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Abstract
Extremely alkaline ground water has been found underneath many shuttered steel mills and slag dumps and

has been an impediment to the cleanup and economic redevelopment of these sites because little is known about
the geochemistry. A large number of these sites occur in the Lake Calumet region of Chicago, Illinois, where
large-scale infilling of the wetlands with steel slag has created an aquifer with pH values as high as 12.8. To
understand the geochemistry of the alkaline ground water system, we analyzed samples of ground water and the
associated slag and weathering products from four sites. We also considered several potential remediation
schemes to lower the pH and toxicity of the water. The principal cause of the alkaline conditions is the weathering
of calcium silicates within the slag. The resulting ground water at most of the sites is dominated by Ca21 and
OH2 in equilibrium with Ca(OH)2. Where the alkaline ground water discharges in springs, atmospheric CO2 dis-
solves into the water and thick layers of calcite form. Iron, manganese, and other metals in the metallic portion of
the slag have corroded to form more stable low-temperature oxides and sulfides and have not accumulated in large
concentrations in the ground water. Calcite precipitated at the springs is rich in a number of heavy metals, suggest-
ing that metals can move through the system as particulate matter. Air sparging appears to be an effective remedia-
tion strategy for reducing the toxicity of discharging alkaline water.

Introduction
Extremely alkaline ground water has not been exten-

sively studied because it is observed only rarely in natural
water, and then only in distinctive geological settings,
such as thermal springs or ultramafic terrains (Hem
1985). In a small area of northern Jordan, for example,
pH in wells and adits is as high as 12.5, apparently due to
the hydration of portlandite formed by the subterranean
combustion of organic matter in a bituminous marl for-
mation (Khoury et al. 1985). The pH also can exceed 10
in hypersaline evaporative lakes, such as Mono Lake in
California or lakes in the Rift Valley of eastern Africa.
Human activities can also produce high pH water.

Reaction with fly ash leachates commonly produces pH
values in excess of 10 (Mattigod et al. 1990), and the dis-
solution of concrete can drive pH above 12 (Berner 1988).

Human activities have also produced the extremely
alkaline ground water found around steel mills and slag
dumps. The wetlands of the Lake Calumet region of
southeast Chicago (87�369W, 41�419N), along the south-
ern margin of Lake Michigan (Figure 1), provide a num-
ber of good examples of extremely alkaline systems. The
widespread wetland complexes in this low-lying region
have been used intensively since the 1880s to dispose of
a variety of industrial wastes (Colton 1985). Steel pro-
duction, a major industry in the region, has profoundly
affected the landscape and environment. The slag wastes
produced by the steel mills were used as fill to convert the
extensive wetlands into usable industrial and residential
property. The slags are primarily high-temperature cal-
cium silicate minerals and can contain as much as 50%
metallic iron (Fe) and manganese (Mn), along with other
steel additives such as chromium (Cr), molybdenum
(Mo), and vanadium (V). Lithologic logs from the area
indicate that slag is the most common fill type. However,
significant amounts of other potentially harmful solid
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wastes also were used, including fly ash, solid industrial
wastes, demolition debris, and household trash (Colton
1985). A significant amount of dredged material from the
deepening and channelization of the Calumet River sys-
tem was also used as fill (Colton 1985). Kay et al. (1996)
estimate that 600 million m3 of fill was dumped over
a 150-km2 area in southeast Chicago and northwest In-
diana. The fill was placed on top of up to 6 m of uncon-
solidated beach sands and silts that, along with the fill,
form a shallow unconfined aquifer that overlies ~20 m of
low-permeability glacial till.

The fill, especially the vast amount of reactive steel
slag, has profoundly affected the ground water quality of
the surficial aquifer in the region. As a result, ground
water sampled from many monitoring wells in the region
is contaminated (IEPA 1986; Cravens and Zahn 1990;
Fenelon and Watson 1993; Roadcap and Kelly 1994;
Duwelius et al. 1996; Bayless et al. 1998). In terms of
major ion chemistry and heavy metal content, ground
water here is among the most degraded of any shallow
aquifer in Illinois. Typical problems include extremely
alkaline pH (>12), high total dissolved solids (TDS)
(>5000 mg/L), and high concentrations of iron (>20 mg/
L) and ammonia (>50 mg/L). High levels of barium,
chromium, and manganese and moderate concentrations
of 17 other metals, including lead, mercury, arsenic, and
lithium, have also been found (Roadcap and Kelly 1994).
Some of the observed contamination may have originated
from sources other than fill, such as leakage from munici-
pal landfills, spills at hazardous waste-handling facilities
or along roads, road-salt runoff, and illegal dumping. The

horizontal and vertical variation of the water chemistry
in the shallow aquifer is complex due to the truckload-
by-truckload way the fill material was dumped.

The purpose of this study is to better understand the
geochemical processes occurring in alkaline ground water
and spring water. From a chemical perspective, a better
understanding is needed of the reactions occurring within
the slag fill and how these affect the movement of metals
through the system. This understanding has important
implications for how the environment could potentially
support bacteria and how the water chemistry there may
affect aquatic life in downstream wetlands. To these ends,
we sampled the slag, ground water, and weathering prod-
ucts at four locations. We then tested potential reme-
diation schemes for mitigating the toxicity of the
discharging alkaline water.

Sampling Sites
We identified potential locations for collecting highly

alkaline ground water using the data from existing moni-
toring wells reported in Roadcap and Kelly (1994) and
additional field inspections. On the basis of these results,
we excavated a test pit in an area of slag fill and located
seeps where active precipitation of calcite was occurring
on plants and debris in the wetlands. We did not use exist-
ing monitoring wells for further study because fresh solid
samples were not available from them. In addition, many
of the wells were screened across multiple layers and pro-
duced mixtures of fluids of differing composition. We
chose two springs (sites 2 and 7), one shallow pond (site 3),
and one test pit (site 4) for further geochemical study
(Figure 1). At each site, we sampled water and the calcite
precipitate that is actively being deposited. At sites 3 and
4, we collected samples of the steel slag that makes up the
aquifer matrix. The property upgradient of sites 2 and 7
was inaccessible for constructing test pits or monitoring
wells from which the fill samples could be collected;
however, boring logs in the area report a variety of slags
up to 3 m in thickness. The topography of the surrounding
fill areas at each site is flat, and the water table is gener-
ally within 1 m of the surface.

The site 2 spring is in a line of springs that discharge
into a vegetated roadside ditch. Water from this site has a
dark red color due to large amounts of humic compounds,
which are observed to flocculate when enough acid is
added to a sample to drop the pH below 2. A chemical
plant that produces a variety of volatile organic com-
pounds is located on a property upgradient of the springs.

Site 3 is a small isolated pond in the middle of a multi-
hectare expanse of former wetlands that have been filled
with steel slag. The pond is fed by diffuse ground water
inflow and is generally <0.5 m deep. The pond has been
observed to go dry for extended periods. Since the pond
was created in the early 1990s, a layer of calcite precipi-
tate up to 10 cm in thickness has accumulated on the bot-
tom. The land surrounding the site is largely unvegetated
and has never been developed.

The setting of site 4 is similar to that of site 3. The
2-m deep test pit here was excavated to collect the solid
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Figure 1. Location of sampling sites in the Lake Calumet
region and generalized distribution of fill material. Both
active and inactive slag-producing steel mills are shown.
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samples for this study and to assess the feasibility of re-
cycling the entire steel slag pile for its iron content.
Ground water was sampled as it entered the sides of the
test pit while the pit was actively dewatered. A sample of
the calcite precipitate was collected at a downgradient
spring 40 m away where the local ground water dis-
charges into a large wetland complex.

Site 7 is an ephemeral spring located 300 m south of
site 2, in a different branch of the same drainage system.
The upgradient land use at site 7, which includes an at-
grade garbage landfill, a junkyard, and a former metal
smelter/foundry site with metal-contaminated soil, differs
from that at site 2. At the time the spring was sampled,
two overland flows mixed with the spring discharge as it
moved down the ditch. Samples of the water, filtered as
described subsequently, and sediment were collected
along the discharge path of the spring. An unfiltered sam-
ple was also collected for a total metals analysis.

Field and Laboratory Methods
All sampling and analytical procedures followed

a quality assurance project plan approved by a quality
assurance manager at the U.S. EPA. Conductivity, pH,
temperature, and dissolved oxygen were measured in situ
using a calibrated Hydrolab multiprobe. The pH probe
was calibrated with pH 7 and pH 10 buffers and checked
against a saturated calcium hydroxide (Ca(OH)2) solution
(pH = 12.43 at 25�C). Samples for determination of dis-
solved anion, cation, nonvolatile organic carbon (NVOC),
and ammonia (NH3-N) concentrations were filtered in the
field using a peristaltic pump and Geotech 0.45 micron
high-capacity filters. The cation samples were preserved
with nitric acid to a pH <2, and the NVOC and NH3-N
samples were preserved with sulfuric acid. Because of
their high alkalinities, some samples required significant
amounts of acid, up to 5% by volume. Samples were
transported and stored on ice.

Chemical analyses were performed at the Illinois
State Water Survey laboratory, which was certified by the
Illinois Environmental Protection Agency. The laboratory
used ion chromatography (IC) for the anions (U.S. EPA
Method 300.0), inductively coupled plasma (ICP) atomic
emission spectrometry for the cations (U.S. EPA Method
200.7), colorimetry for NH3-N (Standard Method 4500),
and persulfate/ultraviolet oxidation for NVOC (U.S. EPA
Method 415.2). The method detection limits varied
among samples because different dilution rates were
needed to insure that the highly concentrated ions fell
within the working range of the IC and ICP atomic emis-
sion spectrometry instruments. For the dissolved heavy
metals detected at all four sites, the micromolal detection
limits from the site 7 analyses are aluminum 1.6, barium
0.029, chromium 0.17, copper 0.079, strontium 0.068,
vanadium 0.16, and zinc 0.12. Data precision was as-
sessed by the analysis of duplicate field samples, and data
accuracy was assessed by the collection of field blanks
and laboratory fortified matrices (LFM). All of the analy-
ses passed the quality assurance guidelines except for
Zn analyses in the duplicate and LFM samples where the

relative errors were 62% and 86%, respectively. The Zn
data are used here with caution. We characterized the
minerals present in the different weathering horizons in
the site 4 test pit using x-ray diffraction (XRD). Repre-
sentative solid samples were crushed to a powder in a ball
mill and mounted on a slide. The XRD analyses were per-
formed using a Rigaku Rotoflex diffractometer and the
Jade� peak analysis software.

For geochemical modeling, we used the React reac-
tion path model within The Geochemist’s Workbench�

software package (Bethke 2002). Using the analytical and
field data from the fluid at each site, React calculated the
equilibrium distribution of aqueous species, the saturation
state with respect to minerals, and the fugacity of dis-
solved gases. The activity coefficients were calculated
using the Debye-Hückel equation with the B-dot ex-
tension. The thermodynamic database compiled by
Lawrence Livermore National Laboratory was used, with
the addition of metallic iron.

Water and sediment samples from site 3 were sub-
jected to laboratory experiments designed to evaluate
four remediation strategies aimed at lowering the pH: (1)
sparging with carbon dioxide (CO2); (2) sparging with
air; (3) adding hydrochloric acid (HCl); and (4) adding
locally available, crushed dolomite aggregate. In each
case, 1-L flasks were prepared containing 900 mL of site
water and 100 g of precipitate from the top of the sedi-
ment column. For the air and CO2 experiments, the water
was sparged with a glass gas dispersion tube at a constant
rate until the pH stabilized. For the acid addition experi-
ment, 0.1 M HCl was titrated into a continuously stirred
flask until the pH stabilized due to the dissolution of the
sediment. For the dolomite-addition experiment, 35 g of
fine-grained crushed dolomite that had been passed
through a 0.5-mm sieve was added to a continuously
stirred flask. Samples were collected from the experi-
ments for Microtox� toxicity-screening tests (Azure
2000) to determine the extent to which the remediation
schemes might improve the quality of the aquatic habitat.
The Microtox test uses the colorimetric response of the
luminescent bacteria Vibrio fischeri to measure the
decrease in metabolic activity (increase in mortality)
caused by toxic substances in a water sample.

Results and Discussion

Source Material and Weathering Products
The slag dumped throughout the region is mainly

iron slag, the byproduct of producing pig iron from ore
material, and steel slag, the byproduct of producing steel
from pig iron. Iron slag is formed in the blast furnace
from the limestone or dolomite added to the molten iron
ore to remove silica and other impurities. A sample of
recent iron slag from the USX mill in Gary, Indiana, was
composed of the calcium-magnesium silicate mineral
akermanite (Ca2MgSi2O7) and contained little to no iron
(Vythoulkas 1997). Because a blast furnace operates con-
tinuously and produces one product, iron slag is rather
uniform in composition. In contrast, the mineralogy and
metal content of steel slag varies greatly from day to day,

808 G.S. Roadcap et al. GROUND WATER 43, no. 6: 806–816



depending upon the alloy being made. Steel slag gener-
ally is composed of large amounts of metal mixed with
calcium silicate minerals. The chemical composition as
well as the physical properties, such as color, grain size,
and density, of the steel slag dumped throughout the
region varies dramatically. The steel slags at sites 3 and 4
are a gray, magnetic, poorly cemented, poorly sorted, silt
to gravel-sized material.

Total digestion and analysis of samples from sites 3
and 4 (Table 1) show the slag to be comprised largely of
Fe (up to 26 wt%), Ca, Mg, Mn, and Si. Slag from site 4
contains a significant amount of Zn, whereas site 3 slag
contains little Zn but abundant Al. Heavy metal composi-
tion also varies among the sites, with site 3 slag having
large amounts (�400 mg/kg) of Cr, Cu, Ti, and V, and
site 4 slag containing significant (�700 mg/kg) Pb and Ti.

In the shallow subsurface, the slag reacts with water
and air to add solutes to the ground water and produce
weathering products. Vythoulkas (1997) examined the
mineral and metal composition of steel slag dating from
the 1920s, taken from gravel-sized samples collected dur-
ing the construction of monitoring well ISWS 2 (Roadcap
and Kelly 1994; Figure 1). The unweathered cores of the
slag contained roughly 50 wt% high-temperature, glassy
to very fine-grained, calcium silicate minerals and 50
wt% metal oxides and steel droplets. The metals often
occur as dendrites embedded in silicate minerals. As this

material was exposed to the environment, it reacted to
form a weathering rind composed primarily of calcite
(CaCO3), dolomite (CaMg(CO3)2), quartz (SiO2), and
pyrite (FeS2).

On a larger scale, the geochemical evolution of the
steel slag is apparent in the test pit excavated at site 4.
The pit exposed 2 m of steel slag overlying the native
sand deposit (Figure 2). The upper 0.7 m contained layers
of iron-stained weathered slag interspersed within loosely
cemented, gray unweathered slag. The weathering
occurred preferentially in coarser layers, where high per-
meability and porosity allowed air and water to circulate
freely. A 0.6-m thick zone of gray unweathered slag un-
derlies the interspersed zone but remains above the water
table. The lower 0.7 m of the slag is a second weathered
zone that is generally below the water table and contains
iron staining throughout. Additional weathering products
are accumulating as a layer of chemical precipitate up to
10 cm in thickness where the site 4 ground water dis-
charges into the adjacent wetland. XRD analyses show
the precipitate to be calcite.

The XRD analyses of samples from site 4 show an
increase in the diversity of crystalline alteration products
in the weathered zones (Figure 2). The dominant mineral
in the unweathered slag is wustite (FeO). The iron min-
erals magnetite (Fe3O4), mackinawite (FeS), and sre-
brodoloskite (Ca2Fe2O5) are found as weathering products

Table 1
Cation Composition of Slags and Calcite Precipitates in the Sediment

Site 3 Sites 4 Site 7

Slag Sediment Slag Sediment Sediment (0 m) Sediment (6 m)

Major elements (g/kg)
Aluminum 10 2.7 3.5 1.3 6.1 13
Calcium >100 >100 84 ~470 >100 >100
Iron 110 2.2 260 2.5 46 96
Magnesium 36 1.8 120 14 20 16
Manganese 32 0.088 15 0.41 0.71 1.3
Silicon 40 5.3 ~40 3.7 14 24
Zinc 0.081 0.026 11 0.060 4.3 6.1

Minor elements (mg/kg)
Arsenic 16 <16 79 <12 <22 <22
Barium 270 150 78 170 520 1600
Boron 150 7.1 110 34 92 110
Cadmium 23 <2.0 27 0.91 30 50
Chromium 1000 12 92 15 45 330
Cobalt 33 <1.4 29 2.5 44 25
Copper 400 8.3 79 12 190 630
Lead 44 <9.5 770 33 1100 4100
Lithium 20 4 4.1 <1.8 14 17
Molybdenum 140 <2.9 120 <1.8 <3.9 16
Nickel 11 3.6 49 6.2 31 76
Phosphorous 2800 <42 400 330 960 3700
Potassium 1700 580 <3.4 2600 1200 3200
Sodium <12 <12 1000 410 810 1700
Sulfur 890 380 1000 1800 4300 8700
Strontium 150 280 42 730 450 241
Tin <8.9 <8.9 22 4.1 150 570
Titanium 3900 570 700 1200 99 940
Vanadium 720 33 86 57 8.4 77
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in the lower zone. In the upper zone, magnetite and mack-
inawite appear along with the ferric iron minerals maghe-
matite (c-Fe2O3), hematite (Fe2O3), and magnesioferrite
(MgFe2O4). Hausmannite (Mn3O4) and hauerite (MnS2)
were found in both weathered zones, and wurtzite (ZnS)
was found in the upper zone. The calcium silicate portion
of the slag is composed of rankinite (Ca3Si2O7), larnite
(Ca2SiO4), and wollastonite (CaSiO3). Tridymite (SiO2) and
calcite (CaCO3) are present in both weathered zones, and
portlandite (Ca(OH2)) is present in the lower zone. Tridy-
mite is the stable form of quartz at the high-temperature and
low-pressure conditions of a steel furnace and is commonly
found in refractory bricks (Zoltai and Stout 1984). Minerals
not readily detectable with XRD, such as amorphous silica
and amorphous iron oxyhydroxides, may also be present.

The minerals found in the underlying native Holo-
cene sand at site 4 include quartz, dolomite, and minre-
cordite (CaZn(CO3)2). Secondary calcite, dolomite, iron
oxides, minrecordite, and clay minerals along with pitted
primary quartz fragments were found in the native
sand immediately beneath a slag pile at a site in Indiana
(Bayless et al. 1998; Bayless and Schultz 2003). At this
site, the secondary precipitation and dissolution may indi-
cate a shift in mineral saturation states as alkaline ground
water migrates from the slag into the sand aquifer where
pH is near-neutral.

Weathering Reactions
The calcium silicates within the slag react with the

ground water by the following proposed reactions:

Rankinite Ca3Si2O7 1 7H2O/3Ca21 1 2H4SiO4

1 6OH2 ð1Þ

Larnite Ca2SiO4 1 4H2O/2Ca21 1H4SiO4

1 4OH2 ð2Þ

Akermanite Ca2MgSi2O7 1 7H2O/2Ca21 1Mg21

1 2H4SiO4 1 6OH2 ð3Þ

Each of these reactions releases calcium ions and
consumes protons, creating a Ca-OH ground water. At

Ca(OH)2 saturation, a Ca-OH solution has a temperature-
dependent pH ranging from 13.36 at 0�C to 10.71 at
95�C; at 25�C, the pH is 12.43. We used a reaction path
model to simulate the dissolution of 1 cm3 of larnite in
dilute rain water in a closed system over a typical range
of laboratory and ground water temperatures. The models
predicted a pH of 12.4 at 25�C and 13.0 at 8�C. The
model also predicted a CO2 fugacity of 10213, the equi-
librium pCO2 between CaCO3 and Ca(OH)2 in a CaO-
CO2-H2O system at 25�C (Langmuir 1997).

The presence of calcite in the weathering products sug-
gests a source of carbonate that is external to the slag. The
source is likely a combination of CO2 diffusing from the
atmosphere, HCO3

2 and H2CO3 carried in by infiltrating
precipitation, and HCO3

2 derived from the underlying
sands and soils. The added carbonate reacts with the site
water to form CO3

22, the dominant carbonate species above
about pH 10.3, and two protons, lowering pH. The CO3

22

reacts with Ca21 in the ground water to form calcite:

CO2 1H2O/2H1 1CO 22
3 ð4Þ

Ca21 1CO 22
3 /CaCO3 ð5Þ

Where the ground water is rich in calcium, it has the
potential to form considerable amounts of calcite if
exposed to atmospheric CO2. In a geochemical model of
the site 4 water, increasing the CO2 fugacity from the
equilibrium value of 3 3 10213 to the atmospheric value
of 3 3 1024 causes calcite to precipitate and the pH to
decrease 4 units, to 8.3.

This behavior contrasts with that of a ground water
with near-neutral pH. In this case, adding CO2 causes
calcite to dissolve. The CO2 contributes both H1 and
HCO3

2 to the water, but since there are fewer H1 than
HCO3

2 ions in solution initially, the relative concentra-
tion of the former increases more than that of the latter.
As a result, the reaction for calcite dissolution is driven
forward:

H1 1CaCO3/Ca21 1HCO 2
3 ð6Þ

Metallic Fe, Mn, Zn, Al, and trace metals such as Cr
and V are released from the slag as it weathers. The

Figure 2. Generalized cross section and location of sampling sites for XRD analysis at site 4. Labels show the slag mineralogy
and location of additional weathering products in the different weathering zones.
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metals oxidize through corrosion reactions that increase
pH and produce dihydrogen (H2):

Fe0 1 2H1/Fe21 1H2 ð7Þ

Fe0 1 2H2O/FeðOHÞ2ðaqÞ1H2 ð8Þ

Fe0 1H2O/FeO1H2 ð9Þ

In a geochemical model of the reaction between
metallic iron and rain water under reducing conditions
(i.e., the near absence of molecular O2), the hydrogen
ions available are consumed rapidly and the pH increases
to ~11.5, according to Reaction 7. After this point, H2O
becomes the principal oxidant and aqueous ferrous
hydroxide is formed (Reaction 8); the final pH is 11.9. If
in the model minerals are allowed to precipitate, crystal-
line FeO forms and the pH remains near-neutral at 8.1
because H1 is not consumed. The oxides found in the
weathered slag are similar to the layers of increasingly
oxidized iron minerals, from FeO to Fe2O3, observed
as corrosion products on iron pipes (Cornell and
Schwertmann 1996).

Ground Water Chemistry
The water chemistry at these high-pH sites varied

broadly from the dilute aerobic Ca-OH water at site 3 to
the more saline, organic-rich anaerobic Na-SO4 water at
site 2 (Table 2). These differences in chemistry arise from
variations in the composition of the slag matrix as well as
the effects of other waste materials that may have been
dumped along with the slag. The TDS of water from sites
2, 4, and 7 varied from 1900 to 5100 mg/kg (Table 2),
which is within the range observed in nearby monitoring
wells (Roadcap and Kelly 1994).

The pH and alkalinity of the ground water at site 4
appear to be controlled by the temperature-dependent
buffering reaction of a saturated Ca(OH)2 solution. The
pH measurements over the course of a year (Figure 3)
varied by 0.5 pH units and paralleled the trend of the sat-
urated calcium hydroxide solution. Considering the accu-
racy of the field probe (±0.2 pH units), the offset of 0.1 to
0.2 pH units between the field measurements and the sat-
urated Ca(OH)2 solution is probably not significant. At
a pH of 12.5, a change of 0.1 pH units dramatically
changes the OH2 concentration. To achieve a charge bal-
ance in the site 4 water, the OH2 concentration needs to
be increased from 24 to 52.6 mmolal, which corresponds
to an increase in pH of 0.12 units. This result further sug-
gests that the pH value measured in the field is slightly
lower than the actual pH.

The pH measurements from site 2, which contains
a Na-SO4 rather than a Ca-OH ground water, fell signifi-
cantly below the pH curve of the saturated calcium
hydroxide solution and correlated poorly with tempera-
ture compared to those from site 4 (Figure 3). The lower
pH values probably were due to the fluid’s high carbonate
concentration of 11.5 mmolal, as determined by alkalinity
titration. Reaction between HCO3

2 and CO3
22, rather

than buffering by Ca(OH)2, appears to control pH at
this site.

The relatively high alkalinity values measured for
the samples do not necessarily suggest that the water
contains high concentrations of carbonate. In solutions
with pH values >11, OH2 can account for a significant
portion of a fluid’s alkalinity. To calculate the concen-
trations of OH2 and CO3

22 at each site, the alkalinity ti-
trations were simulated with a reaction path model;
results are listed in Table 2. At sites 4 and 7, the alkalin-
ity was almost exclusively from OH2. Because the sol-
utions at these sites had high concentrations of Ca21, any
CO3

22 entering the systems causes calcite to become
supersaturated and precipitate, according to Reaction 5.
At site 2, CO3

22 accounts for 70% of the alkalinity and
OH2 makes up 30%. In contrast to the other sites, the
precipitation of calcite here was limited by the availabil-
ity of Ca21.

The dissolved oxygen concentrations indicate that
redox conditions at the high-pH sites ranged from anoxic
at site 2 to fully oxygenated at site 3. Varying redox con-
ditions might be expected in the aquifer because the types
of waste materials used as fill can differ significantly in
chemical and physical properties. Materials such as slag
and municipal garbage tend to be very reducing. Degra-
dation of organic material in the underlying till, sand, and
buried soil generates CH4 that diffuses up into the satu-
rated slag, adding additional reducing power. Reduced
organic matter also infiltrates into the slag from the land
surface or the adjacent wetlands. Because the aquifer is
near the surface, atmospheric O2 can diffuse into the sys-
tem. Therefore, the ground water system, including sol-
ids, is rich in reduced species (e.g., H2, CH4, metallic Fe,
NH4

1) and oxidized species (e.g., O2, SO4
22, ferric

oxides, NO3
2) that can serve, respectively, as electron

donors and acceptors. The zonation of redox conditions is
complex and likely varies over different scales. It is also
possible that flow into a spring or a well comprises
coalescing water of dissimilar chemistries and redox
states.

Eh values calculated from analytical data for various
half reactions differed from each other and the field-
measured Eh values (Figure 4), confirming redox dis-
equilibria at the sites. Platinum Eh electrodes, as in the
frequently cited paper by Lindberg and Runnells (1984),
do not respond uniformly to the redox potentials gener-
ated by the different redox couples. As such, field-
measured Eh reflects only in a qualitative sense the
relatively oxidizing conditions at site 3 and the more
reducing conditions at sites 2, 4, and 7. Both the reduced
(as NH3 above pH 9.4) and oxidized (NO3

2) forms of
nitrogen occurred at sites 3, 4, and 7. Nitrate dominated
in the oxic water from site 3, whereas NH3 dominated in
the anoxic site 4 water (Table 2). No dissolved oxygen
measurement was available for site 7, but the pre-
dominance of nitrogen as NO3

2 suggests the water was
relatively oxic. As expected, Eh values computed from
the NH3 and NO3

2 concentrations are close to 0V, corre-
sponding to the equal-activity point for the two species
(Figure 4). Similarly, Eh values of around 20.58V can be
computed for the SO4

22/FeS redox couple linking the
dissolved SO4

22 and the observed secondary sulfide
minerals at site 4.
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Distribution of Metals
Understanding the fate in alkaline ground water of

the major metals and steel additives found in slag, such
as Cr, Cu, and V, is important to understanding the con-
trols on the water’s quality and toxicity. At high pH, Fe
and Mn released from the weathering slag are likely to
precipitate as oxide, hydroxide, sulfide, or carbonate min-
erals. With the exception of the 9.1 lmolal Fe21 at site 2,
the concentrations of dissolved Fe and Mn observed in
the ground water were <0.7 lmolal. Formation of new Fe
and Mn solids in the weathered slag was confirmed by
XRD analyses, which detected the oxides hematite
(Fe2O3) and hausmannite (Mn3O4) and the sulfides mack-
inawite (FeS) and hauerite (MnS2). Which secondary

minerals form at the site likely depends on local redox
conditions, the availability of sulfide, and the kinetic rates
of the reactions. The relative lack of Fe and Mn (<11%
by oxide weight) in the weathering rind analyzed by
Vythoulkas (1997) suggests that at his site these metals
are mobile over distances of at least a few centimeters.

Three of the other major components in the slag, Al,
Zn, and Si, are soluble at high pH. Al and Zn were
observed at concentrations between 2 and 60 lmolal in
the water at each site; Si varied from below detection lim-
its at site 4 to 2.7 mmolal at site 2 (Table 2). These met-
als were also present in particulate matter, as indicated by
the analysis of the unfiltered sample from site 7. The total
concentrations of Al, Zn, and Si in this sample were 10, 3,

Table 2
Chemical Analysis of Ground Water

Site 2 3 4 7 71

pH 12.2 11.2 12.5 12.2
Temperature (�C) 13.6 14.5 17 8.7
Eh (V) 20.27 0.25 20.045 20.24
TDS (mg/kg) 5100 170 2400 1900
Dissolved oxygen (mmolal) <0.01 0.55 <0.12
NVOC (mmolal C) 6.8 0.33 0.92 1.83
Major ions (mmolal)
Calcium 0.27 0.82 27 18 18
Magnesium 0.010 0.005 <0.001 <0.002 0.20
Potassium 0.61 0.69 1.2 0.59 0.59
Sodium 78 0.57 2.2 2.5 2.7
Chloride 3.4 0.093 2.1 7.9
Sulfate 20 0.14 0.055 0.22
Alkalinity (CaCO3) 19 1.2 27 16

Modeled OH2 12 1.6 53 33
Modeled CO3

22 13 0.33 0.58 <0.02
Minor ions (lmolal)
Ammonia 210 15 360 39
Nitrate\nitrite —2 47 52 150
Fluoride 53 53 270 240
Phosphate —2 <1.3 0.10 0.57
Aluminum 30 12 5.2 2.1 20
Arsenic 9.5 <1.7 <0.53 <1.7 <3.3
Barium 0.30 0.23 2.7 2.2 2.0
Boron 69 <3.7 8.3 30 31
Cadmium <0.14 <0.14 <0.04 <0.14 <0.10
Chromium 0.46 0.31 0.83 0.35 0.40
Cobalt <0.19 <0.19 0.32 <0.19 <0.12
Copper 0.54 0.52 0.36 0.55 0.60
Iron 9.1 <0.16 0.7 <0.16 15
Lead <0.36 <0.36 0.14 <0.36 <0.30
Lithium 6.1 4.9 <0.58 6.6 7.9
Manganese 0.09 <0.05 0.15 <0.05 0.55
Molybdenum 0.49 <0.24 0.06 0.39 0.27
Nickel <0.41 <0.41 0.85 <0.41 0.65
Silicon 2700 61 <7.8 22 36
Strontium 0.64 1.5 37 9.5 9.6
Tin <0.59 <0.59 <0.34 <0.59 <0.93
Titanium 0.17 <0.10 0.73 <0.10 0.21
Vanadium 2.6 0.20 0.10 0.29 0.27
Zinc 34 8.9 3.5 3.5 9.6

1Unfiltered.
2‘‘—’’ indicates no result, excess interference from sulfate on IC.
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and 2 times higher, respectively, than the dissolved con-
centrations. In high-pH solutions, aluminum minerals
such as gibbsite (Al(OH)3), kaolinite (Al2Si2O5(OH)4),
and feldspars are undersaturated and were not found
within the weathered slag. Clay minerals were found pre-
cipitating within the sand below the slag at an Indiana site
(Bayless and Schultz 2003). Wurtzite (ZnS) forms in the
presence of sulfide ions and was observed by XRD analy-
sis of the weathered slag at site 4.

The presence of quartz in the slag weathering rinds
examined by Vythoulkas (1997) suggests that silica crys-
tallizes in place as the slag dissolves. Geochemical mod-
els and a remediation experiment discussed subsequently
provide evidence that the water at each site is undersatu-
rated with respect to quartz. When quartz-containing
dolomite aggregate was added to a sample of site 3 water,

the concentration of dissolved silica slowly increased and
the pH slowly decreased by the dissolution reaction:

SiO2 1 2H2O4H1 1H3SiO
2
4 ð10Þ

In the top of the sand underlying the slag at the Indi-
ana site, Bayless and Schultz (2003) found pitted quartz
fragments, also an indication of quartz dissolution by
high-pH water. Therefore, the secondary quartz may
slowly dissolve over time after its initial crystallization in
the weathering rind.

Even though the concentrations of trace metals in the
slag are up to 0.7 wt%, the concentrations of trace metals
in the water generally occurred near or below the detec-
tion limits. Of the trace metals listed in Tables 1 and 2,
barium (Ba), strontium (Sr), and titanium (Ti) are thermo-
dynamically insoluble at high pH (Brookins 1988). Boron
(B), tin (Sn), lead (Pb), and vanadium (V) are soluble at
high pH. Chromium (Cr) is soluble under oxidizing con-
ditions but forms insoluble Cr2O3 under reducing con-
ditions. Arsenic (As), cadmium (Cd), cobalt (Co), copper
(Cu), molybdenum (Mo), and nickel (Ni) are also soluble
under oxidizing conditions but form insoluble sulfides
under reducing conditions. Many of these metals may
have been removed from solution by coprecipitation with
and sorption to other minerals, such as iron oxides and
calcite (Bayless and Schultz 2003). Metals that can sub-
stitute for Fe in goethite and hematite include Al, Cd,
Cr, Co, Cu, Pb, Mn, Ni, Ti, V, and Zn (Cornell and
Schwertmann 1996).

The substantial concentration of metals in the calcite
precipitates suggests that metals move through the water
as colloidal-sized particulate matter as evidenced by the
analysis of the unfiltered sample from site 7 (Table 2). Fe,
Mg, and Mn were observed in the unfiltered sample, but
were not detected after the sample was passed through
a standard 0.45-lm filter. The concentrations of Al, Si, and
Zn also were reduced substantially by the filter. The appar-
ent importance of the suspended load in transporting met-
als may be due in large part to a lack of natural filtering in
the macropores that form the springs at sites 2, 4, and 7.

From a mass balance perspective, the trace metal
concentrations in the slag are a poor predictor of their
concentration in the calcite precipitate. Of the 15 trace
metals found in the slag at site 4, As, Li, and Mo were
not detected in the precipitate, whereas B, Cd, Cr, Co,
Cu, Pb, Ni, Sb, and V appeared in concentrations that var-
ied anywhere from 1.5 to 30 times less than in the slag
(Table 1). The concentrations of Cd, Cr, Cu, Pb, Ni, and
Zn in the calcite exceed (U.S. EPA 1996) sediment toxic-
ity thresholds for fresh water. Three of the more insoluble
metals, Ba, Sr, and Ti, were more concentrated in the
precipitate at site 4 than in the slag.

The observation that many of the trace metals ap-
peared in the precipitate at lower concentrations than in
the slag may be due in part to the mass of carbonate
anions in the precipitate because the slag has no anions in
the metallic phases and only oxygen as an anion in the
silicate phases. The slag samples analyzed, furthermore,
may not be representative of the slag’s bulk composition.
Most of the effect, however, is likely thermodynamic,

Figure 4. Eh-pH diagram showing field-measured Eh val-
ues, calculated Eh values for the O2(aq)/H2O and NO3

2/NH3

redox couples, and an estimated Eh for the SO4
22/FeS redox

couple. Vertical dotted lines connect points from the same
site.

Figure 3. pH variation with water temperature at sites 2
and 4.
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reflecting the compatibility of the metals in the calcite
crystal structure.

Mixing of Alkaline Ground Water with Surface Water
The evolution of water chemistry at site 7, where the

spring discharge mixes in contact with the atmosphere
with two surface water inflows, reveals details of how the
calcite precipitate forms. On the day the site was sam-
pled, the spring flow mixed with an ~50% larger inflow
of surface runoff at a point 1 m downstream of the spring
(Figure 5). The pH dropped from 12.2 to 11.8 as the run-
off, which had a pH of 7.4 and was likely saturated with
atmospheric CO2, mixed into the CO3

22 depleted spring
water. After the mixing zone, pH continued to drop along
a 1-m long zone of turbulent flow. Three meters down-
stream of the spring, a second surface stream discharged
into the ditch from a culvert at a flow rate roughly equal
to the combined flow of the spring and the first surface
inflow. The second inflow had a pH of 8.6 and was also
likely saturated with atmospheric CO2. By the time the
water had traveled 6 m from the spring, the pH in the
water had decreased to 7.7.

The spring water reacted actively as it discharged, as
evidenced by the buildup of calcite precipitate several
centimeters thick along the bottom of the ditch. The
spring had a high Ca21 concentration (18 mmolal) that
decreased along the flowpath as pH dropped (Figure 6).
Carbonate ions, formed from the introduction of CO2

from the surface water and the atmosphere, reacted with
the Ca21 to form calcite (Reactions 4 and 5). A geo-
chemical model of the spring water indicates that the ini-
tial CO2 fugacity was <1 3 10211atm, compared to the
atmospheric value of 3 3 1024 atm. An antithetical pro-
cess is commonly observed where a spring of near-neutral
pH discharges from a limestone aquifer. In this case, it is
the degassing of CO2, not its dissolution, that causes cal-
cite to precipitate (Hem 1985).

By the time the pH in the ditch had fallen to 9.0, the
concentration of dissolved calcium had dropped 82%, to

3.3 mmolal. Calcite precipitation appeared to be occur-
ring throughout the water column, as evidenced by the
presence of a significant amount of calcium in the
suspended fraction of the samples. A precipitate sample
collected 6 m downstream showed a significant accumu-
lation of almost every cation in the analytical suite except
Mg, Co, and Sr (Table 1) relative to the precipitate sam-
ple collected at the spring. This distribution perhaps re-
flects the fact that the suspended calcite and iron particles
have a collectively large surface area and the longer they
are suspended in the water, the more opportunity other
metals have to sorb to them, or coprecipitate as the sus-
pended particles grow.

The surface water inflow 1 m downstream from the
spring added iron, magnesium, silicon, sulfate, and man-
ganese to the ditch. The iron concentration was higher
(100 lmolal) in the surface water than in the spring, but
almost all of it was in suspension and it did not dissolve
downstream in the ditch. Where the surface runoff mixed
with high-pH water from the spring, the dissolved mag-
nesium and silicon concentrations dropped dramatically
and there was a corresponding increase in their suspended
concentrations, indicating that they flocculated to form
suspended material (Figure 7). A geochemical model of
this water showed that brucite (Mg(OH)2) was supersatu-
rated. The suspended Mg and Si redissolved downstream
as the pH decreased.

Remediation Experiments
Each of the four remediation experiments served to

reduce pH in site 3 water at differing rates and to varying
extents (Figure 8). In the HCl-addition and the CO2-sparg-
ing experiments, pH rapidly fell to 7.0. Once this pH was
attained, any further addition of HCl and CO2 was neutral-
ized by the dissolution of the calcite precipitate from site 3
that was added to the flasks prior to the start of the test.

Air sparging also effectively reduced the pH but at
a rate ~100 times slower than the CO2 sparging. Both
techniques lower pH by supplying CO2 to the fluid, but
the first uses air, which contains CO2 at a partial pressure
of 1023�5 atm, instead of a pure stream of the gas itself.
CO2 cannot accumulate in air-sparged water beyond equi-
librium with the atmosphere, so pH in this case cannot
drop low enough to dissolve calcite. The experiment

Figure 5. Map of spring and surface drainage at site 7. Con-
tours show the distribution of pH, and shading shows where
calcite precipitates.

Figure 6. Variation in calcium concentration and pH along
the flowpath from the spring at site 7.
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ended at pH 8.1, a typical value for ground water in con-
tact with calcite.

In the experiment in which dolomite was added, pH
fell slowly to 9.1. The reduction was likely due to the dis-
solution of silica (SiO2) grains within the crushed aggre-
gate that are more soluble at high pH than neutral pH
(Reaction 10). A geochemical model of the experiment
showed that of the 35 g of aggregate added to the 1-L
flask, only 0.2 g of silica is needed to explain the observed
drop in pH. An analogous situation was observed near
Wolf Lake in Indiana. Bayless et al. (1998) determined that
where ground water flows from slag fill into an underlying
sand, silica dissolution causes pH to drop from 12.3 to 9.0.

In evaluating remedial strategies for alkaline sites, it
is important to consider the toxicity of the resulting fluid
in an aquatic environment. An expensive and mainte-
nance intensive system using acid to neutralize pH, for
example, was installed in an alkaline ditch along an ele-
vated highway in Maryland (Broyer 1994). The system
succeeded in reducing pH but had little success in lower-
ing the mortality of bioassay organisms (Broyer 2000). At
site 3, a bioassay using the Microtox test on the untreated
water showed 100% mortality, largely because the

organisms in the assay are not alkaliphilic. After the pH
had been neutralized in the experiments, the toxicity was
retested. In the air-sparging experiment, the toxicity had
dropped to <10% mortality. The final toxicities of sam-
ples from the HCl and CO2 experiments were three to
four times higher than that of the air-sparging sample.
This result is likely due to the release of metals as the
calcite sediment dissolved. The long duration of the
dolomite-addition experiment prevented the synoptic
analysis of a sample for toxicity.

Conclusions
The results of this study provide new insights into

how extremely alkaline ground water is generated, how it
redistributes heavy metals, and how it may be remedi-
ated. At the sites studied in the Lake Calumet region, cal-
cium silicates in the slag weather to produce a Ca-OH
ground water with a pH persistently above 12. This water
is buffered by the calcium hydroxide system, which is
sensitive to changes in temperature. For this reason, pH
at the springs varied considerably throughout the year.
The introduction of small amounts of CO3

22 to the
ground water causes calcite to precipitate; thus, calcite
precipitation is limited by the rate of CO2 influx from the
surface. This behavior contrasts with that of a ground
water with near-neutral pH where the addition of CO2

causes calcite to dissolve. Where alkaline Ca-OH ground
water discharges at springs, CO2 is introduced to the
water from the atmosphere. Here, layers of calcite up to
20 cm in thickness have formed.

Iron, manganese, and a host of other metals in the
metallic portion of the slag have corroded to form oxides
and sulfides stable at low temperature. Because redox
conditions within the fill vary with position, the iron
released during the slag dissolution forms a series of
compounds of differing oxidation state, from FeO to
Fe2O3. Metals like Fe and Mn and the many steel addi-
tives, such as Ni and Mo, are insoluble at high pH and do
not appear in the ground water in large concentrations.
Many of the metals are likely removed from solution by
cation substitution and sorption during the formation of
Fe2O3 and other minerals. However, the large amount of
metals found in the calcite precipitate at the springs and
the total metals analysis for the site 7 water suggest that
many metals are mobile in the ground water as particulate
matter.

Air sparging appears to be the most effective of the
four alternatives considered for remediating the alkaline
discharge because it can effectively reduce the toxicity of
the water without the danger of dissolving the metal-rich
calcite sediment. Because air is free and easy to introduce
into the water, this method is also more cost effective
than schemes that consume reagents such as CO2 or HCl.
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