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ABSTRACT centrations in surface water increased, seemingly as a
direct consequence of drainage and oxidation of ZnDue to geochemical processes, peat soils often have elevated con-
sulfides (Cannon, 1955). The maximum Zn concentra-centrations of trace elements, which are gradually released following
tion in drainage water was 11 mg L�1, with concentra-drainage for agriculture. Our objectives were to use incubation tem-
tions in aboveground plants as high as 10 g kg�1. Theperatures to vary microbial activity in two metalliferous peats (M7

acidic peat and M3 neutral peat) from the Elba, New York region, high concentration of Zn in drainage water is a threat
and to use periodic leaching to assess the extent of trace element to surface and ground water quality, and has raised
release from these soils. Dried soils were mixed with glass beads to concern about other toxic trace elements (e.g., Cd) that
maintain aeration, moistened, and incubated at 4, 16, 28, and 37�C in may be present in the peat and released in soluble forms.
10-cm-diameter � 8-cm-tall columns. Five incubation–leaching cycles Acidification, oxidation–reduction shifts, and prefer-
were performed, each consisting of 7.3 d of incubation (28 d for the ential attachment to dissolved organic matter (facili-final cycle) followed by 16 h of leaching with synthetic acid rain at

tated transport) have been associated with the release2.5 mm h�1. Microbial activity was determined initially and after
of trace elements from soils into drainage water. Acidifi-the final leaching by measuring C mineralization following glucose
cation of soils can occur as a result of microbial processesstimulation. Cumulative respiration results were ranked 28 � 16 �
(oxidation of organic sulfur and sulfide minerals, nitrifi-4 � 37�C, with M7 acidic peat respiration values greater than M3

neutral peat at each temperature. Initial leachate pH levels were cation, nitrogen fixation, and decomposition of organic
between 2 and 4, with acidification less pronounced and shorter-lived matter) as well as by depletion of bases by leaching
for the M3 peat. Leachate S, dissolved organic carbon (DOC), NO3–N, (Martin and Bullock, 1994). Tipping et al. (2003) mea-
and trace elements declined with successive leachings (rebounding sured and simulated the release of metals from industri-
slightly in the final M3 leachate), with concentrations typically greater ally contaminated peats following drought-induced aer-
in the M7 leachate. Elemental losses followed the same general rank- ation and acidification.ing (28 � 16 � 4 � 37�C); losses at 28�C were 15 to 22% for As, Cd,

Olivie-Lauquet et al. (2001) suggested that the soilNi, and Zn from the M7 peat; losses from M3 were comparable only
microbial population may play a dominant role in con-for Cu (1%) and Ni (19%). The correlation of respiration with S,
trolling the release of trace elements into water, withDOC, and trace elements losses indicates that microbial processes
greater concentrations of trace elements found in sum-mediated the release of trace elements in both peat soils. Neutral

M3 peat pH levels limited losses of most analytes. mer months. Among the few studies devoted specifically
to the role of microorganisms in metal mobilization,
Chanmugathas and Bollag (1987, 1988) concluded that
soil microorganisms were responsible for the transfor-Peat lands are ubiquitous throughout the world,
mation and subsequent mobilization of Cd in soil. Pe-many of which have elevated levels of heavy metals
terson et al. (1997) found that 2% of particulate-boundand other trace elements compared with the sur-
Cd, Cu, and Zn were remobilized from polluted anoxicrounding mineral soils (Damman, 1978; Hvatum et al.,
sediments and that biological activity had a significant1983; Pakarinen et al., 1983; Gignac and Beckett, 1986;
effect on the release. Dissolved organic carbon (DOC)Glooschenko and Arafat, 1988; Glooschenko, 1989). Es-
has been shown to significantly influence the mobilitypecially high concentrations for Cu, Zn, Pb, Ni, and
of heavy and transition metals in soil and subsurfaceCd were found in the acidic peat profiles of Quebec
environments (Kuiters and Mulder, 1989; McBride et(Canada), with Cu concentrations in nonacidic cuprifer-
al., 1997). Production and release of DOC from soils isous peats of New Brunswick ranging from 1.0 to 68 g
complex, dependent both on microbial as well as abiotickg�1 (Kendrick, 1962). Some peat bogs of western New
factors (Kalbitz et al., 2000), and is typically greaterYork, developed on Silurian dolomites rich in Zn, have
following dry periods (Zsolnay and Gorlitz, 1994; Kal-Zn concentrations as high as 70 g kg�1 (Cannon, 1955);
bitz et al., 2000).a small fraction is water soluble, ranging from 39 to

In recent studies, Qureshi et al. (2003) showed that195 mg L�1 (Staker, 1942).
microbial acidification enabled substantial leaching ofMany of the New York peat soils have been drained
trace elements from wastewater sludge when the condi-for agriculture. In areas rich with Zn, trace metal con-
tions for microbial growth were favorable and where no
soil matrix was present for readsorption of the released
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replicate columns were incubated at each temperature (4, 16,sought to repeat this approach to observe the effect of
28, and 37�C).microbial activity on metal release from metalliferous

Each column leaching experiment consisted of four cyclespeats under aerobic conditions. Our specific objectives
of 7.3 d of incubation, then 16 h of leaching with rain at anwere to (i) use incubation temperatures to achieve vary-
intensity of 2.5 mm h�1, followed by a final incubation of 28 ding levels of microbial activity in two metalliferous peats and leaching of 16 h with the same rain intensity. Incubation

and (ii) use periodic leaching to assess the extent of was done in constant temperature chambers. Rain was applied
trace element release from these soils. with a rainmaker apparatus using synthetic acid rain at 16�C.

Synthetic acid rainfall was prepared by adding acid and salts
MATERIALS AND METHODS (Table 2; Richards et al., 2000) to tap water. Leachate was

collected for two 8-h periods. After free drainage had ceased,Two high-Zn peats from the Elba, NY region were incu-
the columns were returned immediately to the temperaturebated at four different temperatures (4, 16, 28, and 37�C). The
chambers for the next incubation cycle. During incubation,peat was mixed with glass beads as a support matrix to assure
moisture in the columns was kept constant by weighing thesufficient aeration. The release of trace elements was deter-
columns and spraying the same amount of water that hadmined by periodic leaching with synthetic acid rainfall. Micro-
evaporated from the columns every other day. At 37�C, waterbial activity was assessed with short-term glucose stimula-
application was performed daily because of the high evapora-tion tests.
tion rate.

Leachate pH was determined immediately after collection
Peat Description using a standardized pH meter. The percolate was then filtered

through acid-washed cellulose filters (0.45-�m pore size). Dis-Neutral (pH 7) peat, designated “Manning 3” in Martinez
solved organic carbon (DOC) analysis of the percolate waset al. (2002) and abbreviated as M3 here, was collected from
performed by using an OI Analytical (College Station, TX)the surface soil (plow layer) in an agricultural area. The second
Model 1010 wet oxidation total organic carbon analyzer usingpeat, designated “Manning 7” in Martinez et al. (2002) and
persulfate oxidation. The complexation capacity of DOC wasabbreviated as M7 here, had a pH of 5 and was from an area
expressed as moles of charge per liter, calculated using thethat had been abandoned for agriculture because of low yields.
fulvic acid charge density of 11.2 mol of charge kg�1 (Spo-Martinez et al. (2002) reported that the soils were drained for
sito, 1989).agriculture circa 1940. Samples were collected, air-dried, and

As Zn was the most mobile element in previous work, astored for several years before use. Table 1 shows the total
preliminary screening analysis of all percolates collected overconcentration of selected trace elements analyzed including
the eight weeks was performed by flame atomic absorptionvery high Zn concentrations. The Zn concentrations are attrib-
(AA) spectroscopy. The screening analysis was used to saveutable to the underlying mineralized beds of the Lockport
costs by allowing us to composite samples before analysis bydolomite of the Niagaran age, rich in sphalerite (Cannon,
inductively coupled plasma (ICP) spectroscopy. For the first,1955). The soils tested here were characterized extensively by
second, and eighth week, samples of the first 8 h and last 8 hMartinez et al. (2002), including the fraction of total S in
of each leaching episode were combined into volume-weightedvarying oxidation states shown in Table 1. Only a small fraction
composites before analysis. Furthermore, all leachate samplesof total S was found in the most oxidized state (sulfate), with
from Weeks 3 and 4 were composited for a single samplethe balance of total S divided between the most reduced (sul-
because Zn concentrations from Week 3 onward were essen-fide, thiol) and intermediate (sulfoxide, sulfonate) forms.
tially unchanged. The composited leachate samples were fil-
tered (0.45-�m porosity) and analyzed by ICP spectroscopyIncubation and Leaching
(Thermo Jarrell Ash IRIS Advantage ICP with a duoview

Approximately 35 g of dry peat was weighed and mixed torch; Thermo Elemental, Franklin, MA). The ICP analysis
thoroughly with 600 g of 1.2-mm-diameter glass beads. The of leachate S yields total dissolved sulfur only, with no discrimi-
mixture was placed as a 5-cm-thick layer, at the top of a nation between sulfate, elemental, or organic forms of S. Be-
3-cm layer of 2-mm-sized glass beads in a 10-cm-diameter � cause of a bias in AA results for Zn (which were in good
8-cm-tall column. Glass beads were used to maintain aerated agreement with ICP results up to 5 mg L�1), ICP Zn results
conditions, as an inert substrate to avoid adsorption, and to were used.
simulate field conditions where peat can be applied as a source
of organic mater in coarse-textured soil. For each peat, three Table 2. Synthetic acid rain preparation and analysis.

Property ValueTable 1. Peat analysis by inductively coupled plasma (ICP).
mg L�1

M3 neutral M7 acidic
Additions made to tap water (Richards et al., 2000)Analyte peat peat

Na� 0.15pH 7 5 NH�
4 0.32Soil organic matter†, % 78 82 K� 0.09Ca, mg kg�1 64 920 25 770 SO2�

4 3.96Mg, mg kg�1 2 190 1 663 Ca2� 0.83Zn, mg kg�1 5 350 3 582 NO�
3 2.88Cu, mg kg�1 80 131 Mg2� 0.08Ni, mg kg�1 16.5 19 Cl� 0.47Cd, mg kg�1 4.5 3.7

Analysis results of synthetic acid rainAs, mg kg�1 28 16
S (total), mg kg�1 8 346 8 470 Total S 78.9
Forms of S (oxidation states)†, % of total S Ca 50.4

Most reduced (�0.02–0.9) 43.5 35.5 Cu 0.022
Intermediate (�1.2–5) 51.8 61.3 Ni 0.011
Most oxidized (�6) 4.6 3.2 Zn 0.073

Rain pH (pH units) 4.0–4.5† Soil organic matter and sulfur state data are from Martinez et al. (2002).
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All leachate samples analyzed for trace elements were also treatment by linear and quadratic effects of time and tempera-
ture. An exploratory model procedure presented by Bozivichanalyzed for nitrate using a method modified from that of

Vendrell and Zupancic (1990). Leachate samples (200 �L) et al. (1956) and applied by Federer (1998) was used to deter-
mine which of these three-factor interaction parameters towere placed into empty color development tubes, and 1 mL

of 6% salicylic acid in concentrated H2SO4 was added to each retain in the model. Treatment means were compared for
statistical difference with Duncan’s Multiple Range test (SAStube. After 20 min, 20 mL of 2.2 M NaOH was added to

neutralize the acid. After all reagents were mixed, the sample Institute, 1996).
tubes were allowed to cool for approximately 45 min, and
nitrate in the samples was quantified by absorbance (wave- RESULTSlength � 410 nm) measured using a Milton Roy (Ivyland, PA)
Spectronic Model 1001 Plus spectrophotometer. Microbial Respiration

The synthetic acid rain was analyzed by ICP so that mass
Mineralization of glucose started immediately afterbalances could be compensated for elements present therein.

the addition of substrate, reaching its maximum rateSubstantial Ca and S were present in tap water, so those
after 25 h and subsequently stabilizing. For both peatelements were in excess of typical acid rainfall levels (Table 2).

Trace levels of Ni (0.011 mg L�1), Cu (0.022 mg L�1), and Zn types, the greatest microbial respiration was at 28�C and
(0.073 mg L�1) were also observed; other analytes (Cd, As) decreased with temperature (Fig. 1). However, micro-
were not detected. Leachate data presented here represent bial respiration was lowest at 37�C, consistent with
net concentrations (i.e., after subtracting rainfall input concen- trends observed in our previous work (Qureshi et al.,
trations). 2003). The M7 acidic peat had a significantly greater

cumulative respiration (P � 0.0001) than the M3 neutral
Peat Analysis peat at all temperatures. Moreover, at 28�C cumulative

respiration was significantly greater (P � 0.0001) forTo measure the pH of the peat, 5 g (dry weight) was mixed
with 10 mL of distilled water in a 50-mL beaker. After 24 h, the initial peat compared with the leached samples.
the pH of the soil suspension was measured with a standard-
ized pH meter. Trace elements were analyzed following nitric– Leachate pH, Sulfur, Nitrate Nitrogen,
perchloric digestion using a Thermo Jarrell Ash IRIS Advan- and Dissolved Organic Carbon
tage ICP with a duoview torch.

Following one week of incubation, the first cycle lea-
chates had pH values of 2.0 to 2.4 for the acidic M7Microbial Respiration
peat (Fig. 2), gradually rising to 4.4 at the end of theAs an indicator of microbial activity, respiration following
experiment, approximately equal to the pH of the rain-stimulation with glucose was measured at all temperatures for
water. The pattern for the M3 neutral peat was similarboth fresh (before leaching) and aged (after eight weeks of
although at less acidic levels, with first-week leachateincubation–leaching cycles) samples of the M3 and M7 peat
values of 2.6 to 4, increasing to the pH of the peat itselfsoils. The amounts of CO2 released from the peat were mea-

sured following stimulation with glucose addition. Five grams in subsequent leaching cycles. For both soils the 28�C
of peat (dry weight) was added to a 250-mL flask followed treatment produced the most acidic leachates.
by 5 mL of a solution containing 1 g L�1 glucose and 20 mg As noted earlier, leachate concentrations shown have
L�1 yeast extract. The rate of glucose C amendment was 400 �g been corrected for any elements present in the synthetic
C per gram of dry peat, similar to that proposed by Dahlin acid rainwater. Dissolved total S concentration in the
et al. (1997). A 10-mL glass tube containing 8 mL of NaOH M7 acidic peat leachate was significantly greater thanwas placed in the flask to trap and measure the evolved CO2. in the M3 leachate (P � 0.0001) at comparable timesThe flasks were closed hermetically, placed on a rotary shaker
set at 120 rpm, and incubated in triplicate for 28 h at each
temperature. After each 4-h interval, the NaOH solution was
removed and replaced with a fresh solution without opening
the flask by using a needle-sampling system. The amount of
CO2 released was measured by determining the quantity of
NaOH that had not reacted with CO2 in the samples compared
with that of the control. The NaOH was neutralized with HCl
using a pH-controlled dispenser in the presence of excess
BaCl2 added to precipitate carbonate ion as insoluble BaCO3

(Stotzky, 1997). Error caused by HCO�
3 remaining in solution

was considered in these experiments, but previous measure-
ments of evolved CO2 after identical incubation times in flasks
acidified just before the NaOH removal showed this error to
be negligible (Dumestre et al., 1999).

Statistical Analysis

The effects of three factors (temperature, time, and treat-
ment) were analyzed using SAS/Proc to compute orthogonal
polynomials and SAS/GLM to run the analyses (SAS Institute,
1996). The three-factor interaction has been used as an error Fig. 1. Cumulative respiration (mg carbon mineralized per gram peat
term, but it is not appropriate here as some parameters of solids) for both initial and leached M3 and M7 peat soils. Error

bars represent 	1 standard deviation.the three-factor interaction represent real effects. We used



2070 J. ENVIRON. QUAL., VOL. 32, NOVEMBER–DECEMBER 2003

Table 3. Percent loss of elements in the leachate at different
temperatures in low and neutral pH peat.

Temperature (�C)

Element 28 16 4 37

M7 acidic peat
As 21.5a† 16.2b 12.0c 9.6c
Ca 37.2a 14.8b 8.4c 6.2d
Cd 15.0a 12.2b 7.0c 5.9c
Cu 0.9a 0.6b 0.4b 0.2c
Ni 17.2a 15.5a 11.8b 9.7b
S 31.3a 27.0b 14.9c 10.4d
Zn 14.9a 14.6a 10.7b 9.0c

M3 neutral peat
As 5.6a 5.2ab 4.0bc 3.5c
Ca 21.0a 6.3b 3.3c 2.8c
Cd 0.6a 0.4ab 0.3b 0.2b
Cu 1.0a 0.7b 0.4c 0.2d
Ni 19.0a 12.0b 9.8bc 7.5c
S 14.7a 8.8b 5.7c 3.3d
Zn 1.7a 1.0b 1.0b 0.8b

† Numbers followed by similar letters are not significantly different be-
tween temperature treatments (� � 0.05).

treatments (P � 0.0025). The lowest concentrations
were observed at 37�C during all incubation–leaching
cycles. A similar response to temperature was observed
in the M3 neutral peat, but mean concentrations were
approximately one-third of that in the M7 peat. TheFig. 2. Leachate pH as a function of time and incubation temperature.
lower S concentrations at 37 and 4�C were consistentDashed lines indicate peat soil pH, dotted lines indicate rainfall

pH. For this and similar figures, cumulative time (incubation plus with our wastewater sludge leaching work (Qureshi et
leaching) is plotted on the x axis, with the composited Week 3 � al., 2003). The cumulative S recovery in the leachate
4 sample plotted midway between the Week 3 and 4 leachings. after five incubation–leaching cycles was 28 and 14%

at 28�C for the M7 and M3 peats, respectively (Table 3).throughout the experiment except for the final leachate
The greatest concentrations of NO3 (expressed as(Fig. 3). In the first week’s M7 leachate, the S concentra-

NO3–N) occurred at 28�C (Fig. 3), with the M7 acidictions were significantly greater at 28 and 16�C than other
peat leachate significantly greater (P � 0.0001) than
the M3 peat, with concentrations in both treatments
stabilizing over time and, in fact, slightly increasing in
the final M3 leachate. Concentrations at all other tem-
peratures were an order of magnitude lower.

The patterns of leachate DOC concentration were
somewhat similar to those for total S (Fig. 3). In the
M7 acidic peat, significantly greater concentrations of
DOC were observed at 28 and 16�C (P � 0.0001), de-
creasing with time. The DOC concentrations decreased
approximately by half as incubation temperature de-
creased to 4�C. Leachate DOC concentrations for M3
neutral peat were approximately half those of the M7
peat, with concentrations increasing slightly during the
final leaching cycle. Assuming the charge density of
fulvic acid, DOC concentrations can also be expressed
as millimoles of charge; the full scale value of 80 mg
L�1 DOC in Fig. 3 is equivalent to 0.90 mmol L�1. Peak
leachate values were 0.72 (M7 peat) and 0.40 (M3) mmol
L�1 at 28�C.

Leachate Trace Element Losses
As with other analytes, the leachates from the first

incubation–leaching cycle consistently had the greatest
concentrations of trace elements, as shown for Zn, Ni,
and As in Fig. 4 (M7 acidic peat) and Fig. 5 (M3 neutral
peat). Concentrations were typically greater from theFig. 3. Leachate total S, NO3–N, and dissolved organic carbon (DOC)

concentrations as a function of time and incubation temperature. M7 peat compared with M3, and all treatments saw
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Fig. 4. Leachate Zn, Ni, and As concentrations as a function of time Fig. 5. Leachate Zn, Ni, and As concentrations as a function of time
and incubation temperature for M7 acidic peat. and incubation temperature for M3 neutral peat.

trast to less than one percent from the M3 neutral peat.concentrations diminish with time, although concentra-
Peak Cd concentrations were between 25 and 30 �g L�1

tions for several analytes rebounded slightly for M3
from the acidic M7 peat but less than 2 �g L�1 fromafter the extended final incubation period (Fig. 5). For
the M3 peat. Leachate concentrations and losses of Cueach peat, leachate concentrations were greatest at 28�C.
were similar for both peats, with maximum losses ofElemental losses to leachate are summarized as per-
only 1% observed at 28�C. Leachate Ni concentrationscent loss of the initial peat concentration in Table 3.
were slightly lower for the neutral M3 peat, but percentThe general ranking of percent losses observed among losses were similar for both peats due to the differencestemperature treatments was 28 � 16 � 4 � 37�C. In in initial peat concentrations. Percent S losses wereonly four cases (M7 Ni and Zn; M3 As and Cd) was much greater from the M7 acidic peat, with maximumthe observed difference between the 28 and 16�C treat- levels of 27 to 31% at 28 and 16�C. Percent losses ofment not statistically significant (P 
 0.05). Similarly, Zn recovered in the leachate were up to 15% of thein five cases (M7 Cu; M3 As, Cd, Ni, and Zn) the 16�C total Zn from the M7 acidic peat in contrast to less thantreatment loss was not significantly greater than 4�C. The 2% for the M3 neutral peat.

losses at 4�C were significantly greater than 37�C (P 

0.05) in only 6 of 14 cases.

DISCUSSIONLeachate As concentrations were greatest for the M7
acidic peat (100 �g L�1 at 28�C), with somewhat lower Because the soil samples used in this experiment had
leachate As measured from the M3 peat despite higher been air-dried before storage and subsequent use, the
total As in that soil (Table 1). Maximum As recoveries results shown here represent effects that would occur
in leachate were 21.5% for the M7 acidic peat and 5.6% during rewetting. This is analogous to summer condi-
for the M3 neutral peat (Table 3). Leachate concentra- tions on drained peats, where the surface usually dries
tions of Ca were approximately the same for both types out with periodic wetting by rains. Our experiment
of peat (P � 0.058). Although the M7 acidic peat had shows that the first leachate is likely to be acidic and
much less total Ca, it was presumably more strongly may contain elevated concentrations of trace elements
mobilized by the greater H� activity in the leachate and/ (especially Zn) and dissolved organic matter. The re-
or by affinity for the elevated DOC. As a result, the view of Kalbitz et al. (2000) shows that an increase in
M7 peat lost a larger fraction of its total Ca at all temper- DOC after rewetting a dried soil is one of the most
atures, with 37% lost at 28�C. consistent findings of both laboratory and field studies.

Cadmium concentrations as well as percent loss were However, under field conditions, the percolate reaching
significantly greater for the M7 acidic peat (P � 0.0001), the ground or surface water can be significantly mitigated

due to soil readsorption of H� ions and/or trace elements.with maximum losses of 15% from the M7 peat in con-
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The glucose respiration tests served as a measure of
how effective the incubation temperature treatments
were at altering overall microbial activity. The greatest
respiration rate occurred at 28�C followed by 16 and
4�C. The lower microbial activity at 37�C, consistent
with that observed in our earlier experiments (Qureshi
et al., 2003), is attributable to fewer bacterial species
present that are adapted to that temperature. The rea-
son for generally higher microbial respiration rates in
the M7 low pH peat (with the greatest total and soluble
Zn concentrations), compared with the M3 neutral pH
peat is unclear, although it has been noted. Heavy metal
toxicity can actually lead to higher specific microbial
respiration, as shown by Brookes and McGrath (1984).
It can be hypothesized that toxic levels of soluble Zn
and Cd in the low pH peat suppress the growth of many
bacterial species, but that acidophiles such as Thiobacil-
lus thiooxidants thrive and promote the oxidation of
sulfur to sulfate with a concomitant release of Zn, Cd,
and other metals from insoluble sulfide forms. The high
DOC generated in the low pH peat may reflect the lack
of bacterial species able to decompose low molecular
weight organic acids in this high Zn environment. Kal-
bitz et al. (2000) report that the role of pH on DOC
release is fragmentary, with some studies showing no
effect of decreasing pH on DOC mobilization, and oth-
ers showing acidic inputs actually enhancing organic
matter solubilization.

Our measurements of microbial respiration corre-
lated strongly with many leachate parameters. Figure 6

Fig. 6. First cycle leachate concentrations of total S, dissolved organiccompared first incubation–leaching cycle leachate con- carbon (DOC), and Zn as a function of initial cumulative respira-
centrations of total S, DOC, and Zn with initial cumula- tion. Correlation coefficients (r2) are from linear regressions.
tive respiration. Data shown represent both peats at
all temperatures (following the temperature treatment The most likely factors arising from microbial activity

that directly can mobilize trace elements are acidifica-order indicated on the first plot). Total dissolved S
(which itself correlated with leachate pH) correlated tion and release of DOC. As shown in the data of Marti-

nez et al. (Table 1), there was a substantial pool of peatespecially strongly for the M3 peat (linear regression
r2 � 0.99) as well as for the M7 acidic peat (r2 � 0.90), S in varying reduced forms available for oxidation. Only

a small fraction of total S was found in the most oxidizedsuggesting microbial mobilization of S via oxidation.
Correlations were strong for DOC and for Zn, again state (sulfate), with the balance of total S divided be-

tween the most reduced (sulfide, thiol) and intermediateindicating microbial processes. While Fig. 6 shows initial
leachate parameters vs. initial respiration, Table 4 pre- (sulfoxide, sulfonate) forms. Reduction in pH is at least

partially caused by the microbial oxidation of sulfur andsents values representing the entire experiment. Linear
regressions in this table were calculated using mean nitrogen (Blais et al., 1993; Couillard et al., 1994). Devito

et al. (1998) and Devito and Hill (1999) linked pulses(initial and leached) cumulative respiration (Fig. 1) vs.
overall percent losses (Table 3). Linear regression slopes in sulfur release from wetlands to dry summers, when

lower water levels allowed aeration of previously anoxicwere all positive indicating covariance, and the r2 corre-
lation coefficients were good, ranging from 0.888 to peat. The resulting S oxidation resulted in elevated sul-

fate concentrations and acidification of both surface and0.996 (mean 0.95) for the M7 acidic peat and from 0.783
to 0.993 (mean 0.91) for the M3 peat. pore water. Thus, the first rain caused the microbial

Table 4. Linear regression results correlating mean cumulative respiration (independent variable) and percent trace element loss (depen-
dent variable) at all temperatures.

M7 acidic peat M3 neutral peat

Element Constant Coefficient R2 Constant Coefficient R2

As 5.94 4.29 0.996 2.92 1.00 0.978
Ca �5.82 10.95 0.888 �4.65 8.09 0.783
Cd 2.51 3.59 0.985 0.04 0.20 0.992
Cu �0.06 0.29 0.983 �0.02 0.37 0.993
Ni 6.92 2.96 0.976 3.74 5.37 0.889
S 5.60 7.07 0.905 �2.83 5.67 0.881
Zn 7.20 2.42 0.899 0.42 0.42 0.863
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Fig. 7. Leachate Zn concentrations as a function of leachate pH and dissolved organic carbon (DOC) concentration for (a ) M7 acidic peat and
(b ) M3 neutral peat.

population to increase, presumably stimulated by the As could not distinguish between species of As (e.g.,
arsenite, arsenate, or organo–arsenic). Correlation ofaccumulated dissolved compounds in the dry peat (Oli-
As release to microbial activity, most likely S oxidation,vie-Lauquet et al., 2001). In the later leaching cycles,
may suggest that As in the peat soil may have been inpH increased to 4.0 and 7.0 for low and neutral pH peat,
a reduced form bound to sulfides. For neutral pH peats,respectively. The pH increase is attributable to the peat
As has a tendency to bind with DOC and, hence, canbuffering capacity, as indicated by the leaching of Ca, a
be highly mobile (Kalbitz and Wennrich, 1998). It maydirect consequence of proton adsorption by the organic
therefore be important to monitor arsenic levels in wellsmatter. Much greater Cd and Zn concentrations ap-
in peat soil areas.peared in the M7 peat leachates compared with the M3

Finally, previously unpublished drainage water dataneutral peat; these two metals tend to be most readily
from the Elba peatlands (Table 5) indicates that thedesorbed by acidity. In the M3 neutral peat, the limited
leaching of trace elements observed in this experimentrelease of Cd and Zn may be at least partially due to
occurs to some extent in the field. Data from both 1977the oxidation of S.
and 2001 show drainage water Zn concentrations rang-The presence of DOC provides a mobile ligand that
ing from 0.9 to 2.0 mg L�1, with Cd concentrations anhas been shown to facilitate mobility of trace elements
order of magnitude lower at 0.2 to 1.2 �g L�1. These(Camobreco et al., 1996; McBride et al., 1997; Richards
concentrations are an order of magnitude lower thanet al., 1997). The comparable leaching loss of Ni from
the peak (first leachate) concentrations observed in ourthe M3 neutral pH peat can be explained as a result of
study, but it should be remembered that the drainagethe action of DOC in complexing Ni at a higher pH.
samples represent longer-term integrated samples. ASome peat soils are known for high levels of Ni in easily
stream flowing into and out of the peatlands experi-soluble organic complexes (Kabata-Pendias and Pen-
enced a substantial (12-fold) increase in soluble Zn withdias, 1991). The M3 leachate DOC, expressed as milli-
a smaller twofold increase in Cd (Table 5), reflecting amoles of charge, ranged between 0.24 and 0.40 mmol
proportionately greater mobilization of Zn. This wasL�1 at 28�C, in contrast to peak Ni concentrations of
consistent with the findings of Martinez et al. (2002),0.002 mmol L�1, indicating more than adequate com-
who found that Cd in these soils was preferentially im-plexation capacity.
mobilized by sulfides and organic matter. SundstromFigures 7a and 7b show the interplay of acidification

and DOC concentration on leachate Zn at all tempera- Table 5. Dissolved Zn and Cd concentrations measured in 1977
tures. Decreases in either or both of these factors over and 2001 in water samples from the Elba, NY peatlands

(McBride, unpublished data, 2002).time were accompanied by corresponding decreases in
leachate Zn. In fact, this interplay is also seen in the Site Zn Cd
slight upturn in M3 Zn in the final 28�C leachate

mg L�1 �g L�1

(Fig. 7b), which corresponded to an increase in DOC Sampled in 1977
despite an increase in pH. Peatland Drainage Ditch 1 2.0 1.2

Leachates from both peats contained substantial con- Peatland Drainage Ditch 2 1.9 0.8
Stream above peatland 0.05 0.3centrations of As (up to 100 �g L�1) despite relatively
Stream after peatland 0.60 0.7low total As in the soils (�30 mg kg�1). This suggests Sampled in 2001
Farm Field Drainage Cistern 1 0.90 0.6the potential for As contamination of shallow ground
Farm Field Drainage Cistern 2 1.42 0.2water in peaty soils. The ICP analysis of total dissolved



2074 J. ENVIRON. QUAL., VOL. 32, NOVEMBER–DECEMBER 2003

Cannon, H.L. 1955. Geochemical relationships of zinc bearing peatet al. (2002) observed substantial streamwater metal
to the Lockport dolomite, Orleans Co., New York. p. 119–167. Inloadings resulting from aeration and acidification of
U.S. Geol. Survey Bull. 1000-D. USGS, Reston, VA.

soils. Chanmugathas, P., and J.M. Bollag. 1987. Microbial mobilization of
The fact that substantial concentrations of labile trace cadmium in soil under aerobic and anaerobic conditions. J. Environ.

Qual. 16:161–167.elements as well as reduced S remain in these soils
Chanmugathas, P., and J.M. Bollag. 1988. A column study of thesome 60 years after initial drainage for agricultural use

biological mobilization and speciation of cadmium in soil. Arch.deserves consideration. This experiment did not simu- Environ. Contam. Toxicol. 17:229–237.
late the complete annual cycle of temperatures and Couillard, D., M. Chartier, and G. Mercier. 1994. Major factors influ-

encing bacterial leaching of heavy metals (Cu and Zn) from anaero-moisture status that soils in this setting experience, nor
bic sludge. J. Biotechnol. 85:175–184.did it simulate more than the surface soil layer. Soils

Dahlin, S., E. Witter, A. Martensson, A. Turner, and E. Baath. 1997.are commonly allowed to saturate between growing sea-
Where’s the limit? Changes in the microbiological properties of

sons, which would result both in upward translocation agricultural soils at low levels of metal contamination. Soil Biol.
of leached elements as water levels rise as well as S Biochem. 29:1405–1415.

Damman, A.W.H. 1978. Distribution and movement of elements inreduction and reimmobilization of trace elements due
ombrotrophic peat bogs. Oikos 30:480–495.to the onset of anoxia in the resaturated peat. A degree

Devito, K.J., and A.R. Hill. 1999. Sulphate mobilization and poreof immobilization could also be expected to occur during water chemistry in relation to groundwater hydrology and summer
the growing season if leached metals are transported drought in two conifer swamps on the Canadian Shield. Water Air
into the saturated anoxic subsoil horizons. The total Soil Pollut. 113:97–114.

Devito, K.J., A.R. Hill, and P.J. Dillon. 1998. Episodic sulphate exportsystem thus needs to be considered to assess net mobili-
from wetlands in acidified headwater catchments: Prediction at thezation and loss of trace elements from these soils.
landscape scale. Biogeochemistry 44:187–203.

Dumestre, A., S. Sauve, M. McBride, P. Baveye, and J. Berthelin.
1999. Copper speciation and microbial activity in long-term con-CONCLUSIONS
taminated soils. Arch. Environ. Contam. Toxicol. 36:124–131.

Our results suggest the importance of microbial activ- Federer, W.T. 1998. Recovery of interblock, intergradient, and inter-
ity in the release and leaching of trace elements from variety information in incomplete block and lattice rectangle de-

signed experiments. Biometrics 54:471–481.metalliferous peat soils. The incubation temperature
Gignac, L.D., and P.J. Beckett. 1986. The effect of smelting operationstreatments resulted in cumulative respiration measure-

on peatlands near Sudbury, Ontario, Canada. Can. J. Bot. 64:1138.ments with relative rankings of 28 � 16 � 4 � 37�C, Glooschenko, W.A. 1989. Sphagnum–Fuscum moss as an indicator
with M7 acidic peat respiration values greater than M3 of atmospheric cadmium deposition across Canada. Environ. Pol-

lut. 57:27–33.neutral peat at each temperature. The extent of acidifi-
Glooschenko, W.A., and N. Arafat. 1988. Atmospheric deposition ofcation after the initial rewetting followed the same pat-

arsenic and selenium across Canada using Sphagnum moss as atern; initial leachate pH levels for all treatments were
biomonitor. Sci. Total Environ. 73:269–275.

between pH 2 and 4, with acidification less pronounced Hvatum, O.O., B. Bolviken, and E. Steinnes. 1983. Heavy metals in
and shorter-lived for the M3 neutral peat. Leachate S, Norwegian ombrotrophic bogs. Environ. Biogeochem. 35:351–356.

Kabata-Pendias, A., and H. Pendias. 1991. Trace elements in soilsDOC, NO3–N, and trace elements all declined with suc-
and plants. CRC Press, Boca Raton, FL.cessive leachings (although concentrations rebounded

Kalbitz, K., S. Solinger, J.H. Park, B. Michalzik, and E. Matzner.somewhat in the final M3 neutral peat leaching cycle), 2000. Controls on the dynamics of dissolved organic matter in soils:
with concentrations typically greater in the M7 acidic A review. Soil Sci. 165:277–304.
peat leachate. Trace elemental losses tended to follow Kalbitz, K., and R. Wennrich. 1998. Mobilization of heavy metals and

arsenic in polluted wetland soils and its dependence on dissolvedthe same ranking pattern (28 � 16 � 4 � 37�C) with
organic matter. Sci. Total Environ. 209:27–39.losses at 28�C ranging between 15 and 22% for As, Cd,

Kendrick, W.B. 1962. Soil fungi of a copper swamp. Can. J. Micro-Ni, and Zn from the M7 acidic peat; losses from the M3 biol. 8:639–647.
neutral peat were generally lower, comparable with M7 Kuiters, A.T., and W. Mulder. 1989. Metal complexation by water
only for Cu (1%) and Ni (19%). The correlation of soluble organic substances in forest soils. p. 283–299. In J.W. Pat-

terson and R. Passino (ed.) Metals speciation, separation, and re-respiration with losses of S, DOC, and trace elements
covery. Vol. II. Proc. 2nd Int. Symp. Metals Speciation, Separation,is a strong indication that microbial processes facilitate
and Recovery, Rome. 14–19 May 1989. Lewis Publ., Chelsea, MI.and mediate the release and leaching of trace elements Martin, M.H., and R.J. Bullock. 1994. The impact and fate of heavy

in both neutral and acidic peat soils. The near-neutral metals in an oak woodland ecosystem. p. 327–365. In S.M. Ross
(ed.) Toxic metals in soil–plant systems. John Wiley & Sons, Chich-M3 soil pH levels limited the potential leaching losses
ester, UK.of most analytes.

Martinez, C.E., M.B. McBride, M.T. Kandianis, J.M. Duxbury, S.J.
Yoon, and W.F. Bleam. 2002. Zinc-sulfur and cadmium-sulfur asso-REFERENCES ciation in metalliferous peats: Evidence from spectroscopy, distribu-
tion coefficients, and phytoavailability. Environ. Sci. Technol. 36:Blais, J.F., R.D. Tyagi, and J.C. Auclair. 1993. Bioleaching of metals
3683–3689.from sewage sludge: Microorganisms and growth kinetics. Water

McBride, M.B., B.K. Richards, T.S. Steenhuis, J.J. Russo, and S.Res. 27:101–110.
Sauve. 1997. Mobility and solubility of toxic metals and nutrientsBozivich, H., T.A. Bancroft, and H.O. Hartley. 1956. Power of analysis
in soil fifteen years after sludge application. Soil Sci. 162:487–500.of variance test procedure for certain incomplete specified models.

Olivie-Lauquet, G., G. Gruau, A. Dia, C. Riou, A. Jaffrezic, and O.I. Ann. Math. Stat. 27:1017–1043.
Henin. 2001. Release of trace elements in wetlands: Role of sea-Brookes, P.C., and S.P. McGrath. 1984. The effects of metal-toxicity
sonal variability. Water Res. 35:943–952.on the size of the soil microbial biomass. J. Soil Sci. 35:341–346.

Pakarinen, P., K. Tolonen, S. Heikkinen, and A. Nurmi. 1983. Accu-Camobreco, V.J., B.K. Richards, T.S. Steenhuis, J.H. Peverly, and
mulation of metals in Finnish raised bogs. Ecol. Bull. 35:377–382.M.B. McBride. 1996. Movement of heavy metals through undis-

turbed and homogenized soil columns. Soil Sci. 161:740–750. Peterson, W., E. Willer, and C. Willamowski. 1997. Remobilization



QURESHI ET AL.: TRACE ELEMENT LEACHING FROM METALLIFEROUS PEATS 2075

of trace elements from polluted anoxic sediments after resuspen- Staker, E.V. 1942. Progress report on the control of zinc toxicity in
peat soils. Soil Sci. Soc. Am. Proc. 7:387–392.sion in oxic water. Water Air Soil Pollut. 99:515–522.

Qureshi, S., B.K. Richards, A.G. Hay, C.C. Tsai, M.B. McBride, P. Stotzky, G. 1997. Quantifying the metabolic activity of microbes in
soil. p. 453–458. In C.J. Hurst (ed.) Manual of environmental micro-Baveye, and T.S. Steenhuis. 2003. Effect of microbial activity on

trace element release from sewage sludge. Environ. Sci. Tech- biology. ASM Press, Washington, DC.
Sundstrom, R., M. Astrom, and P. Osterhom. 2002. Comparison ofnol. 37:3361–3366.

Richards, B.K., T.S. Steenhuis, J.H. Peverly, and B.N. Liebowitz. 1997. the metal content in acid sulfate soil runoff and industrial effluents
in Finland. Environ. Sci. Technol. 36:4269–4272.Effects of processing mode on trace elements in dewatered sludge

products. J. Environ. Qual. 26:782–788. Tipping, E., E.J. Smith, A.J. Lawlor, S. Hughes, and P.A. Stevens.
2003. Predicting the release of metals from ombrotrophic peat dueRichards, B.K., T.S. Steenhuis, J.H. Peverly, and M.B. McBride. 2000.

Effect of sludge-processing mode, soil texture and soil pH on metal to drought-induced acidification. Environ. Pollut. 123:239–253.
Vendrell, P.F., and J. Zupancic. 1990. Determination of soil nitratemobility in undisturbed soil columns under accelerated loading.

Environ. Pollut. 109:327–346. by transnitration of salicylic acid. Commun. Soil Sci. Plant Anal.
21:1705–1713.SAS Institute. 1996. SAS/STAT user’s guide. Version 6.12. SAS Inst.,

Cary, NC. Zsolnay, A., and H. Gorlitz. 1994. Water-extractable organic-matter
in arable soils—Effects of drought and long-term fertilization. SoilSposito, G. 1989. The chemistry of soils. Oxford Univ. Press, New

York. Biol. Biochem. 26:1257–1261.


