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Abstract—Reoxidation of S stored in lowlands after summer droughts has been reported to be responsible for
the excess SO4 export observed in many catchments in south central Ontario. Stable S isotopes can be used
to identify the source of SO4 export in stream water, and are particularly well suited to evaluating zones of
dissimilatory SO4 reduction (DSR) and the contribution of oxidation of reduced S species to stream SO4. The
Plastic Lake-1 (PC1) stream drains an upland coniferous forest and then passes through aSphagnum-
dominated swamp before discharging to Plastic Lake. Measurements of SO4 fluxes and isotope ratios were
used to determine the source of net SO4 export and the contribution of redox processes to S retention and
export in the upland and wetland, respectively. Mass balance budgets for the years 1999/00 and 2000/01,
which had comparatively wet summers, indicated that the upland part of the catchment consistently exported
SO4 in excess of bulk deposition inputs. In contrast, mass budget calculations for the swamp indicated a net
retention of 3 and 2 g S-SO4/m

2 of wetland area, in 1999/00 and 2000/01 respectively. Higher�34SO4 ratios
and lower SO4 concentrations in the swamp outflow (average�8.6 � 2.6‰; 1.5 � 0.6 mg S-SO4/L)
compared to the inflow draining the upland (�5.4 � 0.7‰; 2.4� 0.3 mg S-SO4/L) indicated that DSR was
at least partly responsible for net SO4 retention in the swamp. Isotope values in upland stream water (�5.7
� 0.7‰) were only slightly higher than values in bulk deposition (average�5.1 � 0.6‰) and soil leachate
(�4.4 � 0.4‰) over the 2-year period of study. Similar�34SO4 values in upland stream water compared to
deposition and soil leachate, despite substantial variations in water table height in the streambed (92 cm),
suggest that reoxidation of reduced sulphides is not an important contributor to SO4 export from the upland.
Rather, net SO4 export from the upland subcatchment is likely due to net release from upland soil, and slight
differences in�34SO4 between bulk deposition and soil leachate are consistent with SO4 release from organic

S forms. Copyright © 2004 Elsevier Ltd
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1. INTRODUCTION

Sulphate (SO4) input-output budget calculations ha
indicated that the majority of catchments in the Musko
Haliburton region of south-central Ontario currently exp
more SO4 in stream water than is input in bulk deposit
(Eimers and Dillon, 2002). The magnitude of net SO4 export
(average�3.5 kg S/ha/yr: 1980–2000) from these catchm
is similar to that measured at other sites in eastern N
America, including the Lac Clair catchment, QC (�4.4 kg
S/ha/yr;Houle et al., 1997), Huntington Forest, NY (�4.7 kg
S/ha/yr;Mitchell et al., 1996) and Hubbard Brook, NH (�4.2
kg S/ha/yr;Hornbeck et al., 1997). Particularly large net SO4
export (up to 60 kg S/ha/yr) occurs from catchments in ce
and eastern Europe, where S deposition inputs were histor
the highest and where large reductions in deposition
occurred in recent decades (Novak et al., 1996; Novak et al.
2000; Alewell et al., 2001; Prechtel et al., 2001). Despite larg
variations in the magnitude of net export among regions,
studies agree that SO4 is being released from internal poo
with net export most commonly attributed to a combinatio
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SO4 desorption, net organic-S mineralization, and sulp
oxidation (Dillon and LaZerte, 1992; Houle and Carigna
1995; Mitchell et al., 1996; Driscoll et al., 1998; Novak et al.
2000; Lofgren et al., 2001; Prechtel et al., 2001; Park et al.
2003). Although dry deposition and weathering likely cont
ute to S export at Muskoka-Haliburton catchments, they ca
explain entirely the net excess due to the region’s re
location and low S content and weathering rates of local
rock (Dillon et al., 1988; Jeffries and Snyder, 1983; Watmough
and Dillon, 2001).

The magnitude of net SO4 export from Muskoka-Haliburto
catchments varies substantially from year to year, an
strongly related to interannual variations in summer preci
tion and temperature (Dillon et al., 1997; Devito et al., 1999;
Eimers and Dillon, 2002). Sulphate concentrations and S4
export in streams draining wetlands tend to be highest
summer drought, when wetland water tables decline
streams cease to flow, allowing exposure and aeration
enriched peat (LaZerte, 1993; Devito, 1995; Devito and Hill,
1999). Autumn rains subsequently flush newly oxidized
phate into wetland outflows, and elevated SO4 concentration
in streams can persist through the winter months, resulti
large increases in net SO4 export (LaZerte, 1993; Dillon et al.,
1997; Eimers and Dillon, 2002). In contrast, SO4 input/outpu
budgets at wetland-dominated catchments are approxima

balance or positive (net retention) during wet years when water
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table levels remain near the peat surface and stream flow is
virtually continuous year-round (LaZerte, 1993; Devito, 1995).
Similar postdrought increases in SO4 export have been reported
at other wetland-draining catchments in Ontario, including at
the Experimental Lakes Area (Bayley et al., 1986) and Turkey
Lakes Watershed (Jeffries et al., 2002).

While SO4 release from peat appears to explain interannual
variations in SO4 export in wetland-dominated catchments, an
analysis of a range of catchments in the Muskoka-Haliburton
region indicated that temporal patterns in SO4 export are
synchronous among both upland and wetland-draining catch-
ments (Eimers and Dillon, 2002). Sulphate export from upland-
dominated catchments increases similarly in drought years, but
the magnitude of change between wet and dry years is substan-
tially less than in wetland-draining streams (Dillon et al., 1997;
Devito et al., 1999; Eimers and Dillon, 2002). Furthermore,
whereas wetland-dominated catchments alternate between net
SO4 retention and net SO4 export in wet and dry years, respec-
tively, upland-dominated catchments exhibit net SO4 export in
every year of record (Eimers and Dillon, 2002).

Stable S isotope analysis has been used to identify sources
and processes contributing to SO4 export from catchments and
is particularly appropriate for evaluating zones of SO4 reduc-
tion (Mandernack et al., 2000; Alewell and Novak, 2001).
Dissimilatory sulphate reduction (DSR) occurs under anaero-
bic, saturated conditions and results in marked isotopic frac-
tionation between the 32S-enriched product (lower �34S) and
34S-enriched reactant SO4 (higher �34S), because bacteria pref-
erentially reduce the lighter 32S when SO4 is not limiting
(Krouse and Tabatabai, 1986; Groscheova et al., 2000). Thus
SO4 in bog porewaters is generally more enriched in 34S (i.e.,
more positive �34SO4 signature) compared to sulphides in peat,
and fractionations of–11‰ to–27‰ between reactant SO4 and
product sulphide have been reported in field studies (Bottrell
and Novak, 1997; Mandernack et al., 2000). Accordingly,
substantial shifts in both �34SO4 and SO4 concentrations can
potentially occur in wetland outflows if dry periods result in
water table draw down and oxidation of isotopically light
sulphide compounds in peat (Mörth et al., 1999; Mandernack et
al., 2000).

Mineralization of organic S compounds can also cause frac-
tionation among S isotopes, although differences between re-
actants and products are generally smaller than for DSR (Fuller
et al., 1986; Novak et al., 1995; Alewell and Gehre, 1999). At
the Hubbard Brook, for example, consistently lower �34SO4

values in the upland-draining W6 stream (�3.7‰) compared to
deposition (�4.4‰) were interpreted as evidence of mineral-
ization (Zhang et al., 1998; Alewell et al., 1999), and Norman
et al. (2001) documented a decrease in �34SO4 of �1.5‰ in
SO4 released from organic matter in a laboratory study. Simi-
larly, plant assimilation of S has been associated with isotopic
fractionation, with preferential accumulation of 32S in plant
tissues (Novak et al., 2001). Weathering may also contribute to
spatial variations in �34SO4 values in catchments that have
sizeable deposits of S-bearing minerals (Fitzhugh et al., 2001;
Mitchell et al., 2001).

Variations in S isotopes in stream water may therefore be
used to identify the sources of SO4 as well as processes such as
oxidation, reduction, and mineralization. The goal of this study

was to contrast S concentrations and isotope values in upland
compared to wetland-draining streams by making intensive
measurements at a representative catchment containing sepa-
rately gauged upland, and wetland-dominated subcatchments.
Our aim was to determine whether net S export from uplands
was due to release from “mini wetlands” in the upland, namely
S-rich streambed soil (often covered by Sphagnum), where
similar precipitation-related variations in water table height
presumably cause comparable changes in redox, or S-storage
conditions; or conversely, whether net S export from uplands
could be attributed to release from soil pools (e.g., via miner-
alization), as has been shown at European catchments using
combined isotope/mass balance approaches (Novak et al.,
2000). Identification of the source and processes controlling net
SO4 export from catchments is of critical importance, because
SO4 leaching drives the loss of base cations from soils and can
lead to soil acidification. In this respect, the attribution of net S
export to release from wetland pools (including “mini wet-
lands” in upland streambeds) would have less relevance for
base cation losses from upland soils, but would still affect the
SO4 status of downstream lakes.

2. STUDY SITE

The study was conducted in the 23.3 ha Plastic Lake-1 (PC1)
catchment, located in Haliburton County, Ontario, on a southern
extension of the Precambrian Shield. Average annual precipitation
depth in this region is 991 � 132 mm (1980–2002); with average
seasonal accumulations of 234 � 76, 305 � 63, 230 � 50, and
223 � 50 mm in the summer, fall, winter, and spring, respectively.
The annual average temperature is 5°C; summer and winter aver-
ages are 18°C and �11°C, respectively.

The layout of the PC1 catchment (elevation range 380 –
420 m.a.s.l) is particularly relevant to this study, because it
contains both upland and wetland areas, which are sepa-
rately gauged for stream flow and chemistry (Fig. 1). More
than 85% of the runoff from the PC1 catchment funnels
through a 2.2-ha Sphagnum-dominated conifer swamp be-
fore discharging to the lake due to its location at the base of
the catchment (Fig. 1). Runoff from the upland (PC1-08
subcatchment) enters the swamp as stream flow along its
northeast border (Fig. 1). The upland stream is approxi-
mately 200 m in length, and occupies a narrow fault trough.
The streambed is flanked by two steep convex side slopes
and is underlain by relatively deep (up to 1.2 m) gleysols and
histosols (Buttle and House, 1997). The streambed occupies
an area of �1100 m2, and total S concentrations in stream-
bed soil (top 40 cm) range from 900 to 1600 mg S/kg (�900
kg S/ha). In comparison, soils on the upland side slopes are
generally thin (average 40 cm), coarse-textured (90% sand)
humo-ferric and ferro-humic podzols underlain by granitic
gneiss bedrock and thin (�1 m) sandy basal till deposits,
and bedrock outcrops cover �10% of the PC1 catchment
(LaZerte and Scott, 1996; Canadian System of Soil Classi-
fication, 1998). Total S concentrations in upland soil are
generally lower than in the streambed, and range from
300 –600 mg S/kg in B-horizon mineral soil to 1000 –2000
mg S/kg in the forest floor (LFH), respectively. The total S
pool in upland soil (depth �40 cm) was estimated to be
around 900 kg S/ha, similar to the streambed pool (Neary et

al., 1987; Eimers et al., 2004). The swamp, which is situated
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in a local bedrock depression, contains deep peat deposits
(average 2–3 m in depth, maximum 7 m), which have high
total S concentrations (2000 –7000 mg S/kg). Devito and
Hill (1999) estimated S storage in the top 40 cm of peat to
be �1600 kg S/ha. Vegetation in the upland is dominated by
mature (average age 87 yr; baseline 2000) white pine (Pinus
strobus) and eastern hemlock (Tsuga canadensis). Ground-

Fig. 1. Plastic Lake-1 (PC1) study catchment. Location
area in centre of catchment indicates 2.2-ha conifer-Spha
cover in the swamp is primarily Sphagnum species, while
white cedar (Thuja occidentalis), black spruce (Picea mari-
ana), and alder (Alnus spp.) are the dominant tree species
(Watmough and Dillon, 2001).

3. MATERIAL AND METHODS

3.1. Sample Collection and SO4 Analysis

Six zero-tension lysimeters (installed in 1987) are located at various

meters and tracer application plots are indicated. Shaded
wamp.
of lysi
gnum s
sites in the upland portion of PC1 (Fig. 1), and were used to collect soil
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percolate from beneath the LFH (0–10 cm), Ae (upper mineral soil
horizon, zone of eluviation; 10–13 cm), and B (lower mineral soil
horizon, zone of illuviation; 13–60 cm) horizons for chemical and
isotopic analyses (LaZerte and Scott, 1996). Soil percolate was col-
lected for chemical and isotopic analyses weekly, or more frequently
after large storm events.

Stream water was collected for chemical concentration and isotopic
analyses at weirs located at the outflows of the upland subcatchment
(PC1-08) and at the base of the PC1 catchment downstream of the
swamp (Fig. 1). Grab samples of stream water were collected on a
weekly basis, or more frequently during periods of high flow. Stream
stage is monitored continuously, and discharge was computed using
established stage-discharge relationships.

Bulk deposition (defined as that caught in a continuously-open
collector; surface area 0.25 m2) was collected less than 30 m away from
the PC1 catchment boundary at a meteorological site maintained by the
Ontario Ministry of Environment in Dorset. Continuous monitoring of
precipitation depth and air temperature also occurs at this site. Bulk
deposition was generally collected on a weekly basis, or more fre-
quently after large storm events.

Water samples were analyzed for SO4 by ion chromatography at the
Ontario Ministry of Environment Dorset Research Centre. Sulphate
fluxes (kg/ha) in bulk deposition and stream water were calculated as
the product of SO4 concentration and water volume and summed for
each hydrologic year (June 1–May 31) of the 1999/2000–2000/2001
study period (Eimers and Dillon, 2002).

Depth to the water table in the PC1-08 streambed was monitored at
23 groundwater wells distributed along its length at least twice weekly
over a 7-month period (May 2000–November 2000). A relationship
between average depth to water table (WL; cm) and flow (Q; m3/d) at
the PC1-08 weir (i.e., WL � 31*log(Q)–47; R2 � 0.87, p � 0.001)
was established, which allowed water table height in the stream to be
extrapolated over the entire study period (June 1999–May 2001).
Similarly, an equation relating water table height in the swamp with
flow at the swamp outlet (PC1 weir) was established (i.e., WL �
1.9*ln(Q) � 25; R2 � 0.91, p � 0.001), which enabled average daily
water table height in the swamp to be estimated over the 1999–2001
monitoring period.

3.2. Isotopic Analysis

Sulphate in water samples was recovered on ion exchange (BioRad
AG-1-X8) columns and precipitated as BaSO4 using a method similar
to that described in Hesslein et al. (1988). All isotopic and total S
analyses were carried out at the University of Waterloo Environmental
Isotope Laboratory, using a continuous flow Micromass IsoChrom
isotope ratio mass spectrometer coupled to a Carlo Erba elemental
analyzer (EA/IRMS). Analytical precision for S-isotope measurements
was 0.2‰. Sulphur isotope ratios are expressed in the standard �34S
notation as parts per thousand enrichment or depletion in the ratio of
34S:32S relative to the Canyon Diablo Troilite (CDT) standard:

�34Ssample(‰) �
(34S/32Ssample � 34S/32Sstandard)

(34S/32Sstandard)
� 1000

To examine potential changes in S content and isotopic signature with
depth in peat, cores (60 cm) were extracted from three sites within the
PC1 swamp in October 1999 using a Russian Peat Corer, and cores
were sectioned into 10-cm depth intervals. Peat from different depth
intervals was oven-dried and then ground in a Wiley Mill to obtain a
fine powder before isotope and total S analysis by EA/IRMS.

3.3. 34S-SO4 Tracer Application

After 1 year of monitoring of natural variations in isotopic abun-
dance in stream and soil water, a 34S-enriched tracer (99.8% 34S) was
applied to two plots in the upland, and to three plots in the upland
streambed on August 15, 2000 (Fig. 1). Sulphur enriched in 34S was
obtained from Trace Sciences Ltd. (Mississauga, Ontario) in elemental
form, and was oxidized to SO4 using a Schöniger combustion flask
containing 25 mL of deionized H2O and 2 mL 30% H2O2 to ensure
complete oxidation to SO4. The 34S-SO4 tracer was applied to plots in

synthetic rainfall that had a similar chemistry to the current deposition
at PC1, and the pH was adjusted with HCl to �4.7 (Table 1). Isotopic
monitoring continued for another year after application of the tracer to
evaluate its fate.

In total, 0.33 mg of 34S was applied as SO4 to each of two 2.4 m2

plots on the hillslope, directly overlying lysimeter plates and to two
0.073 m2 plots in the PC1-08 streambed (Fig. 1). At the time the tracer
was applied to plots in the streambed, the water table in the stream was
at least 19 cm below the soil surface. A higher dose (4.1 mg 34S-SO4)
was applied to one additional plot in the streambed (Fig. 1). In total, 3
L of labeled synthetic rainfall was applied to each lysimeter plot
(equivalent to a 1.25-mm rain event), and 0.5 L was applied to each
stream plot (equivalent to a 6.8-mm rain event), containing either 0.33
mg 34S-SO4 or 4.1 mg 34S-SO4. Due to the very small mass of 34S
added relative to the size of the natural S pools in plots, the tracer was
not expected to have a substantial or long-lasting effect on the �34SO4

signature of soil percolate or stream water.

3.4. Statistical Evaluation

After confirming that data were normally distributed with equal
variance, differences among mean isotope values in precipitation, soil
percolate, and stream water were evaluated for significance (p � 0.05)
using a two-tailed t test (SigmaStat 2.0, Jandel Scientific Co.).

4. RESULTS AND DISCUSSION

4.1. Bulk Deposition

Individual measurements of �34SO4 in bulk deposition at
PC1 ranged from �4.0 to �6.8‰ (n � 34) over the 1999/00–
2000/01 monitoring period, with an overall arithmetic mean of
�5.1 � 0.6‰ (Fig. 2). By comparison, the mean �34S in
deposition when weighted by the mass of SO4 was also
�5.1‰. Deposition �34SO4 values measured in this study were
similar to those reported by Van Stempvoort et al. (1991), who
measured �34SO4 values of �2.9 to �5.0‰ (seasonal aver-
ages) in bulk precipitation at PC1 between 1986 and 1988. The
isotopic composition of bulk deposition at PC1 is comparable
to values reported for the Experimental Lakes Area in north-
western Ontario during the early 1980s (4-yr mean, 1982–1985:
�5.0 � 0.7‰) (Hesslein et al., 1988), the Hubbard Brook
watershed in New Hampshire (28-yr mean, 1966–1994: �4.5
� 0.5‰) (Alewell et al., 2000), and the Canadian Shield region
of Quebec (range �3.1 to �6.7‰) (Caron et al., 1986). Pas-
sage of deposition through the forest canopy (throughfall) does
not appear to affect the isotopic composition of SO4 (Stam et
al., 1992; Torssander and Mörth, 1998; Mörth et al., 1999), and
previously reported �34SO4 values in bulk deposition and
throughfall at Plastic Lake are similar (Van Stempvoort et al.,
1991). For example, pooled throughfall values of �4.3 � 1.1
and �5.9 � 1.3‰ were measured at PC1 in the summer and
fall of 1986, respectively, compared with precipitation values
over the same seasons of �3.5 � 1.6 and �5.0 � 0.4‰ (Van
Stempvoort et al., 1991).

There was a slight tendency toward lower �34SO4 values in

Table 1. Major element concentrations (mg/L) in synthetic rainfall
used in tracer application, compared to bulk deposition chemistry at
PC1 (average 1993–1998).

S-SO4 Ca Mg NH4-N NO3-N pH

Synthetic rainfall 0.67 0.53 0.18 0.53 0.53 4.7
Bulk deposition 0.67 0.23 0.039 0.34 0.51 4.4
bulk deposition in the summer compared with the winter months
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at PC1 (Fig. 2). The average �34SO4 in bulk deposition during the
“ ice-free” season of April–November was �4.9 � 0.5 ‰ com-
pared with �5.6 � 0.7 ‰ in December–March when deposition
occurs mainly as snow. A similar seasonal pattern in deposition
�34SO4 has been reported at a number of sites in eastern North
America, and has been attributed to either temperature-related
shifts in equilibrium fractionation, or seasonal changes in the
source of SO4 in deposition, namely the relative contribution of
bacteriogenic vs. marine, or anthropogenic S (Nriagu and Coker,
1987; Barrie, 1986; Van Stempvoort et al., 1991; Alewell et al.,
2000).

4.2. Isotopic Composition of Upland and Wetland
Drainage Streams Before 34S-Tracer Application

4.2.1. Soil percolate

The isotopic composition of soil percolate was similar
among all soil horizons over a 3-month period before applica-
tion of a 34S-enriched tracer, and was on average �4.4 �
0.4‰. Because accurate estimates of soil percolate volume are
not available, isotope measurements in soil seepage could not

Fig. 2. Individual measurements of �34SO4 (‰) in bulk deposition at
PC1; June 1999-June 2001.

Table 2. Mean (�SDa) monthly �34S values and S-SO4 concentratio
lysimeters. Soil leachate averages for August-00 are for samples colle

Bulk dep.

LFH

Treat. Con

Jun-99 �34SO4 4.8 � 0.5 4.4 � 0.4 4.
[S-SO4] 0.93 1.2 � 0.7 1.7 �

Jul-99 �34SO4 4.7 4.3 � 0.1 -
[S-SO4] 0.83 1.5 � 0.4 1.7 �

Aug-00 �34SO4 5.1 � 0.1 5.0 4.
[S-SO4] 0.53 1.1 � 0.7 1.1 �

Tracer applica

Sept-00 �34SO4 4.8 � 0.6 7.1 � 0.9 5.
[S-SO4] 0.8 1.8 2.

Oct-00 �34SO4 5.3 - -
[S-SO4] 1.1 - -

Nov-00 �34SO4 5.7 4.9 � 0.8 4.
[S-SO4] 1.4 2.7 � 0.7 3.

a
 Values presented without SD represent result of a single sample;-indicate
be mass weighted. However, Van Stempvoort et al. (1990)
reported a similar isotopic composition of soil seepage water at
PC1 (�4.8 � 1.2‰). There was a small but significant differ-
ence between average monthly �34SO4 values in soil percolate
before application of the tracer (�3.8 to �4.7‰) and the
corresponding range in �34SO4 in bulk deposition (Table 2).
Similar significant patterns of �34Sleachate � �34Sdeposition were
reported by Novak et al. (2000) and Zhang et al. (1998).

Similar to reports for other podzols (e.g., Houle and Carig-
nan, 1995), SO4 concentrations were higher in leachate drain-
ing the B-horizon compared to the LFH (Table 2; see also
Eimers et al., 2004). LaZerte and Scott (1996) also measured
higher SO4 concentrations in deeper soil leachate at PC1
whereas Cl showed little pattern with depth, suggesting that
higher SO4 concentrations in B-horizon leachate are due to net
SO4 release from mineral soil rather than evapo-concentration
effects (Houle and Carignan, 1995).

4.2.2. Upland-draining stream (PC1-08)

Before application of a 34S tracer to plots within the hillslope
and streambed, �34SO4 in upland-draining PC1-08 stream wa-
ter was between �4.7 and �7.4‰, and was on average �5.7 �
0.7‰ (Fig. 3) compared to a mass-weighted average value of
�5.4 ‰. Sulphate concentration in PC1-08 ranged from 1.5 to
2.9 mg S-SO4/L, and was on average 2.3 � 0.2 mg/L during the
monitoring period (Fig. 4).

Between June 1999–August 2000 (i.e., pretracer applica-
tion), the range in �34SO4 values in upland stream water (�4.0
to �7.4‰, n � 13) was significantly (p � 0.05) higher than in
soil percolate (�3.8 to �5.1‰, n � 23) but was similar to the
range measured in bulk deposition (�4.3 to �6.8‰, n � 18).
The relatively small number of samples over this time period
makes it difficult to interpret slight differences in �34SO4

values between soil percolate and upland stream water. How-
ever, negative �34S values (total S) have been measured in
subsurface streambed soil (–0.03‰ at 20 cm depth, �4.4‰ at
40 cm depth; data not shown), which are consistent with the

L) in bulk deposition, and in soil leachate from control and treatment
fore application of the tracer on Aug. 15.

Ae B

Treat. Control Treat. Control

4.7 � 0.2 3.8 � 1.1 4.4 � 0.21 -
1.3 � 0.5 1.7 � 0.9 1.6 � 0.4 3.1 � 0.2

4.4 - 4.60 -
1.3 � 0.3 2.3 � 1.0 2.0 � 0.6 2.6 � 1.0

4.4 4.4 4.7 � 0.7 4.3
0.7 � 0.07 1.7 � 0.9 1.4 � 0.2 2.1 � 1.0

gust 15, 2000

7.9 � 3.0 5.9 - -
2.1 � 0.4

- 3.0 - -
- - - -

4.9 � 0.4 4.6 4.3 -
- - - -
n (mg/
cted be

trol

7
1.1

1.2
6

0.4

tion: Au

8
1

6
3

s insufficient volume for analysis.
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occurrence of DSR in the streambed. If SO4 concentrations are
not limiting, microbial DSR favours the incorporation of 32S in
reduced products (sulphides) and leaves reactant SO4 relatively
enriched in 34S, and therefore may have contributed to higher
�34SO4 values in PC1-08 stream water compared to soil
leachate. If DSR and reoxidation of sulphides are an important
control on �34SO4 values in stream water, then changes in
stream water table height should result in variations in �34SO4

and SO4 concentrations. Previous studies have reported a sig-
nificant negative relationship between stream �34SO4 values
and both stream flow and SO4 concentrations, and concluded
that oxidation of reduced S (i.e., 34S depleted) stored in the
catchment was the only process which could account for in-
creased concentrations of isotopically light SO4 after dry peri-
ods (Hesslein et al., 1988; Mörth et al., 1999). Stream flow
ceased in PC1-08 for 17 and 35 d in 1999/00 and 2000/01,
respectively and the streambed water table declined by more
than 40 cm during periods of zero flow (Fig. 4). There was no
relationship between �34SO4 and SO4 concentration in upland
stream water during the pretracer monitoring period (Fig. 5),
despite large variations in streambed water table level over the
same time period (Fig. 4). Consideration of the pretracer period
alone suggests that DSR and reoxidation of sulphide com-
pounds are not important contributors to SO4 export patterns at

Fig. 3. �34SO4 values (‰) in upland stream water over a 2-yr period.
Dashed lines indicate the range of �34SO4 in bulk deposition. A
34S-enriched SO4 tracer was applied to plots in the upland in August
2000.

Fig. 4. Water table level (cm; solid line) relative to the streambed
surface in PC1-08 and S-SO4 concentration in upland stream water

(mg/L; open diamonds).
PC1-08. However, the 34S-enriched tracer was applied during
an extended dry period, when the water table remained more
than 25 cm below the surface for more than 2 months (Fig. 4).
While elevated �34S values in PC1-08 stream water measured
during intermittent periods of flow after the tracer was applied
may be due to release of 34S from application plots, they could
also indicate the occurrence of DSR in the streambed. As a
result, SO4 reduction in stagnant water below the streambed
water table may have contributed to elevated �34SO4 values
and low SO4 concentrations measured in PC1-08 during the
August–October 2000 period (Figs. 3 and 4). Nevertheless,
while SO4 concentrations rose after this dry period, �34SO4

values did not decline below the range measured in deposition
or soil leachate, indicating that reoxidation of reduced sul-
phides was not an important contributor to SO4 export in the
upland stream.

4.2.3. Wetland-draining stream (PC1)

The isotopic composition of stream water draining the conifer
Sphagnum swamp (PC1) was variable, but �34SO4 values in PC1
were significantly (p � 0.05) higher than values in the upland-
draining inflow and bulk deposition, respectively (Fig. 6). Over the
2-yr monitoring period, �34SO4 in the swamp outflow ranged from
�4.8 to �13.5‰, and was on average �8.6 � 2.6‰ compared to
a mass-weighted mean of �7.9 ‰. A comparatively low mass-
weighted average suggests that the majority of SO4 export from
PC1 contains relatively little 34S, whereas preferential bacterial
reduction of 32S during low flow periods results in decreased SO4

concentrations (and export) and higher �34S values. The average
SO4 concentration in the swamp outflow (1.5 � 0.6 mg S-SO4/L)
was lower than in the upland-draining inflow and ranged from
0.15 to 2.9 mg S-SO4/L over the 1999–2001 monitoring period
(Fig. 7). There was no relationship between �34SO4 in PC1 stream
water and SO4 concentrations over the relatively wet period of
study (Fig. 8).

However, in contrast to the upland-draining PC1-08 stream,
the water table in the swamp exhibited less variation over time,
and was generally within 10 cm of the peat surface during the
monitoring period (Fig. 7). Similarly, PC1 stream flow was
continuous over the 2-yr study period except for 8 d in 1999/00.

Fig. 5. �34S-SO4 (‰) vs. SO4 concentration (mg/L) in upland-
draining PC1-08 stream; closed diamonds indicate pretracer measure-
ments, open diamonds are values measured after application of a
34S-enriched SO4 tracer to plots in the upland.
Wet conditions which maintained a continuously high water
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table would have favoured the development of reducing con-
ditions in the swamp (Devito and Hill, 1999), and isotopic
fractionations associated with DSR likely explain lower SO4

concentrations and generally higher �34SO4 values in the
swamp outflow relative to the upland-draining PC1-08 stream.

Evidence of preferential microbial reduction (DSR) of
isotopically-light S in peat was indicated by the analysis of total
S in three cores within the PC1 swamp. Total �34S values in the
top 60 cm of peat were between –1.5 and �3.2‰ in the top 20
cm (data not shown). Additionally, total S concentrations in
peat were high (2180–6560 mg S/kg) relative to total S con-
centrations in mineral soil (300–600 mg S/kg) or LFH (1000–
2000 mg S/kg) at PC1, and the swamp represents a large pool
of total S (i.e., 1600 kg S/ha in the upper 40 cm; Devito and
Hill, 1999). High S concentrations (1000–10,000 mg S/kg) and
relatively low isotope values in near-surface peat compared to
deposition inputs have also been reported for peatlands in the
United States and the Czech Republic (Novak et al., 1994).

The relatively few occasions when �34SO4 ratios in the
swamp outflow fell within the range in bulk deposition (Fig. 6),
tended to follow periods in which the water table in the swamp
was depressed, and were accompanied by slight increases in
SO4 concentration (Fig. 7). Lighter �34SO4 values in PC1 after
relatively dry periods may be due to export of 32S-enriched SO4

Fig. 6. �34SO4 values (‰) in wetland-draining PC1 stream water
over a 2-yr period. Dashed lines indicate the range of �34S-SO4 in bulk
deposition.

Fig. 7. Water table level (cm; solid line) relative to the peat surface
(line) in the PC1 swamp and SO4 concentration (mg S-SO4/L; open

diamonds) in the swamp outflow.
after periods of sulphide oxidation. However, further measure-
ments over extended dry periods would be necessary to confirm
this hypothesis, and to determine whether a relationship be-
tween �34SO4 and SO4 concentration exists over a broader
range of hydrologic conditions than occurred during the 1999–
2001 period of measure (Fig. 8).

4.3. Effect of SO4 Reduction and S Oxidation on Net SO4

Export from the PC1 Catchment

In this region, summer rainfall is the primary determinant of
changes in water table height and the duration of stream dryness,
and the summers (June–August) of 1999/00 (274 mm) and
2000/01 (317 mm) were much wetter than previous years (1980–
1998 average 236 mm) when substantial net SO4 export was
measured in PC1 (LaZerte, 1993; Devito, 1995; Devito and Hill,
1999; Devito et al., 1999; Eimers and Dillon, 2002). Net SO4

export from PC1 was 3.3 and 1.0 kg S-SO4/ha in 1999/00 and
2000/01 (Table 3), respectively compared to an average net export
of 4.3 kg S-SO4/ha/yr during the period 1980–1998 (Eimers and
Dillon, 2002). Thus, small changes in �34SO4 and SO4 concen-
trations as were measured in this study, are likely not indicative of
patterns in previous dry years, particularly in the mid 1980s, when
water table declines of up to �60 cm relative to the peat surface
were measured (Devito and Hill, 1999).

In contrast, SO4 export from the upland PC1-08 catchment
exceeded input in bulk deposition by 7.3 and 3.3 kg S-SO4/ha
in 1999/00 and 2000/01, respectively (Table 3), compared to an
average net export in previous years of monitoring (1983–
1995) of 6.3 kg S-SO4/ha/yr (Eimers et al., 2004). Despite
relatively wet conditions during the two summers of study,
PC1-08 ceased to flow for 17 and 35 d in 1999/00 and 2000/01,
respectively, compared to an average of 57 d per year with
zero-stream flow over the period 1983–1995 (Eimers and Dil-
lon, 2002). Because SO4 export and hydrologic conditions
during the period of study were relatively similar to earlier
years of record, it is likely that �34SO4 values measured in
PC1-08 stream water during 1999–2001 were also typical of
previous years. These results indicate that while DSR may
contribute to elevated �34SO4 values and lower SO4 concen-
trations during stagnant periods, such as August–October 2000,

Fig. 8. �34SO4 (‰) vs. S-SO4 concentration (mg/L) in the wetland
outflow (PC1).
net SO4 export from the upland catchment is not a result of
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reoxidation of sulphide compounds in streambed soil, but is
rather a result of loss from upland mineral soil. A combination
of SO4 desorption and mineralization of organic S compounds
in mineral soil is likely responsible for net SO4 losses from the
PC1-08 upland, as has been suggested by other studies (e.g.,
Houle and Carignan, 1995; Novak et al., 2000). Sulphate de-
sorption is suggested by the relative constancy of SO4 concen-
trations in both B-horizon leachate and PC1-08 stream water
(Eimers et al., 2004), whereas mineralization or weathering
might explain slight differences in �34SO4 values among bulk
deposition, soil leachate, and upland stream water, respectively
(Zhang et al., 1998; Alewell et al., 1999; Novak et al., 1995;
Novak et al., 2000; Mitchell et al., 2001).

Comparison of SO4 export from the upland and the wetland-
draining portions of the PC1 catchment respectively, indicated
that the swamp retained SO4 (�25% of total input) in both
years of study and that net export from PC1 was entirely from
the upland part of the catchment (Table 4). Similarly, LaZerte
(1993) calculated SO4 input-output budgets for the PC1 swamp
over the period 1983–1990 and found that SO4 was retained
during normal and wet years, but was exported in excess (�8
to –32% of total inputs) in years that had dry summers. Net SO4

retention corresponded to 30 and 20 kg S/ha of swamp surface
area in 1999/00 and 2000/01, respectively, compared to a total
S pool of �1600 kg S/ha in the upper 40 cm of peat (Devito
and Hill, 1999).

4.4. Isotopic Composition of Upland and Wetland
Drainage Waters After Tracer Application

4.4.1. Soil percolate

After application of a 34S-enriched tracer to soil above two
treatment lysimeters, the �34S signal increased to more than �7‰
in LFH and Ae percolate in September 2000 (Table 2). However,
by November 2000 �34SO4 values in soil percolate from control
and treatment lysimeters were less than �5‰, and were similar to
values measured before application (Table 2). These results indi-
cate that either a) the tracer had been flushed from the upland plots
by this time, or b) mixing of the small mass of tracer within the
relatively large pool of ambient S in plots had diluted the tracer
signal to below detection. Although all surface vegetation was
removed from plots before tracer application, it is possible that
roots of trees from outside the plots could have accumulated some

Table 3. Sulphate input-output budgets (kg/ha S-SO4)

Deposition PC1-08 stream export Depos

1999/00 7.0 14.3
2000/01 5.0 8.3

Table 4. Sulphate input-

S-SO4 input (kg)
from upland
(18.64 ha)

Direct S-SO4 (kg)
deposition to swamp

(2.2 ha)

1999/00 267 15
2000/01 155 11
of the enriched 34SO4. The most direct way to assess within-plot
retention of the tracer would have been to measure �34S signals in
soil samples from the treatment plots. However, SO4 extracts of
soil did not produce sufficient mass of BaSO4 to be analyzed by
IRMS, and soil could not be analyzed directly due its low S and
high inorganic content.

However, the mass of 34S which must have been present in
soil percolate to increase the �34SO4 signature from back-
ground values to around �7.5‰, as was measured in treatment
lysimeters in September 2000 (Table 2), could only account for
�15% of the total mass of 34S applied to lysimeter plots.
Therefore, although a small portion of 34S-enriched SO4 was
immediately lost in soil percolate, the majority was at least
temporarily retained in upland soil plots. By November 7,
�34SO4 values in control and treatment lysimeters were similar
(Table 2), likely due to retention (and dilution) of the tracer in
soil and vegetation.

4.4.2. Upland-draining stream (PC1-08)

Maximum �34SO4 values in PC1-08 were measured imme-
diately after the application of a 34S-enriched tracer to sites
within the upland hillslope and streambed (Fig. 2). Elevated
�34S values were measured in PC1-08 stream water on seven
dates between August 16 and October 10 inclusive, but by
November 15, 2000, isotope signatures had returned to preap-
plication values (Fig. 2). Complete flushing of the tracer from
the catchment and/or a gradual mixing and dilution of the
isotope signal over time may explain the return of �34SO4 in
stream water to preapplication values. As with upland soil
plots, it is possible to roughly calculate the mass of 34S ex-
ported in stream water over the period during which �34S
values were elevated, and to compare this estimate with the
actual amount of 34S added to treatment plots. Using daily flow
measurements at the PC1-08 weir and weekly SO4 chemistry
data, it was estimated that approximately 215 g S-SO4 was
exported from the catchment between August 16 and October
10, 2000 inclusive (Fig. 9). Using a mass-weighted average
�34SO4 in stream water during this period of �9.0‰ (205.67 g
32S and 9.34 g 34S) and a preapplication �34SO4 of �5.7‰
(205.69 g 32S and 9.31 g 34S), it was calculated by difference,
that an additional �30 mg 34S would have had to be present in
stream water to increase the �34SO4 from �5.7 to �9‰. This

-08 (upland) and PC1 (wetland-draining) catchments.

1-08 export PC1 stream export Deposition-PC1 export

.3 10.3 �3.3

.3 6.0 �1.0

budget for PC1 swamp.

Total input
(kg S-SO4)
(20.84 ha)

Swamp � upland
export (kg S-SO4)

(20.84 ha)
Input � Export

kg S-SO4

282 215 67
166 125 41
for PC1

ition-PC

�7
�3
output
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estimate is sixfold higher than the actual mass of 34S that was
applied to stream plots (4.76 mg 34S). A difference of 29 mg
34S is relatively small compared to the mass of S flux over the
same time period (215 g S), and may be due to inaccuracies in
the SO4 flux calculation, but as discussed earlier, could also
indicate the occurrence of SO4 reduction in the streambed.

5. CONCLUSIONS

Sulphate mass balance budgets for the PC1 catchment indicated
that net SO4 losses were entirely from the upland (PC1-08) part of
the catchment. Despite large variations in water table height and
negative total �34S values in upland streambed soil, �34SO4 values
in PC1-08 stream water were relatively constant during the pre-
tracer period. While higher �34S values and lower SO4 concen-
trations in PC1-08 during the posttracer period may in part be due
to DSR, the opposite pattern was not evident, and reoxidation of
sulphide compounds in streambed soil is not an important con-
tributor to SO4 export from the upland. Instead, net SO4 export
from the upland is likely due to desorption and/or net mineraliza-
tion in mineral soil. A conifer Sphagnum swamp retained SO4

over the relatively wet 2-yr study period, and high �34SO4 values
and low SO4 concentrations in the swamp outlet are consistent
with SO4 retention in the swamp through DSR. Presumably, in the
absence of the wetland, SO4 export from PC1 would be similar to
that measured in the upland-draining catchment PC1-08. Although
the 1999–2001 study period was relatively wet, summer droughts
are common in this region (Dillon et al., 1997), and future
droughts which result in major declines in wetland water table
height may result in lower �34SO4 values in the wetland outflow.
Results of this study confirm those presented by LaZerte (1993)
and Devito (1995), who reported that the swamp at PC1 was a net
sink for SO4 in wet years, but was an important source of SO4

after droughts. While SO4 export from wetlands is responsible for
large peaks in SO4 concentration and greater net export after
droughts, upland soil at PC1 is consistently a net source of SO4 in
both wet and dry years. Sulphate leaching from upland forest soils
drives base cation losses, and net SO4 export may have negative
consequences for soils that have low base cation reserves. Further,
the net release of SO4 from terrestrial catchments will maintain
relatively high SO4 inputs to downstream lakes and delay their
response to decreases in SO4 deposition.
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