal fields (Table
31):

a) Death Valley -Ash, Si, Al, Ca, Ti, Cd, Ce, Co,
Cr, Cu, Ga, La, Ni, Pb, Sc, Sr,andV;

b) Chuitaa -Mo, Nd, and Y; and

¢) latvis Creek -Mg, Na, B, U.

X-ray diffraction analysis of low temperature ash
(LTA) from selected coal fields demonstrate that
the average bulk mineralogy of these coals 1§ basi-
cally quarte, kaolinite, with traces of mica-type
clays, which is similar to other western U.S. coals.

6) Some of the highest reporied values of Ba, P, and

7
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St for any U.S. coal (Figures 13-15) are found in
Cretaceous and Tertiary Alaskan coals. For ex-
ample, ten out of the thirteen coal fields summa-
rized in this report have higher P content than Cre-
taceous and Tertiary western U.S. coals. High val-
ues of phosphorus (9,000 ppm, whole coal) are 127
times higher, bardium values (24,000 ppm whole
coat) are 48 times higher, and strontium values
(4,400 ppm, whole coal) are 18 times higher in
North Slope coals than conterminous U.S. coals
(Affolter and Others, 1992). High values for Ca
range from 2.7% to 3.1% for Alaskan coals. X-ray
diffraction of the low temperature ash of coals with
high Ba, Ca, Sr and P has confirmed the presence
of authigenic phosphate minerals of the crandallite
group. The crandallite minerals are difficult to dif-
ferentiate by X-ray diffraction since they are mem-
bers of a solid solution series that includes:

crandallite (CaAL(PO,),(OH), _H,0)
goyazite (SrAl,(PO,),(OH), H.0)
gorceixite (BaAl,(PO,),(OH),_H,0)

Many Alaskan coals with high P content display
variable Ba and Sr contents. This relationship can
be further demonstrated by the plot of Ba+Sr ver-
sus P for most North Slope Cretaceous and Ter-
tiary Alaskan coals (Figure 16). The enrichment
of phosphate is believed to be the result of the al-
teration of apatite-bearing alr-fall tuffs that were
deposited into the reducing environment of the coat
mire (Brownfield and others, 1987). The crandallite
group minerals that formed early during diagen-
¢£8is of the peat mires help document that volcanic
activity during the development of these coals was
instrumental in affecting their final chemical com-
position.

Some elements that have been classified as haz-
ardous air pollutants (HAPs) by the Clean Air Act
Amendmem (1990), which includes As. Be, Cr,
Co, Hg. Ni, Pb, and Sb, Se, are higher in some
Alaskan coals. Table 32 shows mean contents of
elements of environmental concern for Cretaceous
and Tertiary Alaskan coal compared to western U.S.
coal and Pennsylvanian coal. Statistically, when
compared to western U.S. coals, Tertiary Alaskan
coals are higher in Co, Cr, Mn, Ni, Pb, Se, and Sb.
Cretaceous Alaskan coals are higher in As, Co, Cr,



Hg, and Ni. However, most of the higher values
are actually from Alaskan coal fields that are not
currently being mined or that will probably not be
mined in the future. When compared to Penngyl-
vanian Interior Province coals, only Cr and Mn are
higher in Alaskan Tertiary coals. Recent studies
on North Slope Tertiary coals have Indicated that
high values for these elements can be related to
source areas for some of the coal-bearing sediments.
Provenance for some of the clastic material in the
coal-bearing units of the central and eastern North
slope coals is believed to be located to the south in
the central Brooks Range plutonic belt (Bartsch-
Winkler, 1985; Bartsch-Winkler and Huffman,
1988; Affolter and others, 1992), Major chemical
differences between Cretaceous and Tertiary North
Siope coals are the result of changes in the source
areas for the coal bearing sediments. During Cre-
taceous time, the source area consisted of pre-Ju-
rassic clastic rocks to the west, whereas during the
Tertiary, the source area was to the south in the
central Brooks Range plutonic belt, which prob-
ably served as a possible source for the higher con-
tents of Co, Cr, Mn, and Ni, and Pb in these coals
(Affolter and others, 1993).

SUMMARY

Alaska's onshore coal resources are estimated
to be 5.3 trillion short tons (Merritt and Hawley, 1986;
Stricker, 1991). This estimate includes coals which
range in age from Mississippian to Tertiary and in rank
from lignite to anthracite (Barnes, 1961). The major-
ity of Alaskan coal resources are Cretaceous (3.2 tril-
lion short tons) and Tertiary (2.1 trillion short tons) in
age. If offshore coal is also considered, there would be
an additional 6 trillion metric tons of undiscovered coal
resources from the continental shelf of Alaska (Affolter
and Stricker, 1987).

Presently, the only actve coal mipe is the
Usibelli Coal Mine, Inc, in Healy, Alaska. This mine
produces 1.5 million short tons per year, half of which
is exported to Korea (Bohn and Schneider, 1992, p.
32-35). Even though Alaska Is endowed with large re-
sources of low-sulfur coal, marny of these coals may be
difficult to develop because of 1) remote locations and
lack of infrastructure, 2) inhospitable climate, and 3)
long overland and overseas distances to potential mar-
kets. The major constraint on the utilization of Alas-

kan coal deposits is economic. The conterminous
United States has vast developed and known but unde-
veloped coal deposits that are currently minable by
today’s technology. And because of the easy access to
western U.S. coal deposits, it is not as economical (o
explore or utilize the majority of Alaskan coal. Present
coal production in Alaska likely will not change in the
near future and the large resources of low-suifur coal
will not be utilized, unless some major changes take
place in the world energy picture or in global environ-
mental concems.

REFERENCES CITED

Affolter, R.H., and Hatch, J.R., 1984, Geochemical
characterization of Rocky Mountain, Northern
Great Plains, and Interior Province coals:
American Association of Petroleun Geologists
Bulletin, v. 68, no. 4, p. 447. '

Affolter, R.H., and Hatch, I.R., 1993, Element compo-
sitton of Rocky Mountain Province Cretaceous
coals: jn Chiang, Shiao-Hung ed., Coal-En-
ergy and the Environment, Proceedings of
Tenth Annual International Pittsburgh Coal
Conference, v. 10, p. 1038.

Affolter, R.H., Simon, FO., and Stricker, G.D., 1981,
Chemical analyses of coal from the Healy,
Kenai, Seldovia, and Utukok River 1:250,000
quadrangles, Alaska: United States Geological
Survey Open-File Report 81-654, 88p.

Affolter, R.H. and Stricker, G.D., 1989, Effects of
paleolatitude on coal quality— a model for
organic sulfur distribution in United States coal:
American Association of Petroleumn Geologists
Bulletin, v. 73, no. 3, p. 326.

Affolter, R.H. and Stricket, G.D., 1984, Geochemistry
of selected coal beds from the Beluga coal field,
Cook Inlet Region, Alaska: Geological Soci-
ety of America, Cordilleran Section, 1984 An-
nual Meeting, Anchorage, Abstracts with Pro-
gram, p. 310, '

Affolter, R.H. and Stricker, G.D., 1987, Offshore Alaska
coal, in Scholl, D.W,, Grantz, A., and Vedder,
J.G., ed., Geology and resource potential of the
contigental margin of western North America
anxl adjacent ocean basins: Circum-Pacific
Council for Energy and Mineral Resources,
Earth Science Series, v. 6, Circum-Pacific
Council for Energy and Mineral Resources,
Houston, Texas, p. 639-647.

154



Affolter, R.H.; Stricker, G.D., Roberts, S.B., and
Brownfield, M.E., 1992, Geochemical varia-
tion of Arctic margin low-sulfur Cretaceous
and Tertiary coals, North Slope, Alaska; U.S.
Geological Survey Open-File Report 92-391,
p. 8.

Baedecker, P.A., 1987, Methods for geochemical analy-
sis: U.S. Geological Survey Bulletin 1770, p.
{n1-1n3.

Bames, FF, 1961, Coal fields of the United States,
sheet 2, Alaska: United States Geological Sur-
vey Scale 1:5,000,000, 1 Sheet

Bartsch-Winkler, S., 1985, Petrography of sandstones
of the Nanushuk Group from four measured
sections, central North Slope, Alaska, in
Huffman, A.C., Jr., ed., Geology of the
Nanushuk Group and related rocks, North
Slope, Alaska: United States Geological Sur-
vey Butletin 1614, p. 75-95.

Bartsch-Winkler, S. and Huffman, A.C., Jr., 1988, Sand-
stone petrography of the Nanushuk Group and
Torok Formation, in Gyrc, G., ed., Geology
and exploration of the National Petroleum Re-
serve in Alaska, 1974-1982: United States Geo-
logical Survey Professional Paper 1399, p.
801-832.

Bohn, D, and Schneider, J.L., 1992, 1992 Angual re-
port on Alaska’s mineral resources: United
States Geotogical Survey Circular 1091, p. 65.

Brownfield, M.E., Affolter, R.H., and Stricker, G.D.,
1987, Crandallite group Minerals in the Capps
and Q coal beds, Tyonek Formation, Beluga
Energy Resource Area, South-Ceatral Alaska:

in Rao, P.D., ed., Proceedings of the Confer-
ence from Focus on Alaska’s Coal 1986, Min-
eral Industry Research Laboratory Report 72,
p. 142-149.

Golightly, D.W. and Simon, F.O., 1989, Methods for
sampling and inorganic analysis of coal: United
States Geological Survey Bulletin 1823, 72p.

Hatch, J.R., and Swanson, VE., 1977, Trace elements
in Rocky Mountain coals, in Murray, D.K., ed,,
Geology of Rocky Mountain coal—A sympo-
sium: Colorado Geological Survey Resource
Series 1, p. 143-164.

Merritt, R.D. and Hawley, C.C., 1986, Map of Alaska’s
coal resources: Alaska Division of Geological
and Geophysical Surveys Special Report, v. 37,
scale 1:2,500,000, 1 sheet.

Stricker, G.D., 1991, Economic Alaskan coal deposits,
in Gluskoter, H.J., Rice, D.D., and Taylor, R.B.,
ed., Economic Geology: The Geology of North
America (DNAGQG), v. P-2, p. 591-602.

Stricker, G.D., 1992, Low-rank, low-sulfur coals of
Alaska: Low-Rank Coal Newsletter, v. 2, no.
1, June 1992, p. 1.

Swanson, V.E., and Huffman, Claude, Jr., 1976, Guide-
line for sample collecting and analytical meth-
ods used in the U.S. Geological Survey for
determining chemical composition of coal;
U.S. Geological Survey Circular 735, 11 p.

Wood, G.H,, Jr., Kehn, T.M., Carter, M.D., and
Culbertson, W.C., 1983, Coal resource classi-
fication system of the U.S. Geological Survey:
U.S. Geological Survey Circular 891, 63 p.

195



Table 3. Number of samples, range, anthmetic mean, and standard deviation of proximate and vitimate analyses,
heat-of-combustion, forms-of-sulfur, and ash-fusion-temperatures of coal from the Beluga field (All values are in
percent except Btu/lb and ash-fusion-temperatures, and are reported on the as-received basis. L, less than value
shown.).

Nurnber of Range Arithmetic Standard
samples Minimum Maximum mean deviation
Proximate and ultimate analyses
Moisture 19 16.78 27.49 22.42 2.93
Volatile matter 19 2127 41.17 3591 3.48
Fixed carbon 19 22.12 35.20 2991 3.55
Ash 19 3.59 2987 11.76 7.57
Hydrogen 19 5.08 6.74 6.14 0.50
Carbon 19 33.99 52.39 46.15 4.80
Nitrogen 19 0.60 0.95 0.74 0.13
Oxygen 19 29.54 39.09 3506 2.8}
Sulfur 19 0.08 0.32 0.15 0.07
Heat-of combustion
Bulb 19 5,750 8,980 7,920 850
Forms-of-sulfur
Sulfate 19 0.01 0.03 0.02 0.01
Pyritic 19 0.01L 0.02 0.01 0.0l
Orpanic 19 . 0.06 0.30 0.14 0.07
Ashy-fusion-temperamres ‘F
[nitial deformation 19 2,140 2,490 2,310 100
Softening temperatyre 19 2,180 2,600 2,370 110
Fluid temperature 19 2,260 2,730 2,450 120

Table 4. Number of samples, range, aritbmetic mean, and standard deviation of proximate and ultimate analyses,
heat-of-combustion, forms-of-sulfur, and ash-fusion-temperatres of coal from the Capps field (All values are in
percent except Btw/lb and ash-fusion-temperatures, and are reported on the as-received basis. L, less than value
gshown.),

Number of Range Arithmetic Standard
samples Minimnum Maximum mean deviation
Proximate and ultimate analyses
Moisture 15 4.80 26.05 17.93 7.19
Volatdle maiter 15 9.05 41,20 31.03 7.28
Fixed carbon 15 16.65 59.95 29.01 9.57
Ash 15 9.31 40.30 22.03 974
Hydrogen 15 1.89 643 5.18 1.21
Carbon 15 2747 64.67 43.03 8.53
Nitrogen 15 0.40 0.66 0.56 0.08
Oxygen 15 6.58 36.82 2898 794
Sulfur 15 0.12 0.33 0.22 0.07
Heat-of -combustion
Btw/lb 15 4,640 9,850 7,310 1,300
: Forms-of-suifur
Sulfate 15 0.01L 0.05 0.02 0.02
Pyritic 15 0.01 0.09 0.02 0.02
Organic 15 0.07 0.32 0.18 0.07
Ash-fusion-temperatures “F

Inital deformation 15 2330 2,600 2,460 90
Softening temperature 15 2,420 2,700 2,560 100
Fluid temperature 15 2.450 2,770 2,610 110
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Table S. Number of samples. range, arithmetic mean, and standard deviation of proximaté and ullimate analyses,
heat-of-combustion, forms-of-sulfur, and ash-fusion-temperatures of coal from the Chigrik field (All values are
in percent except Btulb and ash-fusion-temperatures, and are reported oo the as-received basis. G, greater than
than value shown.).
Number of Range Arithmetic Standard
samples Minimum Maximum mean deviation
Proximate and ultimate analyses
Moisture 3 2.20 2.30 223 0.06
Volatile matter 3 32.10 33.70 33.17 0.92
Fixed carbon 3 36.80 41.10 39.67 2.48
Ash 3 23.00 28.80 24.93 3.35
Hydrogen 3 4.30 4.80 4.63 0.29
Carbon 3 52.30 56.90 55.37 2.66
Nitrogen 3 0.50 0.50 0.50 0.00
Oxygen 3 13.00 13.50 13.33 0.29
Sulfur 3 1.10 1.30 1.23 0.12
Heat-of-combustion
Buvib 3 9,130 10,090 9,770 550
Forms-of-sulfur
Sulfate 3 0.02 0.02 0.02 0.00
Pyritic 3 0.57 0.57 0.57 0.00
Orpanic : 3 0.49 0.76 0.67 0.16
Ash-fusion-temperanures ‘F
Initial deformation 3 2,580 2,800G 2,730 130
Softening temperature 3 2,690 2,800G 2,760 70
Puid temperature 3 2,770 2,800G 2,790 20

Tabie 6. Number of samples, range, arithmetic mean, and standard deviation of proximale and vltimate analyses,
heat-of-combustion, forms-of-sulfur, and ash-fusion-temperatures of coal from the Chwitna field (All values are in
percent except Btu/lb and ash-fusion-temperatures, and are reported on the as-received basis. L, less than value

shown.).
Number of Range Arithmetic Standard
samples Minimum Maximum mean deviation

Proximate and ultimate analyses
Moisture 16 19.19 26.15 23.83 1.69
Volatile matter 16 24.91 38.55 31344 3.76
Fixed carbon 16 17.23 34.40 30.11 4.39
Ash 16 4.83 38.67 12.62 9.08
Hydrogen 16 4.70 6.83 6.24 0.56
Carbon 16 28.91 50.37 4521 6.00
Nitrogen 16 0.57 0.88 0.73 0.08
Oxygen ' 16 26.98 3738 35.08 2.64
Sutfur 16 0.08 0.18 0.13 0.03
Heat-of-combustion
Bu/ib 16 4,960 8,750 7,840 1,070
Forms-of-sulfur
Sulfate 16 0.01L 0.03 0.01 0.0t
Pyritic 16 0.01 0.01 0.0t 0.00
Oxganic 16 0.06 0.17 0.11 0.04
Ash-fusion-temperatures ‘F

Initial deformation 16 2,070 2,620 2,350 160
Softening temperature 16 2,200 2,750 2,470 150
Fluid temperature 16 2,290 2,790 2,530 150
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Table 7. Nomber of samples, range, arithmetic mean, and standard deviation of proximate and vitimate analyses,
heat-of-combustion, forms-of-sulfur, and ash-{usion-temperatures of coal from the Death Valley field (All values
are in percent except Bu/lb and ash-fusjon-temperatures, and are reported on the as-received basis. L, less than

value shown,).
Number of ' Range Arithmetic Standard
samples Minimum Maximum mean deviation

Proximate and ultimate analyses
Moisture 6 23.86 44.63 35.31 7.50
Volatile matter 6 14.39 24.51 ' 21.24 3.74
Fixed carbon 6 31.34 4548 39.59 5.63
Ash 6 1.75 6.15 3.87 1.62
Hydrogen 6 6.18 7.52 6.82 0.46
Carbon 6 38.99 54.66 47.03 6.18
Nitrogen 6 0.53 0.77 0.67 0.10
Oxygen 6 31.75 49.24 41.11 6.53
Sulfur 6 0.30 1.16 0.51 0.33
Heat-of-combustion
Buvib 6 6,520 9,420 7,970 1,120
Forms-of-sulfur
Sutfate 6 0.01L 0.09 0.03 0.03
Pyritic 6 0.04 041 0.11 0.15
Organic 6 0.25 0.66 0.37 0.15
Ash-fusion-temperatures “F

Imitial deformation 6 2,230 2,390 2,330 60
Softening temperature 6 2,330 2,460 2410 40
Fluid temperature 6 2,500 2,770 2,640 100

Table 8. Number of samples, range, arithmetic mean, and standard deviation of proximate and ultimate apalyses,

heat-of-combustion, forms-of-sulfur, and ash-fusion-temperatures of coal from the Herendeen Bay field (All
values are in percent except Btuw/lb and ash-fusion-temperatures, and are reported on the as-received basis. G,
greater than vaive shown.).
Number of Range Arithmetic Standard
samples Minimum Maximum mean deviation
Proximate and ultimate analyses
Moisture 3 2.50 4.10 3.57 92
Volatile matter 3 23.50 3340 30.10 572
Fixed carbon 3 25.20 45.20 38.53 11.54
Asb 3 17.30 48.80 27.80 18.19
Hydrogen 3 340 490 4.40 .87
Carbon 3 36.80 60.20 52.40 13.51
Nitrogea 3 0.20 0.70 53 .29
Oxygen 3 10.20 16.60 14.47 3.70
Sulfur 3 0.30 0.60 40 17
Heat-of -combustion
Buu/lb 3 6.360 10,370 9,030 2.320
Forms-of-sulfur
Sulfate 3 0.02 0.02 0.02 0.00
Pyritic 3 0.05 042 0.17 0.2
Oxganic 3 0.16 0.23 0.21 0.04
Agh-fusion-temperatures “F
Initial deformation 3 2,170 2.800G 2,590 370
Softening temperature 3 2,250 2.800G 2,620 320
Fluid temperature 3 2.330 2,800G 2,640 270
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Table 9. Number of samples, range, arithmetic mean, and standard deviation of proxiumate and ultimate apalyses,
bheat-of-combustion, forms-~of-sulfur, and ash-fusion-temperatures of coal from the Jarvis Creek field (All values
are in percent except Btw/1b and ash-fusion-temperatuses, and are reported og the as-recetved basis).

Number of Range Arithmetic Standard
samples Mipimupm _ Maximum mean deviation
Proximate and ultimate analyses
Moisture 8 18.00 26.17 22.4% 3.29
Volatile matter 8 3297 36.20 34.54 1.24
Fixed carbon 8 2541 35.68 33.15 3.30
Ash 8 5.81 19.30 9.83 4.42
Hydrogen 8 5.80 6.54 6.20 0.31
Carbon 8 4372 51.17 48.84 233
Nitrogen 8 0.70 0.84 0.76 0.07
Oxygen 8 29.90 36.35 33.50 2.48
Sulfur 8 0.42 1.47 (.88 0.30
Heat-of combustion
Bu/ib 8 7,720 8,660 8,350 320
Forms-of-sulfur
Sulfate 8 0.01 0.03 0.02 0.01
Pyritic 8 0.02 0.54 0.17 0.19
Organic 8 0.39 0.90 0.70 0.17
Ash-fusion+temperatures “F

Initial deformation 8 2.100 2.480 2,300 120
Softening temperature 8 2.300 2,610 2,450 140
Fluki temperature 8 2,360 2,670 2,520 140

Table 10, Number of samples, range, arithmetic mean, and standard deviation of proximate and ultimate analyses,
beat-of combustion, forms-of-suifur, and ash-fusion-temperatures of coal from the Kenai field (All values are in
percent except Btu/lb and ash-fusion-temperatures, and are reported on the as-received basis. L, less than value
shown.).

Number of Range Arithmetic Standard
samples Minimum Maximum mean deviation
Proximate and uitimate analyses
Moitstore 16 11.00 26.50 19.66 4.10
Volatile matter 16 30.00 43.20 37.85 4.16
Fixed carbon 16 20.50 33.10 28.18 408
Ash 16 4.80 26.90 14.31 7.16
Hydrogen 16 5.20 6.60 594 0.40
Carbon 16 3540 50.40 44.34 5.24
Nitrogen 16 0.60 1.10 0.88 0.17
Oxygen 16 24.60 40.20 4.16 3.90
Suifur 16 0.20 1.30 0.38 0.25
Heat-of combustion
Ba/1b 16 6,170 8,610 7,620 870
Forms-of-gnifur
Sulfate 16 . 0.01L 0.03 0.02 0.01
Pyritic 16 0.01 0.12 0.04 0.04
Organic 16 0.16 .29 0.32 0.27
' Ash-fusion-temperatures ‘F
Indtial deformation 10 1.870 2,270 2,050 120
Softening temperature 10 1.910 2,350 2,160 120
Fluid temperature 10 1,950 2,450 2,260 130
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Table 11. Number of samples, range, arithmetic mean, and standard deviation of proximate and ultimate analyses,
heat-of-combustion, forms-of-sulfur, and ash-fusion-temperatusres of coal from the Lisbome field (Al vatues are
in percent except Bu/lb and ash-fusion-terperatures, and are reported on the as-received basis. G, greater than

valye shown.).
Number of Range Aritbmetic Standard
samples Minimum Maximum mean deviation
Proximate and ultimate analyses
Moisture 2 12.80 16.10 14.45 233
Volatile maner 2 9.40 12.80 11.10 2.40
Fixed carbon 2 48 40 68.90 58.65 14.50
Ash 2 5.60 26.00 15.80 14.43
Hydrogen 2 3.80 4.60 4.20 0.57
Carbon 2 49.70 70.60 60.15 14,78
Nitrogen 2 0.80 1.00 0.90 0.14
Oxygen 2 17.70 18.40 18.05 0.50
Sulfur 2 0.50 1.30 0.90 0.57
Heat-of-combustion
Bu/1b 2 8,330 11,640 9,990 2.340
Forms-of-sulfur
Sulfate 2 0.02 0.02 0.02 0.00
Pyritic 2 0.05 0.23 0.14 0.13
Organic 2 047 .07 0.77 0.42
Ash-fusion-temperatures ‘F

Initial deformation 2 2,500 2,630 2,560 90
Softening temperature 2 2,600 2,740 2,670 100
Fluid temperature 2 2,710 2,800G 2,750 70

Table 12. Number of samples, range, arithmetic mean, and standard deviation of proximate and ultimate analyses,
heat-of-combustion, forms-of-sulfur, and ash-fusion-temperatures of coal from the Nenana field (All values are in
percent except Btu/lb and ash-fusion-temperatuses, and are reported on the as-received basis. L., less than value

shown.).
Number of Range Arithmetic Standard
samples Minimum Maximum mean deviation
Proximate and ultimate analyses
Moistuore 30 14.80 32.70 24.70 4.97
Volatile matter 30 27.30 40.10 35.89 2.82
Fixed carbon 30 23.10 34.10 29.52 3.23
Ash 30 5.20 34.50 9.89 5.49
Hydrogen 30 4,60 6.90 6.11 0.58
Carbon 30 35.60 52.40 45.58 4.63
Nitrogen 30 0.50 1.00 0.67 0.12
Oxygen 30 24.50 44,60 37.48 473
Sulfur 206 0.01 1.49 0.27 0.24
Heat-of-combustion
Bulb 30 6,130 9.210 7,780 910
Forms-of-sulfur
Suifate 206 0.01L 0.14 0.01 0.01
Pyritic 206 0.01L 0.55 0.05 0.08
Orpanic 206 0.01L 0.90 0.21 0.21
Ash-fusion-temperatures ‘F

Initial deformation 22 1,970 2,320 2170 100
Softening temperature 22 2,050 2420 2,250 120
Fluid temperature 22 2,150 2,530 2.330 130
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Table 13, Number of samples, range, arithmetic mean, and standard deviation of proximate and ultimate analyses,
heat-of-combustion, forms-of-suMur, and ash-fusion-lemperatures of coal from the Northem Cretaceous field (All
values are in percent excepl Biw/lb and ash-fusion-temperatures, and are reported on the as-received basis. L, less
than value shown. G, greater than value shown.).

Number of Range Arithmetic Standard
samples Minimum Maximum mean deviation
Proximate and ultimate analyses
Moisture 68 1.80 310 12.52 7.12
Vaolatile matier 68 22.10 40.00 30.07 3.72
Fixed carbon 68 24.50 60.20 47.13 7.87
Ash 68 230 37.20 10.28 7.82
Hydrogen 52 3.82 6.25 5.24 048
Carbon 52 4392 72.50 60.96 8.54
Nitrogen 52 072 1.80 1.29 0.30
Oxygen 52 1130 39.33 23.73 6.58
Sulfur 73 0.10 2.00 0.31 0.23
Heat-of-combustion
Btu/th 68 5,610 13,820 10,140 1,810
Forms-of-sulfur
Sulfate 37 0.01L 0.04 0.01 0.01
Pyritic 37 0.01L 0.06 0.0? 0.01
Organic 37 0.05 0.55 0.28 0.12
Ash-fusion-temperatures ‘F
Initial deformation 51 2,180 2910G 2,540 200
Softening temperature 51 2,130 2,910G 2,410 200
Fluid temperature 51 2,030 2.910G 2,300 200

Table 14. Number of sampies, range, arithmetic mean, and standard deviation of proximate and ultimate analyses,
heat-of-combustion, forms-of-sulfur, and ash-fusion-temperatures of coal from the Northern Tertiary field (All
values are in percent except Btu/lb and ash-fusion-temperatures, and are reporied on the as-received basis).

Number of Range Arithmetic Standard
samples Minimum Maximum mean deviation
Proximate and ultimate analyses
Moisture 68 18.44 35.97 27.04 3.85
Volatile matter 68 23.78 36.00 30.16 2.73
Fixed carbon 68 25.05 42.35 34.65 435
: Ash 68 1.16 25.46 8.15 6.24
Hydrogen 68 5.11 7.12 6.19 0.42
Carbon 68 35.07 55.11 46.22 4.94
Nitrogen 62 0.59 1.70 1.04 0.22
Oxygen 68 30.09 49.21 38.16 3.86
Sulfur 160 0.06 1.65 0.31 0.33
Heat-of combustion
Baylb 68 5,930 9,330 7,770 860
Forms-of-sulfur
Sulfate 160 0.01L 0.23 0.03 0.03
Pyritic 160 0.01L 0.24 0.03 0.03
Organic 160 0.01L 1.54 0.26 0.31
Agh-fusion-temperamres *F

Initial deformation 69 2,070 2,800G 2,460 240
Softening \emperature 69 1,930 2,800G 2,360 240
Fluid temperature 6 1.890 2,800G 2,240 230
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Table 15. Number of samples, range, arithmetic mean, and standard deviation of proximate and ultimate analyses,
heat-of-combustion, forms-of-sulfur, and ash-fusion-temperatures of coal from the Rampart field (All values are
in percent except Buw/lb and ash-fusion-temperatures, and are reported on the as-received basis).
Number of Range Arithmetic Standard
samples Minimum Maximum mean deviation
Proximate and yltimate analyses
Moisture 3 25.80 34.50 28.83 4.91
Volatile mater 3 27.90 34.60 31.37 3.36
Fixed carbon 3 24.00 32.70 28.00 4.39
Ash 3 6.50 22.30 11.80 9.09
Hydrogen 3 4.90 5.80 5.43 0.47
Carbon 3 33.10 43.90 38.17 5.43
Nitrogen 3 0.80 1.30 1.03 0.25
‘ Oxygen 3 3830 49.00 43.20 541
i Sulfir 3 0.40 6.60 2.53 3.52
Heat-of -combustion
] Buwlb 3 5,020 6,900 5,840 960
3. Forms-of-sulfur
Sulfate 3 0.01 0.01 0.01 0.00
Pyritic 3 0.05 0.12 0.08 0.04
3l Organic 3 0.15 0.51 0.32 0.18
g Ash-fusion-temperatures “F
X Initial deformation 3 2,120 2,540 2,260 240
I Softcning temperature 3 2,210 2,620 2,340 230
| Fluid temperature 3 2,310 2,720 2,450 230
AR
i
4.
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Table 16. Number of samples, range, arithmetic mean, and standard deviation of ash and 43 elements in coal from
the Beluga field. [All analyses are iz perceat or parts per million and are reported on a whole coal basis. L, less
than value shown.]

Number of Range Arithmetic Standard
samples Minjmum Maximum mean deviation
Percent
Ash 19 4.7 347 13.7 8.9
St 19 0.12 8.9 2.7 2.7
Al 19 0.15 42 1.6 1.2
Ca 19 0.48 1.2 0.89 0.20
Mg 19 0.055 0.69 0.26 0.13
Na 19 0.007 0.19 0.064 0.059
K 19 0.009 0.75 0.21 0.21
Fe 19 0.10 1.2 043 0.25
Ti 19 0.005 0.20 0.077 0.058
Parts per million

As 19 1.8 7.5 4.5 1.9
B 19 5.1 50 20 14
B 19 290 1,500 690 340
Be 19 0.061L 1.8 0.59 0.59
Cd 19 0015 0.13 0.04 0.033
Ce 12 2 40 13 12
Co 19 0.5 9.0 3.9 24
Cr 19 1.9 68 25 22
Cs 12 0.10L 44 14 1.5
Cu 19 4.7 42 16 12
F 19 20 480 190 140
Ga 19 0.67 16 52 4.4
« 12 0.71L 10 2.6 3.6
Ge 12 0.22L 0.80 0.33 0.24
Hg 19 0.02 0.16 0.059 0.038
La 18 1 23 8.9 6.7
Li 19 023 20 5.8 6
Mn 19 8.6 110 40 27
Mo 16 0.22 4 3.5 8.2
Nb 19 0.42L 4.5 1.8 1.4
N 12 4 16 9 31
Ni 19 4.4 38 11 7.7
P 19 87 1,800 440 410
Pb 19 0.24 14 4.1 3.6
Sb 19 0.2 3.1 1.0 0.75
Sc 19 0.62 11 4.5 33
Se 19 0.10L 2.5 0.46 0.56
Sr 19 73 430 180 98
Th 15 0.3 6.5 2.8 2.1
U 19 0.2 33 12 0.83
\Y 19 2.6 160 43 42
Y 19 1.9 23 7.3 59
Yb 19 0.2 23 0.99 0.70
Zn : 19 35 42 13 9.6
Zr 19 3.4 36 18 0.4
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Table 17, Number of samples, range, arithmeli¢ mean, and $tandard deviation of ash and 43 etements in coal from
the Capps fleld. [All analyses are in percent or parts per miillion and are reported on a whole coal basis. L, less
than value shown. Leaders (-—) indicate means could not be calculated owing to an insufficient number of
analyses above the lower detection Hmit]

Number of Range Arithmetic Standard
samples Minimum Maximum mean deviation
Percent
Ash 15 11.6 45.6 26.2 10
Si 15 1.9 13 6.6 3.3
Al 15 1.6 55 3.3 1.2
Ca 15 0.83 1.8 1.1 0.20
Mg 15 0.077 0.35 0.19 0.082
Na 15 0.009 0.28 0.077 0.084
K 15 0.053 1.1 0.50 0.28
Fe 15 0.34 1.5 0.75 0.32
Ti 15 0.053 0.26 0.13 0.05S
Parts per million

As 15 2.8 50 9.9 13
B 15 43 57 20 13
Ba 15 150 430 280 75
Be 15§ 0.39 232 0.94 0.52
(¥ 15 0.088 033 0.19 0.06
Ce 15 7.2L 50 28 I4
Co 1§ 3.6 11 5.9 2.1
Cr 15 8.4 61 31 15
Cs - — — - -
Cu 15 6.8 40 21 8.5
F 1§ 35 230 130 53
Ga 15 2.3 1 7.3 2.7
Gd 15 1.7L 11 4.7 4.0
Ge 15 0.53L 1.1 0.60 0.24
Hg 15 0.03 0.24 0.10 0.058
La 15 59 19 12 4.0
Li 1§ 43 18 10 4.7
Mn 15 24 170 84 43
Mo 15 0.36L 17 1.] 0.97
Nb 15 0.90L 3.6 2.1 1.1
Nd 15 3.7L 14 5.4 33
Ni 15 6.4 32 15 6.8
P 15 4} 1,100 430 310
Pb 15 t.§ 13 6.0 3.1
Sb 15 0.65 2.6 1.6 0.57
Sc 15 3.1 9.3 6.4 2.1
Se 1 — -— — —
Sr 15 170 590 320 110
Th 15 1.3 4.8 3.1 1.2
U 15 0.65 3.0 1.7 0.72
\Y 15 17 90 54 23
Y 15 53 20 11 3.9
Yb 15 0.76 0 1.5 0.61
y4: 15 14 83 39 16
Zs 15 17 61 37 12
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Table 18. Number of samples, range, arithmetic mean, and standard deviation of ash and 43 elements in coal from
the Chigoik field. [All analyses are in percent or parts pes million and are reported on a whole coal basis. L, less
than value shown. Leaders (-~) indicate means could not be calculated owing to an igsufficient number of
analyses above the lower detection timit)

Number of Range Arithmetic Standard
samples Minimum Maximum mean deviation
Percent
Ash 7 9.9 323 20.2 9.2
Si 7 1.5 2.0 4.2 2.5
Al 7 1.0 6.0 2.9 2.1
Ca 7 0.12 1.6 0.78 0.50
Mg 7 0.06 0.34 0.24 0.087
Na 7 0.007 0.04 0.022 0.014
K 7 0.029 0.16 0.09 0.052
Fe 7 0.44 1.2 0.79 0.24
Tt 7 0.057 0.19 0.11 0.055
Parts per million
As 7 3.0 50 44 0.98
B 7 65 220 110 49
Ba 7 20 150 79 41
Be 5 0.38 1.5 0.79 0.46
4 7 0.1L 0.16 0.10 0.046
Ce —_ - - - —_
7 1.08 4.8 2.6 1.7
7 4 2 11 64
7 9.4 26 16 6.6
? 40 110 55 25
7 2.6 10 6.5 33
3 0.07 0.12 0.087 0.029
2 6.9 16 12 6.5
7 11 81 36 28
7 32 110 72 29
7 0.90 23 1.8 0.55
S 1.3 6.5 15 2.1
7 2.6 9.7 5.1 2.3
7 47 710 300 280
7 3.2L 13 6.7 4.4
7 0.2 8.2 2.9 3.5
7 39 " 15 6.7 39
7 0.3 44 1.3 1.5
7 19 130 63 38
3 4.2 6.4 53 1.1
7 0.41 1.6 091 0.43
7 19 65 33 18
7 6.5 22 14 5.0
6 0.9 32 1.8 0.83
7 12 440 79 157
7 19 97 43 28
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Table 19. Number of samples, range, arithmetic mean, apd standard deviation of ash and 43 elements in coal from

the Chuitna field. [All analyses are in percent or parts per million and are reported on a whole coal basis. L, less

than value shown. Leaders (---) indicate means could not be calculated owing to an insufficient number of
. analtyses above the Jower deteclion limit]

Number of Range Arithmeyc Standard
samples Minimum Maximum mean deviation
Percent
Ash 16 6.0 46.5 15. 11,
: Si 16 0.70 14 34 34
L Al 16 0.66 59 1.9 1.4
i Ca 16 0.56 1.1 0.84 0.15
Mg 16 0.082 0.46 0.19 0.10
Na 16 0.007 0.54 0.18 0.21
K 16 0.044 0.76 0.21 0.20
Fe 16 0.19 0.9 041 0.21
Ti 16 0.023 0.32 0.086 0.075
Parts per million
As 16 1.7 4.] 2.5 0.65
B 16 5.1 36 17 9.1
Ba 16 140 560 280 130
Be 16 0.13 1.3 0.49 041
d 16 0.043 0.20 0.095 0.052
Ce 16 7.0 43 18 11
Co 16 1.5 12 5.2 3.1
Cr 16 6.1 66 21 173
Cs — — - - -
Cu 16 5.0 29 12 6.9
F 16 LY 260 110 66
Ga 16 1.7 16 4.7 3.7
a 16 0.96L 10 3.8 29
Ge 16 0.14 1.1 0.34 0.25
Hg 16 0.28L 0.12 0.027 0.027
la t6 4.2 25 9.6 6.0
Li 16 1.1 18 5.2 4.6
Mn 16 7.5 57 28 16
Mo 16 0.21 29 0.86 0.67
Nb 16 0.5 6.5 2.0 1.7
Nd 16 1.9L 11 3.3 3.0
Ni 16 45 32 14 7.8
P 16 8 4,100 580 970
Pb 16 1.7 8.6 3.3 2.0
Sb . 16 0.37 1.9 0.95 0.53
Sc 16 1.6 2.3 3.7 2.3
Se 2 0.25 0.29 0.27 0.032
St 16 150 1,400 370 300
Th 16 1.0 5.6 2.3 1.4
U 16 0.59 2.7 1.1 0.69
\% 16 7.6 100 32 28
Y 16 2.6 13 6.0 3.4
Yb 16 0.29 2 0.80 0.53
Zrn 16 6 29 15 8.6
Zr 16 10 60 23 13
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Table 20. Number of samples, range, arithmetic mean, and standard deviation of ash and 43 etements in coal from
the Desath Valley field. [All analyses are in percent or parts per million and are reporied on 2 whole coal basis. L,
less than value shown. Leaders (—-) indicate means could not be calculated owing (o an tusufficient number of
analyses above the lower detecon limit]

Number of Ranpe Arithmetic Standard
sampies Minimum Maximum mean deviation
Percent
Ash 6 3.9 82 6.0 2.0
Si 6 0.64 1.3 0.93 0.27
Al 6 0.49 0.93 0.70 0.18
Ca 6 0.13 0.57 0.33 0.18
Mg 6 0.082 0.27 0.16 0.066
Na 6 0.008 0.043 0.019 0.014
K 6 0.006 0.13 0.047 0.054
Fe 6 0.21 1.1 0.43 0.36
Tj 6 0.021 0.071 0.043 0.019
Parts per million

As 6 10 S9 22 19
B 6 25 80 46 18
Ba 6 35 170 91 48
Be 6 0.77 4.8 1.7 1.5
(@] 6 0.028 0.043 0.032 0.006
Ce 6 54 94 7.2 1.6
Co 6 0.7 2 1.2 0.56
Cr 6 1.7 4 26 1.0
Cs 6 0.17 1.8 0.64 0.59
Cu 6 3.9 9.0 5.5 2.0
F 6 40 120 70 30
Ga 6 0.99 29 2.1 0.70
-l — — — - -
Ge 6 0.66 9.6 35 33
Hg 6 0.0 0.5 0.24 0.2
La 6 22 39 2.9 0.7
Li 6 1.0 5.9 2.3 1.8
Mn 6 21 140 63 44
Mo 6 8.8 16 12 2.8
Nb 6 1.2 4.4 2.2 1.2
Nd 6 5.5 32 13 10
Ni 6 1.1 5.8 2.6 1.6
P — — — — -
Pb 6 1.3 2.7 1.7 0.53
Sb 6 0.22 1.1 0.53 0.31
Sc 6 1.6 44 3.1 1.1
Se 6 0.4) 098 . 0.57 0.21
St 6 26 08 53 35
Th 6 0.8% 1.8 1.2 0.38
u 6 1.2 37 14 12
\Y 6 7.3 19 13 4.9
Y 6 47 8 64 1.1
Yb 6 0.74 14 1.0 0.25
Y4 6 71 12 913 2.0
yi s 6 21.1 36 27 5.8
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Table 21. Number of samples, range, arithmetic mean, and standard deviation of ash and 43 elements in coal from
the Farewell field. [All anatyses are in percent or pants per million and are reported on a whole coal basis. L, less
than value shown. Leaders (-—) indicate means ¢ould sot be calculated owing to an insufficlent number of
analyses above the lower detection limit]

Number of Ranpe Arithmetic Standard
samples Minimum Maxirmum mean deviation
Percent
Ash 15 1.2 49.5 229 17.7
Si 15 0.12 14 53 6.1
Al 15 0.23 6.4 2.6 2.6
Ca 15 0.10 2.2 1.2 0.88
Mg 15 0.11 0.44 0.25 0.10
Na 15 0.003 0.05 0.021 0.019
K 15 0.007 1.6 0.55 0.67
Fe 15 0.18 1.8 0.64 0.40
Ti 15 0.008 0.33 0.13 0.13
Partg per million

As 9 2.0 23 13 7.8
B 15 17 86 38 22
Ba 15 370 2,300 1,300 590
Be 7 0.22 0.92 0.58 0.26
a 9 0.073 13 2.6 4.1
Ce — —_ — — —_
Co 15 34 30 8.4 6.6
Cr 15 8.6 220 63 67
Cs — — — — -
Cu 9 8.8 72 4 22
F 9 35 190 100 51
Ga 15 1.4 43 12 12
d - — —_ —_ —
Go 2 1.7 8.7 5.2 49
Hg 9 0.11 0.81 0.23 0.22
La —_ - — —_ -
Li 9 0.72L 6.0 2.0 1.8
Ma 15 8.2 150 45 47
Mo 14 1.5 44 8.8 11
Nb 7 1.5L 5.0 3.8 1.5
Nd _ —_ _ — —
Ni 15 7.3 o8 47 32
P 15 22 1,300 400 430
Pb 9 0.91 56 2.7 1.7
Sb 9 0.69 74 35 2.3
Sc 15 1.7 37 12 8.7
Se 9 2.0 43 15 12
Sr 15 37 300 130 73
Th 9 0.28 1.4 0.81 0.36
U 9 0.93 8.5 3.3 2.2
v 15 2.2 350 160 120
Y 15 5.1 65 18 14
Yb 15 0.51 6.5 1.8 1.5
Zn 9 2.8 190 63 56
Zr 15 4.4 150 51 58
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Table 22. Number of samples, range, arithmetic mean, and staedard deviation of ash and 43 elemeunts {n coal from
the Herendeen Bay field [All analyses are in percent or parts per million and are reported on a whole coal basis. L,
less than value shown. Leaders (~—) indicate means could not be calculated owing to an insufficient number of
apalyses above the lower detection limit]

Number of Range Arithmetic Standard
samples Minimum Maximum mean deviation
Percent
Ash 4 13.2 27.7 18.6 6.53
Si 4 1.8 6.2 3.7 1.8
Al 4 1.3 56 2.9 1.9
Ca 4 0.09 3.1 0.86 1.5
Mp 4 0.03 0.62 0.20 0.28
Na 4 0.01 0.04 0.02 0.011
K 4 0.03 0.05 0.04 0.01
Fe 4 0.17 0.43 0.27 0.12
Ti 4 0.09 0.31 0.16 0.11
Parts per million

As 4 2.0 85 39 3.1
B 4 28 66 48 17
Ba 4 56 290 170 100
Be 4 0.4 2 1.1 0.66
G 4 0.15L 0.73 0.26 0.31
Ce - - —_ - -
Co 4 7.2L 26 IS5 8.0
Cr 4 2.8 44 3.9 0.70
Cs — - — - -
Cu 4 8.6 24 16 7.9
F 4 30 65 4] 17
Ga 4 2.8 83 5.5 24
Gd - _ — — —
Ge _ - —_ — -
Hg 3 0.03 0.04 0.04 0.006
La 2 73 92 83 1.4
Li 4 8.2 36 19 13
Man 4 5.8 44 17 18
Mo 3 0.92 37 2.2 1.4
Nb 3 29L 5.5 3 2.2
Nd — - —_ - —
Ni 4 5.6 14 11 3.8
P 4 S8L 610 340 240
Pb 4 5.8 19 10 6.3
Sb 4 0.4 1.8 1.1 0.68
Sc 4 3.7 9.2 6.4 2.8
Se 4 0.20 0.80 0.58 0.26
Sr 4 42 220 110 79
Th — — — - -
U 4 0.68 27 1.2 0.97
v 4 13 42 26 12
Y 4 10 40 21 13
Yb 4 0.56 2.6 1.5 0.93
Zn 4 21 120 54 43
yss 4 20 140 58 S5
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Table 23. Number of samples, range. arithmetic meas, and standard deviation of ash and 43 elements in coal from
the Jarvis Creek field. [All analyses are in percent or parts per million and are reported on a whole coal basis. L,
less than value shown. Leaders (---) indicate means could not be calculated owing to an insufficient number of
analyses above the lower detection limit]

Number of Range Arithmetic Stapdard
samples Minimum Maximum mean deviation
Percent
Ash 8 1.5 227 11.5 493
Si 8 0.61 53 1.6 1.6
Al 8 0.53 3.2 1.2 0.89
Ca 8 1.1 1.5 1.3 0.12
Mg 8 0.064 0.15 0.094 0.03]
Na § 0.003 0.025 0.00% 0.007
K 8 0.008 0.40 0.073 0.13
Fe 8 042 1.2 0.70 0.24
Ti 8 0.025 0.15 0.074 0.05
Parts per million

As 8 3.7 18 7.5 4.3
B 8 4.9 27 12 6.8
Ba 8 690 1,500 1,100 240
Be 7 0.17 2.7 0.86 0.95
(0] 8 0.037 0.094 0.062 0.023
Ce 6 3.1 30 10 10
Co 8 2 11 42 3
Cr 8 2.2 35 12 12
Cs 6 0.2L 2.3 0.52 0.88
Cu 8 3.8 44 18 14
F 8 10 310 95 100
Ga 8 0.62 6.8 23 2.1
Gl — - - — —
Ge 6 0.35L 1.0 0.39 0.34
Hp 8 0.01 0.17 0.063 0.053
La 6 1.7 15 5.1 49
Li 8 1.7 10 41 2.6
Mn 8 a8 90 56 22
Mo 8 3.8 14 6.8 3.2
Nb 8 0.57 5.4 2.0 1.6
Nd 6 4.6 13 79 3.8
Ni 8 6.8 35 14 9.5
P B 441 310 150 110
Pb 8 2.5L 13 5.5 37
Sb 8 036 - 3.7 1.2 1.2
Sc 8 1.3 9.3 3.7 2.8
Se 8 1.0 9.8 34 2.8
Sr 8 91 250 160 58
Th 6 0.33 6.1 1.5 23
U 8 0.16L 2.6 0.87 0.79
\Y 8 7.9 61 28 18
Y 8 3.7 20 8.1 5.6
Yb 8 0.23 1.6 0.66 0.46
Zn 8 83 44 19 16
Zr 8 15 55 32 15
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Table 24. Number of samples, range, arithmetic mean, and standard deviation of ash and 43 ¢lements in coal from
the Kepai ficld. [All analyses are in percent or parts per million and are reported on a whole coal basis. L, less
than value shown. Leaders (---) indicate means could not be calculated owing to an insufficient number of
analyses above the [ower detection [imit]

Number of Range Arithmetic Standard
samples Mipimum Maximum mean deviation
Percent
Ash 44 5.8 491 15.2 938
Si 44 0.46 11. 3.0 2.5
Al 44 0.31 6.3 1.6 1.3
Ca 4 0.32 1.6 1.1 0.23
Mg 44 0.061 0.57 0.2) 0.14
Na 44 0.018 0.68 0.19 0.17
K 44 0.02 1.3 0.23 0.24
Fe 44 0.2] 24 0.58 0.38
Ti 44 0.014 0.25 0.073 0.055
Parts per million

As 44 2.0 25 7.4 5.2
B 44 55 75 24 16
Ba 44 160 980 500 180
Be 36 0.18 1.5 0.54 0.32
0] 44 0.029L 0.25 0.076 0.047
Ce - - — — —_
Co 44 2.1 12 5.5 2.1
Cr 44 24 74 21 16
Cs - - - - —
Cu 44 7.1 86 22 16
F 44 10 290 63 56
Ga 43 0.9 15 4.2 32
Gd —_ — — — -
Ge 12 1.2L 11 2.3 2.8
Hg 4 0.01 0.40 0.084 0.063
La 12 42 29 8.6 6.7
Li 44 0.31 26 6.0 6.3
Mn 44 40 290 110 60
Mo 42 0.47 14 22 2.2
Nb 39 (.2L 7.7 23 1.8
Nd —_ - — —- —
Ni 44 3.9 20 9.5 4,2
p 4 26L 1,300 460 340
Pb 44 1.5L 11 3.4 2.3
Sb 44 0.20 3.7 1.0 0.69
Sc 44 1.1 15 4.2 3.0
Se 44 0.1L 2.1 0.62 0.69
Sr 44 42 520 220 110
Th _ -~ — —_ —
U 44 0.20 3.1 0.77 0.58
1% 44 9.0 200 56 42
Y 44 2.1 20 6.6 4.5
Yb 44 0.21 20 0.73 0.51
Zn 44 2.1 113 12 20
o 44 5.8 82 23 18
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Table 25. Number of samples, range, arithmetic mean, and standard deviation of ash and 43 elements is coal ffom
the Lisburne field. [All analyses are in perceat or partg per million and are reported on a whole coal basis. L, less
than value shown. Leaders (---) indicate means could not be calculated owing to an insufficient oumber of
analyses above the Jower detection limit)

Number of Ranpe Arithmetic Standard
samples Minimum Maximum mean deviation
Percent
Ash 2 5.0 278 16.4 16.1
Si 2 0.98 7.1 4.1 4.4
Al 2 0.69 35 2.1 2.0
Ca 2 0.040 0.09 0.065 0.035
Mg 2 0.022 0.12 0.069 0.067
Na 2 0.016 0.17 0.095 0.11
K 2 0.067 0.49% 0.28 0.30
Fe 2 0.29 1.2 0.75 0.64
Ti 2 0.033 0.18 0.11 0.11
Parts per miilion

As 2 3.5 21 12 12
B 2 15 56 35 29
Ba 2 100 280 190 130.
Be 2 35 4.2 3.8 0.47
Cd 2 0.075 0.14 0.1t 0.045
Ce | - - —_ -
Co 2 2.8L 15 8.2 9.6
Cr 2 25 83 54 4]
Cs - — -_ —_ -
Cu 2 16 45 30 21
F 2 40 120 80 57
Ga 2 7.5 28 18 14
Gl — - — — -
Ge 2 1.5 19 10 13
Hg 2 0.01 0.27 0.14 0.18
La 2 25 28 26 2
Li 2 34 210 120 120
Mn 2 11 30 20 I3
Mo 2 35 28 16 17
Nb 2 2.5 14 82 8.1
N -_ — — — —
Ni 2 19 15 47 39
P 2 220L 610 360 350
Pb 2 22 9 57 50
Sb 2 1.3 2.1 1.7 0.57
Sc 2 83 10 9.2 1.2
Se 2 1.4 1.8 1.6 0.28
Sr 2 56 100 78 31
Th — - — - —
U — — — —_ -
\Y 2 75 280 180 140
Y 2 14 15 14 0.78
Yb 2 1.5 1.9 1.7 0.32
Zn 2 49 130 %0 59
Zr 2 15 56 35 29
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Table 26. Number of samples, range, arithmetic mean, and standard deviation of ash and 43 etements in coal from
the Nenana field. (All analyses are in percent or parts per million apd are reported on a whole coal basis. L, less
than value shown. ]

Number of Raage Arithmetic Standard
samples Minimum Maximum mean deviadon
Percent
Ash 206 49 47 114 7.19
Si 206 0.12 13 2.0 23
Al 206 0.080 6.1 {.1 1.0
Ca 206 0.15 2.7 1.5 037
Mg 206 0.054 0.48 0.16 0.065
Na 206 0.001L 0.32 0.033 0.042
K 206 0.005 0.98 0.11 0.16
Fe 206 0.12 14 041 0.15
Ti 206 0.002 0.28 0.051 0.050
Parts per million

As 206 0.38 43 4.1 43
B 206 4.4 100 30 15
Ba 206 150 1,500 510 230
Be 197 0.045 6.80 0.87 1.2
a 206 0.005 0.56 0.053 0.078
Ce 190 047 94 12 13
Co 206 0.58 24 38 33
Cr 206 0.1L 570 25 63
Cs 176 0.015 6.1 0.73 1.1
Cu 206 0.31 95 20 19
F 206 10 1,100 240 240
Ga 206 0.049L 28 33 4.0
Gd 181 1L 7.9 1.6 1.2
Ge 181 0.23L 26 0.84 2.8
Hg 206 0.00SL 03 0.028 0.042
La 195 0.1 30 6.4 6.1
Li 206 0.27 35 35 53
Mrn 206 6.1 800 110 98
Mo 204 0.39 12 2.0 1.6
Nb 203 0.051L 10 1.7 1.7
Nd 167 1.1 55 8.5 8.0
Ni 206 4.6 49 11 6.8
P 206 22 530 76 85
Pb 206 0.3 22 5.2 4.2
Sb 206 0.02 8.1 (.4 1.4
Sc 206 0.15 26 4.0 4.2
Se 206 0.10L 11 0.80 0.94
Sr 206 39 890 270 140
Th 199 0.04L 18 2.4 2.6
U 206 0.15L 52 1.0 1.2
\" 206 1.2 140 28 28
Y 206 037 37 8.0 7.6
Yb 205 0.05 3.5 0.77 0.74
Zn 206 0.48 75 9.0 13
Zr

206 2.5 140 26 23
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Table 27. Number of samples, range, atithmetic mean, and standard deviation of ash and 43 elements in coal from
the Northern Cretaceous field. {All analyses are in percest or parts pec million and are reported on a whole coal
basis. L. less (han value shown. |

Number of Range Arithmetic Standard
samples Minimum Maximum mean deviation
Percent
Ash 127 2.0 38.9 10.7 7.94
Si 106 0.030 1 1.9 2.)
Al 106 0.13 6.4 1.2 1.1
Ca 106 0.040 2.2 0.41 0.30
Mg 106 0.020 0.72 0.15 0.1
Na 106 0.015 0.85 0.15 0.13
K 106 0.003 24 0.16 0.31
Fe 106 0.040 3.0 0.35 0.36
Ti 106 0.004 0.52 0.07 0.077
Parts per million

As 97 0.1L 8.2 24 1.7
B 127 17 190 59 33
Ba 127 140 25,000 1,100 2,300
Be 122 0.032 12 0.96 1.4
Cd 97 0.008 0.61 0.10 0.13
Ce 68 2.0 120 23 A
Co 127 0.40 58 6.6 8.0
Cr 127 0.1L 59 11 14
Cs KY) 0.050 31 0.49 0.70
Cu Ly 0.99 32 6.1 6.1
F 97 10 400 83 78
Ga 123 0.25 19 4.9 44
Gd 37 0.51L 1 2.0 23
Ge 56 0.064 35 35 8.7
Hg 97 0.13L 0.50 0.10 0.12
La 111 1.1 65 10 11
Li 97 0.44 84 12 12
Mn 106 1.8L 3% 33 51
Mo 75 0.07 59 1.0 1.1
Nb 124 0.20 17 25 29
Nd 69 26 %0 11 12
Ni 127 1.0 83 18 16
P 106 22 9,000 670 1,000
Pb 97 0.17 26 4.1 4.4
Sb » 0.02 23 0.25 0.39
Sc 127 0.19 25 4.0 4.0
Se 97 0.05 2.0 045 0.32
Sr 127 16 4,400 230 450
Th 102 0.1L 37 3.8 5.3
U 80 0.23L 11 2.0 1.9
v 127 1.2 370 35 52
Y 127 0.42 28 7.3 5.8
Yb 127 0.063 2.7 0.8 0.64
Za 97 1.7 67 9.1 10
Ir 127 1.3 540 30 73
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Table 28. Number of samples, range, arithmetic mean, and standard deviation of ash and 43 elements in coal from
the Northern Tertiary field. {All analyses are in percen( or parts per million z20d are reported on a whole coal basis.
L, less than value shown. |

Number of Range Anthmetic Standard

samples Minimum Maximum mean deviation
Percent
Ash 160 1.3 47.8 11.8 10
Si 158 0.070 14 2.3 2.9
Al 158 0.060 6.3 1.4 1.5
Ca 158 0.020 1.5 0.6 0.30
Mg 160 0.001 0.67 0.19 0.16
Na 158 0.001 0.12 0.025 0.028
K 158 0.002 1.2 0.19 0.26
Fe 158 0.14 10 1.1 1.4
Ti ]58 0.002 0.37 0.067 0.08
Parts per million

Az 160 0.35 29 29 4.0
B 160 2.0 130 50 33
Ba 160 18 4,700 1,200 1,000
Be 160 0.058 4.1 0.90 0.79
Cd 160 0.0L1L 0.27 0.075 0.063
Ce 160 0.67 67 12 12
Co 160 0.49 94 8.9 13
Cr 160 0.35 69 16 17
Cs 160 0.04L 7.2 1.0 L5
Cu 159 1.1 170 16 22
F 160 20L 700 110 150
Ga 15t 0.063L 33 4.8 54
Gi 160 0.29L 7.4 1.6 1.5
Ge 160 0.074L 38 042 0.56
Hg 160 0.005L 0.11 0.01 0.020
La 160 0.35 33 6.6 6.7
Li 160 0.080 61 5.3 7.7
Mo 160 2.1 1,600 160 230
Mo 151 0.1L 8.2 2.1 14
Nb 160 0.065 25 1.9 2.6
Nd 146 0.7L 43 9.1 8.5
Ni 160 5.9 760 M4 67
P 160 22 5,400 740 1,100
Pb 160 0.20 20 54 56
Sb 160 0.004L 1.8 0.28 0.30
Sc 160 0.15 26 4.5 4.5
Se 160 0.08L 2.9 0.60 0.49
Sr 160 0.82 1,000 190 240
Th 160 0.03 68 1.7 1.70
U 160 0.13L 5.7 0.84 0.94
v 160 0.51 150 30 37
Y 159 0.3L 39 8.8 7.0
Yb 160 0.05L 3.9 0.78 0.69
in 160 2.0 150 23 25
Z 160 0.57L 880 35 74
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Table 29. Number of samples, fange, arithmetic mean, and standard deviation of ash and 43 elements in coal from
the Rampart field. (All analyses are in percent or parts per million and are reported on a2 whole coal basis. L, less
than value shown. Leaders (-—) indicate means could not be calculated owlng to an insufficicnt sumber of
analyses above the lower detection Hmit]

Number of Range Arithmetic Standard
samples Minimum Maximum JTean devialion
Percent
Ash 3 18.5 43.8 29.8 12.9
Si 3 4.0 11. 7.1 33
A 3 2.1 5.8 3.7 1.9
Ca 3 L1 1.7 1.4 0.33
Mg 3 0.17 0.40 0.26 0.12
Na 3 0.043 0.19 0.10 0.075
K 3 0.23 0.45 0.32 0.11
Fe 3 0.85 1.6 1.2 0.37
T 3 0.17 0.29 0.22 0.062
Parts pet million

As 3 1.9 27 23 0.4
B 3 56 8 67 13
Ba 3 440 1,300 850 430
Be 2 0.93 14 1.1 031
G 3 0.14 3.1 1.1 1.7
Ce — - —_ — -
Co 3 5.6 6.9 6.1 0.72
Cr 3 45 n 58 17
Cs — - -~ - -
Cu 3 39 69 50 16
F 3 150 160 150 5.8
Ga 3 5.6 13 8.9 3.9
G« - - - - -
Ge — - — - -
Hg 3 0.06 022 0.12 0.087
La 3 13 3t 21 9.0
Li 3 12 29 20 8.7
Mn 3 15 140 74 64
Mo 2 27 28 27 0.053
Nb 3 3.7 88 59 26
N — —_ - - —
NI 3 19 31 26 6.1
P - - — — -
Pb 3 4.6L 13 6.3 6.0
Sb 3 0.7 0.8 0.77 0.058
Sc 3 8.1 13 10 26
Se 3 0.1L 0.10 0.10 0
Sr 3 66 190 150 70
Th k) 34 6 44 14
U 3 2.2 4.1 3 0.99
v 3 36 88 75 17
Y 3 19 31 26 6.1
Yb 3 2.7 4.4 33 0.95
Zn 3 27 47 39 11
Zt 3 37 130 74 50
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Table 30. Distribution by coal field of the highest mean values for ash and 43 elements.

Element Mean Coal Field
Percent
Ash 29.8 Rampan
Si 7.1 Rampan
Al 17 Rampart
Ca 1.5 Nenana
Mg 0.26 Rampart/Beluga
Na 0.19 Kenai
K 0.55 Farewell
Fe 12 Rampart
T 0.22 Rampart
Parts per million
As 22 Death Valley
B 110 Chignik
Ba 1300 Farewell
Be 1.7 Death Valley
ad 2.6 Farewell
Ce 28 Capps
Co 15 Herendeen Bay
Cr 63 Farewell
Cs 14 Beluga
Cu 50 Rampart
F 240 Nenana
Ga 12 Fareweli
Gd 4.7 Capps
Ge 52 Farewell
Hg 0.24 Death Valley
La 21 Rampart
Li 36 Chignik
Mn 160 Northern Alaska (Tertiary)
Mo 12 Death Valley
Nb 59 Rampart
Nd 13 Death Valley
Ni 47 Farewell
P 740 Northern Alaska (Tertiary)
Pb 6.7 Chignik
Sb 35 Farewell
Sc 12 Farewell
Se 15 Farewell
St 370 Chuitna
Th 53 Chignik
U 14 Death Valley
A 160 Farewell
Y 26 Rampart
Yb 33 Rampart
Zn 79 Chignik
/s 74 Rampart
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Table 31, Distribution by coal field of the lowest mean values for ash and 43 elements.

Element Mean Coal Field
Percent
Ash 6.0 Death Valley
Si 0.93 Death Valley
Al 0.70 Death Valley
Ca 0.33 Death Valtey
Mg 0.094 Jarvis Creek
Na 0.009 Jarvis Creek
K 0.04 Herendeen Bay
Fe 0.27 Hexrendeen Bay
Ti 0.043 Death Valley
Parts per million
As 23 Rampart
B 12 Jarvis Creek
Ba 79 Chignik
Be 0.54 Kenai
d 0.032 Death Valley
Ce 7.2 Death Valley
Co 1.2 Death Valley
Cr 26 Death Valjey
Cs 0.49 Northern Alaska (Cretaceous)
Cu 55 Death Vailey
F 41 Herendeen Bay
Ga 21 Death Valley
G ‘ 1.6 Northern Alaska (Tertiaryy Nenana
Ge 033 Beluga
Hg 0.0! Northern Alaska (Tertiary)
La 29 Death Villey
Li 2.0 Farewell
Mb 17 Herendeen Bay
Mo 0.86 Chultna
Nb 1.7 Nenapa
Nd 33 Chuitna
Nt 2.6 Death Valley
P 76 Nenana
Pb 1.7 Death Valley
Sb 0.25 Northern Alaska (Cretaceous)
Sc 1.1 Death Valley
Se 0.10 Rampan
Sr 53 Death Valiey
Th 0.81 Farewell
U 0.77 Keoai
v 13 Death Valley
Y 6.0 Chuitna
Yb 0.66 Jarvis Creek
Zn 9.0 Nenana
Z 18 Beluga
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Table 32. Comparision of mean element contents for elements of environmental concern according o the 1990 Clean
Air Act Comparisions are made hetween Cretaceous and Tertiary Alaskan coals and Western U.S. Cretaceous and
Tertiary coals. The meaa values for lnterior Province Pennsylvapian coals is included for comparision. (All element

mmmmhmgmﬂﬁmmdmm&dmthewholecoalbasis).
Alaskan Alaskan

Westem US. Western U.S. Interior Province
Cretaceous Cretaceous Tertiary Tertiary Permsyivanian
Element Meap’ Mean? Mean! Mean? Mean®
As 26 1.70 4.6 7.4 12
Be 0.96 1.2 0.84 1.1 2
G 0.10 0.10 0.12 0.10 .61
Co 6.7 1.9 59 35 6.7
Cr 11 71 22 10 15
Hg 0.10 0.07 0.038 0.12 0.15
Mn 35 29 120 62 100
Ni 17 4.3 20 4.6 25
Pb 44 6.1 49 42 42
Se 0.51 14 0.99 0.72 34
Sb 0.46 0.44 0.97 0.63 1.3
1 This Report

2 Affolier and Hatch, 1993
3 Affokter and Harch, 1984

Northern Alaska

Northern Al
(Cretaceous) 8ska

(Tertiary)

/Death Valley
7 Rampart

Figure 1. Location of Alaskan coal fields summarized in this paper.
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Figure 3. Distribution of mean sulfur contents by coal field.
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Figure 4. Distribution of mean heat-of-combustion contents by coal fietd.
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Fgure 5. Comparison of mean element contents of Si, Al, Ca, Mg, Na, K, Fe, and Ti for Alaskan
Cretaceous coal to western U.S. Cretaceous coal.
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Figure 7.
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Figure 6. Comparison of mean element contents of B, Ba, F, Cu, P, St, V, and Za for Alaskan
Cretaceous coal to western U.S. Cretaceous coal.
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, Compatison of mean element contests of As, Co, Cr, Li, Ni, Pb, Sc, and Y for Alaskan
Cretaceous coal t0 western U.S, Cretaceous coal.
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Figure 8. Comparison of mean element contents of Be, Hg, Mo, Nb, Sb, Se, U, and Yb for
Alaskan Cretaceous coal to western U.S. Cretaceous coal.
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Figure 9. Comparison of mean element contents of Si, Al Ca, Mg, Na, K, Fe, and Ti for
Alaskan Tertiary coal to western U.S. Tertary coal.
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Figure 10. Comparison of mean element contents of B, Ba, F, Cu, P, Sr, V, and Zn for Alaskan
' Terdary coal to western U.S. Tertiary coal.
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Figure 11. Comparison of mean element contents of As, Co, Cr, Li, Ni, Pb, Sc, and Y for
Alaskan Tertiary coal to western U.S. Tertiary coal.
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Figure 12. Comparison of mean element contents of Be, Hg, Mo, Nb, Sb, Se, U, and Yb for Alaskan
Tertiary coal to western U.S. Tertiary coal.
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Figure 13. Distribution of mean Barium contents by coal field.
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Figure {4. Distribution of mean Phosphorus contents by coal field.
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Figure 15. Disuibution of mean Strontium contents by coal field.
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ABSTRACT

The high cost of providing power in remote
regions of Alaska through the traditional use of diesel
electric generator sets has prompted the Alaska Energy
Authority (AEA) to evaluate Pressurized Fluidized-Bed
Combustors (PFBC'’s) as a replacement technology.
The Morgantown Epergy Technology Center (METC)
of the U.S. Department of Energy (DOE) has been sup-
plying AEA with data to further their analysis of the
application of PFBC technology to power generation
on village-scale systems. Starting with the results from
studies managed by METC, a review of how modular
PFBC construction could be applied to remote villages
was undertaken. Results of this study have applica-
tions to remote micro-grid village sites in Alaska as
well as to off-grid located in other reglons of the world.

INTRODUCTION

PFBC plants provide a coal-fired, high-effi-
ciency, combined-cycle system for the generation of
electricity and steam. Coal is the most available source
of fossil energy in Alaska and the world. PFBC’s have
demonstrated fuel flexibility, especially in the firing of
low-rank coals. PFBC’s use lime (calcium) based sor-
bents to obtain environmental air quality standards with-
out back-end flue gas desulfurizaton. This form of
emission control yields a dry waste product, which may
be utilized as a construction material. There are addi-
tional environmental benefits, such as reduced nitro-
gen oxide (NO,) emissions and reduced emissions of
carbon dioxide due to increases in plant efficiency.
These same increases in plant efficiency result inlower
coal usage and, therefore, lower operating CoSts.

In remote, rural locations like many viltages
in Alaska, the use of local coal supplies could greatly

reduce the cost of power, both electrical and thermal,
Current power generation is based upon diesel genera-
tion sets. Cost of fuel oil in some remote location ap-
proaches $1.32/iter ($5.00/gal). Most of the fuel cost
is due to transportation expense. The reduced fuel costs
along with reduced size of PFBC components due to
pressurization, modular construction, high-efficiency,
and quick field erection can be extremely beneficial in
remote locations.

Second-generation PFBC plants integrate a
coal carbonizer (partia) pasifier) with a PFBC. The
carbonizer produces char and low-heat value fuel gas.
The char with or without additional coal is burned in
the PFBC. The flue gas from the PFBC and the low-
Btu fuel gas from the carbonizer are combined and
bumned in a topping combustor to achieve high gas tur-
bine inlet temperatures compatible with modern com-
mercially available machines. Utility size second-gen-
eration PFBC systems will be capable of high-cycle
efficiencies (45 percent, HHV) while burning coal in
an environmentally acceptable manner.

DOE smdies indicate that second-generation
PFBC’s can be competitive in sizes greater than
20 MWe where the cost of electricity exceeds $0.07
per kWh. This same set of studies also showed that a
8.5-MWe one and one-half generation PFBC could be
competitive with conventional power generation sys-
tems depending on site-specific conditions.

Alaskan Profile

Alaska is the largest of the SO states which com-
prise the United States of America. The land mass is
equal to the area covered by the entire area of the 16 east
and guif coast states, excluding Texas, The actual land
area is 1,478,458 square kilometers and about a third
is located above the Arctic Circle.
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FIGURE 1

This large state has a small poputation of ap-
proximately 550,000 people. Two large cities, Anchor-
age and Fairbanks, account for ope-half of the popula-
tion; the rest is located in smaller cities and towns and
in more than 350 remote villages. Village sizes range
from tens to several thousands of inhabitanis and tend
to be sitwated along the state’s many rivers. Much of
the state teraitory has been set aside for national parks
and wildiife refuges, which cover an area equal t0 13
of the northeastern states from Maine to West Virginia
as shown in Figure 1. In general, there are few devel-
oped land transportation networks. Alagka has limited
roads, rilroads, and has seasonally limited watet traps-
portation. A well-developed system of air transporta-
tion is used to move a considerable amount of goods
and services used in the remote villages.

The remote communities suffer high electric-
ity and/or power costs due to the high cost of delivered
finished petrolenm products. While Alaska has large
remote crude ol reserves, it has a small refining capac-
ity. This limited refining capacity is directed at trans-
portation fuels, especially aircraft fuels. Refined fuel
oil to operate remote village diesel generator sets must
travel thousands of miles before reaching fts final des-
tination.

In addition to the high fuel costs, the remote
villages encounter extremely high cost for field fabri-

cared equipment or systems. The need to import sidlled
Iabor adds to the cost of field construction along with
the remoteness of the villages and lack of land trans-
portation. These high construction costs are similar to
those found in many underdeveloped countries.

The remote rural commusities cannot be eco-

nomically connected into a large power grid or single
large power station. Therefore, each village represents

TABLE 1. Alaska Energy Authority

FY90 PCE Program Facts
Utiiting purved «® Tuife

Conynunities served [ 3 {Residential up 10 500kwhironth)
Paputstion 69.000 St Pagl 0
Cusiornens seived (o) 210 Arctic Vilage 700
rasidentiel 200 Tolkia 10049
commecal 8,000 AVEC (4 commisniies) 404
Comemunity taciies 1300 Nclrath e
#CE puymenis 16,000,000 Qwichysa 2neo Utilty nas
Vorrmis Yhego “0e
OWH wold 283.000 Galerm 220
Fusé used. iRers 94,625,000 Kixzahos uz
cost $22,000,000 Bethel 193
Nom-leni OBM costs $41.000,000 Noma us

Nol Dusing tis your Maal wag down info Al et $0.54 / @ar
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a “micro-grid” electrical system, stmilar to those found
in underdeveloped countries.

The AEA currently administers subsidy pro-
grams to defray the high cost of electricity in the rural
viltages. These subsidies are tied to Alaska's decreas-
ing 0! revenues. Therefore, the AEA s interested in
electrical power generating systems which are not
linked to the high cost of fuel oil. Coal-fired advanced
power generation systems could prove to be a viable
opton to diesel-based power generation.

Many of Alaska's rural villages are close to
known shallow coal deposits. In general, if coal is not
found locally, a regional source near water transporta-
tion can be identified. The 1,440 billion metric ton coal
resource of Alaska represents over 40 percent of the
U.S. estimated coal resource. Only a small fraction of
this abundant resource has been developed for use. The
major portions of Alaska’s reserve is subbituminous coal.
Large deposits of bituminous coal have also been found.
Generally geotogical surveys indicate that Alaskan coal
reserves contain less than 0.5 percent sulfur.

PFBC System for Alaska

DOE/METC is chariered 1o study and further
the commercial development of fossil fueled, advanced
epergy systems, METC's initial discussions with the
AEA reviewed a number of advanced coal-fired tech-
nologies. The fluldized-bed combustor's (FBC's) abil-
ity to control sulfur dioxide (SO2) and NOy emissions
without scrubbers while producing a dry ash focused
funther discussions on atmospheric finidized-bed com-
bustors (AFBC's) and PFBC's. Fuel flexibility and
possible coastruction use of the dry ash further en-
hanced FBC's acceptance.

PFBC’s high-efficiency combined-cycle opera-
tion results in lower overall emissions pes unit of power
produced. This pot only causes reductions in sulfur
and nitrogen emissions but also reduces the amount of
carbon dioxide emitted. Based upon efficiency and
environmenial concerns, PFBC's would be the preferred
technology as shown by the comparison of utility size
(300 MWe) systems in Table 2.

Predicted capital costs of PFBC's are compared
10 other technologles in Figure 2. This presentation
indicates that PFBC'’s have a cost advantage over other
technologies. Natural gas fired, combined-cycle, gas
rbines were not considered in this analysis based upon
the assumption that it was not avallable, not available

Generating Costs Comparison of
Combined-Cycle, Gas-Fired Turbine
With Advanced Coal Technologies

. Electricrty Cost ((¥k Wh)
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FIGURE 2

TABLE 2
*PC/FGD plant matched to NSPS—2/90.
Self- First- 1-172 Second-
Performance Summary for PFBC Gepenation Generation Generation Genperation
Systems PC/AGD* PFBC PFBC PFBC PFBC
Net Efficiency, % ~36 ~-36 ~40 ~-46 -45
Power Quiput Gas Turbine. % 0 0 ~22 44 to 79 40 to 60
Power Output Steam Tiwbine, % 100 100 ~78 21 to 56 60 to 40
Gas Turbine Inlet Temperature, ‘C N/A ~454 ~871 1,149 to 1.288 | 1.149 to 1,288
Ca/§ Molar Ratio 1.6 1.6 1.75 1.75 1.75
Sulfur Retention, % 90 90 to 98 90 o 95 95 90 to 95
NOy Emission, gm/MM joules 0.26 <0.49 0.04 t0 0.12 0.04 to 0.12 0.04 10 0.12
Particulate Emission. go/MM joules 0.013 <0.013 0.004 © 0.013 | 0.002 to 0.009 { 0.004 to 0.013
Excess Air, % 20 15 10 30 25 96 25 to 124
Fluid-Bed Temperamwre, °C N/A ~871 -371 ~871 -871
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in large quantities, or the cost was not favorable. METC
and AEA reviewed both first- and second-generation
PFBC systems as defined below.

First-Generation PFBC

First-generation PFBC is an extension of the
atmospheric fluidized-bed concept that operates at pres-
sures between 7 and 14 aum. At these higher pressure
levels, expansion of the boller flue gases across the gas
turbine provides not only the energy needed to drive
the compressor but an additional amount that can be
used t0 generate electricity.

In this concept, steam production is split be-
tween in-bed PFBC heat transfer surface and econo-
mizer located after the gas turbine as shown in Fig-
ure 3. While the fluidized bed operates at ~1,600 °F,
flue gases are not cooled before entering the hot gas
cleanup system or murbine, The higher gas temperature
increases gas turbine output and thus becomes a net
electrical power generator. This 1,600 °F gas at a higher
pas pressure increases the potential for hot gas cleanup
system problems and turbine fouling,

TABLE 3. Comparison of System Efficiencies
for Small Power Plants

Plant Fuel HRV
Efficiency
Coaventional Boiler [ Coal 20-25 percent
Gas Turbine Qil/Gas 18-28 percent
1-1/2 Generation PFB({ Coal + Qil/Gas | 25-30 percent

The first-generation concept is approaching
commercialization with plants being constructed world-
wide. The American Electric Power’s Ohio Power
Company is operating the 79-MWe Tidd demonstra-
tion plant at Brilliant, Ohio. DOE is supplying a por-
tion of the funds for the Tidd demonstration plant un-
der the Clean Coal Technologies program.

Second-Geuneration PFBC
METC is actively involved with the develop-

ment of the second-generation PFBC. This concept
attempts to utilize the full power producing potential

First Generation PFBC System

Flue Gas
pFEG |
Coal A|ir
Steam
Stack
Air HRSG

FIGURE 3
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Second Generation PFBC System
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of modern gas and steam turbines in coal-fired, com-
bined-cycle plants. This is accomplished by increas-
lag the temperature of the gases eatering the gas tur-
bine via a topping combustor as shown in Figure 4.

Coal is fed to a pressurized fluidized-bed par-
tial gasifier that produces a low-Btu pas and char.
Char is then burned in a PFBC, and the flue gas is
cleaned of particulate and sent to the topping combus-
tor. Low-Btu fuel gas from the partial gasifier is also
cleaped and piped to the topping combustor. In the
topping combustor, any air required to complete com-
bustion is mixed with the fuel gas and the flue gases.
The topping combustors in second-generation systems
are designed to achieve turbine inlet temperatures of
2,100 to 2,500 °F, consistent with the high power out-
put of modern gas turbloes.

Steam is produced from heat transfer surfaces
located in the PPBC and a heat recovery steam genera-
tor (HRSG).

Second-generation studies by both Foster
Wheeler Development Company (FWDC) aad the
M.W. Kellogg Company have shown that the coupling
of parttal gasification and char combustion makes an
optimum balance berween the steam and gas turbine
cycles possible. From this, system efficiencies ap-
proaching 45 percent on a higher heating value basis
result. FWDC is continuing work on their second-gen-

eration concept through pilot plant component and in-
tegrated system test programs,

The first- and second-generation PFBC's can
function successfully as power generating systems in
Alaska. However, the AEA believed the second-gen-
eration system was too advanced at this ime. A first-
peneration gystem could be used, but there were con-
cerns about its ability to approach the load following
capabilities of the diesel generator sets currently in use,
Because of the remoteness of Alaskan viltages and the
severe weather conditians, the AEA wanted dual-fuel
operating capability and some duplication of generat-
ing capacity. A one and one-half generation PFBC
could meet the AEA's needs.

A one and one-half generation PFBC system
substitutes a premium fuel such as oil or natural gas in
place of the low egergy fuel gas generated by the
carbonizer in the second-generation system. This sub-
stitution of premium fuel negatively impacts operating
costs while reducing capital costs. The substitution of
premium fuel should increase the load following capa-
bilites of the one and one-half generaton PFBC to
approximate those of a diesel generator set. In emer-
gency situagons, both gas turbine and the PFBC could
be fired on oil. If necessary, the gas turbine could be
uncoupled from the PFBC and fired on oil thus giving
the plant internal equipment redundancy. Alone the
gas turbine counld generate betweea one-third and ooe-
haif of the plant’s normal power output.
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1 1/2 Generation PFBC System
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To ensure the load following potentjal, a Cir-
culating one and one-half generation PFBC system
shown in Figure 6 was selected.

4-MWe Plant

The AEA indicated that a plant having an out-
put of approximately S MWe was of interest. Based
on available gas turbines and using information from
previous studies, equipmertt components for a 4-MWe
system were sized as shown in Figure 7.

Again, using information developed by the
U.S. DOE, two other small, advanced PFBC power
systems were configured. The cost summary shown in
Table 4 was then prepared based upon these system con-
figurations.

Transportation of PFBC Modules

Alaska's remote villages suffer extremety high
fietd erection cost due to imported labor. Modular con-
struction methods used to fabricate PFBC’s will reduce
field erection costs. Further modular construction of
PFBC components will help overcome transportation
problems. Alaska’s lack of roads, railroads, and sea-

sonally limited, as well as, shallow draft water trans-
portation creates major challenges. The use of aircraft
to move the PFBC modules could resol ve the transpor-
tation challenge. Figure 8 illustrates that the compo-
nents required for the 4-MWe second-generation PFBC
plant can be airlifted to remote villages. Limited cal-
culations indicated that PFBC plants up to 30 MWe may
be airlifted if necessary.

TABLE 4
Cost Summary k$, 4 MW Plant
First Second 1-172
Geueraton | Generation | Generation
Cost Itern PFBC PFBC PFBC
Equipment $8,900 $8.,636 $7,708
Material $2,250 $1,702 $1,553
Direct Labor $3,007 $3,653 $3,244
Indirect Labor $233 $255 $247
Bare Erected Costf  $16,543 $14,249 $13,028
Process $852 $873 $666
| Contingencies
Project $2,302 $2,503 $2.269
Contingencies
Total Plant Cost | $23,131 $19,194 $17,398
TPC, $AW 6,608 6.398 4,093
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CPFB Equipment Layout (meters)
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C-130 Hercutes

Airlifted PFBC's

Shipping Requirements
Componant Length (m) Width (m) Height {m)
€130 Cargo Bay 125 a4 274
CPFBC System
CPFBC 827" 1.580.0.
Cycione 812 1.3400.
Filter 584 2.3800.
FBHE 1509 2 2520.0.
Carbonizer System
Cavbonizer 18.68 1830D.
Cydione 368 1.770.D.
Fler 5.t 22 OD.
! CPFEG 10 be shipped n ree seckond of 122 m edoh
¥ hiaad it e removed o rchow bengh bo witin imk

FIGURE 8

CONCLUSIONS * High-efficiency combined-cycle operation, reduced
CO; emissions.
PFBC’s provide the small remote rural village
micro grids with the same benefits as the large-gridutil- ¢ Reduced size, modular construction, quick field
ity. Both large and small grids can obtain PFBC capi- erection.

and operating cost saving from the following:
wl ving s The airlifting of PFBC components probably

has limited application, but the possibility demonstrates
that modular advanced coal-fired PFBC’s can be trans-
« Emission control of NOy and SOy without scrub-  ported into remote locations. Shallow draft barge trans-

bers. " Ox 02 portation is probably the most practical method for
moving PFBC parts. Whether the remote village is in
Alaska or Somalia, the modularity of PFBC compo-

+ Use of local coal resources and fuel flexibility.

Dry sulfur waste product, as CaSO4.
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nents makes environmentally acceptable coal-fired
power generation available worldwide.

Site conditions, especially the size of the vil-
lage or micro grid will dictate the type of PFBC to be
installed, but the one and one-half generation plant ap-
pears to have advantages in the areas of load follow-
ing and increased availability via interpal equipment
redundancy. The one and one-half generation PFBC’s
major disadvantage is that it does not fully remove the
smal} village's dependency on imported ail.

The small PFBC will not suffer from scale-up
uncertainties like the large utility units. The small sys-
tem needed in Alaska and other mijcro-grid locations
around the world closely match the size of the major
PFBC tet facilities.
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