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Summary 

Mining accelerates the weathering of coal overbur- 
den. The weathering products of two m e r a l s  groups, 
iron sulfides and calcareous carbonates, dominate the 
chemical characteristics of postmining water. These 
minerals need only be present in an abundance of a few 
percent or less to be significant. By comparison the 
other 95% or so of overburden mera l s  play a minor 
role. The most important factor as to whether or not a 
site will produce alkaline drainage is the presence or 
absence of calcareous minerals. Pyrite, although nec- 
essary for acid formation, is of secondary importance, 
because if sufficient carbonates are present postmining 
water will be alkaline. 

The coal-bearing rocks in Pennsylvania are from 
the Pennsylvanian and Permian? Periods of geologic 
time. The rocks of the Bituminous Coal Field of west- 
em Pennsylvania are dwided, from oldest to youngest, 
into the Pottsville, Allegheny, Conemaugh, Mononga- 
hela, and Dunkard Groups. The majority of mineable 
coal occur in the Allegheny and Monongahela Groups. 
Several lithologic trends can be observed in this se- 
quence of rocks. The clay/shale content increases up- 
ward from a low of about 25% in the Pottsville Group 
to highs of 70 to 80% in the Dudcard Group. In gen- 
eral there is a inverse relationship with sandstone, with 
sandstone increasing from -20% or less in the higher 
Groups to a high of 50% in the Pottsville. The per- 
centage of calcareous rocks increases upward. The 
Pottsville Group has less than 1% calcareous rock. 
The lower Allegheny is less calcareous (6%) than the 
upper Allegheny Group (14%). Rocks of the Cassel- 
man Formation in the Conernaugh Group and higher 
are greater than 50% calcareous. The percentage of 
sandstone that is calcareous generally reflects the per- 
centage of overall rock that is calcareous. The upper- 
most Dunkard Group rocks contain the least amount of 
siderite, whereas over 20% of the strata in the Alle- 
gheny Group and Glenshaw Formation contain siderite. 

Within the Allegheny and Pottsville Groups sideritic 
rocks are more abundant than calcareous rocks. 

The important depositional environments, from a 
mine drainage standpoint, are the location of marine 
zones and distribution of calcareous rocks. The marine 
rocks are frcqucntly associated with hgh-sulfur strata, 
but can also have calcareous zones. Brackish rocks 
tend to have hlgh sulfur and lack calcareous minerals. 
Marginally brackish (paralic) rocks frequently have 
less sulhr than their marine and brackish counterparts. 
Truly freshwater sediments tend to have calcareous 
minerals and limestone. 

The strata in the Anthracite Region are divided, 
from oldcst to youngest, into thc Pottsville and 
Llewellyn Formations. The Pottsville Formation is 
entirely of a nonmarine depositional environment. As 
in western Pennsylvania, the dominant lithology of the 
Pottsville is sandstone and conglomerate, although the 
Pottsville of the Anthracite Region contains significant 
pebble conglomerates. The Pottsville contains up to 14 
coal beds, but most are not mineable. The Llewellyn 
Formation consists predominantly of sandstone, but 
also contains conglomerates, plus lesser amounts of 
finer-grained rocks and coals. There are up to 40 
mineable coals in the Llewellyn, the thickest and most 
persistent occur in the lower part of the formation. 
The Llewellyn and Pottsville Formations are believed 
to be nonmarine with the exception of the Mill Creek 
marine zone in the Northern Field. In addition to this 
marine zone, other calcareous rocks have also been 
found in the Northern Field. Some of the water quality 
reflects thls source of alkalinity. Although 
stratigraphic studies have not yet identified calcareous 
rocks in the Southern and Western Middle Fields, 
highly alkaline mine waters imply that calcareous rocks 
exist. The lack of alkaline drainage in the Eastern 
Middle Field suggests a dearth of calcareous strata in 
thls anthracite field. 
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Pleistocene glaciation came as fkr south as the 
northwestern corner of Pennsylvania's bituminous coal 
field. Tills, where calcareous, can contribute signifi- 
cantly to the alkalinity of postmining water quality. 
Tills in the Northern Anthracite Field are not calcare- 
ous and do not contribute alkalinity to water. 

Sulfur in sedimentary rocks occurs in three forms: 
sulfide (e.g., pyrite), sulfate, and organic. The oxida- 
tion of pyrite results in the formation of sulfuric acid 
and iron. This acid can dissolve other minerals, re- 
leasing other ions such as alumin* manganese and 
magnesium. Sulfate minerals are typically weathering 
products of pyrite oxidation. Frequently these sulfate 
salts are essentially stored acidity and will produce 
acid when dissolved in water. Organic sulfur is gener- 
ally assumed to produce little acid. 

The most reactive carbonates in terms of their abil- 
ity to neutralize acid are calcite and dolomite. The 
ironcarbonate, siderite, is a common mineral through- 
out the Pennsylvanian and Permian? strata of Pennsyl- 
vania, but it does not generate alkalinity. Calcite and 
dolomite not only neutralize acidity, but it appears that 
they can also contribute to the inhibition of acid pro- 
duction. 

The presence or absence of calcareous minerals and 
pyrite is a bc t ion  of several geologic processes. The 
paleodepositional environment and paleoclimate during 
the Pennsylvanian Period were important in determin- 
ing the ori@ mineralogic composition of strata. 
Paleoclimate influenced pyrite and carbonate concen- 
trations for terrestrial rocks. For example, wet cli- 
mates typically yielded less pyrite than dry climates 
and dry climates favored deposition of freshwater lime- 
stones. Rocks deposited in marine environments often 
have high sulfur and high neutralization potential. 
Brackish environments generally produce high sulfur 
with no calcareous minerals, although siderite can be 
present. High sulfur occurs in marine and brackish 
environments because of abundant sulfate ions in ma- 
rine waters. This sulfate served as the source of pyritic 
sulfur. Marginally brackish environments are gener- 
ally lower in sulfur and have little neutralization po- 
tential. Freshwater (terrestrial) deposits are often 
calcareous and frequently contain limestones. More 
recent geologic processes such as glaciation and surfi- 
cial weathering have also influenced the mineralogy of 
coal overburden. Tills, if calcareous and of sufficient 
thickness, can contribute alkalinity to mine waters. 
Weathering by oxidation removes pyrite and by disso- 
lution removes carbonates The relative depth of re- 

moval of these two mineral groups can be an important 
factor in determining the water quality potential of a 
mine site. 

The geologic controls on coal overburden that have 
and are operating in Pennsylvania have resulted in 
overburden that can contain a wide range of concen- 
trations of pyrite and calcareous minerals. Mine 
drainage quality reflects this variable mineralogy; wa- 
ter can be significantly alkaline to severely acidic. 

Within Pennsylvania's Bituminous Coal Field, mine 
drainage problems differ by stratigraphic horizon and 
geographic region. Acid problems are more significant 
in the lower Allegheny Group than in higher strata. 
Regional variations are often due to paleodepositional 
environment. For example, lower Allegheny overbur- 
den deposited in marine, brackish-marine, to rnargin- 
ally-brackish environments, will differ in the amount of 
pyrite and amount and type of carbonates present. The 
highest alkalinities are associated with the thick fiesh- 
water limestone sequences of the Pittsburgh Formation 
(Monongahela Group) in the southwestern comer of 
Pennsylvania, the thick marine Vanport limestone of 
the lower Allegheny Group in the central to northwest- 
ern area of the bituminous region, and the freshwater 
limestones of the upper Allegheny Group in areas 
where these limestones and associated calcareous 
shales are abundant. In addition, significant alkalinity 
concentrations occur in the Conemaugh Group where 
marine limestones are present, and the lower Alle- 
gheny Group mines in northwestern Pennsylvania 
where the overburden includes calcareous tills. 

The highest acidity concentrations are associated 
with overburden: (a) of the Clarion and lower Kittan- 
ning coals, particularly where black brackish shales 
and thick marine shales predominate in the overburden, 
(b) in the Pittsburgh Coal and Waynesburg Coals of 
the southwestern portion of the bituminous region, ir 
areas where the carbonate strata are absent or lack 
appreciable thickness, and (c) of Allegheny Group 
coals where sandstone predominates. The wide rang 
of pH and the range in alkalinity and acidity concen- 
trations for each stratigraphic group documents that 
some strata within each group has the potential to pr 
duce alkaline and acidic drainage. 

Overall, mine water in the anthracite and bitumi- 
nous regions has a bimodal distribution of pH. Watc 
is either acidic or circumneutral. This is because 
Pennsylvanian Period rocks, at least in western Penn 
sylvania, can have significant concentrations of pyril 
and calcareous carbonates. Calcareous overburden 
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produces alkaline drainage and pyrite-rich and carbon- 
ate-poor overburden produces acidic drainage in the 
absence of appropriate pollution prevention techniques. 

Regional-scale water quality variations are seen in 
the Anthracite Region. The most obvious being an 
absence of alkaline discharges in the Eastern Middle 
Field. The Eastern Middle Field also lacks severely 
acidic mine drainage. The Northern Field has propor- 
tionally more water with a pH above 5, than below 5. 
This is consistent with the finding of calcareous rocks 
in the Northern Field. The Western Middle and South- 
ern Fields show a wide range of pH values. Combined 
data for all the anthracite fields display a bimodal dis- 
tribution for pH similar to that for the Bituminous 
region. 

An understanding of mine site geology is necessary 
for developing a representative drilling program, for 
providing information as to the acid or alkaline pro- 
ducing potential of strata, and for design of a ground- 
water monitoring program. Also, knowledge gained 
from these geologic factors can be used in developing 
site specific pollution prevention techniques such as 
material handling and calculation of alkaline addition 
rates. Geologic information is essential for determin- 
ing the economic feasibility of a proposed mine site. 

Introduction 

Geologic factors play a major role in the kind of 
water quality produced by a surface coal mine. This 
chapter examines those geologic factors with respect to 
the northern Appalachian Basin. Surface mining ac- 
celerates weathering by exposing fresh rock surfaces 
which contain minerals not at equilibrium with the 
newly mined environment. The two most important 
groups of minerals, in terms of postmining water qual- 
ity impacts, are carbonates and sulfides. Weathering 
of the carbonates produces alkalinity and weathering of 
sulfides produces acidity. Other major ions can be 
calcium, sulfate, and iron. The weathering of other 
minerals also contributes to the composition of mine 
drainage, especially under low pH conditions. Some of 
these ions include manganese, magnesium and alurni- 
nurn. The minerals available for weathering, and the 
resultant water quality, is to a large extent a knction 
of geology. Some minerals were present at the time of 
deposition of the coal and enclosing sediments, while 
others are the result of more recent processes. More 
recent processes include near-surface weathering and 
effects from Pleistocene glaciation, such as deposition 
of till and glacial erosion. 

Although acid mine drainage (AMD) is not unique 
to the northern Appalachians, the problem is more 
severe in this region than in any other coal producing 
region of the United States. Within Pennsylvania mine 
drainage problems differ by geographic region and 
stratigraphic horizon. Over the years some rules of 
thumb have been developed relating regional and 
stratigraphic geology to postmining water chemistry in 
Pennsylvania. An understanding of mine site geology 
is important in developing a representative drilling 
program, for providing information on the acid or al- 
kaline producing potential of strata, and for design of a 
groundwater monitoring program. Also, knowledge 
gained from these geologic factors can be used in de- 
veloping site-specific pollution prevention techniques, 
such as overburden handling and calculation of alka- 
line addition; in any case this geologic information is a 
necessary part of economic determinations. 

All mine drainage prediction tools, and some of the 
prevention tools, in one way or another, require an 
understanding of the site's geology. For example, 
many of the factors pertaining to the proper interpreta- 
tion of previous mining as a prediction tool (Chapter 9) 
are related to an understanding of geologic similarities 
and differences between mine sites. Premining 
groundwater quality (Chapter 10) is dependent on the 
mineralogy of the rocks through which the water flows. 
Strategies to obtain representative samples for acid- 
base accounting (Chapters 6 and 1 1) and kinetic tests 
(Chapter 7) require an understanding of lateral and 
vertical facies changes of rock units and an under- 
standing of the depth of weathering. Special handling 
(Chapter 14) requires a knowledge of the site stratigra- 
phy and alkaline addition (Chapter 13) requires a 
knowledge of the relative amounts of pyrite and car- 
bonates. 

Pennsylvania During the Pennsylvanian Period 

Pennsylvania during the Pennsylvanian Period was 
part of the "supercontinent" called Pangea. The equa- 
tor was just north of present-day Pennsylvania 
(Edrnunds, et al., 1998) (Figure 8. l), and the climate 
was tropical (Cecil et al., 1985). A mountain range 
existed in present-day New Jersey and southeastern 
Pennsylvania, which was the result of the converging 
African and North American continental plates and 
collisions of micro-continents with the North American 
plate (Faill, 1997b). A fhrther consequence of the 
convergence and collisions was the formation of an 
ever deepening 
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sea level. Although, during the Pennsylvanian, the area 
of present day eastern North America was located near 
the cquator and had a tropical climate, thc southern 
polar regions of Pangea were experiencing widespread 
glaciation (Crowell, 1978; Veevers and Powell, 1987). 
Waxing and waning of continental glaciers resulted in 
episodic sea level changes, similar in amplitude to 
those during the Quaternary (-100 m; Heckle, 1995). 
Klein and Willard (1989) evaluated the relative im- 
pacts from these two mechanisms on the Pennsylvanian 
Period coal basins of the United States. They attribute 
the control of cyclothems in the Western Interior Basin 
to repeated transgressions and regressions of a mid- 
continent sea. These changes in sea level were caused 
by glaciation. Klein and Willard conclude, based on 
the more clastic nature of Appalachian sediments and 
the deeper basin warping, that the Appalachian Basin 
was affected most by tectonic controls. They also 

, invoke a comb~nat~on of trmsgresslve-regresswe cycles 

. .i and tectonism as controls on cyclic~ty m the Illino~s 
\$ j basin. . 

foreland basin. This f o r e l d  basin 1s preserved as the 
present Appalachian basin. Sediments, eroded from 
mountains to the east and highlands to the north, were 
deposited in the basin (Figure 8 I)  and became the coal 
and associated rocks of the coal fields of Pennsylvania 
(Figure 8.2). 

Cyclicity in Pennsylvanian Period strata is a com- 
mon phenomena in the United States (Cecil and Edgar, 
1994). This cyclical pattern has been termed a 
"cyclothem" (Wanless, 193 1). The "ideaY cyclothem 
is illustrated in Figure 8.3. The "ideal" cyclothem is a 
rare phenomena in Pennsylvania. Despite this, an 
overall cyclicity seems to be present. For example, in 
the Allegheny Group, the major coals are typically 
separated by -50 ft (15 m) of sediments. The 
stratigraphic sequences associated with some of the 
Conemaugh marine invasions (e g., Brush Creek and 
Arnes) are most similar to the "ideal'" cyclothem. 

Two more factors have been proposed to explain 
the distribution of coals and intervening sediments. 
These are the "deltaic" model of Ferm (1970, 1974) 
and Donaldson (1969, 1974, and 1979) and the 
"climatic" model of Cecil et al. (1985) and Donaldson 
et al (1985). The deltaic model accounts for rapid 
facies changes that occur over very short horizontal 
distances. These rapid changes are due to repetitive 
channel switching, as in the modem Mississippi delta. 
The climatic model explains the marked vertical 
stratigraphc, sdmentological, and mineralogic varia- 
tions from the beginning to end of Pennsylvanian sedi- 
mentation, throughout the Appalachian Basin, and 
explains chemical and physical changes in coals 
through time. For example the red beds found in the 
Conemaugh Group are attributed to dry con&tions. 
The widespread freshwater lake deposits of the upper 
Allegheny and Monongahela Groups are also indicative 
of dry conditions (Cecil et al., 1985). Skema and 
~ e n G  (1994) contend that deposition during the Penn- 
sylvanian, within the region of present-day Pennsylva- 
nia, was complex. They conclude that multiple factors 
were at work. For example, Cecd et al.'s climatic 
model explains the widespread development of redbeds 
and freshwater limestones, and the glacial-eustatic 
model is consistent with widespread marine deposits in 

There appear to have been two major controls on the lower Allegheny Group and Glenshaw Formation. 

cyclicity. one was basin subsidence The discontinuous nature of non-marine beds and 

due to collision between the North American and Afri- abmpt facies changes imply more localized control, 

can plates. A semnd factor was climatic controls on Skem and LentZ attribute to "deposition 
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Table 8.1 Tabulation of stratigraphic horizons that were evaluated for construction of Figure 8.2. X indicates complete 
section was represented in the drill core; * indicates a portion of the d o n  was represented. 

Monongahela X X X 
Conemaugh X X X X * X  * X 
Allegheny X X X X X X X X  X * X X  
Pottsville X X X X X X  X X X 

on a fluvially prograding coastal plain" (p. 33). This 
process along with compactional subsidence explains 
much of the abrupt lateral stratigraphic changes ob- 
served in coal overburden. In summary, sedimentation 
in the northern Appalachans was complex and con- 
trolled by both basin-wide and local fadors. 

Pennsylvanian and Permian(?) Stratigraphy of 
Western Pennsylvania 

A generalized stratigraphic column of the Pennsyl- 
vanian and Permian(?) units of western Pennsylvania is 
depicted on Figure 8.2. Shown are the groups and 
formations, principal coals, marine zones, and major 

freshwater limestones. Additionally, lithologic infor- 
mation that is important to mine drainage quality is 
portrayed. 

The lithologic descriptions of Figure 8.2 are based 
on an examination of 13 core logs in the files of the 
Pennsylvania Geologic Survey. Figure 8.4 shows the 
locations of the cores and Table 8.1 shows the forma- 
tions that occurred within each core. The core l 

* 

was very detailed, with stratigraphc units as thin as 
0 .O5 ft ( 1.5 cm) identified. For the purposes of this 
study, lithology was simplified to clay, shale, siltstone, 
sandstone, limestone, coal, and boney coal. Particular 
attention was paid to units that were calcareous and 

(adapted from Pryor a 

PHASE 

Figure 8,3 "Ideal cyclothem." Mmed from Pryor and Sable f 1975) 
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DISTRIBUTION OF PENNSYLVANIA COALS 

. .......----.- 
Pi- A A  Map sh&.ng the locations of cores used in consnuction of Figure 82 (circkxf) and sites of o v e r t , ~ & ~  drill 
tmfi.% 3rwd in the figures rkis;s3;x?:ing overburden chemistry (not circled) throughout this chapter. Site numbers correspond 

figures ofovet-ht~nteti rhemiuw. ............................................................................... ........-,...,,--..---.-a- L ."...a--..... " .. -. 

sideritic. Percentages of select lithology and calcare- 
ous and sideritic attributes are depicted by group or 
formation. In some instances, such as the Allegheny 
Group and Waynesburg Formation, these have been 
subdwided to provide more detail because of known 
differences in stratigraphy within the group/formation. 
The histograms should be viewed as semi-quantitative. 

In addition to the core holes, overburden analysis 
drill holes with percent sulfur and neutralization po- 
tential (NP) were obtained from the permit files of the 
Department of Environmental Protection's District 
Mining Offices. Percent sulfur furnishes an indirect 
estlmate of pyritc content and neutralization potential 
furnishes an indirect estimate of calcareous carbonates 
(e.g., the minerals calcite and dolomite). NP in some 
instances may also reflect siderite. Pyrite and calcare- 
ous carbonates are the minerals that have the greatest 
influence on mine drainage quality. Examples are 
provided for all the major coals and some of the minor 
coals mined in Pennsylvania. The figures depicting 
stratigraphic logs show only total percent sulfur values 
greater than 0.25 percent, and neutralization potential 
(NP) values greater than 15 parts per thousand (ppt) 

CaC03. This has been done for clarity of the figures 
and because lower valucs typically have minimal influ- 
ence on watcr quality. A key to these logs is shown in 
Figure 8.5 

SANDSTONE 

S I  LTSTONE 

SHALE 

C O A L  

C L A Y  

L IMESTONE 
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Glass et al. (1977) dedicated their report to George 
Hall Ashley (1866-195 1) a former State Geologist of 
Pennsylvania and "life-long combatant with the per- 
plexing rocks of southeastern Clearfield County." 
They point out that their work is built upon hls foun- 
dation and that "(t)hc geology was not as difficult as 
you thought, Dr. Ashley - it was worse!" The 
stratigraphy of the Pennsylvanian of Pennsylvania is 
not as simple as is often assumed. For most of the past 
150 years stratigraphic correlations were made using 
the coal seams. The group-level boundaries are based 
on coal seams. The Ailegheny Group, for example, 
was designed to contain ail the mineable coals within 
that section of the Pennsylvanian, and the Pittsburgh 
coal defines the base of the Monongahela Group. 
Many coal seams are not continuous over large areas, 
some are only local. A good example is the Brookvllle 
coal, which marks the base of the Allegheny Group. 
This coal can only be precisely defined in the area 
where it was first described. Readers of this chapter 
will hopefully get some feel for the fact that the real 
world is not simple. Recent work by the Pennsylvania 
Geologic Survey has relied on laterally persistent units 
such as marine zones for correlation. llus has proven 
to be much more reliable. As will be shown, many of 
these marine zones are quite extensive. 

Whether to refer to the Pottsville and Allegheny as 
formations or groups u still in dispute and is not con- 
sistent in the literature. We have, for the most part, 
used the term "group." Resolution of which is the 
proper designation must be left to others. For a 
broader discussion of the Pennsylvanian stratigraphy, 
consult Edmunds et al. (1998). The quotes below fiom 
Edmunds et al, have had metric conversions added. 

Pottsville Group 

The Pottsvllle Group is variable in thickness. It is 
dominated by sandstone, and the coals are discontinu- 
ous. Because of the discontinuous nature of these 
coals, and the fact that they are often split with numer- 
ous partings, mining is not common in the Pottsville 
Group. The principal coal that is mined is the Mercer. 
This is actually a coal zone rather than a single coal. 
The Mercer clay, below the Mercer coal, has also been 
mined in some areas. 

Edmunds et a]. (1998) discuss the Pottsville of 
western Pennsylvania in terms of strata below the Mer- 
cer coal and above the Mercer coal. 

'The Pottsville Fonnation in western Pennsyl- 
vania ranges from 20 A (6 m) to at least 250 A 

(75 m) in thickness. Its basal contact is appar- 
ently everywhere disconformable and fiom south 
to north overlies increasingly older Mississip- 
pian and possibly uppermost Devonian 
rocks.. . .The base of the Rrookville coal marks 
the upper boundary of the Pottsville Formation" 
(Edmunds, et al., 1998, pp. 150-151). 

"In some places, the Pottsville is particularly 
thin, mainly because of depositional overlap.. 
(which) is believed to reflect trends in the topo- 
graphic relief of the pre-Pottsville erosion sur- 
face" (Edmunds, et al., 1998, p. 152). 

V. Skema (Geologist, PA Geol. Survey, 1997, per- 
sonal communication) has observed a complete ab- 
sence of Pottsville rocks on areas of pre-Pottsville 
topographic highs in portions of Clinton County. 

Edmunds, et al. (1998) state that 

"In Pennsylvania, the pre-Mercer Pottsville is 
entirely nonmarine. Its thickness varies from 0 
to as much as 1 75 ft (5 3 m). . . . The upper pan 
of the Pottsville Group, commencing with the 
lowest Mercer coal or its underclay, is a very 
complex highly variable sequence between 20 (6 
m) and approximately 80 feet (24 m) thick .... 
(1)n Mercer and adjacent counties, it contains 
two marine limestones. Shales containing rna- 
rinc or brackish-water fauna occur widely, if ir- 
regularly, throughout western Pennsylvania" (p. 
153). 

Figure 8.6 shows examples of Mercer coal over- 
burden from Clarion and McKean Counties, PA. The 
Clarion County drill holes (DH 20 1- 1, 20 1-2, and 20 1 - 
3)  are from the same mine site and all w i h  a hundred 
or so acres (-40 ha). These holes illustrate the lateral 
and vertical variation of the Mercer coal zone. For 
example in hole DH 20 1-3 there are three coals, in DH 
20 1 - 1 the zone is represented by six coals. The lateral 
correlation of any single coal can not bc assured from 
drill hole to drill hole. The acid-base accounting data 
shows no sipficant calcareous strata (i.e., no NP > 30 
ppt CaC03), but there are frequent high sulfur (sulfur 
> 0.5%) strata. As with the coals, the hgh s u l k  rock 
units are not laterally continuous and they vary greatly 
in thickness. Discontinuous units, such as those shown 
in Figure 8.6 create problems for coal reserve stuhes 
because it is difficult to determine the lateral extent or 
thickness of a particular coal. Similarly, this geologic 
complexity makes overburden sampling very difficult. 
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O H  201-3 

NO data 

18 

No data 

No data 
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A thorough understanding of mine site geology is nec- 
essary to insure that representative samples are se- 
lected. Complex stratigraphy can also make mine 
drainage prevention plans, such as special handling and 
alkaline addition, hard to design and implement. 

Drill hole DH 177-9, from McKean County (Figure 
8.6) contains one of the Mercer marine zones. This 
zone has a NP of 461 ppt CaC03. The two McKean 
County holcs show more lateral continuity of the coals 
than did the Clarion County site. The marine zone, 
however, occurs in only the onc hole. It is unknown 
whether the NPs from 30 to 40 ppt CaCO3 equivalent 
are calcareous minerals or sidente. 

Figure 8.2 shows the unconformable nature of the 
Pottsville Group. The Pottsville is dominated by sand- 
stone, and 1s marked by a near absence of calcareous 
strata. Siderite occurs in about 13% of the strata. 
This lack of calcareous strata probably accounts for 
acid mine drainage problems that are often associated 
with mining of Pottsville coals and underclays. 

Table 8.2 (Located in pocket at back of book). 
Postmining water quality of Pennsylvania Bituminous Coal 
Region by stratigraphic interval. 

Typical examples of mine drainage quality of 
Pottsville Group coals and most other coal-bearing 
stratigraphic sections of the bituminous coal region of 
western Pennsylvania are shown in Table 8.2 (located 
in pocket at back of book). The water quality data 
contained in Table 8.2 were obtained from the surface 
mine permit files of the Department of Environmental 
Protection's District Mining Offices. Whenever possi- 
ble, the water quality data were obtained from the same 
permit files as the overburden analysis data shown on 
the drill logs in the figures contained in this chapter. 
This enables a direct comparison of the percent sulfur 
and NP data used to predict mine dramage quality; 
with the actual water quality monitored at the mine 
site. In some cases where during-mining and postmin- 
ing water quality data were lacking for a site, the wa- 
ter quality data were obtained from nearby sites on the 
same coal seams. The relationships between the 
stratigraphic data described in this section and the mine 
drainage data contained in Table 8.2 and related tables 
are more fully described later in this chapter. 

Allegheny Group 

The Allegheny Group is one of two groups w i h  
the Pennsylvanian that contains the majority of eco- 
nomically mineable coals. For the purpose of discus- 
sion, the Allegheny has been divided into the upper and 

the lower Allegheny. Thc lower Allegheny extends 
from the base of the Brookville coal to the base of the 
Johnstown limestone (or upper Kittanning coal where 
the limestone is absent). The upper Allegheny extends 
from the base of the Johnstown limestone to the top of 
the upper Freeport coal. This division is made because 
"marine units occur only below the upper %ttanning 
underclay". . . "and, with minor exceptions, nonmarine 
limestones occur only at or above that umt" (Edmunds, 
et al., 1998, p 154). This distinction of ''marine" and 
"nonmame" is to a large extent based on the work of 
Williams (1960) Williams defined four faunal groups, 
inferred as "fresh-water", "restricted marine or near- 
shore marine", and two manne groups, one havlng a 
more diverse fauna than the other. Williams also relied 
on the geochemcal investigations of Dcgcns et al. 
(1 957, 195 8) in defining his depositional environments. 

Williams (1960) interpreted the rocks in the Alle- 
gheny Group above the upper Kittanning coal (and 
including the Johnstown limestone below the coal) to 
be freshwater. This interpretation was based on fossil 
Esterids (now referred to as conchostracans or "clam 
shrimps"). Conchostracans are found above the upper 
Kittanning, lower Freeport, and upper Freeport coals 
(e.g., Williams, 1960; Edrnunds, 1968). New analysis 
and interpretations of the ecology of conchostracans 
during the Pennsylvanian Period support a marginally- 
brackish environment. Thus, conchostracan-bearing 
sediments are not completely devoid of marine influ- 
ence and therefore some marine sulfate would be avail- 
able for reduction to sulfide sulfur (and pyrite). This is 
consistent with the sulfur content of the upper Kittan- 
ning and Freeport coals and roof rocks. The assign- 
ment of conchostracans as an indicator of freshwater 
depositional environments was debated at the time 
Williams wrote his paper, and is acknowledged by 
Williams. A detailed discussion of this topic is found 
at the end of this chapter in the Appendix. 

Although conchostracan-bearing sediments appar- 
ently had some marine influence, it was less than that 
of braclash or truly marine sediments and this is often 
reflected in the lesser amount of sulfur and.the thinner 
sequences of high-sulfur strata associatcd with con- 
chostracan-bearing rocks. Marginal-brackish facies 
would be exposed to saline influences for less time 
during transgressive-regressive cycles than marine or 
brackish sequences; thus the thinner zone of high sulfur 
rock. 

According to Edrnunds et al. (1998) the Allegheny 
Group: 
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"was specifically defined to include all of the 
economically significant coals present in that 
part of the Pennsylvanian sequence. The thick- 
ness of the formation is between 270 (82 m) and 
330 feet (100 m) in Pennsylvania, and there is 
no obvious regional trend. The Allegheny For- 
mation is a complex, repeating succession of 
coal, limestone, and clastics, ranging from clay- 
stone or underclay to coarse sandstone.. . .No in- 
dividual bed or lithosome is universally 
persistent, but some coals, marine shales, and 
limestones seem to be fairly co&nuous over 
thousands of square miles (thousands of square 
kilometers). The group is fairly mform in its 
lithologic diversity.. The Allegheny Formation 
contains six major coal zones. The coal in each 
zone may exist as a smgle, more-or-less con- 
tinuous sheet, as a group of closely related indi- 
vidual lenses, or as a multiple-bed complex in 
which the various beds can be separated by tens 
of feet or merge into a single thick coal" (pp. 
153-154). 

Because the Allegheny Group is extensively surface 
mined, and some portions of and areas within this for- 
mation have created acid mine drainage, the Depart- 
ment has an extensive database of acid-base 
accounting data for the Allegheny Group. For the 
purposes of simplifying discussion, the overburden 
above the upper Freeport, although part of the Glen- 
shaw Formation of the Conemaugh Group, is included 
in the discussions as part of the upper Allegheny 
Group. 

Lower Allegheny -The base of the lower Allegheny 
is defined as the base of the Brookville coal. This is 
not a usehl working definition because the Brookville 
coal is not always present so that the base of the Alle- 
gheny may be difficult or impossible to define. What 
is often called the Brookville is probably often correla- 
tive with a lower Clarion coal. Thus, the base of the 
lowest Clarion coal often substitutes as a working defi- 
nition. The Clarion and Brookville coals arc not dif- 
ferentiated in this discussion. 

Marine units occur over large areas and at several 
stratigraphic horizons within the lower Allegheny 
Group. The paleoenvironment of the marine zones can 
vary regionally and vertically. A good example of this 
is the Vanport horizon which occurs above the Clarion 
coal. The marine limestone facies covers an area of at 
least hundreds of square miles (km2) and is over 20 ft 
(6 m) thick in the center of the basin. A maximum 

thickness of over 40 ft (1 2 m) has been recorded for a 
small area in northeastern Lawrence County. Core 
logs in the files of the PaGS were examined to deter- 
mine the extent of the Vanport zone south of the area 
mapped by Williams and Keith (1963). The presence 
of the Vanport marine horizon cannot be confirmed for 
the southwestern comer of the state because sandstone 
typically occupies this horizon. This sandstone may 
indicate nondcposition of limestone and the presence 
of distributary channels that emptied into the Vanport 
sea. Alternatively, but less likely, the sandstone may 
occupy channels that cut through and removed the 
limestone. 

Clarion Coal Overburden and the Vanport Lime- 
stone - Where present, the Vanport can be a nearly 
pure limestone. Figure 8.7 shows the Vanpart lime- 
stone in drill hole DH 23-6. Site locations for the drill 
logs with overburden chemistry are shown in Figure 
8.4. The Vanport in DH 23-6 has a NP of 999 ppt 
CaC03. The Vanport in DH-4 in Figure 8.39 
(presented in the section on glacial sediments) is 
greater than 920 ppt CaC03. The rocks below the 
Vanport are high sulfur (up to 4.1 % in DH 23-6 and 
up to 5.2% in DH-4). The high sulfhr strata are 10 to 
30 ft (3 to 10 m) thick. These h~gh sulfur units are 
associated with NPs that are typically less than 35, but 
as high as 73 ppt CaC03. These low NPs may be due 
to siderite. These two logs represent, from the coal to 
the limestone, a transgressive sequence. The lower 
shale units have marginal marine (brackish) or shallow 
marine fossils and the limestone represents maximum 
transgression in Appendix for description of faunal 
facics). In drill holc DH 23-6 the high sulfur strata are 
associated with marine fossils. The strata for a drill 
hole in Black Lick Township, Indiana County (logged 
by A1 Glover and Vic Skema, Pennsylvania Geological 
Survey) nicely show dm transgressive sequence from 
brackish to marine conditions. Glover found Lingula 
and Dunbarella fossils immediately above the Clarion 
coal. These are indicative of brackish waters and rep- 
resent the earliest portion of the marine transgression. 
Above this is a sandier zone that is bioturbated with 
siderite-filled burrows, typical of marine or braclush 
environments. Marine fossils and siderite concretions 
occur near the top of this unit. The next unit upward 
contains marine brachiopods, some of which are pyri- 
tized. This unit is overlain by the Vanport limestone 
which contains crinoids, an indicator of deeper, less 
muddy and consistently saline marine water. 
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The Vanport horizon, which occurs above the 
Clarion coal, is often Laterally (and vertically) transi- 
tional from marine to braclush conditions. Figure 8.8 
and Figure 8.9 show regional changes in thickness of 
the Vanport limestone and the location of other con- 
temporaneous facies in a portion of western Pennsyl- 
vania. In Butler County, where the Vanport is thlck 
and m close proximity to the coal (Figure 8.9), mining 
of the Clarion coal will result in alkaline drainage. 
Where the Vanport-equivalent facies are brackish shale 
and the shale lacks calcareous minerals, such as in 
Clearfield County, the mine water is typically acidic. 
Figure 8.10 shows the distribution of pH for Clarion 
coal mine drainage from areas with and without the 

Vanport limestone. Median pH for areas without the 
limestone is 3.6 and with limestone is 5 .O. Many of the 
mines were probably "pre-Act" and unreclaimed, and 
thus may be producing poorer quality water than 
would be produced by modern mirung methods. 

Lower ' ~ - 
Williams ( 1  960) and Williams and Keith (1963) de- 
termined, using fossils, that the lower Kittanning (LK) 
was overlain by rocks deposited under marine, brack- 
ish (marginal marine) and fi-eshwater deposihonal envl- 
ronments. The marine and brackish rocks are formally 
referred to as the Columbiana shale. They published 
maps showing the distribution of LK paleoenviron- 
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ments. A revised map is presented in Figure 8.1 1 
This map was derived from more recent published and 
unpublished studies by the Pennsylvania Geologic 
Survey (PaGS), and discussions with PaGS geologists 
(in particular, V. Skema and J. Shaulis), and BMR 
studies. The locations of LK drill holes discussed be- 
low are shown on this map. The faunal facies used to 
construct Figure 8.11 are discussed in the Appendix. 
The drill holes provide examples of sulfir and neutrali- 
zation potential for coal and overburden deposited 
under different depositional environments. 

Absent Present 

Vanport 

Figure 8.7 shows overburden of marine origin. 
Drill cores DH 23-6 and DH 18- 1 contain marine 
brachiopods (e.g., Mesolobus) in the black carbona- 
ceous shale overlying the lower Kittanning coal. The 
carbonate minerals siderite, dolomite and calcite were 
all identified w i h  this zone at this site (Cravotta et 
al., 1994). Ngh sulfur, identified as pyrite by Cra- 
votta et al., is associated with the brachiopod-bearing 
rocks. The dnll cuttings analyzed by Cravotta et al. 
did not encounter the highest NP zone located a few 
f k t  above the lower Kittammg coal. Thls zone with 
NP's over 100 ppt CaC03 is probably calcite or dolo- 
mite. The alkaline postmining water quality confirms 
that calcareous minerals are present. 

The lower K i m  overburden is also marine in 
northeastern Armstrong County and southern Jefferson 
County (Figure 8.12). The dnll logs show 3 0 or more 
feet (lo+ m) of rock with over 0.5 % s u l k  (2.37 % 

v: Northern Appalachian Basm 

maximum). They also show NP's in the range of 15 to 
40 ppt CaCO,. X-ray diffraction analyses indicate that 
calcite is the only carbonate present (R. Smith, PaGS, 
personal communication, 1996). The water associated 
with lower Kittanning mines in this area is alkaline 
desplte the hgh sulfur overburden. 

SCALE 
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kigure 8.1 1 1 enutive pp*llcrxlwubW envrmnmcnr m p  
for the rock above the iower Kittanrung coal. Dnshcd line 
indmtes uncmainty as to thc actuat hcation of the 
boundary between deposhioltdl environtnents; solid lines 
indicates that good paleontoiogicd control was available 
and b o w  location is better known. Numbers identify 
locations of sltes diwr~ssed in lext and shown infigures. 
Fossil sytubols are used to iden* the area of a 
depositional environment and do not necessarily indcate 
that fosslls occur at the location of the symbol. Sources 
used in the constructton of tlus map, dritl logs and site 
locations shown on Figun: 8.4 and Table 8.1, Class (1972), 
Edmunds (19681, Edmunds and Berg (1971), Berg and 
Glover (lY76f, Glover and Bragonier ( l V R ) ,  Williams and 
Keith (lgGOf, permila1 observations by K. Bra*, and 
insights gamed from comersatlons with V Skema. I. 
Shaulis and C Dodge, all w~th the PaGS. 
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Figure 8.13 and Figure 8.14 show sulfur and NP for 
the lower Kittanning in Clearfield County where the 
overburden was deposited in a brackish depositional 
environment. Typically the shale above the coal is 
high in sulfur. Guber (1972) found that the high sulfur 
rocks often contain the brachiopod Lingula. Guber's 
findings are discussed in more detail in a later part of 
this chapter. Lingula, as discussed in Williams 
(1960), is indicative of brackish environments. Geo- 
logic reports for the areas of the drill holes shown in 
Figure 8.13 and Figure 8.14 describe brackish fossils 
above the lower Kittanning coal (Glen Richey Quad- 
rangle, Edmunds, 1968; Luthersburg Quadrangle, Ed- 
muds and Burg, 197 1, Rarney Quadrangle, Glass, et 
al., 1977). The high sulfur zones shown in Figure 8.13 
near the middle of the shale above the LK coal in holes 
OB-1 (0.92 % S), OB-4 (4.4 % S) and near the top of 
the shale unit in A-8 (1.15 % S) contain Lingula. The 
NP that is present is probably due to siderite, the ex- 
ception being the base of the sandstone and immeh- 
ately adjacent shale in A-8, which is likely calcareous. 
LK mines in the brackish areas of Clearfield County 
are notorious for producing acid mine drainage. 

Williams (1960) shows a small portion of the LK 
roof rock in northeastern Cambria County as having 
been deposited in what he defined as a freshwater de- 
positional environment, based on the presence of con- 
chostracans. Recent investigations by J. Shaulis and 
V. Skema @ersonal communication, 1997) have con- 
finned the presence of conchostracans in extreme 
northern Somerset County. Fossil fauna however are 
rare (Figure 8.1 1). LK overburden chemistry in this 
region does appear to be different from the other areas 
discussed above (Figure 8.15). Sulfur is seldom above 
0.5 percent. The small amount of NP (between 15 and 
36) may be siderite because the postmining water is not 
alkaline. Mines from these areas tend to produce mild 
acid mine drainage, with pH -4 and acidity -100 
wk. 

Middle Kittannine to Johnstown Limestone Interval 
- The middle IGttanning (MIS) coal is overlain by ma- 
rine or brackish sediments over most of Pennsylvania's 
bituminous coal field. The exception is an area around 
Cambria County where the MK overburden has con- 
chostracans or no fossil fauna. The marine zone is 
formally referred to as the Washingtonville Shale. Fig- 
ure 8.16 is a map of paleodepositional environments 
for the rocks overlying the middle Kittanning coal. 
The northern portion of this map is from Williams 
(1960) and the southem portion is derived from drill 

hole data made available by the PaGS and PaGS pub- 
lications. This MK horizon, in a PaGS drill hole in 
northwestern Washington County, is represented by a 
coquina limestone. This was probably the deepest part 
of the MK ''basin" in what is now Pennsylvania. Fau- 
nal facies used to construct this map are discussed m 
the Appendix. 

The "MK" is a coal zone in many areas rather than 
a distinct coal seam. Over much of Clearfield County 
there are typically two to four "splits" of the MK. For 
example, in the Hazen, Reynoldsville, Falls Creek, and 
DuBois quadrangles the MK consists of a "middle 
Kittanning" that is typically two feet (0.7 m) thick and 
up to 42 inches thick (I .  1 m) (Glover and Bragonier, 
1978). Ths  is the MK coal that is mined locally. Th~s  
however is not the coal that the marine zone overlies. 
The marine zone overlies a "middle Kittanning rider" 
coal and the marine zone is about 30 ft (10 m) above 
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den is similar to that observed above the LK. The zone 
with an NP of 15 1 in the sandstone of drill log 560A3 
is probably calcareous. 

Figure 8.15 shows the MK in the area of the Figure 
8.16 map where the MK is overlain by conchostracan- 
bearing shales. The highest sulfur in the overburden in 
drill log OB-1 is only 0.66 percent. This low sulfir is 
consistent with sulfur values from the conchostracan- 
bearing depositional environment for the LK coal. 
Further work needs to be done to establish relation- 
ships between concentrations of sulhr and carbonate 
minerals and depositional environment. 

Upper Allegheny - The base of the upper Alle- 
gheny, as defined for this chapter, is the bottom of the 
Johnstown limestone. It is realized that this 
"limestone" is often transitional with the sediments 
below and does not occur everywhere, although it is 
remarkably persistent over much of the Bituminous 
Region and can be a good stratigrapluc marker bed. 
Where the Johnstown limestone does not occur the base 
of the upper Kittanning coal substitutes as the base of 
the upper Allegheny. The reason for this stratigraphic 
break in the Allegheny is that this sequence includes 
nearly all the freshwater limestone units in the Ale- 
gheny Group. Fauna in the freshwater limestones is 
generally dominated by ostracods, spirorbis, and fish 
remains. This fauna is completely different from the 
fossils found in upper Allegheny coal-roof rock. Typi- 
cally the only fossil fauna found in the rock above the 
coals in the upper Allegheny are conchostracans. The 
separate depositional environments of the roof-rock 
and the freshwater limestones is evidenced not only by 
the different faunas, but also by position and composi- 
tion. The freshwater limestones are usually found be- 
low the coals, whereas the conchostracan-bearing rocks 
are above the coals. The "limestones" are highly cal- 
careous and lack carbonaceous matcnal, whereas the 
roof-rocks may not be calcareous at all and are often 
black due to abundant carbonaceous matter. It would 
appear that during the time of deposition of the upper 
Allegheny, coal deposition was followed by a margin- 
ally brackish transgression. Eventually truly freshwa- 
tcr scdimcnts were depositcd, including the freshwater 
limestones. 

The Johnstown limestone is shown in Figure 8.17 
and Figure 8.18. The Johnstomn limestone has NP 
greater than 900 ppt CaC03 in LH-3 and 700 or 
greater in the other two drill holes in Figure 8.18. The 
high NP values are in the range of those of the marine 
Vanport limestone for "purity." Sometimes the John- 

stown horizon IS not a true limestone, but a calcareous 
claystone or shale (c.g., the zone just below the upper 
Kittanning coal in OB-9, Figure 8.17). Hole #lo1 in 
Figure 8.19 does not show a calcareous zone below the 
UK. This may simply be because the Johnstown lime- 
stone occurs below the bottom of th~s drill hole. The 
drill logs in Figure 8.20 are from an area where the 
Johnstown limestone does not occur. The limestone 
does occur, however, about a mile (1.6 krn) west of 
these dnll holes. 

The interval between the UK coal and the lower 
Freeport (LF) coal often includes a calcareous zone 
beneath the LF coal. Where this zonc is a limestone, it 
is referred to as the lower Freeport limestone. The in- 
terval between the LF and upper Freeport (UF) is 
similar to that of the underlying UK-LF interval. A 
widespread limestone or calcareous shale/claystone 
unit also lies beneath the UF coal. The rocks between 
the UK and LF, and LF and UF, as well as the over- 
burden above the UF arc portrayed in Figure 8.17, 
Figure 8.1 8, Figure 8.19, Figure 8.20, and Figure 8.2 1. 
The fauna of the Johnstown limestone, and LF and UF 
limestones are interpreted as freshwater in origin. 

The lateral distribution of individual freshwater lirne- 
stones in the Allegheny Group can be quite extensive, 
covering hundreds of square miles. The limestone is 
variable in thickuess, and frequently there are areas 
where the limestone is absent. One freshwater lime- 
stone, the upper Freepofl limestone, has been studied 
by Williams et al. (1968) and Weedman (1988). This 
limestone occurs between the lower and upper Freeport 
coals. Their findings illustrate the variability in thick- 
ness and distribution of an upper Allcgheny limestone. 
Williams et al. (1968) looked at an area of approxi- 
mately three 7.5 minute quadrangles in Clearfield 
County, and Weedman (1988) studied an area which 
covered slightly more than four 7.5 minute quadrangles 
in Indiana county Observations by the authors con- 
firm that th~s  limestone is present, and persistent, be- 
tween their two study areas. In Clearfield County, the 
thickness ranged from absent (where replaced by chan- 
nel sandstone) to greater than 4 ft ( 1.2 m). Figure 8.22 
shows the area studied by Weedman. The isopach map 
shows the variability in thickness that is typical of the 
upper Freeport limestone. Williams et al. (1968) in&- 
cate that the limestone in rare instances approached 
100% calcium carbonate. Our experience is that these 
limestones are often "dirty" with a high component of 
clay and silt. At places this stratigraphic interval is 
represented by calcareous rocks with less than 50% 
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OB-9 Conemaugh Group 

The Conemaugh Group "is stratigraphically defined 
as the rocks lying between the upper Freeport coal ho- 

Brush Creek Marine Zone riwn and the Pittsburgh coal The thickness of this 
interval ranges from 520 feet (1 5 8 m) in western 
Washington County to 890 feet (270 m) m southern 
Somerset County. A gradual eastward thickening of 
the Conemaugh is apparent" (Edmunds et al., 1998, p. 
154). The Conemaugh is subdivided into a lower for- 
mation called the Glenshaw, and an upper formation 
called the Casselrnan. The division is made at the top 
of the Arnes marine limestone. Mineable coals are un- 
common in the Conemaugh 

Upper Freeport coal 

Lower Freeport coal 

Upper Kittanning cwl 

SO3 Johnstown limestone 

calcium carbonate, and therefore by defimtion not a 
llrnestone, although they are often referred to as lime- 
stones on drillers' logs. 

In addition to freshwater limestones, the upper AI- 
legheny Group frequently contains an abundance of 
calcareous claystones, mudstones and siltstones. Figure 
8.20 shows a stratigraphic section in Fayette County, 
between the upper Kittanning and lower Freeport 
coals. Much of this interval is calcareous (NP 3 100; 
i.e., >lo% CaC03), but only small portions could be 
classified as limestone (> 50% CaCO$. 
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Glenshaw Formation - The Glenshaw contains 

several widespread marine zones (see Figure 8.2). 
There are possibly as many as seven marine zones 
within the Glenshaw (Skcma, personal communication, 
1997). The Glenshaw is thlckest in Somerset and 
southern Cambria counties, where it reaches 400 to 
420 ft (122 to 128 m). It is thinnest near the Ohio bor- 
der where it is about 280 ft (85 m) thlck (Edmunds et 
al., 1998). 

The Brush Creek limestone facies is present within 
most of its outcrop belt in western Pennsylvania. An 
area of more clastic shale and siltstone occupies the 
limestone horizon in Washington, southern Allegheny, 

northern Westmoreland, southern Inhana, and Cam- 
bria Counties (Skerna et al., 1991). The Brush Creek 
coal, which occurs below the marine zone, is typically 
thm and not mined over much of western Pennsylvania. 
The coal is sometimes mineable in portions of the 
south-central and southeastern sections of the bitumi- 
nous coal fields of Pennsylvania Figure 8.23 shows 
Brush Creek overburden from Wharton Township, 
Fayette County and Figure 8.24 and Figure 8.17 show 
overburden from Jackson Township, Carnbria County. 
The rock above the coal, in each area, has relatively 
high sulfur (> 0.5%) and relatively high NP (> 30 ppt 
CaCO,). A true limestone is not present in any of 
these holes, the highest NP being 345 ppt CaC03 in 
OB-9 from Cambria County. Because the limestone or 
a calcareous facia is typically present where the Brush 
Creek coal is of mineable tfuckness, the drainage is 
generally a W n e .  

Figure 8.25 shows overburden for the lower and 
upper Bakerstown coals. The Woods Run marine zone 
overlies the lower Bakerstown coal, although in Som- 
erset County it is poorly developed and is represented 
by a brackish facies containing Lingula and Dun- 
barella (J. Shaulis, personal communication, 1997). 
Just below the upper Bakerstown coal a freshwater 
limestone sometimes occurs. This is evident in DH- 12. 
The upper Bakerstown coal is commonly overlam by a 
black shale with abundant conchostracans in Somerset 
County (Shaulis, personal communication, 1997). 
This zone is the stratigraphic equivalent of the Noble 
marine zone, which is a restricted marine to brackish 
shale in some other portions of the bituminous field 
(Edmunds, et al., 1998). 

The overburden above the lower Bakerstown coal is 
similar to lower Allegheny coal overburden with a 
brackish depositional environment. It is characterized 
by sulfur greater than 0.5 percent and NP generally 30 
ppt CaC03 or less. The zones with higher NP, above 
the brackish zone, may be freshwater calcareous zones 
related to the freshwater limestone. Unfortunately it is 
hard to evaluate the overburden above the upper Bak- 
erstown. The upper Bakerstown coal in Hole 11 F is 
only about 10 ft (3 m) below the surface. Holes DH-3 
and DH- 12 have sandstone and shale, respectively, 
above the coal. Both show some zones with elevated 
sulfur, but the s u h r  in these drill holes is always less 
than 1.0 percent. NP is negligible. More comparisons 
need to be made, but this overburden looks similar to 
the lower Kittanning overburden in eastern Cambria 
County where conchostracans occur. 





#I7 

Freeport coal 

Figure 8.21 Lower and upper Freepon w e r b W  and chemistrq.. Driii 1 
#17 and #IS are from Site 13 in MI. Pleasant Township, Wesunanland 
County, and dnll logs OB-15 and 03-14 are fiom site 14 in Clay Twacnshtp, 
Butlex Cotmy. 

I lndlono 
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J O ~ N ~ ~ O N  0 8 1  burg coal whlch 1s of mineable thickness only m the 
Wellersburg synche of Somerset County (equivalent 
to the Georges Creek Field in Maryland). Although the 
overburden contains some strata with sulfur greater 
than 0.5 percent, the overburden is largely calcareous 
Figure 8 26 displays chemical data for overburden 
above and below the Morantown coal, the uppennost 
coal in the Casselman. Thls coal a only mmed m 
Somerset County. Shaulis (1993) feels the Morantown 
is actually a lower split of the Pittsburgh coal, which 
would place the coal in the Monongahela Group. One 
of the reasons cited for this stratigraphic placement is 
the presence of the freshwater limestone below the Mo- 
rantown. This limestone occurs in OB-A in Figure 
8.26 wth an NP of 524. Whatever the stratigraphic 
position, the overburden in the two examples from 
Somerset County exhibits low sulfur and some neu- 
tralization capability. The Morantown, when it IS pres- 
ent, is mined in conjunct~on with the P~ttsburgh coal. 

08-1 

Brush Creek coal 

Casselman Formation - "The thickness of the Cas- 
selman Formation ranges from 230 feet (70 m) in the 
extreme western part of the Appalachian Plateaus 
province to 485 feet (148 m) in southem Somerset 
County" (Edmunds, et al., 1998, p. 156). With the ex- 
ception ofthe marine shales above the Ames limestone, 
and the Skelly horizon, which occurs about 30 to 60 ft 
(9 to 18 m) above the Arnes marine zone, the Cassel- 
man is made up of exclusively fresh water rocks. Red- 
beds, which are regionally diswntmuous, are scattered 
throughout the Casselman in the western port~on of 
Pennsylvania. "Eastward they become thinner and 
fewer m number. This trend continues into eastern 
Somerset and Carnbria Counties, where large areas of 
the Casselman Format~on are completely devoid of red 
beds. Conversely, coals are nearly absent or very thin i-...-...--. ................................ 
in the west but increase m quantity eastward. In Som- ;Ff@rr: R.24 R W  Cm'a coal and overburden at *%e 15 f 
erset County. a feu coals are thick enough to mine" j m la&w Township, Cambria County. The overburden IS : 
(Edmunds, et al., 1998, p. 156) ? !of D = ? F e ! !  .-4--..--..----.w-..*...w...-. ; 

Very little coal is mined in the Casselman Forma- 
tion. Figure 8.25 shows overburden for the Wellers- 
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. .-.... - . . . . . . . . . . . . . . . . . . . . . .- . . . . . . . . . ., .. ... ., ... 
wWls atid tVtlkcsh~ wai ~ w b t t n k n  in SUOXW~ COU~TQ Bakemown coal fidr: 

M r o % l ~ ~ i t ~ l e y  Tcwn$lup. and 151.13 and BX-&t2 Rrr si Site f 7 1s iu Situ$t#;imp:nn Town- 
........................... ,......w .... 

Monongahela Group flowing north to northwest through what is now 

"The Monongahela Group extends from the 
base of the Pittsburgh coal to the base of the 
Waynesburg coal. It is divided into the Pitts- 
burgh and Uniontown Formations at the base of 
the uniontown coal. The group is about 270 to 
400 feet (82 to 122 m) thick m Pennsylvania, 
increasing in thickness irregularly from the 
western edge of the state to western Fayette 
County.. . .It is entirely nonrnarine" (Edmunds, et 
al., 1998, p. 156). 

The Monongahela Group is 

" . .dominated by limestones and dolomitic lime- 
stones, calcareous mudstones, shales, and thin- 
bedded siltstones and laminites. .. The only sand- 
stone of significant thickness within the forma- 
tion lies directly above the Pittsburgh coal 
complex. A major fluvial channel system, 

Greene and Washmgton counties, deposited an 
elongate sandstone body up to 80 feet (24 m) 
thick and several miles (kms) wide" (Edmunds, 
et al., 1998, pp. 156-157). 

This sandstone channel is shown in Figure 8.27. 
The mineable coals in the Monongahela Group are re- 
stricted to the lower portion of the group. The number 
of mine sites with overburden data for the Mononga- 
hela Group in the files of the Department of Environ- 
mental Protection are few in number. This is not 
because the Monongahela coals are rarely mined, it is 
because &g almost always produces alkaline drain- 
age, and water quality from previous mining is used as 
the prediction tool. 

Pittsburgh Formation - The lower half of the 
Pittsburgh Formation contains the majority of mineable 
coals in the Monongahela Group. The Pittsburgh coal, 
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Redstone coal 

7 9  Redstone limestone 

which defines the base of the formation and group is 
unusually continuous, covering thousands of square 
miles (krd) and is unusually thick (5 to 10 ft; 1.5 to 3 
m) for a coal of western Pennsylvania. The other ma- 
jor coals are the Redstone and Sewickley. In Somerset 
County an additional coal, the Blue Lick, occurs be- 
tween the Pittsburgh and Redstone coals. Shaulis 
(1993) believes the Blue Lick coal is a split of the 
Pittsburgh coal. 

Pittsburgh Coal to Redstone Coal Interval - Pitts- 
burgh coal overburden varies from sandstone to l ' ie- 
stone to shale. Figure 8.28 is a reconstruction of 
paleodepositional environments during the time of 
deposition of the Pittsburgh coal overburden. 

) _ Approximate Sancbtone Thidtness 
................ 

! I 6- 12 Met= 

Sandstone was deposited in the distributary channel 
running through the southwestern comer of Pennsylva- 
nia. An isopach map of the thickness of this channel is 
shown in Figure 8.27. Limestone or shale was depos- 
ited in the lakes and on the mud flats. Some examples 
of the distribution of Pittsburgh Formation limestones 
in Greene County, PA and northern West Virginia, are 
illustrated by Figure 8.29, Figure 8.30, and Figure 
8.33. Figure 8.29 is an isopach map of the Redstone 
limestone. Figure 8.30 is a cross-section of the Pitts- 
burghmedstone interval. This cross-section is oriented 
east-west and approximately parallels the Pennsylva- 
nia-West Virginia border shown on Figure 8.29. The 
Redstone limestone is "patchy", which may simply be 
due to variable carbonate content of the lakedeposited 
sediments. The intervening shales may be a lateral, 
less calcareous, facies of the freshwater limestone. 
The drill logs shown in Figure 8.3 1 are from an area 
east of the major channel shown in Figure 8.27 
(isopach map of Pittsburgh sandstone), but they show 
the nature of the Pittsburgh overburden when it is 
sandstone. It is characterized by some high sulfur 
strata, especially the shale portions of OB-2, and some 
calcareous zones within the sandstone (e.g., the zone in 
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OB-1 with a NP of 115 ppt, and the zone in OB-2 with NORTH 

a NP of 122 to 169 ppt) The overburden ln Somerset 
County (Figure 8.26) 1s shale in holes OB-A and OB- 
C, and a mixture of sandstone and shale m OB-5. The 
overburden is slightly calcareous with NP's commonly 
m the range of 30 to 70 ppt. This is true whether the 
overburden is sandstone or shale. The overburden 
from the Somerset County sites is lower s u b  than 
that in Westmoreland County. Pittsburgh coal mines 
can produce acid and alkaline water (see Table 8.2). 

PITTSBURGH 
SANDSTONE-REDSTONE-LIMESTONE TIME 

I 

. - ........ - 
1 F i r e  8.38 PII1m$mgqhic rmn~lruction OF th8 Pitts- 
krrgl, %%dsldae sr4 Redstone limestone time. The nver in 
the ,a&hM%mx ~amer of Pennsylvania is the miidstone 
charnel $bow in Figure 8.27. TheRdstone limestone 
W&S depvjiretl In freshwater lakes (see Figure 8.29). The 
shale overbutden above the Pittsburgh coal s h m  In Fig- 
ure 8.26 d d  have been deposited on " r n u ~ s : '  From 
Donaldson and ShumaLer (1979). 

C n  - 
The Pittsburgh coal oRen has a rider coal positioned 
approximately 5 to 50 fl(1.5 to 16 m) above it. This 
rider coal is usually thin and not c~onom~cally signifi- 
cant. However, in Somerset County the coal at this 
stratigraphic horizon, named the Blue Lick, attains 
mineable thickness. The Blue Lick coal is usually 
overlain by calcareous units and praduces aIkaline 
drainage. Blue Lick coal overburden NP values are 
shown in OB-C, Figure 8.26. OB-C shows only a 
small amount of strata with sulfur greater than 0.5 per- 
cent. There is a zone of calcareous rock, includmg 
limestone, above the Blue Lick rider coal. 

The Redstone/SewicMey interval is shown in Figure 
8.32. This zone contains strata with sulfur greater 
than 0.5 percent, however, abundant limestone and 
other calcareous rocks are present. Although limestone 
occurs above the Sewickley in OB-3, this log is not 
typical of overburden hrther west in Pennsylvania. To 
the west this interval is typically mupied by a very 
thlck limestone, known as the Benwood. The Benwood 
is the thickest limestone in the Monongahela Group 
and can be 60 or 70 ft (18 to 21 m) tluck. Figure 8.33 
is a facies map showing the Benwood interval at 55 
feet (16.8 m) above the Sewickly coal. 

Pittsbur~h Formation Limestones - Figure 8.33 il- 
lustrates the lateral persistence that many Mononga- 
hela lacustrine limestones exhibit. The lakes in which 
these laterally extensive limestones were deposited had 
to have been very large. For example the Benwood 
limestone above the Sewickley coal covers more than 
4,000 square miles (10,000 km2) (Berryhill, et al.,), 
and Eggleston (1993) notes that the Redstone limestone 
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I I I 1 
2 4 P I T T S B U R G H  R E D S T O N E  I N T E R V A L  

Figure 8.30 Cross-section of the Pitisbur&lt!Naone cod ~rnengl onented east-west near thc Pcansylvan~aAVcst Virginia border 
shown on F~gure 8 29 Vmical e.mggmtton is appruximately 1009 ttmcs the horizontal. From Linger (1979) 

extends from Somerset County, PA to as far south as 
Cabell County, WV, and as far west as Morgan 
County, OH. Figure 8.32 illustrates the NP for the 
Redstone and Fishpot limestones, md an unnamed 
limestone above the Sewickley coal. The highest NP 
for the Fishpot in OB-3 is 735 ppt. 

Eggleston (1993) concludes that the Rcdstone lime- 
stone was deposited in a "very shallow lakc that was 
subject to periodic subaerial exposure during drier pe- 
riods." As evidence of drying she refers to desiccation 
breccia, root traces, and lack of original bedding. Evi- 
dence of shallow depositional condxtions include 
rounded intraclasts, broken and nested shells, and bio- 
turbated limestone. Berryhill et al. (1971) amved at 
similar conclusions, using similar evidence, concerning 
the depositional environment of other limestones in the 
Monongahela and Dunkard Groups. Berryhill et al. 
suggest that the limestones were deposited in shallow 
lakes, where water depth "probably never exceeded a 
fm feet" and that "(n)either fossil evidence nor physi- 

cal properties of the rocks indicates any influence of 
marine conditions" (Benyhdl et al., 1971, p. 34). In 
addition to the limestones, the sandstones and shales of 
the Monongahela Group are also often calcareous 
(Figure 8.2). The environmental mterpretations of Eg- 
gleston (1993) are consistent with the paleocliiatic 
interpretations of Cecil et al. (1985) and Donaldson et 
al. (1 985) for this stratigraphic interval 

Benyhill et al. (197 1, p. 16) found that of 50 limestone 
samples from the Monongahela and Dunkard Groups, 
34 were classified as limestone or magnesium lime- 
stone (< 10% dolomite, > 90% calcite), 13 were dolo- 
mitic limestone (10% to 50% dolomite, remainder 
being calcite) and three were calcitic dolonute (50% to 
90% dolomite). The clay content is generally greater 
than lo%, thus the limestones are classified as marly. 
The ratio of calcium to magnesium varies both from 
bed to bed and also vertically and laterally within a 
single bed. 
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Dunkard Group 

The Dunkard Group is found only in the most 
southwestern comer of Pennsylvania in Greene and 
Waslungton Counties. It is made up of Waynesburg, 
Washington and Greene Formations (Berryhill et al., 
1971). The Dunkard reaches a maximum thickness of 
about 1 120 ft (340 m) in Greene County and the upper 
surface is the modem day erosional surface. The lower 
boundary of the Dunkard Group is defined as the base 
of the Waynesburg coal, which is the only wal rou- 
tinely mined in the Dunkard. 

The Dunkard is generally composed of fine-grruned 
clastics which are frequently calcareous. Thick lacus- 
trine limestones are especially prevalent in the Wash- 
ington Formation. The only significant interval with 
sandstone is above the Waynesburg coal (Figure 8.2). 
This sandstone is often, but not always, calcareous. 
The Dunkard Group data represented in Figure 8.2 is 
all from Greene County. A comparison of this data 
with the study by Benyhill et al. (1971) for Washing- 
ton County shows some differences in abundance of 
lithologies. For example Berryhill et al. show that 
33% of the Group is Itmestone, whereas this study 
found only 6.2% limestone. This is probably largely 
attributable to a facies change between Washington 
and Greene Counties. Skema (personal communica- 
tion, 1997) reports that the Upper Washmgton and 
Lower Washington Limestones, which are thick in 
Washington County are barely present in Greene 
County. 
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FOX 13 tered unless more than 50 or 60 ft (15 or 20 m) of 
cover is mined. Where the sandstone is calcareous, 
mines produce alkaline drainage, where it is not cal- 
careous mining results in acid mine dramage. 

Pennsylvanian Stratigraphy of Pennsylvania's 
Anthracite Region 

The stratigraphy of the anthracite region of eastern 
Pennsylvania has not been studied as extensively as 
that of Pennsylvania's bituminous coal region. Geo- 
logic and mining engineering work done in the anthra- 
cite region over the past 150 years, however, 

2 documents some significant stratigraphic differences .+ between the anthracite and bituminous coal regions. 
The anthracite region is comprised of four coal fields 

" as shown on Figure 8.4: The Northern Field, the East- 
em Middle Field, the Western Middle Field, and the 
Southern Anthracite Field. 

The four anthracite coal fields are located within 
the Valley and Ridge Physiographic Province and the 
orogenic activity in tius province since the Pennsylva- 
nian Period has resulted in: (a) the increase in rank of 
the coals due to metamorphism (as compared to time- 
equivalent coal beds in the AppalachianIAllegheny 
Plateau Province of the bituminous region), and (b) the 
preservation of the anthracite coal fields within syncli- 
nal basins which are essentially surrounded by sand- 
stone/conglomerate ridges that are more resistant to 
erosion than the coal and associated finer-grained 
sedimentary rocks. A comprehensive description of the 
geologic history of the north-central Appalachians, is 
contained in Faill (1997a, 1997b, 1998% 1998b). The 

menti@ fie only rathely in the most recent omgenic episode, the Aleghenian, corn- 
Dunkard is the Waynesburg. For purposes of this m e n d  in the Early Permian (Faill, 1997b). Faill 
study the Waynesburg Formation has been &ded infa (1997% P 552) "(l)ate the Allegheny 
upper and louer 'l'his is because in recent orOgenY> r a k t h ~ t  noh-rd over the Carboufaous 
yM g m e r y  been to the rocks in the Anthracite region of northeastern Pernsyl- 
Wayn~sburg, thus not disturbing strata above the vania caused anthracitization of the underlying coals." 
Waynesburg 'A' coal. Also, the Waynesburg overbur- Much of the Southern and Western Middle Fields 
den is lithologically different. As shown in Figure 8.2, has been geologically mapped by Wood and associates 
much of the Waynesburg overburden is sandstone, and (e.g., the Minersville Quadrangle, Wood, et d., 1968, 
much of this sandstone is calcareous. The Waynes- and related cross sections). The maps depict the syn- 
burg 'A' and its overburden are notorious for produc- clinoria and complex geologic structures. The 
ing poor quality water. Figure 8.34 shows the geologic structure and stratigraphy of the Southern 
Waynesburg coal overburden. The shale above the Anthracite Field are described in Wood et al. (1 969) 
coal can be hi$ sulfur as  illustrated in drill hole Fox and the depositional and structural history of the entire 
#3. The three drill logs in Figure 8.34 illustrate the Anthracite Region are presented in Wood et al. (1986). 
variability in overburden chemistry for this unit. Of The complexity of the geologic structure, resulting in 
the three holes, the sandstone is only ca~careous in PS- nearly vertical be& of coal and rocks in some ar- 
3. The finer-grained calcareous zones, near the tops of eas ofthe anthracite fields, b impeded the acquisition 
drill holes Fox #3 and Fox #4, would not be encoun- 

8-29 
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of stratigraphic data fiom routine exploration drilling. 
Detailed mine maps of the abandoned underground 
mines and cross-sections through vertical shafts and 
nearly horizontal tunnels have added to the under- 
standmg of the structure and stratigraphy of the an- 
thracite coal fields, however most stratigraphc efforts 
have been directed toward coal seam delineation. 

The Pennsylvanian age rocks of the anthracite re- 
gion of Pennsylvania have been divided into two major 
formations, the Pottsville and the Llewellyn. General- 
lzed columnar sections of the Pottsville and Llewellyn 
Formations are shown on Fi@re 8.35. 

Pottsville Formation 

The Pottsville Formation ranges in thickness fiom a 
maximum of approximately 1600 R (490 m) in the 
Southern Field to less than 100 ft (30 m) in the North- 
em Field. The Tumbling Run and Schuylkill Members 
of the Formation are not present in the Northern An- 
thracite Field (Wood et al., 1969, 1986; Meckel, 1967, 
1970; and Edmunds et al. 1979, 1998). 

The Pottsville Formation contains up to 14 coal 
beds in some areas, but most are relatively discontinu- 
ous and only a few persist outside of the Southern 
Field (Edmunds et al. 1998). Figure 8.35 shows the 
mineable coals of the Pottsville Formation. The 
Lykens Valley Coal Numbers 4 through 7 are within 
the Tumbling Run Member, the Lykens Valley Coal 
Numbers 1 through 3 are within the Schuylkill Mem- 
ber; and the Scotty Steel and Little Buck Mountain 
Coals are within the Sharp Mountain Member of the 
Pottsville Formation (Figure 8.35). The base of the 
Buck Mountain Coal is considered the top of the 
Pottsville Formation in eastern Pennsylvania; however, 
the Buck Mountain coal is generally correlated with the 
lower Kittanning Coal within the lower Allegheny 
Group in western Pennsylvania (see Edmunds et al., 
1998). The type section of the Pottsville Fonnation 
(located near Pottsville) is described by C.D. White 
(1900) and more recently by Wood et al. (1956) and 
Levine and Slingerland (1987). 

The Pottsville Formation in eastern Pennsylvania is 
entirely of a nonmarine depositional environment 
(Edrnunds et al., 1998). As in western Pennsylvania, 
the dominant lithology of the Pottsville Group is sand- 
stone and conglomerate; but the Pottsville Formation of 
the Anthracite region contains significant pebble con- 
glomerates derived from an orogenic source area to the 
southeast (Meckel, 1967,1970; Edmunds et al. 1998; 
and Faill, 1997b). The Tumbling Run Member is 

composed of approximately 55% conglomerate and 
conglomeratic sandstone, about 30% fine- to coarse- 
grained sandstone, and about 15% shale and siltstone. 
Conglomerate and conglomeratic sandstone comprise 
about 50% of the Schuyllull Member, and the sand- 
stone in the member ranges from very fine to very 
coarse, constituting approximately 30% of the member. 
The Sharp Mountain Member in most of the Southern 
Anthracite Field is composed of about 45% conglom- 
erate, 25% conglomeratic sandstone, 15% sandstone, 
5% siltstone, 9.5% shale, and 0.5% anthracite (Wood 
et al. 1969, 1986). The carbonate content of the rocks 
has not been determined. 

Llewellyn Formation 

The Llewellyn Formation is as much as 3500 feet 
(1050 m) thick. The maximum known thickness ofthe 

Pennsylvanian in Pennsylvania is approximately 
4400 A (1 340 m) near the town of Llewellyn in 
SchuylMl County (Edmunds et al., 1998). The 
Llewellyn Formation contains up to 40 mineable coals 
(Edmunds et al., 1998), most of which are shown on 
Figure 8.35. The thickest and most persistent Goals 
occur in the lower part of the Llewellyn Formation, 
particularly the Mammoth coal zone. The Mammoth 
coal zone typically contains 20 ft (6 m) of coal and 
thicknesses of 40 ft to 60 fi (12 to 18 m) are not un- 
usual. A local thickness of greater than 125 ft (38 m) 
has been reported in the Western Middle Field. This 
was attributed to structural tluckening in the trough of 
the syncline. The nomenclature and stratigraphy of the 
coal bearing rocks of the Llewellyn Formation in the 
Northern Anthracite Field are hfferent than in the 
Southern and Middle Fields (Figure 8.35). 

The dominant lithology of the Llewellyn Fonnation 
is sandstone, including conglomerate units, as in the 
Pottsville Formation. According to Edrnunds et al. 
(1998, p. 159): "Lithoiogically, the Llewellyn is a 
complex, heterogeneous sequence of subgmywacke 
clastics, ranging from conglomerate to clay shale and 
containing numerous coal beds. Conglomerates and 
sandstones dominate". The Llewellyn Formation in the 
Southern and Middle Fields is believed to be entirely 
continental in depositional environment (i.e., laclung 
any marine beds). The Llewellyn Fonnation in the 
Northern Field, however, contains one known manne 
bed, the Mill Creek Limestone pigure 8.35). I.C. 
White (1903) suggested that the Mill Creek was cor- 
relative with the Ames limestone of western Pennsyl- 
vania. l k s  belief is generally held to the present. The 
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Mill Creek Limestone is a one- to three-ft (0.3 m to 1 
m), richly fossiliferous marine limestone (Chow, 
195 1). The Llewellyn Formation contains several 
other nonmarine limestones in the Northern Field in- 
cludmg the Canna1 and Hillman limestones (Chow, 
195 1, and Edmunds et al., 1998). Additionally, Inners 
and Fabiny (1997) have identified calcareous paleosols 
("calcrete") in the uppermost Llewellyn Formation in 
the Northern Field. They have tentatively correlated 
this portion of the stratigraphy with the Conemaugh of 
western Pennsylvania. The calcretes are indicative of 
"seasonally semiarid conditions" (Inners and Fabiny, 
1997, p. 85). The calcretes are often associated with 
siderite. Kochanov (1997) has found calcareous sand- 
stones in the lower part of the Llewellyn in the North- 
em Field. Siderite nodules are also common in the 
lower Llewellyn (Kochanov, 1997, personal comrnuni- 
cation). 

The identification and mapping of limestone and 
other calcareous rocks in the Southern and Middle 
Fields have not been reported in the literature; how- 
ever, some large mine pool discharges such as the 
Wadesville Colliery (see Table 8.14), have alkalinity of 
several hundred milligrams per liter, which must be at- 
tributed to some carbonate mera l s  m the overburden. 
Discharges in the Eastern Middle Field have little if 
any alkalinity (see Table 8.14). This strongly suggests 
a lack of calcareous rock in this coal field. Study of 
carbonate minerals and identification of calcareous 
lithologic units in the Southern and Middle Fields is 
needed. 

Pleistocene Sediments 

Based on permits issued by the Department of En- 
vironmental Protection in glaciated regions in north- 
western Pennsylvania, glacial sediments are most likely 
to be encountered where mining of the 
Brookville/Clarion, lower Kittanning and middle Kit- 
tanning coals takes place. These sediments affect mine 
water quality because they contain calcareous clasts. 
Lower Freeport permits have also been issued in glaci- 
ated regions. For ClarionlBrookville coal mines, it can 
be d~fficult to assess the impact of glacial sediments on 
postmining water quality because the Vanport lime- 
stone is often part of the overburden. Figure 8.36 
shows the area of overlap of glacial sediments, Van- 
port limestone, and coal areas. The Vanport limestone 
becomes thinner and more discontinuous near its north- 
em limit. 

Glacial overburden in surface coal mines can exert 
a different influence on mine drainage quality than does 
bedrock. The texture, composition (mineralogy), and 
structure of glacial overburden differs from that of 
bedrock. Much information on the glacial geology and 
sediment composition exists for northwestern Pennsyl- 
vania. 

Kent Ti Border 
Titusville Till Border 
Mapledale Till Border 

Vanpaa Limestone 

Because of a lack of carbonate source rock, glacial 
sediments in northeastern Pennsylvania are typically 
low in carbonate. The only exception is in an area near 
the Delaware River, east of the anthracite fields 
(William D. Sevon, personal communication, 1994; 
Epstein, 1969). Several overburden holes have en- 
countered till in the semi-anthracite Bernice Basin, 
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Sullivan County. The till ranges in thickness fiom 0 ft 
(m) to 32 ft  (9.8 m). The highest NP and sulfur (out of 
32 samples) was 3 ppt CaC03 and 0.04 percent re- 
spectively, i.e., negligible. There are no overburden 
analyses of glacial sediments in the anthracite coal 
fields. Duane Braun (Bloomsburg University, personal 
communication, November 18, 1997) has done field 
work in the northern Field and has not observed any till 
reacting visibly to HC1. Available data suggests that 
glacial sediments are generally not a source of NP in 
northeastern Pennsylvania. Therefore, glacial sedi- 
ments in northeastern Pennsylvania will not be dis- 
cussed further. 

Northwestern Pennsylvania has been glaciated a 
number of times during the Pleistocene. At least 8 tills 
have been identified on the Appalachian Plateau of 
northwestern Pennsylvania (White and others, 1969) 
and northeastern Ohio w t e ,  1982) (Table 8.3). The 
glaciations range in age fiom pre-Illinoian (> 500,000 
ya) to late Wisconsinan (about 15,000 ya). Generally, 
each advance was less extensive than the previous. 
The last glacier to advance into Pennsylvania, the 
Ashtabula advance, stopped at the northwestern edge 
of the Appalachian Plateau, just south of Lake Erie. 
The Titusville glaciation deposited the bulk of the gla- 
cial sediment in northwestern Pennsylvania. Stacking 
of multiple Titusville sheets makes up the bulk of the 

main end moraine, the Kent Moraine (white and oth- 
ers, 1969; White, 1982). 

Table 8.3 Pleistocene tills, from youngest to oldest and 
carbonate content in the clay fraction of those tills in 
northwestern Pennsylvania. Data from White and others 
(1969) and White (1982). 

Hiram I Total carbonate up to 17% 
Lavery I Total carbonate > 10% 

Till 
Ashtabula 

Carbonate Content 
Calcareous. Oxidizes dark brown 

Kent 
Titusville 
Keefus (NE 

Individual tills in northwestern Pennsylvania are 
generally only a few feet (-1 m) to a few tens of feet 
(1 0s of m) thick, but can be over 100 feet (30 m) thick 
w t e ,  1982). Multiple tills of different composition 
may be encountered in the overburden during mining. 
White et al. (1969) show this for the Ambrosia mine 
near Grove City, PA (Figure 8.37). The Mapledale, 
Titusville, Keefer and Kent tills are present. The upper 
portion of the Mapledale and Titusville tills are leached 
of carbonates, where the unweathered portions contain 

E 
It. 

Calcite = 1.4% Dolomite = 1.8% 
Calcite = 1.1% Dolomite = 1.3% 
Not quantified, but highly calcareous 

Ohio) 
Mapledale 
Slippery Rock 

figure 8.37 Sketch of wnbwden in Ambrosia strip mine near Grwe City. I. Soil in till and collwium, noncalcareous, 2. 
Kent Tilt, calwmns. 3. Kent Till, calcareaus, 4. Sand, calmus. 3. Keefus Till, catcareous, 6, Titumitle Til, 
noncalcareous. 7. Titusville Tiil, calcareous. 8. T i W e  Till, catcareuus. 10. Mapledale Till, noncalcareous, 11. Mapledale! 
TiU, noncalcareous. 12. Mapledale WII, slightly calc8rw)us. Site i s  located at "A" on Figure 8.36. 

Calcite = 0.7% Dolomite = 0.6% 
Unknown - all samples weathered 
and leached 
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calcareous minerals. Figure 8.38 shows the variable 
carbonate contents of tills in mines near the Ambrosia 
site. 

Neutralization Potential (ppt) 

Fipre 8.38 Mstn'bation of neutralhtion p@tcntial for 
glacial o e u r d e n  fiom mine sites southeast of Grove Ciw. 

;Sites ace located at "' on Figue 8.36. 

Geochemistry of Glacial Sediments 

The compositions of sediments from different gla- 
ciations are determined by the source materials eroded 
by the glacier and incorporated into the sediments. 
Glaciers advancing into northwestern Pennsylvania ad- 
vanced from the Lake Erie basin. The bedrock in the 
basin, which was the source for the glacial sediments, 
consists of a large amount of limestone and dolomite. 
Therefore, the sediment contained in the glaciers was 
high in carbonate minerals (calcite and dolomite) when 
it entered Pennsylvania. Early glaciers advanced far to 
the south of the Lake Erie basin over a surface of 
weathered siliceous bedrock and soil, resulting in dilu- 
tion of the carbonate rich sediment by carbonate poor 
sediment. The resulting glacial deposits are relatively 
low in carbonate. Later glaciers advanced less far out 
of the Lake Erie basin over unweathered bedrock (the 
weathered horizons having been removed by previous 
glaciations), and over previously deposited glacial 
sediments. These glacial sediments were diluted less 
by the siliceous bedrock south of the Erie basin and are 
relatively high in carbonate, more characteristic of the 
source limestone and dolomite rocks in the Lake Erie 
basin (white, 1982). 

Till in the coal fields, near the glacial margins, is 
probably lower in carbonate content than the average 
for that till. Because of the difference in source mate- 
rials for succeeding glaciations, carbonate content gen- 
erally increases from older tills to younger tills (white 
et al., 1969) (Table 8.3). 

The Mapledale Till is the only till that has such i 
low carbonate content that unweathered till will not 
act visibly with dilute hydrochloric acid. It is com- 
pletely leached of carbonates in the clay fraction in 
outcrop area (Gross, 1967). Unfortunately, from a 
surface mining standpoint, only the older glaciation! 
mainly the Mapledale, Titusville, and Kent, advana 
far enough to reach the coal fields of Pennsylvania. 
The higher carbonate tills (Ashtabula, Hiram) occu~ 
mainly in Crawford and Erie Counties (Figure 8.36: 
Although the Kent and Titusville Tills, in addition tc 
the Mapledale Till, occur beyond the Kent Moraine, 
little neutralization benefit will be realized from glac 
sediments beyond the Kent Moraine because they ar 
all thin, discontinuous, and weathered. Fortunately, 
overburden data suggests that the amount of iron su 
fide in glacial sediments is negligible (Figure 8.39), 
thus enabling the till to contribute a generally net pc 
tive influence on mine water quality. The highest SI 

fur in any of the tills is 0.38% in OB 3-Spag. All o 
till samples had less than 0.25% sulfur. 

By comparison, in the Illinois Basin, most of the 
coal field is within the glaciated region and the bulk of 
the tills have carbonate contents greater than 10% in 
the clay fraction, and up to 64% in the coarse sand 
fraction (Fleeger, 198O), similar to the Pennsylvania 
tills near Lake Erie. The presence of glacial deposits is 
much more significant to the coal mining industry for 
the prevention of AMD in Illinois than in Pennsylvania. 
Although coal and associated strata in the Illinois Ba- 
sin are high sulfur (Maksimovic and Mowrey, 1993), 
acid streams (pH < 6) were only identified south of the 
glacial border (Hofhm and Wetzel, 1993, 1995). 

Tills have characteristic grain size distributions 
(Shepps and others, 1959). All have a significant 
amount of fine-grained material, that is, sand size and 
smaller. Groundwater movement through glacial sedi- 
ments differs from that through consolidated bedrock 
in the Appalachian Plateau. The majority of ground- 
water movement through bedrock is along fractures 
and bedding planes. In glacial sediments, much more 
of the groundwater movement is intergranular, al- 
though some movement does occur through fractures in 
dense tills. The small grain size, poor sorting, and lack 
of fractures and bedding planes in tills results in low 
permeability. Water moves through tills very slowly, 
increasing the amount of time that the groundwater re- 
mains in contact with the mineral grains. Like the in- 
creased surface area, the increased residence time 
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Table 8.4 Water quality parameters at the Spagnolo and Owens Mines. The unit for specific conduelance is pS/cm, and units 

allows for greater reactivity in tills than in shallow, 
fractured bedrock. 

The neutralizing capability of a till varies consid- 
erably and is reported in the literature in various ways. 
Published carbonate values for tills of northwestern 
Pennsylvania are for the clay fraction only, and not 
representative of the till as  a whole. In addition, the 
carbonate content of any size fraction varies areally 
due to dilution by local bedrock, and vertically due to 
dilution a d  weathering W t e ,  1969). The published 
mean carbonate contents for the clay fraction of tills 
likely to be encountered in mines in northwestern Penn- 
sylvania are based on limited numbers of sample 
analyses (3 Kent, 9 Titusville, and 9 Mapledale) 
(Gross, 1967). For these reasons, converting published 
carbonate values for tills in northwestern Pennsylvania 
into NP values is not valid, and site-specific testing and 
analyses are required. 

Four mines near Grove City in Mercer County 
(Location A on Figure 8.36), includmg the Ambrosia 
mine, demonstrate the variability that till can have. All 
are within the Kent Moraine All mined the 
BrookvillelClarion coals. About 50% of the glacial 
overburden in the Ambrosia Mlne (Figure 8.3 7) is cal- 
careous. Two nearby sites, Oddfellow Mlne (Figure 
8.36 and Figure 8.38) and Brothers 3 Mine (Figure 
8.3 7), have very little NP > 30, even though the depth 
of the glacial overburden is up to 60 feet (18 m). The 
fourth site, McCoy Mine (Figure 8.38), did have sig- 
nificant NP in the glacial overburden. 

Carbonate minerals in tills with NP less than 30 ppt 
CaC03 can probably dissolve to produce alkalinity. 
Calcareous minerals in till probably react more com- 
pletely than those in bedrock because of the greater 
surface area of particles in till. Because of the source 
area (Erie Basin) the NP of glacial sediments is less 
likely to be complicated by siderite, and reflects actual 
neutralizing potential. 

Importance of Glacial Sediments in Mine Drainage 
Water Quality 

The overlap of the main bituminous coal field and 
glaciated region is mainly in Beaver, Lawrence, Butler, 
Mercer, and Venango Counties (Figure 8.36). The 
Slippery Rock, Mapledale, Titusville, and Kent Tills 
are present in these areas. Rare thin patches of Lavery 
Till may also be encountered in northwestern Lawrence 
County. 

In glaciated areas of Pennsylvania, postmining wa- 
ter quality is frequently good, presumably due to the 
carbonate content of glacial sediments. Overburden 

o mine is shown in Figure 8.39, and the 
and the Owens mine are shown in Fig- 

ure 8.36. Water quality at the Spagnolo Mine, at the 
time of this writing, has not ed significady from 
the premining background quality Table 8.4. How- 
ever, the Spagnolo Mine reclamation was completed 
about the time th s  was written. Thus, there has not 
been sufficient time to collect and evaluate the post- 
mining water quality. 

The Owens Mine, about 6,000 feet (1,830 m) from 
the Spagnolo Mine (Location B on Figure 8.36) was 
mined in the late 1960's and early 19701s, and left par- 
tially unreclaimed. No acid-base accounting data are 
available for ths  site. Its geology, however, is likely 
similar to the Spagnolo Mine, although, as has been 
previously shown at Grove City, there can be rapid lat- 
eral variability in the mineralogy of glacial sediment. 
Both are located w i t h  the Kent Moraine, have similar 
drift thickness (Schmer and Kimmel, 1976), and mine 
the same coal. Postmining water fiom the Owens mine 
in 1990 was higher in specific conductance, alkalinity, 
and sulfates than the pre- or during-mining water from 
the Spagnolo site Table 8.4. The Owens water is char- 
acteristic of neutralized mine drainage. Other pa- 
rameters are largely the same as the Spagnolo site 
water quality. Not all mines in glacial overburden will 

e. Older tills, especially in their 
outcrop area, are low in carbonate and may not exert 
much neutralization effect. 
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In summary, glacial overburden can be beneficial m 
preventing acid mine drainage if it is calcareous. Be- 
cause of the small grain size, unlithified nature, and the 
source of carbonates in glacial sediments, the NP de- 
terminations of glacial overburden probably more ac- 
curately reflect the ability of the glacial sediments to 
prevent and neutralize acid mine drainage than is 
sometimes the case with bedrock overburden. Site 
specific data are required to determine the NP of gla- 
cial sediments because of their vanabil~ty in the texture 
and composition due to ddution and weathering. 

Discussion on Stratigraphy 

Several lithologic and mineralogic trends for the 
coal-bearing rocks of western Pennsylvania are evident 
from examination of Figure 8.2. The claylshale wn- 
tent increases upward from a low of about 25% in the 
Pottsville Group to highs of 70 to 80% in the Dunkard 
Group. In general, there is a reverse relationship with 
sandstone, with sandstone increasing from -20% or 
less in the higher Groups (with the exception of the 
lower Waynesburg Formation) to a high of 50% in the 
Pottsville. The percent calcareous rocks increases up- 
ward. The Pottsville Group has less than 1% calcare- 
ous rock. The lower Allegheny is less calcareous (6%) 
than the upper Allegheny Group (1 4%). Rocks of the 
Casselman Formation and higher are greater than 50% 
calcareous. The percentage of sandstone that is cal- 
careous is generally similar to the percentage of overall 
rock that is calcareous. The uppermost Dunkard 
Group rocks contain the least amount of siderite, 
whereas over 20% of the rocks m the Allegheny Group 
and Glenshaw Formation are sideritic. Within the Al- 
legheny and Pottsville Groups sideritic rocks are more 
abundant than calcareous rocks (Figure 8.2). 

Some stratigraphic trends are also worth discussing. 
The Allegheny Group was divided into upper and 
lower Allegheny based on the presence of marine and 
brackish zones below the Johnstown limestone and the 
occurrence of freshwater limestones in the upper Alle- 
gheny, which are rare or absent in the lower Allegheny. 
The Conemaugh Group, like the Allegheny is divided 
such that the Glenshaw Formation contains most of the 
marine rocks, whereas the Casselman is primarily of 
freshwater origin. Mineable coals are generally re- 
stricted to the Allegheny and Monongahela Groups, 
although coals in the other groups are occasionally 
mineable. 

The important geologic relationships, from a mine 
drainage standpoint, are the location of marine zones 

and distribuhon of calcareous rocks. The marine rocks 
are frequently associated with high sulfur strata, but 
can also have caicareous zones. Brackish rocks tend to 
have high sulfir and a lack of calcareous minerals. 
The conchostracan-bearing rocks frequently have less 
sulfur than their marine and brackish counterparts. 
Truly freshwater sediments tend to have calcareous 
minerals and limestone. These topics are discussed 
below in detail. 

Little is known about the overburden mineralogy of 
the anthracite region. The Llewellyn Formation of the 
Northern Field is known to contain calcareous rocks. 
Some of the water quality reflects this source of alka- 
linity. Although stratigraphic studies have not yet 
identified calcareous rocks in the Southern and West- 
ern Middle Fields, highly alkaline mine waters imply 
that calcareous rocks exist. The lack of alkaline drain- 
age in the Eastern Middle Field suggests a dearth of 
calcareous strata in this anthracite field. 

Pleistocene glaciation in the bituminous coal field 
only came as far south as the northwestern comer of 
the field. Tills, where calcareous, can contribute sig- 
nificantly to the alkalinity of postmining water quality. 
Tills in the Northern Anthracite Field are not calcare- 
ous and would not contribute alkalinity to water. 

The only places where the stratigraphy is important 
from a mining standpoint is where these strata will be 
disturbed by surface mining. Ultimately, postmining 
water quality is related to the mineralogy of these 
rocks. 

Mineralogy of Mine Site Overburden 

Coal overburden is composed of many different 
minerals in varying abundance. As mentioned previ- 
ously, mining accelerates the weathering of these min- 
erals by exposing fresh rock surfaces, and from a mine 
drainage or soil reclamation standpoint, two groups of 
minerals are overwhelmingly important. These are the 
acid-forming iron sulfides and the acid- neutralizing 
carbonates. The weathering of these two groups of 
minerals dictate whether the mine spoil will produce 
alkaline or acidic water. These minerals need only be 
present m an abundance of a few percent or less to be 
significant. By comparison the other 95% or so of 
overburden minerals play only a minor role. 

Iron sulfide (pynte) oxidizes and dissolves to create 
acidic water. Calcareous minerals (Ca-rich carbon- 
ates, such as calcite) can dissolve to neutralize and in- 
hibit acid production (Chapter 1). The inhibitory effect 
is probably due to neutral pH condrtions reducing the 
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catalytic effects of pyrite oxidizing bacteria, and the 
virtual elimination of pyrite oxidation by ~ e + ~  because 
of low solubility at near neutral pH. An example of 
the interaction between pyrite and a calcareous mineral 
(calcite) can be represented by: 

In the above equation the acid generated by the py- 
rite is neutralized by the calcite. The ultimate products 
of this reaction are iron hydroxide, sulf8te, calcium and 
carbon dioxide gas. Other equation$ can be written 
and other products produced, and these are discussed 
in Chapter 1. For the present chapter it is simply nec- 
essary to recognize that weathering of pyrite makes 
aci,d, and dissolution of calcareous minerals will neu- 
tralize acid and possibly inhibit pyrite oxidation. 

Pyrite, Other Forms of Sulfur, and Acid Production 

In this section we will discuss the influence of 
forms of sulfur, pyrite morphology, and pyrite genesis 
as they relate to the production of acid-sulfate weath- 
ering products. Forms of sulfur that occur in coal 
overburden are sulfide, sulfate and organic. As dis- 
cussed above, iron sulfide minerals (principally pyrite) 
are the culprit in the formation of acid mine e. 
Pynte occurs in several crystal morphologies, ranging 
from micron-size framboids to millimeter (or larger) 
size euhedral crystals and coatings. Pyrite genesis has 
been suggested as a fkctor mfluencing pyrite reactivity, 
for example sedimentary pyrite is more reactive than 
hydrothermal pyrite (Hamrnack et al., 1988). Pyrite 
associated with Pennsylvania's bituminous coal seams 
and overburden is sedimentary in origin. 

Chemical Forms of Sulfur (Sulfur Mineralogy) 
in Owrburden Rock - When overburden is analyzed, 
weight percent total sulfur is generally determined as a 
means of estimating pyritic sulfur and thus the acid- 
producing potential of the rock. Forms of sulfur can 
be determined as described in Noll et al. (1988), how- 
ever because of difficult~es with analytical methods, 
added cost of analysis, and the fact that most sulfur in 
overburden rock is pyritic, typically only total sulfhr 1s 
determined. 

Although pyrite may comprise only a few percent, 
or even a fraction of a percent, of the overburden rock, 
its importance to postmining water quality far out- 
weighs its seemingly minor presence. An overburden 
that averages just a fraction of a percent sulfur, in the 
absence of neutralizing rocks, can create significant 

postmining water quality or revegetation problems if 
not dealt with properly. 

Sulfide Sulfur - Two iron-sulfide minerals occur in 
bituminous coal and overburden. They are pyrite and 
rnarcasite. Both have the chemical formula FeSz and 
are 53.4 percent sulfur with the remainder being iron, 
but the two minerals have different crystallinity. For 
simplicity we will refer to iron sulfide minerals as py- 
rite. 

The oxidation of pyrite results in the production of 
sulfuric acid and iron. This acid can dissolve other 
minerals and thus release undesirable ions such as 
aluminum and manganese. The oxidation and acid- 
weathering processes are discussed in Chapter 1 A 
s m r y  equation for the process can be described as 
follows: 

As seen above, one of the products of pyrite oxida- 
tion is aqueous sulfate. Under evaporative conditions 
sulfate minerals can form. 

Sulfate Sulfur - Sulfate minerals are generally sec- 
ondary weathering products of pyrite oxidation. Nord- 
strom (1982) shows the sequence by which these 
minerals can form from pyrite (Figure 8.40). Many 
sulfate minerals have been identified in Pennsylvania 
overburden (Table 8.5). They are divided into acid- 
producing and non-acid-producing. These minerals 
(with the exception of barite) are typically very soluble 
and transient in the humid east. They form during dry 
periods and then are flushed into the groundwater sys- 
tem during precipitation events. The phases that wn- 
tain aluminum or iron are essentially stored acidity and 
will produce acid when dissolved in water. Gypsum, 
which is not acid forming, is relatively uncommon in 
Pennsylvania, whereas other sulfate minerals such as 
pickeringite and halotrichite occur more commonly. 

The Qssolution of coqutmbite will be given as an 
example of how dissolution of sulfate minerals can 
create acid: 

Fez3+(s0& .9H20 * 
2Fe(OW3 + 3 so4'- + 3 H20 + 6 H+ (8.3) 

Furthermore, Cravotta (1 99 1, 1994) showed how 
the dissolution of roemerite could oxidize pyrite in the 
absence of oxygen, and thus create acid. 

FeSl + 7 ~ e " ~ e ~ ~ ' ( S 0 ~ ) ~  14HzO 
22 ~ e ~ +  + 30 ~ 0 4 ' -  + 16 + 9 Hz0 (8.4) 
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The bottom line is that in Pennsylvania sulfate sul- 
flu- should be assumed to be acid producing unless the 
mineral can be verified as a non-acid producing one. 

No systematic work has been done in Pennsylvania 
on pyrite weathering products, so the list in Table 8.5 
is by no means exhaustive. Sulfate minerals are com- 
mon to coal mine environments and have been reported 
fiom (among other places) Texas (Dixon et al., 1982) 
and Indiana (Bayless and Olyphant, 1982). Dixon et 
al. (1982) provide a list of 26 sulfate minerals "related 
or potentially related to lignite mine spoil.. ." A more 
complete list for Pennsylvania coal overburden would 
llkely include most of the same minerals. 

Oreanic Sulfur - Organic sulfur is sulfur that is tied 
up in organic molecules. This sulfur can originate by 
two processes. It can be associated with the original 
plant material, and it can be complexed with organic 
molecules during diagenesis. Casagrande et al. (1989) 
concluded that organic sulfur is not acid forming. 
Harvey and Dollhopf (1986) concluded that some 
forms of organic sulfur are acid producing, although 
the amount of acid produced in two leachmg tests 
showed that organic sulfur contributed only 6 and 19 
percent of total acidity. They showed, however, that 
theoretically some forms of organic sulfur should be 
capable of creating more acid than pyrite, whereas 
other forms are comparatively inert. Few, if any, other 
studes have been conducted on acid potential of or- 
ganic sulfur. 

Table 8.5 Secondary sulfate minerals identified in western 
Pennsylvania mine spoil and overburden. (Minerals from 
L. Chubb and R Smith (PA Geologic Sufvey, personal 
communications, various years), Cravotta (1991, 1994), 
and observations by the authors. Mineral chemistries are. 
from Roberts et al. (1990). 

Acid-Producing 
Pickeringite: MgAlz(SO4)4 .22 H20 
Halotrichite: ~e '~~ lz (S04)~  -22 H20 
Alunogen: Al2(S0& .17 Hz0 
Copiapite: F~~+F~~' (SO~)~(OH)~ .20 H20 
Copiapite Group: aluminocopiapite with magnesium? 
Coquimbite: Fez(S04)~ .9 Hz0 
Roemerite: Fe2+Fe23+(S04)4 . I4  H20 
*Jarosite: KF~$~(so~)~(oH)~ 

Non-Acid-Producing 
Gyp~~m: a(S04) .2 H20 
Epsomite: MgS04 .7 Hz0 
Barite: BaS04 
'~arosite is less soluble than the other acid-producing sulfate minerals. 

One factor complicating organic sulfur estimates is 
that organic sulfur is usually determined by 
"difference" (No11 et al., 1988). That is, total weight 
percent sulfur minus pyritic sulfur and sulfate sulfur. 
If pyritic sulfur or sulfate sulfur are incorrectly deter- 
mined during analysis, organic sulfur will also be in- 
correct. In any event, acid production from organic 
sulfur is probably much smaller than fiom sulfide or 
sulfate sulfur. 

It might be expected that rocks with high organic 
content would have greater amounts of organic sulfur 
compared with rocks with lesser amounts of organic 
matter. This appears to be true for coals, but not so 
for other rock types. A study by Brady and Smith 
(1990) examined the percentage of pyritic sulfur in re- 
lation to total sulfur for various rocks. Carbonalith 
(ie., an organic-rich rock) did not have significantly 
different pyritic sulfur in relation to total sulfur than 
other rock types such as shale, sandstone and clay. 
The lack of higher amounts of organic sulfur in or- 
ganic-rich rocks may be allied to the relationship be- 
tween organic matter and pyrite formation, which is 
dscussed below. 

Pyrite Morphology - A considerable effort has been 
expended over the years looking at pyrite morphology 
and attempting to relate this to acid mine dramage gen- 
eration. Some of the earliest work is by Caruccio (e.g. 
1970), however numerous other individuals have also 
examined this issue. This seems like a logical thing to 
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look at because pyrite is what causes acid mine drain- 
age- 

Momson (1988) defined nine "classes" of pyrite 
morphology, end members being framboids and euhe- 
dral crystal stmctures. Framboids tend to be small (< 
1 micron size), and euhedral are generally larger (tens 
to thousands of microns). For any given percentage of 
sulfur, framboids would have a proportionally larger 
s u h c e  area than euhedral crystals. Other classifica- 
tion systems have also been discussed (e.g., Arora et 
al., 1978; Hawkins, 1984). Caruccio (1970) and Mor- 
rison (1988) found a relationship between relative sur- 
face area and acid production, with the small particles 
more reactive than large particles. Hornberger and as- 
sociates (1 98 1,1985) found a statistically significant 
difference in the abundance of ffamboidal pyr~te (i.e. 
h b o i d s  and framboidal clusters <10 microns) in 
lower Kittanning coal samples from marine and fresh- 
water paleoenvironments. There were almost no dis- 
crete fi-amboids in point counts of the freshwater 
samples, but the ma,rine samples had many. However, 
some of the freshwater samples produced as much 
acidity and sulfate in leaching tests as the marine sam- 
ples. One LK sample from a brackish paleoenviron- 
ment produced by far the highest acidity and sulfate of 
all of the LK coal samples testd, despite having a 
dearth of framboids (and total and pyritic sulfur con- 
tents similar to the marine samples). It seems reason- 
able that surface area would have an effect on 
reactivity, but it is not by any means the only factor 
controlling reactivity. 

Discussion on Sulfur Minerals and their Relation 
to Acidic Water - Typically in Pennsylvania determi- 
nation of total s u l k  will adequately serve as a proxy 
for acid potential. This is because it includes the sulfur 
from acid-generating sulfide and sulfate minerals and 
typically the amount of organic sulfur in overburden 
rock is insignificant. In locations where gypsum, and 
other sulfur-bearing non-acid-forming materials are 
abundant, accurate determination of sulfide sulfur 
should provide a better prediction of acid potential. 

Formation of Pyrite 

This section will discuss the factors involved m the 
formation of pyrite. These factors are responsible for 
the amount of pyrite present in a stratigraphic interval, 
and thus that rock's acidproducing potential. Pyrite 
consists of iron and sulfur, so clearly these ingredients 
are required. Other factors that influence the creation 
of pyrite are the presence of organic matter decompos- 
able by sulfate-reducing bacteria (essential for creating 

reduclng conditions), sedimentation rate and bioturba- 
tion. 

Sulfur and Iron - Sulfate, the typical aqueous form 
of sulfur, is the source of sulfur in most sediments. 
The sulfiu in sulfate is oxidized and must be reduced to 
sulfide to become part of pyrite. Ocean water contains 
about 2700 mg/L S04. Freshwater, on the other hand, 
is typically low in sulfate. An average river transports 
about 8 mg/L sulfate (Hem, 1985), although rivers 
draining arid and serni-arid regions can have much 
higher sulfate (hundreds of m&). Another source of 
sulfate that has been suggested as a source of sulfur for 
pyrite is sulfate from eroded evaporites. Erosion of 
upstream evaporites containing gypsum has been es- 
poused by Querol et al. (1991) as the source of sulhr 
for some hlgh sulfur coals in Spain and by Gibling et 
al. (1989) for high sulfur coals in the Maritime basin 
of Canada. Most stuhes of sulfur in rocks have dealt 
with marine sediments, where the water column pro- 
vides a nearly unlimited supply of sulfate sulfur. Few 
studies are available for freshwater rocks and the for- 
mation of pyrite. The few that do exist seem to indi- 
cate that s n h r  is low in freshwater sediments. 

The concentration of iron in ocean water is very low 
(c.0 1 m a ) ,  whereas iron associated with fresh water 
is comparatively high (-0.7 mgL average) (Hem, 
1985). Iron can also be transported as detridal iron- 
bearing minerals (e.g., iron oxides) and bound to clay 
minerals. Thus iron can be transported into a marine 
or marginal marine environment by iron-bearing water 
and sedunents. 

It has been suggested that the most optimum envi- 
ronment for pyrite formation would be a brackish envi- 
ronment, where freshwater high in iron mixes with 
marine water high in sulfate (Guber, 1972). The sub- 
ject of paleoenvironmental controls on pyrite formation 
are hscussed later in thls chapter. 

Organic Carbon and its Relationship to Sulfur - 
Sulfate can only be reduced to sulfide in sediments by 
bacterial activity in the absence of oxygen. The bacte- 
ria oxidize organic carbon to provide energy for their 
metabolic processes and sulfate is the terminal electron 
accepting reactant. The sulfate is reduced to sulfide. 
Suitable reducing environments are typically found 
below the sediment-water interface. Although pynte is 
the end product, intermediate iron sulfide minerals are 
created first (e.g., maclunawite (FeS); greigite (Fe&)). 
A schematic of this process is shown in Figure 8.4 1 
(Goldhaber and Kaplan, 1982). Pons et al. (1 982) 
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have described this process with the following overall 
equation (CH20 represents organic matter): 

Fe S2 / 
single crystals 

ipre 8.41 Pathway of sedimentary pyrite formation, 
Goldhaber and Kaptan (1982). 

A positive linear relationship has been shown be- 
tween percent organic carbon and percent sulfur for 
Recent and Pleistocene marine sediments (Goldhaber 
and Kaplan, 1982; Raiswell and Berner, 1986). Fairly 
strong positive linear relationships exist for marine 
sediments back in time to at least the Jurassic 
(Holocene and Pleistocene, correlation coefficient (r) = 
0.95; Upper Cretaceous, r = 0.73; Jurassic, r = 0.91), 
but more random scatter seems to be the case during 
the lower Carboniferous of Europe (Mississippian Pe- 
riod in the US) with r = 0.39 (Raiswell and Berner, 
1986). The reason for the poor correlation between 
carbon and sulfur during the Carboniferous is not dis- 
cussed. But the correlation coefficient of 0.39 in&- 
cates that carbon abundance explains only 15 % of the 
variation in sulfur, whle carbon explains 90% of the 
variation of sulfur in the Holocene and Pleistocene 
samples. 

Despite the importance of pyrite and the abundance 
of organic matter in coal-bearing rocks of Pennsylva- 
nian age, studies of the relationship between organic 
carbon and sulfur in these rocks are rare. No studies 
are known from Pennsylvania. Gilb (1987) looked at 
the relationship between organic carbon and sulfur in 
the Pennsylvanian Breathitt Formation of eastern 
Kentucky. Gilb separated the lithologies into carbona- 
ceous shale (organic carbon between 5 and 30%), mu- 
drock with calcareous concretions, and mudrock 

without calcareous concretions. Chesnut (1981) con- 
cluded that mudrocks with calcareous concretions were 
of marine origin. Gdb proceeded on this assumption, 
plus the assumption that the mudrocks lacking concre- 
tions are freshwater. The carbonaceous shale shows a 
positive relationship (slope = 0.13) between percent 
sulfur and percent organic carbon (% Org. C), with a 
correlation coefficient (r) of 0.60. The mudrocks with 
calcareous concretions also have a positive slope (0.6) 
and r = 0.72. The relationship between s u l k  and or- 
ganic carbon in mudrocks not having calcareous con- 
cretions is essentially random. Of 38 samples, all but 
four are less than 0.4% sulfur and most are less than 
0.1% sulfur. It must also be remembered that these 
rocks were defined as "freshwater" based on negative 
evidence (lack of calcareous concretions), so the few 
high sulfur rocks (and perhaps some of the low sulfiu 
rocks) may have a marine origin. Some of the samples 
Gilb included in h s  study had carbon less than 1%. 
Berner (1984) cautions that the use of sulfur to carbon 
ratios as a paleoenvironmental indicator should only be 
used for sediments with organic carbon greater than 
1 %. 

Studies of pyrite formation in freshwater sediments 
are few in number. Most suggest that sulfur values 
will be low because sulfate availability is limited to 
only a small percentage of that present in marine wa- 
ters (e.g., Berner and Raiswell, 1984; Davison, 1988). 
Berner and Raiswell(1984) have suggested that the 
carbon to sulfur ratio (CIS) can be used as a means of 
distinguishing freshwater from marine sediments. 
They found that marine rocks are characterized by CIS 
values of 0.5 to 5 and that freshwater rocks had C/S 
values >10 (Figure 8.42). This difference is attributed 
to the low sulfate levels of freshwater being limiting on 
pyrite production. They cautioned that h s  method 
should (1) only be applied to rocks with greater than 
1% organic carbon, (2) not be applied to nearly pure 
limestones because low amounts of iron probably lim- 
ited pyrite formation and (3) not be applied to coal be- 
cause organic sulfur could be mistaken for pyritic 
sulfur in total sulfur analyses and the "superabundance 
of organic matter" would create a situation where py- 
rite formation becomes limited by iron availability. 
Also ". ..at such high organic-carbon concentrations, 
high CIS ratios can result even at high salinities." Gilb 
(1987) adds a further caution regarding the use of CIS 
ratios for coal. He points out that many swamp envi- 
ronments have low pH. This is not conducive to sul- 
fate-reducing bacteria, which prefer neutral water 
conditions. "Therefore peat deposited in swamps hav- 



ing low pH may form low sulfur coal regardless of sub 
fate and iron availability" @. 13). It would be inter- 
esting to see the results of a study of CIS for 
Pennsylvania's Pennsylvanian rocks and compare these 
' results with the other studies. 

@lotted on a logaritlwic X-axis) for British Carboniferous 
siltsta~e6, mudstow and shales that were determined to be 
marine or mn-marine by independent means. From 

The Berner and Raiswell(1984) study included 
modem freshwater lake sediments and British Carbon- 
iferous freshwater sediments. The freshwater sedi- 
ments (modem and ancient) were, with few exceptions, 
low in sulfur (<0.5%). This fact differs from what we 
see in Pennsylvania, where presumed "freshwater 
rocks," especially organic-rich rocks, frequently exceed 
0.5 % sulfur (for example see Figures 8.15, 8.17, 8.18, 
8.19, 8.20, 8.21, 8.26, and 8.3 1). As discussed earlier, 
the upper Allegheny "freshwater rocks" are believed to 
have been deposited in a slightly-saline, marginally- 
brackish environment. For a comparison with marine 
and brackish rocks from the Allegheny and Conemaugh 
Groups, see Figures 8.7, 8.12, 8.13, 8.14, 8.23, and 
8.24. It does appear, however, within the Allegheny 
Group and Conernaugh Group that high-sulfur, mar- 
ginally-brackish strata overlying coals are typically not 
as thick as the lugh-sulfur strata associated with 
brackish and marine environments. For example the 
high sulfur (>0.5% S) associated with the UK, LF and 
UFinFigures 8.15, 8.17, 8.18, 8.19, 8.20, 8.21, and 
8.26 is one to 5 ft (0.30 to 1.5 m) thick, whereas the 
thickness of the high-sulfur strata in marine and 
brackish environments (Figures 8.7, 8.12, 8.13, 8.14, 
8.23, and 8.24) can be up to 30 ft (1 0 m). Freshwater 
rocks associated with coals of the Monongahela and 

Dunkard Groups (Figures 8.3 1, 8.32, and 8.34) seem 
to have thicker sequences of high-sulfur strata than the 
Allegheny overburden. Since there seems to be no evi- 
dence of marine influence within this section, this may 
be due to more arid condhons resulting in higher sul- 
fate levels in surface water and groundwater. A mod- 
em relationshp between aridity and high dssolved 
solids, including sulfate, has been noted in the arid and 
serni-arid westem United States. Hem (1985) notes 
that in serni-arid regions, the amount of sulfate is large 
in proportion to the water volume in which it is carried 
away, thus elevated sulfate. 

Chapter 8 - Influence of Geology on Postmining Water Quality: Northern Appalachian Basin 

8 -42 

Sedimentation Rate and Bioturbation (Open vs. 
Closed System) - Sedimentation rate and bioturbation 
can influence whether the sediment just below the 
sedirnentJwater interface is an open or a closed system 
with respect to sulfate in the overlying water column. 
Bloch and Krouse (1992), studyng rocks of the Creta- 
ceous period in western Canada, found the highest sul- 
fur concentrations (>2.75%) associated with 
bioturbated marine mudstones and siltstones, when 
compared to mudrocks that were not bioturbated (0.1 
to -2%). Bioturbation imgated the upper portions of 
the sediment with sulfate from the overlying water col- 
umn, thus creating an open-system source of sulfur. 
They also suggested that some of the low sulfur sedi- 
ments were due to fast sedimentation rate, resulting in 
a more closed system where sulfate would be limited to 
that entrapped within the sediment pore-water. Bloch 
and Krouse calculated, assuming a porosity of 75% for 
the original sediment and 100% retention of sulfur 
(from sulfate) within the sediment, that a closed marine 
sediment would be limited to 0.1% sulfur. Bemer 
(1970, p. 2) gives a higher figure, saying that "simple 
burial of sea water and reduction of all included sulfate 
can provide only about 0.3 percent pyrite sulfur ..." 
For this to be true, the porosity of the sedment would 
be around 90%. Another important factor is that pyrite 
sulfur probably only represents a small fraction of the 
total hydrogen sulfide, H2S, produced by sulfate re- 
duction (Dean and Arthur, 1989). Jorgensen (1977) in 
studying a marine sediment in the coastal waters of 
Denmark found that only 10% of H2S was fixed as iron 
sulfide, the remainder was lost by diffusion and reoxi- 
dation. The point Berner (1970) and Bloch and Krouse 
(1992) make is that for sulfur to be higher than a few 
tenths of a percent, diffision andlor irrigation by bur- 
rowing organisms must occur to permit sufficient sul- 
fate into the sediment to achieve high sulhr values. 
Movement of HzS away fiom sites with high organic 
matter to other sites with available iron could result in 
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pyrite formation in the absence of organic matter. This 
may explain the high sulfur in some sandstones that 
"cut" down to the coal and overlay the coal. Typically 
the high sulfur zones occur near the base of the sand- 
stone. Drill Hole A-5 and 0B-4 in Figure 8.13 are ex- 
amples of such a sandstone. The bottom 5 R (1.5 m) 
of the sandstone in A-5 has greater than 0.5% S, with 
the interval from 3 to 5 ft (1 m to 1.5 m) above the coal 
having greater than 8% S. The base of the sandstone in 
0B-4 has 6.15% S. 

Goldhaber and Kaplan (1982) also recognize the 
potential importance of bioturbation to increase the 
amount of sulfate available for reduction. They, how- 
ever, present an extended argument to show that sulfate 
reduction rates are greater at hlgher sedimentation 
rates. Higher sedimentation rates tend to help preserve 
organic carbon, a component necessary for bacterial 
conversion of sulfate to sulfide. Their comparisons of 
sedimentation rate showing higher sulfide with higher 
sedimentation rates, are made with H2S and "acid 
volatile" sulfides, not pyrite. Goldhaber and Kaplan do 
not discuss how these rates correspond to final pyrite 
concentrations. Bemer (1 984) concluded that "rapid 
burial enables relatively reactive (organic) compounds 
and more organic matter in general to become available 
for bacterial sulfate reduction at depth.. .These consid- 
erations help to explain why there is a crude correlation 
between sedimentation rate on the one hand, and or- 
ganic matter and pyrite contents on the other" (p. 607). 

Curtis and Spears (1968) looked at iron minerals, 
principally pyrite and siderite, in sediments of the Car- 
boniferous Period coal measures and of the Jurassic 
Period in England. Pyrite and siderite both require re- 
ducing conditions. In the Carboniferous and Jurassic 
sediments they observed that pyrite and siderite were 
not randomly distributed in the sediment, but that 
siderite-bearing mudstones occurred above shales and 
mudstones containing pyrite. They concluded that 
slow sedimentation rates in marine sediments favored 
pyrite formation (more availability of sulfur) and fast 
rates favored siderite formation. 

It is obvious from the conflicting conclusions that 
more work on the subject of pyrite formation as a 
function of sedimentation rates is warranted. High 
sedimentation rates would tend to create a "closed 
system which, in the absence of bioturbation, would 
result in little input of sulfate from the overlying water 
column, and limited sulfate available for additronal sul- 
fate reduction. High sedimentation rates, however, 
preserve organic matter that is necessary for bacterial 

reduction of sulfate. In any event, it appears that bio- 
turbation is important in irrigating the sediment such 
that additional sulfate is available for reduction. 

Discussion on Formation of Pyrite - Although 
there is a clear positive relationship between percent 
organic carbon and percent sulfur in Recent and Pleis- 
tocene marine sediments, the relationships between 
these parameters (plus percent iron) in older marine 
sediments is complex. Raiswell and Berner (1986) ex- 
amined British Carboniferous marine sedunents and 
found that there was considerable scatter and a low 
correlation coefficient for C/S ratio. They however 
suggest that the overall C/S ratio remained relatively 
constant from the Devonian to Tertiary (-2). It is 
somewhat higher in more recent sediments (-2.8), and 
lower (<1 .O) in older Paleozoic sediments. 

Gild's (1987) findings on the relationships between 
organic carbon and sulfur are similar to those by 
Berner and Raiswell(1984). Even though no studies 
relating sulfur to organic carbon have been performed 
on Pennsylvanian rocks in Pennsylvania, the general 
findings of Gilb (1 987) and Berner and Raiswell 
(1984) are probably applicable. Typically there will 
be a relationship between percent organic carbon and 
percent sulfur for marine rocks; higher sulfur values 
will be found in marine mudstones than in freshwater 
mudstones; and carbonaceous rocks will typically 
contain more pyrite than noncarbonaceous rocks for 
any given paleoenvironment. More discussion on pa- 
leoenvironmental and rock-type controls on sulfur will 
be presented later. 

The higher the content of organic matter the darker 
the rock tends to be. If a mudstone is known to be of 
marine or brackish origin and it is dark in color, there 
is a good chance that it is also high in sulfur. Carbo- 
naceous rocks (> 5% organic carbon) may be high in 
sulfur, at least relative to other rocks, regardless of 
paleoenvironment. Thts can be useful in helping to 
identify potentially high sulhr rocks in the field or in 
drill cuttings/cores. 

Alkalinity Producing Minerals: The Carbonates 

Carbonate minerals play an extremely important 
role in determining postmining water chemistry. They 
not only neutralize acidc water created by pyrite oxi- 
dation, but as discussed above, there is evidence that 
they also intubit pynte oxidation (Hornberger et al., 
198 1; Williams et al., 1982; Perry and Brady, 1995). 
These processes are discussed more fully in Chapters 1 
and 1 1. Brady, et al. (1 994) determined that the pres- 
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ence of as little as 1% to 3% carbonate (on a mass 
weighted basis) on a mine site can determine whether 
that mine produces alkaline or acid water. Although 
pyrite is clearly necessary to form acid mine drainage, 
the relationship between the amount of pyrite present 
and water quality parameters (e.g., acidity) is only evi- 
dent where carbonates were absent. Neutralization 
potential, a measure primarily of the carbonate content 
of the overburden, relates positively to the alkalinity of 
postmining water. 

A howledge of the distribution, amount, and type 
of carbonates present on a mine site is extremely im- 
portant in predicting the potential for postmining 
problems and in designing prevention plans. 

Carbonate Mineralogy - The most common car- 
bonate minerals found in coal mine overburden are 
listed in Table 8.6. Carbonate minerals are often not 
"pure" end members, but form solid solution series 
with cation substitution. 

Table 8.6 Common Carbonate Minerals in Mine Over- 
burden, listed in descending order of their capability to 
neutrali7~ acid 

~ ~~ ~ .... 

Mineral ....................................................... C!!!?!Ek*!x ....................................... " ....... 
Calcite CaCO3 

The above minerals, with the exception of siderite, 
will neutralize acid generated from pyrite oxidation. 
An example of this neutralization process is: 

Not all carbonates are created equal when it comes 
to neutralization of acid. Calcite is more soluble than 
dolomite although the overall dissolution is similar to 
that shown for calcite (Geidel, 1982). Both calcite and 
dolomite will neutralize acid, and potentially inhibit py- 
rite oxidation. Siderite is less soluble than calcite and 
dolomite, and its role as an acid-neutralizer is either 
limited or nonexistent as discussed below. 

Siderite is a very common mineral in coal measures 
(e.g., Texas - Senkay et al. 1986; and Japan - Matsu- 
moto, 1 W8), including those in Pennsylvania 
(Morrison et al, 1 WOa, 1990c; and Figure 8.2). 
Siderite will form preferentially to calcite where iron is 
abundant (Blatt et al., 1972). It forms under reducing 
conditions where s u l k  availability (as sulfate) is lim- 
ited (e.g., Curtis and Spears, 1968; Postma, 1982). 

Where reduced sulfur is abundant, pyrite will form in 
preference to siderite. Dissolution of siderite can cre- 
ate weakly acid conditions in a closed system (Barnes 
and Romberger, 1968; Cravotta et al., 1990): 

Even in an open system, the weathering of siderite, 
because of the hydrolysis of iron, has no net neutraliz- 
ing effect. As dscussed in Chapter 6 (see also 
Skousen et al., 1997), tests for neutralizing potential 
can give misleading results if siderite is present. 
Siderite may cause the test to appear positive for neu- 
tralizers. Additionally, siderite can contribute iron to 
water, and is probably responsible for at least some, 
and possibly much of the Mn observed in some mine 
waters. Mn is a common substitute for iron in siderite 
(Momson, et al., 1990~). 

Curtis and Spears (1968) attributed whether pyrite 
or siderite formed to the relative anion concentrations. 
A factor that may contribute to the bicarbonate ion 
concentration is that bicarbonate is produced during 
sulfate reduction (equation 8.5). Presley and Kaplan, 
(1968) observed an increase in bicarbonate with a cor- 
responding decrease in sulfate in some modem near- 
shore marine sediments. Under reducing conditions 
and a more or less closed system, sulfate reduction 
would occur first with iron fixed as pyrite; once the 
sulfate was consumed, and assuming iron is available, 
siderite could form. A variety of factors may result in 
no clear relationships between the relative amounts of 
pyrite and siderite. For example, pyrite forms under 
slightly acidic to alkaline conditions, thus bicarbonate 
may have been present in the pore waters even before 
sulfate reduction. Also, Presley and Kaplan (1968) 
found more biogenically produced bicarbonate than 
could be explained solely by sulfate reduction. They 
attributed this to other biologic processes such as fer- 
mentation. The potential loss of sulfide due to oxida- 
tion or diffusion and the presence of preexisting 
bicarbonate may also result in a lack of relationshps. 
No work similar to that by Curtis and Spears (1968) 
has been done in the Pennsylvanian of Pennsylvania. 

The presence of siderite does not by itself reflect a 
particular depositional environment. Siderite occurs in 
sediments of freshwater, brackish, and marine origin 
(Matsumoto, 1978; Mozley, 1989; Momson, 1988). 
Siderite is normally an early diagenetic mineral, formed 
below the sediment-water interface. Siderite can also 
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form in terrestrial soil forming processes and is associ- 
ated with some underclays (Gardner et al., 1988). 

Mozley (1989) looked at compositional variabilities 
of siderite from marine and freshwater sediments. He 
found that marine siderite is impure with no more than 
90 mole percent (mol %) FeC03. It can have Mg sub- 
stituting up to 41 mol %, and Ca up to 15 mol % in the 
siderite crystal lattice. Freshwater siderite is com- 
monly very pure (> 90 mol % FeC03), and can have 
higher Mn concentrations compared to marine siderite. 
Unfortunately Mozeley did not d~scuss siderite from 
brackish environments, and did not study "(s)iderite 
from complex depositional sequences with intercalated 
marine and nonmarine strata (e.g., coal-measure 
siderite).. .", because of the possible early mixing of 
pore waters from different paleoenvironrnents. No ef- 
forts similar to Mozley's have been conducted in the 
Pennsylvanian of Pennsylvania. It would be interesting 
to see if siderite composition varied by paleoenviron- 
ment. A better understandmg of siderite composition 
would be usefbl for a variety of purposes. First, im- 
pure siderite may offer some neutralizing capacity; 
second, it would be a step in determining to what ex- 
tent siderite contributes to Mn in mine waters; and 
third it may offer insight into paleodepositional envi- 
ronments. 

Distribution of Carbonates in the Pennsylvanian 
of Western Pennsyhtania - Within the Allegheny 
Group in Pennsylvania, siderite is the most common 
carbonate mineral (Morrison, 1988; and Figure 8.2). 
It occurs throughout the Pennsylvanian of Pennsylva- 
nia, regardless of paleoenvironment (Figure 8.2). An 
important aspect of siderite, in terms of mine drainage, 
is that it is the only carbonate that normally occurs in 
brackish sediments (see Table 8.15 in Appendix). 
This, coupled with the high sulfur content of braclush 
rocks, often leads to poor quality water from mines de- 
veloped in brackish sediments. 

Calcite and dolomite occur in the freshwater h e -  
stones of the Allegheny, Conemaugh, Monongahela, 
and Dunkard Groups. Additionally, in the Mononga- 
hela and Dunkard Groups, calcite and dolomite are the 
most common carbonate minerals present in other rock 
types (Figure 8.2). Marine limestones and associated 
rocks (Allegheny and Conemaugh Groups) can have a 
high carbonate content. As shown previously the Van- 
port limestone can be over 90% CaC03. 

Chemical composition data for the Vanport limestone 
and other Pennsylvanian limestones and dolomites are 
shown in Table 8.7. Data from a few Cambrian and 

Ordovician limestones and dolomites, includmg the 
Valentine limestone from Centre County are included 
for comparison, as these highcalcium limestones are 
well known for their purity and industrial significance 
(see chemical composition data and additional discus- 
sion in O'Neill, 1964, 1976; Rones, 1969; and Chapter 
7 in this volume). Table 8.7 shows that some marine 
and freshwater limestones of the Pennsylvanian Period 
exceed 90% calcium carbonate, whch is also evident 
from NPs exceeding 900 ppt on Figures 8.7, 8.18, 
8.20, and 8.39. Chemical composition data for the 
freshwater Fishpot, Redstone and upper Freeport lime- 
stones are shown in Table 8.7. These freshwater lirne- 
stone samples typically have lower calcium carbonate 
contents than the Vanport limestone samples included 
in Table 8.7. NPs in the range of 500 to 875 ppt 
CaC03 for some of these stratigraphic intervals are 
also shown in Figures 8.17, 8.18, 8.19, 8.20, 8.25, 
8.26, and 8.32. The origins of limestones and other 
calcareous rocks will be discussed in more detail in a 
following section of this chapter. 

Not much is known about limestones and other cal- 
careous rocks of the Anthracite Region. As mentioned 
earlier and shown on Figure 8.35 one marine limestone 
and several freshwater limestones occur in the northern 
field. No analyses of these limestones are known. 
Siderite, at least in the form of nodules, is fairly com- 
mon in the Anthracite Region. Another possible source 
of calcite is secondary mineralization along fractures. 

Other Neutralizing Minerals and Processes 

The most effective minerals, in terms of acid neu- 
tralization, are the carbonates. Some other minerals, 
however, can also neutralize acid. For example silicate 
minerals can neutralize acid, but the reaction rates at 
near neutral pH tend to be slow. Quartz, the most 
common silicate, is for all practical purposes inert. 
Many of the other silicate minerals, however, can pro- 
vide buffering at low pH's (Stumrn and Morgan, 198 1 ; 
Lapakko, 1992). The following example shows how 
anorthite can neutralize acid. 

CaA12Si20s (,I + 2 H+ + Hz0 
(anorthite) 

ca2+ + A12Si20s(OH)4 
(kaolinite) (8.8) 

Another source of neutralization is cation exchange 
on clay particles. Clay particles tend to have negative 
charges at their surfaces. These attract positively 
charged ions. Thus, @ can adhere to the clay surfaces 
and raise the pH of the solution. 



Table 8.7 Chemical composition of limestones and dolomites from Pennsylvania. 
I I I I I I I 1 I I I I I 

~ - ~ -  

Name p e r i s -  Formation County CaC03 MgCOj 

Upper Washington Permian Washington Washington 72.9 3.8 

Benwood Upper Penn Mononaahela Westmoreland 85.8 2.3 

Fishpot 

Redstone 

Redstone 

Upper Freeport 

Upper Freeport 

Upper Freeport 

Upper Freeport 

Upper Freeport 

Vanport 

Somerset 

Middle Penn 

Middle Penn Allegheny Westmoreland 68.5 1.7 

Middle Penn Allegheny Indiana 84.4 2.8 

Middle Penn Allegheny Jefferson 90.0 2.9 

Middle Penn Allegheny Jefferson 66.5 12.4 

Middle Penn Allegheny Armstrong 94.2 1.4 

Si02 1 A1203 1 Fez03 1 R& 1 lnsol. 1 S I analysis 1 Source 
I I 1 2.9 1 17.4 1 0.16 1 1876 1 1 

Vanport I Middle Penn I Allegheny I Armstrona 1 93.4 1 2.0 1 1.2 1 0.4 1 1.1 I I 1 0.05 1 1927 1 1 
--  

Vanport Middle Penn Allegheny Butler 94.9 1.5 1.5 1.0 0.7 1934 1 
Vanport Middle Penn Allegheny Butler 95.8 1.8 1.6 2.2 1934 1 

Valentine I Ordovician I Benner I Centre I 98.6 1 0.3 1 0.6 1 I I 1 1955 1 1 
Valentine I Ordovician I Benner Centre I 96.9 I 1.8 1 0.9 1 1 0.4 1 0.6 1 1 1963 1 1 

I =O'Neill, 1964, PA Geological Survey Report M 50 
2=R.C. Smith II, PA Geological Suwey, unpublished data 

Ledger 

Ledger 

Ledger 

Kinzers 

Kinzers 

Cambrian 

Cambrian 

Cambrian 

Cambrian 

Cambrian 

Ledger 

Ledger 

Ledger 

Kinzers 

Kinzers 

Chester 

Chester 

Montgomery 

York - - -  
York 

52.9 

51.4 

53.8 

93.0 

99.2 

43.7 

42.9 

44.5 

6.5 

0.4 

1.4 

3.7 

1.1 

0.5 

0.2 

0.5 

0.2 

0.3 

0.5 

2.0 

0.4 ------ 
0.2 

0.6 

0.6 

0.00 

0 00 

1963 

1959-60 

1963 

1963 ~-- 
1934 

1 

1 

1 

1 

1 
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Silicates neutralize acid by dissolving (often incon- 
gruently, as in the above example). This dissolution 
releases elements such as aluminum and magnesium, to 
name two of the more common elements seen in mine 
dramage. Thus, although their role may not be signifi- 
cant at near neutral pH, at low pH they can also con- 
tribute to the dissolved solids content of the mine water 
and provide some buffering. The role of silicate neu- 
tralization may explain why overburden that is low in 
percent sandstone and therefore high in liner-grained 
sediment (and feldspar and clay minerals) frequently 
produce alkaline drainage. This subject will be dis- 
cussed more fully in the section relating lithology to 
water quality. 

Geologic Controls on Overburden Mineralogy 
in the Appalachian Basin 

The Appalachian Regional Commission (1969) and 
Wetzel and H o b  (1 983, 1989) observed that acid 
mine drainage was a regional problem, and upon closer 
inspection they determined that it is most prevalent 
within the Allegheny Group. Figure 8.43 illustrates the 
distribution of pH and sulfate problems for surface 
waters in the Appalachian basin. Although these maps 
show in a general way the distribution of water quality 
problems, some caution must be used in their interpre- 
tation. For instance, it must be kept in mind that some 
watersheds are much more intensely mined than other 
watersheds, and some watersheds on the periphery of 
the basin may have little or no coal. Some general 
statements can be made. The West Branch Susque- 
hanna River has the highest percentage of streams with 
pH less than 6.0 (56 %). This watershed has a corre- 
spondingly high percentage of streams with sulfate 
above 75 m& thus indicating that the proportionally 
low pH is mining mfluenced. The other two water- 
sheds with greater than 35% of the streams having a 
pH less than 6.0 occur where mining would have en- 
countered the Allegheny Group. The watersheds with 
greater than 35% of streams with sulfate greater than 
75 mg/L in southern West Virginia and Kentucky il- 
lustrate that high sulfate does not necessarily corre- 
spond with low pH. None of the sampled streams have 
a pH less than 6.0. Figure 8.43 would be made more 
useful if bedrock geology and the percentage of each 
watershed that has been disturbed by mining could be 
plotted. Because of the limitations, Figure 8.43 should 
only be used to discern broad trends. 

Although there is a general relationship between ge- 
ology and mine drainage quality, no comprehensive 
study relating geology and coal mine drainage quality 

8-47 

has been attempted for the entire Appalachian basin. 
An examination of geologic studies suggests some sig- 
nificant differences in mineralogy for the southern Ap- 
palachian (Pottsville) strata and the northern 
Appalachian (Allegheny through Dunkard) strata (e.g., 
Cecil et al., 1985; Donaldson et al., 1985a). Several 
geologic processes have contributed to the variability 
of coal properties and the chemistryhineralogy of in- 
tervening strata. These processes are paleoclimate, 
paleodepositional environment, and recent surface 
weathering. The discussions below will attempt to ad- 
dress the geologic factors that contribute to water 
quality differences. 

The paleoclimatic and paleudepositional environ- 
mental influences on rock chemistry in the northern 
Appalachians resulted in the formation of cod over- 
burden with greatly variable sulfur content (0% to 
> 10% S) and calcareous mineral content (0% to >90% 
CaC03). The wide variations in rock chemistry con- 
tribute to the wide variations in water quality associ- 
ated with Pennsylvania's surface coal mines. Figure 
1.2 in Chapter 1 shows the frequency distribution (i.e., 
range) of pH and net alkalinity of mine discharges in 
western Pennsylvania. 

Conventional wisdom, and early research in the 
northern Appalachans, has suggested that high s u h r  
coal and rocks are associated with marine environ- 
ments (Williams, 1960; Guber, 1972). Coals in the 
northern Appalachians are higher in sulhr than those 
in the central Appalachians (Cecil, et al., 1985). This 
difference in coal composition can not be due simply to 
paleodepositional environment. Marine sediments in 
the southern Appalachian (Pottsville) rocks are very 
common. Chestnut (198 l), for example, identifies 49 
marine zones in the Lee and Breathitt Formations of 
Kentucky. As a comparison, the number of recognized 
marine and brackish zones in the Pennsylvanian of 
Pennsylvania is -13 (Skema, personal communication, 
October 13, 1995). If depositional environment was 
controlling sulfur content in the southern Appalachian 
coals and rocks, the sulfirr should be high, but it is not. 
Also, acid mine dramage typically is less of a problem 
in the southern Appalachians than in the northern Ap- 
palachians (Figure 8.43) (Wetzel and Hofiinan, 1983; 
Appalachian Regional Commission, 1969). 

One aspect of southern Appalachian geology that 
seems to have received little attention is that calcareous 
marine zones occur within the Pennsylvanian in Ken- 
tucky and southern West Virginia. Cbestnut (1 98 1) in 
discussing marine units in Kentucky with calcareous 
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calcareous concretions says "(c)alcite is often in great 
enough proportion to class@ the rock a limestone. .." 
Martino (1994) refers to several calcareous marine 
zones in southern West Virginia. 

Cecil et al. (1985) indicate that sandstones with 
calcareous cement are absent in the central Appalachi- 
ans. More recent studies of central Appalachian sand- 
stones indicate otherwise. Englund et al. (1986) 
describe the sedimentology of the lower Pennsylvanian 
Pocahontas Formation in southwestern Virginia and 
southem West Virginia. They indicate that 70 percent 
of the formation is sandstone which is "in part, cal- 
careous.'' Chesnut (1992) also identifies calcareous 
sandstones and siltstones in the Breathitt Group of. 
Kentucky. Powell and Larson (1985) likewise indicate 
that "calcite is present as a cement and as clasts in 
some of the sandstone" in the Norton Formation of 
Virginia. The literature does show that calcareous 
rocks are present in the southern and central Appala- 
chian Pottsville Group. These calcareous strata along 
with the low concentrations of sulkr probably explain 
the lower abundance of acid mine drainage problems in 
the southern Appalachians. 

Paleoclimatic Influences on Terrigenous Rock 
Mineralogy 

Various attempts have been made to reconstruct the 
paleoclimate of the northern and central Appalachian 
Basin during the Pennsylvanian. Donaldson et al. 
(1985a) and Cecil et al. (1985) interpreted paleocli- 
mate from the depositional characteristics and the 
chemistry of terrigenous sediments within the coal- 
bearing stratigraphic sequence of the central and north- 
em Appalachians. Phillips et al. (1985) and Winston 
and Stanton (1989) derived their interpretations of cli- 
mate from vegetational changes. Figure 8.44 shows a 
side by side comparison of these various climatic inter- 
pretations. As can be seen, there is less than a consen- 
sus, especially within the Pottsville Group. We will, 
however, only concern ourselves with the uppermost 
Pottsville and higher strata; that is, the strata that oc- 
curs in Pennsylvania. The four models differ as to how 
wet or dry the upper Pottsville was, but they agree that 
at the time of deposition of the Allegheny Group, the 
climate was moderately wet, although drying upward. 
All models agree that during deposition of the Cone- 
maugh Group, it was dry. The base of the Mononga- 
hela was wet, and probably became dner hgher up in 
the section. Cecil et al. (1985) and Donaldson et al. 
(1985a) concluded that the period during which the 
Dunkard was deposited was comparatively dry. 

Cecil et al.'s (1985) interpretation was that the cli- 
mate was an "ever-wet" tropical one during deposition 
of the early Pennsylvanian Pottsville Group (the Ka- 
nawha, New River, and Pocahontas Groups of south- 
ern West Virginia), but was more seasonally "wet-dry" 
in the stratigraphically higher sections. Cecil et al. 
(1985) suggest that climate affected the shape of the 
peat deposit, which in turn affected the chemistry of 
the swamp (and ultimately the chemistry of the coals). 
During the early Pennsylvanian (Pottsville Group 
coals), the ever-wet conditions resulted in domed peat 
swamps which had rainfall as their source of water. 
The swamp water would be low in dissolved solids, 
and nutrients and the low pH (<4) conditions would not 
be conducive to pyrite formation or accumulation of 
solids (ash). During the middle and later Pennsylva- 
nian (Allegheny, Conemaugh, and Monongahela coals) 
the swamps were planar and water entered the swamp 
from ground and surface sources. This resulted in a 
swamp with higher pH (4 to -7), more dissolved sol- 
ids, and greater availability of nutrients (Cecil et al., 
1985). Additionally, periodic dry conditions would 
allow the surface of the peat to dry, oxidize and de- 
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grade, thus increasing ash content. These conditions, 
taken together would result in higher sulfkr and ash in 
the northern Appalachian coals. Cecil et al. use this 
theory to explain why the coals of the southern Appa- 
lachian Pottsville Group are lower in su f i r  (typically 
< 1% sulfur) and ash (typically lower than 10% ash) 
than the younger coals of the northern Appalachians 
(typically >I% sulfur and >lo% ash) (Figures 8.45 
and 8.46, and Table 8.8). 

Sulfur in Pennsylvania's anthracite is much lower 
than in coals of the bituminous region. On average the 
sulhr is about 0.8% (Wood et al.,' 1986). 

As with coal quality, Cecil et al. (1985) and Don- 
aldson et al. (1985) conclude the associated temgenous 
rocks are also influenced by paleoclimate. Figure 8.47 
(Cecil et al., 1985) and Figure 8.48 (Donaldson et al., 
1985a) show the distribution of important rock types 
and minerals throughout the Pennsylvanian and lower 
Permian. The drier conditions during the Upper Penn- 
sylvanian (upper Allegheny and younger strata) re- 
sulted in the common occurrence of freshwater 
limestones, calcareous cements, and calcareous con- 
cretions in nonrnarine sandstones and shales. 

Figure 8.49 presents plots of percent sulfur in roof 
rock and floor rock as functions of percent sulfkr in 
coal for 12 coal seams from four different coal fields. 

WNKARO - - 
MONONOAHELA - - 

ASH 
(weight Percmnl) 

Table 8.8 Means (x) and standard deviations (sd) for coals 
by formatiodgroup in the Pennsylvanian of the northern 
Appalachian Basin (Adapted from Cecil et al., 1985). 
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Although the sample is small, the data from the Appa- 
lachian Basin is consistent with the findings of Cecil et 
al. (1985) in that pyrite is rare in the older sediments of 
the southern Appalachians, but common in the younger 
sediments of the northern Appalachians (Figure 8.47). 
For comparative purposes, data from the Powder River 
Basin and the Illinois Basin are also shown in Figure 
8.49. The low sulfur of the freshwater-deposited Pow- 
der River Basin sediments and the high sulfur of the 
mostly marine-deposited Illinois Basin sediments are 
consistent with paleodepositional models, which will be 
discussed in the next section. Assuming the data in 
Figure 8.49 is representative, it appears that low-sulhr 
coals, such as in the southern Appalachian and Powder 
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LITHOLOGIC CHARACTERISTICS 
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River Basins, are associated with low-sulfur roof and 
floor rock. figh-sulfur coals, such as those in the 
northern Appalachian and Illinois Basins, may or may 
not have high sulfur roof and floor rocks. 

Paleodepositional Environmental Influences on 
Rock Mineralogy 

A second category of geologic processes that influ- 
enced the chemistry and mineralogy of Pennsylvanian 
Period coal-bearing sediments, including the distribu- 
tion of calcareous and pyritiferous rocks, was paleode- 
positional environment. Typically, within the 
Pennsylvanian of Pennsylvania, paleoenvironment is 
classified into three categories (Williams, 1960): 
freshwater, brackish, and marine. These three catego- 
ries are not evenly dstributed geographically or 
stratigraphically. Figure 8.2 shows that marine and 
brackish units are restricted to the upper Pottsvillel 
lower Allegheny and lower Conemaugh Groups. 
Freshwater limestones are principally found above the 

'&are 8.48 Lithologic iIulicaors d palaloclimate in the 
Appalachian basin, including Rnnsyhania. hAodified 
from Donafdmn ef al. (t985), 

middle of the Allegheny Group. As dscussed in the 
section on the Allegheny Group, conchostracans 
probably represent marginal brackish, rather than con- 
tinental (fresh-water) conditions. These paleoenviron- 
mental influences are only important, from a mine 
drainage standpoint, where there are economic coals; 
i.e., the Allegheny and Monongahela Groups (Figure 
8.2). Figure 8.50 is a schematic showing "rule-of- 
thumb" trends in stratigraphy, and acid-potential, of 
the lower Allegheny and upper Allegheny strata. In 
general, the lower Allegheny becomes more marine in- 
fluenced to the west. 

Many researchers (Hornberger et al., 1981; Wil- 
liams et al., 1982; dPretoro, 1986; Brady et d., 1994; 
and Perry and Brady, 1995) have concluded that the 
key factor regarding the prediction of mining- 
associated water quality is the amount of calcareous 
material encountered. The amount of sulhr (pyrite) 
present is of secondary importance. Paleoenvironment 
is an important control on the distribution of carbon- 
ates and pyrite. Marine limestones, such as the Van- 
port and Brush Creek can have significant alkalinity 
generating capability, and mines that encounter these 
limestones generally produce alkaline drainage. 
Freshwater limestones are common in the upper Alle- 
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gheny and Monongahela Groups. Mines that encoun- 
ter these limestones, likewise, routinely produce alka- 
line drainage. Brackish environments typically lack 
calcareous minerals, with siderite being the only car- 
bonate present. Coal overburden of marine and 
brackish origin often have much greater thicknesses of 
high sulfur strata than overburden of "freshwater" 

0.0 1.0 2.0 3.0 4.0 
Percent Sulfur in Coal 

0.0 . ~ l  
0.0 1 .O 2.0 3.0 4.0 

Percent Sulfur in Coal 

origin. Brackish environments therefore frequently 
have the unfortunate attributes of high sulfur rock with 
a lack of calcareous minerals, which often results in 
acid mine dramage. These paleoenvironrnental influ- 
ences on the distribution of carbonates and sulfur 
(pyrite) will be examined in detail below. 

Depositional Environments of Carbonate Miner- 
als - Carbonate minerals form under marine and 
freshwater environments. Both environments are rep- 
resented in Pennsylvania's Pennsylvanian stratigraphy. 

Marine Carbonates - The climatic models of Cecil 
et al. (1985) and Donaldson et al. (1985a), discussed 
above, only consider terrigenous sediments. Marine 
environments are likewise important in contributing to 
overburden mineralogy. The formation of limestone, 
or other calcareous rocks, under marine conditions may 
have little or nothing to do with climate, but can play a 
significant role in preventing acid mine drainage in 
Pennsylvania and elsewhere in the Appalachian Basin. 
Marine limestones significantly contribute to the aka- 
line water of the Illinois Basin and the Western Interior 
Coal Province. 

As discussed previously and shown in Figures 8.2, 
8.7, and 8.12, marine rocks can be an important com- 
ponent of coal overburden in Pennsylvania. Marine 
sediments are also very common in the southern Ap- 
palachian (Pottsville) rocks [see for example: Alabama 
- Horsey (1981), Pody (1987), and Demko and 
Gastaldo (1996); Tennessee - Dorsey and Kopp 
(1 985); Kentucky - Chestnut (1 98 1); and southern 
West Virginia - Martino (1994, 1996)l. 

Marine rocks in Pennsylvania occur principally in 
the lower Allegheny Group and the Glenshaw Forma- 
tion (Figure 8.2). The rocks represent open marine to 
marginal marine (brackish) conditions. The open ma- 
rine facies are frequently limestone or calcareous 
shales. Brackish facies often lack alkalinity generating 
calcareous minerals, although siderite (FeC03) can be 
abundant. Conchostracans probably represent a mar- 
ginal brackish environment with some marine influ- 
ence. If marginal-brackish environments are included, 
some marine influence is present in Pennsylvanian Pe- 
riod rocks in Pennsylvania from the Pottsville Group 
through at least the Skelly horizon of the Glenshaw 
Formation. 

The Allegheny Group Vanport member is a good 
example of the nature of marine limestones. The Van- 
port horizon, which occurs above the Clarion coal, is 
often transitional laterally (and vertically) from marine 
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to brackish conditions. Figure 8.8 shows regional 
changes in thickness of the Vanport limestone. 

Skema et al. ( 199 1, and personal communication, 
1997) discussed the facies distribution of the Cone- 
maugh Group Brush Creek marine zone. The Brush 
Creek Marine zone is present almost everywhere w i t h  
its outcrop belt. Because the limestone or a calcareous 
h i e s  is typically present where the Brush Creek coal 
is of mineable thickness, the dramage is typically alka- 
line. 

In addition to limestones, other marine sediments 
are often calcareous. This is illustrated by NPs above 
30 ppt CaC03 in Figures 8.7 and 8.12 for marine- 
deposited lower Allegheny rocks. 

Freshwater carbonates- Freshwater calcareous 
rocks, includmg lacustrine limestones, occur in the up- 
per portion of the Allegheny Group and throughout the 
Monongahela and Dunkard Groups (Figure 8.2). The 
extensive lateral distribution of some of these lime- 
stones was discussed in the stratigraphy section of 
chapter. These limestones, and other calcareous rocks, 
are responsible for the alkaline nature of many of the 
mining associated discharges within these stratigraphic 
horizons. Freshwater calcareous rocks also occur in 
the Conemaugh Group, and are important when they 
occur above the upper Freeport coal. Higher in the 
section they are typically less important in terms of 
mine drainage quality because Conemaugh coals are 
rarely mined. Additionally, they often occur below the 
coals and can be thin and discontinuous. The discon- 
tinuous nature is evident by comparing M1 holes DH- 
12 and DH-3 in Figure 8.25. Both holes were drilled 
at the same mine site. DH-12 shows the freshwater 
limestone below the upper Bakerstown coal. The lirne- 
stone is absent in DH-3. Our experience is that these 
"limestones" are often "dirty" with a high component 
of clay and silt. At places this stratigraphic interval is 
represented by calcareous rocks with less than 50% 
calcium carbonate, and therefore by definition not a 
limestone. 

In addition to freshwater limestones, the upper Al- 
legheny Group frequently contains an abundance of 
calcareous claystones, mudstones and siltstones. Figure 
8.20 shows a stratigraphic section in Fayette County, 
between the upper Kittanning and lower Freeport 
coals. Much of this interval is distinctly calcareous 
(>lo% CaC03), but only small portions could be clas- 
sified as limestone (> 50% CaC03). 

As discussed earlier, the Monongahela and Dunkard 
Groups have numerous thick, laterally persistent, la- 
custrine limestones. Figure 8.2 shows that >50% of 
the rocks of the Monongahela and Dunkard Groups are 
calcareous. 

Depositional Environments of Iron SulJdes - 
Much research on the relationship between sulfur and 
depositional environment has been done on coal be- 
cause of its economic importance. Comparatively little 
research, however, has been done on the paleodeposi- 
tional relationships to sulfur in the rocks associated 
with coal, despite its importance in the production of 
acid mine dramage. The following discussion is based 
upon work with modern sediments, the few studies that 
have been done on coal associated rocks, studies of 
sedimentary rocks that are not coal bearing, and our 
own observations of coal-bearing rocks. Sulfur in coal 
will be discussed in most detail because of the plethora 
of studies on this subject. 

Marine. Brackish and Freshwater Environments - 
Coal swamps and associated sediments form under a 
variety of depositional environments. These environ- 
ments include alluvial plain, upper delta plain, lower 
delta plain, marginally brackish, transitional 
(brackish), and marine environments. 

Guber (1972) found that the highest sulfbr in rocks 
overlying the lower Kittanning coal in north-central 
Pennsylvania was associated with sediments deposited 
under braclush conditions (identified usmg the phos- 
phatic brachiopod Lingula). Paleoenvironmental de- 
terminations were based on the paleontological work of 
Williams and Keith (1963) which was supplemented by 
geochemical studies by Degens et al. (1957). At one 
location the lower Kittanning coal was directly overlain 
by shale with conchostracans, and the conchostracan- 
bearing rock was low sulfur. Guber (1972) also stud- 
ied a section containing the Brush Creek (Glenshaw 
Fm.) marine zone. The outcrop had calcareous marine 
fossil-bearing rocks and brackish Lingula-bearing 
rocks. The brackish rocks were higher in sulfur than 
the marine rocks. He concluded that a brachsh envi- 
ronment provides optimum conditions for pyrite for- 
mation, with sulfate derived from the brackish water 
and iron from the nearby terrestrial sources. These 
sources, coupled with hgh organic content, provide 
optimum conditions for pyrite formation; that is, a re- 
ducing environment with an ample supply of sulfur and 
iron. 

A relationship between depositional environment 
and sulfur in coal has been demonstrated for many ar- 
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eas. Williams and Keith (1963) in their classic study 
of sulfur in the lower Kittanning coal of Pennsylvania, 
demonstrated that the sulfur in the coal was related to 
the paleodepositional environment of the roof rock. 
Brackish and marine roof rocks overlay high sulfur 
coal, whereas non-fossiliferous and conchostracan- 
bearing rocks [what Williams (1960) referred to as 
"freshwater"] overlay lower-sulfur coal (Table 8.9). 
The mean sulhr for coal overlain by marine rocks was 
3.15% for brackish (transitional) rocks 2.45%, and for 
freshwater (continental) rocks 1.73%. The upper 
Freeport coal whch is overlain entirely by unfossilifer- 
ous (no fauna) or conchostram-bearing rocks was 
used as a control. It dld not show any significant re- 
gional differences in percent sulfur. The average per- 
cent sulfur for the upper Freeport coal was 2.09%, 
which is intermediate between the freshwater and 
brackish values for the lower Kittanning coal. It is in- 
teresting to note that at one standard deviation the av- 
erage sulhr for the upper Freeport shown in Table 8.9 
overlaps with the average sulfur for the lower Kittan- 
ning. Also the upper Freeport average sulfur is higher 
than the "freshwater" portion of the lower Kittanning. 
As stated above, it is not the sulhr content that makes 
the water associated with the Freeport coals of better 
quality than lower Allegheny County, but the presence 
of freshwater calcareous rocks. Our experience has 
shown that the lower Kittanning overburden even 
where it is conchostracan-bearing (such as in north- 
eastern Cambria County) lacks calcareous strata and 
produces moderately acidic drainage. 

Table 8.9 Summary statistics of sulfur in the lower Kit- 
tanning and upper Freeport coals in the northern bitumi- 
nous coal field of Pennsylvania. Adapted from Williams 

When Williams and Keith (1960) did their field 
work, good stratigraphic correlations across the state 
were lacking. Work by the Pennsylvania Geological 
Survey from the late 1960's to the present has helped 
to clarify many correlation problems. Detailed map- 
ping in Clearfield County that postdated Williams' 
work was used in the construction of Figure 8.1 1. Al- 
though Figure 8. l l shows somewhat different facies 

boundaries compared to the map by Williams and 
Keith (1963), their conclusions are probably still 
largely correct. Irrespective of correlation mistakes, 
Williams' conclusions regarding the relationship of 
roof-rock facies to coal chemistry should be valid, in 
other words, even if the correlations were incorrect (for 
example, Clarion or middle Kittanning sampled instead 
of lower Kittanning), marine-, brackish-, and conchos- 
tram-roofed coals and their respective coal analyses 
would have been compared and used in the compilation 
of Table 8.9. Also, it appears from examples in this 
chapter that shales from the conchostracan-bearing ar- 
eas have lower sulfur than shales from areas of marine 
or brackish environments, although a larger sample 
population is needed to quantify this. 

Relationships between sulfur and depositional envi- 
ronment for coal have also been documented in Texas 
and Australia. The Eocene coals of Texas typically 
have highest sulfur (1.5 to 2%) associated with coals 
deposited in marine and brackish lagoonal environ- 
ments, while alluvial plain coals exhibit the lowest sul- 
fur values (< 1%). Deltaic coals are intermediate in 
sulfur (1 to 1.5%) (Kaiser 1974, 1978). Permian 
coals in Australia deposited in lower delta plain facies 
usually contain > 0.55% sulfur, whereas those associ- 
ated with braided fluvial facies found further inland, 
usually on alluvial plains, contain < 0.55% sulfur. 
Upper delta plain coals, which are located between the 
lower delta plain and the alluvial plains, are typically 
of intermediate sulfur (Hunt and Hobday, 1984). 

Various studies have looked at the relationship be- 
tween the distance from the coal to overlying marine 
rocks. The Pennsylvanian Period Herrin (No. 6) coal 
in Illinois is high sulfur (>2.5%) where overlain by the 
marine Brereton Limestone, however where the coal is 
separated from the limestone by the crevasse-splay de- 
posited Energy Shale the sulfur is lower (<2.5%) 
(Figure 8.5 1) (Gluskoter and Hopluns, 1970). Figure 
8.52 shows the relationships between the contempora- 
neous sandstone channel, coal and Energy Shale, and 
the marine Brereton Limestone. A study of Paleogene 
coals in Japan similarly shows a relationship between 
the amount of pyrite present in the coal and the thick- 
ness of freshwater sediments separating coal from 
overlying marine sedments (Figure 8.53) (Shlmoyarna, 
1984). Numerous studies in the Illinois Basin, for 
various coal seams, relate low sulfur coal to freshwater 
shale roof-rock (e.g.: Murphysboro coal - Jacobson, 
1983; Springfield coal - Eggert, 1984; Herin No.6 coal 
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Thickness of Non-Marine Shale above NO. 6 C d  

- Gluskoter and Hopkins, 1970, Kravits and Crelling, 
1981, and Burk, et al., 1987). 

The high sulfur (>5%) in Pennsylvanian Period coal 
in Atlantic Canada (Gibling et al., 1989) and Creta- 
ceous coal in Spain (Querol et al., 199 1, 1992) have 
been attributed to erosion of older upstream evaporite 
sediments contammg gypsum; the sulfate from the gyp- 
sum providing the source of the sulfur in the coals. 
There are Spanish coals with clearly associated marine 
strata that have lower sulfur than the evaporite influ- 
enced coals lacking marine affinities. These studies 
suggest that dissolved sulfate sulkr eroded from up- 
stream sources can contribute to the sulfur in coal. 
The high sulfur of the Canadian coals may have an- 
other explanation. It was assumed until only recently, 
after 150 years of research, that because of their asso- 
ciation with freshwater biota and alluvial sedimentary 

CONTEMPORANEOUS 
CHANNEL 

1 10 100 1000 
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features that the Atlantic Canada coals were associated 
with freshwater depositional environments. Wightman, 
et al. (1993), however, have concluded that deposition 
took place on a coastal platform, and not the fluvial 
and lacustrine environments previously proposed. This 
conclusion was based on the finding of agglutinated 
foraminifera, which are indicative of marginal marine, 
tidal-marsh, conditions. These foraminifera are con- 
structed of detrital grains and can remain where cal- 
careous fossils have dissolved. It may be profitable to 
search for these critters in rocks associated with some 
of Pennsylvania's high-sulfur "freshwater" coals. 

Englund et al. (1 986) noted that sulhr in the 
Pottsville Group Pocahontas No. 3 coal in southern 
West Virginia and western Virginia was highest at the 
margins of the deposit (0.9 %) and lowest away from 
the margins (0.4 %). Two studies of the Allegheny 
Group upper Freeport coal in southwestern Pennsylva- 
nia show similar trends. Skema et al. (1982) found 
that coal near the margins contained 4 to 5 % sulfur, 
while coal toward the center of the deposit had 1 to 2 
% S. Sholes et al. (1979) found that coal near the 
margins had 5 to 6 % S, and 3 % or less in the center. 
In all cases cited above, the coal thins to 0 ft (m) at the 
margins (i.e., "pinches out"). Thus the thin coal has 

Sipre 8.52 C r o s s d o n  showing the relationships be- the lughest sulfur. Cheek and Donaldson (1969) also 
tween tbe Herrin (No. 6 )  caal, the matempa- noted an increase in sulfur with decreasing thickness of 
W&billq Me, and lsc- 

the upper Freeport coal in northern West Virginia. The stone. Modified firm Netson. (1983). I upper Freeport coals were deposited in a freshwater (or 
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more likely a marginal brackish) depositional environ- 
ment. A couple of factors may contribute to this dis- 
tribution of sulfur. The margins of the peat swamp 
would have more access to dissolved solids (e.g., sul- 
fate) camed by streams or estuaries draining the 
swamps, whereas away from the margins the water 
would be primarily from precipitation. A second fac- 
tor is that the margins probably maintained a higher 
pH due to influence from stream or estuary water com- 
pami to the lower pH of the swamp interior. Higher 
pH is more conducive to pyrite formation (Cecil et al., 
1985). 

Sulfur in Pennsylvania's anthracite is much lower 
than in coals from the bituminous region. On average 
the sulfur is 0.48% organic sulfur, 0.35% pyritic sul- 
fur, and 0.02% sulfate sulfur (Wood et al., 1986). 
Sulfur generally increases to the west and north, and is 
highest in the northern field (Figure 8.54). Wood et al. 
proposed a couple of explanations for the low sulfur. 
One was that metamorphism may have somehow re- 
duced the sulfur. Another was that the coals, and as- 
sociated rock, were deposited on an alluvial plain, with 
virtually no marine influence and therefore away from 
a source of sulfur. The Mill Creek limestone of the 
northern field is the only known marine unit. Marine 
waters may have had more Influence in the Northern 
Field, thus higher sulfur coals. 

Some of the examples cited above show well docu- 
mented relationships between sulfur in coal and pa- 
leodepositional environment. However, even where 
present, the relationships between sulfur and paleode- 
positional environment are region specific. For exam- 
ple, sulfur in the Eocene Texas coals and Permian 
Austdan coals for a given paleodepositional envi- 
ronment are lower in sulfur than comparable Allegheny 
Group coals in Pennsylvania. Also, marine rocks 
commonly overlie coals of the southern Appalachians, 
but the sulfur is generally lower in these coals than in 
freshwater coals of the northern Appalachans. The 
examples from Atlantic Canada and Spain, with a pos- 
sible upstream source of sulfate, reveal further com- 
plexities that may be involved. Therefore, the use of 
"hihigh" and "low" sulfur as a predictive tool for pa- 
leodepositional environment should be used with ex- 
treme caution. Only affirmative paleontological and 
sedimentological evidence should be used to determine 
paleodepositional environment, and even this can be 
problematic. It took geologists 150 years to find evi- 
dence of marine influence on coals of Maritime Canada 
(Wightman, et al., 1993) and conchostracans, the 

"fieshwater" indicator in Pennsylvania, are probably 
marginal-braclush. 

Vertical Distribution of Sulfur within a Coal Seam 
- Changes in percent sulfur have been observed at a 
more local level than discussed above. Here we will 
examine vertical variations in sulfhr content in coals 
and the factors which may control this variation. 

Shirnoyama (1984), in a study of Japanese Pale- 
ogene (early Tertiary) coal seams, related depositional 
environment of roof strata and floor strata with the 
percent sulfur at the top and bottom of coal seams. 
Coal seams overlain by marine roof strata had high 
percentages of sulfur at the top of the seam, and coals 
underlain by marine sediments had high sulfur at the 
base of the coal. Coal associated with freshwater de- 
posits had uniform and comparatively low sulfbr 
throughout the coal. Although this may explain the 
Japanese coals examined, high sulfur at the top and 
bottom of a coal seam appears to be very common re- 
gardless of paleodepositional environment. 
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Figure 8.55 Stratigraphic cross-section of total sulhr facies in the Pittsburgh coal Cross-scction is oriented approximately 
north-south and is located in northern West Virginia and southwestern Pcnnsylvafiia. Precise location is no1 given. Note 
that the highest sulfur is at the top and bottom of the coal seanl. From Donaidson el al. (1979). 
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weathered bedrock in unglaciated regions. The distri- 
bution of thickness of the weathered zone beneath the 
glacial deposits, however, was different, with less 
weathered rock typically beneath glaciated areas 
(Figure 8.57). This is attributed to erosion of much of 
the weathered surface material by glaciers. The find- 
ings of Kirkaldie suggest that (1) the bedrock weath- 
ering occurred prior to the last glacial period, or that 
(2) in the non-glaciated areas the rate of weathering 
has been balanced by the rate of erosion. No studies of 
weathering rates have been done for the Appalachian 
Plateau, so the second theory has not been tested. 
Whatever the method, and whatever the duration of 
time, shattering of rock increases surface area and thus 
provides greater area for contact with water and air, 
and weathering is accelerated. These processes actmg 
together also increase the permeability of the weathered 
zone. As d~scussed in Chapter 10 the ground water as- 
sociated with the weathered zone is dilute, in terns of 
dissolved solids, because r e d l y  soluble products have 
been removed by chemical weathering. 

Chemical weathering is also influenced by lithol- 
ogy. Coarser, more permeable lithologies may allow 
oxidation to extend to a greater depth. Kirkaldie 
(1 99 1) measured the depth of the highly weathered 
zone, n o w  the type of cover, amount of cover, lithol- 
ogy, and topographic position. In unglaciated terrain, 
he noted that the maximum thickness of highly weath- 
ered rock was 28.9 ft (8.8 m) in sandstone, and only 11 
ft (3.3 m) in shale. However, the lithologic difference 
was not the only variable. 

8 4 0  

This weathered-rock zone exists throughout the 
Appalachian Plateau. In spite of this it has been little 
studied. Smith and colleagues (Grube et al., 1972; 
Smith et al., 1974; and Singh et al., 1982) investigated 
the effects of weathering on the Mahoning sandstone in 
northern West Virginia, and noted a "pyrite-free 
weathered zone approximating 20 feet (6 m) of depth 
below the Land surface.. ." (Smith et al., 1974, p. 3). 
Singh et al. (1982), in addition to noting the pyrite-free 
zone, also note a loss of "alkaline earth elements 
within 20 ft (6 m). This is illustrated for calcium in 
Figure 8 -58. The loss of calcium is best explained by a 
loss of calcareous minerals (calcite and dolomite). 
Brady et al. (1 988; 1996) in a study of the upper Kit- 
tanning and lower Freeport overburden in Fayette 
County, PA noted a similar loss of calcareous rocks in 
the near-surface weathered zone to about 7 m depth. 
Hawkins et al. (1996) noted weathering to depths of 30 
to 60 ft (10 to 20 m). The loss of carbonates due to 
weathering is also discussed in Chapter 10. 

Total  S ++ Ca A----A 

o i i o i o i o i i j  
Calcium ( % I  

A weathering profile is evident at the top portion of 
most drill logs shown in this chapter. It is hard to de- 
termine precise rules of thumb for the depth of leachmg 
of carbonates and oxidation of pyrite because these 
minerals can only occur where they were originally 
present (before weathering). If no pyrite was ever pre- 
sent within a stratigraphic horizon, its absence is not 
due to weathering, but to the fact that it was never 
there in the first place. The same is true for calcareous 
strata. It is evident from the stratigraphc figures that 
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rarely do NPs greater than 30 ppt CaC03 or sulfur 
greater than 0.5% occur within 20 ft (6 m) of the sur- 
face. A good example of this effect is the Blue Lick 
coal in Figure 8.26. Where the coal is under shallow 
cover it has less than 0.7 percent sulfur, however, in 
OB-C where the coal occurs under about 60 ft (20 m) 
of cover the coal averages over 2 percent sulfur. Most 
of the exceptions are where a horizon equivalent to a 
limestone, or strongly calcareous zone lies close to the 
surface. Some drill holes that encounter this zone at 
less than 20 ft  (6 m) may still contain carbonates. The 
same is true for very high sulfur zones. 

Figure 8.59 shows the effects of weathering on the 
sulfur content of the upper Freeport coal and the roof 
rock (shale) in an area of Fayette County. There is a 
clear loss of sulfur at shallow depth (17 to 20 ft, 5 to 6 
m) in both the coal and the shale. 

An accurate knowledge of the extent (depth) of the 
weathered zone is important from an overburden sam- 
pling standpoint. Overburden sampling should be done 
to the extent that it adequately represents the weathered 
zone and unweathered bedrock. This will entail drill- 
ing overburden analysis holes at maximum cover to be 
mined and at lesser cover. Weathering is also discussed 
in Chapter 9. 

An understanding of the effects of weathering on 
the mstribution of pyrite, sulfate salts, and carbonates 
is important in (1) accurately defining their distribution 

I Percent Sulfur as Function of Depth of Coal 
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within unmined overburden, (2) being able to design a 
mine plan to prevent postmining problems, and (3) ac- 
curately predicting postmining water quality. An un- 
derstanding of the weathering profile is just as 
important as understanding the lateral and vertical dis- 
tribution of strata and their pyrite (sulfur) and carbon- 
ate content. 

Glacial deposition was discussed earlier. Glacieri 
not only deposit, but can also erode. Erosion can in- 
clude previously deposited glacial sediment, bedrock, 
and soil. Weathered bedrock is easily erodible and 
tends to be thinner in glaciated regions because of re- 
moval by glacial erosion. This is illustrated in Figure 
8.57 where the median thickness, as well as the inter- 
quartile range of weathered bedrock is lower for areas 
that have been glaciated than for areas that have not 
been glaciated. 

Weathering of Glacial Sediments in Western 
Pennsylvania 

As with bedrock, the weathering of tills and other 
glacial sediments results in a change in the geochemis- 
try and therefore in their effect on water quality. 
Weathering produces a vertical mineralogical gradation 
within tills. Leighton and MacClintock (1 93 0, 1962) 
described the weathering of tills by dividing them into 
five horizons (Figure 8.60). Horizon 5 is unweathered 
till. It is still its o r i g d  color (usually a shade of gray 
in northwestern Pennsylvania) and carbonates are still 

Sulfur as a Function of Depth to Roof Rock 

Fipre8.59 ~ermsutfn?.inhupper~mpostac#11(~~)and5&7B(1.5ta2m)d~dlfigufc3)~ab 
tim of deptb below the surface. The minc is in Saftfick Township, Fayette Cawrry. - 
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present. In horizon 4, pyrite, and other iron minerals, 
are oxidized. A till's characteristic oxidized color, a 
shade of yellow, brown, or red, is caused by iron oxide 
(such as hematite) or hydrous iron oxide (such as go- 
ethite and limonite) replacements of iron magnesium 
silicates and iron sulfides (Hallberg, 1978). Oxidation 
of manganese minerals (Hallberg, 1978) generally pro- 
duces a darker brown color. Tills high in carbonate 
also tend to oxidize to a darker brown compared to low 
carbonate tills (White, 1982). Carbonate minerals are 
still present in horizon 4. 

In horizons 3,2, and 1, till iS oxidzed and totally 
leached of carbonates. Horizon 2 is chemically de- 
composed till. Silicates have been degraded. It is still 

Kent Lavery Hiram 
Tlll Tlll TIM 

recognizable as till. Horizon 1 is the A and upper B 
horizons of the soil where major leaching, added or- 
ganic material, and addition of iron oxide and clay 
have modified the composition and texture. The parent 
material is no longer recognizable. 

Horizons 4 and 5 are those of benefit in the preven- 
tion of acid mine drainage. Carbonate minerals are 
still present in those horizons, although partial leaching 
may have occurred. Horizon 4 may be partially 
leached in the coarse sand fraction (Hallberg, 1978) 
before leaching is apparent in the clay fraction. 

Weathering begins immediately upon deglaciation. A 
later glacial advance over the existing till may erode 
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part or all of the weathered horizons of the preexisting 
till. If multiple tills are encountered during overburden 
removal, a buried soil or weathered horizon, with car- 
bonate minerals leached, may exist between two cal- 
careous zones. Figure 8.37 illustrates this situation. 
Unit 6 is a weathered, leached zone between calcareous 
zones 4 or 5 and 7. Units 10 and 11 are again a 
leached zone between the calcareous units 9 and 12. In 
Figure 8.38 and Figure 8.6 1, the NP distribution with 
depth at the McCoy and Spagnolo mines show low NP 
zones between high NP zones. These are partially 
leached weathering zones at the top of older, buried 
tills. 

Likewise, if a till is thin and overlies another weath- 
ered till (a likely scenario in the glaciated coal region), 
leached zones of both tills may be superimposed, re- 
sulting in an excessive depth of leaching. Figure 8.62 
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Pigre 8.61 Distrtbation. of NP for till stratigraphy at the 
Spagnala mine, Mill C d  Township, M e x a  Couflty. 
Mine site is at location "B" on Figure 8.36. 

illustrates this situation with three tills. Over most of 
the exposure, calcareous till is not encountered until 
the third till is reached (unit 6). 

Each till has a characteristic average depth of 
leachmg (Figure 8.60), providing no erosion of till has 
occurred since the beginning of weathering, and no 
other sediment has been deposited on top to halt the 
weathering process. The carbonate content of the Ma- 
pledale Till is so low that weathering horizon 4 cannot 
be determined in the field, and the depth of leaching is 
difficult to determine. The Mapledale Till is oxidized 
to a depth of 10 to 16 feet (3 to 5 m) (whtte et al., 
1969). 

Because a number of factors control the depth of 
leaching (and other weathering characteristics), the 
same till may be leached to different depths in different 
locations. All other factors being equal (which they 
usually aren't), older tills are leached of carbonates to 
a greater depth than younger tills. The nature of the 
parent material affects the rate of weathering. Coarser, 
more permeable sediments allow greater penetration of 
weathering agents (Hallberg, 1978). Landscape posi- 
tion can affect runoff vs. infiltration. Also, on steep 
slopes, erosion may proceed at a rate equal to weath- 
ering and a weathering profile may not develop. 

Weathering in the Anthracite Region 

Many of the weathering processes described above 
for western Pennsylvania are relevant to the Anthracite 
Region because the paleoclirnate and present climate 
for both regions werelare essentialky the same. The 
geologic structure of the Anthracite Region, however, 
as part of the Ridge and Valley Physiographic Prov- 
ince, is dramatically different than the flat-lying rocks 
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of the Appalachian Plateau. Due to the combined ef- 
fects of the folded and faulted geologic structure and 
the resistance of the sandstone lithologic units to ero- 
sion, the weathering processes have formed a different 
topographic expression in the Anthractte Regton. 

Classic and recent works on weathering in the 
Ridge and Valley Province have concentrated on topo- 
graphic development and glacial and periglacial fea- 
tures. In the first issue of National Geographic, Davis 
(1888) discussed the geologic structure, erosional his- 
tory and topography of valleys and ridges of central 
Pennsylvania and the "dissected plateau further west" 
(p. 14). A later more detailed discussion of the subject 
is in Davis (1909). Descriptions of Appalachian slope 
form development are contained in Hack (1960, 1979). 
Additional information on weathering in the Ridge and 
Valley is found in Thornburry (1965, 1969), Clark and 
Ciolkosz (1988), and Sevon (1989). The four anthra- 
cite fields are preserved in synclinal basins that are es- 
sentially surrounded and "defended" by sandstone 
ridges. These ridges are more resistant to erosion than 
the shales and coals of the Pottsville and Llewellyn 
Formations. The slope forms of the ridges are typi- 
cally mature (i.e., convexoconcave), but some free 
Exes occur, such as the Harveys Creek water gap in 
the Northern Field. 

The Pleistocene glaciation and climate left several 
features that can be observed today. These include till 
deposited in the Northern Anthracite Field (Hollowell, 
197 1, and Braun, 1997), and periglacial effects which 
extend south to the other anthracite fields. Periglacial 
activity has, in most places, lowered ridge tops as 
much as a few tens of meters (Braun, 1989). As a re- 
sult, earlier weathering horizons have been removed, 
leaving a very small depth of weathered rock. Some of 
this weathering has resulted in the deposition of collu- 
v i m  on the lower slopes. Colluvium in the Ridge and 
Valley province ranges in thickness h m  one meter on 

the upper ridge slopes, to 30 meters at the base of the 
slopes and in valleys. Twenty-seven percent of the 
soils in the Ridge and Valley province are colluvial, 
versus only 13 percent in the Plateau (Ciolkosz, 1978). 
Ridge tops have little or no weathered material. The 
lower one-half to three-fourths of the ridge slopes are 
colluvial. Residual soils occupy valley floors 
(Ciolkosz and others, 1979). In most places in Penn- 
sylvania, at least two ages of colluviurn are present, 
which includes reworked older regolith (Braun, 1989; 
Sevon, 1989). There is rarely any residual weathered 
bedrock beneath colluvium or glacial sediments in the 
Ridge and Valley (W. Sevon, personal communication, 
1997), and where present, it is only a few feet thick 
(Hoover and Ciolkosz, 1988). 

Because the bedrock, as far as is known, is low in 
pyrite and the tills lack carbonates, the effects of 
weathering in the Anthracite Region on mine drainage 
is probably not as significant as in the bituminous re- 
gion. 

Lithologic Factors Affecting Postmining Water 
Quality 

Lithology is controlled by geologic factors such as 
paleoclimate and paleodepositional environment. 
Sandstones are deposited in high energy environments, 
whereas shales and siltstone are deposited in quieter 
environments. Donaldson et al. (1985a) report the 
presence of several types of sandstones throughout the 
Pennsylvanian: lithic, calcareous, and quartz-rich 
(Figure 8.48). Quartz-rich sandstone is found pre- 
dominantly in the lower Pennsylvanian Pottsville 
Group formations, but also occurs in the Allegheny 
and lower part of the Conemaugh, decreasing in fre- 
quency upward (Skema, personal communication, 
1998). Lithic sandstones are found throughout the 
section. Calcareous sandstone is common from the 
middle of the Conemaugh through the Dunkard. Sand- 
stone can form in a variety of environments, includmg 

Table 8.10 Mean values for select water quality parameters demonstrating differences of water quality with different over- 
burden lithology. "Group" numbers refer to specific lithologic sections shown on Figure 8.63 and Figure 8.64. Data are 
from Williams et al. (1982). 

Kittanning/Clarion Lithologies Freeport Lithologies 
Group 1 2 3 4 5 6 1 2 3 4 
PH 6.2 *3.2 *6.2 3.3 6.9 *6.2 *6.1 2.3 6.2 6.8 
Acidity 5 410 *-lo 330 *35 *O *12 1230 26 * 10 
Sulfate 369 950 132 914 256 19 *25 1987 26 *I10 
Specific *600 *2000 *650 *I500 *480 *65 *800 1455 200 *I80 
Conductance 

*Estimated from Figures 55,56, 57, 58,60,61, and 62 in Williams et al. (1982). The other values are from the text in Wil- 
liams et al. (1982). 
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alluvial and distributary (deltaic) channel sands, and 
marine barrier-bar sands. Typically sandstone is com- 
posed of quartz with varying amounts of feldspar, 
mica, and organic debris. Frequently they contain a 
high concentration of quartz because of this mineral's 
resistance to mechanical and chemical weathering. In 
this section we will examine the relationship between 
rock type and water quality. Abundant sandstone rela- 
tive to finer-grained rock types, such as shale and silt- 
stone, has been linked to acid mine drainage in the 
Allegheny Group. We will also examine what, if any, 
relationships exist between rock type and water quality 
in the other coal-bearing stratigraphic Groups of west- 
em Pennsylvania. 

Sandstone and Postmining Water Quality 

Many published studies of Allegheny Group mines 
with abundant sandstone overburden attest to a prob- 
lem with water quality. Examples of Allegheny Group 
mine sites with sandstone overburden that produced 
acidc drainage are: Clarion coal (Dugas et al., 1993; 
Cravotta, 199 1; Site 9 in Brady, et al., 1990; Henke, 
1985; J.H. Williams et al., in press); lower Kittanning 
coal (Guo et al., 1994; Durlin and Schaffstall, 1993); 
upper Kittanning coal (Brady et al., 1988) and upper 
Freeport coal (Kania et al., 1989). 

Williams et al. (1982) did an analysis of the geo- 
logic controls on water quality within the lower Alle- 
gheny (Kittanning/Clarion "formations") and upper 
Allegheny (Freeport "formation") for, primarily, the 
northern portion of the bituminous coal field. Figure 
8.63 is the model for the KittanningKlarion, showing 
six different lithologic (overburden) relationships. Ta- 
ble 8.10. Mean values for select water quality pa- 
rameters demonstrating differences of water quality 
with different overburden lithology. "Group" numbers 
refer to specific lithologic sections shown on Figure 
8.63 and Figure 8.64. Data are from Williams et al. 
(1982). 

These models, and accompanying water quality as 
displayed in the above table, show the important influ- 
ence of marine and freshwater limestones and calcare- 
ous rocks on postmmmg water quality. They also 
show the effects of predominantly sandstone overbur- 
den, especially for the Freeport sites (Model 2) which 
typically produce acidic drainage. Comparatively, 
sites with little or no sandstone typically produce alka- 
line drainage (Models 1, 3, and 4). Williams et al. 
(1982) found that the "role of sandstone as an acid- 
producer cannot be determined from this Kittanning 
study, due to accompaniment of either acid-producing, 

8-65 

high-sulfbr shale, or limestone" with the sandstone. 
KittanninglClarion models 2 and 4 are both acid pro- 
ducing. Model 2 represents primarily brackish shales 
in the absence of calcareous strata. Model 4 represents 
the sandstone overburden, with acid-producing shale 
below. Model 3 is similar to situations where the ma- 
rine Vanport limestone overlies the Clarion coal. 
Models 5 and 6 include freshwater limestone, such as 
the Johnstown limestone that occurs below the upper 
Kittanning coal, thus the alkaline water. The non- 
marine portion of the K~ttanning model is very similar 
to the Freeport model. 
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Figare 8.63 Schema& diagmm tgrrcscating the Kittan- 
ninp;lCiarion aodel of Wilfiams et 81. (1 982). From Wil- 
liams et l(l982). , , ,. , ,, ,, , , ,  , , , 

Fipre 8.64 Schematic dhgrml repmatting the Freeport 
model of Witfiatns n ai. (1982). Fmm Williams et al. 
(1982). 
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The work of Brady et al. (1988) is consistent with 
Williams et al.'s (1982) upper Allegheny "Freeport" 
model. Brady et al. looked at the overburden above the 
upper I(1ttammg coal in the Stony Fork watershed in 
Fayette Co., PA. Mine sites with predominantly chan- 
nel sandstone overburden produced acidc drainage. 
The sandstone lacked calcareous minerals or cements. 
Overburden in areas away from the sandstone channels 
contained calcareous shales and muddy limestone, and 
mining in these areas resulted in alkaline drainage. 
The mines and resulting water quality in the Stony 
Fork watershed are discussed in detail in Chapter 9. 

Typically sandstone is low in iulfbr, even when 
acid producing. Channel sands can contain eroded 
material, including ripped up mats of peat (present day 
"coal spars") and lag deposits consisting of fossilized, 
and often coalified, logs. Individually these coal inclu- 
sions can be high in sulhr, but during typical overbur- 
den samplmg this high sulfur is diluted by the 
surrounding inert quartz and other minerals that com- 
pose the sandstone. Thus these sandstones may con- 
tain acid-forming material (coal spars), but the samples 
have low overall sulfur concentrations. Occasionally 
there are pyrite-rich sandstones. Some of these are 
black and high in organic carbon, still others are light 
in color, but high in sulhr. The lightcolored high- 
su&r sandstones seem to occur just above coal or or- 
ganic-rich shale. An example of this was shown in 
Figure 8.13, hole A-5. 

Within the Allegheny and Pottsville Groups, sand- 
stones generally contain low concentrations of calcare- 
ous minerals. There are some (rare?) exceptions to this 
however. Figure 8.13 shows two drill logs with cal- 
careous sandstone in the lower Kittanntng overburden, 
drill logs A8 and OB-1 from the K a u b  site in 
Clearfield County. The calcareous minerals are pres- 
ent as cement in the channel bottom deposits. Exami- 
nation of thin sections reveals that minot amounts of 
siderite occur with calcite in the interpore cement (V 
Skema, 1996, personal communication). Some calcite 
at the KauflGnan site is also associated with fractures. 
Most of the sandstone at this mine, however, is not cal- 
careous. Sandstones in the Conemaugh, Monongahela, 
and Dunkard Groups frequently contain calcareous 
minerals (Figures 8.2, 8.26, 8.31 and 8.34). Some 
sandstones have lost their carbonates through weath- 
ering. 

dipretor0 (1986) found a relationship between 
postmining net alkalinity and percent sandstone. All 
but one mine site within his study area (northern WV) 

containing greater than 63% sandstone produced nega- 
tive net alkaline (i.e., acid) dramage. Sixty-seven per- 
cent of sites with less than 30% sandstone had positive 
net alkalinity (Figure 8.65). All but one of the sites 
with high percent sandstone were Allegheny Group 
coal mines. All but one of the Dunkard Group 
(Waynesburg coal) mines were alkaline. Many of the 
Waynesburg sites were less than 50% sandstone (in 
contrast to Waynesburg mines in Pennsylvania, where 
sandstone is the major overburden lithology, Figure 8.2 
and Figure 8.34). Figure 8.66 shows a comparison of 
net alkalinity, for upper Freeport mines in West Vir- 
ginia, with <50% sandstone and those with >50% 
sandstone. Median net alkalinity for sites with less 
than 50% sandstone is 105 mg/L, and for sites with 
more than 50% sandstone it is -172 m g L  

An examination of 4 1 mine sites in western Penn- 
sylvania by the Department of Environmental Protec- 
tion (DEP) and the Office of Surface Mining (OSM) 
also shows relationships between percent sandstone 
and water quality (Figure 8.67). This data is some- 
what biased in that, for the most part, it represents sites 
that were predicted to produce alkaline drainage (in 
theory acid-producing sites would not have been issued 
because of regulatory requirements), therefore acidic 
sites are probably underrepresented. Acidc sites are 
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Figure 8.69 Net alkalinity as a fundon ofpercent sand- 
stone for s h  mines that encountered the Waymsburg, 
upper Freepan and laver Ki#anning coals, Sites ace in 
P m t m  County @orthem), West Virginla. Mast sites with 
greater than 63% sandstone are WC, and most sites with 
less than 20% Sandstone are alkaline. are from 
dipretor0 (1 986). 



Fafatre 8.66 Distnition of net alkalinity as a fuactim of 
percent sandstone for the upper Freeport mines in Preston 
Countyx West Virginia. The outer box btackets the 2~~ 
and 75" percentiles, the horimntal line is the median, the 
h e r  box represents tfte 95% confidence interval a r o d  
the median. The two populations are mtistically si@- 
cantly different. Data are from diPretom (1986). 
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present however, and make up 36% of the mines stud- 
ied. Despite this bias toward "good" mines, we feel 
several observations can be made. Twelve of 13 
(93%) mines with less than 20% sandstone are alka- 
line. Five of 8 mines with greater than 63% sandstone 
have net alkaline water, which is in contrast with 
diPretoro7s findings where nearly all sites with >63% 
sandstone produced acidic water. A reason for thls dif- 
ference is that four of the ahline, highpercent sand- 
stone sites in the DEPIOSM study are in the 
Monongahela and Dunkard Groups. As Figure 8.2 
shows, calcareous sandstones occur in this 
stratigraphic interval, but are generally lacking in the 
Allegheny Group. The DEPIOSM data underrepre- 
sents high percent sandstone Allegheny Group sites, 
because experience has shown that they frequently 
produce acidic dramage, thus the permits were not is- 
sued. 
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The data from the two studies (dipretoro, 1986; and 
the DEP/OSM study) have not been combined into one 
data set because they employed different methods of 
"weighting" to determine percent sandstone. Separa- 
tion of the studies allows comparison of data from two 
adjacent, but separate areas. Both studies show that 
when there is a low percentage of sandstone the mine 
dramage is generally alkaline (Figure 8.65 and Figure 
8.67). Analysis of the DEP/OSM data suggests this is 
not related to higher NPs in the finer-grained rocks, nor 
to lower sulfur in these rocks. Some of the low-percent 
sandstone overburden, in fact, has higher sulfur than 
the high percent sandstone overburden (Figure 8.68). 
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Also there is no relationship between net neutralization 
potential and percent sandstone (Figure '8.69). The 
finer-grained rocks would contain more clay minerals 
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than sandstone and these clay minerals may contribute 
to acid neutralization through silicate weathering, ion 
exchange, and adsorption of P on negatively charged 
clay surfaces, thus better quality water. 

There are probably several reasons Allegheny 
Group overburden with a high sandstone content pro- 
duces acidic drainage. As mentioned, sandstones in the 
Allegheny group typically do not contain calcareous 
cements or minerals. This is probably related to pa- 
leoenvironmental influences that were not conducive to 
calcareous mineral deposition. Sandstones, which are 
composed largely of quartz, lack any appreciable ion 
exchange capacity and any ability to neutralize acid 
that would be generated by this process, and thus lack 
acid-buffbring capability. Massive sandstones can 
have small discrete zones with high pyrite content 
(such as coal stringers) that may be important in acid 
mine drainage (AMD) generation. The importance of 
these zones may be missed in a sulfur analysis of the 
rock due to dilution of the zone by the surroundmg 
"inert" sandstone. diPretoro (1986) suggested that low 
pH water generated by sandstones is favorable for 
AMD catalyzing bacteria, and sandstone, which during 
mining breaks into large blocks, allows greater perme- 
ability to air and water. The greater permeability to air 
by sandstone overburden is verified by Guo and Cra- 
votta (1996). A site with blocky sandstone had a 
minimum 0 2  in spoil gas of 18 volume percent (~01%). 
A second site with shale overburden had a minimum Oz 
in spoil gas of less than 2 ~ 0 1 % .  The minimum values 
for both sites were measured at -10 m below the sur- 
face. Another way sandstone can affect overburden is 
where noncalcareous channel sandstones cut out and 
replace calcareous strata (Brady et al. 1988). As dis- 
cussed above, the Monongahela and Dunkard Group 
sandstones are frequently calcareous. 

Although there are certain rules of thumb regarding 
the relationship between sandstone and mine dramage 
quality, sitespecific information is necessary to accu- 
rately predict water quality from a particular mine site. 
For example, sandstone above the lower Kittanning in 
Clearfield County is normally not calcareous, but some 
can be on rare occasions; and the sandstone above the 
Waynesburg coal which though situated in a domi- 
nantly calcareous part of the section is not necessarily 
calcareous. Sandstone and its relationship to mine 
dramage quality is stratigraphically specific and may 
be regionally specific. It would be interesting to com- 
pare the findings discussed above for the northern Ap- 
palachians with other coal-producing regions. 

0 a 40 60 80 100 
Percent Sandstone 

!@@ire 8.69 Neutralizittion potentid as a fnnctioa of per- 
.- sandstme+. Data from 4 1 surface mines in wesfern 
Pennsylvania. 

Distribution of High-Sulfur Rocks 

Frequently the highest sulfur strata are coals, boney 
coals, and other organic-rich rocks. Typically these 
organic-rich rocks are immediately above, below, or 
within a coal seam (e.g., a parting). Figure 8.49 shows 
sulfur content of roof and floor rocks compared to sul- 
fur in the adjacent coal. Low-sulfiu coals, such as 
those in the Powder River Basin and the southern Ap- 
palachians, have low-sulfur roof and floor. High- 
sulfur coals, such as occur in Pennsylvania and the 11- 
linois Basin, may or may not have high-sulfur roof and 
floor. The sulfur in the associated rocks in some in- 
stances is higher than the sulfur in the coal. 

Maksimovic and Mowrey (1993) examined the 
characteristics of the floor and roof materials from 
over 450 underground and surface coal mines across 
the US. The majority of immediate roof rocks were 
fine-grained sediments, shale, limestone, and fireclay. 
Sandstone only made up a minor firaction of the imme- 
diate roof rock. Sandstone was more significant a 
component in the main roof, making up 50% of deep 
mine roofs, but only 29% of surface mines. This dif- 
ference may possibly be because deep mines are pref- 
erentially developed where the roof is sandstone 
because of more stable roof condtions, whereas sur- 
face mines may avoid areas with massive sandstone 
bodies because of increased mining costs. In all cases, 
the immediate floor is largely composed of fine-grained 
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sediments. The fine-grained rocks associated with the 
coal, whether roof rock, floor rock, or a parting, are 
often transitional between coal and the rock types 
above and below the coal. This transitional nature re- 
sulted in rocks that are high in organic matter, and 
probably formed in a higher pH environment than ex- 
isted in the coal swamp. These conditions, as previ- 
ously discussed, can be conducive to pyrite formation, 
since organic matter is a necessary ingredient for sul- 
fate reduction. 

The proximal relationships between high-sulfur 
strata, and coal or rider coal seams can be seen in vir- 
tually all the drill logs depicted in this chapter that 
show sulfur data. An exception to the high sulfbr oc- 
curring immediately above the coal can be seen in Fig- 
ure 8.13, where the highest sulfur interval occurs 3 ft 
(1 m) or more above the low sulfur overburden which 
overlies the coal. The high-sulfur zone (1.15% in A-8, 
0.92% in OB-1, and 4.4% in OB-4) is associated with 
the brackish fossil Lingula. This is consistent with the 
work of Guber (1972) who found that shales and silt- 
stones overlying the lower Kittanning coal containing 
the phosphatic brachiopod Lingula had higher sulfur 
than rocks not having Lingula (Table 8.1 1). Morrison 
(1988) also found on average that brackish shales had 
higher sulfur (2.40%) than marine (0.95%) or fresh- 
water (0.15%) shales. Our experience confirms that 
brackish shales are typically high in sulfur. 

Table 8.11 Contingency table of observed frequencies of 
Lingula- and non-Lingula-bearing rocks by three sulfur 
classes. The rocks are from the interval above the laver 
Kittanning coal, Clearfield County. Data are from Guber 
(1972). 

High-sulfur strata are also associated with marine 
shales such as the lower Kittanning and Brush Creek 
overburdens shown in Figures 8.1 1, 8.12, 8.23 and 
8.24. Many of these same shales are calcareous. The 
top and bottom of some of these shale facies may be 
brackish. The thickness of high-sulfur zones in marine 
and brackish environments is often greater than that in 
the conchostracan-bearing overburden. It is important 
to accurately account for this high-sulhr material 
when designing plans to prevent acid drainage prob- 
lems, and when predicting postmining water quality. 

Relationships Among Mineralogy, 
Stratigraphy, and  Regional and Local 

Variations in Postmining Water Chemistry 

Four geologic processes account for overburden 
mineralogy. Two of these, paleoclimate and paleode- 
positional environment, date back hundreds of millions 
of years to the Pennsylvanian Period. The other two, 
surface weathering and glaciation, are more recent, oc- 
curring within the past few million years. Paleoclimate 
can account for the mineralogy of some terriginous 
rocks, but probably has little, if anythmg, to do with 
the paleodepositional controls that influenced pyrite 
and carbonate content of rnarinehrackish sediments. 
Weathering can reduce the original carbonate and sul- 
f i r  content of rocks by dissolution and oxidation proc- 
esses respectively. Glaciation can influence 
overburden by erosion of weathered bedrock and by the 
deposition of calcareous tills. The mineralogy of the 
rocks, particularly the presence of carbonates and py- 
rite, ultimately influences postmining water quality. 

Importance of Carbonates 

Earlier discussions argued that the calcareous car- 
bonates are more important in controlling water quality 
from surface mines than is pyrite. The presence of 
only 1 to 3% carbonate minerals can influence whether 
acidic or alkaline drainage is produced (Brady et al., 
1994; and Perry and Brady, 1995). The amount of 
sulfur present is not directly related to acid production 
except in the absence of calcareous strata. 

Despite early recognition of the importance of cal- 
careous strata (Leitch et al., 1932 and Crichton, 1923), 
most subsequent research has concentrated on studying 
the reactivity of various forms and features of pyrite. 
This seemed logical, because pyrite is required for the 
formation of acid mine drainage. The number of stud- 
ies on pyrite reactivity is in the hundreds if one in- 
cludes kinetic (leaching) tests. A few representative 
examples on relative pyrite activity are Caruccio's 
studies of pyrite morphology (1970) and trace element 
content (1972), Hammack et al.'s (1988) studies of py- 
rite origins (genesis); and Scheetz's (1992) investiga- 
tions of pyrite molecular structure. Chapter 7 lists 
hundreds of references for various studies on "kinetic7' 
tests. Few comparable studies have been done on the 
role of carbonates on mine drainage neutralization and 
inhibition, despite the clear role they play. 

The complexity of carbonate mineralogy, with ex- 
tensive solid solution substitution, and the role of this 
variable on resultant mine dramage chemistry is poorly 
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understood. It is known that the NP test (see Chapters 
6 and 11) does not adequately distinguish forms of 
carbonates (Skousen et al., 1997b). The iron carbon- 
ate "siderite" may be temporarily alkalinity producing, 
but with oxidation and precipitation of the iron compo- 
nent, it is ultimately not alkalinity producing (Cravotta 
et al., 1990). Possible exceptions are where sigtuficant 
solid solution substitution for the iron, by Mg or Ca 
occur, or where siderite is mixed with a calcareous 
carbonate. A revised NP procedure reduces the falsely 
high readings for NP when siderite is present (Skousen 
et al., 1997b). The work by Skwsen et al. is a follow- 
up of studies done by Morrison & al. (1990a; 1990b; 
1994). The field studies by Brady et al. (1994) and 
Perry and Brady (1995), as well as references con- 
tained therein, suggest that not only do calcareous min- 
erals neutralize mine dramage, but they also inhibit 
pyrite oxidation. Laboratory studies are consistent 
with these findings (e.g., Williams et al., 1982). The 
role of carbonate mineralogy on mine water chemistry 
is clearly a subject deserving more study. 

Others factors, in addition to mineralogy, such as 
mining methods, mine site hydrology, and controls on 
spoil pore gas composition can also significantly influ- 
ence postmining water quality. The role of these vari- 
ables (and others) is discussed in Chapters 1, 3, 12, 13, 
14, 15, 16, and 17. 

Stratigraphic Relationships to Water Chemistry 

Several studies have examined water quality as it 
relates to stratigraphic position of coal seams. Most 
surface mines in Pennsylvania have extracted coals in 
the Allegheny and Monongahela Groups. Table 8.12 
shows comparisons of pH for upper Pennsylvanian 
(Conemaugh and Monongahela Groups, plus the Per- 

mian? Dunkard Group) coal mines, and the upper Al- 
legheny and lower Allegheny Group. Two of these 
studies looked at water quality from deep mines in 
Pennsylvania four studies looked at water quality from 
surface mines in Pennsylvania and West Virginia, and 
one study included water quality from both surface and 
deep mines. The last line of Table 8.12 is the mine 
drainage quality data from Table 8.2 which have been 
adapted and summarized for comparison with the other 
studies. Samples of streams and water supply wells 
have been deleted from our summary. 

Deep mines, as discussed in Chapter 9, can produce 
poorer quality water than surface mines on the same 
coal seam, if they are "free draining." The deep mines 
included in these studies are "pre-Act" and mostly up- 
dip mines. The study by dipretor0 (1986) had the low- 
est percentage of alkaline sites from the upper Alle- 
gheny. This is probably because a high percentage of 
these sites had predominantly sandstone overburden. 
The DEP/OSM study and this study have the highest 
percentage of alkaline sites for the Lower Allegheny 
mines. This is probably because these studies include 
a bias toward sites that would produce acceptable wa- 
ter quality, bad permits being denied (and thus no 
postmining water quality). As a generality, the upper 
Pennsylvanian and upper Allegheny mines in Pennsyl- 
vania produce more alkaline drainage than lower Alle- 
gheny mines. 

As discussed above, the water quality reflects the 
geologic processes that have been at work. The upper 
Pennsylvanian/Permian? strata has freshwater lime- 
stones and calcareous shales. The upper Allegheny, 
with the exception of northern West Virginia, generally 
has calcareous shales and freshwater limestones. The 
lower Allegheny is frequently marine or brackish, and 

Table 8.12 Median pH from mines in the upper Pennsylvanian (Conemaugh, Monongahela, and Dunkard Groups), upper Alle- 
gheny (upper and lower Freeport, and upper Kittanning overburden), and lower Allegheny (middle and lower Kittanning, Clar- 
ion/Brookville overburden) Groups in northern West Virginia (WV) and western Pennsylvania (PA). ---- indicates data not 
provided. 
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often lacks calcareous strata. The Emrich and 
Thompson (1968) study also tried to look at regional 
trends in water quality by coal seam. They found that 
lower Kittanning deep mines in Armstrong and Jeffer- 
son Counties frequently produced alkaline drainage. 
We have found that surface mines in this same area 
also generally produce alkaline drainage (area of Fig- 
ure 8.12), and this is discussed in Chapter 9. 

A side by side comparison of Figure 8.2 and Table 
8.2 (both in pocket at rear of book) shows the relation- 
ships between stratigraphic intervals and water quality 
of the bituminous coal region of Pennsylvania. Table 
8.2 can also be compared to total sulfur and NP data 
of drill holes shown in Figure 8.4 through Figure 8.34, 
for a more detailed evaluation of the relationshps be- 
tween stratigraphic characteristics of specific surface 
mine sites and the postmining water quality of those 
sites. Alkalinity greater than 100 mg/l-and acidity 
greater than 100 mg/L are shown in bold, thus high- 
lighting water samples and stratigraphic intervals with 
high alkalinity and acidity. The remaining paragraphs 
of th~s  section describe the relationships from the 
Waynesburg Formation of the Dunkard Group down to 
the Pottsville Group, as the data is presented in Table 
8.2. 

Dunkard Group - The only coal commonly mined 
in the Dunkard Group is the Waynesburg coal. The 
postmining water quality from surface mining of the 
Waynesburg Formation can be highly variable (Table 
8.2; in pocket at back of book). The water samples of 
the Waynesburg interval (Table 8.2) are from D.S. 
Jones and P. Cestoni (1991, DEP hydrogeologists, per- 
sonal communication). Samples are from a 2 x 2.5 
mile (12.8 km2) area in Greene County. Most samples 
were collected at the Susan Ann site, and represent 
water before, during and after surface mining activi- 
ties. Surface mining began in 1980 and was completed 
in 1991. The first two samples, collected prior to 
mining, have alkalinity of 379 mg/L and 340 mg/L, 
and are from low flow seeps ( 4  gpm; <4 Llrnin). 
These emanate from a small abandoned deep mine 
(DM-2) on the Waynesburg coal. The next two sam- 
ples (Table 8.2) have acidity of 1500 mg/L and 306 
mgL. These are from low flow seeps adjacent to the 
sealed entry of DM-2 and were collected during rnin- 
ing. The fifth sample, from the same location, has al- 
kalinity of 92 mg/L, iron of 18 mg/L and manganese of 
29.4 mg/L. This sample was collected after backfilling 
and revegetation in 1991. The next sample in Table 
8.2 is from a small underground mine (DM-I). It has 

an alkalinity of 142.0 mg/L and slpficantly lower 
metals concentrations then the preceding sample. The 
flow was -5 gpm (- 19 Ltmin.) The two samples la- 
beled "F" in Table 8.2 have high alkalinity, relatively 
hgh metals concentrations and emanate from spoil. 
The remaining Dunkard Group samples are from 
tributary streams. All have alkalinity greater than 250 
mdL. 

The relationship between lithology and water qual- 
ity of the Waynesburg Formation is evident fiom a 
comparison of Table 8.2 to Figure 8.34. Data in Fig- 
ure 8.34 are from the Susan Ann mine and a nearby 
site called Fox. There are significant thicknesses of 
calcareous sandstones, siltstones and shales with NP 
values greater than 50 ppt. These account for the high 
alkalinity concentrations in postmining water quality. 
There are also significant amounts of strata with high 
sulhr (>0.5%). These include the Cassville shale 
above the Waynesburg coal (e.g., 1.39% S in Fox # 3) 
and the high-sulfur sandstone in hole PS-3. These 
strata account for the high acidity and metals concen- 
trations in some mine discharges. 

Monongahela Group - The water quality of the 
Monongahela Group is shown in Table 8.2. The 
lithologic and geochemical characteristics of the Group 
are depicted in Figures 8.2, 8.26, 8.3 1 and 8.32. 
Freshwater limestones including the Benwood, Fishpot, 
and Redstone, and other calcareous strata are abundant 
in the Monongahela. For example, Figure 8.32 shows 
drill holes with thick limestones and other high NP 
strata associated with the Sewickley and Redstone 
coals. As would be expected from the abundance of 
carbonate strata, the water quality associated with all 
but the lowest part of the Pittsburgh Formation is 
highly alkaline with relatively low metals concentration 
(Table 8.2). In fact, the sample fiom Upper Tyrone 
Township, Fayette County of a spring near the cropline 
of the Redstone coal has an alkalinity of 626 mg/L, the 
highest of any samples found in DEP permit files. 
While the metals concentrations of this sample are 
relatively low, the sulfate concentration is 1440 mg/L, 
making it the dominant anion, rather than bicarbonate. 

The abundance of carbonate strata in the overbur- 
den of the Redstone coal, along with the high alkalinity 
in natural background water, and the ubiquity of alka- 
line mine drainage associated with this seam in south- 
western Pennsylvania has resulted in overburden 
analysis rarely being needed to make permit decisions. 
Thus acid-base accounting data for the Redstone are 
rare. 
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Farther east, in Somerset County, the geologic 
structure and stratigraphic correlations become more 
complex, and overburden analysis data from the 
Monongahela Group is more common. For example, 
the Blue Lick Coal is routinely mined in Somerset 
County. This is a split or rider of the Pittsburgh seam 
which is not mineable in counties to the west (Shaulis, 
1993). The generally high alkalinity of the Blue Lick 3 
and Krause sites (Table 8.2) are representative of the 
postmining water quality of the Morantown to 
Sewickley coal overburden in this area. Drill holes 
OB-A, OB-C, and OB-5 in Figure 8.26 are examples 
of the overburden for this interval in Somerset County. 

Some active and abandoned, surface and under- 
ground mining activities on the Pittsburgh coal have 
produced serious acid mine drainage problems (see 
water samples from Allegheny and Westmoreland 
Counties in Table 8.2). This scenario occurs in areas 
where the Pittsburgh coal is mined alone (see OB-1 and 
OB-2, Figure 8.3 1). There are a few calcareous strata 
in these drill holes, but the high-sulfur (> 1 %) shales 
and sandstones overlying the coal apparently over- 
power the calcareous strab, thus the production of 
AMD. This type of AMD scenario also occurs where 
calcareous Redstone and Sewickley strata are present, 
but mhmg does not encounter them. For instance, 
where deep mines only disturb high-sulhr strata adja- 
cent to the coal, or where a surface mine drsturbs only 
low cover strata that have had the carbonates removed 
by weathering. A classic example of where a remining 
operation was able to improve water quality by mining 
a greater amount of cover and thus encountering cal- 
careous strata, and improve mine drainage quality, is 
the Solar site discussed in Chapter 9 (and in Skousen et 
a1 1997a). The discharge from a large Pittsburgh deep 
mine improved from a pH of 2.5 prior to remining to a 
pH of 7.5 following rernining. 

Conemaugh Group - The postmining water quality 
of surface mines within the Conemaugh Group is 
shown in Table 8.2. The lithology and geochemistry of 
the overburden are depicted in Figure 8.24 and Figure 
8.25. The earlier discussion of Conemaugh stratigra- 
phy documented that this thick sequence of rocks is 
generally "barren" of mineable coals. Few coals are 
mined in the Casselman Formation. The only part of 
the bituminous region where these coals reach mineable 
thicknesses is in extreme eastern Somerset County. 
The coals that have been mined are the Morantown 
(which is actually a split of the Pittsburgh coal and 
thus in the Monongahela Group), the Wellersburg coal 

(Figure 8.2 and Figure 8.25), the Barton, and Federal 
Hill coals. The last two are rarely mineable. Post- 
mining water quality for the Wellersburg overburden is 
shown on Table 8.2. The alkaline nature of the water 
is consistent with the calcareous nature of the overbur- 
den depicted in Figure 8.25. 

The Glenshaw Formation contains several mineable 
coals and numerous marine and freshwater limestones 
(Figure 8.2). The principal coals mined are the upper 
and lower Bakerstown and the Brush Creek, and the 
water quality associated with surface mines for these 
coals in Somerset and Fayette Counties are shown in 
Table 8.2. Drill holes DH-3 and DH-12 in Figure 8.25 
are from Southampton Townsiup, Somerset County 
and water from the same mine is shown in Table 8.2. 
Three samples of lower Bakerstown pit water and two 
samples of upper Bakerstown pit water are included in 
Table 8.2. All have alkalinity greater than acidity (the 
most alkaline of these is 118 mg/L from a lower Bak- 
erstown pit pool). A postmining discharge from the 
Stateline site has alkalinity as high as 2 10 mg/L and a 
pH of 8.1. This demonstrates that the thick calcareous 
strata shown above the lower Bakerstown in DH-12 
and DH- 13 (Figure 8.25) are capable of producing al- 
kaline postmining water quality, despite the presence of 
some high s u l h  coal and shale (e.g. 9.18% in DH-12). 
Drill holes 5 and 11F in Figure 8.25 are from nearby 
Brothersvalley Township The four water samples 
from the Brothersvalley site are of preexisting dis- 
charges with moderate acidity and considerable man- 
ganese and aluminum concentrations. These samples 
were collected prior to the remining operations on the 
site. These water samples show that acid discharges 
can occur on some mines where the overburden quality 
is generally good (Drill Holes 5 and 1 IF). It is not 
known whether the water quality following remining 
improved. 

The last six water samples from Conemaugh strata 
in Table 8.2 are from two sites in Wharton Township, 
Fayette County where the Brush Creek coal has been 
surface mined without postmining water quality prob- 
lems. These samples are from the same site as Drill 
Holes DH-19 and OB 1 in Figure 8.23. 

Allegheny Group - The postmining water quality 
characteristics of surface mine sites in Allegheny 
Group strata are represented by approximately 100 
samples in the bottom half of Table 8.2. The coals of 
the Allegheny Group are the most extensively mined 
seams of western Pennsylvania and consequently more 
is known about the relationships of the stratigraphy, 
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lithology, mineralogy, and postmining water chemistry 
of this stratigraphic interval, from published geologic 
reports and unpublished data in DEP permit files, than 
any other coal-bearing stratigraphc interval in Penn- 
sylvania. 

The areal extent of mining of the upper Freeport 
and lower Kittanning coals in western Pennsylvania is 
large. The magnitude of permit file data for this area 
can be estimated from DEP data bases: (1) mylar map 
records, (2) a computer system which tracks all per- 
mitting, inspection, compliance, and enforcement ac- 
tions for all mines active since 1985, and (3) an 
overburden analysis database that contains rock chem- 
istry analyses for permits issued since 1993, plus some 
historical records. The computer trackmg system in- 
cludes 1594 mines on the upper Freeport coal (from 
1985 to November 1997), for a total of 339,018 per- 
mitted acres. The lower Kittanning coal was permitted 
for 1142 mines covering 305,187 acres (M. Klimkos, 
1997, DEP, personal communication). The overbur- 
den analysis database contains 291 drill logs with 
chemical data for the upper Freeport overburden and 
336 drill logs for lower IGttanning overburden. 

The following description of upper and lower Alle- 
gheny Group water quality will be brief and broad- 
brush. Table 8.2 provides details for water samples 
from specific mine sites. The postmining water quality 
characteristics of some Allegheny Group surface mines 
has also been described in detail in Chapters 9, 10, and 
18 of thls book. 

U~per  Alleghenv - There is a relationship between 
the stratigraphy and postmining water quality of the 
upper Allegheny Group (stratigraphy shown in Figures 
8.2, 8.17 through 2 1, and water quality shown in thlrd 
panel from the bottom of Table 8.2). The three fresh- 
water limestones of the upper Allegheny (Johnstown 
limestone, lower and upper Freeport limestones) and 
associated coal, calcareous shales, siltstones, sand- 
stones, and underclays are shown in these drill holes 
with relatively high NP values. Most of the water 
samples for this stratigraphic interval in Table 8.2 have 
alkalinity concentrations greater than 100 mgL and 
several samples are greater than 300 mg/L. For exam- 
ple, the Laurel Hill # 1 and # 2 sites in Jackson Town- 
ship, Cambria County are the same sites as the four 
drill holes shown in Figures 8.17 and 8.18, and the toe 
of spoil seep with a pH of 8.1 has an alkalinity of 484 
mg/L. The Shero site in West Carroll Townshrp, 
Cambria County, has postmining water quality with an 
alkalinity of -375 mgL. Thls site is in close proximity 

8-73 

to the Fisanick site shown in Figure 8.19. The 
Fruithill, Witherow, Beaver # 1, and Fink/Mays sur- 
face mine sites from Clearfield County also exhibit 
relatively high postmining alkalinity for seeps, spoil 
discharges, and abandoned deep mines that are hy- 
drologically connected to the surface mines, and in 
headwater tributary samples. The Nashville site in In- 
diana County and the Schmunk and Rennie sites from 
Fayette County in Table 8.2 have similar alkalinity and 
low metal concentrations in postmining seeps, springs, 
and tributary samples for the upper Allegheny Group 
strata. However, the Chanin, Morrison, and Stuart 
sites in Fayette County, particularly in the upper Kit- 
tanning coal, exhibit dramatic variations from high al- 
kalinity to high acidity postmining discharge (Table 
8.2) corresponding.to facies changes where the typi- 
cally calcareous overburden strata are replaced by 
thick channel sandstones lac& carbonate minerals. 
The Momson and Stuart sites are in the same vicinity 
of Wharton Township, Fayette County. The dramatic 
difference is overburden quality is depicted in Figure 
8.20 where drill holes BM-OB2F and EM-OB5F from 
the Momson site possesses high NP overburden strata, 
while the drill holes from the Stuart site are generally 
lacking high NP strata, especially drill holes GBS- 
DH2, which is entirely sandstone overburden with total 
sulfur as high as 2.6%. 

Lower Alledeny - The relationshps between the 
stratigraphy and postmining water quality of the lower 
Allegheny Group can be determined by comparing the 
second panel from the bottom of Table 8.2 with Fig- 
ures 8.2, 8.7, 8.12, 8.13, 8.15 and 8.39. Thelower 
Allegheny lacks the freshwater limestones and associ- 
ated calcareous shale which are characteristic of the 
upper Allegheny; therefore the postmining water qual- 
ity of the lower Allegheny is often more acidic as dis- 
played in Table 8.2. However, the marine Vanport 
lirnestone in the lower Allegheny Group is the thickest 
and most commercially significant limestone unit in the 
Pennsylvanian rocks of the state, and in the counties 
where it is of appreciable thickness (e.g. Armstrong, 
Butler, Clarion, Lawrence and Mercer, see Figure 8.8), 
high alkalinity concentrations occur in mine dramage, 
spmgs, wells and streams as shown in Table 8.2 (e.g., 
GrafTand Wilson sites). 

The water quality associated with the surface min- 
ing of the MK coal reflects the transition in stratigra- 
phy from the lower to the upper Allegheny Group (see 
analyses in Table 8.2). The overburden strata between 
the MK and UK coals typically includes the Washing- 
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tonville shale overlying the MK coal which is 
stratigraphically the highest marine or truly brackish 
bed in the formation, and the Johnstown limestone un- 
derlying the UK coal, which is stratigraphically the 
lowest freshwater limestone in the formation. In a 
multiple seam mining operation having a bench for 
each coal, the MK pit water may have considerable al- 
kalinity because the Johnston limestone is the dominant 
influence on water quality, overwhelming the acid from 
the acidic shales and siltstones (Figures 8.13 and 8.15). 

Lower Kittanning overburden contains no true lime- 
stones. The characteristics of the overburden chemis- 
try and postmining water quality of this stratigraphic 
interval are quite variable as shown in Figure 8.12 
through Figure 8.15 and Table 8.2. More is known 
about paleoenvironmental and mine drainage quality 
variations for this interval than for any other coal in 
Pennsylvania. This is due to the large amounts of data 
in DEP permit files and numerous geologic studies 
(e.g., Williams, 1960; Williams and Keith, 1963;, Gu- 
ber, 1972; Homberger et al., 198 1, 1985; Williams et 
al., 1982; and Morrison et al., l99Oa). In some areas 
where the lower Kittanning overburden was deposited 
in a marine environment as shown in Figure 8.12, the 
mine drainage can exhibit appreciable alkalinity. For 
example, the Snyder site in Table 8.2 is the same site 
as drill holes OB-1 and OB-2 in Figure 8.12, and the 
pit water had an alkalinity of 114 mg/L, despite the 
presence of sulfur content greater than 1% in several 
shale strata. (The Snyder site is also featured in 
Chapter 18 of this book). Additional mine drainage 
data from a marine environment is contained in Table 
8.2 for the Shannon site in Clarion County. The lower 
Kittanning overburden from brackish environments is 
generally characterized by black shales overlying the 
coal. These shales can have very high sulfur content, 
for example 8.34% in drill hole 560A3 in Figure 8.13. 
Similar holes were drilled on the K a u b  site in Fig- 
ure 8.13 (e.g. drill holes OB- 1 and OB-4). Compara- 
ble acidic postmining water is shown in Table 8.2 for 
the adjacent Betty site. Water data from the Kauffinan 
site was not used because site reclamation is incorpo- 
ratmg imported alkaline material, thus postmining wa- 
ter from it is not necessarily representative of the 
overburden. Additional postmining discharges with 
high acidity, metals and sulfate concentrations from 
brackish environments of the lower Kittanning are 
shown for the Albert # 1 and Kelce sites in Clearfield 
County. Geologic description and water data for 
brackish sites in the Luthersburg area of Clearfield 
County are presented in Chapter 9. 

Lower Kittanning overburden from a "freshwater" 
paleoenvironment (probably marginally brackish) is 
depicted in drill holes 6 1 -B and 6 1 -C in Figure 8.15. 
Postmining seeps from the Swiscambria site have mod- 
erate acidity and metals concentrations. These LK 
"freshwater" environment sites (also drill holes OB-1 
and OB-2 in Figure 8.19, often have shales with lower 
sulfur contents than the marine and brackish shales, 
but these sites still tend to produce water with acidity 
greater than alkalinity. Finally, some lower Kittanning 
sites may have overburden strata principally comprised 
of thick channel sandstones. These often produce 
drainage with high acidity and metals (e.g., Lawrence 
site from Fayette County; Table 8.2). 

Postmining water quality variations of surface 
mines on the Clarion coals are probably the most com- 
plex of any coal mined in Pennsylvania because three 
of the four geologic factors that account for overbur- 
den mineralogy (i.e., paleoenvironment/stratigraphy, 
glaciation, and surface weathering) can be operative 
and significant within the same county (e.g., Clarion 
County). The result is good and poor quality mine 
drainage in the same vicinity. Stratigraphic correla- 
tions and nomenclature of these lower Allegheny coals 
can be confusing as discussed earlier. 

Often the total sulfbr content of the Clarion coals 
and the overlying shales are high, as shown in drill 
holes DH23-6 (8.33%) and DH18-1 (5 .92%) in Figure 
8.7 and drill hole DH-4 (5.16%) in Figure 8.39. Other 
Clarion coal overburden analyses in DEP files (not in- 
cluded in these figures) commonly have total suf i r  
greater than 8%. Discharges with > 1,000 mgL acidity 
related to this type of Clarion overburden strata are 
common. Examples shown in Table 8.2 are the Old 40 
and Zackerl sites in Clarion County, the Orcut site in 
Jefferson County, and the Philipsburg site in Centre 
County. Where the Vanport limestone is present, the 
mine drainage quality can be dramatically different as 
discussed earlier and shown in Figure 8.10. 

The influence of unweathered and weathered glacial 
tills upon overburden mineralogy and mine drainage 
quality of Clarion coal surface mines is shown in Fig- 
ures 8.39 and 8.60 and Tables 8.2 and 8.3. Drill hole 
OB-2 in Figure 8.39 from the Cousins site in Lawrence 
County is an example of an unweathered till zone (i.e., 
zone 5 in Figure 8.60) with NP values > 500 ppt 
CaC03. These high values are due to clasts of the 
Vanport limestone. The pit water sample from the 
Cousins site on Table 8.2 has an alkalinity concentra- 
tion of 130 m a ,  while spring samples from the site 
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(Table 8.2) have higher alkalinity concentrations. Drill 
hole OB-3 - SPAG (Figure 8.39) is from the Spagnolo 
site shown in Table 8.3. This drill hole encounters till 
with several zones of NP greater than 30 ppt. This is 
indicative of zone 4 (oxidized, calcareous till) in Figure 
8.60 and the water quality at the Spagnola site has a 
pH greater than 6.5 and an alkalinity of approximately 
30 mg/L (Table 8.3). Most of the glacial till shown in 
DH-4 and DH-28 from the Pike Township site in Fig- 
ure 8.3 9 appears to be weathered and non-calcareous 
(see Zones 2 and 3), but the thick Vanport limestone 
below the till would promote alkaline water at this site 
without influence from the till. 

Pottsville Group - The Pottsville Group coals are 
generally thin and discontinuous. While generalized 
columnar sections of the Group show the Sharon, 
Quakertown and Mercer coals, the only Pottsville 
Group coal that is mined to any reasonable extent in 
the bituminous region is the Mercer coal zone. A few 
surface mines in Somerset County are mining a coal 
labeled the Quakertown but the correlations are tenu- 
ous or doubtful. Recent surface mining of the Mercer 
coals is largely restricted to an area of northwestern 
Pennsylvania including portions of Clarion, McKean, 
Lawrence and Mercer Counties. Since there has been 
so little mining activity on Pottsville Group coals, very 
little useful data exists. Consequently the description 
of the relationshps between Pottsville Group overbur- 
den chemistry and water quality characteristics has 
been reduced to a comparison of the drill logs for two 
proposed mine sites that were not mined, (shown in 
Figure 8.6), to some background water samples from 
that area, plus some recent and abandoned mine drain- 
age samples of Pottsville Group mines shown in the 
bottom panel of Table 8.2. 

The five samples of old mine discharges for the 
Mercer coal site in Norwich Township, McKean 
County are from the same site as drill holes DH 177-1 
and DH 177-9 shown in Figure 8.6. The highest aka- 
linity for these samples is 7 &, and the highest 
acidity is 73 mg&; some of these samples have nearly 
equal acidity and alkalinity values. The two water 
samples in Table 8.2 from the Mine #201 site, are from 
the same site as drill holes DH 201-1, DH 202-2 and 
DH 20 1-3 in Figure 8.6. These samples are back- 
ground (premining) springs off the Mercer coal outcrop 
and exhibit similar alkalinity, acidity, and sulfate con- 
centrations to the Mine #I77 background samples de- 

scribed above. The four pit water samples of the 
Matthews site on the Mercer Coal in Mahoning Town- 
ship, Lawrence County, have significant alkalinity 
concentrations (e.g. 206 m&) and relatively low met- 
als concentrations. However, the high alkalinity is 
chiefly attributed to carbonate minerals in the till over- 
burden. 

The mildly acidx to highly alkaline water quality 
available from the recent Mercer coal sites may tend to 
deceive some readers because it does not represent the 
full range of mine drainage quality emanating from the 
Mercer coal zone in Pennsylvania. Therefore, the 
abandoned mine discharges from the Horseshoe site in 
Cambria County were included in Table 8.2 to repre- 
sent the sigtllficant acihty and metals concentrations 
that are possible from Mercer coal mine discharges. 
The Louden (MP-29 and MP-22) and Page (MP-65) 
discharges are from large abandoned underground mine 
complexes on the Mercer coal near Altoona, PA. The 
Louden discharge has acidity and iron as high as 1835 
mg/L and 194 mg/L respectively. The Quakertown 
coal pit water sample from an active surface mine in 
Somerset County, at the bottom of Table 8.2, is the 
only water sample found in DEP files for this interval. 

Regional and Local Variations in Postmining Water 
Quality 

Following is a summary of postmining water qual- 
ity variations in Pennsylvania attributable to geologic 
factors. Regional- and local-scale variations in post- 
mining water quality for the bituminous and anthracite 
mining regions are evident in data from this study and 
previous studies. 

A bimodal distribution of coal mine h n a g e  pH 
has been observed within both the bituminous and an- 
thracite regions (Figure 8.70a and Figure 1.2, Chapter 
1, for bituminous coal mine drainage and Figure 8.70b 
for anthracite mine drainage). Brady et al. (1 997) 
state: "Although pyrite and carbonate minerals only 
comprise a few percent (or less) of the rock associated 
with coal, these acid-forming and acid-neutralizing 
minerals, respectively, are highly reactive and are 
mamly responsible for the bimodal distribution.. . . De- 
pending on the relative abundance of carbonates and 
pyrite, and the relative weathering rates, the pH will be 
driven toward one mode or the other." Chapter 1 dis- 
cusses the pH distribution for the bituminous region. 
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Water Quality in the Bituminous Coal Region - 
The large-scale variations in water quality within the 
Bituminous Coal Region are principally related to the 
outcrop patterns of the Pottsville, Allegheny, Cone- 
maugh, Monongahela and Dunkard Groups, and to 
paleoenvironmental changes of specific stratigraphic 
intervals at a regional scale. The large-scale water 
quality variations are chiefly attributable to the pres- 
ence or absence of calcareous rocks. A good example 
of delineating mine drainage quality by outcrop area is 
the Monongahela Group. Surface mining most 
Monongahela Group seams results in alkaline drainage 
(an exception is acid problems from some Pittsburgh 
deep mines). The alkaline drainage occurs because of 
the abundance of thick freshwater limestones that are 
encountered during mining. Good examples of re- 
gional-scale paleoenvironmental variations occur 
within the lower Allegheny Group. Some examples are 
where: (I)  the marine Vanport limestone is thick and 
overlays the Clarion coals, as opposed to areas where 
the Vanport limestone is absent; and (2) marine shales 
overlying the lower Kittanning coal to produce alkaline 
mine drainage, as opposed to lower Kittanning shales 
that are of a brackish or "freshwater" environment re- 
sulting in acidic drainage. 

associated with: (1) the thick freshwater limestone se- 
quences (e.g., the Redstone limestone) of the Pittsburgh 
Formation in the southwestern corner of Pennsylvania, 
(2) the thlck marine Vanport limestone of the lower 
Allegheny Group in the central to northwestern area of 
the bituminous region, and (3) the freshwater lime- 
stones of the upper Allegheny Group (i.e., Johnstown, 
lower and upper Freeport Limestones) in areas where 
these limestones and associated calcareous shales are 
abundant, such as portions of Clearfield, Carnbria, In- 
diana, Westmoreland, and Fayette Counties. In addi- 
tion, significant alkalinity concentrations in Table 8.2 
occur in: (1) the Conemaugh Group where the marine 
Brush Creek and Woods Run limestones are present, 
and (2) the lower Allegheny Group mines in north- 
western Pennsylvania where the overburden includes 
significant thickness of calcareous glacial till. 

The highest acidity concentrations in Table 8.2 are 
associated with: (1) the Clarion and lower Gttanning 
coals, particularly where black brackish shales and 
thick marine shales predominate in the overburden, 
such as Clarion, Clearfield, and Centre Counties, and 
(2) in the Pittsburgh coal and Waynesburg coals of the 
southwestern portion of the bituminous region, in areas 
where the carbonate strata are absent or lacking appre- 

By comparing Table 8.2 to Figure 8.2 (both in ciable thickness. Sigmficant acidity concentrations are 
pocket at back of book), relationships between the ge- also shown in Table 8.2 where local facies changes oc- 
ology and water quality of the bituminous region can cur, such as in the upper Allegheny Group in areas of 
be discerned. The highest alkalinities in Table 8.2 are 
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Fayette County, where the channel sandstones occur 
instead of freshwater limestone and calcareous shales. 

The medians and ranges of pH, alkalinity, acidity 
and sulfate concentrations of the major stratigraphic 
intervals of the bituminous region are shown in Table 
8.13. This table has been constructed using data in 
Table 8.2. Most stream samples were not mcluded 
fiom Table 8.2, unless the water reflected drainage 
from the mine site (e.g., headwater streams during 
baseflow conditions). Well samples were also deleted, 
unless they were monitoring wells within mine spoil. 
Where multiple samples of the same mine discharge 
point occur in Table 8.2, a median was computed for 
inclusion in Table 8.13. Unrepresentative premining 
samples were also deleted. The number of samples (N) 
shown in Table 8.13, is the number of mine discharge 
locations used to compute the medians and ranges 
shown. 

Comparison of m d a n  pH values in Table 8.13 
shows a lower pH for the lower Allegheny Group than 
for the stratigraphically higher strata. The median pH 
values for the upper Allegheny, Conemaugh, Monon- 
gahela, and Dunkard Groups are within the upper 
mode of the bimodal frequency distribution for pH 
shown in Figure 8.70a. These pH values are reflective 
of the importance of carbonate strata in controlling 
mine drainage quality. The wide range of pH values 
and the range of alkalinity and acidty concentrations 
for the intervals document that some strata w i h  each 
major interval have the potential to produce alkaline 
and acidic drainage. The relatively hgher median sul- 
fate concentration for the lower Allegheny Group, indi- 
cates that this strata has a greater potential for acid 
production. That is consistent with the extreme acidity 
and sulfate concentrations in lower Allegheny Group 
samples in Table 8.2. Many of these samples are also 
marked by high concentrations of iron, manganese, 

aluminum, and sulfate. 

Anthracite Region Water Quality - Regional 
variations in mine drainage quality of the Anthracite 
Region are shown in Table 8.14. The relationships 
between the postmining water quality and specific 
stratigraphic intervals of the Anthracite Region are 
much less well known than those of the Bituminous 
Region for at least two reasons: (1) the complexity of 
the geologic structure has impeded the acquisition of 
stratigraphic data from routine exploration drilling and 
made correlations of units and associated rnine drain- 
age difficult; and (2) a large portion of the mining hy- 
drology of the four anthracite fields is controlled by 
large-volume, mine pool discharges. The mine drain- 
age fiom gangways developed in multiple coal beds is 
commingled in rock tunnels (that crosscut the geologic 
structure and strata) which interconnect the mine 
workings. Thus discharges are often a composite wa- 
ter representing multiple coal seams throughout a large 
mine complex. Despite this, some significant regional 
variations in rnine dramage quality are evident for the 
anthracite fields (Figure 8.7 1). These are probably 
related to mineralogic differences between the fields. 

Some Northern Anthracite Field mine waters have 
significant alkalinity (e.g., Plains Borehole, Table 
8.14). This may be attributable to the presence of ma- 
rine and freshwater limestones and other calcareous 
rocks in the Northern Field. A few postrnining dis- 
charges of the Northern Field have low pH and high 
acidity (Loomis Bank discharge), although high acidity 
discharges are relatively rare in the anthracite fields. 
Many large volume discharges of the Northern Field 
have circumneutral pH with nearly equal concentra- 
tions of acidity and alkalinity (e.g., Jerrnyn Out- 
fal1,Table 8.14). Although cirurnneutral, some of these 
dscharges have relatively high concentrations of iron, 
manganese or aluminum, and because of large flows 
they have high pollution loads. 

Table 8.13 Median and range of mine drainage quality of the Bituminous Region of Pennsylvania (adapted from Table 8.2). 
I = number of sa 

GROUP 

Dunkard 
Monongnhela 

Conemaugh 

UPPI 
Alleghenj 

Lower 
Alleghenj 
Pottsville 

median 
171.3 
481.4 
272.0 
211.0 

957.5 

165.0 

@ 
median range - 

Aciditv m a  
median range 

7.75 
6.75 
6.40 
7.11 

- 
0.0 
0.0 
5.1 
0.0 

43.5 

Alkalinitv mdL 
median ranee 

3.35 - 8.03 
2.45 - 8.30 
3.56 - 8.10 
2.80 - 8.10 

0 - 903 
0 - 2851 
0 - 168 
0 - 1290 

0 - 10000 

251.5 
92.0 
24.0 

114.8 

0 - 359 
0 - 338 
0 - 210 
0 - 484 
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N=25  N=29 ~ = 4 6  N=152 
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I I I I 

Northem Eastern Western Southern 

Anthracite Field 

I I I I 

Northern Eastern Western Southern 

Anthracite Field 

There are 14 major discharges in the Eastern Mid- 
dle Field. Mine dramage from four of these are shown 
in Table 8.14. There is no significant alkalinity in any 
of the discharges. As far as is known, there are no 
limestones or other calcareous strata in this region. 
The highest alkalinity is 13.8 mg/L and the highest 
acidity concentration is 194 mg/L. No severe AMD 
(pH < 3.0, acidity > 1000 mg/L) is known in the East- 
em Middle Field. The Eastern Middle Field appears to 
lack both calcareous rocks and high-sulhr rocks. The 
Jeddo Tunnel discharge, in the Eastern Middle Field, is 
the largest mine discharge in the state (Table 8.14), 
and generally has an acidity concentration > 100 mg/L 
and a flow >50,000 gpm (>I90 m3min-'). Though the 

acidity concentration is not "high," because of the flow 
the acid load is large. 

The water quality of the postmining discharges of 
the Western Middle and Southern Anthracite Fields is 
somewhat more mysterious than that of the Northern 
and Eastern Middle Fields. Some discharges have sig- 
nificant alkalinity, but no carbonate stratigraphic units 
have been reported in these fields. The Packer V dis- 
charge in the Western Middle Field has alkalinity of 
160 mgL and iron of 20.9 mg/L in Table 8.14. The 
Richards discharge near Mt. Carmel has a pH of 3.7 
and an acidity of 70 mgL. Other discharges of the 
Western Middle Field exhibit circumneutral pH, with 
iron concentrations of 10.6 to 30.5 mg/L in Table 8.14. 
Because some of these discharges drain large intercon- 
nected underground mines spanning square miles, vari- 
ous anthropogenic sources may also contribute to 
water quality. However the North Franklin and the 
Doutyville tunnel discharges are located in a mostly 
rural area. 

Several mine discharges of the Southern Anthracite 
Field have significant alkalinity concentrations, in- 
cluding the Wadesville, Eagle Hill, and Kaska dis- 
charges (Table 8.14)). In fact the water pumped from 
the Wadesville shaft has an alkalinity of 4 14 m a .  
This is one of the most alkaline mine waters found in 
Pennsylvania. It is almost certain that a detailed study 
of stratigraphy in this area would reveal calcareous 
strata or calcareous secondary mineralization. Several 
Southern Field Qscharges have sipficant acidity con- 
centrations (Bell, Newkirk, Porter Tunnel and Markson 
discharge, Table 8.14). A study by C.R. Wood (1996) 
shows that many abandoned underground mine dis- 
charges in the anthracite fields have improved in water 
quality between 1975 and 199 1. 

A final f&or that may affect the relationships be- 
tween postmining water quality and stratigraphy in the 
Anthracite Region is the stratification of mine pool 
water. The mine pools consist of water accumulated in 
void spaces within abandoned underground mines, and 
deep pools or lakes in abandoned surface mines that 
are hydrologically connected to abandoned under- 
ground mines. These mine pools typically are chemi- 
cally stratified into "top water" and "bottom water." 
The stratification of anthracite mine pools is discussed 
in Barnes (1964), Erickson et al. (1982) and Ladwig et 
al. (1984). Adhtional discussions on the areal extent, 
volume of impounded water, and interconnections 
(breeches) between mine pools are contained in a series 
of studies by Ash (e.g., 1949, 1954). 
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Table 8.14. Mine drainage quality for the four anthracite fields. N = Northern Field, EM = Eastern Middle Field, 

The top water discharges are typically of circurn- 
neutral pH, although some samples in Table 8.14 may 
have elevated iron, manganese, or aluminum. Top 
water is believed to reflect shallow groundwater sys- 
tems, with relatively short residence times, where most 
of the flow is confined to the upper part of the mine 
pool. The bottom water typically has higher concen- 
trations of acidity, metals, and sulfate than the top 
water of the same mine pool. Bottom waters are in- 
dicative of longer residence times, less circulation (and 
less oxygen). For example, the Markson and Good 
Spring No. 1 mine pool discharge samples shown in 
Table 8.14 are from adjacent collieries within the Don- 
aldson Syncline in the Southern Anthracite Field. The 
mine maps of these two collieries indicate that the coal 
seams mined, mining engineering factors, and geologic 
conditions of the collieries are essentially the same; yet 
the Good Spring No. 1 discharge has a pH of 6.2 (and 
sulfates of 1 12 mg/L) and the Markson discharge has a 
pH of 3.4 (and sulfates of 49 1 m a )  (Table 8.14). 
The Good Spring No. 1 discharge is top water and the 
Markson discharge is bottom water with a distinct hy- 
drogen sulfide aroma. The samples of the Markson 
and Good Spring No. 1 mine pool discharges were 

collected on the same date in relatively low flow condi- 
tions and are within a few mgiL of the average sulfate 
values from five years of monthly samples. 

Figure 8.7 la  depicts variations in the pH of mine 
discharges for the four anthracite fields. The Eastern 
Middle Field has the lowest median pH and the least 
variability in pH, consistent with an absence of car- 
bonate strata. Figure 8.7 1b shows that the Eastern 
Middle Field discharges also have the lowest sulfate 
concentrations and the least variability in concentra- 
tion. The other fields show a wider range in pH and 
sulfate, although the Southern Field typically has lower 
sulfate than the Northern and Western Middle Fields. 

Local-Scale Variations in Water Quality of the 
Bituminous and Anthracite Regions 

For purposes of ths  discussion, local-scale varia- 
tions in geology and mine drainage quality are those 
which occur within a single mine site, or between adja- 
cent mine sites, or within a relatively small geograpluc 
area. These local-scale variations are much more 
prevalent and explainable in the Bitmunous region, 
although distinct differences in mine drainage quality 
have been reported from adjacent active underground 
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mines in the Anthracite region. There are at least four 
types of local-scale variations in geology that account 
for differences in mine drainage quality: (1) abrupt fa- 
cies changes where freshwater calcareous strata (i.e., 
from a lacustrine or upper delta plain paleoenviron- 
ment) are r e p l d c u t  out by channel sandstones, (2) 
more subtle facies/depositional environment changes 
occur where the thickness and purity of carbonate 
strata or the presence and thickness of high sulfur 
zones, within the coal seam or overlying shales, can 
very within a mine site, (3), weathering of bedrock 
which results in loss of carbonate and sulfur minerals, 
and (4) variations in the tluckness and depth of weath- 
ering of glacial tills which result in loss of carbonate 
minerals. 

An example of the effects of abrupt facies changes 
is shown in Figure 8.20 and reflected in the water 
quality from the neighboring Morrison and Stuart sur- 
face mines (Table 8.2). The mines extracted the upper 
Kittanning coal in Wharton Township, Fayette County. 
The calcareous overburden strata of the Morrison site 
is reflected in the alkaline nature of the seep (pH 7.0, 
alkalinity 308 mg/L and low metals concentrations). 
The Stuart site overburden was principally channel 
sandstones. The postrmning seepage from this site is 
acidic (pH 2.8, acidity 1290 mgL and high metals 
concentrations). 

The more subtle local variations in facies, carbon- 
ate mineral, and sulfbr content of overburden strata 
cannot be readily seen in Table 8.2. However the 
ranges and medians of acidity, alkalinity, and pH val- 
ues from Table 8.2, summarized in Table 8.13, demon- 
strate that low pH and circumneutral pH, and alkaline 
and highly acidic values occur in all of the major 
stratigraphic groups in the bituminous region. The 
high acidity concentrations in generally alkaline 
stratigraphic sequences may appear anomalous, but 
they probably represent local variations where signifi- 
cant pyrite is present and carbonate minerals are lack- 
ing. 

Geologic variability in portions of Lawrence, Ve- 
nango, and Mercer Counties illustrate some of the rea- 
sons for local variations in mine drainage quality. The 
water quality differences result from hfferences in 
thickness and weathering depth of tills, and abundance 
of carbonate and sulfide minerals in till and bedrock. 
Mine dramage quality in Table 8.2 for the Cousins site 
on the Clarion coal in Hickory Township, Lawrence 
County show the influence of calcareous till (alkalinity 
of 130 m& in pit water), as does the Mathews site on 

the Mercer coal in Mahoning Township, Lawrence 
County (pit water alkalinity as high as 206 mg/L). 
This is consistent with the alkaline nature of till on the 
Cousins site (with NP > 500 ppt). Drill hole 0B3- 
SPAG in Figure 8.39 from the Spagnola site in Mill- 
creek Township, Mercer County contains a few zones 
with NP > 50 ppt. This calcareous overburden re- 
sulted in alkaline drainage. By contrast, the Oddfellow 
site in Pine Township, Mercer County, with a lack of 
calcareous rock, produced acidic drainage. Drill hole 
DH-28 fiom the Oddfellow mine shows thick till (and 
essentially no bedrock) overlying the Clarion coal, with 
only one zone with NP greater than 50 ppt; while DH-4 
exhibits equally thick till with no zones of NP greater 
than 30 ppt, but the till is underlain by -15 ft (5 m) of 
Vanport limestone with NP values from 920 to 956 
ppt. A surface mine on the ClarionlBrookville coal 
with no evidence of thick till or Vanport limestone in 
the overburden, is the old Riddle site from Mineral 
Township, Venango County. An unnamed tributary to 
Sulphur Run receiving water from the Riddle site has a 
pH of 3.0 and an acidty of 240 mg/L (Table 8.2). 

Worst case examples of acidity, metals, and sulfate 
concentrations that can be produced from Clarion coal 
overburden, without the benefits of Vanport limestone 
or calcareous tills on site, are the Old 40 and Zacherl 
sites in Table 8.2, located a short &stance to the south- 
east in Clarion County. These two sites have the high- 
est acidity concentrations of the any stratigraphic 
interval shown in Table 8.2. Thus, the importance of 
carbonates in controlling mine drainage quality is evi- 
dent in both local and regional water quality for the 
bituminous and anthracite fields of Pennsylvania. 

APPENDIX 

Fossil Fauna and Paleosalinity 

This Appendix proposes a revision of Williams 
(1960) "Environmental Fa,unal Classification" by reex- 
amining the paleoecology of conchostracans, a fossil 
used by Williams (1960) to define freshwater deposi- 
tional environments, and by adding an additional fau- 
nal group. 

Williams (1960) pioneered the use of fossil fauna as 
a paleosalinity indicator in the Pennsylvanian of Penn- 
sylvania. Table 8.15 is a list of faunal facies. Faunal 
Groups 1 through 4 are from Williams. Faunal Group 
5 has been added by the authors. Faunal Group 4 was 
interpreted as "Fresh-water" by Williams. A reexarni- 
nation of what is known about the most abundant fossil 
Order in Faunal Group 4, conchostracans, suggests 
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that this group lived in a marginally brackish, not 
freshwater, environment. This is important from an 
overburden chemistry standpoint. As discussed in the 
body of the text, ocean water is high in sulfate and 
freshwater contains very small amounts of sulfate. 
Sulfate, through reduction, supplies the sulfur that 
forms pynte. Where sulfate is low it can limit the 
amount of pyrite that is formed. Thus salinity can 
control the amount of sulfur available for the formation 
of pyrite. 

Faunal Groups 1 through 3 retain the same inter- 
pretations that Williams gave them. Faunal Group 1, 
whlch is often associated with limestone, was probably 
deposited in deeper water than Faunal Group 2. Cri- 
noids, which are stenohaline (i.e., not tolerant of 
brackish conditions or variable salinity) have been 
added to Faunal Group 1. 

Tasch (1969) has an extensive discussion on 
"Ecology and Paleoecology" of conchostracans. Most 
modem conchostracans live in "small, temporary, al- 
kaline, inland ponds," although they have also been re- 
ported "on coastal salt flats" and "(s)ome living 
species are known from both fresh and brackish water 
environments" (Tasch, p. R146-R147). Tasch goes on 
to say ". . . living conchostracans can withstand brack- 
ish water and it is in zones of brackish-water deposits 
that the mixture of the fresh-water and marine [fossil] 
forms in question probably occurred" (p. R149). 
Tasch adds that "@)resent evidence suggests transition 
from an origlnal marine to a fresh water environment 
during the Carboniferous" (p. R149). Thus, at a 
minimum, Pennsylvanian conchostracans are not con- 
clusively representative of a freshwater depositional 
environment, and in fact during the Pennsylvanian they 
most likely lived in a marginally-brackish environment. 

The marginally brackish environment may have 
been "paralic." Paralic is defined as "pertaining to in- 
tertongued marine and continental deposits laid down 
on the landward side of a coast or in shallow water 
subject to marine invasion, and to the environments 
(such as lagoonal or littoral) of the marine borders" 
(Bates and Jackson, 1987). Skema (1997, personal 
communication) has suggested the term "marginally- 
brackish" because it infers salinity (of interest to over- 
burden chemistry), whereas paralic infers geographic 
position. The evidence for conchostracans occupying a 
marginally-brackish environment during the Pennsyl- 
vanian, in addition to the comments by Tasch, include 
the following: 

Progressions from one paleoenvironrnent to an- 
other, such as those found in the rocks above the 
lower and middle K i t t a m q  coals, are completely 
transitional. The transition is from truly marine 
conhtions such as Williams' Faunal Group 1, 
which has a wide variety of marine fauna, to a 
more restricted fauna in Faunal Group 2, to the 
brackish fauna of Group 3, to the conchostracan- 
bearing Group 4. This transition canbe lateral or 
vertical. The paleoenvironmental maps (Figure 
8.1 1 and Figure 8.16) show this lateral transition. 
Skema (1997, personal cornmumcation) has seen 
conchostracan-bearing strata grade vertically into 
Lingula-bearing strata, and back to conchostracan- 
bearing strata. 

The faunal groups can interfinger laterally. An 
excellent illustration of this is the cross-sections in 
Plate 2 of Glass et al. (1977). The cross-sections 
show conchostracans and Lingula occurring at the 
same stratigraphic horizon above the middle Kit- 
tanning coal only a few miles (km) apart. 

Many of the rocks and coals associated with con- 
chostracan fossils are high in sulfur (>0.5%). The 
sulfur content of the upper Kittanning, lower and 
upper Freeport coals and overlying strata are 
higher than typical for freshwater coals and sedi- 
ments. This is consistent with some marine influ- 
ence. 

Table 8.15 Faunal groups showing typical fossils for spe- 
cific depositional environments. Salinity increases down- 
ward in the table. Also shown are the carbonates that are 
typically associated with the rocks from these faunal 
groups. 
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(4) Conchostracan-bearing rocks occur at the same 
stratigraphic positions as known marine horizons. 
This is true from at least the lowest Allegheny ma- 
rindbrackish zone to the Skelly horizon of the Cas- 
selrnan Formation (Skema, 1997, personal 
wrnrnunication). The Freeport roof rocks, which 
are entirely within Faunal Group 4 in Pennsylvania, 
grade laterally into marine or brackish rocks in 
Ohio (Sturgeon and Hoare, 1968). 

(5) Convincingly freshwater deposits, such as the 
freshwater limestones that occur in the upper Alle- 
gheny and younger strata, hiye a very different 
suite of fossils composed of Faunal Group 5. 
Also, these strata can not be followed laterally into 
marine or brackish zones. 

With the inclusion of marginally brackish environ- 
ments, some marine influence is present in Pennsylva- 
nian Period rocks in Pennsylvania from the Pottsville 
Group through at least the Skelly horizon of the Glen- 
shaw Formation. The importance of this reinterpreta- 
tion of Faunal Group 4 is that the higher than 
freshwater salinity that influenced the faunal facies 
would also influence the amount of sulfate available 
for pyrite formation. The marine influence present for 
Faunal Group 4 was less than that of brackish or truly 
marine sediments. l k s  is reflected in the generally 
thinner sequences of high-sulfur strata associated with 
conchostracan-bearing rocks. Marginally brackish fa- 
cies would be exposed to marine influence for less 
time, from transgressive to regressive portions of a cy- 
cle, than more fully marine sequences, and the shal- 
lower depths of water allowed for less sediment 
deposition. Thus the thinner zone of high sulfur rock. 
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