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LONG-TERM EFFECTIVENESS OF DEEP MINE SEALING
AT MORAINE STATE PARK, BUTLER COUNTY, PA.

By Slavoljub D. Maksimovic ! and Bernard R, Maynard?

ABSTRACT

The Bureau of Mines conducted water sampling with flow measurements at
Moraine State Park to determine the long-term effectiveness of the deep
mine sealing completed between 1969 and 1971. Data collection in 1979
and 1980 consisted of taking two samples per weir location from a group
of mine entries. These data were compared with baseline data from be-
fore and 1 year after seal completion, utilizing standard statistical
procedure, The total mean water discharge and total mean iron load in-
creased, whereas the mean acid load decreased. The minimum water dis-
charge, minimum acid, and total minimum iron load increased, and the
maximum water discharge, maximum acid, and total maximum iron load de-
creased as a result of sealing. The acid load variance was reduced ap-
proximately 55 pct. The water discharge and water quality were more
consistent than before sealing. In general, the water quality was bet-
ter within a mine pool than at the discharge points; the development of
a pool did not insure improvement at the discharge points. Overall,
mine sealing improved the water quality in the park's Lake Arthur.

1Mining engineer, Pittsburgh Research Center, Bureau of Mines, Pittsburgh, Pa.

2Supervisory geologist, Pittsburgh Research Center (Wilkes-Barre Field Office),
Bureau of Mines, Wilkes-Barre, Pa. (now with Office of sSurface Mining, Wilkes-Barre,
Pa.).




INTRODUCTION

Acid drainage from wunderground mines
has been a significant pollution problem
for over 100 years. Prior to the 1930's,
all mine sealing work was performed as a
safety measure and not to reduce acid
mine drainage, although the concept of
sealing coal mines as a means of reduc~
ing such drainage was studied by the Bu-
reau of Mines in the 1920's and 1930's
(17).3 As a result of this study, a
large mine sealing program was started in
the Appalachian region in 1933 as a joint
effort of the Federal Government, State
governments, and several relief Adminis-
trations--the Civil Work Administration,
Federal Emergency Relief Administration,
and Works Progress Administration. The
degree of success and the effectiveness
of the various programs, types of seals,
and techniques used were determined and
reported by several Agencies (1, 4-5, 16,
19).

To meet present U.S. Department of the
Interior's Office of Surface Mining (OSM)
regulations (30 CFR 816-817) and U.S. De-
partment of Labor's Mine  Safety and
Health Administration (MSHA) requirements
(30 CFR 75.1711) for mine closure and
sealing (20), industry has continued to
apply the technology first used by the
Bureau of Mines in the 1920's and 1930's,
Since that time, other programs of mine
sealing have been conducted by various
State and Federal Agencies with varying
degrees of success. The effectiveness of
these programs for reducing acid dis-
charge 1is questionable, as short-term
findings have indicated (3, 11-12, 14).

In the early 1960's, the Commonwealth
of Pennsylvania initiated plans for the
development of Moraine State Park, in
Butler County. Because of past mining

activities in the Muddy Creek watershed,
pollution from abandoned deep mines was
considered a potential hazard to the then
proposed Lake Arthur. In 1967, before
any mine sealing and reclamation work
was started, the Pennsylvania Department

3Underlined numbers in parentheses re-~
fer to items in the list of references
preceding the appendixes.

of Mines and Mineral Industries contract-
ed background studies., These studies
involved geologic and engineering inves-—
tigation of the area and an assessment

of the remedial measures needed to alle-
viate the acid mine drainage problem,
This work included the installation of

waterflow at all
the Muddy
of water

85 weirs to measure
known mine drainage sources in
Creek watershed, and collection
samples (9).

Periodic sampling and field flow mea-
surements were started in May 1967 and
continued through June 1971 to evaluate

the effectiveness of the mine drainage
abatement projects. These projects in-
cluded deep mine sealing, surface seal-
ing, grouting, regrading and backfilling
surface-mined areas, revegetation, refuse
pile removal, and plugging of oil and
gas wells, In addition, water depths
were measured and samples were obtained

from observation holes on a periodic
basis before and after the seals were
completed.

The water sampling conducted throughout
the planning and creation of Moraine
State Park provided a short-term indica-
tion of the reduction in pollution. How-
ever, the long-term effectiveness of
these measures was uncertain.

of 1979, the Bureau of
Mines began to investigate wunresolved
environmental problems arising from the
implementation of the OSM permanent regu-
latory program related to mine sealing,
and to identify research needs. As part
of this study, the Bureau evaluated the
long-term effectiveness of deep mine
hydraulic sealing completed during the
period of 1969-71 in Moraine State Park.
This study included the identification
of the original weir locations with cor-
responding entries, evaluation of exist-
ing entry conditions, measurement of mine
water discharges from the sealed areas
and water level fluctuations in the mine
pools behind the seals, water sampling,
and evaluation of the quality of dis-
charge 1in the study area 10 years after
seal completion,

In the summer



Also studied was the effect of mine

total iron, and variation in mean, mini-

sealing on mine pool water quality, water mum, and maximum acid and total iron
quality in Lake Arthur, total acid and load.
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DESCRIPTION OF STUDY AREA

The study area is located in the Mo-
raine State Park about 5 miles south of
Slippery Rock, 9 miles northwest of But—

ler, and approximately 35 miles north
of Pittsburgh, Pa, (fig. 1). This State
recreational area covers approximately

15,000 acres and is situated within a
60-mile radius of over 4 million people
(13). It is located in Franklin, Brady,
Mﬁﬁﬁy Creek, and Worth Townships in the
Prospect, Pa,, 7.5-min quadrangle.4

The park name is derived from the gla~-

cial term "moraine,"” which is applied to

the unstratified material deposited
4u.s. Geological Survey map 0052.5-

W8000/7.5, 1961; photorevised 1970.

—

Butler County

Allegheny County

PENNSYLVANIA

FIGURE 1, - Location map of Moraine State .
Park study area.

directly from the melting glacial ice.
Harrisville and Slippery Rock mark the
eastern edge of the glacial ice, which
dammed the westward-flowing Muddy Creek
and created a lake. The present con-
structed Lake Arthur occupies the site of
this glacial lake, which existed during
the Wisconsin period of Pleistocene gla-
ciation more than 10,000 years ago.

TOPOGRAPHY AND DRAINAGE

The relief of the study area ranges from
approximately 1,525 ft along the north-
ern park boundary to 1,160 ft along the
thalweg of Muddy Creek (figs. 2-3), The
major drainage channel is Muddy Creek,
which, with its tributaries, feeds the
3,200-acre Lake Arthur, Muddy Creek 1is
a tributary of the Slippery Rock Creek
watershed., The confluence of Muddy Creek
and Slippery Rock Creek is about 3 miles
west of the park area. The study area
includes about 25 of the 59 sq mi of
Muddy Creek watershed. Muddy Creek and
its tributaries, Swamp Run, Shannon Run,
Big Run, and Bear Run, drain westward
through a glacial valley that ranges from
about 500 to 3,500 ft in width with a
gradient of 1 ft per 1,000 ft (9).

GEOLOGY

The geology of the study area consists
of sedimentary strata, which belong to
the Conemaugh and Allegheny Formations of
the Pennsylvanian System of Paleozoic
Age, and unconsolidated Pleistocene de-
posits of the Quaternary System. These
formations have a thickness of about 800
ft and consist mainly of a sequence of
thin-bedded shales, siltstones, and sand-
stones. The sequence also includes the
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Vanport Limestone, a fairly persistent
unit with a maximum thickness of about
20 ft, and several coal seams (6). A
generalized stratigraphic column in the
Moraine State Park is given in figure 4

9.

The flat, rather broad
in the park area

valley sections
contain unconsolidated
deposits of the Pleistocene Wisconsin
glacial advance. These deposits consist
of sandy deltaic sediments overlying la-
custrine laminated silts and plastic
clays ranging in thickness from a few
feet near the edge of the valley to 80 ft
in the middle. Generally, the unconsoli-
dated glacial material intercepts the

bedrock at or near the Middle Kittan~-
ning coal seam along the valley sides
(10).

The park area lies on the southeast
flank of the Homewood anticline, which
trends in a northeast-southwest direc—
tion. The sedimentary strata generally
dip about 160 ft/mi to the southeast,

with local variations (e.g., Kildoo area)
along the mnorthern side of Lake Arthur,
The area is further located on the north-
west flank of the Bradys Bend syncline
with an axial trend southeast of Butler
and trends in a northeast-southwest
direction (10).
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The minable coal seams in the park area
are in the Conemaugh and Allegheny Forma-
tions of the Pennsylvanian System (fig.
4), Four important coalbeds, the Middle
and Upper Kittanning and the Lower and
Upper Freeport, crop out within the park
boundaries. The Middle Kittanning or "C"
Coal Seam is the most persistent and
accounts for all of the deep mining and
most of the strip mining in the park
area. The Middle Kittanning Coal has
been mined, along with the Upper Freeport
Seam, in the north—central section of the
park and was mined underground prior to
surface mining. This is a high-sulfur
seam (up to 3.8 pct), which outcrops
along the valleys of the Muddy, Slippery
Rock, and Connoquenessing Creeks and
their tributaries, resulting in a consid-
erable amount of acid drainage. In the

valley of Muddy Creek, several small
mines have been opened along the Western
Allegheny Railroad, where the seam thick-
ness ranges from 2 ft, 5 in to 3 ft, 3
in, The Upper Kittanning Coal is not
sufficiently thick to be mined in the
study area. The Freeport Coal is exposed
over a large area in Muddy Creek Valley
and its tributary valleys. Although var-
iable in thickness, the coal seams are
thicker in the eastern part of the area
than in the western part. Except local-
ly, the Lower Freeport Coal Seam is not
minable, while the Upper Freeport has
widespread distribution and has been
strip mined on a limited scale. The Low-
er Freeport Coal Seam thickness in Muddy
Creek Township ranges from under 6 in to
3 ft, 4 in, The Upper Freeport Coal Seam
ranges in thickness from 2 ft to over




S ] Buffalo Sandstone
£ :
EE
2 e e | Brush Creek Coal
-g, T ™
pou |
S Pror—— Mahoning Red Shale
S BE=——==r and Limestone
—200 =+ Sandstone
il Upper Freeport Coal
= Butier Sandstone
& 50| E| 8 =
- % 5 Lower Freeport Coal
4 & |h
g wle
'S} ule
3 _‘OO g § "\"'-n-' e v A7,
S % -é roy -\v -‘.:'
- 215ls . .
e 51 L1.8 Upper Kittanning Coal
W50 |8 |* |5 1 PP
> E B
=
0 e
£ l=======e{ Middle Kittanning Coal
D e
=4

VAR

PR L ower Kittanning Coal

! Vanport Limestone
{=r==="r=2] Scrubgrass Coal

FIGURE 4. - Generalized stratigraphic column
in Moraine State Park area.

5 ft. The Brush Creek Coal Seam is very
errant and has been strip mined only in
small areas., It occurs approximately
80 ft above the Upper Freeport Coal and

ranges in thickness from 3 ft to
4 in (15, 18).

5 ft,

HYDROLOGY

Muddy Creek, with its watershed, drains
about 59 sq mi. It is the southernmost
tributary of Slippery Rock Creek, and the
main stream supplying water to Lake Ar-
thur (13). The evapotranspiration losses
during the growing season in this area

may be large, and as a result, little re-
charge reaches the zone of saturation,
and water levels therefore decline. The
water level generally rises during the
remainder of the year.

The acid mine water pollution in Muddy
Creek is directly attributed to past sur-—
face and underground coal extraction, be-
cause over 60 coal mines have been lo-
cated in 5 productive coal seams within
the watershed. The water pollution orig-
inates predominantly from abandoned un-
derground workings; surface mining 1is
believed to contribute less than 20 pct
of the total pollution. However, surface
mining frequently intersects and exposes
abandoned underground mine workings (13).
The water quality of Muddy Creek is re-
lated to the amount of waterflow in the
watershed. Increases in acid content
have been attributed to greater dis-
charges of acid mine water from under-
ground mines, predominantly during peri-
ods of high surface water runoff.

The average yearly precipitation for
the 10-year period 1971-80 was 44.43 in
at Butler and 42.94 in at Slippery Rock
monitoring stations, which are about 10
miles and 8 miles, respectively, from the
park area (21). More rainfall occurs
during late spring and summer than in
winter and early spring. Summer rains
occur as intense storms of short duration
that may be limited to certain areas,.
During periods of relatively heavy pre~
cipitation, the mine pool levels in the
sealed areas rise and the discharge from
the sealed entries presumably increases
both in volume and in acid load.

The average yearly precipitation for
1967-70, before and during sealing, was
39.82 in at Butler and 39.25 in at Slip-
pery Rock stations; this is more than
4 in below the 10-year average precipi-
tation for the study period. This indi-
cates that the period before and during
sealing was relatively dry and the dry-
ness may have had an effect on the amount
of pollution formed.

1979, the
locations

During the late summer of
mean acid load from 27 weir



(35 mine entries) was 5 lb/day, with a
mean water discharge of 8.3 gal/min;
whereas 1in the spring of 1980, the mean

acid load from the same weir locations
had increased to 10 1b/day, with a mean
water discharge of 18 gal/min. The cor-
relation between mean water discharge and
acid 1load was 0.64 and 0.68 and shows
an approximate 41- and 46-pct relation-
ship, respectively. The amount of the
increased water discharge from the summer
of 1979 to the spring of 1980 suggests
that the mean acid load increased by less
than 10 pct.

MINING HISTORY
The Middle Kittanning Coal Seam was ex—

tensively mined during the early 1900's,
during World War I, and through the

1920's. Thirteen mines in the Moraine
State Park area produced about 620,000
tons of coal from the Middle Kittanning

Coal Seam by the
during the period from

room—and-pillar method
1916 to 1931.

POLLUTION ABATEMENT

The pollution abatement projects car-
ried out between 1967 and 1971 to develop
this area as a State park were conducted
by the Pennsylvania Department of Envi-
ronmental Resources, Operation Scarlift,
project SL 105-3, and under the Appala-
chian Surface Mine Reclamation program.
Work for surface mine reclamation 1is
authorized under Section 205 of the Appa-
lachian Regional Development Act of 1965
(Public Law 89-16) and is generally a co-
operative effort by the State and Federal
Governments., The work conducted in the
Muddy Creek watershed included strip mine
reclamation, refuse pile removal, surface
sealing, deep mine hydraulic sealing,
well plugging, and deep mine air-trap
sealing (9).

Before any pollution abatement work
could be started, the Commonwealth of
Pennsylvania conducted a study to assess
the conditions in the area. An important
part of this work was determining the lo-
cation and extent of the mines to be

Mine production ranged from
304,000 tons from a coal seam of 32 to
36 in (8). Most of the deep mines were
developed updip and were located along
the outcrop on the north side of Muddy
Creek along with a railroad, which facil-
itated mining. The mines were developed
to take advantage of gravity drainage and
underground transportation. Most of the
deep mines were abandoned by 1930, and at
the time of condemnation £for the park,
there was only one hand-loaded deep mine
operation (9).

11,000 to

From the early 1940's to about 1966,
strip and auger mining operations were
extensive in the Middle Kittanning Coal
Seam, and several strip mines were oper-
ated in the Lower Freeport and Brush
Creek Coal Seams. Before being consid-
ered for a State park, this area was a
marginal agricultural area, an oil and
gas field, and a mining area of both deep
and strip mines.

MEASURES, 1967-71

sealed. Since mine maps were not availa-
ble, a diamond core drilling program was
conducted, which consisted of drilling
1,859 ft of holes to determine the eleva-
tion and nature of the coal, the extent
of the mined-out areas, stratigraphy, and
other geologic data. A total of 23 ex-
ploratory holes were drilled and wused to
locate the openings of the major deep
mines or to confirm major acid contribu-
tion points, It was also necessary to
locate the strip mine areas and refuse
piles in the area (9).

STRIP MINE RECLAMATION

Strip mine reclamation work included
clearing, excavating, backfilling and re-
grading. This work was performed in
19 strip pits located in three general
areas through the park, as indicated in
figures 2 and 3. Most of the reclamation
work involved the construction of diver-
sion ditches and slope drain flumes, soil
treatment, and planting (9).




REFUSE PILE REMOVAL
This part of the project included the
excavation, loading, and transport of
material from 19 refuse piles. The ref-
use was deposited in strip mine areas
that were to be restored (2).

SURFACE SEALING
areas 1in the

associated with
Although

Twenty—-three deep mine
Muddy Creek watershed
the park were surface sealed.
these mines were not points of actual
acid mine discharges, they were areas
where water could enter the mines after
the lake had been filled and the deep
mines inundated. Surface or dry sealing
included the removal and burial of acid-
producing material from the mine area and
associated refuse piles, and also filling
and regrading the abandoned deep mine
drifts, slopes, shafts, and subsidence
holes., After backfilling was completed,
the areas were Ilimed, fertilized, and
planted with grasses (13).

DEEP MINE HYDRAULIC SEALING

The major sources of pollution in the
park area were the abandoned deep mines.
After several plans had been considered,
the construction of double-~bulkhead seals
and pressure grouting in adjacent strata
were selected as a means of eliminating
or reducing acid mine drainage, while at
the same time flooding, or at least par-
tially flooding, the mine workings.

Remote installation of double-bulkhead
seals from the surface directly above the
entries was used. The exact location and
extent of the mined area behind the caved
mine entries was not known, and explora-
tory drilling was required for each seal
(2). The double-bulkhead seals were
constructed through drill holes, with
pressure grouting in the area of the seal
and adjacent strata to the mine entries,

Curtain grouting was wused in specific
areas along the outcrop. A total of
69 mine seals were installed; 65 mine
seals were located in the Muddy Creek
watershed, and 4 seals in the Big Run

watershed area.

Grout curtain holes were 3 in. in
diameter on 10-ft centers with align-
ment parallel to, and approximately half-
way between, the front and rear bulkhead
drill holes. Pressure curtain grouting
was extended to a minimum of 50 ft on
both sides of the mine entries. The dis-
tance between the front and rear bulk-
heads ranged from 17 to 40 ft and aver-
aged about 20 ft. The number of holes
ranged from two to nine per rear and
front bulkhead, and from two to six for
the center plug, with hole depths from
23 to 66 ft. The number of grout curtain
holes ranged from 4 to 58, with depths
from 11 to 91 ft (§).

The seal material compositions included
fly ash and cement; fly ash, cement,
limestone, and sand; limestone and grav-
el; and fly ash, cement, and sand. The
grout curtain material consisted of lime-
stone, fly ash, and cement (8).

Deep mine seals installed in the Kildoo
Mine area were found to be ineffective,
and in the mid-1970's the Pennsylvania
Department of Environmental Resources de-

signed a new mine pollution abatement
project. In 1979, exploratory borings
indicated waterflow through a pervious

shale zone located under the coal seam,
During subsequent reclamation of the
strip mine area, a subsurface drainage
system was 1installed and the area re-
graded and resealed, Postconstruction
monitoring data are not available for
this project.

MINE OBSERVATION HOLES

A total of 25 observation holes were
drilled from the surface into the deep
mine entries at different locations be-
hind the mine seals (9). These holes
were used to obtain mine water samples
and to monitor mine pool levels behind
the seals. The diameter of the holes

was 6 in, with a casing diameter of
4,5 in, Of the 25 holes drilled during
the sealing operations, only 12 were sam-
pled during the field studies in 1979 and
1980, The remaining observation holes
were either dry, caved, blocked, or could
not be located.



LONG-TERM CHANGES RESULTING FRCM MINE SEAL CONSTRUCTION

In order to determine the long-term
effectiveness of the deep mine sealing
project at Moraine State Park, the Bureau
of Mines collected field data from a se-
lected group of mines that were sealed
at Moraine State Park between 1969 and
1971. These field data were compared
with the baseline data from the monitor-
ing of mine water discharge levels and
quality ©before and after mine sealing.
The fieldwork was completed in 1979 and
1980 at 35 mine entries associated with
27 weir locatioms. It consisted of lo-
cating the original entries, evaluating
the existing conditions, measuring the
mine water discharge with a 90° V-notch
weir, determining the field pH and water
temperature, and collecting water samples
for laboratory analysis. The type of
mine seals involved in this study includ-
ed 24 double-bulkhead or hydraulic seals
and 3 dry or surface seals. One permea-
ble limestone seal is located at the
Wimer Mine in the northwest area of the
watershed outside the park Dboundary with
discharge into Lake Arthur (9).

The distribution of the 27 weir loca-
tions (figs. 2-3) extends from the Wimer
Mine (weir 18, entry 1A) on the west to
the Hilliard Mine (weir 79, entry 86) at
the eastern inlet of Lake Arthur and
Muddy Creek, a distance of approximately
7.5 miles., Mine names, entry numbers,
and associated weir location numbers can
be found in appendix A. Of the original
85 weirs that were installed and moni-
tored, 66 were located along the north
side of Lake Arthur, This evaluation is
based on 27 of those weirs, which were
located on the dip side of the southeast-
ern flank of the Homewood anticline (13).
The selection of these 27 weir locations
was based on the existence of sufficient
data for analysis. The remaining weirs
on the north side of Lake Arthur either
were not located, were at or below lake
level, or did not have sufficient sam—
pling data either before or after sealing
was completed. The existing data for
nine of these weir locations are given in
appendix B,

During the presealing interval of moni-
toring, 709 water samples were collected
from the 27 weir locations; the number
of samples per weir ranged from 3 to 51.
Sampling during this presealing interval
was on a weekly basis the first year and
on a monthly basis thereafter, In the
year that followed the completion of each
mine seal, water samples were collected
on a monthly basis, with 2 to 17 samples
from each location, for a total of 272.
Ten years later, a total of 59 water sam-
ples were collected from 35 mine entries
associated with the same 27 weir loca-
tions. A minimum of two water samples
were collected from each of the weirs,
one sample from what was judged to be the
wet period and one from the dry period of
the hydrologic year. Three of the orig-
inal twenty-seven weirs were positioned
to monitor the discharge from  several
mine entries., Four locations (weirs 20,
40, 44, and 46) each have two associated
entries, and two (weirs 31 and 33) have
three entries. The remaining 21 weirs
are associated with single entries. For
analysis purposes, two or more entries
associated with a single weir are collec-
tively considered as one location.

The existing baseline data from the
monitoring periods before sealing and
during the first year after sealing were
obtained from Gwin, Dobson, and Foreman,
Inc., Consulting Engineers, Altoona, Pa,
(8). The water samples collected 10
years later were analyzed by the Bureau
of Mines. Univariate statistics for each
variable were obtained using a University
of California computer program (2).

Mine conditions related to water dis-
charge levels and quality are divided in-
to and discussed here in three time per-
iods: (1) the time before seal comple-
tion, 1969-71, (2) the first year after
each seal was completed, 1970-72, and (3)
10 years after seal completion, 1979-80.
Figure 5 shows the changes in parameter
levels from before sealing to the first
year and 10 years after seal completion,
Each of the changes in mine water
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FIGURE 5. - Changes in parameter levels from
conditions before sealing to those of the first year
and 10 years after seal completion.

discharge (in gallons per minute) and in
acid and total iron load (in pounds per
day) that are the result of mine sealing
are discussed in the following sections,
Histograms are used to show the distri-
bution of each parameter as to mean val-
ues, coefficient of variation, and rate
of change, within the context of the
three time periods,

The number of samples collected and

analyzed for each of the mine entries
and weir locations ranged from 3 to
51 before, 2 to 17 after, and 2 to 6

10 years after sealing. The frequency
of sampling at all of the 27 select-
ed locations met the minimum criteria
for wunivariate analysis (2). The F

ratio® was applied to the water quality

parameters for each weir. The F ratio
was determined, and an F test was used
to determine the equality between two
variances for two time intervals. The
level of significance or level of error
is 2.5 pet or 2.5 times in 100. The
degree of freedom associated with each
variance was n-1l. The critical value
of F, using n-1 degrees of freedom and
a significance 1level of 2.5 pct, is
located in an appropriate statistical
table. If the calculated F exceeds the
critical value of F, it can be concluded
that the variance in the parameter is
not the same in the two time intervals,
If the calculated value is less than the
critical value there 1is no evidence to
conclude that the variances are differ-
ent. The hypothesis tested was that the
variability of a given parameter before
sealing was equal to that of the param-
eter after sealing, against the alter-
native that they were different at the
2.5-pct level of significance. The same
hypothesis was wused to test the varia-
bility of the parameters before sealing
to that of 10 years after sealing at the
same significance level.

MINE WATER DISCHARGE

The effect of mine sealing on water
discharge or flow is shown by the data
in table 1. The table shows the changes
in mine water discharge with reference
to the three time periods and includes
(1) the quantity for each time interval,
(2) the quantity change from before
sealing, and (3) the percent change from
before sealing. Summary tables showing
mine names, entry and associated weir
location numbers, parameter values, and
number of samples per weir location for
mine water discharge can be found in
tables A-1 through A-3 in appendix A.

S>The F ratio (after R. A. Fisher) is a
test statistic that is used for testing
whether the variance of one population
is equal to that of another.



TABLE 1. - Changes in
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water discharge

Total | Total Total
mean | minimum | maximum
Quantity, gal/min:
Before sealingeeecescocss 221 35 1,143
1st year after sealing... 236 38 972
10 years after sealing... 325 181 468
Quantity change from before
sealing, gal/min:
lst year after sealing... +15 +3 -171
10 years after sealing... | +104 +146 -675
Percent change from before
sealing:
lst year after sealing... +6 +8 -15
10 years after sealing...| +47 +417 ~59

Mean Discharge

Mine sealing resulted in an increase in
the total mean discharge of 15 gal/min
during the first year following seal com—

Histograms of mean water discharge for

each of the three time intervals are
shown in figure 6. The number above each
bar is the number of weir locations at

the indicated mean discharge level, with-

pletion. Ten years later, the total mean in the time interval shown. The maximum

flow had increased by 104 gal/min. This  water discharge before sealing was in the

change represents a 47-pct increase in  22- to 24-gal/min range; 17 of the 27

total mean water discharge since seal weir locations (63 pct) discharged less

completion. than 10 gal/min. During the first year
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following seal completion, only one weir
location had a mean discharge greater
than 24 gal/min. Ten years later, 4 weir
locations yielded mean discharges greater
than 24 gal/min; the number of weir loca-
tions discharging less than 10 gal/min
was 18 (67 pct). This implies that the
increase in total mean water discharge
(table 1), 10 years after sealing, may
be attributed to the four weir locations
with discharges greater than those before
sealing (fig. 6). However, changes in
mean water discharge from before sealing
to 10 years later (fig. 7) show that the
discharge increased at 10 weir locatioms,
decreased at 12 weir locations, and re-
mained unchanged at 5 weir locatiomns,
The 1largest changes are associated with
those weirs showing increased water dis-
charge, which is believed to be related
to the establishment of the mine pool.
Furthermore, these same locations appear
associated with prominent Ilineaments of
high potential waterflow, which is dis-—
cussed later.
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FIGURE 7. - Distributive rate of change for
mean water discharge from before sealing (4) to
10 years after seal completion (B). Dashed lines
show increase; solid lines show decrease, Of
the 27 weir locations, 5 remained unchanged.

Figure 8 shows the distribution of the
standard deviation of the mean water dis-
charge per weir location expressed as a
percentage of the mean and called the
coefficient of wvariation. Before mine
sealing, the largest variation in mean
water discharge for a given weir location
was 208 pct of its mean value, During
the first year following sealing, the
largest variation in mean water discharge
was reduced by 25 pct to the 175-
to 200-pct dinterval. Ten years after
seal completion, the largest variatioms
in mean water discharge fell within the
125- to 150-pct interval. This reduction
in the coefficient of variation indicates
that the degree of scatter or variability
in mean water discharge was reduced by
mine sealing.
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FIGURE 8. - Mean water discharge coefficient
of variationdistribution for conditions before seal-
ing, during the first year after seal completion, and
10 years after seal completion for 27 weir locations.



Mine sealing affected the total mean
water discharge coefficient of variation
at 78 pct of the weir locations (fig. 9).
The greatest degree of change took place
at 13 weir locations (48 pct) that showed
a reduction 1in the wvariation of mean
water discharge. At eight weir locations
(30 pct), the coefficient of variation
increased as much as 100 pct from that
before sealing.

Minimum and Maximum Discharge

The yearly minimum and maximum mine
water discharge rates, which are believed
to be related to seasonal variations in
ground water availability, were also af-
fected by mine sealing (table 1). Before
sealing, the total minimum mine water
discharge was 35 gal/min, and in the
first year following seal completion it
increased only 3 gal/min. However, it
is significant that the total minimum
mine water discharge increased fivefold
from before sealing (35 gal/min) to 10
years later (181 gal/min). In contrast,
the total maximum mine water discharge
showed a slight reduction, from 1,143
gal/min before sealing to 972 gal/min in
the first year after sealing. After 10
years, the total maximum mine water dis-
charge dropped to 468 gal/min, an overall
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reduction of 675 gal/min. Comparing the
total water discharge rates shows that
mine sealing increased the total minimum
discharge rate (417 pct) and reduced the
total maximum discharge rate (59 pct)
from before sealing to 10 years after
seal completion.

Water Impoundment

The resultant change in water discharge
after sealing 1is believed to be related
to water impoundment behind the mine
seals, with seasonal fluctuations in mine
water discharge related to local precipi-
tation. The total mean water discharge
for the 27 weir locations was 222 gal/min
during the summer and fall of 1979 and
increased to 421 gal/min in spring 1980.
The construction of a mine seal in an
entry created what may be referred to
as a partial barrier to the release of
water, since it did not eliminate water
discharge, and the total mean flow rates
(table 1) showed a continued increase
from before sealing to 10 years later.
This poses a question as to whether the
increase in mine water discharge 1is re-
lated to such factors as mine seal con-
struction (material, location, and/or
size), seal deterioration (chemical and/
or physical), and geologic or other
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FIGURE 9. - Distributive rate of change for mean water discharge coefficient of variation from be-
fore sealing (4) to 10 years after seal completion (B). Dashed lines show increase; solid lines show
decrease. Of the 27 weir locations, 6 remained unchanged.
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conditions. In time, a mine water pool
may develop behind a seal and an equilib-
rium may be established for the existing
hydrologic, geologic, and seal physical
conditions, This mine pool represents a
water source that did not exist before
sealing and a ready source for increased
water seepage or discharge during 1low
water periods after sealing. Conversely,
low seal permeability restrains overall
water discharge and reduces total maximum
flow rates.

Variance in Discharge

The variance in mine water discharge
for each weir 1location for designated
time intervals was subjected to a statis-—
tical F ratio test. The hypothesis test-
ed was that the variability in mine wa-
ter discharge before sealing was equal
to that of the mine water discharge dur-
ing the first year after sealing, against
the alternative that they were different
at the 2.5-pct level of significance.
The same hypothesis was used to test the
variability in mine water discharge
before sealing to that of 10 years after
sealing.

Table 2 compares the variance 1in water
discharge ©before sealing with the vari-
ance after sealing, at 27 weir locations.
During the first year after sealing, the
water discharges at 14 locations were not
significantly more variable. Of the 13
remaining locations, 8 increased and 5
decreased in flow rates. Ten years after

sealing, the water discharges at 20 loca-
tions were not significantly more vari-
able than those before sealing. The num-
ber of locations with a significant
difference dropped to seven, with four
increasing and three decreasing in dis-
charge rates. This assessment, using
gample variances, implies that the condi-

tions of the seals and/or those areas
surrounding the seals are changing with
time.

It is apparent from the water discharge
rates before sealing, and during the
first year and 10-year intervals (tables
A-1-A-3), that certain mines such as the
Salzano Ross, Lincoln, and Hilliard have
been or still are problem areas with re-
gard to water discharge and pollution
load,. Video enhancement imagery® of Mo-
raine State Park area and Lake Arthur re-
vealed that there are prominent linea-
ments trending through the mine areas
listed (22). Since water is known to
follow these features, the relation-
ship between lineament and fracture
traces with regard to discharge and acid
mine drainage should be explored. Prior
knowledge of whether a proposed seal
is to be constructed in a zone of high
potential flow could be useful in estab-
lishing the seal type, size, and technol-
ogy to be used.

®Using LANDSAT,
Scanner Subsystem,
infrared) imagery.

EDIES, Multispectral
and Band 7 (near-

TABLE 2. - Comparison of variance in mine water discharge
after sealing with variance before sealing

Not significantly | Significantly
different different!
1 year after sealing:
Number of weirS...... 14 13
Percentsssesssoceocns 52 48
10 years after sealing:
Number of weirS.ess.. 20 7
Percent.ceceocesesese 74 26

T2.5-pct level of significance.



Observation Holes

As a result of sealing, a mine pool
generally was formed behind the seal, as
indicated by a survey of the depth of the
water 1in observation holes behind the
seals. Of the 25 observation holes
drilled to monitor water levels behind
the seals in the park area, 10 are asso-
ciated with the 27 weir locations of this
study. Comparisons of the water depths
in these observation holes during 1970-71
and 1979-80 are shown in table 3. The
water depths in the established mine
pools indicate that after sealing, in
1970-71, five of the mines were complete-
ly inundated; 10 years later, two re-
mained inundated, one was partially to
completely inundated, and two were not
located. Four observation holes indi-
cated partial inundation after sealing,
and 10 years later, ome of these mines
was inundated, two remained partially in-
undated, and one was not located. One
observation hole contained 1less than 1
foot of water in 1970-71 and was dry in
1979-80.

Water depths in the observation holes
listed in table 3 and data from seven
other observation holes in the park area
suggest that reservoirs of variable vol-
ume exist throughout the year behind some
of the mine seals. This contributes to
the concept that water impoundment may,
in part, be responsible for an increase
in total minimum water discharge and a
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decrease in total maximum water discharge
from the mine entries sealed and the weir
locations monitored.

Water Quality

Water quality was tested in a total of
12 observation holes during the field
studies in 1979 and 1980. Eight of these
holes were acid and three were alkaline.
During the first year after sealing, only
three were acid and seven were alkaline
(9). This represents a 58-pct drop in
the mine pool alkalinity behind the seals
over the 10-year period. This may be
attributed to the deterioration of the
mine seal materials, lack of seal mainte-
nance, and increased air content in the
strata around the seals through time.
The maximum overburden above any one seal
was 66 ft,

Analyses of water discharge from the
sealed entries and of water in the mine
pool observation holes indicated that
the water in the mine pool behind the
seal was of better quality. One of the
suggested reasons 1is the reduction of
oxygen 1in the pool because of impound-
ment. Since the seals were not com—
pletely effective and leakage occurred
around them, water from the pool, flowing
through permeable strata at low velocity,
reacted with oxygen and sulfuric material
outside the pool and became acid at the
discharge points with time.

TABLE 3. - Observation hole water depths

Observation Water depth, ft
Mine name hole! Weir | 1 year after | 10 years after
sealing? sealing
Wilereeeseoeosonos 1 18 2.0 1.3~ 2.9
FOXeeoeonsssosees 20 31 7.9-12.5 10.0-10.8
Salzano ROSSsesss 23 33 8.4-15.0 (3
North Goubeaud... 44 40 0 - 0.4 Dry.
West Emeryeeeeecss 54 41 3.4— 6.8 2.3
Fremonteececesecss 60 46 0 - 2.7 3
Lindeyessosoneses 75 54 12.6-23.0 10.2-11.8
Lincolneeesesaeee 76 57 14.2-18.5 3.0-14.7
KildoOsessssssoss 79 61 0 - 8.0 7.3-10.0
Hilliardeessoesss 84 75 7.9-15.4 (3)

Mine observation hole numbers correspond with mine

2From reference 9.
3Not located.

entry numbers,
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Arthur has
the 10

The water quality of Lake
been periodically monitored over

years., After establishment, Lake Arthur
in 1970~71 had an alkalinity level of 10
to 70 ppm, acidity of O to 6 ppm, and

total iron of 0.2 to 3 ppm. Three years
later, in 1973~74, the alkalinity was 4

to 57 ppm, the acidity was reduced to
zero, and total iron was 0.1 to 1 ppm
(1. In 1979-80, water samples were

taken from Muddy Creek inlet and the gag-
ing station located below the outlet dam
of Lake Arthur. The alkalinity level was
53 and 61 ppm at the inlet and dropped to
23 and 11 ppm below the dam. The acidity
level at both the inlet and outlet was
zero, The total iron was 0.3 and 0.5 ppm
at the inlet and ranged from not detecta-
ble to 0.25 ppm at the outlet.

Summary

The effects of mine sealing at Moraine
State Park included a reduction in mine
water discharge, with the subsequent de-
velopment of a mine water pool behind the
seal and mine entry that ranged 1in depth
from less than 1 ft to complete inunda-
tion (table 3). The establishment of a
mine water pool produced a source of wa-
ter not previously available and resulted
in an increase in total mean water dis-
charge. Associated with the increase in
total mean water discharge was a reduc—
tion in the total maximum flow rates and
an increase in total minimum flow rates
(table 1, fig. 6). Comparisons of mean

water discharge changes and rates of
change show the number of locations at
which flow increased and at which flow

decreased as nearly equal. However, the
rate of change was much greater for those
locations that showed increases in mean
water discharge (fig. 7). Changes in the
coefficient of variation show that the
variability in mine water discharge 10
years later was smaller than it was be-
fore sealing. The rates of change and
number of locations that changed indicate
that sealing reduced the percent coeffi-
cient of variation (fig. 9). Comparisons
of sample variance before and after seal-
ing indicate that initial variability was
decreased because of the formation of
mine reservoirs, Although the overall

parameter level suggests a balanced con-
dition with time, some mines showed wider
variations in discharge rates and ap-
peared to be returning to presealing con-
ditions (fig. 7, tables A-1-A-3).

Combined, these changes in mine water
discharge over the 10-year period seem to
suggest that the permeability of the
sealed area is increasing. If one of the
prime objectives in mine sealing 1is to
reduce mine water discharge, then further
investigation 1is needed to determine if
the observed changes in discharge (mean,
minimum, and maximum) are related to the
permeability within the seal, the sur-
rounding geological conditions, or a com-
bination of the above. Water analyses
from both the sealed entries and the mine
pools indicated that, in general, the
mine pool water was of better quality.
Water samples from the inlet and outlet
of Lake Arthur indicated that the water
quality improved over the 10 years.

ACID LOAD
The effect of mine sealing on acid
load production including total mean,
minimum, and maximum loads, and rela-

tive percentage changes are shown in ta-
ble 4. A summary of acid load data for
the three sampling periods is given in
tables A-4-A-6,

Mean Acid Load

The total mean acid load before seal-
ing was 540 1lb/day and dropped to 380 1b/
day in the first year after seal comple-
tion. Figure 10 shows that the mean acid
load before sealing ranged from a low of
0 to 4 1lb/day to a high of 132 to 136 1b/

day; 22 weir locations (81 pct) dis-
charged less than 28 1lb/day. During the
first year after sealing, 26 weir loca-

tions (96 pct) discharged less than 28
1b/day. Seal construction resulted in a
30-pct reduction in total mean acid load
at the end of the first year. By 1980,
the total mean acid 1load was reduced
to 206 1lb/day. This represents a net
reduction of 334 1lb/day or a 62-pct de-
crease in the 10 years following seal
completion,
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TABLE 4. — Changes in acid load

Total| Total Total
mean | minimum| maximum
Quantity, 1lb/day:
Before Sealing.oooooooooo 540 23 2,140
lst year after sealing... 380 40 1,360
10 years after sealing... 206 107 300
Quantity change from before
sealing, 1b/day:
lst year after sealing...| ~160 +17 -780
10 years after sealing...| =334 +84 -1,840
Percent change from before
sealing:
1st year after sealing... -30 +74 -36
10 years after sealing... -62 +365 -86
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FIGURE 10. - Mean acid load distribution before sealing, during the first year after seal comple-
tion, and 10 years after seal completion for 27 weir locations,
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Figure 11 shows the distribution and
rates of change for mean acid load condi-
tions before and 10 years after sealing.
Over the 10-year period, 3 weir locations
(11 pct) increased, while 10 (37 pct) de-
creased in mean acid load production. It
is evident that there is a greater degree
of change for those weir locations show-
ing a decrease in mean acid load. How~-
ever, of greater possible importance are
the 14 remaining weir locations (52 pct)
for which the acid load output remained
relatively unchanged regardless of seal
construction. It should be remembered
that even though sealing resulted in a
total mean acid load reduction, the acid
levels at 17 weir locations (63 pct)
either increased or remained unchanged.

Minimum and Maximum Acid Load

Mine sealing produced the same type
of effect on total minimum and maximum
acid load rates (table 4) as it did on

total minimum and maximum water discharge
rates (table 1). Namely, the total mini-
mum acid load and water discharge rates
increased with time, while the maximums

decreased. Comparison of total minimum
and maximum acid loads before sealing to
those during the first year and 10 years
later shows that the total minimum acid
load increased to 40 lb/day (74 pct) and
then to 107 1lb/day (365 pct), while the
total maximum acid load decreased to
1,360 1b/day (36 pct) and then to 300 1b/
day (86 pct). In addition, the total
mean acid load production is inversely
proportional to total mean water dis-
charge with time (tables 1 and 4).

Variance in Acid Load

The variations in mean acid 1load val-
ues before sealing (fig. 12) ranged from
50 to 425 pct with one~third between
50 and 75 pect., Within the first 12
months, sealing resulted in a reduction
in percent mean variation in acid load
production. Ten years after sealing,
the acid 1load coefficient of wvariation
ranged from O to 150 pct: half that of
the first year after seal completion.
Figure 12 suggests that mine sealing has
contributed to a reduction in the varia-
bility of acid formation over the l0-year
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FIGURE 11. - Distributive rate of change for mean acid load from before sealing (A1) to 10 years after
seal completion (B). Dashed lines show increase; solid lines show decrease. Of the 27 weir locations,

14 remained unchanged.
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period. This impressive reduction in used to test the variablity of the acid
mean acid load variability is expressed 1load before sealing to that of 10 years
in figure 13, Twenty—-two weir locations after sealing. Comparison of acid load

(81 pct)
bility or

realized a reduction in varia-

scatter of acid 1load produc-
tion, whereas only four (15 pect) in-
creased over the 10-year period. The
rate of change as indicated in figure 13
shows there has been an overall reduction
in the percent coefficient of variation,
with the greatest changes occurring at
those locations showing decreases,

To determine if the variance changes
were statistically significant, an F dis-
tribution test or F ratio value was used
as a discriminating factor in the follow-
ing hypothesis: that the variability of
the acid load before sealing was equal to
that of the acid load 1 year after seal-
ing, against the alternative that they
were different at the 2.5-pct signifi-
cance level, The same hypothesis was

variance before and after sealing for the
27 weir locations 1is shown in table 5.
For 17 of the weir locations, the vari-
ances differed significantly from before
to 1 year after sealing, with 11 (41 pct)
showing a reduction and 6 (22 pct) an in-
crease in acid load production, At two
weir locations (7 pet), the acid load was
reduced to zero 1 year after sealing. If
effectiveness 1is expressed in terms of
reduction in acid load variance, then 11
weir = locations showed a significant re-
duction and 2 were reduced to zero, for a
48-pct effectiveness in the first year
following sealing. At the 10-year inter-
val, 13 weir locations (48 pct) were re-
duced to =zero variance and 2 (7 pct)
showed significant reductions, for a 55-
pct effectiveness in acid load variance
reduction,
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TABLE 5. - Comparison of variance in acid load after sealing
with variance before sealing

Not Significantly | No acid
significantly | different! load
different

1 year after sealing:

Number of weirs...oc.. 8 17 2

Percentocccscesscsccs 30 63 7
10 years after sealing:

Number of weirS...... 12 2 13

Percentecsocossoeacos 45 7 48
T2.5-pct level of significance.

inconsistency that ap- (weirs 66, 75, 76, and 79) showed that

One recurring
peared in the data collected was the acid
load variability for different entries in
the same mine complex. When there was an
inferred significant difference 1in acid
load variance between two time intervals,
and there were two or more entries for a
given complex, there was an inconsistency
in the quantity of acid load discharged
from each entry. For example, data from

one entry decreased and two increased in
acid load, while the fourth showed no
significant difference between the two
time intervals., Data from the West Emery
complex, with three entries (weirs 41,
43, and 44), showed that one decreased
and two increased in acid load. At the
Lincoln Mine (weirs 57, 58, and 59), two
decreased and one increased in acid load.

the Hilliard Mine with four entries At the Salzano Ross Mine, weir 33, three
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FIGURE 13. - Distributive rate of change for acid load coefficient of variation from before sealing

(4) to 10 years after seal completion (53).
Of the 27 weir locations, 1 remained unchanged.

Dashed lines show increase; solid lines show decrease.



entries were monitored and all showed a
decrease, while at weir 34, one entry in-
creased in acid load. Differences of
this type were also observed for the
other parameters for these same mine com—
plexes and may be due to the elevation of
the mine entries with regard to struc-
tural positioning.

Summary

The following changes were observed in
acid load production as a result of mine
sealing: The total mean acid load was
reduced by 62 pct over a 10-year period
(table 4, fig. 10). The rate of change
in total mean acid load in the 10 years
implies that the acid load at 50 pct of
the locations did not vary from preseal-
ing conditions by more than 2 1b/day.
The greatest rate of change occurred at
10 locations that decreased in total mean
acid 1load production (fig. 11). The
total maximum acid load decreased by 86
pct, whereas the total minimum acid load
increased by 365 pct (table 4). Sealing
has resulted in an acid load production
that was less variable than it was be-
fore seal completion (fig. 12). The per-
cent change in coefficient of variation
was greatest for those locations show-
ing a decrease in acid load (fig. 13).
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Variance comparisons indicate there were

more locations that showed significant
reductions in acid load than there were
with increases in acid load. There has

been a suggested 55-pct effectiveness in
acid load variance reduction over the 10
years. One characteristic that may be
related to structural positioning is the
inconsistency 1in parameter yields for a
given mine complex with more than one
entry.

TOTAL IRON LOAD

Table 6 shows the relative changes in
total iron load resulting from mine seal
construction, The total mean and minimum
iron load increased during the first year
following seal completion, and the total
maximum diron load decreased during the

same time interval., Summary tables of
total iron load data for the three time
intervals are in appendix A (tables
A-7-A-9).

A comparison of total iron load before
and 10 years after sealing reveals that
the total mean and minimum iron loads
increased 7 and 27 1b/day, respectively.
The total maximum iron load decreased
313 1b/day from 389 to 76 lb/day.

TABLE 6. — Changes in total iron load

Total | Total Total
mean | minimum | maximum
Quantity, lb/day:
Before sealingececscccsss 46 2 389
lst year after sealing... 56 4 188
10 years after sealing... 53 29 76
Quantity change from before
sealing, 1lb/day:
lst year after sealing... +10 +2 -201
10 years after sealing... +7 +27 -313
Percent change from before
sealing:
lst year after sealing... +22 +100 -52
10 years after sealing... +15 +1,350 -80
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The increase in mean total diron Mine sealing resulted in a reduction in
load with regard to distribution by the variability of total irom production.
weir 1location is shown in figure 14, Prior to sealing, the variation in mean
The number of weir locations that total iron load ranged from 50 to 275 pct
changed and the rates of change re- per weir location, and 10 years later the
mained relatively constant over the variation was reduced to a maximum of 150
10-year period. Figure 15 shows that pect (fig. 16). Figure 17 shows this
the total mean iron load increased at change in total iron load variability and
8 weir locations, decreased at 8, and indicates that 25 weir locations (93 pct)
remained unchanged at 11, despite seal decreased, while 1 increased, and 1 re-
construction. mained unchanged.
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FIGURE 14. - Mean total iron load distribution before sealing, during the first year after seal com-
pletion, and 10 years after seal completion for 27 weir locations.
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FIGURE 15. - Distributive rate of change for mean total iron load from before sealing (4) to 10 years
after seal completion (B). Dashed lines show increase; solid lines show decrease. Of the 27 weir lo-
cations, 11 remained unchanged.

Variance ratios of the total diron  indicating no significant difference in-
load from the conditions before sealing creased to 14 (table 7). This suggests
to those of 1 and 10 years after seal- that the seals associated with these
ing show that after 1 year, 9 weir loca- 14 weir locations have changed, with ten-—
tions showed no significant difference, dencies toward presealing conditions.,.
and 10 years later, the number of weirs

TABLE 7. - Comparison of variance in total iron load after sealing
with variance before sealing

Not significantly | Significantly | No iron
different different! load
1 year after sealing:
Number of weirS.esees 9 16 2
Percenteeeessssossnce 33 59 8
10 years after sealing:
Number of weirSeeseee 14 5 8
Percenteecesscescccens 52 18 30

12.5-pct level of significance.
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irst year after seal completion, and 10 years af-
er seal completion for 27 weir locations.

The number of weir locations that in-
dicated a significant difference in total
iron load at 1 year after sealing was 16,
of which 4 increased (by 15, 6, and less
than 0.5 1b/day), and 12 decreased, all
with less than 2 1b/day. Ten years lat-
er, the number of weirs indicating sig-
nificant differences dropped to five,
with two locations increasing less than
1/2 1b/day and three locations increas-
ing 6, 4, and less than 1 1b/day. Com-
parisons were not performed on eight weir
locations that at the end of the 10-year
interval had zero variances.

In summary, the effect of
total iron load production is similar to
the effect on mine water discharge. That
is, the total mean and minimum iron loads
increased and the total maximum decreased
(table 6). There are ahout an equal num-
ber of welr locations having tendencies
toward presealing conditions as there are
those indicating reduced or unchanged
total iron loads.

sealing on
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FIGURE 17. - Distributive rate of change for total

iron load coefficient of variation from before seal-

ing (A4)to 10 years after seal completion (B). Dashed line shows increase; solid lines show decrease.

Of the 27 weir locations, 1 remained unchanged.
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DISCUSSION AND RECOMMENDATIONS

The problems encountered during the
field studies in the Moraine State Park
area included the lack of mine maps show-
ing the positions of mine entries and
difficulties in the location of weirs,
mine entries, and observation holes, due
to caving, vegetative cover, and surface
reclamation that followed deep mine seal-
ing. Therefore, much more time was re-
quired than had been anticipated.

In order to avoid or minimize the prob-
lems encountered in evaluating mine seal-
ing projects, future studies should con—~
centrate on projects testing new mine
seals that have been constructed in aban-
doned mine areas where the geologic and
hydrologic parameters are well defined.
Additional studies are not recommended in
areas where seals have been constructed
but data are incomplete or not available,
Collection of data for short periods of
time on a monthly basis, especially for
larger areas such as Moraine State Park,
is inadequate to establish trends., It is
evident that more frequent sampling for a
longer period of time (1 or more years)
on a weekly basis is necessary to pro-
vide data that can be analyzed and used
to evaluate the changes. This kind of
detail was beyond the scope of this
study; therefore, reasons for the ob~-
served changes in water quality cannot be
conclusively determined.

extensive leakage and change in water
quality were observed, it is assumed that
deterioration of the seals or the areas
around the seals has occurred, If this
indeed has taken place, then one or more
of the seals should be excavated to de-
termine the reasons for leakage and the
physical condition of the seal,

The degree to which the grout curtains
served their purpose in limiting bedding
or horizontal flow should be determined,
including to what extent the size and
distance between the holes contributed to
forming a complete barrier to waterflow,

Since flow rates increased, the effec~
tiveness of these curtains should be
studied.

Remote sensing studies should be used

to aid in determining ground water move-—
ment related to lineaments and fracture
traces, Information of this type will
help in selecting the appropriate seal
type, size, location, and cost with re-
gard to water quality and load. It is
recommended that an analysis of linear
traces be used to further understand the
hydrology of the problem areas and to
provide a more systematic water discharge
and water monitoring program. A remote
sensing study in an area such as Moraine
State Park should determine if certain
seals were, in fact, constructed in areas
of potential and realized high flow zones

As a result of mine sealing, cer—- with regard to lineament and fracture
tain long—~term changes occurred in the traces.,
mine pool and in water quality., Since

CONCLUSIONS

The sample data collected illustrate  either were not located or were at or be-
measurable effects on water quality and low lake level, or there were insuffi-
quantity that are believed to be the cient data on conditions either before or
direct result of mine sealing in the after sealing was completed. Since the
Moraine State Park area., These findings conclusions largely depend on the signif-

are the result of comparing the condi-
tions of acid mine drainage before seal-

ing to the conditions existing at the
end of the 1st and 10th years following
seal completion., The selection of 27

weir locations for evaluation was based
on the existence of sufficient data for
analysis. The remaining weir locations

icance placed on the number of samples
collected during the study period and how
well the samples represent the various
areas of the park, the small number of
samples collected 10 years after seal
completion may not be representative of
the overall park area, This may restrict
certain conclusions.
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The total mean water
linity, and total iron load increased
over the 10-year period, whereas mean
acid load decreased. Without exception,
the total minimum water discharge, acid,
alkalinity, and total iron load increased
over the 10-year period. However, the
total maximum water discharge, acid, al-
kalinity, and total iron load decreased.
These changes in flow characteristics and
water quality are believed to be related
to the establishment of a mine pool cre-
ated as a result of sealing. The sug-
gested effectiveness in reducing acid
load variance over the 10 years is ap-
proximately 55 pct. At the end of the
10-year interval, there appeared to be a
tendency toward presealing conditions for
mine water discharge at 6 weirs, for acid
at 4 weirs, and for total irom load at 5
of the 27 weir locatioms. For a given
mine complex with more than one entry,
the parameter loads were not consistent.
One of the more outstanding changes was
in the distribution of the coefficient of
variation for water discharge, acidity,
and total iron load, which shows that
sealing reduced the variability or scat-
ter of each parameter load. At the end
of the 10-year interval, the water dis-
charge and water quality were more con—
sistent than before seal construction,

discharge, alka-

The fact that waterflow and quality
changed 1indicates that some factor per-—
taining to the seals, the areas surround-
ing the seals, or both, was changing with
time. The grout curtains constructed at
right angles through the center plugs
were designed to divert waterflow around
the seal area. This primarily assumes
bedding plane flow and does not consider
fracture permeability and flow around the
curtain and the infiltration of air and
water,

The suggested deterioration of the mine
seals because of construction material,

maintenance, and increased air or water
content in the strata may be related to
the acidity in the mine pool,. Monthly

monitoring of water discharge and param-

eter loads 1is not frequent enough to
determine the details of the changes
encountered.

Comparative values of water quality for
those mines known to be inundated, or
partly inundated, do not confirm that the
development of a mine pool results in
water quality improvement at the dis-
charge points. For those mine entries
associated with observation holes, each
parameter—-water discharge, acidity, and
total iron load—--can be shown to either
increase, decrease, or vary at random.

remain the
LANDSAT
seal con-

Several mines were and
source of high water discharge.
imagery made available after
struction shows that there are several
prominent lineaments that cross Lake
Arthur and intersect these mine areas of
high discharge. When the seals were con-
structed, ground water movement with re-~
gard to lineaments, discharge, and load
was not considered.

of both the sealed en-
indicated that,

Water samples
tries and the mine pools
in general, the mine pool water was of
better quality. Water samples from the
inlet and outlet of Lake Arthur indicated
that the water quality improved over the
10 years.

Mine seals do create varying size mine
pools with water levels that fluctuate
seasonally. The water level fluctuation
alternately exposes sulfide minerals, al-
lowing oxidation to continue. The oxygen
is in part supplied by the infiltration
of surface water containing dissolved
oxygen, In addition, caving, piping,
settlement, and ground movements create
and aid natural joints, fractures, and
lineations to increase permeability. A
physical setting with increased permea-—
bility allows the infiltration of dis-
solved oxygen in water, and the direct
infiltration of air in nonsaturated
strata., Variation in atmospheric pres-
sure also induces a change in the oxygen
content of the overburden and mine pool
area, Low mine pool water levels coin-
cide with low precipitation, and it is
during this yearly interval that oxida-
tion is believed to be at maximum. As
seasonal precipitation and infiltration
increases, the mine pool 1level rises,
and mine water discharge increases. The



permeability of the seal restrains the
rate of discharge and allows the pool
level to rise, and water discharge re-
mains a function of seasonal precipita-
tion. However, mean water discharge has
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increased. The extent to which a given
mine is inundated is related to permea-
bility of the seal and strata, fracture,
and lineation zones and to precipitation.
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APPENDIX A.--DATA FOR 27 WEIRS

TABLE A-1. - Mine water discharge at 27 weirs, before seal completion

29

Mine name Weir Entry! Flow, gal/min Standard | Coefficient | Number of
Mean | Minimum{ Maximum | deviation | of variation | samples
Wimereeeesoveoreeconnss 18 1A 17.4 1.0 156.0 29.67 1.70 42
ShieldSseesessecensosnne 16 12 1.5 1.0 ‘250 .51 .33 17
NO Nameeseesvsoscssnnss 20 16, 17| 6.2 1.0 20.0 5.08 .82 22
DOcsosvocensensanesee 25 14 2.3 2,0 3.0 57 24 3
FOXevsooooosutannnnsnns 28 19A 5-4 1.0 13.0 4.72 .87 5
3 31 19, 20, 21| 12.7 1.0 100.0 14.08 1.11 51
Salzano ROSS.cesevevsas 33 |23, 23A, 24| 8.8 1.0 55.0 9.31 1.05 44
DOveseassesocnnsensns 34 251 10.2 1.0 50.0 10.72 1.05 26
N. Goubeaudsveseosseess 40 43, 44 10,5 1.0 50.0 13.00 1.23 17
We EMEIYeeeseoonnsnanes 41 54 2.9 1.0 12.0 2.44 .83 26
DOseveesesssncossnens 44 53, 55 1.4 1.0 3.0 .66 47 12
DOsvvssssensnsssnnnns 43 57| 4.4 1.0 15.0 3.41 77 25
Fremontesseoseesseessans 45 591 2.7 1.0 10.0 2.09 .78 25
DOseeesssnssannsnnnns 46 60, 61§ 2.3 1.0 5.0 1.48 .66 8
Martzolfeseeeonsnsnnnne 51 71 2.4 1.0 6.0 1.78 .73 12
o 53 73| 22.6 2.0 200.0 47.29 2.08 17
Lindeyesossvoesonssnnss 54 75| 6.0 2.0 27.0 4.12 .68 51
LincolNeeeosoesennosens 57 76 | 5.9 1.0 18.0 5.56 .93 35
DOtevsvssecsnsonnonss 58 77| 9.2 2.0 18.0 4.35 W47 35
DOvevssesessannsecnnss 59 78 7.9 2.0 20.0 4.81 .60 29
KildoOsseseosoossnsnonas 61 79 | 20.3 1.0 85.0 14,41 71 47
DOsevesesesnnsosnnnens 62 80 | 14.7 1.0 35.0 10.59 .72 41
DOcevonsvosnannnnnoas 63 81| 2.0 1.0 5.0 1.41 .70 11
Hilliardesesseessseesss | 66 82| 12.2 1.0 100.0 24.30 1.99 16
DOvovesosnrstsccnnnnns 75 841 15.6 4.0 70.0 12.76 .81 51
DOevecsessnsssnnnnnes 76 851 10.9 1.0 60.0 10.62 .97 31
DOuvvosososoncoconnns 79 86| 2.8 1.0 5.0 1.75 .62 10

TEntry locations are shown in figures 2

TABLE A-2., - Mine water discharge

‘and 3 in the main text

at 27 weirs, during the first year after seal completion

Mine name Weir Entry' Flow, gal/min Standard | Coefficient | Number of
Mean | Minimum | Maximum | deviation | of variation samples
Wimerseeeeseeessoossnes 18 1A| 8.3 1.0 12.0 6.35 0.76 3
ShieldS.eeevssnnaseenss 16 12 5.0 1.0 28.0 8.45 1.69 10
NO Nam€seeveveseosssses 20 16, 17 2.5 1.0 4.0 2,12 .84 2
DOsesssosssosanasnnne 25 14 1.0 1.0 1.0 0 0 2
FOXsoooosoesooseannsssnes 28 19A | 20.8 2,0 94,0 28.70 1.37 11
DOcesvoncennnnnnssoas 31 19, 20, 21 7.2 1.0 12.0 5.71 79 5
Salzano ROSS.sesssessns 33 23, 23A, 24 5.4 1.0 28.0 8.64 1.59 14
DOuvssvsoscsnnvonsnss 34 251 39.5 1.0 236.0 67.37 1.70 13
N. Goubeaudssseessessss 40 43, 44| 16,2 1.0 30.0 10.47 .64 5
We EMETrYeosssossscocesne 41 54 5.4 1.0 42,0 10.77 1.98 14
DOcesossosssnsnnnenas 44 53, 55 1.6 1.0 6.0 1.35 .84 15
DOvesessvsvssssencnns 43 57 3.0 1.0 6.0 1.96 «65 14
Fremont.seesesoeccscoos 45 59 2.0 1.0 5.0 1.46 .78 7
DOveevssstcenencccnss 46 60, 61 3.0 1.0 9.0 2.77 .92 15
Martzolf.cesscssoeocens 51 71 1.3 1.0 2.0 .50 .37 9
DOceseovocrvoncsnsses 53 73 6.4 2,0 12.0 3.31 52 14
Lindeyesseesooscoscenas 54 75 7.0 2.0 28.0 7.9 1.12 10
LincolNesessocenosnonss 57 76 5.1 3.0 8.0 1.95 .37 7
DOsevsvesevennsssssas 58 77 | 20.0 3.0 60.0 19.03 «95 10
DOoveeveevevecnsssssnss 59 78 3.6 1.0 6.0 1.87 52 9
KildoOssesoossosnanansse 61 79 1 13.3 2.0 42.0 11.75 .88 17
DOvesssvensconnsssses 62 80 11.8 3.0 28.0 6.40 .54 13
DOvecovveveaonssossns 63 81 1.0 1.0 1.0 0 0 4
Hilliardeessssooososnse 66 82| 23.1 2.0 156.0 38.11 1.64 17
DOceesssossssnnsssnce 75 84 7.0 1.0 28.0 10.54 1.52 11
DOsvevenssosensaconsne 76 85 5.3 1.0 28.0 8.35 1.57 10
DOssesosssssonconnnss 79 86 | 10.7 1.0 60.0 17.70 1.78 11

'Entry locations are shown in figures 2 and 3 in the main text.
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TABLE A-3, - Mine water discharge at 27 weirs, 10 years after seal completion

Mine name Weir Entry! Flow, gal/min Standard Coefficient Number of
Mean | Minimum | Maximum | deviation| of variation samples
Wimer.seeeossoosessenes 18 1A ] 42.3 24,6 60.0 25,03 0.59 2
ShieldSseeesessosssenns 16 12 4.7 2.4 7.0 3.25 .69 2
NO Nameseecsssscossovsss 20 16, 17| 18.4 3.3 33.4 21.28 1.16 2
DOcevossssssssenssnss 25 141 3.9 3.3 4,5 .84 .22 2
FOXeoovoovoosesensnnsss 28 19A .6 .2 1.0 .56 .93 3
DOstevsvossvsossennnns 31 19, 20, 21 7.0 2.7 11.2 6.01 .86 2
Salzano ROSS.sseessssee 33 | 23, 234, 24 b 2 5 .21 .53 2
DOuevevosessesssnnnsna 34 251 0 0 0 0 0 2
N. Goubeaud.eessoeceanvss 40 43, 44 1.4 o7 2.0 .91 .65 6
We EDOIYeessssossvcvass 41 54| 1.5 1.0 2,0 .71 47 2
) 44 53, 55 1.3 .6 2.0 .99 .76 2
DOceeooesnsncsssncnsns 43 57| 4.4 4.10 4.7 42 .10 2
Fremonteseeeesssessceas | 45 59| 1.0 0 2.0 1.41 1.41 2
1 46 60, 61 5.9 .8 11.0 7.21 1.22 2
Martzolfeeseosssoscanas 51 71 .2 0 A .28 1.40 2
DOseersssssacssonncns 53 73| 4.4 1.7 7.0 3.74 .85 2
Lindeyeeeeseeasscccnnss 54 75| 6.1 5.8 6.4 42 .07 2
LincolDessessscsossenes 57 76 { 17.1 13.7 20.4 4,73 .28 2
DOesvsecvnsonsssnonnes 58 771 16.0 12,0 20.0 5.65 .35 2
DOseesscsanossscnncss 59 78 | 45.0 25.0 65.0 28.28 .63 2
KildoOseseosoosossoeoss 61 79 | 18.5 2.0 35.0 23.33 1.26 2
DOcovsvosssoscssnnnss 62 80| 19.4 13.7 25.0 7.99 4l 2
DOcevenscosssssscanes 63 81 2.2 1.0 3.3 1.62 T4 2
Hilliardesesseossossves 66 82 1.8 1.2 2,3 77 43 2
DOsevossevsosvosesenns 75 84| 6.4 o7 12,0 7.99 1.25 2
DOsersocosssssssncnes 76 85| 25.0 | 20.0 30.0 7.07 .28 2
DOvovsssovsssssonsess | 79 86 | 70.0 | 40.0 100.0 42,42 .61 2
TEntry locations are shown in figures 2 and 3 in the main text.
TABLE A-4, - Acid load at 27 weirs, before seal completion
Mine name Welr Entry! Acid load, Ib/day Standard | Coefficient | Number of
Mean |Minimum | Maximum | deviation| of variation samples
Wimereseeseveeosssscnns 18 1A} 22.9 6.5 90.7 15,58 0.67 42
ShieldS.ieseveasosssnnns 16 12 S 0 3.9 .99 3.09 17
NO Nameesssesoccossssos 20 16, 17 .1 0 1.9 40 4,04 22
DOccesoosssccososcnnns 25 14 .2 .1 N .15 .65 3
FOXeuoeoononsossossnvnss 28 19A .1 0 i .17 2,23 5
DOservossscsssosnnnns 31 19, 20, 21 26,1 1.1 68,0 19.08 .73 51
Salzano ROSS.sevescsess 33 |23, 23A, 241 132.8, 0 465.0 89.58 .67 44
DOceseoensssssscsnnsns 34 25 3 O 3.8 .84 2,62 26
N. Goubeaud.sessosnsesee 40 43, 44 .l 0 1.0 27 2,02 17
We EMEYYsooeessssonnnons 41 54 ] ] 4.9 1.41 1.64 26
DOvevevssnsnssssennss 44 53, 55 1.0y 0 5.0 1.38 1.46 12
DOvecesssesosssncnnss 43 57 4.4 0 21.0 5.45 1.23 25
Fremonte.sseecsssossssos 45 59 .6 O 4,1 1.12 1.76 25
DOcesoeosossosssccsns 46 60, 61 1.2] O 5.8 2.04 1.65 8
Martzolf.seeesoscocoens 51 71 20 0 .5 .16 .71 12
DOcecevssssssrscennns 53 731 20.0 .3 117.0 27.67 1.38 17
Lindeysseesesssescnenns 54 75 18,2 .1 50.6 11.46 .62 51
Lincolneeessesecssnonss 57 76 | 26.9 1.3 280.0 49.21 1.83 35
DOsevsvvsssnscscennes 58 77 | 46.5 6.0 94.4 28.84 .62 35
DOevsavsosnsssssannons 59 78 | 70.2 3.8 280.0 62.76 .89 29
KildoOeesseoseosoonnnns 61 79| 80.3 1.6 235.0 49.05 .61 47
DOevevsvosnasssonnnne 62 80| 60.3 1.3 151.0 47.87 .79 41
DOsevsosnsosssssonens 63 81 1.1 0 2.2 .65 .57 11
Hilliardeeeosoosoosoonss 66 82 11.1 0 130.0 31.82 2,86 16
DOcreevsoscssssvnnnns 75 84 3.3 O 79.0 12.84 3.87 51
DOcevnsssosocssscnnse 76 85 4.0 .2 23.6 5.67 1.41 31
DOcuvessssosscsosonss 79 86 7.0 .9 20.8 6,72 .95 10

TEntry locations are shown in figures 2 and 3 in the main text.



TABLE A-5, - Acid load at 27 weirs, during the first year after seal completion
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Mine name Welir Entry! Acid load, lb/day Standard | Coefficient | Number of
Mean |Minimum| Maximum | deviation | of variation | samples
Wimeresoeseoessoessnne 18 1A 22.00] 3.2 31.9 16.26 0.74 3
ShieldSeesseosanocsses 16 12 021 O o2 .06 3,16 10
NO Namessvsssessonsnse 20 16, 17 0 0 0 0 0 2
DOvevevososssnonsnsne 25 14 .20 O .3 W21 1.41 2
FOXesoosensessoensssnne 28 194 0 0 0 0 0 11
DOvesssvssnsonenssnse 31 19, 20, 21 4,701 O 15.8 6.64 1.40 5
Salzano ROSS.eeessseses 33 | 23, 234, 24 14,401 O 154.0 40.62 2,82 14
DOeosocsassnonossane 34 25 1.30( O 11.3 3.30 2.45 13
N. Goubeaudsssseeesses | 40 43, 44 .30 O 1.0 .43 1.66 5
We EDETYeoeoeosssesnss 41 54 .101 O 5 .14 1.70 14
DOcecosesnnsnnnncnee | &b 53, 55 2.101 O 13.1 3.85 1.81 15
DOcessraveososasccns 43 57 11.10 .1 25.1 8.63 77 14
Fremontesesesseossesss 45 59 .01 0 .l .03 2,64 7
DOvesssososcveonnsss 46 60, 61 40 O 4,0 1.03 2.83 15
Martzolf.seeasesccosne 51 71 .03 O o2 .07 2,12 9
DOseesvessssecnnssse 53 73 6.60 O 19.0 6.36 .96 14
lindey.seesessseecesess 54 75 13,701 O 28.6 9.87 .71 10
Lincolneesssesesnnscns 57 76 16.00| 8.6 22.8 4,32 .27 7
DOvevesvenvnnneesnoe 58 77 | 181.70] 14.6 694.0 222.77 1.22 10
DOvecossenasannnncns 59 78 19.50| 2.7 46.9 14,85 .76 9
KildoOsssossosonvoenss 61 79 23,307 3.2 59.6 14.87 .63 17
DOvececsvocennnnnnes 62 80 27.00f 5.3 40.6 11.55 A2 13
DOvececesennannvnnsns 63 81 .70 O 1.9 .85 1.26 4
Hilliard.oseesseoosense 66 82 4,201 O 41,2 9.71 2.28 17
DOvecoceveanoncscnsne 75 84 12.80 o2 60.5 21.13 1.65 11
DOvessonssssnonesnne 76 85 8.20 .3 47.7 14.16 1.73 10
DOsesesesssssoonsans 79 86 10,00 2.2 40.1 11.16 1,13 11
TEntry locatlons are shown in figures 2 and 3 in the main text,
TABLE A-6, — Acid load at 27 weirs, 10 years after seal completion
Mine name Weir Entry! Acid load, lb/day Standard | Coefficient | Number of
Mean | Minimum | Maximum | deviation | of variation samples
Wimerssseeoesosancnssns 18 1A | 56.6 39.6 73.6 24.04 0.42 2
Shields.eevsesvesseess 16 121 O 0 0 0 0 2
NO nameeescessoccsesas 20 16, 17 0 0 0 0 0 2
DOvesseesoocsennssns 25 14 .2 0 .3 .21 1.05 2
FOXesosonosvnseosessns 28 19A .1 .1 .1 0 0 3
DOvesesonsscnnensene 31 19, 20, 21| 29.3 10.7 47.8 26.23 .89 2
Salzano ROSSeesvevssss 33 | 23, 23A, 24 3.4 2.4 4.3 1.34 .39 2
DOvevenassnsesncnssns 34 25 0 0 0 0 0 2
N. Goubeaudesseseesess | 40 43, 44| O 0 0 0 0 6
We EmEIYeveonoeesocone 41 541 O 0 0 0 0 2
DOvssenencssccnnsnne 44 53, 55 .15 .1 2 .07 47 2
DOcssecosssssosnsens 43 57 7.2 3.5 10.8 5.16 .71 2
Fremontseeseecososscess 45 59 0 0 0 0 0 2
DOvesesessssssssnnsse 46 60, 61 2.9 0 2.9 0 0 2
Martzolfeeoeeeoosssnes 51 71 .l 0 ol 0 0 2
DOcevessosescncnsnns 53 73 .2 0 .3 .21 1.05 2
LindeyYeeeeeossssssssss 54 75 0 0 0 0 0 2
LincolNeesssoescssness 57 76| 9.0 1.0 17.0 11,31 1.25 2
DOcesecosonsenonsnse 58 77| 12.8 9.3 16.3 4.94 .38 2
DOsseesvncscncnnnnne 59 78 53.4 32.5 74.2 29.48 .55 2
KildoOeeesoooosonneens 61 791 10.1 .3 19.8 13.78 1.36 2
DOvececrsossssssscnns 62 801 O 0 0 0 0 2
DOsececsevossosnasnes 63 81 o2 0 A .28 1.4 2
Hilliardeeeoososossses 66 821 O 0 .02 0 0 2
DOvevecosonscosnnnes 75 84 1.5 2 2.8 1.83 1,22 2
DOveevovasssansnnnss 76 851 O 0 0 0 0 2
DOeosssvcososssssanns 79 86| 18.8 7.7 29.8 15.62 .83 2
TEntry locations are shown in figures 2 and 3 in the main text,
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TABLE A-7. - Total iron load at 27 weirs, before seal completion
Mine name Weir Entry]! Total iron load, 1lb/day| Standard | Coefficient | Number of
Mean | Minimum| Maximum | deviation | of variation| samples
Wimerseeoseosovevonenne 18 1Af 4,50 0.20 59.10 9.67 2.17 42
ShieldS.eseeeevsvssasses 16 12 02 0 .20 .05 2.00 17
NOo nameeesvesseosscenee 20 16, 17 0| O .40 .09 1.36 22
DOevevoosossonsssssons 25 14 O1f 0 01 .01 .86 3
FOXoenosesenosensnnonee 28 19A 03] O .10 .03 1.16 5
DOceveesvovssssenenas 31 19, 20, 21} 2.70 .10 24.50 3.45 1.29 51
Salzano ROSS.seeseeessee 33 23, 23A, 244 4.80 .10 59.00 9.11 1.90 44
DOuvrvvovovncsononnss 34 25 .20 .01 3.00 .57 2.64 26
N. Goubeaud.sessosesses 40 43, 44 .60 .01 6.70 1.65 2.54 17
We EmETYeoeennsonnnsses | 41 54| .40} O 2.80 .64 1.57 26
DOeecovsovsssscovncas 44 53, 55 .40 .01 1.80 .60 1.61 12
DOseesveresassononnos 43 57 .90 .01 5.30 1.35 1.45 25
Fremontessesessssosesss 45 59 401 0 3.80 .75 2.06 25
DOssseoessscnsnnnonss 46 60, 61 .30 .02 .60 .19 .78 8
Martzolf.ieeeovescnnens 51 71 .10 .02 +60 .16 1.14 12
DOsesenvosenssncnnnes 53 731 1.40 .20 6.00 1.85 1.36 17
Lindey.eeeesscovscessns 54 75} 2.30 .30 11.00 2.51 1,11 51
Lincoln.eessecsoccvncss 57 76 | 2.60 .10 2.47 4,77 1.84 35
DOeevsvvooscsssovsnss 58 77 | 3.00 .40 13.50 2.56 .85 35
DOueesavosoosscnanens 59 78 | 3.80 .10 50.00 9.06 2.39 29
Ki1doOesesseoassosacosns 61 79| 6.80 .0l 46.40 8.53 1.25 47
DOseseosvsonossssnnsns 62 80| 6.50 .10 46.40 9.43 1.44 41
o N 63 81 .10 .01 .10 .03 .71 11
Hilliardeesoesoeoessnes 66 82 30( O 2.00 .55 1.69 16
DOseseocrssoassscsnons 75 841 2,10 O 10.70 1.98 .95 51
DOcvvessovsessncnnnos 76 85 .50 .01 4.60 .82 1.54 31
DOsevevososovoansnsssns 79 86 .80 O 5.20 1.58 2,00 10

"Entry locations are shown in figures 2 and 3 in the main text.

TABLE A-8., - Total iron load at 27 weirs, during the first year after seal completion
Mine name Weir Entry! Total iron load, lb/day| Standard | Coefficient | Number of
Mean |[Minimum| Maximum | deviation | of variation samples
Wimereeossosesosvnsnses 18 1A 2.00| 0.30 3.40 1.57 0.78 3
ShieldS.ceesscsosossncas 16 12 04[] O .10 .04 .93 10
NO Name...eeoevsssosons 20 16, 17 .01] 0 .10 .01 1.41 2
DOseeosonsvososassonas 25 14 .20 .01 .30 .22 1.33 2
FOXussooooovessasassnns 28 19A .10 .02 .40 .13 .98 11
DOvessvososovesssnsss 31 19, 20, 21 1.30 .01 4.10 1.67 1.26 5
Salzano ROSS.eescesssses 33 23, 23A, 24 4,90 .04 50.00 13,19 2,69 14
DOveveosvonnsossonssns 34 25 40 .02 1.40 42 1.19 13
N. Goubeaud.eeesvesones 40 43, 44 .10 .01 .10 .04 .70 5
We EMEIYeceoonsssnssnee 41 54 .10] O .30 .07 1.12 14
DOuvevessoscnsnsosenne 44 53, 55 .40 .04 .90 .22 .58 15
DOseeeconnsvssssssnne 43 57 2.20 .10 7.30 2.32 1.03 14
Fremont..eceecessosssssns 45 59 .10] ©O .40 .13 1.04 7
DOsosvsosccosssasoncs 46 60, 61 .30] O 2.30 .78 2.54 15
Martzolf.seeeeseeoosses 51 71 .02 .01 .10 .01 74 9
) P 53 73 .70 .02 2,80 .77 1.18 14
Lindeyeceeeevsssosonvesns 54 75| 8.10 .50 28.30 9.08 1.12 10
Lincoln.vescossscosence 57 76 | 2.30] 1.40 2,80 46 .20 7
DOssoveveosossconnnes 58 77 | 18.30 .80 43.80 14.11 .77 10
DOcvsevesveseessnnnns 59 78 1.70 .02 3.10 1.09 .65 9
KildOOsseseesssssessssne 61 79 5.20 .20 14.20 4,22 .81 17
DOvesevessassssassonsns 62 80| 5.60 .30 14.20 3.97 .70 13
DOvesvoosnsassonsansns 63 81 .03 .02 .10 .01 .33 4
Hilliarde.eeeessonsoses 66 82 .30 .02 1.50 Al 1.61 17
DOsieevesssssssassens 75 84 .70 .10 1.90 .58 .87 11
DOueveoocvansessnssne 76 85 .30 .10 .80 24 .95 10
DOveveoocessosssssses 79 86 .90 .20 3.70 1.16 1.29 11

TEntry locations are shown in figures 2 and 3

in the main text.
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TABLE A-9. - Total iron load at 27 weirs, 10 years after seal completion

Mine name |Weir| Entry! Total iron load, 1b/day|Standard |Coefficient {Number of
Mean Minimum { Maximum|deviation|{of variation| samples
Wimereoesoss| 18 1A} 6.50 5.000 7.90 2.05 0.32 2
ShieldS.eees| 16 12 101 O .10 .07 .70 2
No nameeeeeo| 20 16, 17 .50 .020 1.00 .69 1.38 2
DOcecscoesl 25 14 .10 .100 .10 0 0 2
FOXeovoooose| 28 19A .10 .010 .10 .06 .60 3
DOcesessss| 31|19, 20, 21| 5.10 1.900 8.30 4.52 .89 2
Salzano Ross| 33 23, 23A, 24| 1.10 1.000 1.10 .07 .06 2
DOsecoccses| 34 251 0 0 0 0 0 2
N. Goubeaud.| 40 43, 44 .10 .030 .10 .04 40 6
We. Emeryeess| 4l 54 <40 «200 .60 .28 <70 2
DOccoocoos| 44 53, 55 .30 «200 .30 .07 23 2
DOcsecceves| 43 57 .10 .100 .10 0 0 2
Fremonteoooo| 45 59 210 O .10 0 0 2
DOsevecoos| 46 60, 61 .90 .010 1.70 1.19 1.32 2
Martzolf....| 51 711 0 0 0 0 0 2
DOcossssss| 53 73 +30 .200 .30 .07 «23 2
LindeYeeeoool 54 75 <40 .100 .60 «35 .88 2
Lincolneeoess| 57 761 4.70 1.000 8.30 5.16 1.10 2
DOssessoss| 58 771 5.60 4,800 6.30 1.06 .19 2
DOscesesos| 59 78120.20 } 13.000 27.30 10.11 .50 2
KildoOssesss| 61 79| 4.10 .600 7.60 4.94 1.20 2
DOscesscso| 62 80 .20 +100 .30 .14 .70 2
DOcsosooosi 63 81 .02 .020 .02 0 0 2
Hilliard....| 66 82 .01 .004 .01 0 0 2
DOvesscoss| 75 84 04 .030 .04 0 0 2
DOccesoses| 76 85| 1.20 .050 2,40 1.66 1.38 2
DOsossocsal 79 86 .90 400 1.30 .63 .70 2

"Entry locations

are shown in figures 2 and 3 in the main text.
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APPENDIX B.——-PARTIAL DATA FOR NINE WEIRS

TABLE B-1. - Mine water discharge at nine weirs, before seal completion

Mine name Weir | Entry! Flow, gal/min Standard Coefficient Number of
Mean | Minimum | Maximum | deviation | of variation samples
Albenseeoss 19 5 5.5 1.0 10.0 2.19 0.39 26
Shields...s 15 11 1.7 1.0 3.0 .82 .45 14
DOcsoosso 17 13 1.7 1.0 2.0 .51 .30 6
FOXeoooooos 29 19| 14.0 (2) (2) (2) (2) 1
Goubeaud. .. 39 37, 38 2.3 1.0 5.0 1.34 «59 11
Islecccooss 47 65, 66 5.5 1.0 20.0 3.90 o712 40
Martzolf... 49 68 6.7 3.0 15.0 3.80 .57 9
DOesvovoono 50 69 3.3 1.0 8.0 3.20 .98 4
DOcecosoo 52 72 2,0 1.0 6.0 1.54 o 77 6

TEntry locations are shown in figures 2 and 3 in the main text.
2Insufficient data.

TABLE B-2. - Mine water discharge at eight of nine weirs, during the first year
and 10 years after seal completion

Mine name Weir | Entry! Flow, gal/min Standard Coefficient Number of
Mean | Minimum | Maximum | deviation | of variation | samples
DURING 1ST YEAR AFTER ' SEAL COMPLETIONZ
FOXeoososoon 29 19| 2.6 1.0 9.0 3.57 1.37 5
Isle.coosas | 47 | 65, 66 3.0 3 (€] ) ) 1
10 YEARS AFTER SEAL COMPLETION4
Alben.cssos 19 5] 1.5 1.2 1.70 0.35 0.23 2
Shields.... 15 11 1.2 o7 1.70 .70 .58 2
DOcscosos 17 13| 8.0 4,2 11.80 5.37 .67 2
FOXsosoooon 29 19 oh e2 .50 .21 .53 2
Goubeaud. ., . 39 | 37, 38| 1.8 ] 3.20 2,05 1.34 2
Martzolf... 50 69 | NAp Dry 10.00 NAp NAp 1
DOsescons 52 72 |1 NAp Dry .18 NAp NAp 1

NAp Not applicable.
lEntry locations are shown in figures 2 and 3 in the main text.

2There were no lst-year data for 7 of the weirs.

3Insufficient data.

4Weir 47 (Isle Mine) was

located.

loc

ated at 1lak

e level; weir 49 (Martzolf Mine) was not

TABLE B-3. — Acid load at nine weirs, before seal completion

Mine name Weir | Entry! Acid load, 1lb/day Standard Coefficient Number of

Mean | Minimum | Maximum | deviation | of variation samples
Alben.c.o.e 19 5| 34.8 3.5 80.4 20.10 0.57 26
ShieldSesos 15 11 2.5 o1 6.8 1.78 72 14
DOcosooso 17 13 o2 0 oh .15 77 6
FOXeoooooos 29 19 { 49,7 (2) (2) (2) (2) 1
Goubeaud. .. 39 37, 38 2.7 .3 13.0 3.74 1.37 11
Isle.cssascs 47 65, 66 1.3 0 5.6 1.45 1.11 40
Martzolf... 49 68 1.7 o3 3.9 1.09 .63 9
DOcsososs 50 69 02 o1 12.0 5.66 1.59 4
DOsoocoss 52 72 .1 0 o2 .09 1.17 6

TEntry locations
21nsufficient data.

are shown in figures 2 and 3 in the main text,
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TABLE B-4, — Acid load at eight of nine weirs, during the first year and 10 years
after seal completion

Mine name Weir | Entry! Acid load, 1b/day Standard | Coefficient | Number of
Mean | Minimum | Maximum | deviation | of variation | samples
DURING 1ST YEAR AFTER SEAL COMPLETIONZ
FOXeoeososoaonone 29 19 2.1 0.9 4.7 1.5 0.73 5
Islececesescsns 47 65, 66| O (3) (3) (3) (3) 1
10 YEARS AFTER SEAL COMPLETION4

Albenceceecocsos 19 5 0 0 0 NAp NAp 2
ShieldSeeecaocse 15 11 e5 .3 N 0.21 0.42 2

DOcsecssccosns 17 13| 6.1 «3 11.8 8.13 1.33 2
FOXescssooocons 29 19 o6 <3 <9 <42 .70 2
Goubeaudeessess 39 37, 38 o1 0 .1 .07 .70 2
Martzolfeeooeos 50 69 NAp Dry 0 NAp NAp 1

DOeeocoscnsns 52 72 ol Dry .l 0 NAp 1

NAp Not applicable.
'Entry locations are

shown in figures 2 and 3 in the main text.
2There were no lst-year data for 7 of the weirs.
3Insufficient data.
4Weir 47 (Isle Mine) was located at lake level; weir 49 (Martzolf Mine) was not located.

TABLE B-5. ~ Total iron load at nine weirs, before seal completion

Mine name Weir | Entry! | Total iron load, 1lb/day | Standard Coefficient Number of
Mean | Minimum | Maximum | deviation | of variation | samples
AlbenNcececoscoe 19 5| 2.60 0.30 12.00 2.34 0.90 26
ShieldSeccoosss 15 11 .03 .01 .10 .02 <79 14
DOsescoscsons 17 13 .01 .01 .03 .01 .60 6
FOXessooooonaos| 29 19| 1.70 (2) (2) (2) (%) 1
Goubeaudecoosse 39 37, 38 .30 .02 1.30 04 1.56 11
Islecescecosnons 47 65, 66 .70 .01 3.00 .67 .92 40
Martzolf.eeoess 49 68 270 04 1.50 45 .66 9
DOcececoconne 50 69 020 0 .50 .19 .87 4
DOvesoosccnsnn 52 72 020 .01 .30 011 .74 6

'Entry locations are shown in figures 2 and 3 in the main text.,
2Insufficient data.

TABLE B-6. — Total iron load at eight of nine weirs, during the first year and 10 years
after seal completion

Mine name Weir | Entry! | Total iron load, 1lb/day | Standard Coefficient Number of
Mean | Minimum | Maximum | deviation | of variation | samples
DURING 1ST YEAR AFTER SEAL COMPLETION?
FOXeoossoosoones 29 19| 0.2 0.1 0.2 0.06 0.41 5
ISl€cesocosasnos 47 65, 66 ol (3) (3) (3) (3) 1
10 YEARS AFTER SEAL COMPLETION4

Albencsseccocos 19 51 0.10 0.040 0.10 0.04 0.40 2
ShieldSeoocoscso 15 11 .01 .004 .01 .01 .40 2

DOcsoccosoonn 17 13 .10 .000 .10 .07 .07 2
FOXeoosssooosnas 29 19 .20 .020 .30 .19 .95 2
Goubeaudescosss 39 37, 38 .01 .004 .20 .13 1.30 2
Martzolf.eceosso 50 69 NAp Dry .10 NAp NAp 1

DOcoscovoconons 52 72 NAp Dry 0 NAp NAp 1

NAp Not applicable.
lEntry locations are

shown in figures 2 and 3 in the main text.
2There were no lst-year data for 7 of the weirs.
3Insufficient data.
4Weir 47 (Isle Mine) was located at lake level; weir 49 (Martzolf Mine) was not located.
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