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Abstract

This study examined the sorption of trace metals to precipitates formed by neutralization of 3 natural waters con-
taminated with acid mine drainage (AMD) in the former Ducktown Mining District, Tennessee. The 3 water samples
were strongly acidic (pH 2.2 to 3.4) but had distinctively different chemical signatures based on the mole fractions of

dissolved Fe, Al and Mn. One sample was Fe-rich (Fe=87.5%, Al=11.3%, and Mn=1.3%), another was Al-rich
(Al=79.4%, Mn=18.0%, and Fe=2.5%), and the other was Mn-rich (Mn=51.4%, Al=25.7%, and Fe=22.9%). In
addition, these waters had high concentrations of trace metals including Zn (37,700 to 17,400 mg/l), Cu (13,000 to 270

mg/l), Co (1,500 to 520 mg/l), Ni (360 to 75 mg/l), Pb (30 to 8 mg/l), and Cd (30 to 6 mg/l). Neutralization of the AMD-
contaminated waters in the laboratory caused the formation of either schwertmannite at pH<4 or ferrihydrite at
pH>4. Both phases were identified by XRD analyses of precipitates from the most Fe-rich water. At higher pH values
(�5) Al-rich precipitates were formed. Manganese compounds were precipitated at pH�8. The removal of trace

metals depended on the precipitation of these compounds, which acted as sorbents. Accordingly, the pH for 50%
sorption (pH50) ranged from 5.6 to 7.5 for Zn, 4.6 to 6.1 for Cu, 5.4 to 7.7 for Ni, 5.9 to 7.9 for Co, 3.1 to 4.3 for Pb,
and 5.5 to 7.7 for Cd. The pH dependence of sorption arose not only because of changes in the sorption coefficients of

the trace metals but also because the formation and composition of the sorbent was controlled by the pH, the chemical
composition of the water, and the solubilities of the oxyhydroxide-sulfate complexes of Fe, Al, and Mn. # 2002
Elsevier Science Ltd. All rights reserved.

1. Introduction

The concentrations of trace metals in most natural
waters are controlled by adsorption or coprecipitation

processes. In theory, the former is the two-dimensional
accumulation of an ion at the interface between a pre-
formed solid and the aqueous phase, whereas the latter

is the simultaneous removal of a foreign ion during the
formation of primary metal precipitates such as Fe, Al,
and Mn oxides. Coprecipitation may include adsorption,

cluster formation, homogeneous solid solution, hetero-

geneous solid solution, or a combination of these pro-
cesses (Karthikeyan et al., 1997; Martinez and McBride,
1998).

Most adsorption and coprecipitation experiments
have been constrained to well defined systems, and the
applicability of the results may be limited because of the

complexity of natural environments. For example,
waters contaminated with acid mine drainage (AMD)
have a wide range of chemical composition and contain
non-conservative elements such as Fe, Al, and Mn, that

rapidly form precipitates when AMD is neutralized. The
solubility minimum varies for each element, causing a
different efficiency of precipitation depending upon the
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pH (Theobald et al., 1963; Jenne, 1968; Rampe and
Runnells, 1989; Nordstrom and Alpers, 1999). The pre-
cipitates formed by metal hydrolysis may include both
oxyhydroxides and hydroxysulfates depending on local

geochemical conditions (Bigham et al., 1996a; Nord-
strom and Alpers, 1999).
Numerous workers have investigated the retention of

trace metals on suspended particulate matter and/or
bottom sediments in streams and lakes receiving AMD
(Johnson, 1986; Karlsson et al., 1988a,b). These studies

have documented the removal of trace metals and the
partitioning of metals between solid and aqueous phases
by adsorption/coprecipitaton processes. However, there

have been few attempts to examine variations in trace-
metal behavior in mine drainage systems where the
geochemistry is dominated by different non-conservative
species. A knowledge of such variations is important to

fully understand trace-metal retention and mobility in
aquatic systems impacted by mine drainage.
The Ducktown area in SE Tennessee has been highly

disturbed by mining operations, and surface waters are
seriously degraded by AMD of variable composition
(Lee, 2001). The objectives of the present study were to

(1) examine the coprecipitation of trace metals with Fe,
Al, and Mn compounds obtained by neutralization of
these waters in the laboratory, and (2) identify, where

possible, the solid phases of Fe, Al, and Mn formed by
neutralization. The results of these experiments with
complex AMD-contaminated solutions should provide
a better understanding of the removal of trace metals

from natural waters in response to changes in pH.

2. Methodology

2.1. Description of the study area

Massive sulfide ore deposits in the former Ducktown
Mining District of SE Tennessee (Fig. 1) were mined for
140 years beginning in 1847 (Magee, 1968). The ore

deposits in the area have been well characterized (e.g.
Emmons and Laney, 1926; Magee, 1968) and include: (1)
a gossan ore with kaolinite, quartz, and other minerals

that extends to amaximum depth of about 30 m; (2) about
1 m of chalcocite ore below the gossan; and (3) the pri-
mary sulfide ore from which the overlying chalcocite and

gossan ores were derived. The primary ore consists of
65% sulfides and 35% silicate minerals. The primary
sulfide minerals are pyrrhotite (Fe1�xS), pyrite (FeS2),

chalcopyrite (CuFeS2), and sphalerite (ZnS), and the
silicate minerals include quartz, actinolite, hornblende,
diopside, garnet, and zoisite. In addition, magnetite,
other metallic oxide minerals, carbonates (calcite and

dolomite), and traces of native Ag and Au are present.
Past mining and present industrial activities near Cop-

perhill, Tennessee, have contaminated several tributaries

of the Ocoee River (Fig. 1) causing increased acidity and
high concentrations of trace metals and suspended sedi-
ments (Paulson et al., 1993). North Potato Creek, Burra
Burra Creek, and Davis Mill Creek (Fig. 1) are the most

heavily contaminated tributaries. These creeks flow
southwestward across the Copper Basin, where the major
mines of the DucktownMining District were located.

2.2. Water samples

AMD-contaminated surface waters were collected
from 3 different localities in the watersheds of North
Potato and Davis Mill Creeks (Fig. 1). Sample BBC was

collected before it entered Burra Burra Creek, which is a
tributary of North Potato Creek. Sample DMC was
collected from the mouth of Davis Mill Creek before the
water entered the Ocoee River. Sample ML was taken

from the water of a small lake formed in a collapsed
stope of the abandoned Isabella Mine.
All samples were collected using large, new, poly-

ethylene bottles (1–7.6 l). The bottles were rinsed 3 times
with the water being collected and were then completely
filled to eliminate headspace. During the collection of

water samples, care was taken to avoid disturbing the
streambed in order to prevent streambed sediment from
mixing with sediment suspended in the water. The pH

was measured at each site with a pHep13 Micro-
processor pH meter, which was calibrated with two buf-
fer solutions at pH 4 and 7. The samples were stored in a
dark room at room temperature until analyzed.

2.3. Neutralization

Samples BBC, DMC, and ML were filtered in the
laboratory through 0.45-mm membrane filters. Six 200-
ml aliquots of the filtrates from each sample were

transferred directly to 250-ml plastic centrifuge bottles
and graded amounts of a saturated NaOH solution were
added to increase the pH and thereby precipitate Fe, Al,
and Mn. After adding the base, each aliquot was stirred

and the pH was measured daily until it stabilized. Ali-
quots of the solutions whose pH was raised above 9
required up to 8 days to stabilize. In order to determine

the maximum amount of precipitate that could form by
neutralization of these solutions, one additional aliquot
of each of the 3 solutions was treated with NaOH until

the pH reached 12 or higher.
After equilibration, the aliquots were centrifuged at

3000 rpm for 20 min using a Beckman Model J-6M

centrifuge, and the supernatant solutions were filtered
through 0.45-mm filters. The filtrates were acidified to
pH<2 with reagent grade HNO3 and were analyzed by
inductively coupled plasma (ICP) spectrometry. Ele-

ments in high concentration (Na, Mg, Ca, K, Fe, Al,
Mn and Zn) were analyzed by ICP optical emission-
spectrometry (OES), whereas trace metals (Cu, Ni, Co,
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Cd and Pb) were determined by ICP mass-spectrometry
(MS). The instruments used were a Perkin-Elmer

Optima 3000 (ICP-OES) and a Perkin-Elmer Sciex Elan
6000 (ICP-MS). The detection limits of the ICP-OES
and the ICP-MS were 50 and 0.5 mg/l, respectively. Sul-
fate concentrations were determined gravimetrically by
adding saturated BaCl2 solution to form BaSO4 pre-
cipitate. The activities of aqueous species and saturation

indices of the solid phases were calculated using the
computer program PHREEQCI (Parkhurst, 1995).
The effect of filter pore size on the recovery of sus-

pended sediment was examined by sequentially filtering

an aliquot of sample BBC through 0.45 (Supor1-450),
0.2 (Supor1-200), 0.1 (Supor1-100), and 0.02 (What-
man AnodiscTM 47) mmmembrane filters. The sequential

filtration demonstrated that the 0.45-mm filter recovered
97.8% of the total suspended sediment. In addition, the

concentrations of Fe, Al and Mn in the 4 filtrates were
found to be constant.
The precipitates that formed by neutralization of the

solutions were freeze-dried in a Labconco lyophilizer,
weighed, and stored in glass vials. Previous studies of
AMD precipitates (e.g. Brady et al., 1986; Winland et

al., 1991) showed no detectable mineralogical altera-
tions with freeze drying. X-ray diffraction (XRD) ana-
lyses of the dried samples were conducted using topfill
powder mounts and CuKa radiation on a vertical, wide-

range goniometer (Philips PW 3020/00) equipped with a
1� divergence slit, a 0.2-mm receiving slit, and a dif-
fracted-beam monochromator. Specimens were scanned

Fig. 1. Map of the watersheds of North Potato and Davis Mill Creeks, which are tributaries of the Ocoee River. Three AMD samples

(samples BBC, DMC and ML) were collected in July 1998 (samples BBC and DMC) and March 1999 (sample ML). Circles represent

the sample collection sites.

G. Lee et al. / Applied Geochemistry 17 (2002) 569–581 571



from 10 to 70� 2� in increments of 0.05� 2� with a 4-s
step time. Peak positions were determined by using the
Jade 3.0 software of Materials Data Inc.

3. Results

3.1. Chemistry of water samples

The 3 water samples collected for this study (BBC,

DMC, and ML) (Fig. 1, Table 1) were all strongly acidic
(pH 2.2 to 3.4) but had distinctively different chemical
signatures based on the mole fractions of dissolved Fe, Al

and Mn. Sample ML was Fe-rich (Fe=87.5%,
Al=11.3%, and Mn=1.3%); BBC was Al-rich
(Al=79.4%, Mn=18.0%, and Fe=2.5%), and DMC
was Mn-rich (Mn=51.4%, Al=25.7%, and Fe=22.9%).

Calcium was the dominant conservative constituent (fol-
lowed by Na and K), as would be expected from the
mineralogy of the primary ore body (see Section 2.1).

Zinc, Cu, Co and Ni were the most abundant trace metal
contaminants. Sulfate was the only anion measured, but
electroneutrality calculations using PHREEQCI indi-

cated that SO4
2� accounted for most of the negative

charge. These calculations produced a small deficit of
positive charge in BBC (0.1%) and DMC (0.05%) and

an excess of positive charge in sample ML (2.3%).

3.2. Titration of sample ML, Isabella Mine

The Fe concentration in sample ML was more than
one order of magnitude higher than the concentrations
of all other dissolved metals (Table 1). As expected,

most of the Fe was rapidly precipitated with the
addition of NaOH (Fig. 2A); the residual Fe con-
centration in solution was at or below the detection limit
(0.05 mg/l) at pH>4 (Fig. 2B). By contrast, Al and Mn

were depleted from this water at pH�5 and at pH�8,
respectively (Fig. 2C and D). The concentrations of
dissolved Mg and Ca did not decrease significantly until

the pH exceeded 8 (Fig. 2E). The precipitates formed
from sample ML were identified by XRD as either
schwertmannite [Fe8O8(OH)6SO4] or 2-line ferrihydrite

(�Fe5HO8
.4H2O)) depending on the pH of the solution

(Fig. 3). Schwertmannite precipitated at pH<4.0,
whereas ferrihydrite formed at higher pH values.

Sorption edges (used collectively for adsorption-
coprecipitation edges in this study) for Pb, Cu, Zn, Cd,
and Co were obtained with respect to the precipitate
formed by titration of sample ML (Fig. 2F). The frac-

tion of each metal removed was determined by the dif-
ference between its concentration in the NaOH-amended
aliquots and that of the initial solution. Lead was

removed first, and its sorption edge coincided closely
with the loss of Fe from solution. No Pb-compounds,
including PbSO4, could form in the aliquots according

to saturation index (SI) calculations using PHREEQCI.
The other trace metals were removed at higher pH’s. In
all cases, however, the fraction of trace metal remaining

in solution became insignificant as the pH increased
above 7.5 indicating little, if any, association with pre-
cipitates of Ca, Mg or Mn hydroxides.

3.3. Titration of sample BBC, Burra Burra Creek

When drainage waters represented by sample BBC

entered Burra Burra Creek (Fig. 1), whitish precipitates
formed downstream of the confluence. Accordingly, sam-
ple BBC had the highest Al concentration of the 3 drai-

nage waters (Table 1), and titration with NaOH caused
precipitates to form in a stepwise manner (Fig. 4A). The
first precipitation event occurred at pH�4 and coincided
with the removal of Fe (Fig. 4B). The second event,

between pH 4 and 6, correlated with a decrease in dis-
solved Al (Fig. 4C) and accounted for more than 50%
of the total solids precipitated from sample BBC. These

Al-rich precipitates were X-ray amorphous; however, SI
calculations indicated that jurbanite [AlOHSO4] and
basaluminite [Al4(OH)10SO4] could form in most of the

aliquots (Table 2). In addition, the aliquots were under-
saturated with respect to Al(OH)3(s) at pH<5.0 but
became supersaturated with respect to this compound at

higher pH’s. The last precipitation event occurred between
pH 6 and 9 and can be attributed to the formation of
Mn- and, possibly, Mg-hydroxides (Fig. 4D and E).
Sorption edges (Fig. 4F) show that more than 90% of

all trace metals were removed with an increase of the
solution pH from 4 to 6 in the range primarily asso-
ciated with the formation of Al-rich precipitates. Lead

Table 1

Chemical composition of AMD solutions used for neutraliza-

tion experiments

Sample I.D. ML BBC DMC

pH On-site 2.2 3.4 3.1

Filtrate 2.0 2.6 2.5

Analyte Units

Na mg/l 21.0 13.2 11.2

Mg mg/l 49.2 50.2 35.0

Ca mg/l 86.0 96.4 44.9

K mg/l 2.20 25.0 7.80

SO4 mg/l 2040 1400 605

Fe mg/l 677 6.42 6.26

Al mg/l 42.3 97.4 3.39

Mn mg/l 9.77 45.0 13.8

Zn mg/l 17,400 37,700 21,200

Cu mg/l 13,000 270 980

Co mg/l 520 1500 530

Cd mg/l 30 25 6

Ni mg/l 75 360 48

Pb mg/l 8 30 7
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was eliminated first, but removal occurred at a higher
pH than with the Fe-rich Isabella Mine sample. In fact,

the sorption of all trace metals to the BBC precipitates
occurred over a much narrower pH range (4–8) than
was observed with sample ML.

3.4. Titration of sample DMC, Davis Mill Creek

The concentration of Mn in sample DMC was greater
than that of either Fe or Al but less than Mg and Ca
(Table 1). Because of low Fe and Al concentrations, the

Fig. 2. Chemical analyses of batch solutions from sample ML, which was collected from a lake formed in a collapsed stope of the

abandoned Isabella Mine. A. Plot of the amount of precipitate formed in the batch solutions as a function of pH. B–E. Concentra-

tions of dissolved Fe (B), Al (C), Mn (D) and Ca and Mg (E) remaining in the solutions. F. Sorption edges of trace metals to the

precipitates formed by neutralization of solutions.
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amount of precipitate formed with titration of the sam-
ple to pH 7.5 was less than 10% of the total (Fig. 5A).

Iron and Al removal (Fig. 5B and C) followed the same
pH trends as observed previously for samples ML and
BBC, but the most significant precipitation event

occurred at pH 8 and coincided with the removal of Mn
from solution (Fig. 5D). Additional quantities of pre-
cipitate were contributed by the formation of Ca and

Mg hydroxides at still higher pH (Fig. 5E). Although
Mn accounted for at least 50% of the total precipitate
formed from sample DMC, no crystalline phases were
detected by XRD analysis of the precipitates.

More than 80% of the Pb in aliquots of sample DMC
was scavenged at pH<3.5 (Fig. 5F). The only sorbent in
this pH range consisted of Fe compounds because other

major elements remained in solution (Fig. 5B–E). Sorp-
tion of Cu began at pH>5 and was completed at pH
�7.5 when all the Fe and Al had been lost from solu-
tion. Removal of the remaining trace metals was minimal

at that pH. As pH increased, trace metals were sorbed in
the same sequence as in sampleML; however, the sorption
edges for Ni, Cd, and Co occurred abruptly at pH 7 to 8

(Fig. 5A, D and F) indicating that Mn hydroxide(s) was
the primary sorbent. Consequently, their sorption edges
were shifted toward higher pH compared to those

obtained from samples ML and BBC. Because the Zn
concentration of DMC was higher than the concentra-
tions of Mn, Fe, and Al (Table 1), a portion of the Zn

was possibly removed by precipitation of Zn hydroxide in
agreement with the SI of Zn(OH)2 calculated by
PHREEQCI.

4. Discussion

4.1. Formation of sorbents

Samples ML, BBC and DMC provide an opportunity

to examine the behavior of different sorbents that are
likely to form when AMD is neutralized by mixing with
higher pH waters in the field. The order in which the

removal of Fe, Al and Mn occurred by titration of these
samples was consistent with the negative logarithms of
the first hydrolysis constants for Fe3+ (pK1=2.2), Al3+

(pK1=5.0) and Mn2+ (pK1=10.9). As noted by Dzom-

bek and Morel (1990), the sorption or precipitation of
hydrolysable metal ions generally occurs at pHs near
their pK1 values.

4.1.1. Fe precipitates
The X-ray identification of schwertmannite and ferri-

hydrite as titration products of sample ML are consistent
with the results of Bigham et al. (1996a,b) who reported
that schwertmannite is the dominant Fe phase pre-
cipitated from mine waters having pH values between 2.8

and 4.5. All titration aliquots plot in the stability regions
for either schwertmannite or ferrihydrite (Fig. 6).
Recently, Yu et al. (1999) reported the apparent

solubilities of schwertmannite [Fe8O8(OH)8�2x(SO4)x]
and ferrihydrite [Fe2O3

.1.8H2O] formed in mine drai-
nage in Korea and Ohio, USA, using the activities of

H+, OH�, Fe3+, and SO4
2� of the waters in contact with

these minerals. They estimated the logarithms of the
solubility product of schwertmannite (logKs=10.5) and

ferrihydrite (logKf=4.3) using the plot of (pFe+3pOH)
versus (pSO4+2pH). The solubility line of schwertman-
nite in Fig. 6 is defined by the dissolution reaction of
this mineral (Yu et al., 1999) as:

Fe8O8ðOHÞ8�2xðSO4Þx þ ð8þ 2xÞH2O ¼ 8Fe3þ

þ 24OH� þ xSO2�
4 þ 2xHþ

ð1Þ

Fig. 3. X-ray diffractograms of precipitates recovered from

sample ML at pH 2.4, 3.0, 6.1 and 8.0.

Table 2

Saturation indices (SI) of Al-compounds in the aliquots of

sample BBC calculcated by PHREEQCI program

Aliquots pH Al4(OH)10SO4 Al(OH)3(a) AlOHSO4

1 3.3 �4.63 �5.95 0.72

2 4.2 �1.62 2.99 1.61

3 4.3 �1.32 3.97 1.71

4 5.0 0.69 10.65 2.34

5 6.3 2.64 15.93 1.78

6 8.7 1.59 6.94 �4.07
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Bigham et al. (1996b) suggested that the stoichio-
metry of SO4 (x) in the formula of schwertmannite var-
ied from 1.0 to 1.75, whereas Yu et al. (1999) reported

slightly higher SO4 contents (1.744x41.86). The stoi-
chiometry of SO4 constrains the boundary between the
stability regions of schwertmannite and ferrihydrite as
follows:

pSO4 þ 2pH ¼
pKs � 8pKf

x
ð2Þ

Eq. (2) can be derived from the transformation reac-
tion of schwertmannite to ferrihydrite as suggested by
Yu et al. (1999). This boundary in Fig. 6 was adjusted to

pSO4+2pH=10.5, where pKs=�10.5 and pKf=�4.3,
for consistency with the XRD results obtained in the
present study. The corresponding SO4 stoichiometric
coefficient of schwertmannite (x) is 2.28, which is higher

than those suggested by Bigham et al. (1996b) and Yu et
al. (1999). No chemical data are available to confirm
this stoichiometry; however, Nordstrom (1991) and

Fig. 4. Chemical analyses of the batch solutions of sample BBC, which was acidic rock-drainage flowing into Burra Burra Creek. A.

Amount of precipitate formed in the batch solutions at different pH. B–E. Concentrations of dissolved Fe (B), Al (C), Mn (D) and Ca

and Mg (E) remaining in the solutions. F. Sorption edges of trace metals to the precipitates formed by neutralization of solutions.
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Kimball et al. (1994) found that the stoichiometric ratio
of the activities between dissolved Fe3+ and OH� in
equilibrium with colloidal mine drainage precipitates

was 2.4 as compared to that of 3.0 where solubility
control is provided by pure ferric hydroxide. If the stoi-
chiometric coefficient of SO4 is 2.28, Eq. (1) becomes

Fe8O8ðOHÞ3:44ðSO4Þ2:28 þ 12:56H2O ¼ 8Fe3þ

þ 24OH� þ 2:28SO2�
4 þ 4:56Hþ

ð3Þ

Eq. (3) can be rearranged as

Fe8O8ðOHÞ3:44ðSO4Þ2:28 þ 8H2O ¼ 8Fe3þ

þ 19:44OH� þ 2:28SO2�
4

ð4Þ

where the stoichiometric ratio between dissolved Fe3+

and OH� is 2.43. Therefore, if the SO4 in schwertman-
nite is responsible for the deviation of the stoichiometric
ratio from pure ferric hydroxide, then the stoichiometry

Fig. 5. Chemical analyses of the batch solutions of sample DMC collected at the mouth of Davis Mill Creek before it entered the Ocoee

River. A.Amount of precipitate formed in the batch solutions at different pH. B–E. Concentrations of dissolved Fe (B), Al (C),Mn (D) and

Ca and Mg (E) remaining in the solutions. F. Sorption edges of trace metals to the precipitates formed by neutralization of solutions.
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would be similar to that reported by Nordstrom (1991)
and Kimball et al. (1994).

4.1.2. Al precipitates
The Al-rich precipitates produced by titration of

sample BBC were X-ray amorphous; however, a plot of

log Al3+ activities versus pH shows that the decreased
Al3+ activities at pH>5 are consistent with the forma-
tion of solid Al(OH)3(am) (Fig. 7). Previous studies have

shown similar results (e.g. Nordstrom and Alpers, 1999;
Nordstrom and Ball, 1986). Because sample BBC con-
tains a high SO4

2� concentration (1400 mg/l), Al–SO4

compounds may influence Al activities at pH<5
(Table 2). Several previous studies (Karathanasis et al.,
1988; Sullivan et al., 1988; van Breeman, 1973) have
reported that a jurbanite-like mineral, having a stoi-

chiometry of Al:OH:SO4=1:1:1, might control the
activity of Al3+ in acidic, SO4-rich waters. Adams and
Rawajfih (1977) found that amorphous basaluminite

[Al4(SO4)(OH)10.5H2O] was precipitated during titra-
tions of aluminum sulfate with Na-, K- and Ca-hydro-
xides, and Nordstrom et al. (1984) have also suggested

that the most common phase in mine-drainage systems
seems to be an amorphous Al hydroxysulfate with
basaluminite stoichiometry.

4.1.3. Mn precipitates
Birnessite is one of the most common Mn minerals

identified in soil environments (McKenzie, 1989), and
manganite (g-MnOOH) is the most stable and abundant
mineral among those in the MnOOH group (Post,

1999). Saturation indices calculated by PHREEQCI
indicated that these two minerals could form from sam-
ple DMC with increasing pH, but no crystalline phases
were detected by XRD analysis of the precipitates

recovered from the aliquots of sample DMC. Post
(1999) noted that it is difficult to identify Mn minerals in
fresh precipitates because these materials are typically

Fig. 6. Plot of pFe+3pOH versus pSO4+2pH for sample ML and its batch solutions against solubility lines of schwertmannite and

ferrihydrite, where pi indicates the negative logarithms of the activity of an aqueous species, i. Solid lines are defined by log Ks=10.5

for schwertmannite (Yu et al., 1999) and dashed lines by log Ks=18.0 for the same mineral (Bigham et al., 1996a,b). Both lines are

defined by log Kf=4.3 for ferrihydrite after Yu et al. (1999). S and F represent schwertmannite and ferrihydrite, respectively, as

identified by XRD analyses.
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fine-grained, poorly crystalline, and contain multiple
valence states of Mn.

4.1.4. Ca and Mg
The removal of dissolved Ca and Mg from solution at

high pH (Figs. 2E, 4E and 5E) could be due to the for-
mation of insoluble hydroxides or to sorption of these
ions on other precipitates. The pH values of their

removal from solution are in agreement with previous
studies of the adsorption/coprecipitation of Ca and Mg
on ferrihydrite [Fe5HO8

.4H2O] (Baltpurvins et al., 1997;

Kinniburgh et al., 1976). Baltpurvins et al. (1997)
reported that significant sorption of Ca2+ to ferrihydrite
occurred only at pH values higher than the point of zero
charge (PZC) (pH�8), but that Mg2+ was sorbed over

the pH range 3 to 6 depending on the molar ratio of
Mg2+ to Fe3+. These authors suggested that Ca2+ was
adsorbed rather than coprecipitated owing to its larger

ionic radius, whereas some Mg2+ could coprecipitate
with Fe3+ during the formation of ferrihydrite because

of the similarities in their ionic radii. Saturation indices
calculated using PHREEQCI indicated that Ca or Mg
hydroxides should not form from any of the samples.

4.2. Trace metal sorption

Trace metals in the aliquots of sample ML were sca-
venged by two different sorbents because the pre-
cipitates that formed were composed of either

schwertmannite (pH<4) or ferrihydrite (pH>4). Web-
ster et al. (1998) reported that schwertmannite was a
more effective sorbent of Pb, Cu and Zn than ferrihy-
drite, but that there was no difference in the sorption of

Cd. The pH-dependent sequence of sorption edges from
sample ML is Pb>Cu>Zn�Cd>Co, which is in
agreement with previous sorption studies of trace metals

Fig. 7. Plot of log Al3+ activities versus pH for the 3 AMD waters and their batch solutions against the solubility lines of amorphous

Al(OH)3, whose solubility product was calculated using free energy of formations listed in Faure (1998).
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on hydrous ferric oxides (e.g. Dzombak and Morel,
1990; Kinniburgh et al., 1976). In addition, the sequence
from sample BBC (Pb>Cu>Zn�Ni>Co>Cd) is gen-
erally in accord with previous adsorption studies of

trace metals on hydrous oxide gels of Al by Kinniburgh
et al. (1976) except that the order of Pb and Cu sorption
are switched. Since sample BBC contained a small

amount of Fe, the sorption of Pb was probably affected
by the presence of Fe precipitate.
Numerous workers have studied the pH-dependent

sorption of trace metals on different types of Mn oxides
and oxyhydroxides. The results have been variable, pre-
sumably due to a wide range in the point of zero charge

(PZC) for these minerals (pHpzc=1.8 to 7.5) (Kinni-
burgh and Jackson, 1981 and references therein). The
sorption edges of Zn, Ni, Cd, and Co from sample
DMC (Fig. 5F) were shifted toward higher pH com-

pared to those from samples ML and BBC. By contrast,
previous studies have shown that hydrous Mn oxide has
a stronger adsorption affinity for alkali metals and trace

metals such as Zn and Cd than do hydrous oxides of Fe
and Al due to (1) a greater electronegativity of the Mn
ions (Tamura et al., 1996) and (2) a higher adsorption

enthalpy/bonding energy (Trivedi and Axe, 2000).
According to the results of this study, however, Mn
oxide does not form at pH<7 and, thus, should not

play a role as a scavenger of trace metals in most acid
mine waters.
The pH values at 50% sorption (pH50) were deter-

mined from sorption edges of the trace metals (Table 3).

The pH50 values ranged from 5.6 to 7.5 for Zn, 5.4 to
7.7 for Ni, 5.9 to 7.9 for Co, and 5.5 to 7.7 for Cd and
were about two pH units higher for sample DMC as

compared to samples BBC and ML. This result is attri-
butable to the absence of sufficient amounts of sorbent
in sample DMC compared to the other two samples at

pH<7. By contrast, Pb and Cu were more than 95%
sorbed at pH<7 in all 3 samples (ML, BBC, and DMC)
indicating their strong affinity to Fe and Al hydroxides
and hydroxysulfates. Because Pb and Cu were removed

from solution before (i.e. at a lower pH) Mn oxides had
formed, the pH50 values covered a narrower range (pH
3.1 to 4.3 for Pb and 4.6 to 6.1 for Cu). It is interesting

that the pH50 of Pb for DMC (3.1) was lower than that
for BBC (4.3) in spite of a smaller amount of sorbent in
DMC. This behavior is presumably attributable to the
fact that the mole fraction of Fe is higher in DMC

(22.9%) than in BBC (2.5%). These results indicate that
the primary factors governing the removal of trace
metals in AMD-contaminated waters are: (1) the pH

range of the drainage system, (2) the relative abundance
of dissolved Fe, Al, and Mn, and (3) the solubilities of
various Fe-, Al- and Mn-hydroxides/hydroxysulfates.

Table 3

pH50 of trace metals in the AMD waters

BBC DMC ML

Pb2+ 4.3 3.1 3.1

CU2+ 4.7 6.1 4.6

Zn2+ 5.6 7.5 5.7

Ni2+ 5.4 7.7 a

Co2+ 5.9 7.9 6.8

Cd2+ 6.4 7.7 5.5

a Not determined.

Fig. 8. Evolution of natural AMD waters with increasing pH:

A. Relative abundances of dissolved Fe, Al and Mn in the ali-

quots of sample ML. The pH’s of the aliquots 1, 2, 3 and 4

were 2.4, 3.0, 4.2 and 6.1, respectively; B. Those in the aliquots

of sample BBC. The pHs were 3.3 (1), 4.2 (2), 4.3 (3), 5.0 (4)

and 6.3 (5); C. Those in the aliquots of sample DMC. The pH’s

of the aliquots were 3.1 (1), 3.4 (2), 4.7 (3) and 6.1 (4).
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4.3. Evolution of AMD-contaminated water

Even though the chemical compositions of the 3 waters
(samples ML, BBC and DMC) were significantly differ-

ent, the relative abundance of Fe, Al and Mn in solution
changed systematically in all 3 as the pH increased. Dur-
ing neutralization, Fe was removed from solution at

pH<4, Al at pH�5 and Mn at pH�8. For example,
sample ML, which was originally Fe-dominant, became
Al-rich due to the removal of Fe and finally Mn-rich as

a result of the precipitation of Al-compounds as shown
in Fig. 8A. In the same manner, samples BBC and
DMC evolved to become Mn-rich at circumneutral pH

(Fig. 8B and C). The sequential precipitation of Fe-, Al-
and Mn-compounds has been observed by Theobald et
al. (1963) along several cross-sections above and below
the confluence between Deer Creek and the Snake

River, Colorado. They noted that Fe-, Al- and Mn-
hydroxides sequentially precipitated on the stream bed
as the pH of acidic water from the Snake River

increased as a result of mixing with the water of Deer
Creek (pH 8). Rampe and Runnells (1989) reported a
similar observation on a desert stream channel as the

pH increased from 2.9 to 7.5 about 40 m downstream.
The original chemical compositions of the 3 samples

presumably resulted from the chemical evolution by

neutralization in natural environments. Sample ML was
Fe-rich AMD from a lake formed in a collapsed stope
of the old Isabella Mine. Because sample BBC was Fe-
poor and Al-rich, a portion of the Fe had apparently

been removed before it was collected. In the case of
sample DMC, Fe and Al were sequentially removed
from solution as the water flowed downstream to the

mouth of Davis Mill Creek, thus making this sample
Mn-rich. The evolution of AMD water is an important
geochemical process governing the transport of trace

metals under natural conditions because Fe, Al and Mn
form precipitates that play a dominant role in scaveng-
ing trace metals.

5. Conclusions

Three surface waters severely contaminated with
AMD were collected from watersheds in the former
Ducktown Mining District, Tennessee. These waters

had significantly different chemical compositions, which
enabled the authors to study the removal of trace metals
as a function of pH from a range of aqueous environ-

ments commonly encountered in mine effluents. The
results of this study emphasize several phenomena
regarding the scavenging of trace metals.
Iron, Al and Mn become non-conservative and form

precipitates over different pH ranges. Schwertmannite
and ferrihydrite form at pH values higher and lower
than 4, respectively. Aluminum and Mn compounds

form at pH�5 and at pH�8, respectively. Conse-
quently, the relative abundance of Fe, Al and Mn in
solution determines the pH range for the removal of
trace metals from natural waters. The results of this

study show that the sorption of trace metals generally
coincides with the precipitation of the most abundant of
these 3 elements. Therefore, the pH dependence of

sorption is caused not only by changes in the sorption
coefficients of the trace metals but also by the fact that
the formation and composition of the sorbent is con-

trolled by the pH and chemistry of the water. If insuffi-
cient amounts of sorbent are formed, trace metals will
remain in solution even at pH values >7.
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