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6. The study was the first Minnesota DOT scoping
process that allowed for early elimination of route
alternatives and reconunended a manageable number of
alternatives for the EIS process, thus shortening
the EIS process considerably.

decision making in a comprehensive and efficient
m1tnner.
The phase 2 report was a landmark accomplishment for the Minnesota DOT. The project represents an integration of the computer mapping technique into the transportation planning process.

The Minnesota DOT was impressed with the scoping
technique used in the study, which provided data for
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Controlling Acidic-Toxic Metal Leachates from
Southern Appalachian Construction Slopes:
Mitigating Stream Damage
ERIC L. MORGAN, WESLEY F. PORAK, AND JOHN A. ARWAY

Highway construction activities in tho southern Appalachian Mountains hove
exposed geological formations that contain pyrltic materials (Anakeesta for·
mation), and drainage from slope and fill hos caused considerable change In
J treams th et rocoivo these toxle leachates. These drainages, which moblllu
high levels of free acidity (low pH) and various toxic metals (aluminum,
copper, Iron, mangene.e, and zinc), have destroyed aquatic ecological systems
in readms of mountain streams of the Great Smoky Mountains National Park
and tributaries of Citico River and Tellico River drainages in the Cherokee National Forest. In the North River drainage of the Tellico River, mitigation
procedures were initiated in 1977 by FHWA to seal exposed Anakeesta road
fill of the Tellico-Robbinsville Highway with soil blankets and temporary
sodium hydroxide (NaOH) neutralization . A study conducted to evuluate
the ellectiveneH of the controlling technologies used in meeting water-quality
objectives is described. Assays of fish population, in-stream fish bioassays, and
water-quality assessments were carried out in the watershed during 1978-1979.
Initial improvornents in stream weter quality and bi ologic~I accommodations
occurred in mitigated streams during NaOH treatments and soil blanket installations. However, survivability tests and fish surveys revealed that rainbow
trout could not survive in acid streams 6 months alter the soil blankets had
been installed. Depressed pH and elevated metal concentrations contributed
to fish mortalities in these streams.

The scenic Tellico-Robbinsville Highway traverses
ridges and peaks of the southern Appalachian Mountains from Tellico Plains, Tennessee, to Santeetlah
Gap in the Nantahala National Forest in North Carolina.
In 1977 acid drainage originating from recently constructed road-fill areas was contaminating
nearby trout streams in the Cherokee National Forest
(,!).
Highly mineralized rock material in the h ig hway embankments was producing acid-toxic meta l
leachates. Deleterious e ffects on aquatic biota occurred in McNabb and Hemlock Creeks of the North
River watershed and Grassy Branch of the Citico
Creek drainage, which were draining the acidic road
fill.
This problem caused much concern because
these streams lie within the Tellico Wildlife Management Area, which is known for its good trout
fishing.
Furthermore, much of the region had been
designated as a potential wilderness area C2l·
In early 1978 FHWA beqan efforts to mitigate the

acid drainage problems. The objective of this study
was to evaluate the inunediate and short-term effectiveness of these measures on aquatic life in the
acid-leachate-mitigated streams.
In meeting this
objective, assays of fish population and in-stream
toxicity and water-quality assessments were carried
out from April 1978 to July 1979 in the North River
drainage basin.
BACKGROUND
Highway construction between Tellico Plains, Tennessee, and Robbinsville, North Carolina, began in
1965.
More than a decade later, in 1977, acid
drainage from completed sections of the TellicoRobbinsville Highway altered water quality and reduced the abundance of trout in the adjoining North
River and Citico Creek watersheds (1). These watersheds li~ within the Tellico Wildlife Management
Area, where streams have typically been soft water-slightly acidic drainages supporting an excellent
sport fishery of stocked and native trout species.
The headwaters of streams affected by Anakeesta
leachates--McNabb Creek, Hemlock Creek, and Grassy
Branch Creek--are adjacent to highway embankments.
These streams exhibited depressed pH values, increased concentrations of sulfates, heavy (toxic)
metals, and acidity. Highway embankments containing
sulfide-rich pyritic units of the Anakeesta formation were believed to be the sources of acid drainage <l•ll ·
Neut r alization of acid leachates in receiving
streams was begun in May 1978 and continued through
January 1979. An interim mitigation measure of sodium hydroxide (NaOH) additions was u sed . A 20 percent solution of NaOH was gravity-metered into the
headwaters of affected streams in an attempt to
maintain a pH level of approximately 5. 8 at the
mouths of these streams.
Additional remedial actions taken to reduce leachate runoff included asphalt curbing, ditching, and surface drain installa-
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tions.
A lime slu.rry (approximately 60 tons/acre)
was sprayed over selected embankments to reduce migration of acid salts into overlying soil layers to
be installed during permanent a.batement measures (j) •
More permanent mitigation involved sealing exposed Anakeesta material in the road embankments
from surface water infiltration.
This decreased
oxidation-acidification mechanisms and subsequent
leachate production.
After the addition of lime,
approxima-tely 0. 6 m of topsoil was placed over exposed rock and seeded with grass. A fiberglass roving layer and then a coating of tar were used to
cover the soil to help inhibit erosion. Silt barriers were also placed below soil-covered embankments
to reduce inherent siltation problems.
Pernianent
surface sealing of selected embankments was completed by December 1978 (~) •
METHODS AND MATERIALS
Hemlock and McNabb Creeks in the North River watershed of the TeUico Wildlife Management Area were
sampled for fish populations each quarter from April
1978 to July 1979 by using electrofishinq techniques.
In conjunction with this assessment, benthic macroinvertebrate communities we.re characterized monthly.
Results of these assessments have
been summarized elsewhere ('4 -6).
Thirty
hatchery-reared- rainbow
trout
(Sa.lmo
gairdneri) were used at each of 10 stations in
4-day, in-stream bioassays conducted simultaneously
with fish population studies to evaluate the suitabil:i,ty of mitigated streams for sustaining fish
life. Routine water-quality measurements were taken
monthly on site at 13 stations during biological and
physical-chemical assessments, and water samples
collected from each were placed on ice and returned
to the laboratory for more detailed ·a nalysis (7) .
Metal concentrations were analyzed by using atomic
absorption spectrophotometry.
RESULTS AND DISCUSSION
studies of water quality and fish populations and
in-stream fish bioassays were carried out from April
29, 1978, through July 1, 1979, to evaluate the effectiveness of acid drainage abatement measures in
mitigated streams. The results were separated into
three sampling phases:
1. April 28 through May 6, 1978, the period before mitigation efforts by FHWA;
2. June through December 1978, designated the
mitigation
period,
during
which
acid-receiving
streams were affected by both NaOH additions and
soil blanket construction over exposed Anakeesta
road-fill materials within stream watersheds; and
3. January through July 1979, designated the
postmitigation period (installation of road-fill
soil blankets and tecmination of NaOB treatments had
been completed before the beginning of this final
phase of study).
It should be emphasized that the designations
"mitigation period" and "postmitigation period" were
chosen for the sake of clarity in discussion.
Because installations of soil blankets over exposed
Anakeesta road-fill materials were considered permanent measures, there was no definitive period of
mitigation.
WATER-QUALITY ANALYSIS
Physicochemical
water-quality
measurements
were
taken on April 29 and May 6, 1978, at 13 North River
sampling stations before acid mitigation measures

11

began. The results were similar to results obtained
by FRWA ( 11, given in Table l:
depressed pH and
alkalinity- and increased water hardness and conductivity levels occurred in Anakeesta leachate-receiving streams.
The pH varied from 4.0 to 4.8 in
McNabb and Hemlock Creeks, from 5.0 to 5.4 in North
River below these streams, and from 5.5 to 6.7 at
upstream reference stations.
The highest acidity
values were recoi:ded at affected stream stations,
but acidity values were variable; the Sugar Cove
reference site (station 1) showed higher acidity
( 31. 3 mg/L as Caco 3 ) than stations 8, 10, and 11
(22.0 to 22.8 mg/L as caco3 ) in McNabb and Hemlock
Creeks. The ranges of dissolved oxygen levels (9.4
to 9.9 ppm) and water temperatures (10.5° to ll.0°C)
in acid-receiving streams were comparable to those
for reference stations.
Analyses indicated that the water quality of
streams that received acid drainage was altered as
far downstream as station 13 on the North River,
just before its confluence 'w ith the Tellico River.
This station was located approl'Cimately 5.4 and 7.4
km downstream from the two sources of Anakeesta
leachates a .t the headwaters of Hemlock and McNabb
Creeks. Water-quality conditions in the North River
drainage during the fall of 1977 indicate that these
streams were beinq affected as far downstream as the
Tellico River, immediately below the North River Ill.
Herricks and Cairns (8) state that the capacity
of a stream or river - to assimilate acid mine
drainage (similar to the highway acid drainage in
the study) depends on several factors, most important of which are stream flow (dilution capacity)
and total alkalinity (neutralization capacity).
In
addition to the amount and mineralogical composition
of exposed Anakeesta in the highway embankments, the
intensity of the acid stress found in McNabb and
Hemlock Creeks might be attributed to a very limited
buffering capacity in these streams.
North River
streams typically have low alkalinity, often less
than 5 mg/Las CaC03.
Dilution of the acid Anakeesta drainages in the
North River was thought to be the primacy factor affecting the concentration of the leachate materials
be.low McNabb and Hemlock Creeks.
Maas (2_) states
that the primary mechanism of recovery from Anakeesta pyrite-related stream contamination is dilution by unaffected side streams and groundwater.
Poorer water quality occurred at station 12 (which
was affected by both McNabb and Hemlock Creeks) than
at upstream station 9, which was immediately below
McNabb.
Some improvement in wa.ter quality was observed several kilometers downstream at station 13
in the North River.
Although dilution and neut[ali2ation mechanisms
undoubtedly play important roles in regulating concentrations of leachate mate.rials, on the Tellico
River flow was observed to be an important regulating factor in mobilizing aluminum. Specifica.l.ly,
as the kinetic energy was reduced i n ttte flow at or
near
the
isoelectric
pH,
aluminum
complexes
precipitated as thick, whitish blankets covering
stream substrates.
Mitigation Period
Water samples were collected at 13 stream stations
from July through December 1978 during NaOH treatments and soil blanket installations over exposed
Anakeesta road-fill areas.
Improved wate.r qual.ity
at McNabb Creek sampling stations was .reflected in
pR values, which ranged from 6.0 to 7.2 during additions of NaOH.
These pH levels were comparable to
reference stream values.
A reasonable improvement
was seen at Hemlock Creek sampling sites, which exhibited pH values between 5. 5 and 6. 7.
However, a
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Table 1. Premitigation summary of FHWA water-quality analyses at 14 stream sampling sites from August 15 through October 14,
1977.
Acidity, Alkalinity , and Hardness
(mg/Las CaC03)
Metals (mg/L)
Sampling Size

pH

Acidity to Total
pH 8.3
Alkalinity

Total
Hardness

Conductivity
(µmhos/cm)

Sulfate

Aluminum

Manganese

Iron

McNabb
Headwater
Upstream
Station 8
Station 7

3.7
4.1
4 .7
4.7

386.0
68.5
24.4
18.6

0.2
0.2
0.2
0.2

728.0
128.0
56.6
47.2

1353
380
305
140

1070.0
194 .0
75.0
62 .0

64.00
11.00
3.50
2.52

34.80
12.00
1.95
1.62

2.69
0.04
0.04
0.01

Hemlock
Headwater
Upstream
Station 11
Station IO

3.9
3.3
3.4
3.5

82.0
37.0
29.4
25.3

0.0
0.2
0.2
0.2

1970
270
257
220

94.0
98.0
72.0

31.1 o•
7.00
7.00
3.74

a.so•

65 .0
54.6
49.0

5.60
1.98
1.70

0.07 3
0.03
0.10
0.26

North River
Station 6
Station 9
Stahon 12
Station 13

6.3
6.4
6.1
5.3

2.8
1.9
1.9
2.8

8.6
6.3
5.2
5.3

8.6
13.6
16.5
16.3

24
32
41
41

2.0
9.5
14.I
14.l

0.33
0.36
0.33
0.36

0.01
0.20
0.26
0 .20

0.18
0.31
0.17
0.1 ·1

6.1

2.8
4.2

4.6
5.0

5.0
11.8

11
24

1.6
9.3

0.40
0.33

0.02
0.1 3

0.09
0.19

Tellico River
Upstream
Downstream
3

5.9

VaJues measured May 11, 1978.

paired t-test indicated that pH values at both sta1n ~"~ 11 nn HPmlock Creek were significantly
lower (p < 0.01) than at all other stations except
station 4 on Laurel Branch, a reference stream. Although mean pH at Laurel Branch was 0 .1 to O. 3 pH
units lower than mean pH values at other reference
sites, no significant differences (p < 0.01) in pH
were found between any of the reference stream stations.
Laurel Branch could possibly have been receiving
low levels of Anakeesta leachates from the road cut
that terminated several hundred meters into the
watershed or from natural outcroppings of pyr itic
material that might occur in the drainage. However,
the degree of acidity in Laurel Branch was minimal
regardless of hydrogen ion sources, and the biological communities in this stream were characteristic
of clean-water reference systems throughout the entire study period. The pH values in the North River
below acid-mitigated streams were similar to pH values at upstream North River stations.
Longitudinal pH profiles taken in mitigated
streams during NaOH treatments indicate that pH neutralization (pH to 7.0) did not occur before a point
approximately 2 km downstream of the metering stations (3). Caustic pH values as high as 13 occurred
immediately below treatment stations.
Thus, improvements in water quality observed at downstream
sampling stations were not expected in the headwaters of McNabb and Hemlock Creeks due to excessively high pH levels.
Total alkalinity values measured at the two Hemlock Creek sampling stations ranged from 0.1 to 7. O
mg/L as caco3 during this period.
Alkalinity values at these stream sites were significantly lower
(p < 0.01) than at all other stream stations except station 4. At station 4 in Laurel Branch, alkalinity varied from 3.2 to 12.3 mg/L. These values
were not statistically different from those at other
reference stations, which ranged from 2.0 to 22.8
mg/L. Only minor differences were found between alkalinity levels for McNabb Creek and reference
stream stations.
Acidity was variable at all North River sampling
stations from September through December 1978, but
the highest acidity values were frequently found at
reference streams.
Additions of NaOH from May
~ ·~"~

through December 1978 probably reduced the level of
acidity in receiving streams during these months by
reacting w1~n min~.La ~ oa~ ~ g uu~ .:...::!.~= :.:: =-:-.!.._,~~- """ Measurements of water hardness were also variable
from July through December 1978. The highest values
were typically found at mitigated stream stations
during this period, particularly in Hemlock Creek,
which exhibited the highest hardness levels. A peak
level of 70 mg/L (as caco 3 ) was measured in
Hemlock Creek in December 1978.
Conductivity (µmhos/cm)
remained high at all
mitigated stream stations, in comparison with reference streams, from May through December 1978, apparently as a result of NaOH neutralization measures.
Conductivity (or specific conductance), which is a
measure of the total amount of ionized materials in
the water (10), is a sensitive indicator of Anakeesta leachate contamination in Tellico River
streams
<1>· Conductivity levels generally decreased downstream as a function of increased stream
flow and dilution in NaOH-treated streams.
The occurre nce of dense precipitates was noted at
Hemlock Creek sampling stations from July through
December 1978. The yellowish-brown metallic precipitate was also present in McNabb Creek, and the
water in McNabb and Hemlock Creeks had a brownish
cast during the July 1981 sampling period.
This
brown coloration was probably due to suspended metallic precipitates.
Wilmouth and Kennedy (11) point out that although increasing pH can remove certain elements
(aluminum, iron, and manganese) from solution, many
floes or precipitates that form, especially iron
precipitates, are lightweight and tend to remain
suspended rather than settle to the bottom.
This
mobilization appears to be a function of available
alkalinity and flow characteristics.
The water in
Hemlock Creek also had a murky-white coloration during later samplings, particular ly during August and
December 1978.
Because FHWA water-quality data
showed relatively high aluminum concentrations at
the mouth of Hemlock Creek, where confluent flow dynamics become altered, the whitish color may have
been at least partly due to aluminum hydroxide suspension.
In December, manganese levels for McNabb Creek
and reference sites showed little variationi how-
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ever, concentrations in Hemlock Creek approached
0.45 mg/L, which was comparatively high.
The
aluminum concentration in McNabb Creek was 0.30
mg/ L. It reached 1.90 mg/L at the upstream site on
Heml ock and 0.65 mg/L at the downs t ream station
during the month of December.
Iron and copper
concentrations were consistently low at all 13
stream stations.
Elevated concentrations of zinc
were found in affected streams, the high est value
being 0.45 mg/L at the mo uth of Heml ock Creek in
December 1978.
Metal concentrations (as well as other waterquality parameters) measured by FHWA (12) at the
headwaters of McNabb and Hemlock Cr eeks Cabove NaOH
metering stations) appeared to be directly related
to the amount of monthly rainfall.
This relationship was most noticeable in December 1978 after a
sharp increase in precipitation. Monthly precipitation increased from 7.3 cm in November to 15.7 cm in
December 1978. An increase in acid-toxic metal contamination at the headwaters of McNabb and Hemlock
Creeks in December was evident from wate r-q uali ty
data collected by FHWA.
Fo r example, fro m No vembe r
to December 1978 at the headwater site .o n McNabb
Creek, the aluminum concentration increased from
0.07 to 17.80 mg/L, manganese increased from 2.20 to
15.50 mg/L, and iron increased from 0.09 to 2.02
mg/L (12).
There appeared to be no correlation between fluctuations in water-quality parameters at the headwaters of McNabb and Hemlock Creeks and changes that
occurred at the respective mouths of these two
streams from May through Dece mber 1978 (12). Variability in metal concentrati ons , pH, and Other waterquality parameters at the mouths of these two acidmitigated streams was probably due to cha nge s in
stream dischar ge and the effec t iveness of the NaOH
treatment at any given time.
FHWA water-quality
data (j1) showed the following metal concentrations
at the headwaters and downstream sites of McNabb and
Hemlock Creeks:

~
Headwaters

Downstream

Metal
Aluminum
Manganese
Iron
Aluminum
Manganese
Iron

Range !mg/L)
0.10-31.10
2.20-23.80
0.01-9.90
0.05-0.83
0.01-0.54
0.01-0.90

Water-quality analyses during the mitigation period from May through December 1978 showed that NaOH
stream neutralization measures improved water quality in downstream areas of McNabb and Hemlock Creeks
by increasing the pH and precipitating potentially
toxic metals.
The e ffectiveness of NaOH additions
varied somewhat for different months.
This was
probably due to fluctuations in stream flow and
problems encountered with NaOH metering during the
first few months of treatment.
The physicochemical
water quality of Hemlock Creek improved less than
that of McNabb Creek and remained degraded in comparison with that of reference streams.
Postmitigation Period
A considerable change in the water quality of
treated streams occurred after the termination of
NaOH treatments in January 1979 and the completion
of permanent soil blankets over exposed Anakeesta
road-fill materials. The lack of buffering capacity
in McNabb and Hemlock Creeks was reflected in the
alkalinity values from January through March 1979,
which were often measured as negative values (see
Table 2). The pH fluctuated between 4.6 and 5.9 in
McNabb and Hemlock Creeks during this period, and
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the values were usually from l to 2 pH units lower
than at reference stations.
Because a decrease of 1 pH unit represents a tenfold increase in hydrogen ion concentration, these
differences are substantial. Paired t-tests indicated
that pH and total alkalinity values in McNabb and
Hemlock Creeks were significantly lower (p < 0.01)
than values obtained from reference streams. values
of pH at affected North River stream stations were
consistently lower than those at upstream reference sites, but the pH was usually above 6.0. The
pH of Laurel Branch was significantly lower (p <
0.01) than that of other reference streams that had
similar pH and alkalinity levels.
Acidity, water hardness, and conductivity values
were greater for streams receiving Anakeesta leach ate than at upstream reference stations from January
through March 1979 (Table 2). Although acidity values were greatest in McNabb and Hemlock Creeks during this period, the difference between affected and
control
streams
varied
for
different
sampling
dates.
Conductivity and water hardness were consistently high in leachate-receiving streams, and
values obtained from McNabb and Hemlock Creeks were
significantly greater (p < 0.01) than values obtained at reference stations.
Elevated concentrati ons of alumi num, ma nganese ,
and zinc occurred in the acid-r e ce ivi ng st r e ams from
March through June 1979 (Tables 2 and 3).
Excep t
for the February samples , levels of iron were usually low at all sampling stations.
Differences in
iron concentrations between reference and acidaffected stations v aried for different sampling
dates. No detectable levels of c opper were measured
from stream samples collected in April 1979 .
Concentrations of aiuminum and manganese in McNabb and
Hemlock Creeks ranged from O. 10 to 1. 98 mg/L for
aluminum and O. 09 to 0. 54 mg/L for manganese during
this period.
Poorer water quality in the mitigated streams
revealed that acid-toxic metal leac hates from pyr itic Anak e es ta road-fill mate rial s continued to
enter McNabb and Hemlock Creeks even after the soil
blankets had been installed. Seasonal increases in
rainfall during this period probably affected stream
acid-metal leachate concentrat i ons through the following mechanisms:
1. Increased flushing of pyritic oxidation products fr om the r oa d embankments and sedimen t trap s
[during d ry periods or periods of light rainfall ,
pyritic ma t erials o x idize and hydrolyze t o produc e
large q uantities o f a c id a nd sulfate compou nds tha t
may be fl ushed off in a slug discharge during highintensity sto rms (8));
2. Increased dilution of the acid-toxic metal
leachates due to i ncreased stream discharge; and
3. Metallic precipitates that had settled on
stream bottoms during NaOH treatments and were probably resuspended during scouring associated with
high flow in these steeply sloped mountain streams.
Leaching of the pyritic Anakeesta material during
this period could als o have been affected by increasing pyritic o x ida tion rates associated with
rising temper atures, hig h i n filt ration rates , and
little vege t a tive covering (such as in winte r and
early spring) (8) .
Additional time may be required for embankment
s t a bili zat i on and s ea ling pro c esses ( f o r example ,
e stabli shed vege ta tive cover) to o ccur in mitigatecl
Ana kees ta r o ad-fill a reas of the Tel lico- Robbi.ns ville Highway. Furthe r impr ovemen ts in water quality can be antic ipated a fter residu al metal floe accumulations in the stream are flushed out.
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Table 2. Water-quality parameters of North River drainages determined monthly from April 1978 through March 1979.
McNabb Creek

Hemlock Creek

Pre mitigation
(4/5/78)

Mitigation
(7/12/78)

Postmitigation
(J /3/79)

Premitigation
(4/5/78)

Mitigation
(7/12/78)

Postmitigation
(J/3/79)

4 .8

6.4
6.2-7 .2

4.8
4.6-5 .1

4 .6

5.7
5.5-6.2

4 .9
4 .7-5.0

60

88
58-135

66
52-80

58

91
57-140

61
51 -70

Acidity (mg/L •• CoC03)
Mean
Range

19.8

8.1
1.3-1 6 .0

13.0
10.0-18.0

22.8

10.2
0.8-19 .9

12.0
8 .0-17.0

Alkalinity (mg/Las CaC03)
Mean
Range

2.0

7.3
4.0-11.4

--0 .2
--0.5-0.3

2.4

2.5
--0.1-4 .6

0
--0.1-0

Hardness (mg/Las CaC03)
Mean
Range

26

20
10-30

24
12-32

24

19
11-30

25
24-28

0.2 8
0.2-0.3

1.4
0.9-1.7

I.I a

0.3-1.9

1.8
1.7-2.0

0.2 8
0.1-0.3

0.5
0.4-0.5

o.8"
0.2-0.5

0 .3
0 .2-0.4

0.1 8
0-0 .l

0.2
0-0.4

0.1 8
0.1-0.2

0 .2
0 .1-0.3

Item
pH
Mean
Range
Conductivity (µmhos/cm)
Mean
Range

Selected metals (mg/L)
Aluminum
Mean
Range
Manganese
Mean
Range
Iron
Mean
Range
a!! ; -~ •· -""""'-··"-'"""'

n .. ,. ............

1 0'111

Table 3. Means and ranges of toxic metal concentration measured at 13 sampling stations in North River drainage from
December 2, 1978, through June 28, 1979.
Metal Concentration (mg/L)
Aluminum
Sampling
Station

Manganese

Iron

Zinc

Mean

Range

Mean

Range

Mean

Range

Mean

Range

ND-0.21
ND-0.31
ND-0.25
ND-0 .37
0.01-0.27
0.02-0.33

0.05
0.04
0 .06
0.09
0.05
0.10

ND-0.25
ND-0.25
ND-0 .25
ND-0.40
ND-0.25
ND-0.44

0 .05
0 .09
0 .20
0.07
0.11
0.13

ND-0.19
0 .01-0.35
ND-1.40
ND-0 .25
0.03-0.40
0.03-0.34

0.01
0 .02
0 .02
0 .03
0.02
0.04

7
8
9b

0.06
0.11
0.07
0.11
0.09
0.13
0.73
0.80
0.18

0 .27-1 .5 5
0 .17-1.67
0.06-0.31

0 .31
0.35
0.07

0 .12
0 .08
0.12

Hemlock Creek

IO
II
12•

0.56
1.07
0.27

0.10-1.35
0.25-1 .9 8
0.05-0.70

0.25
0.31
0.11

0.01-0 .48
0.06-0.54
0.03-0 .24
0.09-0.44
0 .21-0 .54
0.04-0.24

0.14
0 .12
0.11

0.04-0 .55
0 .01-0.40
0 .05-0.35
0.02-0.60
ND-0 .33
0.05-0.21

0.14
0.09
0.05
0.16
0 .17
0.08

ND-0.07
ND-0.10
ND-0 .12
ND-0.12
ND-0.09
ND-0.18
0 .03-0 .39
ND-0.24
0.01-0.18
0.02-0.48
0 .03-0.32
ND-0.32

North River
(recovery)

13

0 .16

0.02-0.45

0.08

0.03-0 .24

0.11

0 .04 -0.21

0.06

ND-0.22

Stream
Reference

I
2
3
4
5
6.

McNabb Creek

8

North River above McNabb confluence.

bNorth River below McNabb confluence, cNorth River below Hemlock conOuence .

FISH ASSESSMENT
Fish could not tolerate conditions in the streams
that received Anakeesta drainages from the road-fill
areas. Unpublished surveys by the U.S. Forest Service from June 6 through August 17, 1977, revealed
that there were no fish in McNabb and Hemlock
Creeks. North River fish populations were also depressed below the mouth of McNabb Creek in comparison with upstream sampling sites.
In later April 1978, before mitigation was initiated, a 4-day in-stream bioassay on rainbow trout
was carried out in streams of North River drainage.
At stations located at the mouths of McNabb and Hemlock Creeks, all test fish died after less than 24
hr of exposure.
Although no rainbow trout died in
the North River below McNabb Creek (station 9), 35
percent mortality was observed after 24-hr exposure

at station 12 downstream of Hemlock Creek. Only 2
out of BO rainbow trout died at reference stations
during the test.
Hea vy rainfall (2.9 cm) that occurred during the 4-d ay bioassay may have flushed
high levels of acid and toxic metal compounds into
receiving streams.
Acid drainage slugs caused by
heavy or extended rainfall are a common occurrence
in acid-mine drainages (8).
Although the acutely- toxic conditions in McNabb
and Hemlock Creeks were probably due to a combination of water-quality factors, low pH probably contributed to the death of fish during the in-stream
bioassays. Specifically, the pH was 4.4 and 4.0 at
the mouths of McNabb and Hemlock Creeks on the first
day of the test (April 29, 1978). A pH of 3.7 was
measured at the mouths of both streams by FHWA on
May 3, 1978, the last day of the experiment ( 12) •
Most laboratory data show that a pH level below 5.0
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is lethal to fish (13).
An extensive survey of
Pennsylvania streams polluted by acid-mine drainaqe
showed that no fish were present in waters where the
pH was below 4.5 <!!)· Although there are data that
indicate that some fish can survive a pH as low as
4.0, the productivity of aquatic ecosystems is considerably reduced below a pH of 5.0 ~).
For example, Menendez (15) reported that in laboratory
tests sublethal pH levels (below 6.5) reduced egg
hatchability and the growth of young brook trout.
Toxic metals evidently contributed to the lethal
effects on rainbow trout in streams receiving Anakeesta drainage. As discussed earlier in the waterquality analysis, elevated concentrations of aluminum, manganese, and zinc (in comparison with control
streams) were found in McNabb and Hemlock Creeks
during the study period. Many fish examined during
the quarterly in-stream bioassays showed obvious
signs of gill hyperplasia (a swollen, congested condition).
Toxic metal poisoning at acute levels has
been shown to cause this symptom (16-19).
Aluminum (17,20,21) and zinc (16,18,19) have been
found to be lethal to fish at ratherlow concentrations, particularly in poorly buffered soft waters.
Freeman and Everhart C!l) suggest that the safe concentration of either dissolved or suspended aluminum
for rainbow trout is well below 0. 5 mg/L.
Chapman
(16) has listed the results of toxicity tests in
which lethal zinc concentrations for rainbow trout
ranged from 0.24 mg/L (at a pH of 7.2) to 0.85 mq/L
(at a pH of 7.1). McKee and Wolf (~) suggest that
1 mg/L of ionic manganese has no deleterious effects
on fish.
However, the toxicity of manganese (as
well as other metals) varies for different species
of fish. Aluminum and manganese concentrations measured by FHWA in McNabb and Hemlock Creeks in August
1977
(before mitigation began)
greatly exceeded
levels reported to be toxic to fish (Table 1).
The toxicity of aqueous metals to fish is modified by many water-quality factors, including water
hardness, dissolved oxygen, temperature, pH, and the
presence of other metals (16). Although metals are
generally more toxic to fish in soft water (which is
characteristic of streams in the study area), the
toxic nature of metals will vary greatly under different water-quality conditions, particularly chelating organic substances.
Mitigation Period
Mitigated streams showed a general improvement in
physicochemical water quality during the period when
NaOH neutralization measures were used (Table 2);
The positive trends were supported by results of instream bioassays done during August and December
1978. Rainbow trout mortalities ranged from 0 to 45
percent after 96 hr of exposure at mitigated sites
in August 1978, whereas before mitigation there had
been a 100 percent mortality rate within 24 hr.
Losses occurred at all stations during the August
test, which suggests that the trout had been under
stress before testing.
Stress due to handling and
temperature was apparent while the fish were being
transported to study sites during the hot summer
conditions.
Insufficient acclimation
to
stream
waters may also have contributed to fish mortality
in August. Because high mortality (85 percent) was
observed at station 6 (a reference station), it is
unreasonable to assume that the 45 percent fish mortality in Hemlock Creek was due solely to lethal
water-quality conditions.
Only one rainbow trout died at station 7 in Hemlock Creek during the December 1978 bioassay, and no
fish died in the other acid-receiving streams during
that month• s tests.
The 89 percent loss observed
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after 96 hr at station 5 in the North River (a reference station) could only be explained by poor positioning of the test chambers within the stream because no fish mortalities were observed at the other
reference sites.
Fish population samples collected in August and
December 1978 substantiated these results, revealing
a subtle migration of rainbow trout and cree·k chubs
back into the lower reaches of McNabb and Hemlock
Creeks.
Schools of small fish
(possibly creek
chubs) were also seen near the mouths of these mitigated streams during invertebrate sampling in August, September, and November 1978. Good populations
of rainbow trout were found in reference streams
during the quantitative fish collections. Blacknose
dace, creek chub, and northern hog sucker were also
taken from reference sites on Laurel Branch. Brook
trout was the only · additional species found in each
of the Sugar Cove samples in August and December
1978.
Although the number of fish collected in
McNabb and Hemlock Creeks was low compared with reference streams, these results indicated that fish
were moving back into mitigated drainages.
Because of excessively high pH levels in the
headwaters of McNabb and Hemlock Creeks (below NaOH
treatment stations) , biological accommodations seen
at downstream stations during this period were not
expected in upstream areas of these NaOH-mitigated
streams.
Laboratory data have revealed that a pH
range of 9 to 10 was harmful to some species of fish
and a pH greater than 10 was lethal to all other
test species (13).
Witschi and Ziebell (~) also
reported that a pH of 9.5 to 10.0 was acutely lethal
to rainbow trout that had been acclimated to a pH of
7.2.
Thus, it is reasonable to assume that fish
could not tolerate the high pH conditions in the
upper reaches of McNabb and Hemlock Creeks during
the NaOH additions.
Postmitigation Period
After the completion of more permanent surface sealing of road embankments and the subsequent termination of NaOH treatments in January 1979, the physicochemical
water
quality
of
mitigated
streams
degraded in comparison with that of reference
streams. In-stream bioassays were done in March and
June 1979 to evaluate the initial effectiveness of
permanent mitigation measures.
In these
96-hr
tests, acutely lethal conditions (100 percent fish
mortalities) were observed at downstream sites on
McNabb and Hemlock Creeks. Only a few rainbow trout
died at reference and North River stations downstream of the mitigated streams in both the March
and June 1979 studies.
During these test periods,
no fish were collected by electrofishing on McNabb
and Hemlock Creeks. Quantitative fish samples collected from reference streams in March and June 1979
were comparable to those collected in earlier sampling efforts.
The pH ranged from 4.6 to 5.6 at McNabb and Hemlock Cl'eek sampling stations from January through
June 1979. Concentrations of manganese and aluminum
approached 0. 6 and 2. 0 mg/L, respectively, in these
streams. These studies reveal that toxic materials
were still entering streams 6 months after completion of the highway embankment soil blankets. Rainbow trout and other native species of fish could not
survive mitigated stream conditions where there was
a toxic combination of substances.
As suggested
earlier in the discussion of water quality, an improvement in stream water quality may be expected
over time once embankment stabilization occurs in
the mitigated road-fill areas of the Tellico-Robbinsville Highway.
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