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Abstract A series of NaOH solution injection experi-

ments were performed as trials for in situ remediation of an

acid-producing surface-mine spoil. Both 20 and 50% (w/w)

concentrated NaOH solutions were employed. While the

spoil immediately down-gradient of the injection wells was

neutralized, only about 23% of the introduced Na was

recovered at the spring discharge in 3 years of post-injec-

tion monitoring. This rate of transport was far slower than

the estimated advection rates in the aquifer, indicating that

substantial retardation of both Na and the associated

alkalinity occurred. This retardation is ascribed to: pre-

cipitation of alkaline-earth carbonate hydroxide minerals,

as well as metal hydroxide precipitates, consuming injected

alkalinity; and reduction of hydraulic conductivity in the

peralkaline (pH [ 13) ‘‘plume’’ region due to plugging by

reaction products. It is likely that Na and alkalinity will

continue to leak from this plume region for many years, but

at too slow a rate to neutralize AMD at current concen-

trations. Future injection efforts of this type may be

feasible but should use lower concentrations and should be

focused further down-gradient, in closer proximity to the

springs, where ground water velocities are higher.

Keywords Acid mine drainage � Pittsburgh coal �
Remediation

Introduction

Acid mine drainage (AMD) is commonly associated with

reclaimed surface mines operating within high-sulfur coal

seams of the Appalachian, Illinois, and other coal basins.

Treatment of AMD discharging from such closed mines can

become a major long-term expense for mine operators.

Conventional active chemical treatment of AMD commonly

involves: collection of drainage from seeps and springs;

conveyance of this water to one or more treatment facilities;

application of alkaline chemicals—generally ammonia,

sodium carbonate, sodium hydroxide, or lime—to precipi-

tate metals; and aeration and solids removal as required.

Chemical treatment produces a slurry containing suspended

solids, which requires settling in one or more ponds prior to

discharge of the decant to local streams. The residual solids

in the pond(s) must be periodically removed and disposed of.

Passive treatments involving limestone-lined channels

and/or flow-through wetlands have been locally successful

in treating AMD (Ziemkiewicz et al. 2003), but also gen-

erate sludge and can require periodic maintenance.

Alternatives that would reduce costs of sludge disposal

would be desirable, as sludge handling is typically a large

portion of treatment costs. One option to accomplish this is

commonly referred to as in situ treatment. In situ methods

involve direct introduction of chemical compounds into

porous subsurface materials—either underground mines or

surface-mined waste rock, commonly known as ‘‘spoil’’—

in which AMD is often found.

There are two general categories of in situ methods:

those that limit AMD production and those that add
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alkalinity and enhance neutralization/removal of metals. In

the former category are techniques such as coating of

sulfidic materials with non-reactive compounds such as

metal phosphates (Evangelou 1994; Georgopoulou et al.

1996) or silica (Zhang and Evangelou 1998). A similar

strategy involves adding solutions that inhibit activity of

iron-oxidizing bacteria that catalyze AMD production at

low pH (Parisi et al. 1994). Such methods have met with

limited success, attributed to the difficulty in near-complete

coverage of sulfides in the spoil. The other category is

introduction of alkaline solutions or slurries that neutralize

metals and acid within the aquifer itself. Examples include

placement of alkaline solids in surface trenches that funnel

recharge to underlying AMD-producing spoil (Caruccio

et al. 1984) or introduction of alkaline slurries or sludge

into the subsurface (Nawrot et al. 1994; Donovan et al.

1997, 2000). These methods have not gained widespread

application, even though some successful results have been

reported.

Herein we report on results of an in situ neutralization

experiment involving a series of injections of sodium

hydroxide (NaOH) solution into an AMD-producing spoil

aquifer. The spoil in question is developed on the pit floor

of a reclaimed surface mine in the Pittsburgh seam, lower

Monongahela Group, of Pennsylvanian age, one of the

more prolific producers of AMD in the Appalachian basin.

The purpose of the NaOH injection was to create a zone of

reactive transport down-gradient of injection locations that

would extend toward the known points of discharge for this

water. The objective of the experiment was to observe

water chemistries and flows down-gradient and to compare

the observed reactive transport behavior to conservative-

solute advective transport rates from the earlier study of

Sincock (1998).

NaOH is the strongest base of those used for treatment

of AMD. It is highly soluble and commercially available in

aqueous concentrations ranging from 20 to 70%. Its

chemical characteristics are somewhat unique among basic

chemicals used for AMD. It readily absorbs CO2 from the

air, which is converted to carbonate and bicarbonate ions,

thus causing a drop in pH and conversion of hydroxide

alkalinity to carbonate form. It is highly soluble in water

but such dilution can be violently exothermic. NaOH reacts

with either glass or dissolved silica to form amorphous

sodium silicate. NaOH does not dissolve iron or copper

metal, but zero-valent aluminum, magnesium, and zinc

metal react rapidly. For many metal ions, NaOH causes

rapid hydrolysis and precipitation of insoluble metal

hydroxides, accompanied by corresponding decrease in

alkalinity and pH. For coal mine drainage water, this

involves reaction with Fe3+, Al3+, and Mn4+ to precipitate

amorphous oxyhydroxides virtually immediately. In addi-

tion, strong pH-dependent complexes of OH will be formed

with these and other cations, including Fe2+ and Mn2+. The

pH associated with NaOH solutions will kinetically facil-

itate oxidation of both Fe2+ and Mn2+, should free or

dissolved oxygen be present.

The physical properties of concentrated NaOH offer

special challenges to its use. The density of 50% NaOH (w/

w) is 1.53 g/cm3 at 16�C, greater than that of halite brine,

and its pH is 13.7. At pH levels of 12 or higher, strong

NaOH solutions will have ten or more milliequivalents per

liter of alkalinity in the form of OH- ion; for convenience,

such strongly basic solutions will be referred to as peral-

kaline in this paper. Aqueous NaOH at 50% concentration

will undergo phase change to solid state at 4.4�C, and thus

requires special handling in cooler climates or when

injected into cold fluids. Concentrated NaOH is highly

corrosive to human tissue and may produce severe eye,

skin, respiratory tract, or upper gastrointestinal tract irri-

tation or damage, depending on length and intensity of

exposure (Gosselin et al. 1984). While it is conditionally

stable, it may react violently and exothermically with acids,

flammable liquids, and organic halogen compounds, among

others.

One advantage of NaOH for potential in situ treatment

of AMD is its high solubility and ease of injection into the

subsurface in aqueous form. For this reason, it was selected

in this series of experiments whose purpose was to intro-

duce alkalinity into a surface mine spoil via wells. The

point of injection was a relatively thin (1–2 m) saturated

zone at the base of the spoil aquifer. The purpose of the

experiment was to inject alkalinity via wells in a small

restricted area of the spoil in which the ground water

hydraulics were reasonably well understood and to observe

the effects on down-gradient ground water chemistry. The

goal was to understand reactive transport processes from

point of injection to point of discharge, and not necessarily

to effect full neutralization of AMD at this site. The spoil

had been characterized as macroporous, with ground water

velocities ranging from 0.97 to 31.9 m/day (Sincock 1998).

At these high values of hydraulic conductivity and poros-

ity, it was hypothesized that there was substantial void

space to be filled by reaction products created by

hydrolysis.

A similar experiment was attempted by injecting NaOH

into a partially flooded underground coal mine near Lat-

robe, Pennsylvania, in the Upper Freeport seam (Aljoe and

Hawkins 1991, 1993). In this experiment, 4,000 gallons of

25% NaOH was divided evenly between two wells and

injected quickly, then flushed with fresh water, a method-

ology similar to that of this study. The conclusion of this

experiment was that little trace of the NaOH could be

found in either the injection wells or in down-gradient mine

discharges during a period of 200 days following injection.

The authors attributed this outcome to the injection wells
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having not intercepted primary flow pathways leading to

discharge and to an essential loss of the injected solute

within stagnant pools of ground water within the flooded

mine. Their recommendation was that such alkaline

injection be attempted only where strict control of

hydraulic flow paths for injection could be achieved.

Study Site

The 45 ha study site is located on the western slopes of the

Cheat River valley in eastern Monongalia County, West

Virginia (Fig. 1). From 1983 to 1987, the entire northwest-

dipping Pittsburgh seam was removed by surface mining at

this site, removing up to 40 m of overburden. The mine

employed approximately 30 m wide boxcuts, progressing

from west to east but with a mining face nearly perpen-

dicular to strike. In the western half of the mine, only,

crushed limestone was applied to the pit floor. Reclamation

was done in the conventional manner, i.e. backfilling

overburden to approximate original contour and seeding

with a grass cover.

Following mining, approximately eight springs have

discharged from the down-dip (northern) side of the

mine into a ditch, which conveys the water to an

anhydrous ammonia/lime treatment facility (Fig. 2). This

represents all of the ground water discharging from the

fill. Wells were installed across the site to delineate the

relatively less permeable pit floor of the mine, whose

contours are shown in Fig. 2. They were also used as

water sampling sites to characterize aqueous chemistry of

the aquifer. Descriptions of the general hydrogeology

and hydrochemistry of this site are in Barker (1997) and

Sincock (1998).

Aquifer Characteristics

The site of the mine is underlain by &45 ha insular

subcrop of Pittsburgh coal, with erosion having removed

the coal around the site; therefore, the aquifer developed

in the backfilled overburden is hydrologically isolated

(Fig. 2). The pitfloor is an underclay of very low per-

meability and serves as the base for the overlying mine-

spoil aquifer. The aquifer consists of unsorted particles

ranging from clay- to boulder-sized. The lithology of

particles is primarily sandstone and siltstone, with some

mudstone. The transmissivity of the aquifer is generally

high but also highly heterogeneous, with the likelihood

of numerous preferred-flow pathways (e.g. Hawkins and

Aljoe 1992; Frysinger and Donovan 1997; Maher and

Donovan 1997). The dip magnitude and dip direction of

the pit floor is thought to have a substantial influence of

ground water flow direction and velocity. The saturated

thickness of the developed aquifer is quite thin (0–2 m),

and the up-dip portion of the aquifer is in fact com-

pletely unsaturated (Fig. 3).

The spoil aquifer is essentially unconfined and

free-draining. Recharge occurs over the entire area and

drains through several springs at the northern (down-dip)

side. The reclaimed spoil is sulfide-rich; the principal

sulfide is pyrite. Oxidation of the pyrite creates an

acidic environment in the spoil, and the water issuing

from the springs has a low pH and an acid load of

approximately 250 t/year as CaCO3 equivalent (Sincock

1998).

Sincock (1998) performed a number of natural gradient

tracer tests on the site. She found heterogeneity in

hydraulic conductivity reflected by a wide range of

observed seepage velocities from median arrivals of tracer

(0.97–31.9 m/day; most velocities from 1 to 3 m/day). The

slow velocities were interpreted to reflect matrix transport,

while the fast group appears to relate, at least in part, to

advection along preferred flow paths. In some cases, a

single tracer test displayed a double breakthrough, one of

low velocity and the other rapid.
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Methods

NaOH Injection

Several instantaneous injections of concentrated NaOH

solution were made into a series of four wells on the

southern margin of the aquifer (Table 1; Fig. 2). The

injection area is in the up-dip/unsaturated portion of the

aquifer, where aquifer saturated thickness is at its minimum

in the aquifer. From the injection location, the prevailing

ground water flow direction is north toward springs S7 and

S8, which are the likely points of discharge for ground

water in this portion of the aquifer (boxed area in Fig. 2).

Injection A involved a single injection of 7,800 L of

20% (w/w) NaOH solution into well W20 (Fig. 2) on

October 9, 1996. The amount of alkalinity injected was

approximately sufficient to neutralize the acidity (metals

plus hydrogen ion) load discharging from springs S7 and

S8, down-gradient to the north, for about 10 days. A period

of about 8 months was allowed to monitor the flow of

injected NaOH through the aquifer.

Injection B involved a series of concurrent injections

between June 1997 and January 1998 into wells W20, W25,

W27, and W37. Three injections of 3,400 L per well

(14,400 L per date) of 20% NaOH solution and five injec-

tions of 2,650 L per well (10,600 L per date) of 50% NaOH

solution were made into each well at approximately monthly

intervals. There were three sets of 20% injection, followed

by five sets of 50% injection, each utilizing the same four

wells. The flow directions for these injections were expected

to be generally the same as W20 in Injection A.

Water Sampling

Time series samples of chemical parameters were collected

at eight wells and two springs between April 1996 and

Fig. 2 Location of wells and

springs on the surface mine;

contours are elevation of the pit

floor above sea level in meters.

A–A0 shows location of cross-

section shown in Fig. 3
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October 1999. During the period prior to October 1996,

baseline sampling was performed. The most intensive

sampling was along the presumed flow path for the injected

NaOH: wells W4, W10, W20, W21, W22, W34, and W35

as well as the two springs S7 and S8 (Fig. 2).

Sampling frequency after onset of injection was daily

at springs and weekly in wells immediately after injec-

tion, followed by longer intervals between samples. Water

samples were obtained by pumping from the wells and by

grab-sampling at the springs. Field measurements were

made for pH and, in samples of pH [ 4.5, dissolved

alkalinity. Samples were filtered (0.45 lm membrane fil-

ter) and acidified (1% by volume concentrated reagent

grade HCl) for cation analysis by atomic absorption

spectrometry (AAS) or inductively coupled plasma spec-

trometry (ICPS). Sodium and potassium were analyzed by

AAS and aluminum, calcium, total iron, manganese,

magnesium, and silicon by ICPS. Acidity was calculated

from iron, aluminum, and manganese concentrations,

under the assumption that manganese was fully reduced

and that iron was as speciated in the field. Total calcu-

lated acidity was calculated by summing metal acidities

plus measured hydrogen ion concentration. Equilibrium

partial pressure of CO2 and saturation index with respect

to calcite were calculated for samples with measurable

alkalinity, using PHREEQC and its native thermodynamic

database (Parkhurst 1995).

Flow at the springs was measured by the bucket-and-

stopwatch method.

Results

Results are in the form of geochemical concentration time

series for eight wells (W4, W10, W20, W21, W22, W25,

W34, and W35) and two springs (S7 and S8) between 25

June 1996 and 27 July 1999. Samples were collected at

irregular intervals. Of the injection wells, only W20 and

W25 were sampled and then only at some time after NaOH

injection, for safety reasons.

Flows at the springs (S7 and S8) were measured at the

same times that water was sampled. Flows at S8 generally

correlated with those at S7 but were lower in magnitude;

however, S8 was dry on some occasions. The quantity of

flow varied considerably according to antecedent

precipitation.

Baseline Chemistry

Table 2 shows the results of baseline chemical sampling of

wells and springs in the boxed area of Fig. 2. Most samples

were collected between June 25 and 27, 1996. Two wells

(W25 and W27) were not sampled until much later—but

before the beginning of the Injection B series—because

their saturated thickness was too low to allow pumping.

One (W10) was sampled later—10 days after Injection

A—because of its use as a source (injection) point for NaCl

tracer, unrelated to this investigation, before the June date.

All results in Table 2 except for Na and Cl at those wells

used for injection in the tracer test are thought to be a

reasonable estimate of baseline conditions and unaffected

by any of the NaOH injections.

During baseline, the pH of the ground water ranged

from 2.65 to 2.88 at the springs to a maximum of 4.51 in

the most up-gradient wells. No measurable alkalinity was

observed in any of the waters, and all the waters had high

levels of dissolved Fe, Mn, and Al. Iron concentration

ranged from 68 to 2,390 mg/L and was approximately

evenly divided between ferrous and ferric. There was low,

but detectable, dissolved oxygen, \1.0 mg/L in all wells

but one and from 1.05 to 1.80 mg/L in the springs. Na

(\20 mg/L) and Cl (\8 mg/L) were low in most wells and

springs except W4, W8, and W10; these three had been

used as injection wells for NaCl in tracer experiments in

1996 and had vestigial concentrations of Na and Cl, both

higher than baseline. Sulfate concentrations ranged from

4,600 to 13,600 mg/L; these are thought to have been

slightly underestimated analytically due to SO4 loss as an

adsorbed phase onto metal precipitates removed prior to

SO4 analysis. This SO4 loss appears as a moderate (4.3–

11.8%) positive charge balance error seen in all samples.

Calculated total acidity, including metal and hydrogen ion

acidity, ranged from 2,500 to 10,500 mg/L as CaCO3.

Table 1 Times, locations, and quantity of NaOH injections

Date Day Volume

(L)

Wells Concentration

(%)

Injection A

9-Oct-96 0 7,800 W20 20

Injection B

24-Jun-

97

258 3,400/

each

W20, W25, W27, W37 20

15-Jul-97 279 3,400/

each

W20, W25, W27, W37 20

7-Aug-97 302 3,400/

each

W20, W25, W27, W37 20

5-Sep-97 331 2,650/

each

W20, W25, W27, W37 50

6-Oct-97 362 2,650/

each

W20, W25, W27, W37 50

5-Nov-97 392 2,650/

each

W20, W25, W27, W37 50

5-Dec-97 422 2,650/

each

W20, W25, W27, W37 50

21-Jan-98 469 2,650/

each

W20, W25, W27, W37 50
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These waters contained very high metal acidities as well

as high hardness (813–1,308 mg/L), suggesting substantial

dissolution of native carbonate minerals, but in insufficient

quantity to neutralize the spoil. Both carbonate and sulfide

minerals are thought to have been dissolved principally in

the thick ([15 m) vadose zone. The vadose zone becomes

thinner between the springs (at the outcrop) and a break in

slope near wells W4, W10, and W35. Based on SO4 con-

centrations, each liter of water has received solutes from

dissolution of up to 70 millimoles (mmol) of pyrite. The

elevated aluminum (58–1,170 mg/L) and silica concentra-

tions (up to 142 mg/L as SiO2) also indicate extensive

dissolution/alteration of aluminosilicate minerals.

Sodium and pH

Following Injection A and thereafter, the most robust

indicator of NaOH transport was Na ion. Figure 4a and b

shows the time series for this solute. Figure 4a shows wells

and springs except W20 and W21, whose concentrations

were too high to appear on the same scale. Figure 4b shows

these high-concentration wells. The baseline Na concen-

trations were \20 mg/L for most wells and \8 mg/L for

springs S7 and S8.

Following Injection A, Na concentrations in both spring

S7 and S8 (Fig. 4a, solid symbols) began to rise very

slightly and concurrently, with the initial rise observed at

about 16 days. It had only risen to about 25 mg/L by day

250, just before the first injection of Injection B (day 255).

Following Injection B onset, concentrations of Na rose at

S7 and S8 as well as at all other wells (W4, W10, W22,

W34) just up-gradient from the springs. The pattern at all

these locations was similar in time. The first peak was

observed on or about day 390, with Na concentrations from

75 to 355 mg/L at various wells and springs. Following day

390, concentrations declined until about day 544, when

they started to rise again, reaching a second peak between

about day 750–800. Concentrations were higher for the

second peak, ranging from 200 to 1,300 mg/L. The con-

centrations at the springs were very similar to each other

throughout and were close to a weighted average of the

concentrations of up-gradient wells. Following this second

Table 2 Baseline water chemistry for wells and springs in the injection area of the spoil aquifer

Site Date Field pH TDS DO Na K Ca Mg TFe

S7 27-Jun-96 2.65 8,445 1.05 6.12 6.51 393 527 685

S8 27-Jun-96 2.88 8,783 1.8 7.76 40.1 382 431 1,440

W4 25-Jun-96 3.67 11,413 0.73 88.2 21.9 482 826 736

W8 26-Jun-96 4.5 11,990 0.53 112 21.5 479 497 2,390

W10 31-Oct-96 4.22 7,168 1.59 240 8.6 500 330 850

W20 26-Jun-96 3.76 8,771 0.34 8.37 19.6 404 526 880

W21 26-Jun-96 3.31 9,206 0.4 7.69 12.4 501 776 840

W25 31-Oct-96 4.04 1,394 0.12 16.8 7.62 354 238 512

W27 19-Feb-97 4.51 1,440 8.74 12.4 388 532 68.3

W33 26-Jun-96 3.12 9,573 0.43 7.81 7.29 455 606 990

W34 26-Jun-96 3.06 18,104 0.46 5.45 5.21 480 1,010 1,580

W35 26-Jun-96 4.16 9,041 0.2 10.1 18.5 416 445 1,810

Fe2+ Mn Al Total calc. acidity SiO2 Cl SO4 Cations (meq/L) Cations (meq/L) Charge error (%) Site

356 199 343 3,600 49.1 5.52 6,210 141.32 129.64 4.30 S7

840 169 291 4,563 34.2 3.91 5,970 157.92 124.64 11.80 S8

425 269 514 4,665 46.4 120 8,290 195.33 176.29 5.10 W4

1,560 250 151 5,567 21.2 220 7,840 196.43 169.92 7.20 W8

580 150 140 2,571 21 320 4,600 119.03 104.98 6.30 W10

580 283 313 3,829 37.4 3.91 6,280 146.29 131.09 5.50 W20

440 302 236 3,379 38.9 5.59 6,470 164.28 135.11 9.70 W21

127 110 20.4 W25

362 58.3 7.6 W27

344 241 316 3,997 38.1 5.84 6,890 164.63 143.83 6.70 W33

747 360 1,170 10,016 66.3 3.34 13,396 322.77 279.69 7.20 W34

1,120 178 99.2 4,114 25.1 5.16 6,024 152.92 125.8 9.70 W35
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peak, there was decline in all wells and springs until about

day 930, followed by a third rising trend, which was

interrupted by the end of monitoring.

Sodium mass recovery at the springs can be estimated

using the approximately weekly flow and chemistry data

collected throughout the period from 0 to 1,020 days and

subtracting out the estimated baseline concentration for the

respective spring. These results (Table 3) indicate that only

about 7,023 kg, or 23.3%, of the injected Na was recovered

at the springs. Even allowing for the error and for possi-

bility of seepage losses, it is clear that the majority of the

Na still resided in the spoil aquifer after day 1020.

Figure 4b gives insight into the Na concentrations

within the region and just down-gradient of the injection

wells. A concentrated alkaline sodium brine occupied W20

during the Injection B period and thereafter (sampling was

discontinued there after day 440). A more dilute, but still

very concentrated, NaOH solution occupied the area

around W21 from days 460 to 930, following Injection B.

The concentrations and the alkalinity observed at these

locations were far larger than any observed further down-

gradient.

Comparing results between wells, W35 showed only

faint indication of Na increase above baseline, similar to

well W33 (results not shown in Fig. 4a). Wells W4, W10,

W22, and W35 all showed similar concentration time series

to S7 and S8, indicating there was a broad zone just up-

gradient from the springs to which the solute had dispersed

in a spatially uniform way at any one time. Thus, there

were two zones of Na and base concentration: a concen-

trated peralkaline brine near the points of injection and just

Table 3 Mass balance for sodium injected into and discharging from

the spoil aquifer, 1996–1999

Fluid Na

Volume (L 9 106) Mass (kg)

S7 626.9 6,707.4

S8 47.9 315.7

Total 7,023.1

Injection A 0.076 1,062.8

Injection B 0.235 29,059.1

Total 30,121.9

Na recovery at springs 23.3%
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down-gradient, and a dispersed zone between there and the

springs.

The control on Na fluctuations in Fig. 4a is thought to

relate less to the injection schedule than to the flow in the

aquifer. It is clear (Fig. 4a) that Na concentrations in wells

and springs of the dispersed zone vary inversely according

to flow discharging from the springs (Fig. 4a, top). Periods

of high flow were accompanied by relatively low Na

concentrations, and vice versa. This is underscored in

Fig. 5, a plot of flow versus Na concentration at spring S7

for the latter portion of the monitoring, e.g. the second peak

(days 460–1021). In this interval, Na concentrations at the

spring were linearly inverse to the spring discharge rate. A

similar response can be observed for the first peak. It is,

therefore, thought to be mixing dynamics between the

laterally flowing Na solution and the vertically infiltrating

recharge that controls Na concentration time series, not

classical two- or three-dimensional advective–dispersive

transport. For this aquifer in which recharge rate varies

widely temporally, ‘‘dilution’’ of ground water with acidic

recharge is a major control on Na concentration and masks

the effects of advective–dispersive transport.

Figure 6 shows the response in pH at wells in the per-

alkaline injection zone (W20, W21), in down-gradient

wells (W10, W22, W35), and at springs S7 and S8. During

the baseline sampling, the pH was about 2.5 at springs S7

and S8 and in a higher range (2.5–4.0) at up-gradient wells.

In June 1996 (pre-injection), the pH declined spatially

along the flow path from 3.76 at W20 to 3.31 at W21 to

2.65 at the spring outlet (Fig. 6; Table 2).

Immediately after Injection A, the pH rose at the

injection well (W20) to near 7 and remained elevated, but

declined gradually for about 4 months to 4.7 after about

130 days. At W21, approximately 30 m down-gradient, the

pH started to rise between 22 and 40 days, increasing from

3.3 to 5.69 by day 90, remaining in this vicinity for about

60 days, and then declining to about 4.5 for an additional

87 days. Monitoring at W22 (approximately 60 m down-

gradient from the injection well) did not begin until

26 days after the injection, by which date the pH was

already near 6.0 and remained so for 3 months; thereafter it

declined to about 4.5. The pH at springs S7 and S8 did not

show any immediate change obviously related to NaOH

injection. The highest pH attained at the springs was 3.07–

3.15 about 2 years after injection. The pH rose to higher

levels in up-gradient wells, ranging from 4.0 to 7.0

according to distance from injection.

After Injection B started (Fig. 6), first W20 and then,

later (day 460), W21, developed the peralkaline brine (pH

9–13) also shown on Fig. 4b as the high-sodium region.
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There were, however, relatively minor effects felt further

down-gradient. W21 increased from near 4 to about 13,

then decreased to about pH 8 almost immediately, subse-

quently rising back to pH 13 over the next 3 months and

remaining near that level until the end of the data collec-

tion. There was a small increase of about one-half pH unit

at the same time in W22, but that declined rapidly after

about 3 months. At the same time, the pH in W35 dropped

about half of a pH unit for about 6 months. Springs S7 and

S8 showed a small increase in pH during the experiment, to

about pH 3.0.

In summary, Na concentrations seemed to have

remained elevated in wells and springs for a period of at

least 3 years after injection. There were two zones of Na

concentration: a ‘‘high-sodium’’ zone close to injection,

and an extensive moderate-concentration zone further

down-gradient (including the springs) in which Na was

more or less uniform in concentration but varying

according to aquifer flow and recharge. At the springs, the

pH ranged from baseline levels (&2.5) to as high as 3.17,

with only a faintly perceptible increase. The difference

between Na and pH behavior is attributed to the reactivity

of injected alkalinity up-gradient of the springs.

Acidity and Metals Concentrations

Wells W20, W21, and W22—wells where pH rose to 5.0 or

higher—showed clear reductions to low levels in Fe and Al

concentrations as a result of injection (Fig. 7a, b). How-

ever, at other down-gradient wells (W10, W35, and other

wells further from injection) there are short-term fluctua-

tions of Fe concentrations in excess of 500 mg/L. Some of

these fluctuations show dilution by recharge, but others do

not. At the springs, there was no clear response to injection

in Fe concentrations, but Al seems to have dropped after

day 362 in response to the Injection B series.

The metals time series indicate a large degree of tem-

poral variability in concentration and clear reduction of

metals concentrations in the alkaline region close to

injection wells. Elsewhere, it is difficult to ascertain the
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effects of injection due to time variability in concentration.

Aluminum, but not iron, seems to have been lowered in the

springs as a result of injection.

Calcium and pCO2

The Ca concentration in W20 (Fig. 8a) dropped to very low

levels (\100 mg/L for injection A, \1 mg/L for injection

B) following injection accompanying periods of pH rise.

Calcium concentrations rose in W22 and S7 for about

6 months after Injection B (Fig. 8a). Elsewhere, Ca con-

centrations seemed to vary temporally over a large

concentration range, but to be very similar spatially. At any

time, there tended to be similar concentrations from place

to place. Similar patterns were observed for Mg as for Ca

(Fig. 8b). Wells in the peralkaline zone (W20 and W21)

showed a drop in Mg to \1 mg/L. Using the equilibrium

pCO2 for those water samples that had measurable alka-

linity (W20, W21, W22, W25, and W35), it can be

demonstrated that the periods of elevated pH/depressed Ca

and Mg concentrations at W20 and W21 correspond to

periods of depressed CO2 pressures in the same locations of

the aquifer (Fig. 9). Typical ambient CO2 pressures were

observed in the range of 0.05–0.3 atm at W22, W25, and

W35. Under elevated pH at W20 and W21, CO2 partial

pressures were lowered by orders of magnitude into a range

from near atmospheric (10-3.5 atm) to sub-atmospheric.

It is clear that elevated pH resulted in concurrent loss of

Ca, Mg, and dissolved H2CO3 from this relatively CO2-rich

acidic aquifer. It is interpreted that the peralkaline zone,

close to points of NaOH injection, was the locus for pre-

cipitating carbonate and/or hydroxide minerals, likely

calcite or a polymorph, and perhaps magnesite, hydro-

magnesite, portlandite, siderite, and/or brucite. At well

W20, H2CO3 was reduced from acid to water levels near

10-1.84 (about 14.5 mmol/L) to negligibly small levels.

The Ca and Mg reduction at this location from baseline

levels was about 10.1 + 20.6 = 30.7 mmol/L. This sug-

gests that hydroxyl as well as carbonate phases may be

involved in loss of alkaline-earth cations from the aqueous

phase.

Discussion

Transport of NaOH within Acidic Ground Water

Sodium concentrations in well and spring water were ele-

vated soon after injection (Fig. 4) but rose slowly,

remaining at high levels for a period of approximately

3 years following initial injection. This occurred despite

the fact that apparent ground water velocities on the order

of meters per day may be inferred from initial arrivals of

Na at springs after Injections A and B commenced. The

persistence of Na in this relatively small aquifer for such a

long period of time suggests that there is imperfect mixing

of Na with aquifer water, and retardation of Na as well as

high pH.

We propose that the transport behavior of Na (Fig. 4a,

b) indicates that:

a. it behaves relatively conservatively in comparison to

all other solutes and, due to its negligibly small

baseline concentrations in the aquifer, is a key

indicator of injected NaOH source,

b. only about 23.3% of the injected sodium discharged

from the aquifer at springs S7 and S8 in the 3 years of

monitoring after Injection A.

c. the arrival of Na from the injection wells was

substantially retarded from the high apparent velocities

observed in tracers tests; this is ascribed to a combi-

nation of intermittent dry conditions and to a hydraulic

impoundment mechanism, allowing NaOH to leave the

injection area but only at a slow relatively constant

rate.

Consumption of Alkalinity and Reduction of Metals

No samples of reaction products are available from these

locations, but it is clear that substantial mineral precipita-

tion reactions are influencing water chemistry near the

injection wells. Based on nearly complete loss of Ca and

Mg in well water and equilibrium calculations of mineral

solubility (Barker 1997), it is probable that calcite or some

CaCO3 polymorph, and perhaps also siderite, magnesite,

hydromagnesite, dolomite, and/or other carbonate phases,

are being precipitated in quantity within the peralkaline

region of NaOH transport. CaCO3 precipitation within the

saturated zone was driven by injection of OH alkalinity but

appears limited by the availability of both Ca and H2CO3,

which are present in AMD but not in the injected NaOH.

Ca and H2CO3 appear to be present in approximately equal

supply within unaltered AMD.

Other sinks for alkalinity from base injection are metal

hydroxides of Fe, Al, and Mn. There is clear evidence for

loss of these metals close to injection locations, where pH

is increased to [5.0. Further down-gradient, only alumi-

num appears to have decreased from the baseline condition,

and this decrease is only slight and may be due to natural

variation as much as or more than NaOH injection.

The concentrations of Fe decrease from the up-gradient

wells to the springs (Fig. 7a), while the reverse is true for

aluminum (Fig. 7b). This trend was apparently present

under baseline conditions and is unrelated to base injection.

This phenomenon is attributed to enhanced oxygen trans-

port into the spoil in the region just up-gradient of the
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springs, where the spoil is thinner due to land-surface

slope.

Conclusions

In this experiment, concentrated NaOH was injected into

the upper portion of the zone of saturation with the

intention that injected chemicals would be transported

down-gradient to springs. The hydraulic pathway was, in

contrast to earlier research, relatively well known.

Nonetheless, the pH and metals concentrations of the

spring discharges were marginally, if at all, influenced by

NaOH injection. In fact, only an estimated 23.3% of

injected Na was observed to have discharged from the

springs within about 3 years after injection. This obser-

vation suggests that transport of NaOH was retarded

considerably in comparison to conservative solutes, by

one or more mechanisms.

This injection experiment resulted in development of

three zones: a peralkaline (pH [ 13) region within about

30 m of the injection sources; a less alkaline (pH [ 5) but

somewhat more extensive region; and a largely unaffected

region with respect to pH. The peralkaline region contains

incompletely diluted NaOH brine, of high fluid density as

well as high Na concentration. This brine is apparently

being retained in low-relief shallow ‘‘pools’’ formed during

stratified density-dependent flow of dense fluid, moving

along the pit floor of the aquifer and occupying

depressions.

The injection was successful in inducing down-gradient

transport of NaOH. However, substantial retardation was

observed in down-gradient flow of the plume. There was

both a chemical and a hydraulic component to this retar-

dation. The chemical component is attributed to

precipitation of alkaline-earth carbonate and perhaps

hydroxide minerals in the peralkaline zone. The hydraulic

component is interpreted to have resulted from perme-

ability reduction by plugging of voids and pores with

mineral reaction products. These reaction products include

the alkaline-earth minerals mentioned above and also metal

hydroxides.

The experiment described here achieved only marginal

reduction in metals across the spoil because of inadequate

transport of the alkaline solution. The low recharge rate

during most of the experiment and the fact that the injec-

tion was focused in the most up-gradient part of the aquifer

where little recharge was focused were also contributing

factors.

Further experimentation with NaOH solutions should

aim to increase both advection and dispersion of base using

the following approaches:

a. much more dilute concentrations of NaOH, to mini-

mize precipitation of basic carbonates and keep the pH

below 8, if possible

b. a more down-gradient point of injection, in a region of

the aquifer where native ground water is moving more

rapidly.

Acknowledgments This work was done under a grant from Preston

Valley Coal and Coke. The authors acknowledge the help of Jennifer

Sincock in collecting field samples. Joe Dean of Greer Industries

provided assistance in site access and surveying. Joan Wright, Louis

McDonald, and Jeff Skousen of the WVU Plant and Soil Science

Division are acknowledged for water analyses. A thoughtful review

by Jay Hawkins improved the paper.

References

Aljoe WW, Hawkins JW (1991) Hydrologic characterization and in

situ neutralization of acidic mine pools in abandoned under-

ground coal mines. In: Proc, 2nd international conference on

abatement of acidic drainage (ICARD), Montreal, Canada,

MEND, CANMET, Ottawa, Canada, vol 1, pp 69–89

Aljoe WW, Hawkins JW (1993) Neutralization of acidic discharges

from abandoned underground coal mines by alkaline injection.

USBM RI 9468, Pittsburgh, PA, USA, 37 pp

Barker RE (1997) Reaction geochemistry of an acidic mine-spoil

aquifer following well injection of sodium hydroxide. MS

Thesis, West Virginia Univ. Dept of Geology and Geography,

Morgantown, WV, USA, 121 pp

Caruccio FT, Geidel G, Williams R (1984) Induced alkaline recharge

zones to mitigate acidic seeps. In: Graves DH (ed) Symp on

surface mining hydrology, sedimentology, and reclamation.

University of Kentucky, Lexington, pp 94–103

Donovan JJ, Frysinger KW (1997) Delineation of preferred-flow

paths by response to transient lagoon leakage. Ground Water

35:990–996

Donovan JJ, Frysinger KW, Maher TP Jr (1997) Geochemical

response of acid ground water to neutralization by alkaline

recharge. Aquat Geochem 2:227–253

Donovan JJ, Frazier J, Ziemkiewicz PF, Daly M, Black C, Werner E

(2000) Experimental injection of alkaline lime slurry for in situ

remediation of an acidic surface-mine aquifer. In: Proc, 5th

ICARD, Denver, USA, vol 2, pp 1001–1015

Evangelou VP (1994) Potential microencapsulation of pyrite by

artificial inducement of FePO4 coatings. In: Proc, international

land reclamation and mine drainage conference and 3rd ICARD,

USBM SP 06B-94, Pittsburgh, PA, USA, vol 2, pp 96–103

Georgopoulou ZJ, Fytas K, Soto H, Evangelou B (1996) Feasibility

and cost of creating an iron-phosphate coating on pyrrhotite to

prevent oxidation. Environ Geol 28(2):61–69

Gosselin RE, Smith RP, Hodge HC (1984) Clinical toxicology of

commercial products, 5th edn. Williams and Wilkins, Baltimore,

2012 pp

Hawkins JW, Aljoe WW (1992) Pseudokarst ground water hydrologic

characteristics of a mine spoil aquifer. Mine Water Environ

11:37–52

Maher TP Jr, Donovan JJ (1997) Double-flow behavior observed in

well tests of an extremely heterogeneous mine-spoil aquifer. Eng

Geol 48:265–283

Nawrot JR, Conley PS, Sandusky JE (1994) Concentrated alkaline

recharge pools for acid seep abatement: principles, design,

construction, and performance. In: Proc, international land

120 Mine Water Environ (2008) 27:109–121

123



reclamation and mine drainage conference and 3rd ICARD,

USBM SP 0606A-94, Pittsburgh, PA, USA, vol 1, pp 382–391

Parisi D, Horneman J, Rastogi V (1994) Use of bactericides to control

acid mine drainage from surface operations. In: Proc, international

land reclamation and mine drainage conference and 3rd ICARD,

USBM SP 06B-94, Pittsburgh, PA, USA, vol 2, pp 319–325

Parkhurst DL (1995) User’s guide to PHREEQC—a computer

program for speciation, reaction-path, advective-transport, and

inverse geochemical calculations. USGS WRI Report 95-4227,

Washington DC, USA, 143 pp

Sincock MJ (1998) Quantification of preferred-flow pathways and

velocities in an extremely heterogeneous mine-spoil aquifer. MS

thesis, Dept of Geology and Geography. West Virginia Univ,

Morgantown, WV, USA, 122 pp

Zhang YL, Evangelou VP (1998) Formation of ferric hydroxide-silica

coatings on pyrite and its oxidation behavior. Soil Sci 163:53–62

Ziemkiewicz PF, Skousen JG, Simmons J (2003) Long-term perfor-

mance of passive acid mine drainage treatment systems. Mine

Water Environ 22:118–129

Mine Water Environ (2008) 27:109–121 121

123


	Alkaline Injection of Concentrated Sodium Hydroxide Solution into an Acidic Surface Mine Spoil Aquifer
	Abstract
	Introduction
	Study Site
	Aquifer Characteristics

	Methods
	NaOH Injection
	Water Sampling

	Results
	Baseline Chemistry
	Sodium and pH
	Acidity and Metals Concentrations
	Calcium and pCO2

	Discussion
	Transport of NaOH within Acidic Ground Water
	Consumption of Alkalinity and Reduction of Metals

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


