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Ecological 

problems associated with 
runoff of acid water from coal strip 

mines are well known, and the papers 

documenting such deterioration of aquatic 
ecosystems are many. Many investigators 
have shown that the sources of this acid 
are the iron-sulfur pyrites and marcasites 

left on the surface after the coal has been 
removed. Oxidation products of these 

minerals are washed from the spoil banks 

by rain, and the resulting acid water col 
lects in depressions to form acid strip mine 

lakes. Overflow from such lakes is of sig 
nificant detriment to downstream areas, 
and in the acid condition these lakes are 

useless for water supply or recreation. 

Campbell and Lind,1 however, have 
shown that some acid strip mine lakes do 

progress naturally over a period of time to 
an alkaline state, where they are capable 
of supporting entire aquatic communities 
at a level characterized as early eutrophy. 
Considerable acidity reduction was noted 

by Tuttle et al.2'3 when acid water was 

allowed to percolate through a sawdust 

pile. The authors suggested that the ob 
served acid loss was related to the activ 

ity of sulfate-reducing bacteria that were 

responding to the availability of an organic 
substrate. 

Campbell and Lind's 1 evaluation of the 

recovery pattern of lakes suggests that the 
rate of recovery from the acid condition 
is related to the acid production potential 
of the stripped areas relative to the avail 

ability and rate of accumulation of organic 
matter, such as leaves and grass, from un 

disturbed portions of the drainage basins 
of individual lakes. Wide variations in 

type and amount of metal cations in strip 
mine lakes L 

suggest a marked degree of 
interaction between the acid and minerals 
in individual spoils before the entrance of 
the runoff water into the lake. Thus it ap 

pears that the prognosis for natural re 

covery of any given acid strip mine lake 
is governed by some interaction between 

the amount of acid-bearing spoils exposed, 
the type and amount of various minerals 
in the spoils, and the amount of undis 

turbed land in the drainage basin. 

Acid Formation 

Stumm and Morgan4 presented a pro 

posed sequence of steps in the oxidation of 

pyrite that leads to the formation of acid, 
and Singer5 meshed research data with 

literature to give considerable credence to 

this oxidation scheme. 

FeS2(8) + 3.50a + H20 -* 

Fe2+ + 2S042- + 2H+ (1) 

Fe2+ + 0.2SO2 + H+ -> 

Fe3+ + 0.5H2O (2) 

Fe3+ + 3H20 -> FeOH3(s) + 3H+ (3) 

FeS2(S) + 3.7502 + 3.5H20 -> 

Fe(OH)3(S) + 2S042~ + 4H+ (4) 

While bacterial activity seems to accelerate 

acid formation,68 the net effect of this 

oxidation of pyrites is the formation of two 

equivalents of acid for every mole of sul 

fate formed. 

Singer 
5 found that data obtained from 

underground coal mines indicated roughly 
two equivalents of acid associated with 

each mole of sulfate, but that strip mine 

drainage yielded only 0.9 to 1.3 equivalents 
of acid per mole of sulfate. A survey of 

mid-Missouri strip mine lakes in various 

states of natural recovery,9 including the 

lakes studied by Campbell and Lind,1 in 

dicated a range of from 0.01 to 1.53 

equivalents of acid per mole of sulfate. 

These values indicate considerable loss 

of acid between the point of formation at 
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the pyrite crystal and the impoundment of 
the water in the strip mine lake, but little 
or no loss of sulfate. This acid loss, plus 
the significant accumulation of cations in 

cluding aluminum, calcium, magnesium, 
manganese, sodium, and potassium noted 

by Campbell and Lind,1 suggests a marked 

degree of interaction between the acid run 

off water and the spoils it flows over be 
fore reaching the lake. In particular, the 

high clay content of the spoils and the high 
aluminum content of the more acidic 

strip mine lakes (Figure 1) point to the 

significant role of clay minerals in such 
alterations in acidity. 

To evaluate some of the changes in acid 
water generated by clay minerals, highly 
acidic leachate from an abandoned waste 

coal settling pond was allowed to trickle 

through 1-m lengths of 2.54-cm diam Pyrex 
tubes half filled with selected minerals.9 
In each case an empty tube was used as a 

control, and change caused by contact of 
the acid water with the clays or other 

FIGURE 1.?Concentration of aluminum 
and iron as a function of pH in Missouri 

strip mine lakes. 

minerals is represented as a difference in 
the quality of effluent from the two tubes 
in Figure 2. The minerals used in this in 

vestigation, gibbsite from the Alcoa bauxite 
mines in Bauxite, Ark., kaolinite No. 5 
from Bath, S. C, montmorillonite No. 26 
from Clay Spur, Wyo., and reagent-grade 
aluminum oxide powder, sorbed different 
amounts of water. The first data points in 

Figure 2 indicate the time at which the 
first water emerged from the tube contain 

ing the indicated mineral. 

While Figure 2 shows that the ability 
of all minerals tested to alter water quality 
decreased with increased throughput of 

water, aluminum oxide, gibbsite, and 
montmorillonite indicated a marked ability 
to raise pH and decrease acidity, iron, 
and aluminum concentrations. These de 
creases in iron and aluminum seem to have 
been associated with elevations in pH, to 
the point where the solubility of these 

metals was significantly less than the con 
centrations present in the settling pond 
leachate used. Kaolinite, with its well de 
fined crystalline nature, large particle size,10 
and low cation exchange capacity,11 evi 
denced slightly increased pH, decreased 

acidity and iron concentration, and signifi 
cantly increased aluminum content of the 
acid water. 

From the data in Figure 2, it appears 
that clay minerals play a significant role 
in the determination of water quality in 

strip mine lakes. Much of the acidity loss 
noted probably is caused by sorption of 

hydrogen ions on the many interlayer 
crystalline sites of the clays, a process 

which is part of the natural weathering 
of feldspars and the various clay minerals.4 

Associated with this accelerated geologic 
weathering is some dissolution of clay 
minerals, which for kaolinite probably oc 
curs as follows: 

6H+ + Al2Si205(OH)4(S)-+ 
2A13+ + 2H4Si04? + HOH (5) 

Because the oxidation products of pyrite in 
a strip mine spoil are in close contact with 
the clay minerals, Reactions 4 and 5 may 
be combined to show the potential inter 
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FIGURE 2.?Change in quality of acid mine water run through 
a glass tube containing 130 g of the indicated material: A, pH; 
B, acidity; C, iron; D, aluminum. 

action as follows: 

3FeS2(S) + 2Al2Si205(OH)4(S) + 11.2S02 

+ 10.5HOH ->3Fe(OH)8(S) + 6S042" 

+ 4A13+ + 4H4Si04c + 2HOH (6) 
If the deprotonation associated with the 

dissociation of silicic acid has little effect 
on net acidity, Reaction 5 would seem to 

yield a pH increase with little change in 

total titratable acidity, because both 2AI3+ 

and 6H+ require six equivalents of base for 

neutralization. Some of the dissolved 

aluminum undergoes slow hydrolysis and 

eventual precipitation as gibbsite or 

bayerite,12 but a large amount enters strip 

mine lakes where it represents a significant 
acid buffer. 

In addition to losses to clays by sorption 
and dissolution, some of the acid originat 
ing from pyrite oxidation is lost in the 
dissolution of the various alkali metal com 

pounds commonly associated with strip 
mine overburden, as follows: 

CaC03(S) + 2H+^Ca2+ 

+ C02(g) + HOH (7) 

MgCa(C03)2 + 4H+ ;=? Mg2+ + Ca2+ 

+ 2C02(g) + 2HOH (8) 

MnC03 + 2H+ ?? Mn2+ 

+ C02(g) + HOH (9) 
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While such reactions would lead to the 
observed high cation concentrations noted 
in strip mine lakes,1 cations such as Ca2+, 

Mg2+, and Mn2+ are not titratable in the 

pH range used in a normal acidity Titra 
tion. Reactions 7, 8, and 9 would result 
in increased pH and decreased acidity. 

Differences in type and amount of both 
acid and nonacid soils that compose the 
overburden cast as exposed strip mine 

spoils determine the chemical composition 
of water entering strip mine lakes. Sorp 
tion and exchange of acidity by elays are 

determined by such characteristics as sur 

face charge density, specific surface area, 
and number of exchange sites per area,13 

which in turn are determined by a complex 
interaction of physical and chemical vari 
ables.11 This high degree of variability 
insures a significant degree of diversity in 

strip mine lakes. In all cases, however, 
the movement of acid water over the spoils 
results in some alteration in pH, acidity, 
and ionic composition. The degree of 
alteration is related to the contact time 
of the acid water with the particular soil 

types exposed at the surface of individual 

spoils. 
Of the many alterations in water quality 

that are generated by the contact of acid 
water with the exposed soils, increased 
aluminum concentration has the greatest 
effect on the rate of eventual recovery of 
the strip mine lake from the acid condi 
tion. A titration curve of water taken 
from an acid, mid-Missouri strip mine 
lake is presented in Figure 3, with a titra 
tion curve of distilled water adjusted to 

pH 3.0 with concentrated sulfuric acid and 
a titration curve based on a buffer intensity 
curve9 calculated from measured sulfate 
concentrations.14 Titration of dilute sul 
furic acid approximates the titration curve 
calculated from sulfate measurements and 
theoretical considerations. The large 
difference in buffer intensity between these 
curves and that for strip mine lake water 

is believed to be caused by the elevated 
aluminum and iron concentrations char 

acteristic of acid strip mine water (Fig 
ure 1 ). Because aluminum is roughly four 
orders of magnitude more soluble than iron 
in the pH range of interest (Figure 4), 
it has a much greater potential role as a 

proton donor. Aluminum may have been 

hydrated once, releasing between one 

third and one-half of its potential acidity.12 
Over the pH range of 2.5 to 4,5, however, 

A-SULFATE AOJUSTED 
SOLUTION 

-FROM BUFFER INTENSITY 
CURVE 

ACID STRIP-MINE WATER 

6 6 10 12 14 16 

BASE ADDED ( m Mim?le s/liter) 

18 20 

FIGURE 3.?Titration curve based on a buffer intensity curve 
derived from measured sulfate concentration compared with 
those of acid strip mine lake water and a sulfuric acid solution 

adjusted to pH 3. 
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aluminum can continue to act as a strong 
buffer as the remaining acidity is released 

gradually through hydrolysis as the pH 
rises. 

It should be noted that Figure 4 is based 
on ideal laboratory equilibria at zero ionic 
concentration and 25?C. Such conditions 
are not common to strip mine lakes where 
similar solubility trends also reflect metal 
and ligand complexing agents. Represen 
tation of all iron and aluminum as hy 
droxides is an oversimplification, and 
oxides and oxy-hydroxides of both ferrous 
and ferric iron, as well as various poly 
nucleic aluminum complexes, undoubtedly 
play a part in this extremely complex chem 
ical system. But despite the complexity 
and the undoubted role of iron in the 

process, the sequential hydrolysis and 
eventual precipitation of aluminum ap 
pear to play a most significant role in 

buffering mid-Missouri acid strip mine 
lakes against increases in pH. 

The Recovery Process 

An evaluation of 25 yr of data led Camp 
bell and Lind1 to conclude that recovery 
of acid strip mine lakes is a natural suc 
cession resulting from gradual decreases 
in acid production by the spoils and 
leachate from unmined portions of the 

watershed. Leaves, grass, and other 

organic material in the runoff from un 
mined land eventually accumulate in such 
lakes to a concentration that is sufficient 
to allow the sulfate reduction noted by 

Tuttle et al.2'3 All of the lakes studied 

by Campbell and Lind x that showed evi 
dence of recovery had access to leaves and 

grass, while little terrestrial organic ma 
terial was available to those lakes showing 
little recovery. 

To evaluate the role of organic material 
in acid strip mine lake recovery, a series 
of microcosm studies, using a variety of 
different organic materials, was under 

taken.9' 14'15 In each case, the selected 

organic material was added to containers 
of water taken from an acid, coal strip 

mine lake located about 15 miles (24 km) 
northeast of Columbia, Mo. Addition of 
the organic material was followed by 

FIGURE 4.?Aluminum and iron solubility 
as a function of pH at 25 ?C. 

marked improvements in the quality of the 
acid water. Results typical of the changes 
observed, from a microcosm in which the 

organic added was raw wastewater sludge, 
are presented in Figure 5.14 Increased pH 
and decreases in sulfate, iron, and acidity 
all seem to be directly related to the 

activity of sulfate-reducing bacteria. 
Sulfate reduction in acid mine water may 

be represented ideally as follows: 

2HS04- ^? 2S042- + 2H+ (10) 

anaerobic 

S042~ + 2Corg-> S2 
bacteria 

+ 2C02(g) (11) 
2H+ + S2-^H2S(g) (12) 

anaerobic 

2HSO4- + 2Corg-r> S042 
bacteria 

+ H2S(g) + 2C02(g) (13) 
Loss of H2S to the atmosphere repre 

sents a direct loss of acidity accompanied 
by an increase in the pH of the water. In 
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TIME?DAYS 

FIGURE 5.?Change in pH and iron, sulfate, and acidity con 

centrations with time in an acid strip mine lake water-wastewater 

sludge microcosm. 

creased pH causes reduced solubility of 
metals in solution, and the precipitation of 
iron as an iron sulfide is accelerated by 
increased concentrations of sulfide in the 

water. 

Establishment of reducing conditions is 

prerequisite to the initiation of sulfate re 

duction. Postgate 
16 indicated that dissim 

ilatory sulfate-reducing bacteria require an 

Eh of -150 to -200 mv, but Tuttle et al.3 

present data indicating significant sulfate 
reduction beginning at an Eh of ?50 mv. 

Despite possible pH-Eh considerations, 

however, this higher value probably repre 
sents the Eh of the solution and not that 
found within the microenvironments where 

sulfate reduction occurred. Additional evi 

dence of microenvironments is seen in the 

observation that pure bacteria cultures in 

artificial media did not reduce sulfate be 
low a pH of 5.5, while mixed cultures of 

bacteria with a sawdust substrate showed 

sulfate reduction at a pH of 3.O.2 

This suggests that other bacteria play a 

key role in establishing the required anaero 

bic conditions and providing metabolites 
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that serve as substrate for sulfate-reducing 
bacteria. Such preconditioning would be 

favored in protected microenvironments 
that allow buildup of the reduced products 
in amounts sufficient to overcome both the 
dissolved oxygen (do) and the electron 
buffer imposed by the metals in solution. 

In the microcosms used in this study, 

depth of organic material on the bottom 
was extremely critical. Initiation of sul 
fate reduction was related to the depth of 

organic material, rather than the ratio of 

organic material to acid water present in 

the microcosm. Increased organic depth 
allows rapid depletion of do, and accumula 
tion of reduced products in such bottom 
debris accelerates formation and main 
tenance by bacteria of an anaerobic zone 

significantly different from the overlying 
water. An example of such activity \s 
seen in the data presented by Harp and 

Campbell,17 which show increases in excess 
of 2 pH units from sediment surface to a 

sediment depth of 6 cm in recovering strip 
mine lakes. 

Establishment of anaerobic conditions in 

the organic debris on the bottom allows 

gradual expansion of anaerobiosis. In ad 

dition, the iron in solution is gradually 
reduced from the ferric to the ferrous 

state, a process that markedly increases 
dissolved iron concentration in microcosms 

that contained iron-rich lake bottom soils 
before organic addition.14 This reduction 
of the iron probably is accelerated by the 

increasing sulfide concentration, in which 
case it would be accompanied by forma 
tion of some elemental sulfur.18 With 

continued pH and sulfide increases, the 
iron is precipitated as an iron sulfide. 

Formation and release of sulfide from 
the microenvironment and its resultant loss 
to the atmosphere as H2S represent acidity 
loss with some increase in pH. These in 
creases in pH, however, are counteracted 

to some extent by the concomitant gradual 
hydrolysis of aluminum. Dissolved alumi 
num retards rapid pH rise by supplying 
protons during hydrolysis while simul 

taneously serving as an electron buffer 
that tends to hold Eh in the bulk of the 
solution at a level above that required for 

60 

S 40 
O? 
E 

2 O Z 
3 

20p 

o-EQUILIBRIUM 
CALCULATIONS 

D-MICROCOSM DATA 

-STRIP-MINE 
LAKES 

pH 

FIGURE 6.?Calculated aluminum solu 

bility as a function of pH compared with 
measured aluminum concentration in a 

microcosm and in a series of strip mine 

lakes. 

optimum sulfate reduction. Such retarda 
tion of the recovery of acid strip mine 

water continues until the aluminum is 

largely precipitated from solution. Com 

parison of measured aluminum concentra 
tions with those calculated from a solu 

bility product constant of 10~32612 and 

pH data from a recovering acid strip mine 
water microcosm (Figure 6) indicates that, 

despite the buffering by aluminum, pre 
cipitation of the aluminum is also a func 
tion of the rising pH associated with H2S 
loss. Differences in the theoretical and 

microcosm data in Figure 6 seem to be 
caused by retarded settling of the hydro 

lyzed aluminum precipitate, while differ 
ences between these curves and the field 
data probably reflect various metal and 
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FIGURE 7.?Change in pH and acidity, aluminum, iron, and 

phosphorus concentrations with time in a microcosm fed raw 

wastewater sludge. 

ligand complexes. Once aluminum is 

completely hydrolyzed, the proton and 
electron buffers associated with it are re 

moved. Also, the acceleration of recovery 
noted above a pH of about 4.5 in Figures 
5 and 7 seems to correspond with removal 
of most of the aluminum, as shown in 

Figure 7. The small number of strip mine 
lakes in mid-Missouri in the pH range of 
4.5 to 6.0 suggests that, once recovery is 
initiated and a pH of 4.5 is reached, the 

lake passes through this stage reasonably 

rapidly. Only 3 of the 19 acid strip mine 
lakes considered by Harp and Campbell17 
had a pH between 4.5 and 6.0. 

Another factor tending to accelerate re 

covery is the formation of bicarbonate 

alkalinity. At pH levels above 4.5, the 
rate of sulfate reduction was accelerated 
and concentration of both sulfide and in 

organic carbon increased rapidly, as shown 
in Figure 8. Continued pH increase would 
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FIGURE 8.?Sulfide and inorganic carbon concentrations as 

functions of pH in a microcosm fed raw wastewater sludge. 

be accompanied by bicarbonate formation 
from the carbon dioxide released by the 
bacteria as follows: 

C02 + H20 ̂  HCOr + H+ (14) 

In addition to formation of a bicarbonate 

buffer, the buffering activity associated 
with the first dissociation of H2S would 

begin to play the following role: 

H2S?=?HS- + H+ (15) 

Because the pKx for Reaction 14 is 6.4 and 
the pKi for Reaction 15 is 7.0, these re 

actions favor continued formation and re 

lease of H2S with concomitant bicarbonate 
increases. Each equivalent of alkalinity 
formed, however, would be accompanied 
by loss of an equivalent of acidity as H2S 
and the reduction of an equivalent of sul 

fate, as follows: 

bacteria 

S042- + 2Corg + 2H20 

H2S(g) + 2HCOr (16) 

The shape of the typical base titration 
curve of acid strip mine water in Figure 
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3 shows a good deal of similarity to the 
incremental pH change with time in the 

microcosms shown in Figures 5 and 7. 
This indicates that recovery of acid strip 
mine water is accomplished by a titration 
of the water caused by the bacterial sul 
fate reduction and the loss of H2S to 
the air. Such similarity suggests that the 

point in the recovery sequence occupied 
by any existing strip mine lake could be 
determined from a single titration curve. 

Lake Recovery 

While recovery to the alkaline state was 

very rapid in the laboratory microcosms, 

strip mine lakes are characterized by sev 
eral factors that slow the rate of recovery 
in the field. Of these factors, the most 

important are related to the watershed that 
drains to the individual lake. The amount 
of acid spoils exposed determines the acid 

ity of the lake, but significant changes in 
acid runoff may occur through interaction 

with the various minerals that compose 
the spoil. High rates of continued acid 

input obviously would slow the recovery 
of the lake. 

The relative amount of vegetated land 
is of prime importance, because accumu 

lation of organic material in amounts suf 

ficient to allow bacterial generation of the 

reducing microenvironments necessary for 

sulfate reduction is the first step in the re 

covery sequence. Differences in the rate 

of accrual of terrestrial organics have a 

marked effect on the initiation and even 

tual rate of recovery of acid strip mine 

lakes; those acid lakes with a drainage 
devoid of vegetation show no recovery 
after periods of 30 yr or more. 

Seasonal changes in temperature and 
wind-induced mixing of the water will 
tend to slow the recovery progression in 
the field, with the degree of retardation 

being related in part to morphology of the 
lake. Reoxidation of sulfide near the sur 

face by atmospheric oxygen and the oxy 
gen produced by algae, especially in the 
latter stages of recovery, also will slow 
the recovery rate. 

Other than the time factor, the recovery 

progression in acid strip mine lakes must 
occur in much the same complex manner 
as that in the microcosms and as that sum 

marized in Figure 9. In both cases, the 

process is a bacterial mediated titration 
of acid buffers imposed by HS04_ and 

metal hydrolysis and the eventual forma 
tion of an alkaline buffer. The key to the 

process is the accrual of enough organic 
debris at the bottom of the lake to allow 
bacterial generation of suitably reduced 
conditions for sulfate-reducing bacteria. 

Export of hydrogen ions associated with 
loss of H2S to the atmosphere represents 
acidity loss and allows pH increase. The 
rate of pH increase is a direct function of 
the metal content of the acid water, with 
aluminum playing a dominant role. But 

with the continued pH increase associated 
with continued H2S loss, metals precipi 
tate. Decreases in both cation and anion 
concentrations are reflected by decreased 

specific conductance of the water, as is 
shown in Figure 10, which is redrawn from 
field data presented by Campbell and 
Lind.1 

While decreased cation concentration is 

associated with decreased metal solubility 
at increasing pH levels, decreased sulfate 
concentration represents the bulk of the 
anion decline. Once sulfate is produced 
at the pyrite crystal, there is little oppor 
tunity for sulfate loss to the exposed over 

burden soils. In fact, sulfate concentration 

may well be increased through interaction 
of acid water with the spoils if the spoils 
contain significant amounts of gypsum or 

another sulfate-rich mineral. Sulfate loss, 
and thus anion loss, occurs in lakes as H2S 
is lost to the atmosphere, as metal sulfide 

precipitates to the lake bottom, and 

through conversion to elemental sulfur by 
chemical or biological means. In the lat 
ter stages of recovery, one of the micro 

cosms developed a massive bloom of pho 
tosynthetic sulfur bacteria, which would 

represent biological conversion to ele 
mental sulfur, while H2S reduction of iron 
also would yield elemental sulfur.18 But 

despite sulfide precipitates and formation 
of elemental sulfur, significant amounts of 
sulfate are lost to the atmosphere as H2S. 
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FIGURE 9.?Processes involved in acid strip mine lake recovery. 

Bacterial use of organics at the lake bot 
tom is accompanied by release of nitrogen, 

phosphorus, and other nutrients required 
for algal photosynthesis, but algal activ 

ity is limited by the availability of a pho 
tosynthetic carbon source under acid 
conditions.19 Given the carbon dioxide, 
however, algae can develop to bloom pro 

portions at pH levels as low as 3.5, as in 
dicated by the microcosm data in Figure 
5. Carbon dioxide concentration in this 

microcosm was elevated, because atmo 

spheric exchange was somewhat limited 
and similar algal blooms would not be 

expected under field conditions at such 
low pH levels. Algal activity does in 

crease, however, after recovery reaches the 

point where bicarbonate alkalinity is 
formed. 

As shown in Figure 9, oxygen released 

during algal photosynthesis retards recov 

ery through reoxidation of sulfide, but the 

resulting algal protoplasm serves as an ad 
ditional organic source once the algae set 

tie to the lake bottom. This biological 
recycle of nutrients allows some continued 

supply of energy-rich algal biomass to the 
bacteria in those lakes receiving continued 
acid inflow. The large amount of organic 

material that must be mineralized to gen 
erate enough H2S to allow recovery of 
an acid strip mine lake would seem to 

suggest that at recovery the lake would 
contain high levels of algal nutrients and 

would be highly eutrophic. Other factors 

associated, however, with the recovery 
process tend to minimize the degree of 

eutrophy. 
Decline of total phosphorus concentra 

tion from 1.17 mg/1 to an undetectable 
level in a microcosm (Figure 7) suggests 
significant phosphorus removal associated 

with metal precipitation. Continued bac 
terial use of the organics on the lake bot 
tom after most of the metals precipitate, 
however, will continue to supply phospho 
rus and other nutrients. Thus the recov 

ered strip mine lake would be expected 
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H CO" NoSK 

so4 VCO 

*Mg 

pH SPECIFIC ACIDITY 
CONDUCTANCE (mgCaCO/ 
(umohs/cm) |jf?r) 

2.3-3.5 6,400 

3.0-3.4 1,400 

3.2-4.0 560 

6.1-8.2 

5.6-7.6 

440 

230 

2,660 

615 

35 

FIGURE 10.?Relative abundance by weight of major ions in 

strip mine lakes in various stages of recovery (redrawn from 

Campbell and Lind1 ). 

to be in the state of early eutrophy noted 

by Campbell and Lind.1 
Another factor that tends to limit algal 

production in the recovered strip mine 

lake is the availability of light. In the 
acid condition, strip mine lakes are ex 

tremely transparent, and clay turbidity en 

tering from the denuded watershed is 

rapidly precipitated. Loss of metals and 
marked elevation of pH during the re 

covery process leave a water in which the 

clays are not rapidly removed. The high 
turbidity that is a characteristic of many 
recovered strip mine lakes must pose a 
severe light limit to algal photosynthesis. 

The fate of a strip mine lake is deter 
mined by a complex interaction of many 
different physical, chemical, and biologi 
cal parameters, each of which can alter 
the system. A sequential listing of the 
factors involved in formation and eventual 

recovery of a strip mine lake is given in 

Figure 11. Each strip mine lake will vary 
somewhat, depending on the type of soils 

exposed in the drainage, but the recovery 
from the acid condition is mediated by 
biological processes that respond to accu 

mulation of terrestrial organics. Once 
this process is begun, the recovery includes 
reduction in acidity, increased pH, removal 
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FIGURE 11.?Factors involved in formation and recovery of 
an acid strip mine lake. 

of metals, and reduction in sulfate, leav 

ing a water capable of supporting a com 

plete aquatic community. 

Accelerated Recovery 

Because the precursor to recovery of 

acid strip mine lakes is the accumulation of 

organic material, it would seem that the 

recovery process could be accelerated by 

adding organic matter to such lakes. The 
bacteria do not require a specific type of 

organic, and any of a number of waste 

materials could be used. Sawdust, wheat 

straw, leaves, newspaper, cattle manure, 

and both raw and digested wastewater 

sludge all served as suitable substrate for 

recovery of acid strip mine water in mi 

crocosms.15 When green, leaves were used, 

the final state was a tea-colored water 
with many of the characteristics of bog 

lake water, including a pH of about 5 and 
a high organic acid content. The re 

mainder of the organics used produced a 

clear alkaline water after the recovery pro 
cess was 

completed. 

Much of the future algal productivity of 
a strip mine lake is determined by the 
nutrient content of the original organic ac 

cumulation, and the carbon : nitrogen : phos 

phorus ratio is one consideration in the 

choice of the organic to be used to ac 

celerate the process. Waste organics 
suitable for the bacteria vary markedly 
in nutrient content, as shown in Table I. 
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TABLE I.?Ratios by Weight of Carbon to Nitrogen 
to Phosphorus in Various Organic 

Materials 

Substrate Organic 
Carbon 

Organic 
Nitrogen 

Total 
Phosphorus 

Raw wastewater 

sludge 
Dried digested 

wastewater 

sludge 
Pine sawdust 

Newspaper 
Wheat straw 

Oak leaves 

Sugar maple 
leaves 

Cow manure 

26.2 

32.3 

30,200 

2,760 
915 

1,660 

191 
100 

2.85 

2.40 

26.9 

0.42 

5.97 

11.4 

7.18 

3.16 

Where possible, it would be desirable to 

select an organic with a low nitrogen and 

phosphorus content. Some nitrogen and 

phosphorus are required, however, for suc 

cessful bacterial utilization of the organic. 
The major consideration in accelerating 

acid strip mine lake recovery is the rate 
of discharge of H2S to the atmosphere. 
The corrosive and poisonous nature of H2S 
would pose a potential hazard if the rate 
of discharge exceeded the rate of wind 

dissipation. The maximum rate of acceler 
ation considered desirable would be dic 
tated by the ability to evolve and dissi 

pate H2S in a problem-free manner. This 

would, in turn, be determined by several 

parameters, including local climatic fac 
tors and the use of the surrounding land. 

The absolute amount of sulfur that 
could be discharged to the atmosphere 
during the recovery process would be de 
termined by the acidity and sulfate con 
centration of a particular lake. For ex 

ample, a strip mine lake 10 ft (0.3 m) 
deep with a sulfate concentration of 1,000 

mg/1 would contain 4.5 tons of sulfur/ 
surface acre (10.1 metric tons/ha). Be 
cause recovered strip mine lakes are char 
acterized by a high sulfate concentration,1 
the entire initial sulfur content would not 
be removed during the recovery process. 

Moreover, only a portion of the sulfate 
reduced would be evolved as H2S, with 
the remainder remaining in the lake as 

precipitated metal sulfides and elemental 
sulfur. 

A crude estimate of the amount of H2S 
evolved during the recovery process may 
be obtained by considering only the acid 

ity loss and the alkalinity formation. If 
the initial acidity of the lake were 500 

mg acid as CaC?3/l (10-meq acid/1) and 
the final alkalinity were 50-mg CaC03/l 
(1-meq/l), about 2.5 tons of sulfur, in the 

form of H2S, would be lost to the at 

mosphere from each surface acre (5.6 
metric tons/ha) of the 10-ft (0.3-m) deep 

lake during the recovery process. Bacterial 

activity would vary seasonally with tem 

perature, and loss of this amount of H2S 
to the atmosphere would take place over 
a 

period of years. In comparison, a coal 

fired power plant burning 1,000 tons (907 
metric tons ) of 2 percent sulfur coal/month 
would have the potential of releasing 240 
tons (218 metric tons) of sulfur/year. 

Patty20 lists 30 mg H2S/cu m of air as 
the maximum average atmospheric con 

centration to which workers may be ex 

posed, without injury, during an 8-hr 

working day. If a maximum H2S concen 
tration of 30 mg/cu m of air is assumed, 
one complete air exchange each day in a 
10-m column of air, located just above the 

water surface, would allow dissipation of 
the 2.5 tons of sulfur/surface acre (5.6 

metric tons/ha) in about 1,400 days. 
Greater wind velocity and more frequent 
air exchange would reduce this time pe 
riod markedly, but such potential accelera 
tion of the recovery process would be 
offset by slow sulfate reduction during the 

winter months. 

Because the exact rate of H2S formation 

during the warm summer months is un 

known and a reducing microenvironment 
is required, the organic material added to 
acid strip mine lakes should be placed in 

piles rather than be spread evenly over the 
lake bottom. This would hasten develop 

ment of the required reducing microen 
vironment and would allow a means of 

decelerating the process if evolution of H2S 
exceeded the desired rate. Aeration and 

stirring of the organic piles would increase 
do and metal content in the microenviron 

ments, and the resulting increase in Eh 
should slow the rate of sulfate reduction. 
If the rate of H2S formation were too 
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slow, additional piles of waste organics 
could be placed in the lake. 

The advantages of accelerating this 
natural process to recover acid strip mine 

lakes are that, in addition to the elevation 
of pH and loss of acidity and metals, 

which can be accomplished by adding 
lime, the process yields significant sulfate 
loss without creating a chemical sludge 
disposal problem. Another significant ad 

vantage is that organic wastes serve as the 
raw material for the process. The major 
disadvantage is the evolution of H2S to 

the atmosphere, but this may be limited 
to reasonable levels by controlling the 
amount of organic wastes added to the 
lake. In addition to improving the quality 
of strip mine lake waters, this process also 

may be of value in treating sulfate-rich 
nonferrous mine and smelter waste waters. 

While it appears that this process will 

allow accelerated quality improvement of 
acid strip mine lakes, the entire complex 

biological, chemical, and physical inter 
action from acid formation to the recov 

ered lake could be avoided by covering 

acid-producing materials with nonacid soil 
when coal is strip mined. 
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