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Abstract. Anthropogenic S emissions have been declining in eastern North America since the 
early 1970s. Declines in atmospheric S deposition have resulted in decreases in concentrations 
and fluxes of so}- in precipitation and drainage waters. Recent S mass balance studies have 
shown that the outflow of soi- in drainage waters greatly exceeds current s inputs from atmos­
pheric deposition. Identifying the S source(s) which contribute(s) to the discrepancy in watershed 
S budgets is a major concern to scientists and policy makers because of the need to better under­
stand the rate and spatial extent of recovery from acidic deposition. Results from S mass balances 
combined with model calculations and isotopic analyses of soi- in precipitation and drainage 
waters at the Hubbard Brook Experimental Forest (HBEF) suggest that this discrepancy cannot 
be explained by either underestimates of dry deposited s or desorption of previously stored so1-. 
Isotopic results suggest that the excess S may be at least partially derived from net mineralization 
of organic S as well as the weathering of S-bearing minerals. 
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1. Introduction 

1.1 . ROLE OF SULFATE IN SURFACE WATER ACIDIFICATION 

Sulfate (SO]·) is the major anion in acidic precipitation and in surface waters with 
low acid neutralizing capacity (ANC) affected by acidic deposition. Sulfate, in 
the form of sulfuric acid, is the major source of acidity contributing to the acidifi­
cation of surface waters in the northeastern U.S.A. (Likens et al., 1977; Driscoll, 
1991 ). Although biogeochemical research during the last thirty years has 
improved considerably our knowledge of S cycling in forest ecosystems, impor­
tant questions remain unresolved that hinder our ability to understand and predict 
how changing atmospheric S inputs will affect S losses from forest ecosystems 
(e.g., Johnson and Mitchell, 1998). It has generally been assumed that SOj- in 
low ANC smface waters is derived from atmospheric deposition, and that inputs 
of so]- to glaciated watersheds in the northeastern U.S. are transported relatively 
conservatively with drainage waters resulting in approximately balanced input/ 
output S budgets (Galloway et al., 1983; Likens et al., 1990; Rochelle et al. , 
1987; Church et al., 1989). Since the early 1970s, anthropogenic emissions and S 
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deposition have been declining in eastern North America and are expected to con­
tinue to decrease at least until 2010 (Likens et al., 2000a). This decrease in S 
deposition has resulted in decreases in SOj- concentrations in surface waters in 
the northeastern U.S.A. (Likens, 1992; Driscoll et al., 1995; Likens and 
Bormann, 1995). However, a complete accounting of S inputs, outputs and inter­
nal transfers within watersheds is necessary to evaluate fully those processes that 
regulate the changes in surface water so;- concentrations. 

1.2. WATERSHED SULFUR MASS BALANCES 

Currently in the northeastern U.S., many watersheds are exporting more S than 
can be accounted for by atmospheric deposition (Mitchell et al., 1996; Driscoll 
et al., 1998). Identifying the source of the S which is currently in excess of S 
inputs from total (wet and dry) deposition is a major concern to scientists as well 
as to policy makers. Although good estimates of wet deposition are available, 
dry deposition is much more difficult to quantify. If underestimated dry deposi­
tion is the major source for this additional output of soJ-, reductions in anthro­
pogenic S emissions from the combustion of fossil fuels would result in a more 
direct decrease in soj- losses in stream waters assuming conservative soj­
transport. Annual changes in S02 emissions may explain, however, only a por­
tion (r2 = 0.5 to 0.7) of the temporal patterns of wet or bulk S deposition (Butler 
and Likens, 1991; Likens, 1992; Likens et al., 2000ab) suggesting that other 
factors may also affect this relationship. 

A delay in the response of S cycling and streamwater output to decreasing S 
emissions due to the desorption of previously deposited SO j- has been predicted 
by various models (e.g., Galloway et al., 1983; Church et al., 1989; Rochelle et 
al., 1987; Anonymous, 1995). If a major internal SOJ- source (e.g., weathering 
of S-bearing minerals, net mineralization of organic S) occurs within water­
sheds, the impact of emission reductions would be diminished or delayed in 
proportion to the contribution and nature of this internal source to so;- losses 
in surface waters (Johnson and Mitchell, 1998). 

The use of mass balances for evaluating the S cycle has recently been reviewed 
by Evans et al., ( 1997). Several mass balance watershed studies in the northeastern 
U.S. have shown that stream outflow of SO~- exceeds S inputs from wet or bulk 
deposition and estimates of dry deposition based on net throughfall or inferred 
from measured air concentrations and the application of a deposition velocity 
model (Mitchell et al., 1996; Driscoll et al., 1998). Mitchell et al. ( 1992) sug­
gested that desorption of so;- that had previously accumulated in soil during 
periods of higher s deposition may have contributed to the elevated soi- drain­
ing from the B horizon of a northern hardwood site in the Adirondack Mountains 
of New York, U.S.A. Such reversible SOJ- desorption has been shown to be an 
important mechanism regulating drainage SOj- loss in both laboratory (Harrison 
et al., 1989) and field (Rustad et al., 1996) experiments including roof exclusion 
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experiments in Europe (Hultberg, 1992; Alewell et al., 1997). Using model cal­
culations, however, Driscoll et al. (1998) found that SO}- adsorption/desorption 
reactions cannot completely account for the changing patterns of SOl­
concentrations in surface waters of the northeastern U.S.A. For wetland and lake 
regions the oxidation and mobilization of previously reduced S have been sug­
gested as an important S source to drainage waters in both North America 
(Dillon and LaZerte, 1992) and Europe (Alewell and Novak, 2000). Thus, new 
approaches are needed to elucidate the processes contributing to elevated S 
leaching losses, beyond direct atmospheric deposition. 

1.3. UTILIZATION OF THE STABLE ISOTOPIC RATIOS OF SULFATE 

Stable isotopic ratios provide a powe1ful tool for studying the biogeochemical 
flux and cycling of S (Krouse and Grinenko, 1991). The use of stable isotopes in 
evaluating the S biogeochernistry of forest ecosystems has been reviewed recent­
ly by Mitchell et al. (1998). The isotopic S composition in forest ecosystems is 
controlled by isotopic contribution of S sources (i.e., atmospheric deposition, 
mineral weathering, net mineralization of organic S) and isotopic discrimination 
during S transformations. Such processes can influence the o34S values of SOj­
in soil and drainage waters (Alewell and Giesemann, 1996; Alewell and Novak, 
2000). Although many S conversions (e.g., adsorption, desorption, precipita­
tion) proceed with no isotopic selectivity, some studies have found some prefer­
ence for 325 during immobilization and mineralization (Fuller et al, 1986; 
Krouse et al., 1991; Zhang et al., 1998). Dissimilatory SOj- reduction, which 
occurs under anaerobic conditions, results in marked fractionation between the 
345 enriched so,l- reactant and the 345 depleted sulfide product, because bacte­
ria preferentially metabolize the lighter 32s (Krouse and Grinenko, 1991 ). 

There have been a few studies conducted on forest catchments in Europe and 
eastern North America that have combined S mass balances and stable S isotopic 
investigations. Experimental additions with distinctive isotopic S signatures have 
been used successfully to identify and quantify S fluxes in watersheds and forest 
soils (Legge and Krouse, 1992; Mayer et al., 1992, 1993, 1995; Morgan, 1992; 
Giesemann et al., 1995; Morth and Torssander, 1995; Prietzel et al.1995; 
Mitchell et al., 1998). Natural abundances of S isotopes have also been used to 
infer information on S cycling relationships (Mitchell et al., 1998). However, fur­
ther research is clearly needed on the use of S isotopic ratios to evaluate the bio­
geochernistry of S, including discrepancies in S mass balances. 

2. Sulfur Biogeochemistry at the Hubbard Brook Experimental Forest 

2.1. BACKGROUND 

The understanding of S biogeochemistry has been a major focus of research at the 
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HBEF and a comprehensive monograph of this research is in preparation (Likens 
et al., 2000b). Research at the HBEF has included evaluations of the effects of 
various forest harvesting practices on S losses (Likens et al., 1970; Dahlgren 
and Driscoll, 1994; Likens and Bo1mann, 1995; Mitchell et al., 1989; Zhang et al., 
1999). One of the most important findings of these studies was that pH-depen­
dent so:r- adsorption plays a pivotal role in explaining temporal patterns in soj­
concentrations and fluxes in drainage waters (Fu11er et al., 1987; Nodvin et al., 
1988). With the removal of vegetation there is a decrease in N demand allowing 
excess mineralized NHS to be available for nitrification that acidifies soil water. 
The lowe1ing of pH results in a marked increase in soil SO}- adsorption and as 
vegetation recovers and pH increases this adsorbed soi- may be desorbed. 

There have also been extensive analyses of the role of S in surface water acidi­
fication. Research at the HBEF was one of the earliest studies to document the 
occurrence and deleterious impacts of "acid rain" (Likens et al., 1972; Likens and 
Bormann, 1974; Likens, 1989). Studies on the mass balances of S at the HBEF 
have demonstrated the relative importance of wet and dry deposition. For exam­
ple, Likens et al. (1990) proposed that dry deposition could account for the differ­
ences between bulk S deposition and S losses in drainage waters using a water­
shed mass balance approach at the HBEF. Lovett et al. ( 1992) compared three 
approaches to estimating dry deposition of S at the HBEF. These methods includ­
ed: 1) an inferential method, 2) measurements of net throughfall Sand, 3) the dis­
crepancy in watershed mass balances of S. These three methods showed large 
differences in estimates of dry deposition of S, with the watershed mass balance 
approach giving substantially higher values than the other two. Possible sources 
for this additional S output, besides underestimates of dry deposition, include an 
underestimate of weathering of S-containing minerals, reoxidation of previously 
reduced and stored S, desorption of previously adsorbed inorganic soi- and min­
eralization of organic S. Ale well et al. ( 1999) presented S mass balances for a 
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Hubbard Brook Experimental 
Forest, White Mountains , Ne w 
Hampshire, U.S.A. Fluxes with"?" 
values have high uncertainty (After 
Alewell et al. , 1999). 
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period of 29 years. These results suggested that an internal source of S was nec­
essary to account for the SOj- in stream water (Fig. 1 ). However, this mass bal­
ance approach does not allow precise quantification of the relative importance 
of dry deposition, net organic S mineralization and S mineral weathering to 
account for discrepancies in the S budget. 

2.2. SULFUR ISOTOPE STUDIES 

Fuller et al. ( 1986) examined the isotopic composition of S including both 
organic and inorganic fractions in the soil as well as S in soil water and surface 
waters at the HBEF. This analysis was done in Watershed 5 prior to whole tree 
harvesting in the winter of 1983-1984 (Mitchell et al., 1989). The isotopic com­
position of soi- extracted from the soil generally corresponded to that of soj­
in soil solutions obtained by lysimeters. These inorganic soil SO}- pools tended 
to have higher 0345 values than those of organic 5. The reason for the lower 
834s in the organic constituents was not known, but it has been suggested that 
the formation of the organic S occurred over a long period starting from the Jast 
glaciation (see also Mitchell et al., 1989). Low ()345 values of organic S have also 
been documented for other sites as discussed previously. 

Values of 834S in precipitation, throughfall, soils, soil solution, and stream 
waters at the HBEF were evaluated further by Zhang et al. (1998). Values of 
834s in precipitation and throughfal1 so;- were similar to each other but dif­
fered seasonally. The mean precipitation ()345 value was higher in the dormant 
season (5.9%o) than in the growing season (5.0%o) but the throughfall growing­
season value was higher (5.6%o) than for the dormant season (4.9%o). In soil 
solutions, 834s values of so;- were higher in the growing season (8.9, 8.8, and 
4.0%o for Oa, Bh, and Bs horizons, respectively) than in the dormant season 
(5.6, 3.7, and 3.4%o for Oa, Bh, and Bs horizons, respectively). Zhang et al. 
(1998) suggested that these seasonal differences in 834S were probably caused 
by biological isotopic fractionation due to immobilization and mineralization. 
The o34s values of SOJ- in streams were generally 2%o lower and more vari­
able than those in precipitation and throughfall, suggesting either isotopic frac­
tionation during transformation and/or the contribution of so]- from a different 
source with a lower 834S value. 

The availability of archived bulk precipitation and stream water samples at the 
HBEF provided a unique opportunity to evaluate potential sources and losses of S 
by analyzing the long-term patterns (l 966-1994) of the 834s values of so;­
(Alewell et al., 1999). In bulk precipitation collected adjacent to the R.S. Pierce 
Ecosystem Laboratory (253 m elevation) and near Watershed 6 (549 m eleva­
tion) the 834s values of so]- were greater (mean: 4.5 and 4.2%0, respectively) 
and showed more variation (variance: 0.49 and 0.30) than stream soi- samples 
collected from Watersheds 5 (W5) and 6 (W6) (mean: 3.2 and 3.7%o; variance : 
0.09 and 0.08, respectively) (Fig. 2). These results were consistent with other 
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Figure 2. Sulfur isotopic composition 
of soi- of major fluxes and important 
processes affecting o34S values (%0) 
at the Hubbard Brook Experimental 
Forest, White Mountains , Ne w 
Hampshire, U.S.A. Values with " ?" 
have uncertainty or have not been 
measured (modified from Alewell et 

al., 1999). 

studies in forest catchments that have combined results for mass balances with 
stable S isotopes (Mayer et al., 1995; Novak et al., 1997; Alewell and Gehre, 
1999). These results indicate that for sites, including the HBEF, where atmos­
pheric inputs are ~ I 0 kg S ha- I yr- I, most of the deposited SO J- cycles through 
the biomass before it is released to stream water. Although the isotopic results 
suggest the importance of S mineralization, conclusive evidence was not avail­
able for net mineralization 

The origin of so;- in bulk precipitation was evaluated by Alewell et al. 
(2000) using the archived bulk precipitation samples for stable S isotopic analy­
ses. These analyses compared the o34S values to anthropogenic S02 emissions, 
the relative contribution of sea salt aerosols (as [Soj-]/[Na+] ratio in precipita­
tion) and the effects of temperature and solar radiation on the long-term pat­
terns of o34s values. The long-term pattern of o34s values in bulk precipitation 
soi-could be partly explained by the relative contribution of marine soi- or 
solar radiation effects on S transformation and isotopic discrimination. The high 
variability of the ()345 values of various fossil fuels made it difficult to use stable 
S isotopes for identifying whether changes in fossil fuel utilization has affected 
the ()34s values of so3- in bulk precipitation. The seasonal pattern of ()34s val­
ues of so~- in bulk precipitation (significantly higher values in the winter than 
the summer) was explained by the temperature dependence of the isotopic shift 
during SO}- formation in the atmosphere. A greater relative contribution of 
marine so3- during the winter may also have conttibuted to the higher ()34s val­
ues of SOi- in the winter. Previous investigations (e.g., Nriagu and Coker, 1978; 
Nriagu et al., 1987) may have overestimated the role of biogenic emissions in 
affecting the seasonal patterns of o34S values of SOi- (Alewell et al., 2000). 

The isotopic analyses of so3-in precipitation (mean=4.4%o 334S) and drainage 
water (mean=3.7%o o34S) at the HBEF clearly show that the drainage waters are 
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depleted in 34S by -0.7%0 (Alewell et al., 1999). This difference was most likely 
due to contributions from S sources with lower 8345 values and/or S isotopic 
fractionation. Most recently research at the HBEF has begun to focus on evalu­
ating the relative importance of mineral weathering versus organic S mineral­
ization in affecting the isotopic composition of drainage water soi-. 

2.2.1. Contribution of the Weathering of Sulfur-Containing Minerals 
Isotopic analyses may help to evaluate the relative importance of mineral weath­
ering of S-containing minerals as a source of S to drainage waters providing that 
the minerals have isotopic ratios that are distinct from those of S in atmospheric 
deposition and soil. During the base flow period in August and September of 
1998, surface water samples were collected from 56 sites including HBEF and 
other sites in Vermont and New Hampshire in the northeastern U.S .A. Samples 
were collected at base flow since at low discharge the relative contribution of 
mineral derived S should be at a maximum. All the samples were analyzed for 
834s values of soi- and a subset was also analyzed for 8180 values of so}-. 
These 834S values ranged from -4.3 to + 11.0 %0 (Bailey et al., unpublished data). 
These preliminary results suggest that this range reflects differences in both min­
eralogical S sources and dissimilatory reduction processes. The most extreme val­
ues 834S values represent S mineralogical sources since surface waters with SO]­
concentrations >110 µmole L-1 deviated more from the 834s value of precipita­
tion than those waters with lower SO}- concentrations. Most notably the high 
834S value of + 11.0%0 was stream water from Sleepers River, Vermont, which 
has different mineralogical S sources than the HBEF (Hornbeck et al., 1997). 
For samples collected within the HBEF drainage basin, the 0345 values ranged 
from + 1.4 to +5.3 (Fig. 3). The lowest values 0345 values tended to coincide 

o 2 km ---====::J 
Figure 3 . o34S values (%0) of SOl° in surface waters during the base flow period (August­
September, 1998) at the Hubbard Brook Experimental Forest, New Hampshire (U. S. A.) (Bailey et 
al., unpublished data). 
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with areas near surface seeps and wet soils that would have conditions con­
ducive to dissimilatory sulfate reduction that results in significant changes in 
the 834S values as discussed above. The low values may represent the reoxida­
tion to so;- of chemically reduced sulfides that may have lower 834s values. 

One of the major challenges in watershed bigeochemistry is estimating the con­
tribution of soil and bedrock mineral weathering reactions to solute fluxes 
(Bricker et al., 1994 ). Quantifying the chemical weathering of S-containing min­
erals that contribute soi- to drainage waters is a formidable task. Bedrock S con­
centrations are quite variable at the HBEF with values ranging from 0.2 to 0.9% 
(Bailey et al., unpublished data), which is greater than the average S concentra­
tion (0.047%) of the continental crust (Grineko and Ivanov, 1983). Thus, the 
bedrock S concentrations are substantially higher that of the soil ( <2 mm fraction) 
which is very low (<0.001 % S). Although it has not been quantified, some obser­
vations suggest that weathering of S-containing minerals is occurring at HBEF in 
rock fragments and shallow bedrock exposures and this weathering may be con­
tributing to some of the discrepancy in the S mass balances. The isotopic values 
of some of the major mineral components at the HBEF show marked variation 
(whole rock samples from the Rangeley Formation in Watershed 5 = -11.5%0 
()34S, 0.9% S; whole rock samples from the Rangeley Formation in Watershed 9 
= +6%0 ()34s, 0 .2% S). Since there is a large range of isotopic values for potential 
weathering sources, it is not possible to assign a single value for the isotopic 
weathering component unless the relative importance of different weathering 
sources can be estimated. However, the weathering of some rocks from 
Watershed 5 would result in a lowering of the 8345 value of so}- while the 
weathering of some rocks from Watershed 9 would result in ()345 values of soi­
that are similar to those of bulk precipitation (o34S range from 3.2 to 6.9%o; 
Alewell et al., 1999). 

2.2.2. Role of Biological Processes 
Studies at the HBEF have suggested that the decreases in 8345 values of SO~- in 
drainage waters may be a result of soil processes that generate soi- that is 
depleted in 345 (Zhang et al, 1998; Alewell et al., 1999). Such results agree with 
findings from Europe at sites in the northwestern Czech Republic and northeast­
ern Bavaria, Germany, where 8345 values of SO~- in soil solutions and streams 
show different spatial and temporal patterns than those of precipitation or 
throughfall (Novak et al., 1995; Alewell and Gehre, 1999). Mayer et al. (1995) 
showed that although ()34s values of soi- in atmospheric deposition are altered 
only slightly in soil drainage waters, the oxygen isotopic composition (8180) of 
soJ- shows a depletion of several per mil indicating that biological processes 
were contributing to the soi- in soil solution. Other studies have reported, how­
ever, that 8345 values of so1- from soil solution of terrestrial sites have generally 
lower 8345 values than 50J- in throughfall (Fuller et al., 1986; Novak et al., 
1995; Zhang et al, 1998; Alewell et al., 1998, 1999; Alewell and Gehre, 1999). 
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A depletion in 34S of SO~- in soil solution in comparison to soi- in throughfall 
may indicate s mineralization as a potential so}- source, because the soil 
microflora prefer the lighter 32S isotope. Furthermore, it has been suggested for 
aerobic, forest soils that the mineralization of labile organic s produces so~- that 
is more depleted in 34s compared to adsorbed soi- or the soi- in soil solution 
(Fuller et al, 1986; Krouse et al., 1991; Zhang et al., 1998). These results are 
consistent with C-bonded S being depleted in 34s. Mayer et al. ( 1995) concluded 
from 3180 values of soil water soi- that a considerable proportion of the soi­
was derived from the mineralization of the C-bonded S suggesting that atmos­
pherically derived S was cycling though the organic soil pool. The importance of 
organic S as a SO~- source has been shown in Europe especially for organic rich 
soils with relatively low amounts of adsorbed So~- (Alewell, 2000). 

3. Research Needs for Evaluating Discrepancies in Watershed S Budgets 

A full evaluation of discrepancies in the mass balances of S inputs and outputs in 
catchments is needed including an evaluation of the contributions of organic S 
mineralization and weathering of S-containing minerals (Likens et al., 2000b). 
We suggest that a combined approach that includes the development of biogeo­
chemical and isotopic models that predict elemental and isotopic S pools and 
fluxes is required. This approach will require further analyses of dry deposition 
inputs including information on the isotopic values of gaseous inputs (i. e., S02). 

Also, more information is needed on the masses and isotopic composition of the 
major S pools (adsorbed soi-, organic S, S minerals in soil and bedrock) both 
within and among watersheds. Analyses of the spatial distribution of S-bearing 
minerals and their isotopic composition could be used to estimate weathering 
rates and to predict differences in the contribution of different geological S 
sources. Also, studies on the role of biotic processes including the effects of S 
mineralization/immobilization and plant uptake on isotopic fractionation would 
be helpful in evaluating the contribution of these processes to net loss or reten­
tion of S within catchments. 
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