






















































































































4 commonly contain substantial evidence of tidal influence, even when deposited in fresh water. 

Transgressive environments/facies observed consist of the following: 3a) fining-upward(?) estuarine/distributary 
rhythmically bedded sands, silts, and clays and/or 3b) beach/shoreline sands and 6) sand dominated linear tidal ridges. 
Transgressive facies have been observed only over regressive facies types 4a, 4b, and Sa. All facies types, both 
regressive and transgressive, contain varying amounts of detrital organic debris. 

Facies distributions in funnel shaped distributary channels in this system (Lassa, Paloh, Belawai) are similar to the 
estuarine models suggested by Dalrymple and others (1992). These consist of sand dominated distributary 
environments near the mouth, finer-grained tidally-influenced environments in the distributary central basin, and sand 
dominated tidally-influenced environments at the narrowed head end of the distributary funnel. These facies 
distributions are produced by a combination of factors including long shore drift, tides, and the overprint of the 
northeast monsoon. This depositional and sedimentological configuration occurs in this case, however, in a deltaic 
setting, not a drowned river valley. These similarities in sedimentological signature with those described for drowned 
river valley estuaries demonstrate that a through understanding of system scale, dynamics, and facies relationships 
must be known before system level reconstructions are attempted. 
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Table 1: Estuary Type 

Channel July-August 1992 February 1993 

lgan Salt Wedge Partially Mixed 
Lassa Partially Mixed Partially Mixed 
Paloh Partially Mixed Partially Mixed 
Belawai Fully Mixed Partially Mixed 
Rajang Fully Mixed Fully Mixed 

Table 2: Suspended Sediment Values 

Channel July-August 1992 February 1993 
bottom surface bottom surface 
(mg/1) (mg/1) (mg/1) (mg/1) 

Alluvial 0832 0613 0454 0309 
Valley 

K. Igan 0155 0458 0333 0701 
B. Igan 0748 0494 0435 0159 
K. Lassa 0405 0100 2083 0246 
B. Lassa 0330 0749 0583 0298 
K. Paloh 0211 0112 0310 0524 
B. Paloh 0511 0212 0657 0242 
K. Belawai 0128 0139 0490 0246 
B. Belawai 0202 0076 0650 0313 
K. Rajang 0224 0063 0008 0037 
B. Rajang 0220 0115 0172 0173 

Average 0410 0258 0567 0260 
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PREDICTIVE MODEL FOR THE EXPLORATION OF LOW-SULFUR COALS IN THE 
BRAZIL FORMATION 

Tradewater Working Group 

P.O. Box 220, Carterville, Illinois 62918 

Introduction 

A geologic technique based on depositional environments for predicting the occurrence of low-sulfur coal is currently 
being developed by the Tradewater Working Group. This method of determining relative sulfur content was 
specifically developed for the Brazil Formation. Although sulfur content is temporally and spatially variable, in many 
of the areas studied columns, sulfur is typically concentrated in the terminal coal layers and intimately related to the 
overlying strata. Numerous lines of data were integrated to develop a model to predict sulfur content for coals in the 
Brazil Formation. Megascopic data include appraisal of the ichnology, sedimentology, paleobotany and invertebrate 
paleontology from the strata overlying the coal. Independent microscopic data for this model include assessment of 
the palynology, foraminifera, conodonts, ostracodes, thecamoebians and algae from within the coal and coal-bearing 
strata. This model does not currently contain any diagenetic components. Evolution of the model will continue as 
more details are added to this study. 

Ichnology 

lchnofossils (trace fossils) are biologically produced in situ sedimentary structures that directly tie the behavior of 
fauna and flora (rooting) to an exact stratigraphic and geographic position. The locations of trace fossils can be 
mapped along specific horizons by using outcrop data (including highwall measured sections) and core data. The 
production of ichnofacies maps shows lateral variations in fauna! or floral behavior that can indicate landward or 
seaward paleodirection. 

In general for the Brazil Formation section in Indiana (Fig. I), bioturbation is rare, poorly preserved or absent in non­
marine (fresh to slightly brackish water) settings. Root casts and delicate foliage are typically well preserved in these 
same landward areas. 

Monoichnospecific bioturbation for the Brazil interval is indicative of deposition under brackish water conditions. 
This observation is supported by the occurrence of agglutinated foraminifera as well as the presence of small-scale 
tidal bundles and rare occurrences of inarticulate brachiopods above the Lower Block Coal. A large variety and 
abundance of trace fossil types is indicative of deposition under marine conditions (Devera, 1986, 1989). In some 
areas, diverse ichnofossil assemblages occur laterally to fossiliferous black shales or limestone horizons within the 
Brazil Formation. According to the predictive model, coals should be thin and high in sulfur, or absent in areas where 
diverse ichnofossil assemblages occur immediately above the coal or its position where absent (Fig. 1 ). 

Sedimentology 

The interval between Lower and Upper Block Coals document a relative rise and fall of sea level (Kvale and Archer, 
1990). Heterolithic laminae consisting of fine-grained sandstones alternating with mudstones occur immediately 
above the Lower Block Coal, in most of the coal mines in Indiana. Compelling evidence for the tidal interpretation 
of these strata is the vertical systematic thickening and thinning of the lamina. Sedimentation rates as high as Im/yr 
can be documented in areas where these laminated sediments (termed tidal rhythmites) are best developed. 
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Such thickening and thinning can be directly equated to neap-spring tidal cycles. Bioturbation is low to nonexistent 
where rhythmite facies are well developed. However, where the rhythmite facies are poorly developed, trace fossil 
abundance and diversity increases. The absence ofbioturbation within the rhythmite facies is likely a function of 
rapid sedimentation, low pH, and anoxia where low pH and anoxia were controlled by large quantities of plant debris 
decay. 

Modem studies indicate that the presence of tidal rhythmites are indicative of tide dominated estuarine depositional 
settings. Tidalites in the Brazil appear to have been preserved under brackish or freshwater conditions depending 
on whether these deposits were below or above the ancient salt wedge. Hence, the absence ofbioturbation and the 
presence of well developed tidal rhythmites correspond to depositional sites less likely to be affected by normal 
marine incursions onto the estuarine delta complex (Fig. 1 ). 

Paleobotany and Invertebrate Paleontology 

In areas were bioturbation is not present and tidalite facies are well developed, upright lycopsid and calimite trees 
have been found buried by the heterolithic rythmites. Delicate plant foliage is exquisitely preserved in some areas, 
directly above the lower sulfur coals. Stacked rooted horizons have also been observed within the basal part of the 
tidalites. The flora is diverse at these locations. Lowest sulfur concentrations have been found in the coal with a 
diverse plant assemblage in the overlying strata. 

The invertebrate fauna above the lower sulfur coals is sparse. Inarticulate brachiopods like Lingula sp. and 
Orbiculoidea sp. and myalinid bivalves have been found locally above the coal in dark gray shales and in siderite 
nodules. Monoichnospecific bioturbation is associated with the occurrences of these brackish water faunas. Thus 
far, normal marine faunas are found in thin limestones and black shales and are associated with high sulfur coals. 

Micropaleontology 

Marginal mruine agglutinated forruninifera have been recovered from the laminated sandstone/mudstone facies above 
the Lower Block Coal (Devera and others, 1993). These microfossils ru·e the same genera that can be found associated 
with Holocene peats and marsh deposits (Wightman and others, 1993). It is important to note that modem 
agglutinated foraminifera are known only from peats and marsh sediments that have marine affinities. In general, 
diversity of these microfossils decreases landward but single species may dominate in low salinities (Murray 1973). 

The Lower Block Coal is palynologically diverse. Representative spores of lycopsid trees, tree fems, small lycopsids, 
small fems, calamites and cordaite pollen are locally abundant. The Lycospora, vitiinite-rich increments probably 
developed in areas that were very wet, to the point of being water-covered most of the time. Increments dominated 
by small lycopsid and/or ti·ee fem spores probably developed in areas where surficial peat was exposed for greater 
periods of time. 

Thecamoebians and some types of algae are good indicators of fresh water conditions. However, these indicators have 
not been found in the Brazil Formation thus far. 

Holomarine microfossils like fusulinids and conodonts are restricted to the most marine intervals. Besides 
paleoenvironmental constraints, these types of microfossils will be useful biostratigraphic markers in an interval 
where time is poorly understood. 
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Discussion 

Environmental interpretations for this model are based on the integration of numerous criteria and not on any single 
line of evidence. More details concerning correlations, spacial and temporal control of the Brazil Formation are 
needed before detailed paleogeographic maps can be generated. However, once accurate paleogeographic maps are 
constructed, the occurrence of the coals within the Brazil Formation and their relative sulfur contents should be 
predictable in areas of good data control. 

The predictive model (Figure 1) needs to be more broadly tested in actual mining situations and compared to local 
coal quality data. This data will be continually up-dated on the paleogeographic map. 
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Geologic technique for the prediction of relative sulfur 
content within coal seams from overlying strata 
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Figure I. - Physical and biological characteristics of overlying strata useful for the prediction of relative sulfur content 
within coal seams of the Brazil Fonnation. 
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COAL QUALITY RESERVE EVALUATION FOR THE IRON AND STEEL INDUSTRY 

Valla, Hardarshan S. 

Inland Steel Flat Products Company, Research Laboratories, East Chicago, IN 46312, U.S.A. 

Introduction 

At Inland Steel Company's Indiana Harbor Works (IHW), coal is an important raw material for use in a host of plants 
such as coke batteries, blast furnaces, and utility boilers. Coal and coke quality affects hot metal quality and 
production at the blast furnaces. The quality of the injected coal and the quality of the coke burden which, in turn, 
is dependent on the coal quality, are the key coal-related parameters responsible for the stability of blast furnace 
operation. The coal is also used in the utility boilers within the IHW. Coal combustibility and coal sulfur compliance 
are the key to the successful operation of the boilers. The empirical parameters to predict use-specific coal behavior 
are shown in Table 1.[1-3] Once the sources of high quality coal have been identified and their availability at a 
competitive price is confirmed, the reserves are mapped with respect to a use-specific property. The information from 
the contour maps of various coal properties are incorporated into a mining plan design and the expected coal quality 
is projected for the entire life of the reserve or purchase time period. This assures the IHW of a continuous supply 
of most cost competitive-high quality coal for a long period of time which, in tum, assures the stability of operations 
and consistent quality of end products. This paper will discuss the coal reserve evaluation procedure adopted at the 
Inland Steel Company. 

Background and Procedure 

The coal quality parameters determined for reserve evaluation are use-specific. Coal reserve evaluation is rigorously 
performed for coals used in coke batteries, blast furnace injection (BF PCI), and for utility boilers within the IHW. 

For the coke batteries, CSR (Coke Strength After Reaction with CO2) and ASTM coke stability are the prime coke 
quality parameters that are routinely measured. These two coke properties are predicted through coal analysis. The 
prediction models have been developed at Inland Steel Company. [1,2] Based on predicted CSR and coke stability, 
the coal reserve is mapped. 

For coal injection into a blast furnace, the replacement ratio, combustibility, coal sulfur, and coal cost are the prime 
parameters for coal selection. The replacement ratio is the amount of coke that will be replaced by the injected coal. 
It is predicted using coal chemistry data which is not readily available for coal reserves. Hence, the coal heating value 
is used at Inland to predict replacement ratio. The reserve evaluation for BF PCI is done based on the replacement 
ratio, as predicted via heating value, and coal sulfur content. 

For coal injection into utility boilers, the coal combustibility along with sulfur is the most imp01tant parameter. The 
energy release from coal, as indicated by heating value, is because of the combustion of volatile matter. Thus, 
combustibility can be determined either by volatile matter, petrographic parameters or heating value. The slagging 
index, fouling index, and electrostatic precipitator index [3] are only determined on the initial coal sample. The 
reserve contour maps are not made as the ash chemistry data is not widely available. At Inland, the reserve evaluation 
is done using coal parameters such as heating value and coal sulfur content. 
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Results and Discussion 

Examples ofreserve evaluation in each category are given below. 

Examples of Coking Coal Reserve Evaluation 

I) Coke CSR 

The predicted CSR values for a coal mine are shown in Figure l .[4] The CSR values are predicted using plastic 
range and Catalytic Index. [I] It should be noted that the predicted CSR values are exceptionally high (70-7 5). Inland 
requires a CSR of minimum 62 for its blast furnaces. Since the CSR values are high and do not vary much, there was 
no need to ask the coal company to plan mining to accommodate CSR variations. Inland received a consistently high 
potential CSR coal from this mine. However, the coal was replaced by a new, less expensive coal. 

2) Coke Stability 

The predicted blend stability values for a coal produced from a single seam but three different mines are shown in 
Figure 2. Coke stability values produced from individual coals are not linearly additive in a blend; hence, blend 
stabilities are used to draw contours. In this way, one can predict the coke quality to be expected at the blast furnaces. 
By superimposing the 01iginal mining plan on the predicted blend stability contours, the following observations and 
recommendations were made: 

a) The coking potential of the coal seam varied significantly; the highest quality coal was located in the 
center of the reserve. 

b) Without proper long range mining plans, the coal would most probably decline in quality. 

c) If the coal company followed its original mining plan at Mine No. 2 (Fig. 2), it would be producing high 
quality coking coal. Such a coal would, in a blend, produce a coke stability of 59. In reality, the commercial 
stability produced at the coke plant of interest were about two points higher due to its operating conditions; 
hence, 61 coke stability was expected at the IHW blast furnaces. 

d) A change in the mining direction in Mine No. l from the current northwesterly to a southerly direction 
would result in increased coke quality. 

e) In Mine No. 3, because of absence of future mining plan data, the expected coal quality could not be 
predicted; however, future mining towards the north was encouraged. 

These recommendations were incorporated in the mining plan and a consistently high quality coal was obtained from 
this reserve. 

Examples of Coal Reserve Evaluation for BF PCI 

In order to acquire the lowest cost and highest quality BF PCI coal, the following procedure was adopted: a)Delineate 
desired areas of high potential replacement ratio (>80) and low sulfur content (<I . 0%,db) in the form of contour maps 
and b )Identify the mines in the desired areas that have the potential for supplying coals suitable for use in BF PCI. 

1) Potential Replacement Ratio 

The potential replacement ratio for a large coal tract (Fig. 3) was calculated using heating value. The areas 
characterized by high potential replacement ratio (>80) are shown by shaded areas. The coals from these areas have 
been identified for potential use in Inland's blast furnaces. 
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2) Coal Sulfur Content 

The iso-sulfur map for the same reserve is shown in Figure 4. The sulfur in the coal should be similar to the sulfur 
in coke that it is replacing. An examination of the iso-sulfur map shows large areas of low sulfur deposits such as 
where the sulfur content is less than 1.0% (db). 

Superimposing the iso-sulfur map over the iso-replacement map helped identify four coal mines on this coal tract 
(Fig. 3). Coal with replacement ratio greater than 0.80 and sulfur content less than 1.0% (db) could be obtained from 
these mines. This kind of procedure helped Inland acquire the most cost competitive coal from this coal region. 

Examples of Steam Coal Reserve Evaluation 

Once a high volatile coal with low organic content is selected for possible use in Inland's boilers, then the reserve was 
characterized for coal sulfur and for combustibility via heating value. 

1) Heating Value 

The iso-heating map for a large coal tract is shown in Figure 5 which revealed large areas characterized by heating 
value greater than 13,000 BTU/lb (db). At Inland's boilers, the minimum heating value requirement is 13,000 
BTU/lb (db). Thus, there was a large quantity of coal that would satisfy Inland's heating value requirements. At 
constant boiler operation, use of coal from this tract was estimated to not produce any problem with unburnt carbon 
in the fly ash. 

2) Sulfur Content 

In terms of sulfur content (Fig. 4 ), large areas of the coal tract had less than l % (db) sulfur content. Hence, the 
reserve had large areas of compliance coal suitable for use at lower costs in the IHW boilers. 

Summary 

Three examples of use-specific reserve evaluation adopted at Inland Steel Company's Indiana Harbor Works (IHW) 
are described. For coke plants, predicted CSR and coke stability variations for coal mines are shown. Predicted CSR 
values for a mapped coal property were high and the predicted CSR variability was low. This information was a 
catalyst in acquiring coal from one of the highest CSR producing coal mines in the U.S.A. and helped Inland achieve 
its target of high CSR coke production. Variability in the predicted stability values from one mine helped change the 
mining plan so that a high quality predicted coke stability coal was obtained for a long period of time. For coal 
injection in Inland's blast :fomaces, the variations in predicted replacement ratio and coal sulfur content for a reserve 
are shown. The most cost competitive coals with high potential replacement ratio and low sulfur content were 
selected for possible use in Inland's blast furnaces. For utility boilers, heating value and coal sulfur variations are 
generally mapped. Compliance coals with low variability in heating value were selected for possible use in Inland's 
boilers. 
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Table I. Empirical Parameters to Predict Use-Specific Coal Behavior 

INDEX 

Stability2 

Replacement Ratio 

Hot Metal Sulfur 

Thermal Energy 

Slagging lndex3 

Fouling lndex3 

Electrostatic 
Precipitator lndex3 

COAL FACTORS 

lnland's Coke Plants 

Fluid Range, Catalytic Index 

Rank Index, Inert Index 

lnland's Blast Furnace PCI 

Coal Heating Value 

Coal Sulfur (%,db) 

lnland's Utility Boilers 

Heating Value (BTU/lb,db) 

Base/Acid X s (%,db) 

Base/ Acid x Na2O 

Base/Na2o 
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Figure 1. - Predicted CSR of coal reserve. 
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