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Abstract 

The extensive low rank coal deposits in Victoria, Australia, 
were in 1982 estimated at 197,000 million tonnes CMt) of which 
43,000 Mt are readily recoverable reserves using present day 
open cut m~ning technology. At current rates of consumption 
(37 Mtpa) these reserves would last over I000 years. In ~%e 
past 60 years the coal has been used primarily for power 
generation, although significant quantities have been used for 
the production of briquettes, town gas and char. 

The victorian State Government reoognised the co~l resources 
as one of the State's key competitive strengths for economic 
development. The unique properties of the coal, together with 
the ease of open cut mining, make it suitable for a variety of 
new applications. The need to co-ordinate the orderly 
development of the brown coal deposits coupled with high 
commercial interest shown in the brown coal led tc the 
formation by the government in 1985, of a new statutory 
corporation, the Coal Corporatien of Victoria, to lead the 
commercial development of brown coal for uses other than power 
generation. Initially 5 Mtpa of high purity Loy Yang coal 
have been made available for commercial development. 
Registrations of interest have been received from over 40 
local and overseas companies. Several of these are developing 
firm project proposals to produce value-added products 
including carbons, chars, and dried brown coal products. 

Research and development activities have centred around the 
natural attributes and unique properties of the coal for a 
variety of new uses. 

The high oxygen content (25% dmif) can be turned to a~%-a~.ta~ 
by the development of ion exchange materials for metal 
extraction in environmental and industrial applications. By 
carbonization and steam activation activated carbons with high 
surface areas can be produced. 

The high moisture holding capacity of the coal together with 
its open friable structure and humic acid content make the 
coal potentially suitable for horticultural and agricultural 
applications as a soil conditioner. 

Research and development of these new products together with 
many other areas of applied and fundamental research are being 
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conducted in victoria by Gover~,ent research organizations, 
tertiary institutions and private industry. 

This work is leading to new industrial development of 
Victoria's vast brown coal resources. 

The V~ctorian Brown Coal Resource 
In 1982 the Victorian Brown Coal Resource Development Study 
conducted by Kinhill Pry Ltd and associates (i) estimated the 
total geological resource of brown coal in Victoria to be 
197,000 Mt (coal with less than 10% ash content, dry basis). 
More recent estimates have increased this figure to over 
200,000 Mt (2,3). 

85% of the State's brown coal resource is located in the 
Gippsland Basin, the bulk of it in the Latrobe Region and 
within 300m of the surface. It has been estimated that a 
further 220,000 Mt of coal could occur in deep deposits within 
the Gippsland Basin (3), particularly offshore. 

Smaller deposits occur in the Otway Basin (9,000 Mr) and the 
Murray Basin (20,000 Mr). 

The Kinhill study (1) developed criteria to determine the 
quantity of coal which was economically winnable based on 
conceptual open cut schemes ranging in size from 162 Mt to 
4088 Mt. These criteria adopted a maximum coal depth of 300m, 
a minimum seam thickness of 3 m and a maximum overburden to 
coal ratio of 2:1. Using these criteria and the conceptual 
open cuts, 54,000 Mt was defined as "usable reserves" which 
could be recovered using present day technology. It was 
estimated that about 85% of this coal was available at a cost 
not exceeding twice the cost of coal from the lowest cost 
prospective open cuts. 

Some of these reserves have specific constraints on their 
devel~pment and by exclusion of coal under townships and 
environmentally sensitive areas this 54,000 Mt 02 "usable 
coal" has been reduced to 43,300 Mt of "readily recoverable 
coal". More than half of this recoverable coal is located in 
the central Latrobe Valley area. 

To put this in perspective a comparison can be made to the 
lignite resources and reserves in the Fort Union Region of the 
USA. In this region some 465,000 Mt of lignite has been 
identified (2) however only 26,300 Mt have been classified as 
"strippable reserves". It is clear that whilst the total 
identified resources in the Fort Union Region is far greater 
than that of the Gippsland Basin (down to 300m depth), the 
reserves of readily recoverable coal in Australia are 
significantly greater (and of greater purity - see later). 

A further illustration of the significance of the Victorian 
brown coal reserves can be seen in Table 1 which compares the 
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ratio of reserves to production for low rank coal (brown coal 
and lignite) producing countries of the world. This table 
shows that while Australia ranks second in brown coal reserves 
to USSR, it only ranks eighth in production. When the 
reserves to production ratio is considered, Australia with 
llT0 years more than doubles that of any other country. In 
contrast the ratio for Easu Sermany, the largest producer, is 
only 43 years. 

By any standard, it can be seen that brown coal provides 
Australia and particularly Victoria with a resource which is 
largely under utilized and offers substantial economic 
opportunities for future development. 

Quality of Victorian Brown Coal 
Victorian brown coal has been extensively surveyed and a 
comprehensive data base has been assembled on the properties, 
characteristics and utilization parameters of the coal. (4) 

Latrobe Valley brown ~oals are soft and strongly banded, due 
to variations in depositional environments causing the 
formation of different coal types or lithotypes. Five 
lithotypes, based on colour, texture, degree of gelification, 
compaction of ground mass etc have been distringuished in 
Latrobe Valley coals (5). The presence of these coal types 
contributes to the variability in chemical and physical 
properties within coal seams. (6). 

Typical values for important coal properties for Latrobe 
Valley brown coals are shown in Table 2. 

For a proper assessment of coal quality not only the 
properties of the coal must be considered, but also the 
intended applications. The high moistttre and oxygen content 
of the coal are us%tally considered major disincentives fur its 
utilization however as will be sho~n later these properties 
are beneficial for some potential applications. The primary 
asessment of the quality of brown coal is for combustion based 
on bed moisture and ash contents and net wet specific energy. 

Average moisture contents of coal in the Latrobe Valley range 
between 52% and 67% bed moisture. The bed moisture is 
s~bstantially higher than the moisture holding capacity of 
these coals. (6) See Table 3. 

Apart from thin bands of inferior coals nor~ally found near 
the top and bottom of coal seams, the average ash contents of 
Latrobe Valley coals range between 1% and 5% on a dry basis. 
In areas of the Loy Yang deposit, substantial q~/antities of 
coal with less than 1% ash occur. The level of minerals and 
inorganics are generally lower than the ash {or ash yield) due 
to the high relative levels of exchangeable cations associated 
with the coal compared to discrete minerals. (7). Sodium, 
calcium, magnesium, iron and aluminium are normally present in 
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intimate combination with the coal substance as salts of 
carboxylic acids. 

Certain inorganic cations present, can affect the combustion 
and fouling properties of the coal (8). High levels of 
calcium and magnesium lead to the formation of carbonates 
during hydrogention leading to reactor blockages (9). Calcium 
is also believed to contribute to the inferior weathering 
properties of briquettes manufacturedfrom Morwell brown coal, 
compared with the better Yaiiourn coal on which briquette 
production is now based. 

The occurrence of minerals is sporadic, is of less 
significance and is usually restricted to quartz, kaolinite, 
pyrite and marcasite. 

The Latrobe Valley coals show variations in ultimate analysis 
between seams and also within seams with changes in lithotype. 
While average values are listed (Table 2), observed 
variability can be (on dry basis) Carbon 64 to 71 per cent, 
Hydrogen 4.4 to 6.6 per cent, Oxygen 19 to 28 per cent, 
Sulphur 0.1 to 5 per cent, Chlorine 0.02 to 0.6 per cent and 
Nitrogen is fairly constant at approximately 0.6 per cent. 

The high concentration of oxygen, present in the carboxylic, 
hydroxyl and carbonyl functional groups of the coal substance, 
is the most notable aspect of the ultimate analysis. The H/C 
ratio of brown coal approximates that of a high volatile 
bituminous coal, although much of this hydrogen is associated 
with oxygenated functional groups and is released as water 
during pyrolysis. 

The high moisture contents of the brown Goals are reflected in 
their relatively low net wet specific energies, which range 
from 6.5 to 11.5 MJ/kg (2800 to 4950 BTu/lb). All seams show 
an increase in specific energy with increasing depth beneath 
the surface, although significant variations with lithotype 
are also apparent. 

Current Utilization of Brown Coal in Victoria 
E!ectrica~ Power Generation 
Power generation will continue to be the major user of brown 
coal for the foreseeable future. In 1985/86 the total 
capacity of installed power generation plant in Victoria based 
on brown coal was 4460 MW which generated 79% of the 
electricity supplied. The first 1000 MW of the Loy Yang 
project, planned for 8 x 500 MW units, are operating, with a 
further 1000 MWunder construction. Based on clrrent 
projections in electricity demand, construction of a further 
I000 MW has been approved with a decision on the final two 500 
MW Loy Yang B units still under consideration along with other 
options. 

Bri~uetteProduction 
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Briquettes produced from Yallourn coal have been available in 
Victoria since 1924 and have been used for power generation, 
steam ~aising, industrial and domestic heating. Briquette 
production reached a peak of 1.9 Mt per year during 1966 but 
has declined since low cost natural gas became available from 
Bass Strait. Production in 1985/86 was 851,000 t from a 
design production capacity at the Morwell briquette factory of 
1.3 Mt per year. Consumption was distributed as follows: 

0.26 Mt for use as an auxilliary fuel in power stations. 
0.625 Mt to the industrial sector including some 
0.158 Mt for char production and 
0.061 Mt for export. 
0.020 Mt for domestic use, mainly heating. 

To manufacture briquettes, Yallourn coal is crushed and dried 
to 15% moisture content and is briquetted by pressing through 
an extrusion form without any added binder. Approximately 2.7 
tonnes of the 67% moisture content coal has to be processed to 
make 1 tonne of briquettes and a further 1 tonne of coal must 
be burned to generate steam for drying the process coal. The 
efficiency of this drying step is considerably improved by 
using back pressure steam from electricity generation 
turbines, with 170 MW capacity. 

The uniformly shaped briquettes (nominally 58 x 37 x 43 mm) 
can be stored conveniently, transported economically, are 
readily ignitable and, given suie~bie equipment, can be burned 
slowly or at high rates. The net heating value of 21.3 MJ/kg, 
together witll the low ash content (2.1% dry_ basis) and the low 
sulphur content (0.3% dry basis) make briquettes ideal for 
solid fuel heating applications and as a feedstock for 
value-added products. 

The responsibility for briquette distribution and marketing 
was transferred to the Coal Corporation of Victoria on l 
January 1985 and new strategies are being pursued vigorously 
to increase export sales as well as sales to Australian 
domestic and industrial customers. 

The past decline in briquette sales is being reversed Based on 
the increased local use oZ briquettes as an industrial fuel 
and through expDrts. Exported briquettes are used as a fuel 
(domestic and commercial) and as a chemical feedstock for 
~Imi~ acid production for use in fertilizer mixes, and, 
potentially to produce activated carbon. There are prospects 
for further export markets including Europe and North America, 
where a solid fuel with low pollution potential is required. 
The surplus production capacity for briq~lettes currently 
available (400,000 tpa) may require supplementing with new 
production facilities over the ne:rt ten years, possibly to 
produce some other form of dried brown coal fuel. 
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Char production 
Since 1970 Australian Char (Ho!dings) Pry Ltd has been 
manufacturing industrial carbon by carbonising Yallourn coal 
briquettes using direct-heating from circulating hot gases in 
vertical retorts. The process operates with a carefully 
controlled temperature profile through the retort to a final 
temperature of 800 C. This minimises breakage and loss of 
lump strength in carbonising whole briquettes (!0). The 
product is a hard lump char (2~ mm nominal diameter), and has 
a high purity (95% fixed carbon). It is marketed for use as a 
metallurgical recarburiser, in alloy manufacture, and as a 
electrochemical reductant and chemical feedstock. The annual 
production of this lump char is nominally 60,C00 tonnes and 
about 75% of the char is exported to Japan, South Korea and 
Europe. 

Australian Portland Cement Ltd at Traralgon also produces char 
by carbonising briquettes in a partial combustion type retort 
from which the hot gases are used for drying the marl. Most 
of the char is used as an integral fuel in pel!etised clinker 
which is fired in a ve~ical cement kiln. 

A proportion of the browm coal char produced in Victoria is 
blended with a binder and ignition agent and formed into a 
high quality barbeque fuel for local and export use. 

Availability for Brown Coal for New Industries 
The Victorian Government has identified the State's brown coal 
resources as one of its key competitive strengths for future 
economic development. The Government has therefore agreed to 
provide private enterprise with access to this low cost, high 
quality brown coal in the central Latrobe Valley. Previously 
this attractive coal had been reserved for future power 
generation. 

To encourage this initiative the Coal Corporation of Victoria 
is offering at least 5 Mtpa of high purity Loy Yang coal as 
part of the "Coal For Industry Program". Prices of $A0.50 to 
SAI.00/GJ are achieved by taking advantage of the economics in 
scale of operation at the Loy Yang Open Cut which will produce 
up to 32 Mtpa for electricity generation. 

Run of mine Loy Yang coal is one of the lowest cost, high 
purity, organic carbon feedstocks available in commercial 
quantities in the world today. The weighted average and 
distribution of moisture, ash, specific energy and the main 
coal constituents over the %;hG!e open cut are given in Table 
4. Data in Table 4 illustrates that Loy Yang coal is ideally 
suited to many premium applications due to its low levels of 
ash forming constituents and low content of specific elements 
of concern in potential applications. 

Under the "Coal For Industry Program" Loy Yang co~l may be 
used for any development consistent with the Government's 
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policy of encouraging the wider use of brown ~ual and the 
development of industries using this resource. 
In the late 70's and early 80's the dominant development 
inUerest was in converting Victorian brown coal to oil, with 
several significant project proposals submitted. 
Sophisticated liquefaction technologies are now financially 
unattractive with the present atmosphere of reduced oil 
prices. The emphasis in the present Coal For Industry 
registrations of interest has shifted to value added products 
such as activated carbons and carbon reductants (chars) and to 
a lesser extent upgraded solid fuels (in view of the depressed 
export coal prices). 

At present the technical and economic merits of the several 
proposals are being assessed and the Coal Corporation of 
Victoria is confidenT, that a firm timetable for commercial 
development of Loy Yang coal will be developed during 1987. 

New Research & DevelcDment Activities 
A number of alternative applications for victorian brown coal 
are being evaluated at the research and development stages. 
The Coal Corporation of Victoria has a responsibility to 
encourage the upgrading of brown coal into usable, economic 
and efficient product forms, and to co-ordinate and support 
public and private sector research and development programs. 

Consequently the Corporation has a strong interest and 
involvement in most of the brown coal research and development 
activities presently being undertaken in Australia on 
Victorian brown coal. 

P~ot ScaleDevelopments 
* Brown Coal Liquefaction [Victoria) Project. 
The Brown Coal Liquefaction (Victoria) Pry Lid (BCLV) project, 
operated by a Japanese consortium, is the largest low rank 
coal liquefaction project in the world. It uses a two stage 
hydrogenation process developed specifically for Victorian 
brown coal (11). 

The cost of construction of the Pilot Plant exceeds $A400 
million, withthe Japanese Government providing the bulk of 
this funding. The Victorian Government through the Co~l 
Corporation cf Victoria is providing a package of assistance 
to support the project. Construction of Stage ! began in 
November 1981 and it started up in November 1985; construction 
of Stage 2 is now complete and integrated operation to produce 
liquid products is scheduled for later this year. 

Stage 1 converts 50 t/d (dry coal basis) of brow~ coal to 30 
t/d coal liquefied bottoms (CLB or solvent refined Goal) and 5 
t/d naphtha. The first stage uses a disposable i~on based 
catalyst operating at 200 - 250 bar and 430 - 460 C. In Stage 
2, the CLB intermediate will b= further refined by secondary 
hydrogenation to produce a total yield of about 25 t/d of 
middle distillate and naphtha. This represents a 
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scale-up factor of 100:l from the mini-pilot plant which has 
operated since 1979 at Kobe in Japan. 

Operation of the Morwell pilot plant is scheduled to continue 
until late 1989. 

While the current operation at the Brown Coal Liquefaction 
(Victoria) coal to oil pilot plant will continue on strategic 
grounds, this technology is not expected to be economic until 
early nex~ century. Nevertheless the fact that the project is 
continuing reflects the Japanese and Australian Governments' 
awareness of the strategic importance of having coal 
liquefaction technology available, despite the presently 
depressed world oil prices. 

* Solar Dried Brown Coal Slurry Process 
The solar drying of slurried brown coal is a process which 
produces a dry, high density, storeable lump coal. Raw coal 
(60% moisture) is mixed in a ratio of 3:1 with water and 
milled to form a very fine (8-10 micron particle size) 
concentrated non-settling suspension. The slurry is pumped 
into ponds or drying pans to a suitable depth and is allowed 
to dry by evaporation. As the moisture evaporates, the slur~I 
shrinks and cracks to form homogeneous lumps with an 
equilibrium moisture content of about 12%, similar to brown 
coal briquettes. (12). 

A 2200 t/yr pilot plant has been constructed for the State 
Electricity Commission of Victoria with a $A2.1 million grant 
from the Australian Government's National Energy Research 
Development & Demonstration Program, and is now in operation 
in the Latrobe Valley. Solar dried brown coal can be produced 
at relatively low cost for small scale production (350,000 
tpa) using public sector finance but does not benefit from 
economies of scale to the same extent as other drying 
technologies. A relatively low cost lump fuel, as a possible 
substitute for briquettes, can be produced utilizing solar 
energy for drying, however production is seasonally variable 
and requires large land areas, the environmental implications 
of which have not been fully assessed. 

* Multiple Effect Steam Fluidized Bed Drying 
A process using superheated steam for drying brown coal was 
developed by Potter at Monash University (13). 

In the process -I mm coal fed to two fluidised bed dryers in 
parallel, is indirectly heated by low pressure steam which 
condenses inside the tubes submerged in the fluidised bed. 
The coal bed is fluidised by a portion of the water vapour 
generated and recycled to the bottom of the bed. The vapour 
generated in the first stage containing fine coal pa.--ticles is 
cleaned and then compressed and supplied to the second stage 
as the heating steam. The vapour compressor is driven by high 
pressure steam from a boiler plant, and this steam ends up as 
heating steam for the first stage. The second stage vapour is 
condensed and directed to the water treatment plant, together 
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with the first stage vapour condensate condensed in the second 
stage heater. 

The process is being studied in a small pilot plant scale at 
Mcnash University but larger pilot s~ale development is 
necessary to confirm the potential of the process to produce 
low cost fine and granular dried brown coal. 

The multiple effect (steam from one stage providing heat for 
another) conceptual process, has been assessed in a 
consultant's study, as having potentially the lowest 
production cost at high production levels (3 Mt/yr) and with 
private sector financing. 

* Production of Activated Carbons 
Among the unique characteristics of Victorian brown coals are 
their high surface area and porosity. These features are 
preserved and enhanced in carbonisation and make them ideal 
feedstocks for active carbon production (14). 

The Coal Corporatinn of victoria, in a joint venture with 
Australian Char (Holdings) PtyLtd, is operating a 1 t/day 
pilot plant to produce activated carbons from brown coal char, 
briquettes and other brown coal derived feedstocks. The Pilot 
Plant uses a 760mm internal diameter Hereschoff type kiln and 
consists of a cylindrical vertical shell lined with refractory 
which encloses a series of six circular hearths. The furnace 
is fired with natur~l gas and designed for a maxim-am 
temperature of i000 C and adjustable residence time within the 
range 30 to 300 minutes. 

Results to date have been encouraging, with good yield of 
medium to highly active carbons being produced from brown coal 
char and briquette grus. 

Activated carbon is an important adsorbent used in industrial 
and environmental applications and currently Australia imports 
all of its activated carbon requirements. In 1985/86 this 
amounted to 4263 tonnes with an average cost per torme of over 
$A2000. Thm direct production of activated carbons from low 
cost, high purity brown coal derived feedstocks represents an 
attractive opportunity for development of a new brown coal 
based industry in Victoria for both local and export sales. 

Research_Scale Activities 
At present a wide variety of research is being conducted 
within Australia in areas related to victorian broom coal. 
Research projects ranging from fundamental studies on coal 
structure and composition, to development of new value added 
products and processes, and environmental and occupational 
health issues related to brown coal utilization are being 
actively pursued. 

The Coal Corporation of Victoria has a direct involvement in 
most of these research initiatives and in many cases provides 
financial 
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support to University groups, CSIRO etc. Table 5 summarises 
the variety of research activities presently receiving support 
from the Corporation. 

Three of these research areas are discussed below to exemplify 
the range of opportunities for development of new products 
from Victorian Brown coal. 

* Preparation of Activated Carbons 
In a separate initiative to the pilot plant investigations 
discussed previously, laboratory scale investigations are 
being conducted to prepare attrition-resistant active carbons 
with high activity from brown coal. 

Victorian brown coal is inherently a soft material, whilst 
activated carbons, particularly if they are to be regenerated 
for re-use, require a certain degree of hardness or attrition 
resistance. Attrition resistance is particularly important if 
carbons are used by the gold mining industry in the 
carbon-in-pulp (CIP) process. Both physical and chemical 
modification of brown coal feedstocks have been investigated 
to overcome the inherent softness of brown coal and produce 
active carbons with acceptable levels of hardness. 

Digestion of brown coal with alkali promotes the collapse of 
the pore structure and the release of humic acid material. 
After drying this alkali treated coal forms a dense, 
relatively homogeneous, gellified, brittle material, (15). 
Incorporation of potassium cations h~s been found to yield 
carbons of high surface area (1100 m /g) when this alkali 
treated coal is carbonized (16). This process has been 
patented. 

By the use of alkali digestion together with additional 
chemical modification followed by carbonization and/or steam 
activation, hard activated carbons with high surface areas can 
be produced from Victorian brown coal. Some of these carbons 
show an excellent capacity for adsorption of gold from cyanide 
solutions and therefore have potential to satisfy the 
stringent requirements of the CIP gold industry. 

* Ion Exchange Materials from Brown Coal 
The high oxygen content of Victorian brown coal, half of which 
is attributable to the coal's carboxylic and phenolic 
functional groups, together with the coals large internal 
surface area make brown coal a potential medium for ion 
exchange. It has been found that pre-loading the coal with an 
alkali metal e.g. calcium, eruhances the ion exchange capacity 
of the coal. (17). The use of calcium loaded brown coal has 
achieved 99% removal of metals from i000 ppm solutions of 
copper, lead, mercury, uranium and cobalt. (17). 

However Loy Yang brown coal without pre-treatment can also 
remove, by ion exchange, metal ions from aqueous solution to a 
significant extent. (18). 
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The degree of metal removal is dependent on the pH of the 
solution, the particular metal ion and its concentration. 
Figure 1 demonstrates the removal of silver (I000 ppm 
solution) as a function of pH using both Loy Y~g run of mine 
coal (ion exchange) and NaOH [precipitation). It can be seen 
~hat without any pH adjustment Loy Yang coal removes 70% of 
the silver from solution. Furthermore at approximatelypH 6.5 
90% is removed with Loy Yang coal, the same removal is not 
achieved by precipitation until pHl0. 

Victorian brown coal due to its ion-exchange properties has 
the potential to remove metals species from industrisl waste 
waters or hydrometallurgical liquors in a cost effective 
manner. Commercial prospects are being evaluated. 

Agricultural/Horticultural Applications 
Victorian brown coal has many chemical and physical properties 
in common with soil organic matter which are essential to soil 
fertility. These properties include high water holding 
capacity, good nutrient hold~g capacity (due to ion-exchange) 
and open friable structure. It is believed that the high 
h%l~ic acid content of Victorian broom coal could play an 
important role in agricultural applications due to the plant 
growth promoting properties of humic acids. (19). 

Potting trials have demonstrated the utility of brown coal for 
(a) amelioration of saline soil by increasing organic matter 
conte/%t and improving soil structure and (b) for improvemea%t 
of plant growth in sandy soils by increasing water and 
nutrient holding capacity. (20). The advantages of brown 
coal have been recognized for many years and potting mixes in 
Victoria already contain a proportion of brown coal. Field 
trials are presently underway to investigate the use of brown 
coal in "broad acre" applications e.g. wheat growing, 
vegetable production. 

Research work is also being conducted to use brown coal as a 
fertilizer support, by enriching the coal in nitrogen and 
phosphorus. 

This is one of the few uses for brown coal where the high 
moisture content is not a disadvantage, as drying is not 
essential prior to horticultural or agricultural application. 

conclusion 
Victoria has extensive reserves of high q~lality brown coal, 
coupled with sixty years of experience in large scale 
extraction and processing of this unique resource. This 
provides a key economic advantage to the State by ensuring the 
continued availability of low cost electricity and solid fuel 
and by providing the basis for new industries to produce 
value-added brown coal products for local and export markets. 
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Research and development programs which are now in place will 
ensure that commercial development of the resource will take 
place in a realistic time frame. 

Victorian brown coal development is on the threshold of a new 
era with high potential for new industries, new markets and 
new jobs based on the production of new value-added products. 
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TABLE I WORLD BROWN COAL RESERVES AN0 ANNUAL PRODUCTION 

(OUN~Y pRt~C~TI 01~ RESERYES z RESERVES/ COUNTRY AN/~/A L RESERV(~ RESERVES/ 
Mr. PROOUCT lO~ pRnnOCTl 0~ I Mr. PROOUCT ION 

Mr. RATIO [YEARS) Hr. Ral IO(IEARS) 

Eas~ Germany 300.0 13,0003 43 Bulgaria 31.5 3,700 117 

USS~ lS9.~ 89,100 560 Romania zg.8 

Mes~ Germany 120.7 35,150 L:~L Canada Z6.5 Z,~17 80 

Czechoslovakia ]00.4 ~,B~0 ~8 Spain Z3.5 411 17 

Yugoslavia 66.0 IS,O00 ~7  Iurkey 22.9 1,728 75 

U~ 63.0 31,980 516 Hungary Z1.4 4,000 187 

Poland 57.7 lZ,OOO ZO8 Austria 3.1 60 19 

Austral ia 37.0 43.3004 1,I70 I ~ l y  ?.0 

Greece ]S.~ I,SS0 44 France 1.9 

China 3~.0 

TOTAL 1,157.4 

NOTE5: 

1. The Annual Pnoductio~ figures are based on 1985 prx)duction estimates (re~. Braunkohle Yol 38, March 1986, page 60). 
Z. ~eserve f igures based on Survey of  Energy Resources tn 1983 by the Wo~ld Energy Conference unless noted otne~ise.  
3. Reserve figures based on the fo l lovtng reference: 

Conctse Guide to gorld Coalf ields IEA Coal Research, 1983 ISBN 3Z-9029-0~8-9 
4. The Australian resenes f igure ts based on the Victorian Reserves quoted ~n "V ic to r ia ' s  Energy - S t r e t ~  and 

Plinnlng Opttoes" Ilov~ml~r 1985. No South Australian brow~ coal reserves have been included as these -',re small an(] 
have not been c lear ly  defined. 

TABLE Z - ANALTSE5 FOR VICT(~IAN 8ROwIw COALS 
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TABLE 3 - BED HOIETUP.E AND HOIS'IIIRE H0~IHG CAPACITY FOR SELECTED VICTORIAN COALS 

Coal Field Bed lf~ist~re l~ist~Jre Holding Capacity 
(Selected Values) (As Received] ~ (Equ~libri~ t6oisture) ° 

KglKg Dry ~ 9 h t  
Coal PercenZ 

Yal lourn-Haryvale ] .82 64.2 
Horwell-Narracan 1.54 60.5 
Loy Yan9 1.63 61.9 
F l~n 1.76 63_5 
Yallourn North E~r. 0.98 49.5 
Eoo I un~ool un 1.19 5~. 4 
~ormanda] e 1.27 56.O 
C-~11 i(~ndale 1.83 64.6 
S~radi~ro~e 1.4-I 58.4 
An�lesea 0.87 46.6 
Bacct~s Ha r~i~ LS3 60.4 

* Oe~ensined ac 97Z h,~ld~ty and 3O°C 

38.4 
38.2 
42.1 
41.2 
41.Z 
35.0 
39.0 
35.3 
37, L 
32.9 
31.2 
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(all coal O|~R[eU'([QN 

( :  m} 14 0.8 1.2 
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ENDESA's ACHIEVEMENTS ON LOW RANK COAL 

UTILIZATION AT TERUEL. SPAIN 

JQaquin Calvo & Emilio Men~ndez 
PhD Mining Engineer & Mining Engineer 

ENDESA, Pr~ncipe de Vergara 187, 28002 Madrid,Spain 

ENDESA's role in the Spanish energy field is 
presented. This was last year 50% of the coal 
market and 32% of the total electricity production 
in Spain. 

Among ENDESA's power plants, C.T. Teruel is 
located on a low rank coal basin containing 
high sulphur. Studies on coal preparation and 
clean combustion have been developed to enable 
coal mining and power plant work under pollution 
limits. The decisions taken are presented in 
this paper: short term: blending with high 
quality coal or natural gas; medium term: 500 
t/h washing plant; long term: pressurized 
fluidize~ bed combustion boiler. 

ENDESA IN THE SPANISH ENERGY FIELD 

ENDESA is an electricity producer mompany, 95% state 
owned. It was founded in 1944, and after bidding for 
coal and entering the coal producer business in 1972 it 
had an important growth during the 70s, becoming very 
successful in the early 80s. 

At the end of 1983, ENDESA bought stocks of five different 
companies: 

- GESA, Gas and electricity of Baleares Islands 
. ENHER, Hydro-power based at N.E. Spain 
. UNELCO, Electric company in Canary Islands 
. ENECO, Electric company in Cordoba 
• ENCASUR, Coal Mining Company 

becoming a holding company by controlling all of them but 
ENECO (50~). 

ENDESA's economic good health continued, and on December 
85 negotiations for a 4 billion U.S. dollars purchase 
ended up ,which mainly included 40% of Asc6 nuclear 
plant(1860 Mw in operation), 72% of Vandell6s II (930 
Mw nuclear unit under advanced construction), 62% of 
E.R.Z. {Zaragoza's Electric Company) and five hydro-elec- 
tric plants of 221 Mw in total. 
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At the end of 1986 ENDESA's holding had, in five different 
basins, eleven mining operations, five of them underground 
and six opencast mines, and 22% of the electrical installed 
power in Spain. The distribution in Gw was as follows: 

Company Coal Fuel & Gas Hydro Nuclear Total 

ENDESA 4,245 49 577 744 5,615 
ENECO 194 - - - 194 
ENHER - - 1,244 - 1,244 
E.R.Z. - - 179 - 179 
GESA 250 383 - - 633 
HIFRENSA - - - 115 i15 
TERBESA - 475 - - 475 

TERMOEBRO 52 - - - 62 
UNELCO - 711 1 - 712 

4,751 1,618 2,001 859 9,229 

The role of ENDESA's holding in the 1986 Spanish energy 
field might be shown with the following figures: 

Coal prqduction ( in thousands of metric tons) : 

Puentes (brown lignite) ........ 12,179 
Teruel (low rank sub.bituminous) 1,247 
Lignitos,S.A. (low-rank 

sub.bituminous).. 184 
Puertollano (steam coal) ......... 847 
9e~arroya(anthracite & steam coal) 985 
1986 ENDESA's coal production. 15,442 
1986 Spain's coal production. 38,082 

% ............ 40.6 

Coal purchases (in thousands of metric tons): 

National Coal ......................... 5,965 

Low-rank sub.bituminous coal 2,515 
Anthracite & steam coal .... 3,450 

Imported Coal ........................ 1,772 

Lignite briquetes ......... 119 
Steam coal ............... 1,653 

These purchases mean 30% of the coal produced in Spain 
by other companies and 61% of the power plant imports 
in 1986. 
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Coal handling (in thousands of metric tons): 

ENDESA's 
holding Spain % 

Production... 15,442 38,082 40.6 
Purchases... 5,965 - - 
Imports ..... 1,772 8,500 - 

Total handling 23,179 46,582 49.8 

Coal comsumption (in thousands of metric tons): 

ENDESA's Spanish % 
holding Power Plants 

Anthr~te & steam coal 4,988 13,789 36.2 
Lu~-r~mk sub. bitum/nous 4,411 5,496 80.3 
Brown lignite .......... 12,048 16,374 73.6 
Imported coal .......... 1,662 2,461 67.5 

Electrical energy production (in Gwh) : 

Coll power plants 
Nuclear plants ...... 
Hydroelectric ....... 
Fuel & Gas plants... 

Total ..... 

ENDESA' s 
holding Spain % 

29,050 56,262 51.6 
5, i01 37,460 13.6 
3,980 27,300 14.6 
3L411 7,538 45.3 

41,542 128,560 32.3 

TERUEL's BASIN 

It is located in the province of Teruel, some 400 km 
NE of Madrid. Population in this area is low, !l inhab/km2, 
as well as industrialization . Teruel is poor in both 
natural and industrial resources, where mining and 
electricity production are a basic economical activity;12~ 
of the working population is employed at the mines, 
representing mining and electricity generation 20.5% of 
the province's gross added value. 

Coal reserves are quite important, amouszing over one 
billion tons as the following chart shows: 

Known recoverable Total 

For underground 236 Mt 877 Mt 
For opencast 156 Mt 156 Mt 

Total 392 Mt 1,033 Mt 
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Ur~f-rtunately the quality is poor: 

Minimum 

Moisture (%) 16 
Ash (~) ..... 26 
Volatile ma- 
terials (%). 20 
Sulphur (%].. 4 
Gross calorific 
value(Kcal/kg). 

Maximum Avera@e 

23 20 
43 30 

26 24 
8 5,4 

2,600 4,300 3,500 

Besides the low rank of this coal, its underground 
mining is very difficult because of the deposits' geology 
and the chemical characteristics of the coal. 

Coal seams' thickness vary from almost nothing up to 15 
meters, but they are not steady, dipping 10Q to 35R: 
coal is very reactive. Roof (black clay) and bottom(cla- 
yish marl) a~e weak: coal seams very often lay under 
sand full of water. As a result mechanization is limited: 
room and pillars or "soutirage" helped with heading 
machines are the most usual coal winning methods. 

The water existence over the seam does not specially 
prevent the selfcombustion of this coal. For safety 
reasons, when water is found, drainage is necessary by 
means of ~reholes and pumping from the outside or by 
drainage galleries inside: as permeability is generally 
low, drainage is expensive. Because of the selfcombustion 
ability, Teruel's miners became real experts in mine 
ventilation and fire prevention: the use of foam is 
common at these mines. 

Over this flash it's easy to understand that underground 
mining at Teruel requires a pretty big list of personnel 
and a nice load of technique. Very seldom production 
pays for the expenses, in spite of the price way higher 
than the average. But social reasons keep this activity, 
which employs almost 12~ of the working population and 
allows the recovery of an important local resource. 

Opencast mininq is a different world. 

Even 1 foot seams are mined-out, and selectivity according 
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to sulphur contents is possible. Land reclaiming can 
improve the previous landscape and agricultural value. 

Productivity allows I0 to 1 ratios, compensating under- 
ground losses as a whole. 

Coal production at Teruel actually amounts to 4.5 million 
tons per year~ of which 50~ comes from opencast mines. 

But what really makes possible this production are the 
coal fired power plants, which create the market: ENDESA's 
C.T. Teruel of 1050 Mw and UTSA's 175 Mw. 

Two main problems have to be faced by these power plants: 
cost of the fuel that represents over 60% of the electri- 
city generation cost, and the fulfillment of the environ- 
mental constraints. 

Summing up, Teruel is a poor area with one billion tons 
of low rank coal reserves. Mining and electricity genera- 
tion have to be continued as they represent 12~ of the 
employment and 20.5% of the province's income. 

This is the challenge that ENDESA has faced at Teruel. 

FUEL BLENDING AND ENVIRONMENTAL CONTROL 

To start with, the environmental control target was 
covered by a network of stationary stations located 
inside a 20 ~m. circle around the power plant. These 
stations monitor continuously the inmission levels of 
sulphur and nitrogen oxides and are connected by radio 
with the plant. 

The emissions are reduced by means of a coal blending 
plant, fed with local coal and high quality imported 
coal, which supplies the boilers with a constant quality 
coal avoiding peak sulphur emissions. Besides this, 
Teruel power plant is connected to the natural gas 
pipeline. 

An action plan is implemented in order to avoid high 
inmission levels based on the environmental control 
network, by switching %o clean fuel [natural gas) or 
even reducing load. 

COAL PREPARATION STUDIES AND TESTS 
,,, 

Teruel's low rank coal basin was known centllries ago. 
After WWII there was demand for domestic coal and people 
tried to increase sales by coming into the coal prepara- 
tion business. Attempts were made with no success because 
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of the difficult characteristics of this coal: very 

unfavorable densimetric curve, hiqh clay soluble 
content and uniform electro-chemical potential. 

In 1983 ENDESA came back looking for a medium term 
solution for the high sulphur content of the local 
coal. First studies revealed that 50% of the contained 
sulphur was organic: as a consequence coal preparation 
research was headed towards the piritic sulphur decrease. 

Because of the high clay and moisture content of the 
coal we first tried to avoid the use of water, testing 
as much as possible pneumatic procedures. Laboratory 
tests carried out deserve the following comments : 

Shaking tables gave encouraging results 
Electrostatic separation and froth flotation 
were unefficient 
Spirals gave the best results in the fines 
treatment, among all the systems tested. 

After this slightly promising results, ENDESA decided 
the construction of a Pilot Plant with a capacity of 5 
tph , comissioned in May 85. Pneumatic tables, shaking 
tables, simple and double spirals and jigs for big and 
small sizes were installed and tested, with the help of 
several sampling devices and a proper laboratory. A 
data processing application was developed. 

Pilot Plant equipment's imperfection was determined: 

Pneumatic tables with sizes over 3 millimeters 
had an imperfection of around.27 
Shaking tables and spirals had an imperfection 
of approximately.19 with sizes under 3 millimeters 
Jigs imperfection were.ll for coarse material 
and.16 for sizes between 3 and 6 millimeters. 

In the meantime several tests were performed on coal 
samples from the different steps of the process : 

Coal characterization tests, by means of 
granulometric and densimetric c~rves for each 
granulometric range. Over 1.9 gr/cc ranges had 
50% of the sulphur, 35% of the weight and 20% of 
the calorific value in a total coal balance. 

• Crushing tests for midlings with a density 
between 1.5 and 1.9 gr/cc. Before crushing 
midlings amounted 48%: crushed under 6 millimeters 
it was 42%: down to 3 mm 40%. It was decided 
to avoid midlings crushing inasmuch as these 
results did not pay for the crushing expenses. 

• Solubility tests. Raw coal was maintained in 
water stlrrzng up for two minutes: fines content 
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was measured before and afterwards: the amount 
was twice as much after this operation. Characte- 
rization tests were repeated after the solubility 
ones. 

This degradation process was really a washing 
process, as a result of clay solubility. The 
size of this clay is 95% under 30 microns, 
amounting around 10% of the total weight. 
Sulphur content is 7% and gross calorific 
value 1800 Kcal/kg (dry basis) and it was 
supposed to be rejected in the process, meaning 
the main energy loss. 

Dewateri~g tests on clean coal, by means of 
centrifuges, band-filters, and press-filters. 
This last equipment gave around 25% total 
moisture with sizes under .i millimeters and 
the others around 20% over.l millimeters. 

Dewaterin9 tests on c la_y.under 30 microns with 
band-filters, band-pressure filters and press- 
filters. The results with first and second 
equipment were around 50% moisture with a 
flocculent consumption of 400 g per dry to~; 
press-filter gave 35% moisture with no flocculent. 

Based on Pilot Plant results a feasibility study was 
developed, with the assistance of M:ntan Consulting, 
including washing process and layout definition, investment 
cost, operation cost and energy loss estimates. The 
report was completed early 1986 and final estimates 
were as follows: 

Weight recovery .......... 65.5% 
Energy loss ............. 17% 
Total sulphur decrease. 46% 
Final moisture ......... 20 to 22% 

Total cost, energy loss included, was estimated in 
about $8 per ton. It was considered that this additional 
cost could be recovered with a better sale price according 
to a higher quality coal. 

New studies on the rejects are under development. The 
piritic one with 20% sulphur content might be used for 
sulphur production: the rest could feed an atmospheric 
fluidized bed combustion boiler. 

CLEAN USE OF, COAL 

Besides coal preparation a clean use of coal technology 
is reguired:'it has to be found either for new electricity 
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generation olants or to refit the present ones at Teruel. 
To select the most convenient process for this case the 
following aspects must be considered: 

Fuel cost in Spain represents about 60% of 
total electricity generation cost, while invest- 
ment cost is around 30%. Accordingly generating 
efficiency is the main factor when evaluating 
alternative options. 

Any future power plant must operate with low 
nitrogen and sulphur oxides emission levels. 
Nevertheless these levels should be consistent 
with local circumstances: coal quality, indus- 
trialization, population, topography, geography, 
etc. 

Selected clean use of coal technology should 
be available for commercial size units -350 Mw 
in Spain- by 1995, according to lifetime of 
present units and demand growth estimates at 
Spain. 

In order to solve Teruel°s low rank coal clean use, the 
following technologies might be considered: 

• Conventional coal combustion with flue gas 
cleaning. 

Gasification with combined cycle power generation. 

Atmospheric fluidized bed combustion, both 
bubblinq and circulating alternatives• 

Pressurized fluidized bed combustion. 

Flue gas cleaning, with desulphurization and denitrifica- 
tion, is at present an available technology. In the 
Spanish context it is not the most convenient one inasmuch 
as its g~nerating efficiency is lower than in conventional 
boilers without gas cleaning. 

Gasification with combined c~cle, as it is at present 
was discarded by ENDESA because of high investment cost 
and low efficiency level. In addition high-ash coals 
could create problems because of ash melting in the 
gasification process. 

We feel that these technologies will be of interest in 
Spain after solving some present problems,such as hot 
cleaning of gas or gas turbine with high combustion 
temperature (over 1,300~ C). We do not expect answers, 
at a commercial level, before the year 2,000. 
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Fluidized bed combustion is considered by ENDESA as the 
proper technology for the 90s, not only for Teruel's 
low rank coal but for other Spanish coals. Evaluations 
on different types of FBC were made: bubbling and circu- 
lating atmospheric boilers, as well as pressurized 
systems, including a combined cycle with gas turbine 
for expansion of combustion gases. 

ENDESA's choice has been the supercharged PFBC, as the 
most convenient technology to be developed in the next 
decade, for the following reasons: 

It is the option with highest generating efficien- 
cy and it will probably keep this first place 
for the next ten years. 

. This technology offers 90% sulphur retention 
and less than 200 ppm NOx emissions. 

High-ash coals might be used, as it was checked 
up at ASEA PFBC pilot plant during a test 
period in which 600 t of Teruel's coal were 
burned. 

Nevertheless PFBC technology still have some problems 
to be solved with bigger demonstration plants experience: 
high coal and absorben~ feeaing system reliability; 
pressure vessel design with good internals maintenance; 
and gas turbine resistant to the potencial erossion of 
combustion gases carrying small particles. On the other 
hand escalation tc commercial size units has good prospect. 

Estimates of total electricity generation cost were 
made for both AFBC and PFBC 350 Mw units. Results according 
to coal price in pts/th (at present rate 1 pts/th equiva- 
lent to S 4,3 per 1,000 B.T.U.) are shown in the following 
graphs for different yearly working time and interest 
rates. 

't 
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In all cases the break even point corresponds with a 
fuel cost below present Spanish coal price, even Teruel's 
low rank coal, meaning PFBC will allow better generating 
cost for higher fuel price and same availability. 

Negotiations ended into an agreement with ASEA PFBC, 
M~imoe , Sweden, for joint development of this technology 
for high ash coals on a demonstration plant to be built 
at Escatron, Spain. Main ob3ectives for this plant are: 
generating efficiency and availability. 

COAL PREPARATION PROJECT 

In accordance with Pilot Plant results and once the 
feasibility study was completed, ENDESA decided the 
construction of an industrial washing plant, 2.5 millions 
tpy capacity. This project was considered as a medium 
term solution to improve Teruel's low rank coal quality, 
as well as a bridge between the present situatzon and 
PFBC development programme accomplishment. 

Based on the feasibility study process a turn-key contract 
with IMENOSA-POLYSIUS was signed in July 86. Total 
plant imperfection, final moisture of coal, delivery 
capacity and availability of the plant are strongly 
guaranteed. We expect to have this plant in operation 
before the end of 87. 

Flow sheet is schematically represented in the following 
sketch : 

Tf I 
i 

I.D. 

3 C2-I0 



Coarse coal at a rate of 500 tons per hour, in size 
0-60 millimeters, comes into the first 3x5 m2 jig-Bawn 
type, double pulsation-, being split in three: 

i.- Heaviest part might be called piritic waste.Sulphur 
production from this material is under study. 

.- Second in weight is waste-high ash midlings, with 
some calorific value and sulphur content similar 
to clean coal-; its use in a 40 Mw AFBC is being 
considered. 

3.- Lighter material, after dewatering and screening 
at 6 mm splits in two: 

3.1.- Over 6mm is already clean coal 

3.2.- Under 6mm is classified in two sizes: 

3.2.1.- Range 0-3 to 6mm goes to the second jig, being 
split in three 

3.2.1.1.- Heaviest part is piritic waste as 1 

3.2.1.2.- Second in weight is wasie as 2 

3.2.1.3.- Lighter part, after dewatering and screening 
at lmm splits again in two: 

3.2.1.3.1.- Range 1 to 5mm is centrifugated and goes-out 
as clean coal 

3.2.1.3.2.- Range 0.3 to imm goes to first set of cyclons 
with cut-off 0.15mm to take care of the 
misplaced and degradated materials. 

3.2.2.- Under 0.3mm goes to second set of cyclons with 
cut-off 0.03mm. 

Up to here we have mentioned three types of products 
with sizes over 1 mm: piritic waste, waste and clean 
coal. We still have to manage with sizes under Im.m, 
which contain 20% of Teruel's coarse coal calorific 
value and are high in water-soluble clay. Let's see 
this section of the flow-sheet. 

First set of cyclons produce underflow over 0.15mm 
going to spirals and overflow, under 0.15mm, that goes 
together with material 3.2.2. to second set of cyclons 
(two stages): underflow over 30 microns goes to spirals; 
overflow under 30 microns comes into a high-capacity 
thickener feeding a press-filters battery set. The 
reason for this last operation is to make sure we can 
handle the fines, hoping to use them at the AFBC plant 
udder study. 

Ranges 0.03 to 0.3ram and 0.15 to Imm are classified in 
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three batteries of spirals to give clean coal, which is 
dewatered in belt filters,waste and midlinqs which go 
through a second stage of spirals. 

The expected total balance in % is as follows: 

From : 
Weight 
(air dried Surface 

basis) moisture 

Coarse coal 1O0 20% 

to : 

clean coal 65.5 20-22% 

Piritic waste 7.5 28% 

waste 17.0 28% 

fines waste 10.0 36% 

Sulphur 

i00 i00 

54 83 

23 4 

14.5 7 

8.5 6 

PRESSURIZED FLUIDIZED BED COMBUSTION PROGRAMME 

In 1983, by the time ENDESA started coal preparation 
studies, a clean combustion development p;ogramme was 
established. The target was to have a 350 Mw commercial 
boiler design by 1995. As it has been already mentioned, 
supercharged PFBC technology was selected. 

Next step will be 
to design and build 
an 80 Mw demonstra- 
tion plant at Esca- 
tron, refitting the 
present power plant 
and adding a new 
PFBC boiler. Techno- 
logy transfer is pro- 
vided in last year 
contract with ASEA- 
PFBC. 

Escalation studies 
are scheduled to 
start in 1988, once 
the 80 Mw design is 
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advanced, and these will be perfected later by the results 
of the demonstration plant, which i3 scheduled to start 
up in the middle of 1990. 

In 1992 a four year period for engineering and design 
of the commercial 350 Mw PFBC is programmed. This work 
should be completed by the time of refitting Teruel 
power plant units. 
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Escatron project 

Escatron is located about 80 Km east of Zaragoza, by 
the Ebro river, in an area rich in both limestone and 
dolomite, not far from ~eruei's low rank coal mines. 
There is an old power plant in this town with only unit 
N~ 4 in operation. 

The boiler is a 1957 Combustion Engineering model, 
close to its end: latest inspections of the 62.5 Mw 
Westinghouse steam turbine -which had some overhaul- 
indicate 15 more years of possible operation. 

Escatron project consists of a new 80 Mw PFBC boiler-tog~ 
ther with its gas turbine, as well as coal, absorbent 
and ash systems-to be matched with the existing steam 
turbine. The GT35P gas turbine will increase 27% the 
present plant rating. 

Coal analysis for PFBC design is this: 

Gross calorific value .......... 2898 Kca!/kg 
Moisture ...................... 
Ash ............... ~. .......... 
Volatile materials ............ 
Fixed carbon .................. 
Carbon ........................ 
Hydrogen ...................... 
Sulphur ....................... 
Nitrogen ...................... 
Oxygen ................ " ........ 

18.69 
36.19 
22.6% 
22.7% 
28.519 
2.139 
6.80% 
0.27~ 
7.86% 

Design data for PFBC plant are zhe following: 

Coal heat input 
Coal feed rate 
Limestone feed rate 
Stack temperature 
Steam turbine power(gross) 
Total power (gross) 
Gruss efficiency(HSV) 
Net power 
Net efficiency 
Net heat rate 
Gas turbine entry temperat. 
Steam temperature 
Steam pressure 
Steam generation 
NOx emissions 
Sulphur retention 
Ca/ Molar ratio for 90% 
retention 
Vessel pressure 

218.4 MWt 
63.4 t/h 
25.66 t/h 

183 ~C 
62.5 MWe 
79.5 MWe 
36.4 MWe 
76.4 MWe 
34.7 

9830 Btu/KWh 
830 ~C 
513 SC 
94 Bar 

216.4 t/h 
<150 mg/MJ 
>90 % 

1,8 
11,5 Bar 
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The flow diagram of the demonstration plant is sketched 
as follows: 

Supercharged PFBC Diagram 

g 

Main feature will be the 13 meter diameter, 20 meter 
high, cylindrical pressure vessel containing the fluidized 
bed boiler, gas cleaning cyclons , med storage vessel 
and ash cooling systems. Coal and limestone will be 
blended and injected into the PFBC through a lock-hopper 
by pneumatic transport. Nine feeding lines will be used 
for the 30 m2 top bed area. Gas turbine pre-cleaning 
will be by 7 parallel paths, each one with two cyclone 

stages ip series. 

A bed temperature of 860~C 
will be used. Load changes 
will be produced by alter- 
ing bed level at essentia- 
lly constant bed temperatu- 
re: minimum load will be at 
30%.  

Up to date this project is 
on schedule. 
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Will Lignite be Used 

in the Industrial 

Sector of Texas? 

Terrence J° Jackson 

Sales Manager 

The North American Coal Corporation 



When I was first asked to speak to you about the 

industrial market potential for lignite usage in Texas, my 

initial reaction was less than enthusiastic. People normally 

want to know specifics like who's going to do it and when? Where 

and why will they do it, and how much of it will they use? And 

then how much will it cost me or how much can I get for it? 

There have been too many false starts, high expectations 

and dashed hopes in the Texas lignite business for a sales guy 

like me to stand in front of a group of knowledgeable people like 

yourselves in an energy rich producing state like Texas; in the 

middle of the softest combined market for oil, gas and coal that 

anyone I know has ever experienced; and expect you to believe me 

if I were to attempt to forecast the next great lignite bonanza! 

In the local parlance, i would come off as "all hat and no 

cattle!" 

Today ! am going to ask ycu to reason and speculate with 

me. ~hat I hope to establish is that lignite is presently a 

viable industrial fuel in the second largest lignite producing 

state, North Dakota, but by contrast, it has not been utilized 

to any great degree in Texas, the largest lignite producing 

stat~. The barriers to greater industrial lignite utilization 

in Texas are primarily economic and to a lesser degree structural 

rather than technical. And, finally, based upon the dynamic 

competitive forces constantly at work in the marketplace, I will 

speculate that certain types of industrial consumers have higher 

potential to eventually utilize lignite than others, with the 

corollary that economic benefit to the producers and consumers of 

lignite will erase the structural barriers to its utilization. 

DO you realize that in 1985 Texas and North Dakota 

produced 99.3% of the lignite tonnage in the United States. The 

country produced 878.5mm tons of coal of all types and rank. 

72.4mm tons or 8.2% of total production was lignite. Texas 

produced 62.2% while North Dakota produced 37.1% of the lignite 
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in the reference year 1985. Now I know that this is 1987, hut 

since the Energy Information Administration had not yet published 

its 1986 figures when I wrote this speech in March, we will all 

just have to live with the 1985 figures as our point of 

comparative reference. 

The North Dakota Lignite Council provided me with some 

interesting information for 1986. Lignite production dropped to 

25.5mm tons in 1986 from an all time high of 26.6mm tons in 1985. 

In 1986 2.1mm tuns or 8% of total production was shipped out of 

state. 85% was used at the mine-mouth. 

76% was used for electrical generation, 22% for coal 

gasification and the remaining 2% was used for charcoal 

briquetting, heating needs, agricultural processing and as an 

additive in oil well drilling mud. 

But by contrast, in excess of 99% of the lignite 

produced in Texas was consumed to generate electricity. As I 

understand it, the balance was used to make activated charcoal 

in East Texas and a small amount was gasified by the Butler 

Brick Company in Elgin. 

In the case of the brick company, they never really set 

out to mine the lignite. It just happened to reside on top of 

the clay that they were mining to make bricks. They probably 

figured "what the heck. We might as well use it since its 

already mined and that's cheaper than storing it or disposing 

of it!" 

We see two lignite producing states and can easily 

observe that both use the majority of their lignite to generate 

power. But North Dakota uses 24% of its production for purposes 

other than the generation of electricity as compared to less 

than 1% in Texas. 
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The key differences are these. Given the economic fuel 

choices of the industrial sectors of the two states, Texas 

industry has had economically attractive alternatives to using 

lignite in industrial boilers. In Texas the lignite producing 

sector is not nearly as flexible as in North Dakota. That is, 

production is, by and large, captive; the coal reserves are 

dedicated to a specific utility consumer; and the distribution 

network from operations is a closed loop to a consuming power 

plant. Half the mines are captive in North Dakota as well, but 

lignite is commercially available to the industrial consuming 

sector with delivery by truck and railcar from both captive and 

non-captive mines. 

In short, the necessary ingredients 

lignite in the industrial sector are: 

for utilizing 

1. A producing sector free to sell the lignite; 

. A workable distribution network to deliver the 

lignite; 

3. The technology to utilize the lignite; and 

. The competitive economic fit so that there is 

benefit to both the producer and the consumer of 

the lignite. 

I think most of you would agree that if you wanted 

to buy a train load of lignite in Texas today, it would be 

difficult to arrange the purchase at an affordable price if at 

all. If you wanted 100 tons per day for 6 months, it would be 

equally difficult. You can jury-rig a system to load trucks or 

trains and the roads and railroads can take the material to 

market, but the lignite mining sector in Texas, was not 

established to service large scale non-captive commercial 

markets. 
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If the captive producer were free to sell lignite and 

geared to load trucks or trains, the combustion and convarsion 

technology is just not in place today to use the lignite in 

Texas as it is in North Dakota, if it were delivered free of 

charge. The technology exists, it just is not in place. If the 

six largest energy consuming sectors in Texas as classified by 

SIC code were to instantaneously convert to lignite the equiva- 

lent usage would be in excess of 100 million annual tons of 

6000 BTU lignite. That's a lot of lignite, but again we've 

stepped out of the real world and into fantasy land. Try 

convincing an existing gas or oil fired boiler that lignite is 

just another hydrocarbon energy form. It just isn't an inter- 

changeable hydrocarbon energy form. There are numerous equipment 

manufactures out there who would love to sell you the technology, 

off the shelf, to use lignite. But why would the rational 

manager consider recommending the expenditure of capital today 

to convert an existing facility or to cons£ruct a new combustion 

system when the one that he has in place works well and its fuel 

is both available and inexpensive? The time may come when that 

recommendation is lauded, but tonight's not the night, folks! 

So Where's the Potential 

Texans traditionally have been very practical thinkers. 

Like Mid-westerners they normally assume that "if it works, 

don't fix it." To date, for energy\consumers, the market has 

worked. Sure, in the early '80's, people were incredibly nervous 

about the price and availability of natural gas. At that time 

it was naturally assumed that the price of natural gas would 

increase to $6-$8/mcf by 1985. Forget oil, it would go even 

higher. Right? Wrong! It didn't happen. But, what did 

happen.? 

After the first energy crisis, in 1973, companies other 

than Texas Utilities started to acquire the mineral rights to 

lignite. Texas Utilities is to be complimented for the 

leadership role which they assumed in both mining and utilizing 
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lignite. They produce and consume more lignite than the entire 

state of North Dakota. Texas Utilities is the fourth largest 

coal mining company in the country, but they are a captive, 

non-commercial mining company. They mine for Alcoa, a self- 

generator of power. But regulatory considerations preclude 

the sale of production from their large captive utility mines 

to the industrial sector. 

Had the price of gas continued to rise to the $6-$8 mcf 

area in 1985, you would have seen lignite based synthetic energy 

projects in Texas sponsored by Dow, Exxon and Phillips on captive 

reserves. The projects didn't materialize but those companies 

and many others, including my employer North American Coal, have 

retained the rights to mine Texas lignite. The existence of 

17.4 billion tons of reserves in East Texas in the Wilcox, Sabine 

Uplift and Jackson Yegua trends combined with the presence of 

mining companies with the rights to mine the lignite points 

to first type of customer with the potential to utilize lignite 

in the industrial sector: the larger industrial consumer who can 

site a new production facility in close proximity to the lignite. 

The Competitive Balance 

If there are any Western coal producers in the audience, 

I don't wish to oversimplify the competitive nature of the solid 

fuel market. But the larger the market, the more competitive 

the Western rail carriers seem to be with their rail rates. 

Before the bottom fell out of the price of gas and oil, 

utilities were continually trying to decide between Powder River 

Basin coal and ligniue for conventional pulverized coal units with 

scrubbers. But for the f rst time, a Texas utility is before the 

PUC justifying the choice cf lignite over Western coal despite 

a higher first cost for the lignite. The rationale is simple, 

really. Rail rates escalate, and there is a larger exposure to 

inflation based on diesel fuel as a component of delivered price; 

the same it true for the industrial consumer. 
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Overcapacity is a reality in the Powder River Basin, but 

it won't last forever. Without adding capacity, supply and 

demand in the region is forecast to come into balance by the mid 

to late '90's. And at some point, even with two originating 

carriers, the railroads will not move another ton of coal for the 

same revenue dollar. They will need more locomotives, rail cars, 

track and maintenance shops to continue to expand without limit 

in the region. 

In the near term, its a moot point since no one seems 

to be building and siting anyway. But the beauty of the market 

today is that with the emergence of fluidized bed combustion 

technology the consumer has the flexibility to use either 

Western coal, lignite or both. 0il and gas, too, for that matter. 

But if the industrial consumer has ~ fluidized bed unit, and is 

located within a reasonable distance of lignite it would be 

foolish not to at least consider it as an option and to 

continually re-evaluate it for no other purpose than to keep 

his fuel supplier and rail carrier honest. That's the beauty of 

competition. Lignite doesn't have to bat 1.000 against Western 

coal; .300 gets you into the Hall of Fame. 

The fluidized bed unit comes in a range of sizes and is 

a relatively benign combustion technique from an environmental 

standpoint. The small energy consumer can purchase a small unit, 

fire it with gas, any type of coal, and, yes, lignite if it 

becomes available economically. If, for example, Texas New 

Mexico Power Company's units are built at Calvert, we will see 

the first example in Texas of a mine in production without a 

total reserve dedication to a single customer. TKe very 

existence of fluidized bed technology allows other mining 

companies to consider developing smaller mines, say in the 

100,000 to 500,000 annual ton range, in lowe ~ ratio and of lesser 

quality than they would for the large central generating stations 

of the utility market, if you are interested, see me after this 

session! 
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The Frontier 

There is significant research activity in the field of 

utilization technology that has been discussed at this conference 

which again points us to the conclusion that in the future there 

will be numerous options available to fully tap the potential of 

lignite in the industrial sector. I don't wish to slight anyone 

in the field, but I am going to single out one process as an 

example of a different approach to solving the industrial 

generation problem in this region with broad application and 

high potential to spur lignite utilization by the industrial 

sector once it is proven and economical. 

You may or may not know that Dow Chemical Company has 

installed a low-rank coal gasifier at its Plaquemine, Louisiana 

complex. Dow consumes huge quantities of natural gas, both as 

a boiler fuel and as a product feed. The long term exposure to 

rising prices for natural gas and their twe pronged exposure to 

its effects has led them to develop a process to convert low rank 

coal to gas which can be used in existing gas turbines. A 

secondary objective of Dow is to market a commercial technology 

which allows the utility or industrial company with gas turbines 

in place to use the existing unit with slight modifications and 

to run it with synthetic gas derived from coal. They have 

initiated their efforts with Synthetic Fuels Corporation support 

and they are gasifying Western coal today; but, the system was 

designed to utilize lignite. In the ten years of scheduled 

operation, it is Dow's goal to prove the technology on all low 

rank coals especially lignite. 

I like their approach for two reasons: i) it has 

broad application in this region with serious implications to 

the lignite industry; and 2) it reduces the resistance to change 

in the powerhouse. 
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There is no question that anyone who runs a powerhouse 

prefers a liquid or gaseous fuel to a solid fuel. Lignite has 

been referred to a "high grade dirt", but there is plenty of it 

in Texas. And the economic benefits of using it have great 

potential to insure a safe energy future for Texas. 

Economiclmpact 

The North Dakota State 

Agricultural Economics added that: 

University Department of 

i. For every dollar spent by the North Dakota lignite 

industry, another $1.99, or a total of $2.99, is 

generated into the economy. 

2. In state expenditures by the North Dakota lignite 

industry totaled more than $400 million in 1985. 

. The $408 million of direct lignite industry 

expenditures produced, through recirculation of 

dollars in the North Dakota economy, a total gross 

business volume of $1.2 billion for 1985. This 

includes personal income of $424 million and retail 

sales of $286 million. 

. For every permanent job in the lignite industry, 

another five jobs are required to provide goods 

aad services. For every $i million in expenditures 

by the lignite industry, approximately 10 direct 

and 50 secondary employment opportunities are 

provided for North Dakotans.* 
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Conclusion 

The effects are different from state to state, but most 

of you will agree that greater lignite utilization and 

development has a role to play in the future of Texas. As 

producers of products each of you knows, as I do, that runaway 

inflation in the primary energy markets is disastrous to American 

business. Each of us is a primary consumer of electricity in 

our homes, of gasoline to run our cars. Some of us heat our 

homes and cook our food with natural gas, and, hopefully, we 

use products manufactured right here in the U.S.A. 

Our high standard of living as a country is directly 

dependent upon efficiency, productivity and competition 

especially in the primary energy markets. We live in a global 

economy and when we can't compete we will lose our markets and, 

close our facilities. For some of us, we might face the prospect 

Of unemployment and ~ reduced life style for the first time in 

our professional careers. 

Well, enough hyperbole! None of us, either energy 

producers nor consumers, is going to concede our futures to off- 

shore competitors. I will concede that the energy markets are 

soft for now, but ! won't concede that they will always stay 

that way. 

I will concede a portion of the Texas energy future to 

Western coal, synthetic fuels and even natural gas and oil. But, 

I won't concede it all. Nor will I or any other representative 

of the lignite industry in Texas withdraw from the competition 

in the market. Competition is the basis of our success as a 

nation. So to come full circle in my speculation, the answer to 

the question "will lignite be utilized in the industrial sector 

of Texas?" is really very simple: of course it will, when it is 

competitive. 

Thenk you. 
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*(footnote: Lignite Facts 1985-1986, published by The 

North Dakota Lignite Council. Suite 410, Norwest Bank 

Bldg. P. O. Box 2277 Bismarck, N.D. 58502) 
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ABSTRACT 

KELLOGG'S KRW IGCC POWER GENERATION PROCESS 

BY M. J. VAN SICKELS 

The M. W. Kellogg Company has be~n developing its KKW 
pressurized, fluid bed coal gaslflcation/hot gas cleanup 
technology which, when comblned wlth a combined cycle 
system, results in an advanced integrated gasification 
combined cycle (IGCC) power plant. This plant will have 
superior heat rates, lower costs, and minimal environmental 
impact. 

The process has been developed in the KRW pilot plant and 
has Been successfully tested on all types of U.S. coals agd 
llgnltes. The test work at the KRW pilo= plan= is a cost 
sh~red effort between Kellogg and the U.S. Department of 
Energy. 

The first commercial scale demonstration of Kellogg's KRW 
IGCC process will be in ~he Kellogg sponsored Appalachian 
Project. This nominal 60 MW power production facility has 
been selected by the U.S. DOE to receive financial 
assistance under its CleaA Coal Technology Program. It will 
be located near the Quemabonin K Reservoir in western 
Pennsylvania. Initial operation is scheduled to begin in 
1990. 
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I. Introduction 

The M, W, Kellogg Company has been developing its KRW 
pressurized fluid bed coal gasification/hot gas 
cleanup technology. When integrated with a combines 
cycle system, this gasification/hot gas cleanup 
technology results in an advanced integrated 
gasification combined cycle (IGCC) power generaclon 
process which has a superior heat rate, lower costs 
and minimal environmental impact compared to competing 
coal based technologies. These characteristics 
provide the Ince=tlve for Kellogg ~o commercialize the 
technology. 

The development of the technology, which employs a 
slngle-stage pressurized, fluidized-bed reactor% was 
begun by the Westinghouse Electric Corporation :iuring 
the early 1970's, Successful early work led to the 
construction of a 2&-TPD process development unit 
(PDU) at Waltz Mill, Pennsylvania. The PDU has been 
operational and in use for testing since 1975. Also 
located at Waltz Mill is z commercial scale cold-flow 
model of the gaslfier reactor for use in scaleup 
design and in operator training. The initial 
development of the =echno!ogy was jointly sponsored by 
Westinghouse, the U.S. Department of Energy (DOE), and 
C~s Research Institute. 

Early in 1984, Kellogg acquired from Westinghouse an 
80% equity in both the technology and its synfuels 
operating division at Waltz Mill. Thi~ group, known 
as KRW Energy Systems Inc. (KRW), is now a part of 
Kellogg. 

By ~he early 1980's the major process configurations 
relating to the basic gasification system had been 
well established and proven. As a result, this 
k e r m i t t e d  d e v e l o p m e n t  e f l o r t s  t o  be  d i r e c t e d  t o w a r d s  
continued improvement in processing efficiency, 
reduction in overall product cost, and simplification 
of the overall system. 

In la~e 1984, a hot gas cleanup study and test program 
was initiated with the specific goal of providing the 
electric utility industry with an advanced technology 
for IGCC electric power generation. 

The specific objectives of Kellogg's Waltz Mill pilot 
plant program are (I) to demonstrate operability of 
two compl~mentary hot gas sulfur removal systems, 
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gasifier "'in-bed" desulfurization and "'external bed" 
desulfurization~ (2) to demonstrate hot particulate 
collection/removal technology; and (3) to cbaracterize 
levels of particulate, ammonia, alkali an@ sulfur 
emissions in the product gas. This program is a cost- 
shared effort between Kello~g and DOE. 

An initial in-bed desulfurization test was completed 
in late 1984 and this mode of testing conzinued 
through 1985. The external desulfurization tests were 
started in 1986 and are continuing through this year. 
The in-bed desulfurization testing has evaluated 
calcium based sulfur sorbents and the external bed 
desulfurization utilizes a zinc ferrlte sorbent, in- 
bed tests have been combined with the external bed 
step to evaluate a combined or "integrated" 
desulfurization operation. All major development 
work is targeted for completion by the end of this 
calendar year. 

The purpose of this paper is to describe the 
technology, to show that Kellogg's KRW IGCC process 
offers economic incentive to utilities for power 
generation, and to discuss Kellogg's commercialization 
efforts via the Appalachian Project. 

Kellog g's KRW Gasification Process 

The KKW pilot plant~ in more than ii,000 hours of hot 
operation, has demonstrated the KRW process to be a 
technically feasible and economically attractive 
method to meet energy needs with minimal environmental 
impact. 

Further, the pilot plant has successfully tested all 
types of U.S. coals and lignltes, as shown in Figure 
i, as well as a number of foreign coals. The range of 
the feedstocks tested is shown in Figure 2. 

Kellogg's KRW coal gasification process is designed 
foe efflcien£ operation. It converts a high 
percentage of the carbon in coal to gas, requires 
relatively ilutle water or steam to moderate the 
reactions, and consumes less oxygen than gasifiers 
operating at higher temperatures. In addition, an 
advanced design char-ash separator, integrated into 
the bottom of the gasifier vessel, contributes to high 
carbon efficiency by reducing the carbon content in 
the by-product ash. 
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T h e  KRW gasification process is simple and is designed 
to provide for reliable operation. The gasifier can 
be operated in either an air or oxygen-blown mode to 
produce low BTU or medium BTU product gas. Also, the 
gasifler can be operated with oxygen enriched air to 
provide for intermediate BTU heating value product 
gas. A large carbon inventory in the bed provides 
operating flexibility, yet allows adequate response to 
load demand changes. A refractory lined gasifier 
vessel with no internal moving parts simplifies system 
operaLion while providing significant reliability 
benefits. Moderate operating temperatures and gas 
velocities extend refractory life and minimize 
material selection concerns, thus improving system 
availability. 

The KRW fluidized-bed gasifier operates at 
temperatures ranging from 1550 t o  l~0°F. Figure 3 
depicts a schematic of the gasifier vessel showing the 
various functional zones and Figure 4 is a process 
flow schematic for a gasifier train using conventional 
cold gas cleanup. 

As the carbon in the char particles react, the ash 
concentration in these particles increases. This coal 
a~h undergoes partial melting and sintering in the 
hotter combustion jet because of the lower melting 
eutectics present in the ash. These lower melting 
eutectlcs act as "glue" to allow particles which are 
high in ash content to adhere to each other and 
agglomerate into larger particles. These low carbon 
containing ash agglomerates are separated from the 
gaslfler bed char in a fluidlzed-bed separator located 
in the bottom section of the gasifier. In the 
char~ash separator zone, the agglomerates are 
deflulgized from the bed and collected at the base of 
the gasifier vessel. The agglomerates are cooled by 
recycle gas introduced at the bottom of the separation 
zone and removed from the gasifler by means of rotary 
feeder and depressurlzing lockhoppers. 

A freeboard zone, located at the top of the gasifler 
vessel, is used to separate entrained solids from the 
product gas. The product gas, containing some small 
char particles (fines) exits at the top of the 
gasifier. The fines that are elutriated from the 
gasifier are recovered with an external cyclone and 
recycled directly back to the gasifier by means of a 
dlpleg. The lower end of the dipleg feeds these fines 
directly into the gasifier bed for further reaction 
and consumption. 
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The product gas exiting the cyclone can be processed 
in a variety of ways depending on the end use 
application for the gas. Some of these applications 
are shown in Figure 5. 

When compared to other technologies such as fixed bed 
or entrained gaslfier systems, the following 
advantages of Kellogg's KRW process become apparent: 

Processes all ranks of coal: 
- No pretreatment of caking coals 
- Superior for highly reactive coals 

Moderate temperature operation: 
- Maximum yield of methane 
- Reduced oxygen consumption 
- Modest steam consumption 
- Conventional materials ~nd components 
- No ash clinker formation 
- Lon E refractory life 
- No tar and oil formation 
- No restrictions in processing coals with high 

ash fusion temperatures 

o Air or oxygen blown opera~Zon~ dependlng on product 
requirements 

No carbonaceous liquids are produced 
- Effluent water is easily cleaned by conventional 

methods 

o Ash is discharged in disposable form: 
- Agglomerates do not require dust control 

measures 
- Agglomerates are inert to leaching, so 

groundwater pollution is avoided 

o Safety: 

- Large inventory of carbon inside gasifier avoids 
oxygen breakthrough 

- Gasifler has a large time constant which allows 
reasonable time for response To upsets without 
danger of major damage or failure 

- Operation is interruptab!e 
- Loss of flow of any major reactant will not 

result in immediate damage 
- Gasifler operation is easily resumed after a 

short-term outage 
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I I I  • H o t  Gas Cleanup 

As noted earlier, a hot gas cleanup study and test 
program was initiated in 1984 ac ~altz Mill focusing 
on developing both in-bed and external bed 
desulfurization systems, demonstration of hot 
particulate collection technology, and 
characterization of levels of particulates, ammonia, 
and alkali. 

- In-Bed Desulfurization 

The in-bed desulfurization modifications to the KRW 
fluid-bed gasification process results in a sulfur 
sorbest (dolomite or limestone) being loaded in a 
lotkhopper, pressurized, and injected into the 
gasifier either by pneumatic transport or by 
gravity feed. The sorbent mixes with the coal char 
in the gaslfier fluidized-bed and hydrogen sulfide 
gas produced during the coal gasification process 
and reacts with the calcium oxide or calcium 
carbonate forming calcium sulfide. The calcium 
sorbent (sulfided material and unreacted oxide or 
carbonate) ks removed with the ash agglomerates as 
previously described. The sulfided calcium 
material is then oxidized with air with the 
co~b,lstiou energy used to generate steam. 
Approximately 90% of the sulfur present in the coal 
can be captured in this step alone, sufficient to 
meet current NSPS standards. 

- External Bed Desulfurization 

In the external bed desulfurization system, 
particulate free and slightly cooled product gas is 
passed through a fixed bed of zinc ferrit~ sorbent 
to further reduce the hydrogen sulfide content. A 
commercial plant would normally have t~o or more 
fixed beds of zinc ferrite sorbeuts. 0~e bed would 
be on-line to desulfurize product gas while the 
other beds would be in various modes of 
regeneration. The zinc ferrlte sorbent provides 
capability of removing virtually all of the sulfur 
compounds at 1000-1200°F. Thus a hot clean fuel 
gas is produced that is well below environmental 
emission and turbine limits. 

The external bed sorbent is regenerated using a 
mlxture of steam and air and the sulfur values are 
removed as sulfur dioxide. The regenertion tail 
gas from the external zinc ferrite desulfurizer 
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will be recycled to ~he KRW gasifier where the 
sulfur dioxide in the tail gas will be removed by 
the calcium scrbent in the gasifier bed. This 
eliminates the need for an additional system to 
capture these sulfur compounds and reduce them to 
elemental sulfur. The combination of in-bed and 
external-bed desulfurization is a feature which 
significantly simplifies and reduces the cost of 
the sulfur removal/recovery process. This 
combination can meet any new emission standards 
approaching total cleanup. 

- KellgEg's KEW IGCC Power Generation Concept 

Kellogg's KAW IGCC power generation concept 
incorporates the latest features and advantages of 
our hot gas cleanup development work. 

A block flow diagram of KRW-based IGCC technology 
is given in Figure 6. Kellogg's KRW air-blown 
pressurized fluidized bed gasification technology 
economicallYoPrOcesses all coal types. It operates 
at 1600-1900 ~, a temperature range high enough to 
avoid formation of extremely carcinogenic tars and 
oils and low enough to avoid materials and safety 
problems. Effective in-bed desulfurization is 
favored in this temperature range and is 
accomplished simply b 7 feeding limestone or 
dolomite to the gasifier with the coal. 

Projected commercial hot gas cleanup performance ks 
summarized in Table 1. Desulfurization is 85-95 
percent, depending on the coal type, and resultant 
stack emissions meet New Source Performance 
Standards. The spenu sorbent is roasted in air to 
produce a residue that meets landfill requirements. 

When an external desulfur~zation system using a 
regenerable zinc ferrite sorben= is added, sulfur 
levels in the coal gas are reduced to 5-10 ppm. 
High efficiency cyclones a~d ceramic filters reduce 
par~iculaEes and alkali metals and vanadium to very 
low levels. 

The clean coal gas from the gasifier island is 
delivered at 1000-1200°F to the power island, 
increasing system efficiency by reducing fuel 
requirements. A h@at recovery generator on the hot 
gas turbine exhaust produces steam that is used for 
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power generation and for the gasifier. The system 
is further integrated by the gasifler air 
requirement being supplied from the gas turbine's 
air compressor. 

As illustrated in Figure 7, integration of 
Kellogg's KRW gasifier island/hot gas cleanup 
technology with a combined cycle system results in 
a simple IGCC power plant system when compared to 
competing technologies using cold gas cleanup. 
This appeals to electric utilities because it: 

o Uses air-blown gasification avoiding the need 
for expensive air separation plants. 

Delivers hot fuel gas to the gas turbine without 
gas cooling to ambient temperatures for removal 
of sulfur and other contaminates followed by 
subsequent reheating. System heat rate is 
improved and acid gas removal, sulfur recovery 
and tall gas treatment systems are avoided. 

o Integrates steam produced in the gasification 
island with the power island, thereby increasing 
electrical output. 

o Avoids production and treatment of water 
condensate associated with other IGCC systems. 

o Avoids a chemical plant or refinery image. 

Further, an additional benefit to the electric 
power industry utilizing IGCC systems will be the 
opportunity to add new capacity in smaller 
increments and on a much shorter time schedule. 
The installation of a "standard" module will reduce 
risk (technology and environmentally siting) and 
also reduce capital requirements (cost of working 
capital due to lower overall plant costs and 
shorter construction schedule time). 

While the advantages listed above are available to 
IGCC in general, KRW's technology offers economic 
incentive to the utility. The Cool Water project 
was a technological, executidn and operation 
~uccess. However, entrained flow type gaslfiers 
must utilize oxygen and cannot capitalize on in-bed 
desulfurizatlon. Projected future plants have a 
similar installed cost to pulverized coal fired 
boilers with scrubbers, while Kellogg's KRW IGCC 
technology with hot gas cleanup shows as much as 
30% savings. 
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- Appalachlan Demonstration Project 

Commercial scale demonstration of Kallogg's KRW 
IGCC technology is a necessary precursor to utility 
acceptance. This demonstration will be 
accomplished by the Appalachian Project, which is 
scheduled to begin operation in 1990. 

The Kellogg sponsored Appalachian Project is a 
nominal 60 HW IGCC power production facility which 
has been selected by the U.S. Department of Energy 
(DOE) to receive financial assistance under its 
Clean Coal Technology Program. The Project wlll be 
located about 70 miles southeast of Pittsburgh, PA 
near the Quemahoning Reservoir. It wlll require 
about 200 acres of property in an Industrial Park 
for which Kellogg is securing an option to 
purchase. The site is in a region which has an 
abundance of coal, water, limestone and skilled 
labor. Th~ area itself has been fully 
characterized for environmental purposes due to an 
earlier project which was under consideration by 
the U.S. Synthezic Fuels Corporation. 

The major features of the facility, as shown in 
Figure 8, are: 

o Kellogg's KEW fluidized bed gasification system 
including hot gas cleanup technology 

A power generation block comprised of a gas 
turbine , heat recovery steam and electric 
generation equipment 

Associated offsite facilities including coal 
handling equipment, utility and waste disposal 
systems 

The Easlficatlon system will be a scaled-up version 
of the KEW pilot plant Kellogg has been operating 
under contract to the DOE at Waltz Mill. The 
proposed plant will use crushed and slzed coal and 
limestcne which will be fed to a Kellogg-designed 
~RW gasifler alon E with alr'and steam. 

The low BTU gas, produced at about 1850°F and 270 
psig, undergoes further cleanup external ~ o  the 
gasifier, first in a system of cyclones and a 
filter which removes essentially alJ entrained 
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particul~tes and alkali metal contaminants and, 
second, in a zinc ferrite desulfurizer which 
removes the remaining sulfur species to a level of 
5 ppm. The resulting fuel gas is, for practical 
purposes, free of pollutants or contaminants which 
could compromise the operation of the power plant 
or degrade the environment. 

In the power island, the clean low BTU gas will be 
f e d  t o  a c o m b u s t i o n  t u r b i n e  g e n e r a t o r  d e s i g n e d  t o  
accept the gas delivered at lO00°F and combust it 
in a multi-fuel combustor. Steam is produced from 
heat recovered from the turbine exhaust and from 
the gasification island heat recovery system, in 
order to generate additional electric power in a 
non-reheat steam turbine generator. Of the 60 MW 
net output, approximately 35 MW is produced by the 
combustion turbine and 25 MW by a steam turbine. 

A projected performance summary of the plant is 
shown in Table 2. 

The facility incorporates major features that will 
be found in future Kellogg KRW IGCC power plants 
and will accomplish ~he following: 

Demonstrate commercial scale operation of the 
air-blown KRW gasifier island and ability of in- 
bed desulfurlzation to meet or better New Source 
Performance Standards. 

o Confirm the accuracy of gasificatlon system 
design models. 

o Demonstrate economic multi-cycle regeneration 
ability of the zinc ferrite desulfurlzer. 

o Demonstrate commercial operation of the 
particulate removal system. 

o Demonstrate ability of the power island to 
operate on hot coal gas. 

o Demonstrate commercial base load operation of 
the IGCC-H power plant. 

Demonstrate ability of the system for turndown, 
load follow and part power operation, including 
controls. 
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o Develop detailed system operating data and 
performance mapping. 

Provide data regarding environmental performance 
including atmospheric emissions, water use, and 
solid waste characteristics. 

o Provide a record of operating ~osts, maintenance 
costs and system availability. 

Summary and Conclusions 

Kellogg's KRW IGCC process is one of the most promising new 
technologies for electric power generation. It is capable 
of efficiently operating on the complete range of U.S. coals 
and lignite feeds. 

The technology has been extensively tested in Kellogg's KRW 
pilot plant. The process will be  commercially demonstrated 
in the Appalachian Project and @ill provide an attractive, 
cost-effective option for electric power generation in the 
1990's. 

J 
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The KRW Gasifier Has Broad 
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IGCC Equipment Comparison 
Cold vs. Hot Gas Cleanup 
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I I I 
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ABSTRACT 

Class "C" Fly Ash Markets 

Author 

L. E. "Tex" Leber 
Nebraska Ash Company 
P.O. Box 80268 
Lincoln, Nebraska 68501 

Our company is in the business of marketing Power Plant Ash 
predominately in Nebraska. We have four sources under contract, 
all producing a Class "C" Fly Ash. 

This paper will describe the various uses we have for Fly Ash 
in our market =tea. Some of the uses which will be covered are a 
partial cement replacement in portland cement concrete, filler in 
asphaltic concrete, and soil stabilization. Portland cement 
products which will be covered are Concrete Paving, Ready Mixed 
Concrete, Prestressed Concrete, Concrete Block, and Concrete Pipe. 
The various soil stabilization uses which will be discussed are 
the drying of highway subgrades and building construction sites, 
temporary grain storage pads, stabilization of high P. I. soils, 
and pozzolanic base and armor coat for upgrading gravel roads. In 
1986 a 2 mile pozzolanic base roadway was constructed in central 
Nebraska. The procedures and te~t data are available and will be 
included in this paper. 
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CLASS "C" FLY ASH MARKETS 

L. E. "TEX" LEBE~ 
NEBEASEA A~H COMPANY 
LINCOLN, NEBRASKA 

Our company was formed in the mid 70's for the primary 
purpose of marketing Power Plant Ash in Nebraska and its 
surrounding states. We currently have contracts with the 
following utilities to conduct the current marketing, and storage 
of their remaining ash products for future marketing: 

Omaha Public Power District 
Omaha, Nebraska 

North Omaha Station - Omaha, NE 
Nebraska City Station - Nebraska City, NE 

Nebraska Public Power District 
Columbus, Nebraska 

Gerald Gentleman Station - Sutherland, NE 

City of Grand Island 
Grand Island, Nebraska 

Platte Generating Station - Grand Island, NE 

The fuel source for the four stations in which we are 
involved, is a sub-bituminous coal mined from the "Powder River 
Basin" near Gillette, Wyoming. All of the Fly Ash produced at 
these plants is Class "C" with Calcium Oxide contents varying from 
23% to 28%. we are currently shipping approximately 90,000 tons 
annually for our current outside markets and internal utilization; 
and storing approximately 150,000 tons annually for future 
utilization. 

To date our largest volume market has been as a partial 
cement replacement in portland cement concrete. Fly Ash is 
currently being utilized in the following concrete products: 

i. The State of Nebraska Highway Department allows a 15% 
replacement of cement on nearly all of its concrete purchases. 
The only exception being a class of concrete used for patching of 
pavement where an extremely high-early strength gain is required. 
In addition to the actual purchases of Fly Ash, which are 
substantial, haying this specification is very beneficial to our 
marketing efforts as it encourages other specifying agencies 
along with individuals to also allow for the use of Fly Ash in 
their concrete usage. 
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2 .  Ready Mixed Concrete plants thrcughout Nebraska are 
replacing from 15% to 25% of the cement in concrete used for 
flatwork, structural concrete, walls, fcotings, and concrete for 
pumping. The replacement amount varies depending on many things, 
such as strength requirements, type of aggregate, temperature, 
specifications, end use of product, and many other variables. In 
most all instances a concrete mix containing Fly Ash can be 
designed to meet the requirements for the specific project. 

3. The Prestressed and Precast concrete industry use Fly Ash 
in their concrete mixes because of the improved workability and 
high =trength requirements. In many of the concrete pieces there 
are areas congested with reinforcement which make it very 
difficult to obtain complete consolidation of the concrete. Fly 
Ash in the concrete mix greatly improves its flowability so that 
proper consolidation and filling of forms does occur. It is also 
a known fact that Fly Ash is essential in a concrete mix requiring 
high compressive strength. With the Aggregates in our area a 
concrete mix will peak at about 5000 psi and additional cement 
increases the strength very little, but if Fly Ash is added to the 
mix the strength will increase by approximately 20%. 

4. The Concrete Masonry and Concrete Pipe industries use 
Fly Ash to improve the surface texture of their product and to 
make it more impervious to water. Due to the rounded particle 
shape of Fly Ash the concrete flows into the forms more freely and 
creates a denser concrete with sharper edges and a more uniform 
surface. In additien to the improved finished product, the 
Concrete Masonry industry has found that machine times in 
producing the masonry units are improved and mold wear is reduced 
from the more flowable concrete mixture. For some high pressure 
concrete pipe the only way to meet the critical specifications is 
thru the use of Fly Ash to form a concrete pipe which will not 
leak under the high pressure testing. 

The State of Nebraska requires that Fly Ash be utilized as 
the filler in Asphaltic Concrete used on high density roads. Fly 
Ash is allowed in all of their mixes and required for mixes used 
on roads which carry a high volume of heavy truck traffic. The Fly 
Ash filler creates a mix which has a higher density and improved 
stability, making the finished mat more resistant to rutting and 
pushing under traffic Icad. Fly Ash filler also lowers the 
required amount of asphaltic oil in the mixture by approximately 
15% which is a very important benefit due to the high cost of 
petroleum products. 

A relatively new market in our geographical area is the use 
of Fly Ash for soil stabilization. In the last several years we 
have used Fly Ash to dry wet subgrades for highway construction, 
dry building construction sites: build temporary grain storage 
pads, stabilize high PI soils, and upgraded a gravel county road 
to a pozzolanic base and armor coated roadway. The drying of 
highway subgrades and building construction sites is a simple 
matter of adding only enough Fly Ash to make the soil stable and 
easy to compact with no concern given to compressive strength. 
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When temporary grain storage pads are being constructed 
compressive strength and durability are both a concern as there 
will be rather heavy trucks on the pad from time to time plus the 
freezing and thawing of the product during the winter months. The 
owners generally involve an Engineer in these projects to design 
the mix and conduct on site inspection during construction. Our 
most dramatic stabilization project to date has been the 
construction of a 2 mile pozzolanic base and armor coat roadway in 
Custer County near Anselmo, Nebraska. The procedures and test 
results of this project are as follows: 
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Project: Custer County Road Stabilization 

Location: County Road two miles South of Anselmo, Nebraska 

In early September of 1986 a two mile section of gravel road 
was stabilized with Fly Ash and Portland Cement. The objective of 
this project was to upgrade a gravel roadway into a hard surfaced 
road which was capable of handling farm to market traffic 
including a substantial amount of grain and stock trucks. 

The Fly Ash utilized for this project was a reclaimed Class C 
Fly Ash, which contained approximately 15% moisture and was 
pulverized with a Bomag Recycler. The Fly Ash was delivered to 
the jobsite in dump trucks and placed in a windrow on the shoulder 
of the roadway. The Portland Cement was delivered in pneumatic 
tankers. Prior to spreading the cement, the Fly Ash was evenly 
spread, with a motorgrader, over the 22 ft. wide roadway. The 
pneumatic tankers were equipped with a gate under each hopper so 
that the cement dropped on to the spread Fly Ash and by making 
three passes on the 22 ft. roadway the c~ment was evenly spread 
over the Fly Ash. Water was then added, if necessary, to obtain 
the correct moisture for the mixed product. 

A Bomag Recycler was used to mix all ingredients together in 
a single pass, each pass being about 6.5 ft. wide. Immediately 
after mixing, a vibratory padfoot roller began compacting the road 
bed materials, to obtain a high density final product including 
the subbase directly under the road mixed materials. The padfoot 
roller made a minimum of two pass@s and then a vibratory steel 
drum roller was used for final compaction. Along with the steel 
drum roller a motorgrader Gas utilized to shape and smooth the 
roadway. A final pass of the steel drum roller with the vibrator 
shut off left a very smooth tight surface which was kept moist - 
until an immulsified oil sealer was sprayed on the surface to 
retain the moisture for curing purposes. After the entire project 
was stabilized, an armor coat wear surface was placed to protect 
the Pozzolanic Base from wear and moisture penetration. 

The following companies were involved in the completion of 
this experimental project: 

Custer County Highway Department 
Broken Bow, Nebraska 

Nebraska Public Power District 
Columbus, Nebraska 

Fehrs Tractor & Equipment Co. 
Omaha, Nebraska 

Nebraska Ash Company 
Lincoln, Nebraska 
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~DC DESIGN 

~terial 

Reclaimed Fly D~h 

Type I Portlan~ CeTant 

Sand-Gravel 
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~./~.3 D~ 

22.17 

3.23 
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% of Mix 

18.6 
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16.4 
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AVERAGE FIELD TEST RESULTS 

Date Location 
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Sta. i thru21 123.7 7.5 104 

Sta. 21 thru33 1].9.3 7.6 I00 

Sta. 33thru57 123.1 7.4 103'5 

Sta. 57 thru 95 111.3 8.7 102 

121.9 7.8 102 

Compressive 
Strength P.S.!. 

959 --- 

500 1334 

830 1746 

763 1540 
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IIXNTIFYINC AND CORRELATING OVERBURDEN STRATA WHICH HAY REQUIRE 
SELECTIVE HANDLING OPERATIONS 

I .  INTERPRIZTING HIGH QUALITY GEOPHYSICAL LOGS 

By 

D. G. Purdy, CP~g/S5 
Senior Agree•• lot /Soi l  Scientist 
Nort.h ~ e r i c a n  Coal Corporotio~ 

Omer Jenkins, Ph.D. 
Profeesor of Statistics 
Texas A & H University 

3ohn 3. Jedl icka  
Smior Geologiet 

North American Coal Corporation 

A~ract 

The North ~ r i c ~ n  Coal Corporation con- 
~ t e d  an in~nstigation focusing on the ~ l i -  
cat ion oF c l ~ n l F i c • t i o n ,  coz~nelatio~, md 
ca l ib ra t ion  techniques for the ?urpoN or 
in terpret ing the signatures of high qual i ty  
§eophyical ]age. The objectives o~ this st.dy 
were to: 

i .  Fvolu~te &he potent ia l  or u a l ~  high 
qual i ty  geophysical logs to iden t i f y  and 
correlate important chemical and phyei- 
CeLT proper t i es  of overburden n~c~ri~le 
~ithin e 5- to l~-yeer minim 9 block; 
and 

2. To ~nve~tigate methods to m}etially 
character•z• overburden properties 
i~portsmt to the soil  reconstruction 
p r ~ e ~ ,  ~ high qual i ty  geophyaical 
logs Is  the f ine/  baals f ~  iden t i f i es -  
time and correlation. 

The cbti fo r  the ~y were obtained 15n~ 
(1) d ig i t i zed geoph~aical log~, (2) chemical 
and p~y•ical laboratccy data of  ~ lec ted  
t~ating i n t e r v a l s ,  and (3) aerate  c l u a i f A c ~  
time by dnpoeitional envlro~aent ~,, interpreted 
by • p ~ f ~ i ~ l  geologiC. The geophysical 
logs Int~rs~.ad during th ia  st.uOy included a 
na tura l  ~ log, a danaity log,  • r e s i s t i v i t y  
log, and a caliper diameter log.  

The ~ I b s  or the ~ ta t i~ t i c~ l  mnai)q~s Of 
them data using anal)~!s of vm-iance (ANOVA), 
dian~i~inan~ Function analysis, and co r r e l a t i on  
analysis aho~ tha t  ge~phyaical log oignaturea 
can be e f f e c t i v e l y  grouped end ln tezpre ted .  

Introductory Di~u~sion 

An objective, rel iable and low co~t approach 
.~or ap l~ i a l l y  co=ralating c~hmalcal and physicLl 
proper t ies  oF overburden ~ d i ~ e n t a  ~ould f~nd 
many p ~ t i c L 1  appl icat ions in the Texms lAg- 
n i t •  industry. A few apparent applications 
~ i d  include: 

1. Correlat ing reel•mat•on study data 
col lected From •mall f i e l d  study •z~ea 
to larger • ine blocko. 

2.  Corra l • r ing  overburden da~• obtained 
from continuous cores to pro jec t  aize 
a~e88. 

3. Corre le t |n~  md ~ i M  ~uitable and 
unsuitable overburden p r o ~ r t i a a  For: 

i .  evaluating the potential of rand~ ly  
• ixed or mlective overburden h ~ l -  
ing operations, and/or 

i i .  designing me!active overburden h ~  
l lng syst~m~. 

current ~pproa~h for spatial ly c ~ e -  
te:izlng overburden mdi~mta umally Fit into 
one or the following c~tegoriem: 

1. Expensive ~thoda uhlch rely on emmpli~ 9 
~ e L ~ o ~ n  on high density ca•term and 
co~:ly lmboz•tory en,mlym of nuez~ue 
t_~ting i n t a rva l e ;  or 

2. Inexpensive math•de md~ing use o f  • mini -  
mum number of overllxn~m: cores and 
laboratory an• lye•e ,  which may t~mult in 
b r ~  genezal lz•t ions about chemic•! and 
physical  ? : o p e z i i n  of' ove~)m~m 
sedimonte; or 

3. Default ing to selective handling or 
native b ~ x ~ i l  and conceivably l u ~ o i l  
mater ia l s ,  in l leu of  sufTlcient overbur- 
den characterization data. 

Clearly, these a p p ~ h e 8  here the i r  d i ~ w n -  
t ~ e s  or high costs or i n c r e m d  project r l ~ ,  
or both. 

An investigation directed tmerds developing 
a te l l -a le and lower coat abpro~ch to apetially 
ct~octar ize  overburden properties i l po r t a~ t  to 

• o i l  ~ t ~ c t i o n  process, ,,as w~doz~ken 
by T~ North ~ e r i c a n  Coal Corporation (NN~CO) 
in 1985. 'The object iv•  of" the Inveetigetim 
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was to  eva luate  the hypothesis tha t  high 
q u a l i t y  geophysical  logs can b¢ u~d ,  as the 
f i n L i  b ~ i s ,  to  i d e n t i f y  end co r re la te  overbuy- 
de, properties which can positively ~z negati- 
vely a f f ec t  the p~oduet iv i t y  o f  e reconstructed 
soz i .  

The initial results of  the L'westigation 
have p~uduced good resu l t s  with the potential 
far premising applications in the area  of  s o i l  
r a c o n ~ r u c t i e n  design and reclamation planning.  

Conceptual Backq~ound 

The development of and the ~decstasd ing 
of  the hypothesis requi~es an understanding 
of: 

i. Where the sediBents ca~e fro~ e.g. the 
d:ainage basin; 

2. HOW the sediments wm t ransported e.g.  
the fluvial syste~; 

~. HOW the sediments were deposited e.g.  
the £1uv ia l - de l t a i c  s ys te~  

4. Classification eysteas; 

5. Geophysical w i ze - l i ne  logging systems; 

6. Soil formation, particularly the func- 
tions of potent material and ~athe~ing; 

7. Ex is t ing  chemical and physical proper-  
ties of undisturbed s o i l s  as they r e l a t e  
to ~oil p r o d u c t i v i t y  and ~ e b z l i t y ;  
and 

B. Che~,ical and physical  pxope~'cies of 
~ve~buzden ~ediBe~ts as they  relate to 
the d ¢ ~ n ~ s  basin pz~pectiss, p a r t i c l e  
~ z e  d i s t r i b u t i o n  and ~lne~alegy. 

Gaoler7 Gf E~-~t Texas 

£co~0J~icaUy z~covecable l ignite seams accu~ 
in the e ~ l y  Tezi:iary ~ilcox G~oup in the 
coastL l  p l a i n  o~ east Texas. Within these 
strata (s~L~enbs),  lignite is a c~onant 
facies of fluvial-deltaic and barcie~-ba~/ 
strand p l a i n  dep¢~itional systems t h a t  
ptoQt~Jed i n t o  the Gulf  Coast Basin. (Aye~  
and Kaisar, 19~) 

The F l u v i a l - D e l t a i c  $Fatem 

The follow/rig discussion o f  f~uvial-deltsie 
syst~ ix ~ron ~ltas P~cesees of De~tion 
and Models For ~-~-G-~tx~,~'~---~l---E~L~on (J. 
M--~-C~61~, 1981). Figere 1 prese, ts s 
g~nerallzed overv ie~ of sediments deposited by 
m t y p i c a l  f'/uvial-deltaie system. 

The delta ple.in and ultimately the c~81 
p l a i n  o f  e ~ t  Texsu can be subdivided i n t o  
b . s i c  i~ ing~a t~n~c  zoce~. Every de l ta  con- 
siabs of  s subaquaeoe~ end ~ub~erial component 
even though the relative areas of these may 

v~cy considaz&ly. The subserial delta is that 
portion of the delta plain 8boys the low tide 
limit. The upps~ po=tian oF the ~ba~rial 
de l t a ,  commonly ~efetred to  as  the upper 
deltaic plain, is nozmally the older portion of 
the sobaer ia l  de l t a  and ex is ts  above s i g n i f i -  
cant t i d a l  or  matins in f lue~ce.  I t  i s  assert- 

• tial!y the seaward continuation of the alluvial 
v a l l e y  and i s  dominated by f / u v i a l  depoa i t iona l  
processes. The lower po~tio, of the deltaic 
p l a i n  l i e s  w i th in  the real~ o f  r i ve r -mar ine  
£ntersct ion end extends landward fron the lob -  
t i de  mark to  the l%mit oF t i d a l  in f luence.  The 
lowe~ pla in  is most <~+~ensive wheze t idal range 
i s  18~ge ~ d  se~s~d gradients of  the fluvial 
channel md delta ace low. 

The ~Jbaquenus delta is £hat po~:ion of the 
delta plain which lies below %he low-tide water 
level. It is the foundahion on which progzada- 
f inn  of  the s~Jbaerial delta must proceed. Most 
c o ~ o n l y  the sobequeous de l ta  i s  character ized 
by a sea~acd Fining o f  sediments, sand, and 
coarse= e las t i c s  being deposited near the ~.'_ver 
•outh end f inez-gI'ained sediments s e t t l i n g  
fur the= of fshore from suspension -~n the wste¢ 
column. The seaward-most portion of the subs- 
queous de l ta  i s  normal ly ~eferred to  a~ pro-  
della deposi ts end i s  composed of  the f i nes t  
moterial deposited from suspension. The prO- 
de l ta  c lays grade landward and upward i n t o  the 
coarser silts told sands of ~-he delta front. 
~diately at the mouths of the acf~ve d i s t r i -  
butaries ace found the coa~est~_sand deposits, 
commonly Z~fez~ed to as the distributary mouth 
bac deposits. 

The processes which OCCU~ £n %he active 
delta are important, f a t  it is thee p~0cesses 
~hich determine the development and distribu- 
t_ion, of the vazlous facies relstionabips 
displayed by modem deltas. In most -~stances, 
the active delta consists of  one or mo~e river 
mouth systems which a~e the dissemination 
points fo~ sed.~mnEs which cont r ibu te  to delta 
prngradstion. When a stmeem dioohacge@ into a 
receiving basin, i~s ~ n t u m  is diss ipated by 
the interaction of the river wata~ with the 
ambient se~atez; the result is the deceleration 
of the a f f l u e n t ,  a consequent loss  of  sediment 
transporting ability end deposition. Commonly, 
there is a progressive seowa~d deereas~ in the 
concentrat ion and gcsin s ize of sediments 
tzanspoz~ced by the  affluent. Heal: eapid depo.-£- 
tins and deposition of the coarsest mateci~LtS 
takes place a shoz~ distance from the river 
moul;h, s sand body ¢o~only re fer red to as a 
dlistribu~ary mouth b ~ .  Seaward of this region~ 
the percentage of sand diminishes rapidly end a 
zone of inb-rfingering generally uncononlidsted 
sends, si l ts, and clay~ is co~eonly found. This 
zone is c~amonly referred tc as the d~-~ts frail 
deposi ts .  Beyond o~ seawa~-~d of the delta f ran~, 
only f ind  silts and clays mem~in in ~s~-<~iaion 
and a~e deposited out of suspension on ~ con- 
tinents! shelf. These sediments 8re e o ~ o n l y  
~efsz~d to ~s prode l te  clays. With t ime,  ~nd 
as the delta builds o~ pzP.grades seaward, the 
coarser sand deposi ts  ore progres3 ive ly  laid 
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down ovor the f i ne r -g ra ined  sediments , 
r esu l t i ng  in  the classica~ coarsening-upward 
sequence c ~ o n  to a l l  d-~lt8 deposi ts .  

The sediments nmrginnl to ,  and between the 
distributary channels, comprise the largest 
percentage of the total eubaeria/ delta. 
Imediately adjacent to the ac t ive  channels, 
the Boat commo, depositional forms are probably 
naP.ural levees, ovecbank splays, and associated 
minor channel systems. Further from the chan- 
ne l  in the interdiatr ibutary regions, a wide 
va r i e t y  of depositional environment.= can be 
found. Rapid d i s t r i b u t a r y  progradat ion coupled 
w i th  rap id  subsidence and low wave energy 
r e s u l t s  f requent ly  in  the formation of shal low-  
water i n t e r d i s t r l b u t a r y  bays. If aubeldence is 
slow and depositional rates high, the inter- 
distributary areas may be complete i n f i l l ed  
with marsh and nangrove deposits. 

An orderly repetition 0f d-.positional 
events and s h i f t i n g  s i t es  of  sedimentat ion 
resu l t  in nuaerous interfingering and ove r -  
lapping regressive deltaic sequences separated 
by she/low water  marine deposits or 
transgressive sands. The i n i t ia t ion ,  growth, 
and abeedommnt of the var ious delta lobes 
result in cyclic alternations of detrital and 
nondetrit~l deposits. The detrital lens or the 
regressive phase is characterized by a high 
percentage of relatively coarse r~sstics, sonde 
and silts, abrupt  facies changes, eed rapid 
accumulation and burial rates. The bounding 
sediments, which tend to be generally richer in 
organic constituents and chemical pcacipitants, 
show a slm, ar  depoa£tional r a t e  and tend to  be 
tabular accu~.ulstions with considerable lst.~ral 
continuity. The c~c l i c  concept provides a fra- 
mework For organizing the complex environmental  
relationships md facies distributions. 

Environments of  Deposition 

The environments  of deposition associated 
wi th  the regress ive or  pro~r~det ion ~ of  
de l tas  are extz'emely complex and h igh ly  
v a r i a b l e .  In most r i v e r  d e l t a s  t h e r e  i s  a 
constant sediment supply or s given grsln-size 
distribution end composition during the period 
o f  progradation. The var ious p=ocesses active 
in each mbenvironment of the delta distribu- 
taxies ~eeult in selective concentration and 
distr ibution of the sediment. 

5ubenvironments maeociated ~itn the subs- 
queoue de l ta  c o n s i s t  of :  (a) she l f ,  (b) pro -  
delta, Cc) de l t a  front, (d) dietrib~ary mouth 
bar, and (e) auboqueous natural levees. The 
subenvironments  a s s o c i a t e d  with the ~ubseri~l 
environment c o n s i s t  of: (a) channel d e p o s i t s ,  
(b) n a t u r a l  l evee  or  overoank sp l sy8 ,  (c)  
i n t e r d i a t r i b u t a r y  bays, (d) marshes, end (e) 
crsvasee splays of  bay fills. 

Shelf Environment 

Shelf deposits genera l l y  are grouped into 
three ma~er types of sedimentaz7 accumulations. 
The firat type of shelf facies is a product of 
extremely slow accumulation of fir~ muds 

generally removed from areas of active progrsda- 
Lion. Cores taken in this type of' shelf facies 
are t y p i c a l l y  composed o f  apcarent ly  hoemgeneoua 
c lay,  she l ly  c lay or s i l t y  c lay .  Shel ls and 
she l l  Fragments are sca t te red  throughout the 
deposits. Contact between the s t r a t i f i c a t i o n s  
is noz~ally sharp and well-defined. Pazadlal 
~nd lenticulsr laminations are r e l a t i v e l y  ta re  
due to the intense act iv i ty  of burrowing orgeei- 
sims, one of the most characteristic aspects of 
these deposits. Individual faunae of silt and 
Find sand, ,hen present, are normally distinc- 
tive, having sharp basal boundaries. Occession- 
al ly  the s i l t  l a y e r s  acre graded, normally from 
coarse st  the base to f i ne  at the top.  The 
lithology as we l l  as the structural assemblage 
generally indicates a slow depOsition under 
marine conditions. 

The second type of shelf facies results 
when the offshore region adjacent to the deltas 
receives l i t t l e  or no elastic accumulations. 
Organic debr is ,  pracipitants, and reworked 
material become the dominant lithology. 

A third type of she l f  facies consists of 
sediments deposited on the shelves v ia  numerous 
subnqueous mess movement processes. These depo- 
si ts characteristically display l i t t l e  or no 
internal bedding. Often sand bodies slumped 
from higher positions on the delta froot are  
incorporated in these massive shelf deposits. 

Prodelts Environme,,t 

The prodelta facies i 8  c h a r a c t e r i s t i c a l l y  a 
blanket of clays deposited from ~,apemzion 
having high lateral  continuity and low l l tho lo-  
gic variation. Deposition is entirely from 
su~q~ension and parnl lel  laminas are by Far the 
most common primary s t r u c t u r e .  In many instan- 
ces the p r o d e l t a  deposits will normal ly appear 
as s t ruc tu re less  massive c lays .  Bec~suee of the 
higher rates of deposition associated with the 
pro~elts ceposits these deposits w i l l  noz~ally 
escape intense burrowing by marine organisms. 
faunal  species are normal ly  h igh,  espec ia l l y  
formeni fecal  t es t s ,  i n d i c a t i n g  an open marine 
environment; both number end species are high. 
The shal lowur  water p o r t i o n s  of the p r o d e l t s  
d e p o s i t s  tend  to  show laminae t h a t  a re  t h i c k e r  
and grain,  s ize i s  normeLlly cOarse r .  

D e l ~  F.~ont Environment 

Progressing u ~ r d  or landward w i th in  the 
d e l t a i c  sequence, the d e l t a i c  f r o n t ,  re fe r red  to 
as the delta platform or ,'.':~.'.l bar, o v e r l i e s  
the prodelts facies. I n c r e a s e  zn sedimentation 
ra tes and coarseness of the s a d i s t s  
distinguishes thess deposits from the  prode l ta  
c lays.  L i tho logy  genera l l y  can be character ized 
as la=inated silts and clays with thin sand 
l ayers .  The d e l t a  f r on t  g e ~ - a l l y  shows lower 
l a t e r a l  continuity then the p r o d e l t a  environ- 
merit o 

Dilutions of salinity by river water along 
wi th  the n u t r i e n t - l a d e n  cur rents  derived from 
the r i v e r  ~ake t h i s  s h~ghly favorable environ- 
ment for  burrowing o r g a n i c .  
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Dzst r ibu tary  Houth Bac Envi ror=ent  

Yhe d i s t r i bu tacy  mouth bar i s  an ares o f  
shoaling associated .ith the sensed  terminus 
of a dietzib~tary mouth. Accumulation rate is 
extremely high, probably h igher than in  any 
other ~vironment eseocisted with the delta. 
The deposits of the distributary mouth bac con- 
~,i~:¢t p r i = a z i l y  of the coacset elastic material 
ava i l ab le  in  ths delta system. 

Th ~. coarser sediments, the sands, s e t t l e  
rad id l y  from suspension and almost a l l  of  the 
a n d  is deposited near the vic ini ty of the 
distributary mouths. Because of variations 
in  turbulence s t  the c i ve t  mouth and d i f f e ren t  
process intensities between low river stage and 
high river stage, silts md clays w i l l  also be 
deposited in this environment. Thus in  many 
instances, the d i s t r i bu ta r y  mouth ba~ can con- 
te/n end incorporate silts and clay beds. 
He-ever, re~acking by marine processes resu l ts  
in cleaning and sorting of the sediments by 
marine processes. As a result, the d i a t r i bu -  
racy ,muth bat~ consist  co~mmonly o f  clea=~, 
wel l - so r ted  sands del ivered by the r i v e r  to  i t s  
south. Both suspended load sad bottom sedi-  
ments bec~e p rog~sa iv~ ly  f i ne r  w i th  increased 
dzetsace fzam the dis£ributacy mouths. As the 
aedi=ent load i s  constsntiy diminishing and 
being spread in an ever increasing s~ea, the 
rate of  e l a s t i c  deposition g~edually decreases 
seaward from the dist~ibut~y mouths. 

Subaqueous Natural  Levee Envirunment 

Subm~c~.e r idges bordering the channel f o ~  
in  response to reduced CuzTent v e l o c i t y  as the 
channel broadens and shoals. As deposi t ion 
cont inues,  natura l  aub~queou$ l e v ~  develop 
beneath the l a t e r a l  boundaries of  the expended 
effluent .hera v e l o c i t y  grad£en~J~ ace ateepes¢. 
lh~ = bulk of  the aubaqueous levee fac ies i s  com- 
posed of very fine sand and silt with occa- 
sional thin l~inse of plant debris or clay. 

Subaer ia l  Nab~a l  Levee Environment 

The areas o f  s l i g h t l y  h igher e leva t ion  bor- 
dering and confirming the channel a=e cal led 
• ubae=ial na tu ra l  levees oc ovezb~k  splays. 
These ridges fatal in  response to  differences in  
river stage. Deposition is solely the ~esult 
of  overbank f l o~ .  Highest e leva t ions  end 
broadest widths ace found where the c i v e t  stage 
f l u c t ua t i on  is  greatest .  Often the ~ubser ia l  
na tu ra l  levee deposits w i l l  be capped by a 
t i g h t l y  cemented zone of i ron  o~des  and i ron  
ce=bonates tha t  form in  conjunction, wi~'-~ kbe 
h igh ly  biotucbeted ~anes. 

D i e t r i b u t a ~  Channel E n v i ~ o ~ n t  

A d i s t r i b u t a r y  channel accommodates and 
d i r e c t s  a por t iee  of  the sediment fro~ the 
parent  r i v e r  syste= to the rece iv ing  btmin. In 
most instances wi th in  the lou~r de l ta ,  the 
dietributary channels -~T-s rather =Cable and do 
not eho~ s tendency tO migr~',he t a t e r a J l y .  

Regardless o f  the s ize,  processss w i th in  the 
channel environment ace essen t ie ] l y  s im i la r .  
In  the upstream p a ~  o f  the ehsanel, euZTent 
f low i s  conf iner  by banks to s general 
downstream d i rec t i on .  Beyond the mouth, 
however, the channel f l a res  and currents f r e -  
quen t l y  move in vary ing d i rec t ions .  Deprived 
o f  an ~c t i ve  i n f l u x  o f  sediment sad water,  the 
lower por t ions o f  the channel are commonly 
f i l l e d  wi th poor ly sacred sands sad siZEs con- 
ra in ing  an abundance of  t ransported organic 
debris. As the waters in th6 channels become 
more stagnated and lower current velocities 
ace maintained, the finge~c-gz~dned materials 
begin to infill the channel proper. With time 
and continuing subsidence, the channel often is 
entirely filled with fine-grained and poorly 
sorted sediments. Fine-grained organic debris 
and logs eomm0nly form the upper par t  o f  the 
channel fill. Borings through a t y p i c s l  channel 
indicate that the lower portion oF the sadimen- 
racy fill consists of poorly sorted sands and 
silts ¢~only showing an abundance of organic 
t rash along the bedding planes. In the cent ra l  
por t ion  of  the channel f i l l ,  h igh ly  b ioturbated 
silts, silty clays and clays chacanterize the 
fill sequence. In the uppermost portion of the 
channel fill, fine-grained organic debris, pri- 
marily peats, with abundant woody horizons are 
common; consequently, the f i n a l  stage of  f i l l i n g  
is noz~ally characterized by a high abundance of 
pest .  

Interdiatribatary Bay Environment 

The i n t e r d i s t r i b u t a r y  bay envizonmest may be 
completely surrounded by marsh oc d iet= ibuta~y 
levees b ~  which ace more of ten p a r t i a l l y  open 
to  the ~ea or connected to  it by ~ s / 1  t i d a l  
channels. Because these bays ace genera l ly  
bypassed by se t ive  coarse e l a s t i c  ~d imenta t ion ,  
the deposits are composed p r i m a r i l y  o f  f i ne -  
grained sediments that  a~e brought i n t o  the bays 
dur ing periods o f  high f lood or abnormal high 
tides associated with the passage of sto~me. 

Bay Fill Environment 

She of the major facies associated ~i~ many 
deltas is the large serial extent of  the bey 
fill that break off of the main distributaries 
and i n f i l l  the numerous in te rd i s t r i bu t@ry  bays. 
These sequences form the major lend areas of  the 
subser ia l  delta and fo~m es crevasse deposits in 
shallow bays beb~een or adjacent to major 
d i a t r i bu ta~ i se  ~m.d ext-_-.d ~h~om.~.lvss seaward 
through a ~ystem of  r a d i a l  b i fu rca t ing  channels. 
Eseh bey f i l l  forms i n i t i a l l y  as a break in  the 
me~sr d/stributary natural levee during flood 
stage, g-~adually JJ1creases in f l ~  through suc- 
eeesive f loods,  reaches e peak of  maximum depo- 
s i t i o n ,  wanes, and becomes i n a c t i v e .  As a 
result of ~:bsidsace, the crevasse system is 
inundated by marine waters ssver t ing to  s bey 
environment, thus completing i t s  sedimentary 
cycle. Althoogh individual bay fills ace rela- 
tively t h i n ,  cont inuing subsidence and a 
repe~t ing of ai=ilar processes result in  
#racking one bay f i l l  on top o f  another, thus 
building up quite a thick sequence of subaerial 
delta deposi ts.  
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With the development of systematic channel 
patterns the delta front advances into the bay 
resulting in the deposition of a sheet of  eels- 
Lively coarse detritus thickening locally in 
the vicinity of the cha,~nels. Seward of the 
active r i ve r  mouths i~  an ~es  of fine-grained 
accumulation or prodelte clays. These clays 
mark the first introduction of detritus into 
the bey and are distinguished from the under- 
lying shallow ma~inm clays by alternate repe t i -  
t i on  of sediment~y structu~--.s related to 
seasonal floods. The size distribution within 
this environment grades from fine to coarse, 
both upwards in the section end h~rizontally 
from the distal ends of the system towards the 
point  source.  

Once ~tive sedimentation ceases  in the bay 
fill, subsidence end Coastal ~treat became the 
dominant process. For a time, marsh g~o~th can 
k~ep pace with subsidence, but eventually large 
bay3 tend to develop and the shorel ine ~etreats 
rapidly. The regressive sequence is capped by 
bounding tran~griseive sediments including 
shallow marine bay clays and m~ah deposits. 
These deposits contain s highe~ percentage of 
elements characteristic of the basin. The i n i -  
t iat ion, growth, and abandonment of the various 
bay fills r e s u l t  in cyclic alternations of 
detr i ta l  end nondetrital deposits. 

The most common vertical sequence along the 
disteLl ends of the bay fill is z~p~esented by 
shallow marine bay ~eposits which grade upward 
into silty clays repreeentative of the se~We__rdm 
most portion of the prograded bay fill. This 
s i l t y  clay deposit is normally capped by s thin 
peat; deposit.  The pests in th is  v i c i n i t y  are 
general ly  thin, but tend to show wide lateral 
continuity and thus the entire cycle consists 
only of silty r_lays end peats that alternate in 
sm o~derly fashion. 

The Iowez~ost sequence in the complete bay 
f i l l  cycle rts~ssnta the organic clays and 
silty clays which =ep~sent the initial fine- 
grained fill of the bay. The sandy d~poaita 
r ep resen t  thos~ facies a~mociated with the 
actively progr~ing distributsries and consist 
pr imar i l y  of delta f ron t  end d i a t r i b u t ~ y  mouth 
bar deposits. Overlying the distribut~u~y mouth 
bar are the natural  levee deposits ~ the 
calcaz~ouacleys of the mall interdiettlbutecy 
bays end overbank deposits. The f inal  l i tholo-  
gic un i t  iS the post deposits that  tend to cap 
the z~gz~seive sequence and thus s cceplete 
cycle is recorded. 

H~ah Environment 

Marshes are Io. tracts of  periodically- 
inundated land supporting non-woody plants 
such am grasses, reeds and rushes. The marsh 
surface normally approximates the mean high 
tide l eve l .  Within the delta this leve l  is only 
a fr~=tion of a meter higher than mean sea 
level. Within the active deltas, marshee 
general ly  range from fresh to b=a~klsh. Most 
ma~h deposits z~ault from an abundant organic 
~ l a t i o n e  which a c c u ~ l a t e d  m~der r e l a t i -  
ve ly  stagnant  chemical ly  reducing environments. 
O c c e e i m ~ l l y  overtopping of  the ne~er banks by 

major floods w i l l  introduce fine clastic clays 
into an otherwise r ich organic ~egion. The end 
result is production of lateral ly continuous 
peat deposits. 

Very couaonly, peat or l ignite deposits w i l l  
be overlaiO by a sand depcait. The contact 
between the lignite and the sand is u-'~ally 
sharp. With the exception of this send, the 
entire section consists predominantly of marine 
clays and prodelta depos i t s  with a f inal  capping 
of interdistributary b~y deposits which can 
accumulate to considerable thicknesses because 
of the lack of deposition except by overbank 
flooding. 

Classification Systems 

Systems for classifying units into groups of 
more uni?oz~ characteristics is not new to soil 
scientists end geologists. Classification sys- 
tems, when properly organized, can improve pro- 
perry uniformity of the materials grouped end 
generally reduces ssaple variability. This 
investigation suggests that: (l) a cluaifica- 
Lion system can gz~up sedismnts having common 
sediment load transport and deposit ienal 
processe~; that (Z) these processes influence 
sediment properties which can be evaluated in 
terms of their affect on soil produc t iv i ty  end 
:spsbi l i ty;  end (5) sample var iabi l i ty  m i l l  be 
controlled by grouping. Therefore, o~oup pro- 
pert ies will be more uniform among samples 
wi th in  each group and the p rmer t ies  between 
groups will be different. 

Assunting that sediment classification is 
possible, a reliable end low cost method that 
can accurately group sediments into a c l m i f i l  
cation system is needed. A potentially usefum 
too l  to meet th is  requirement say be the geophy- 
s i ca l  lo 9. 

Other considerations for using @eophysical 
logs as the basis to classify sediments ere: 

I. The mJrface mining industry f requent ly 
obtains geophysical logs o f  d r i l l  hole 
locat ions during L ign i te  explorat ion md 
development progress .  U ~ a l l y ,  the 
dr i l l i ng  density is • Function of the 
mining ~e tus  of s project and general ly 
increases as a project sores toward pro- 
duction. This promotes the p o s s i b i l i t y  
that if accura te  and rwpL~docible over-  
burden Oats were determinable from 
physical logs, overburden c h a r ~ t e r i z e -  
t_ion would improve (am a function of 
drilling density) while costs could be 
reduced. 

Z. Major advances to improve data accuracy 
and data reproducibility have been i~r- 
perated into many geophysical logging 
systems. These improved systems have 
incorpereted bet ter  logging too ls  end 
computerized md d ig i t i zed  recorders i n to  
the systems, thereby signif icantly 
reducing e r r o r s  (variabi l i ty) in the 
geophysical logs produced. 
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3. Findings from a revie~ of re la ted  
research invest igat lona show a ~czong 
potential f o r  the  quantitative 
easements of overburden proper t ies  
using high qua l i t y  geophysical logs. 

An 1978 inves t iga t ion  conducted by D.3. 
DollhopF, et  am. showed tha t  the use of  
natura l  ge~a logs in comb~natlsn wi th 
mechanical analyses data provided s 
aeons fo r  consistent de l ineat ion of  rock 
types w i th in  the research area. This 
investigation a lan  demonstrated that 
s tat is t ica l  ~elatlon#nips existed bet- 
wean overburden l i t ho logy  and chemical 
properties of  the overburden material. 
Data prosented in 1985 at the Texas 
acclamation ~o~kshop by W. D. HeLll end 
L. G ~ r e t t  ~hc~ed that overbuzdan 
characterization of  stratlgzaphlo units 
can be mapped by using geophysical logs 
as the basis for correlation; provided 
that the logo wore care fu l l y  run and of 
consistent qua l i t y ,  end that accucate 
laboratory data from each logged site 
were available to checacterize stra- 
tigrsphic units ~xhibiting charac- 
t e r i s t i c  log oignetures. 

Geophy~oal Loqqinq 

Both N. H. Rider ClgBe) and 3. H. Devonian 
C198~) pcovide de ta i led  explanations of  geophy- 
s i ca l  logging and logging b~ole. An explana- 
t i on  of the theory or geophysical logging i s  
beyond the seope of this paper.  However, the 
type of  inFoceation and the ~ c u r ~ y  of the 
da~e obtained by vacious l ~ g i n g  me~hnds i s  
not. 

A common geophysical log used by the l i g n i t e  
mining indaatzy consists OF four readings: (I) 
a caliper d£ometsr log,  (2) e natural-gamma log 
C~) a density log,  and (~) a z ~ s i s t i v i t y  log.  
Other logs, e.g. the spontaneous potential log 
and the neutron log,  though nst always used, 
may provide the means to  a~erl be t te r  def ine 
llthology and the o~cuzrence of iron disulfide 
deposits or other heavy motel d~posita; e tc .  

Cal iper  Loqs 

Cai iper  too ls  me.ague hole s ize  and ~h~oe. 
The e~J~ls n~char~cal oai ipe~ moasores a ve r -  
t i c a l  p~of i lo  of  hole dIBeete~. An extremely 
important use For the calipe~ i s  :n the qua l i t y  
con t ro l  o f  logs. When caving i a  serious, the 
qua l i t y  oF ell logs is impaired. Therefore, i£ 
is essuntial to  consult the caliper log before 
coneul t lng  o the r  logs. 

Gamma and Spectral  Gamma Loqs 

1he gamma log is a record o f  a foz~aticn's 
cedioectivity. The radiation emanates from 
natuz~tlly-occurring ur~nium~ thorium and 
pobmai t~.  The aimple gmma log gives the 
radioactivity of the three elements c~b ined .  
wh i le  the s p e c t r a l  gamma log sho~s ~he mount 
of  eloh ind iv idua l  c losest contr ibut ing ~o this 
r a d i o a c t i v i t y .  The gamma log i s  p r l n c l p - l l y  
used to  q'~an~-~tatively ca l cu la t e  sha le  volume. 

The gases log value of  shale foreat ions i s  of ten 
var iab le ,  depending on the various e~ounte oF 
oley  minera l s ,  carbonate  end o r g ~ i e  matter  p r e -  
s e n t .  

As a f i r s t  indicabar s f  lithalogy, the ga~ala 
log i8 extremely useful  as i t  suggests where 
shale may be expected. Horeover, the higher the 
gamma value, the higher the percentage of  shale. 
However, that /iPJ1ology indicated by the g~a 
log must be confirmed by other logs. 

Quartz, the p r inc ipa l  component of  the 
coarse-grained d~tr i ta i  rocks, sho~s no radioac- 
t i v i t y .  Sandstones consequently usual ly show 
low gamma values. Homever, associated d e t r i t a l  
minerals are rad ioac t i ve .  The most coamon o f  
these are fe ldspars,  micas, heavy minsmsla and 
i i t h i c  fragments. The f i r s t  two groups contain 
potassium, the third thorium, end the last con- 
tains shale. These all can cause high to 
moderate g a n a  values for sands. 

Some matins sands contain glauconi te end, 
i f  the concentrat ions are su f f i c i en t l y  high, 
render the sands rbd iosc t ive .  Cectsin minerals 
can be identified on the ~am~a log by their 
abnormal contribution to the radioactivity 
l eve l .  Usually high gamma values often occur as 
narrow, i so la ted  peaks. 

An interesting and Fairly comprehensive 
scheme for facies identification in detr i ts i  
sedimonts (sand-shale) has been developed using 
g a l a  log s igna to~a .  The basis For the  scheme 
is the relationship between grain size and shale 
content. A ~oarse-grained send will have a very 
low shale content, a medium-gz~ined sand some 
sha le ,  and a f ine-gra ined ~nd may be very 
shaly. The changes i n  grain size will be 
fol lowed by changes in  the gamma value. 
Empirically, if the log shows e typical 
signature i t  can be t g ~  em ind icat ing g ra in -  
size changes. HGwever, a lack of shape is not 
evidence for ink of grain-size change since it 
cannot be interpreted. 

Although i t  has many advantages t"o: cozTela- 
tien, the game@ ray log else ha~ disadvantages. 
The f ine  d e t a i l  on the logs io  merely sa t£e t i cs l  
variation. A comparisun between any log and a 
repeat section shows to what extent this has an 
e?fect. Fine peaks therefore cannot be used for 
co r re la t i on .  The second disadvantage i s  that  
the gamma log cannot be ca l ib ra ted.  

A certain amount of literature exists on the 
possibility of identifying individual ci.~y 
minerals using the spectral  gamma log.  Loeai 
var ia t ions ,  complexity of clay-mineral  mixtures 
and ~ y  other ~ n t r i b u t o r y  v~ i sh les  a l low no 
convinciagly elea~ picture as yet fo r  c lay -  
mineral identification. The use of the spect ra l  
g~a log far this purpose is s t i l l  in the 
fu ture.  

Gamma log p r o f i l e s  rosy be applied in an ana- 
logous manner to  the spontaneous po ten t ia l  log 
for  the i n t e rp re ta t i on  o f  depos~-tionel emviran- 
men£s of both sandstone-shale and carbonate- 
shale sequences. In coauon with the spontaneous 
potential log, the gamma records the nature of 
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upper anO l ~ e r  contacts  as sharp or  grada- 
t i o n a l ,  and gives i nd i ca t i ons  of  shale content 
v a r i a t i o n .  The gamma log should be used in  
conjunct ion , i t h  more orthodox geo log ica l  data 
in order  fo r  i t  to be a real is t ic  a id  in 
environmental interpretation. 

Ttm Density Lm: 

The density iog is a continuous record of  
a fol~stion'a bulk density. This is the 
overall density o f  a rock,  including solid 
matr ix  and the f l u i d  enclosed in the pores. 

Qulmtitatively, the density log is used to 
calculate p o r o s i t y .  Qualitatively, it is a 
useful l i t h o l o g y  JJ~dicator and (i) can be used 
t o  i d e n t i f y  ce r ta in  minfrals~ (2) can help to 
a s s e s s  o~ganic matter content ,  and ())  may help 
to  identify ove rp rea su re  and fracture po ros i t y .  
Bulk density variations in Sandetene genmrally 
i nd ica te  porosity changes. In sands without 
shale, g ra in  densi ty  can give acme idea of  sand 
composit ion. Change8 in  grL in  densi ty in  sands 
are  g e n e r a l l y  gradual  and of s moderate o rd e r .  
Abrupt changes, especially in otherwise homoge- 
neous beds, often i n d i c a t e  diagenetic or secon- 
dary changes. A similar phenomenon nay also 
occur with secondary p y r i t e  cement. 

Denslty becomes s c r i t e r i o n  for  l t t h o l o g i c a l  
ident i f icat ion when i t  is either abnormally 
high or abnormally low. Coals, for  e x a l p l e ,  
are idaptified by v e ; y  low densities, between 
1.2g/~ and l. Sg/'~ ~, ~nd p y r i t e ,  conversely, 
by very .high densities, between 4.8~ce" and 
5 .17g / c~ .  The e x t r e i e  values for  t h e s e  
minerals may not be reached tmder na tu ra l  con- 
ditione, but abnonlally high and abnormally low 
peaks are still easily viaibla. The preesnca 
of  organic  m a t t e r  in shales lowers t h e i r  den-  
s i t y .  The rmrmal average mstri~ densi ty  o f , s  
mixture of  clay minerals i8 about 2.7g/om-, 
while ok'ganic matter has densities between 
0.70g/c~ ~- 1.80g/oa . The presence of organic 
mat te r  t h e r e f o r e  has 8 Imrked e f fec t  on shale 
bulk d e n s i t y .  The o r g a n i c - m a t t e r  e f f e c t  on the  
densi ty log can be quantified and the  log used 
to derive the amount of organic matter in a 
sha l e .  The r e l a t i o n s h i p  batsman density and 
organic mat t e r  p e r c e n t a g e  however should be 
normalized. 

The densities of the more ~on litholegiea 
arm r a r e l y  diagnostic since t h e r e  Is too much 
over lap and too much spread caused by d i f f e r e n -  
ce s  i n  o04q~ i t~on  ~ d  texture. Although the 
density log is itself a poor i nd i ca to r  of 
lithology, combined with the neutron lug i t  
become~excellent. In f ac t  the neut ron-dens i ty  
log combination i s  probably the best q u a l i t a -  
t i v e  i n d i c a t o r  o f  g e n e r a l  l i t h o l o g y .  

Resistivity (Conductivity)toqs 

The resistivity log is a meseurement of s 
forestion'a resistivity, that is its res is tance 
t o  the  passage o f  an e l e c t r i c  current .  Conduc- 
t i v i t y  logs reassure a formation's conductivity 
or its ability to conduct an electric current 
but t h i s  value is g e n e r a l l y  conver ted  directly 
to z~alstivity. A foz~stion's resistivity is 

one of i t s  t y p i c a l  geophysical c h a r a c t e r i s t i c s  
and as such can con t r i bu te  in format ion on l i t h o -  
logy,  t e x t u r e ,  f a c i e s ,  overpreaaure  and source  
rock cha rac te r i s t i c s .  The log is used f r e -  
quent ly  for c o r r e l a t i o n .  

Clays conduct e l e c t r i c i t y  in two maya, 
through pore water and through the clay i t s e l f .  
Clay consists of s t a ck ed  silicate layers which 
are negat ive ly  charged. Clay can be described 
as s nega t ive  framework surrounded by o u r r e n t -  
conducting ions (the double layer). The capa- 
city of  clays t o  conduct electricity var ies  
between clay s~ecies and seems to depend on the 
surface ewes of  the  c l a y  which is a func t ion  of  
mineralogy. An independent expreasian re la ted  
to the su r face  area  is cation exchange capacity. 
Geologically this is of interest, since mont- 
mor i lon i t e  has a far  g r e a t e r  s p e c i f i c  su r f ace  
area than the other  c lays and i s  therefore more 
conductive. 

The r e s i s t i v i t y  of  e rock i s  i n t i m a t e l y  
r e l a t e d  to t e x t u r e .  The simOlast  r e l a t i o n s h i p  
between r e s i s t i v i t y  and tex ture  is  that 
demonstrated by an increase in resistivity as 
poros i t y  decreases, other  fac tors  being equal.  
As the p o r o ~ t y  i n c r e a s e s ,  the  resistivity will 
decrease  logarithmically, and the shallow and 
deep devices wi l l  Show s e p a r a t i o n .  The 
r e s i s t i v i t y - t e x t u r e  r e l a t i o n s h i p  can in f a c t  
d i s p l a y  c o n s i d e r a b l e  s u b t l e t y ,  as  the fo l lowing  
example shows. 

It is the domination of shale as s wJb~urface 
Lithology which enables the resistivity logs to 
no c h a r a c t e r i s t i c  r e s i s t i v i t y  limits for shale. 
The values depend on many var iab les ,  such a~ 
coapection, po ros i t y ,  miners1 content,  quarIg 
content ,  e tc .  But in  any r e s t r i c t e d  zone, sha]B 
characteristics will tend to  be constant, so 
that the resistivity log, Llthough it deem .o¢ 
allow a first indication of  l i thology, can sub- 
sequently confirm i t .  High .~esistivities , i l l  
also be associated with t ight limestones, 
sandstones, or d o l c l i t e s .  Usual ly Io, r e e i s t i -  
vities may also be i n d i c a t i v e .  A lore resisti- 
vity can be associated with e l e e t r ~ i c  
( m e t a l l i c )  conductivity as opposed to  ionic con- 
ductivity. This is the case f o r  mineral con- 
centrations attributed to secondary hematite c; 
pyrite. 

Although the r e s i s t i v i t y  logs do not a l low 
the d i r ec t  i ~ r , t ~ f i c a t i o n  of  ] i t h o l e g y ,  they are 
none the l e s s  very s e n s i t i v e  l i t h o l o g y  i n d i c a t o r s .  
The i n c r ea s e  in  r s e i a t i v i t y  corresponds to  an 
increase in  the s i l t  (quar tz )  content.  Even 
slight, subcycl ic  events are v i s i b l e  on the 
logs.  Within sands themselves, i t  i s  suggested 
tha t  d i f f e ren t  r e 8 i s t i v i t y  values may be co r re -  
la ted wi th d i f fe rences  in  9ra in  s ize.  A 
coarser-groined sand -ill genera l ly  here • low 
i r r e d u c i b l e  water  s a t u r a t i o n  end hence h igher  
~ e s i s t i v i t y ,  the f i ne -g ra ined  sand with higher 
J r=educ ib le  water  s i l l  show lower r e s i s t i v i t y .  
A clean, f ininQ-upwarda sandstone d lou ld  8hcM s 
r eg u l a r  upwards d e c r e a s e  in  r e s i s t i v i t y .  
A d d i t i o n a l l y ,  o rgan ic  ma t t e r  i s  g e n e r a l l y  h igh ly  
r e s i s t i v e  to  e l e c t r i c  cur ren t  and when present 
in shale can cause an increase in the shale 
resistivity. 
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East Texee Soils 

Soils in east Texas ace characteristically 
old and highly ueathered soils. Propert ies 
co=mort to  Texas so i ls  ace= ( l )  very sandy top- 
s o i l s  which can be draught prone, (2) roo t -  
penetration and ~oot-function restricting 
~ubsoils, (2) low organic matter content, (4) 
low cation exchange capacity, end (5) low 
nut rxsot  oupplying capacity. Without going 
into another detailed discussion on soil 
science, ouffioe i t  to say that moat east Texas 
soils ~ e  old (lO,O00 + years), highly 
weathered, acid, soils wi~-6 high needs for 
management inputs to  achieve customary y ie ld  
qoals .  Al~o consider that the o r i g i n a l  parent 
materials f o r  those  soi2e ~ere Fluvial-deltaic 
sediments exposed to ~urface weatheciog and 
o t h e r  soil foz~ation processes e.g. time, 
topogrq>hy, vegetat ion,  and c l ima te .  

Statistical Ver i f ;  ca t ico  

5 t a t z e t i c a l  procedures were used to: ( i )  
teat the effsotiv~mass of the classification 
system, (Z) ~i-calibrate chemical and physi-  
ca l  properties of the geophysical io9 signa- 
tures charac te r i s t i cs  of each group, and (~) 
test the objectivity and reliability of the 
approach. Statistical proceducee used were 
disoriminate function analysis, 8nalyais of 
variance_, T-test for mean differences and 
co r re l a t i on  analysis. 

A l l  s t a t ! s t i c a l  analyses were performed 
using the S t a t i s t i c a l  Analys is Syste~ C5A5) 
softwace ~a~ksge release 8Z.a. 

l~setiqative. Methods 

An inves t i ga t i ve  area of  app=oxgtately 
12,000 acres was selected f o r  tJ~ie study. The 
invest-~gstive a~ea is 8ib~ated in the Wilcox 
Geologic Forest.tan in east Texas. The i n v e s t i -  
ge t i v~  a ~ a  i s  c h ~ e c t e r i o t i c  o f  much of the 
geol~gy and soils in east  Texas. 

The ~nfozmotiun and date collected to sup- 
por~ this investigation included: (1) the 
se lec t ion  of  an ~pprop~iste sediment e l a ~ s i f i -  
ce t io~  system; (2) se lec t ing and l oca t ing  con- 
t inuous cor ing a~d geophysical logging s~tea 
v~ithin the investigative sees; (~;~ ob t~n ing  
de ta i l ed  labora tory  data f r ~  testing Jnte~vo~s 
f o r  each continuous core; and (~) select ing 
s t a t i s t i c a l  methods fo r  Ci) analyzing l abors -  
t o r y  data and cl~maificmticn data,  md  for (ii) 
quantifying (~i.ealibratiog) geophysical  log 
s ignatures.  

The ¢ leoa i f i ca t i on  m/stem chOsen to group 
sedimentary mater ia ls ,  based on geophysical log 
sis, atLas interpretation, was the system used 
by geologiete f r o l  the Tex~m Bursas o f  Economic 
Geology in  s t u a r t  t o  s Texas M~ study on 
overburden eh~sc te r i za£ ico .  The system insec- 
petered the follo~ing c l ~ s £ f i c a t i o n  groups: 

i. Bay Center 
2. Bay Fill 
) .  Bott~aload and Mixed Load Channel 
A. Channel 
5. Flood Basin 
6. Marsh 

Each of  these c l ass i f i ca t i on  groups encomp~a 
unique sediment load t ranspor t  and depos i t io r~ !  
processes and associated postdepos i t iona l  
environments. I t  i s  be l ieved through the 
classification of unconsolidated sediments to 
one o f  these s ix  groups tha t  aJch of  the sample 
v a r i a b i l i t y  ~ssocieted ~ t h  these sediments w i l l  
be adequately con t ro l led .  By con t r o l l i ng  
var iabi l i ty  md by gr~Jping materiels exhibiting 
s i m i l a r  l i thelogic and strstigraphic c h ~ -  
t e r i e t i c s ,  i t  is  bel ieved that  e f f i c i e n t  quan- 
t i f i c a t i o n  o f  overburden proper t ies  i s  possib le.  

A total of eight sites were identified foc 
the c o l l e c t i o n  o f  beth continuous core ¢ ~ p l e s  
and geophysical logs. These e igh t  continuous 
cor ing s i tes  ,e re  located to  sample the broadest 
range of  overburden and in£e rbu rd~  charac- 
t e r i s t i c s  within the aces o f  investigation. 
This spec i f i ca t ion  of  the study wee met by care- 
fully siting continuous L~ring locations to 
encompass the complex ~crat igrsphy end 
b0pogrsphy o f  the investigative area. 
Prev ious ly  collected geotechnical  data and 
environmental coring data were used to  ass is t  in 
~he se lec t ion  o f  the~e s i tes .  The continuous 
cores were collected to e total depth of  ~en 
feet  below the deepest economical ly recoverable 
lignite seam. l--ediste!y following collection 
of each continuous core, a high quality geophy- 
s i cs /  log, consisting of o g~e log, s density 
log, a resistivity log, and a caliper-diameter 
I~ was obtained. ;bess data ~ze immediately 
transferred to the logging system's on-site com- 
pute, digitized and stored on magnetic tape. 

All o f  the sample material from the e ight  
conth~uoua cores were transported ho a Texas 
Rai l road Commission (RRC) approved 18boz~tory 
fo r  laboratory anp~ysis. Lid)oratory testing 
intezwala ,ere selected based upon lithologic 
md strstigrsphic ch~- te r ia t i cs ,  specific to 
e~ch continuous core, w i thout  the a id of  
reviewing the geophysical logs. The labora to ry  
pcoaedures ~elected were procedures ~eco,~ended 
by the RRC ~nd/or pcocedkJCOS considered to  be 
d iagnost ic  o f  important reclamat ion proper t ies .  

The f i r s t  step in data analys is  invo lved the 
t imely  completion of the  18bo=atory a n a l y s i s  of 
the se lec ted t~ating i n t e r va l s .  The second step 
invo lved i n te rp re to t i ng  the geophysical logB for  
unique and repasting log s ignatures ~ d  
cosigning stretigcaphie facies of the continu~Ja 
coz.s to s classification group. The classifi- 
cation was perfowmd by a p ro jec t  geologi@t 
experienced with ~nterpcetat ing geophysical 
logs.  The geo log is t ' s  e f f o r t  was acco~ l iohed 
without t h e  benefit of reviewing any l~boratory 
data. The classification data generated by the 
geo log is t  were coded end entered i n t o  the c ry -  
purer. The classification data were entered 
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into the computer. The classification data 
were ent-~red into s SA5 file, such that each 
identified la~oretory testing interval -as 
assigned to  e classification group identified 
by the geologist. 

The third step involved a discriminant func- 
t i ~  ana ly s i s  of  the classification data 
generated by the geologist. The data set for 
the dis~riminent analysis invalved classifics- 
~i.~m groups having ten or aorP observations. 
The ~_~--- ; ;mant m~ lys i s  procedure was used to 
test fo~ pro~e~;~ ~aila~ity within the sample 
group baSed upon the geoi~---~--t'a classification 
model. The data u~ed in the dim.-~!--!,ent ana- 
lysi~ were sieve size data, pyritic-~'-f'Jr 
data,  mld electrical conduct iv i ty  dots.  

An ~,~ ly~is  of variance of the classifica- 
tion groups n ¢ ~  ,as plermmd. He, ever ,  t h i s  
step depended on the ~C"--.essful results of the 
discriminmt analysis of the el_~msificstion of 
the sediments invest igated.  The u~e of 
Analysis of Variance of the clmification 
grouping would test for t~he unbiased capability 
to unifo~y group sediments of similar proper-  
ties. I f  ~ i t i v e  results were obtained, then 
atatistica~ mJppor~ for  organizing sediments 
i n t o  common groups rmving, co~on chemical end 
phys ica l  pr .o.oertie8 umng geoph}'--i cal  leg 
signatures would be recognized. 

Comparisons of  clmaslfication g~oup means 
for significant differences were ply=ned i f  the 
analysis of variance F-test indicated that 
significant di f ferences existed between group 
means. The p r o j e c t ' s  statistician recommended 
that an adjusted T-test be used to mW(e the 
comparisons based upon the ample  s ize of the 
means teated.  Basical ly,  the adjusUmnt 
involved using alpha testing levels st the tmo- 
and f i ve -percen t  levels in  order  t o  dec la re  
significance differences st the ten- end 
twenty-percent l e v e l s .  ( I t  is acknowledged that  
8 twenty-percent t e~ t ing  l e v e l  is higher  than 
noiwally used, but it is felt that this is a 
reasonable  l e v e l  considering this stage of 
investigation. ) 

Corre la t ion  ana lys i s  wee also Performed on 
select  l abora to ry  data. Cor re l a t ion  analysis 
~a8 used to determine i f  a f i e l d  procedure 
could be used to i den t i f y  the oc~urre~-e of 
l e ~  e ~ i l y  measured proper t ies .  To t h i s  
extent, three p~ me~r~ta, p~ (l:i water), 
pH (1 normal ICCl), ~ (94P B~ffer) ,  were c o r r e -  
l a t e d  t o  total i r ~  d iseu l f ide  (FeS2) ccm- 
centretions of the testing i n t e r va l s .  

Discussion o f  Result# 

The geophysical log of each core s i t e  and 
the g e o l o g i s t ' s  classification results are pre- 
sented in  Figures 2 through 9. A review of the 
geologist's data sho~a 8 tendency for con- 
sistency and sensitivity to  major change~ in 
t~e log signatures.  However, s c l o se  examina- 
t i on  of the g~ologist's cleseificatio~ r evea l s  
a tendency to lump the subtler c h ~ g o s  in the 
log signatures m~d not ~ l i L  these s ignature 
chan~a. /m examples r e fe r  to :  (I) Figure 2 
between the lO-to ~]-foot depth interval, and 

(Z) Figure 3 between the 35-to 70-foot 
interval. 

The results of the diccrieinent function ana- 
l y s i s  are presented in Table 1. The ~ 
Table 1 shaw that the di~rimin~t 
testing function (th.~ f i rst  approximmtion ) 
agreed with t.he geologist's grotminga fo r  75 of 
the 119 observat ions in the data set .  The 
re~J l ta  of this analysis show that  the ¢~mputer 
analysis of the classification groupings i8  in 
agreement with the geologist's groupings for 6~ 
percent of  observations. 

An evaluat ion of the 31 dissent ing obser- 
vations involved:  (1) a review of  the c l ass i -  
fic3tiun p r o b a b i l i t y  l e v e l s  assigned by the 
ai~c.*'minant function to the dissenting o b ~ r -  
valises, and '.2) coding the computer's groupings 
next to the geologi.~t 'a groupings, both pieced 
adjacent  t o  the  log 81¢.~--L:.:re o f  each core.  
Tnis first evaluation showed that ~-~.~ --~grouping 
probabil:ty for  16, or 51.6 percent ,  of  the ~1 
dissenting observa t ions  exceeded the 90 percent 
p r o b a b i l i t y  leve l  and that  regrouping of 2~, or 
77.4 percent,  ( includes the 16 previously  noteO 
observat ions) of the 31 dissenting observat ions 
exceeded the 80 percent probability l e v e l .  

The second evaluat ion of the g e o l o g i s t ' s  
c l a s s i f i c a t i o n  data involved coding the computer 
groupings of  the I19 obse:vat i0na onto the  geo- 
physical  logs next to the geo log i s t ' s  groupings. 
The resu l t s  of  th i~  e f f o r t  are also presented in 
Figures 2 through 9. This side-by-side cem- 
psriecn r~l~s for an evaluation o f  both the 
geologi st ' s and the computer-generated 
grouplngs. The aide-by-side review o f  th~ 
geologist' s groupings and the :oapu te r  Im 
groupings tend tO support,  in moat cases, 
regrouping refinement of the computer's d i a c r i J  
ainant function. Cxamplss of this are again 
evident in: ' i )  Figure 2 between the lO- to 
50-fast depth interval, and (2) Figure ~ between 
the 3~- to  .~)-font depth interval. Overa l l  the  
discriminant function analys is  of  the testing 
intervals tended to be imediately more sen- 
sit ive to the log signst~es in terms of subtler 
and thinner log signature changes. 

Refining the s~le gr~inga, based upon the 
visual examination of t~ log signatures, brings 
the co r rec t  number of  sample i n t e r v a l s  assigned 
to the appropriate classification group t~ 8B 
out of  119 or  74 percent .  

Both the stat ist ical end visual ex-=ination 
of the classification data generated by the 
geologist supports the capability to identify 
overburden m a t e r i a l s  having qualitatively d e f i -  
neable group c h a r a c t e r i s t i c s .  However, i t  i s  
possible tha t  improvement in techni~.~e, ;~O- 
ported by laboratcr.y data, could have incFeaaed 
the' p rec is ion  of  the c l s m ~ f i c a t i o n  fu r the r .  
This indicates that  more detsi1~d knowledge of  
the relationship of the signature to quantified 
date may be useful to  fu r the r  reprove the preci- 
sion of sediment classification and signature 
qu6ntification using geophysical log signatures. 

As previously mentioned, the success of the 
classification grouping of sedinmnts is iaPOll 
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tent to the investigation. H~aver ,  the 
classification groups also most exhibit 
expected properties of m~terials transported 
and deposited by the processes, which the 
cleemzfzcation system is trying to charac- 
terize. 

The analysis of  vamionee results are pre-  
sented in  Table 2. The analys is o f  var iance 
was performed using the c l ass i f i ca t i on  groups 
determined by the di~eriminant analys is data. 
The rowJlte of  the analysis of variance Of the 
sand, clay, acid-base balance, pH (i:I wate r ) ,  
pH (SHP Buffer), and iron disulfides (Fe5 2) 
dot& a b ~  tha t  h igh ly  ~ ign i f i can t  d i f ferences 
exist between the cl~ification group means. 

In order to examine ~Jhe group pcoper~es in 
te~ of expected chacacteristics, the labora- 
tory data weZ~ ~xamined using the 5AS Univs~- 
l a t e  Procedure. The data were examined as a 
whole body before .~laasification and as inde- 
pendent groups using the discriminant analysis 
classificatiens. Table ~ pre~mts selected 
sediment c h a r a c t e r i s t i c  propert ies fo r  the 
i nves t i ga t i ve  area important to soil ~econ- 
atruetion planning.  It is evident fzo~ the 
lagn i tude Of the sep~a~ion of  the chemical and 
physical proper t ies  o f  groups means tha t  the 
characteristics of  the sedisents, ~hen eva- 
lusted on whole or as independent groups, ace 
diffec~t and fit with the expected charac- 
teristics. The high energy processes have high 
send contents,  high pH leve ls ,  and law c l a y  
contents. Canversely, the lower energy prO_ 
cesses aze opposi te the high energy prouP.~see~. 

The mean d i f f e r e n c e s  between classification 
groups were evaluated using an adjusted T-test. 
The stated alpha l eve l s  are lO percent and 20 
percent but are a c t u a l l y  the two end f i v e  per -  
cent l e v a l e .  The f o ~ u l a  used to genera te  the 
calculated T value i s :  

T (case) = 
X l - X z 

-] HS£ x~ 1 + I ) 
~o~-~ 

The f i n ~  stop i n  t h i s  inves t iga t ion  was t o  
s t a t i s t i c a l l y  t es t  fo r  mean di f ferences between 
the o l s s ~ i f i e a t i o n  groups. The T- teat  resu l t s  
fo r  sand, c lay ,  acid-base balance, m d p H  (~'S* 
Buffer)  are presented i n  Teble~ o, through 7. 

Quant i f i ca t ion  o f  the s~nd ~ d  c lay C~--~--.t~nts 
o f  the sediment e lase iF ic- - t lon groups i s  the 
f i n a l  .,ep~---~.~-a~y step towards spatially ehacac- 
terizing eedimont~y laterials associated with 
l ignite deposi ts .  

The T- tes t  r e s u l t s  fo r  mean di f ferences bet- 
wean send amd c lay  contents are presented i n  
Tables 4 md 7. These tables demonstrate that 
significant d i f fe rences between classification 
g:oup means can be q u a n t i t a t i v e l y  dutez~ined. 
Sewersl mean d l f f e r ~ c e s  were not d a t e l i n e d  to 
be significantly different by this T-tes~, 
e .g . ,  in  Table 4 - Bay F i l l  vs. Channel, i n  

Table 5 - Bottom Load and Mixed Load Channel vs. 
Channel, Bay F i l l  vs. Channel. The reason that 
the T-test could not detect significant dif- 
ferences between these group means are attri- 
buted to  the few observat ions occurring in  the  
channel classification group. 

The T-test  resu l t s  For mean comparisons for  
acid-bass are presented in Table 6. These data 
a lso show that  s i g n i f i c a n t  d i f ferences between 
c lass l f i ea t i on  groups can be quan t i t a t i ve l y  
determined. These data show that  the f lood 
basin group exh ib i t s  the highest content of acid 
producing mater ia l .  The o a p e b i l i t y  to d i f f e ren -  
t i a t e  these mateEials through the clarifica- 
tion system is beneficial to soil reconstructio~ 
planning. The date presented in Table ~ alas 
indicates that significant differences would 
probably be detected between other claeksifica- 
tlon grovps, e.g., mean comparisons with calcu- 
lated T-values g r e a t e r  than and equal to 1.~ but 
less than 2.02, had more observat ions for  these 
groups been ava i l ab le .  

The moat i n te res t i ng  mean comparison resu l t  
o f  the T- test  analys is  .~a as~neiated with the pH 
(SHP Buffer) date (Table 7) .  These T-tests ~ow 
that  the sediments c l a s s i f i e d  i n to  the f lood 
basin group ace significantly d i f f e ren t  from a l l  
other c l ass i f i ca t i on  groups wi th the exception 
of  ,Jhe marsh group. The ~aly~cical  importance 
of  pH (SHP Buffer)  ~ t a  i s  ,Jl is procedure may be 
useful  for  distingui~ing mid-producing 
materials from other  9edimentary materials in 
the f i e l d  during exp lo ra t i on  dr i l l ing programs. 
An additions@ evaluation of this potentially 
low-cost method f o r  idenf : i fy lng  sad quant i fy ing 
acid-producing sediments invo lved c o r r e l a t i o n  
analys is .  

S t a t i s t i c a l  co r re l a t i ons  fo r  pH (S~.o 
Buf fer ) ,  pH (1 normal ECl] ,  pH (1 : !  wafer),  to 
percent i ron disulfide contents o f  the testing 
i n t e r va l s  were performed. The cor re l a t ion  coef- 
ficients fo r  pH (S~P Buf fe r ) ,  pH (1 names KCI), 
pH (i:i water) were respec t i ve l y  O.BS, 0.69, and 
0.67. The high co~relation coefficient of 0.86 
fo r  the  oo r r e l a t i on  of  pH (SHP Suffer)  to i ron 
disulfide roncentretion ~ndicates that this pro- 
cedure may provide a low-COat, f ie ld-adaptab le  
method to  i s o l a t e  p o t e n t i a l l y  high i ron 
disulfide uo~teats of sedimentary =a~er ia l  
during l ignite explorsti--~, and development 
dr i l l ing  activit ies. 

The f indings of  t h i s  i nves t iga t ion  and the 
approach developed to  chacQcterize overbucdan 
propert ies provides evideneo that a lo.-csst and 
r e l i a b l e  approzch to  quc~t i f y  and s p a t i a l l y  
c o r r e l a t e  L ign i te -bear ing  sediments maybe 
possible. However, mere i n ves t i ga t i ve  e f f o r t  i s  
s t i l l  required in  order  to  develop the approach 
to the level of quantitative sensitivity 
ne~essery. It i s  be l ieved that both refinement 
and improvement of  the approach, along wi th 
i n c r e ~ i n g  the size o f  the database of  c l a s s i f i -  
cat ion group properties, w i l l  ultimately lead to 
the acceptance ~nd use of  this method. 
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Table 1 

Discrimincnt Ana/ysis of Ovzrbur~en Core Datu 

FRCN Nunbcr of Obemz~ationu and Psi'cant Classified inLo CLASS GROUP 
CLASS GROUP 8AYCTR ~ Y F I L L  BDLDCHN FLDSASN NXLDCHN TO[AL 

BA%lCTR le, 0 0 O 0 ! 4  
P r o b a b i l i t y  100.00 O,DO 0.00 O.O0 0.00 100. O0 

BAYFILL t 9 5 1 0 19 
P r o b a b i l i t y  21.05 A7.37 26.32 5.26 0.00 lOO.O0 

BDLDCHN 1 0 15 0 ~, 16 
Ptobability 6.25 0.00 9~.7~ 0.00 O.OO I00.00 

FLDBA.SN 12 1 2 27 .] 4.9 
P robmbt ' l i t  y 26.67 2.22 4 . zlZe. (~]. O0 6.67 100.00 

NXLDCHN 0 Q 15 2 10 2.5 
P z ~ b a b i l i t y  O.QO O.OO P2.QO 8.00 40.00 lO0.O0 

TOTAL OB5 3Z 1G ~5 30 i~ 1/9 
PER£(NT 26.05 8.40 29.41 25.21 10.92 100. O0 

Note: I t  wse theme data thst m~gemted combining observation8 of the BO~DCHN 
and I, ID(LCCHN. 
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Teble 2 

Analysis of Variance ResolEs of Lhe Classification Groups 

Degrees of 
Freedo= Mean Square 

Var iab le  Modal Error  Model Ezrar F Vslue PR> F CV Mere* 

Sand Pct. 5 ~ 9  899~.0 4S1.3 10.7 0.0001 ~7.2 

Clay PcL. 5 119 2d65.2 197.5 IZ.5 0.0001 5Z.9 

Acld-Base 
Be/race (1) 5 119 ¢~Zl . l  76~.9 6.3 O.OOOl ~ 9 . 7  

pH (1:1 wM:ec) 5 .142 8.7 2.~ 2.29 0.008 27.~ 

pH (SHP Buffer)  5 119 5.~ 1.1 ~.9I  0.00~ 15.7 

I r o n  D i ~ l f i ~  
(FeS Z) (1) 5 142 767.0 104.4 7,)5 O .O01  IZ7.6, 

(i) Units in To~m CaCO 3 of neut~aL1izakion potential/l,B]O tons of sediment. 

26.5 

7.Y 

5.9 

6.7 

8.0 

Table 3 

Clsssif icQ~ion Group Means 

Classification TOteL~ AP_id-Elase (I) (I:I) 
Gz~,p Oss Sand ~ SeZ~nc, ~ pH (.a~,r) 

A l l  Observations (2) 46.~ 26.5 7.9 6.7 5.9 

Channel 2 91.5 4.5 98.4 8.02 8.8 

B a y f i l l  14 69.7 13.2 0.9 6.78 ~.4 

Buttom Laad 4~ 63.7 17.8 7.0 7.07 =..0 
and Mixed Load 
Ch~mnel 

Mash 3 35.4 ~4.8 7.4 7.01 5.6 

Bay Center 27 ~0.0 35.a 19.3 6.80 6.4 

Flood Baein 36 27.5 ~ . 0  -1.93 6.81 5.3 

(i) Units in Tons CeCO~ of neutralization potemtizLI/l,O00 ~ons Of e~Iiment. A 
po~eible celue indice~em exee~z neutralization capaci£y. 

(2) ¥~ies ,ith testing p~mel :or8 .  
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Table 4 

T - t e s t  Ree~its For Variable Stud 

Cl~if icat ion Group 
Clmif icat ion Mum BLMXL Bay Flood 

Gzoup 0b._..~s Pe :~mtaqe  Chm~nel ~ Charnel  (1) ~ Cemtar Baain 

Channel 2 91.55 - 1.3i 1.76 2.82 "~ 3.82 ~ 4.02 ~N~ 

Bay Fill 14 69.72 1.31 (2) 0.89 2.44 ~ 5.49 ~ 6.12 

Bottom Load 43 63.68 1.76 0 .89 - 2 .16 * 6 .24  ~" 7.31 ' ~  
and Mixed LoRd 
Chmnel 

Hatch 3 35.40 2.8~ "4 2 . ~  ~e 2.16 " 0.41 0.6G 

Bey Center 27 ~0.05 3.82 '~" 5.49 "~ 6.Z4 .e  0.41 - 0.46 

Fle~d B~min ~ 27.48 4.02 N 6 ,12 ~ '  7.~1 "~ 0 .60 0 . ~  - 

q )  8 U ( ~  = 8 o t t o n  load and mixed l oad  channe l .  
(2)  C a l c u z ~  T v~ lue 
* I n d i c ~ m  a t g n l f l c m L  dzfFer~nce i t  t h e  20 percent  e /ph ,  l e v e l  (expez t .~_ . te iae )  

Indic~ate~ auLgnlfJJ:amt d i f f e ~  .,,t t h e  10 percent  a lpha l e v e l  (experLmmtwiom) 

Table 5 

T - t e s t  Ro~Its f o r  V a r i l b l e  C lay  

CiImi f'Ication ~ Flood 
Group 0be Pmz"c :on~ Basin Canter Ha~h  

Flood Bmoin ~6 ~ . 0 3  - 0 .16 0.15 

Bay Center  27 35.44 0 .16 (2 )  . 0.08 

Hace~ 3 J4.OO 0.15 0 .08 - 

CiIsification Group 

Bay ~O~LI(1) 8m<i u C ~ . m Z  

5 . 7 4  . e  5 . 1 &  * 3 . ~ 8  " Q  

5 . 1 /  ~ '  4 . 8 1  " 4  3 . 0 0  

2 . 0 2  * 2 . 4 2  , 4  2 . ~  4,~ 

BoLtom Load 43 17.81 5 .74 ~ 5.11 ~ 2.02 * - 1 .08  1.31 
and HLLxod Load 
Channel 

~qay r i l l  14 13.17 4 .~6 ~ ,  4 .81 -~ 2.42 ,~  1 .08  - 0.81 

Channel 2 4.55 3.08 ~ '  3 .00 "~, Z . ~  ~ '  1 .31 0.81 - 

Cl) BLNXL = BerLin load and mixed load d ~ n n e l .  
(2) - :a lcuJ~ted T value 
* Ind~cetea s i g n i f i c a n t  d i f f e rence  at  the  29 percent  alpha l e v e l  (experlmerCwLm) 

IndL~cld:4m signifLcamt ¢Ltfferonce at  t he  IO percent alpha l e v e l  (expertme~twilm) 
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Table  6 

T - t e s t  Rasul t~ f o r  Yec iab le  Acid Be~e Balemce 

C l a ~ s i f i c ~ i o n  
Group 

Channel 

Bay Center  

. Harsh 

C h ~ i F i c a t i o n  G~oup 
Mean - - . Bay BLMXL Flood 

0be :.a~c~ntaqn Channel. Center  Harsh C h i n e 1  (1)  ~ ~aei_._..nn 

2 98.52 - ~.90 ~H~ %e;1 ~He 4.57 ~H~ 4.67 ~w 5.12 

27 19 . ] 4  ~;.E;Q ~.~C2) - 0.71 1.81 2.02 * ~;.04 =~ 

7,41 ~,61 * *  0,71 - O,OZ 0,36 0,~5 

Bottom Load 43 7.04 4.57 +~ 1.81 1.81 - 0.72 1.4~ 
and Nixed Load 
C h ~ l  

Bay f iL1  14 0.94 4.67 4*  2.02 * Q J 6  0.72 - b._x~ 

Flocc] 6asin ~ ;  -1.9~; 5.12 ~ ~;.04 ~"~ 0.56 1.44 0.~;~; - 

(1)  BLHXL = Bottom load and mixed load  channel .  
(2)  C a l e u l ~ e d  T va lue  
* i n d i c a E ,  s i g n i f i c a n t  d i f f eeenee  s t  the 20 pez~ent 81phQ l e v e l  ( e x p e r i m n t w i s e )  
* *  I nd i ca tes  d ~ i f i c e n t  d i f f e r e n c e  a t  the 10 percent  a lpha l e v e l  (expmdmentwise) 

Tab le  7 

- T - tes~ Resul ts  f o r  Ya~ iab le  pH (SNP) 

C l a s s i f i c a t i o n  Gz~up 
C l a a s i f i = a t i o n  Negn BUCXL Bay 

Gxoup Oba Pqreentaqe Channel C l ' .mnelCl )Xa~sh r.ente¢ ~ F lood 
8a~Ln 

Channel 2 8.02 - 1.26 1.07 1.61 I .SB 
6.9=j * *  

Bottom Load 4~; 7.07 1.26 (2)  - 0 .10 1.00 0.90 
and Nixed Load 4.z~1 ~H~ 
Channel 

3 7.01 1.07 1.26 - 

27 6.88 I. 61 I. 10 0.31 

14 6.78 1.58 0.90 0 J ~  

6 .01  6 .9~ ~ 4 .41  ~ 1 .58  

Harsh 0.71 0 . ~  

Bay Center  - 0.09 

B a y f i l l  0.09 - 

F lood Basin 2.96 * *  2 . ~  * 

1 .58  

2 . S  * *  

2.3~; * 

(1)  BL~L  = Bottom load and mixed load  thermal .  
(2)  C ~ c u l e t e d  T va lue 
* I nd i ca tes  s i g n i f i c a n t  d£ f fe rence  a t  the 20 pezcent  l e v e l  (exper lmntwiem)  

IrNJicates a k j n i f i c a n L  diffez~Dnce a t  the 10 percenE l e v e l  (expedmentwiem) 
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F IGURE 4 FIGURE 5 
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FIGURE 7 FIGURE 8 
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