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s u m m a r y

From a biogeochemical perspective, catchments can be regarded as reactors that transform the input of
various substances via precipitation or deposition as they pass through soils and aquifers towards drain-
ing streams. Understanding and modeling the variability of solute concentrations in catchment waters
require the identification of the prevailing processes, determining their respective contribution to the
observed transformation of substances, and the localization of ‘‘hot spots’’, that is, the most reactive areas
of catchments.

For this study, we applied a non-linear variant of the Principle Component Analysis, the Isometric
Feature Mapping (Isomap), to a data set composed of 1686 soil solution, groundwater and stream water
samples and 16 variables (Al, Ca, Cl, Fe, K, Mg, Mn, Na, NH4, NO3, SO4, total S, Si, DOC, electric conductivity
and pH values) from the Lehstenbach catchment in Germany. The aim was (i) to assess the contribution of
the prevailing biogeochemical processes to the variability of solute concentrations in water samples
taken from soils, in groundwater and in stream water in a catchment and (ii) to identify hot spots at
the catchment scale with respect to 16 solutes along different flow paths.

The first three dimensions of the Isomap analysis explained 48%, 30% and 11%, respectively, i.e. 89% of
the variance in the data set. Scores of the first three dimensions could be ascribed to three predominating
bundles of biogeochemical processes: (i) redox processes, (ii) acid-induced podzolization, and (iii) weath-
ering processes.

In general, the upper 1 m topsoil layer could be considered as hot spots along flow paths from upslope
soils and in the wetland, although with varying extents for the different prevailing biogeochemical
processes. Nearly 67% and 97% of the variance with respect to redox processes and acid induced podzol-
ization could be traced back to hot spots, respectively, representing less than 2% of the total spatial
volume of the catchment. In contrast, biogeochemical processes in deep groundwater had only minor
effects on the biogeochemical turnover in catchment waters. Hot spots with respect to weathering
processes along upslope and wetland flow paths could not be quantified due to effects of preferential
sampling in soil solution samples. Predominating flow paths and biogeochemical processes crucial for
the variability of stream water chemistry differed substantially for three streams but were consistent
with presumed mixing ratios.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Catchments can be regarded as reactors for various dissolved
organic and inorganic substances. Rainwater, fog, snow melt water

and dissolved solutes infiltrate the soil or run off the soil surface on
their way towards receiving streams (Neal et al., 1997; Stutter
et al., 2006). Extensive field work and modeling studies have
shown that subsurface water follows distinct flow paths rather
than becomes completely mixed, even in shallow soil catchments
(Biggs et al., 2006; Church, 1997; Hill, 1990; Rademacher et al.,
2005). Along these flow paths a variety of biogeochemical
processes occur that modify solute concentration (Biggs et al.,
2006; McClain et al., 2003; Soulsby et al., 1998; Yang et al.,

http://dx.doi.org/10.1016/j.jhydrol.2014.09.005
0022-1694/� 2014 Elsevier B.V. All rights reserved.
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2012). Attempts have been made to better understand and to
model the interplay of these processes (Church, 1997; McClain
et al., 2003; Stutter et al., 2006) and to relate them to the catch-
ment’s structure and properties (Biggs et al., 2006; Church, 1997;
Grathwohl et al., 2013; Stutter et al., 2006) as well as to determine
anthropogenic impacts (Church, 1997; Foster et al., 2001; Krám
et al., 1999; Vidon et al., 2010).

Single flow paths differ substantially from each other in trans-
port velocity, travel time, and geochemical properties of the matrix
(Botter, 2012; Liu et al., 2008; McDonnell et al., 2010; Neal et al.,
1997; Yang et al., 2012) and are therefore exposed to a variety of
processes. Changes of solute concentration along single flow paths
depend on the respective process kinetics relative to exposure
times (Oldham et al., 2013, and references therein) and to the
concentration of reagents (McClain et al., 2003), on the density of
reactive sites (e.g. Chapman et al., 1997; Church, 1997; Stutter
et al., 2012, and references therein), and on redox conditions (e.g.
Cirmo and McDonnell, 1997; Olivie-Lauquet et al., 2001; Paul
et al., 2006). Consequently, there will be hot spots along the flow
paths where solute concentration changes more rapidly over time,
or on shorter distances, compared to other zones. Such hot spots
can exist on different spatial scales, from molecular to global,
depending on the system of interest (McClain et al., 2003) and
can be responsible for a large part of the material turnover in aqua-
tic ecosystems (Vidon et al., 2010). Hot spots are frequently
described in terms of processes linked to the nitrogen or carbon
cycle (Andrews et al., 2011; Groffman et al., 2009a; McClain
et al., 2003; Vidon et al., 2010). Hot spots of organic matter
mineralization were found to be important in the regulation of
many biogeochemical cycles in riparian zones, as pointed out by
Vidon et al. (2010). Groffman et al. (2009a) demonstrated that a
high percentage of the denitrification activity in ecosystems occurs
in hot spots, which in turn leads to a high uncertainty in denitrifi-
cation models (Groffman et al., 2009b). Thus, understanding and
modeling biogeochemical processes in catchments would benefit
a lot from a systematic identification and characterization of these
hot spots (Groffman et al., 2009a; McClain et al., 2003; Vidon et al.,
2010). Otherwise, hot spots are often linked to the presence of
multiple reactants that depend on the interplay of different biogeo-
chemical processes (McClain et al., 2003; Vidon et al., 2010). How-
ever, up to now, researchers typically do not simultaneously study
hot spots for multiple chemical species.

This study aims at testing an integral approach for (i) assessing
the contribution of the prevailing biogeochemical processes to the
variability of solute concentrations in water samples taken from
soils, in groundwater and in stream water in a catchment, and
(ii) identifying hot spots at the catchment scale with respect to
16 different solutes along different flow paths. We have
performed a statistical analysis of the chemical composition of
soil pore-water, groundwater and stream water from a forested
catchment using the Isomap technique. Isomap is a non-linear
variant of the Principal Component Analysis (Tenenbaum et al.,
2000) which has been used previously to identify the prevailing
biogeochemical processes responsible for the observed chemical
composition of groundwater and stream water (Lischeid and
Bittersohl, 2008; Lischeid et al., 2010), and of soil pore-water
(Schilli et al., 2010), focusing in both studies on long-term
patterns of water chemistry. In contrast, in this study spatial pat-
terns in soil solution, groundwater and stream water chemistry
were investigated. In natural systems linear structures often are
more an exception rather than the rule (Mahecha et al., 2007;
Ramette, 2007; Harris and Heathwaite, 2011), for example for
most of the chemical reactions involved in the acidification
process (Neal, 1997). Thus, the interpretation of the results of
the linear PCA is often complicated (James and McCulloch,
1990; Lischeid and Bittersohl, 2008).

2. Study area

The Lehstenbach watershed is located in the Fichtelgebirge
Mountains in southeast Germany (Gerstberger et al., 2004) at
50�080N and 11�520E. The watershed area is 4.19 km2 and the ele-
vation ranges from 690 to 877 m a.s.l. (Fig. 1). The bedrock consists
of granite. The thickness of the regolith is up to 40 m and more.
Dystric cambisols and podzols predominate. Fibric histosols and
dystric gleysols are found in the riparian zone, representing about
one third of the watershed area (Küsel and Alewell, 2004). The area
is drained by a dense network of natural streams and artificial
channels (Lischeid et al., 2002). Dense Norway spruce stands (Picea
abies) cover more than 95% of the watershed area. Annual mean air
temperature is 5.3 �C, and the annual mean precipitation is
1,162 mm (1971–2000 period) (Gerstberger et al., 2004). Snow
pack usually develops in January, and final snow melt occurs in
March (Lischeid et al., 2002).

Groundwater circulates mainly in the regolith which can be
considered a porous aquifer with a saturated hydraulic conductiv-
ity of 3�10�6 m s�1. Mean residence time of water measured at the
catchment outlet is 3.6 years (Lischeid et al., 2002). In the riparian
zone, mean groundwater level is close to the surface during the
whole year and more than 10 m below the surface in the upper
part of the catchment.

Annual mean runoff was 470 mm during the period from 1991
to 2001 (Lischeid et al., 2010). Groundwater flow in the regolith
parallel to the stream at the catchment outlet is likely to be a neg-
ligible portion of the total outflow (Lischeid et al., 2002). Stream
discharge is generated by deep groundwater discharge during base
flow conditions and does not fall below 0.25 mm per day, even dur-
ing longer dry periods. During heavy rainstorms, the riparian zone
is saturated up to the surface, thus hydrologically connected to the
stream which can explain the strong increase (by a factor of 10–20
compared to base flow) in stream discharge during heavy rain-
storms (Lischeid et al., 2002).

The watershed is still highly affected by atmospheric deposi-
tions (sulfur oxides, nitrogen oxides, protons, base cations) that
peaked in the 1970s and steadily decreased thereafter (Matzner
et al., 2004). In general, Ca and Na are the predominating cations
in streams and groundwater (Lischeid et al., 2004). The waters
are acid and mostly hydrogen carbonate-free with a pH between
3.3 and 6.

3. Methods

3.1. Sampling and chemical analysis

Soil solution, groundwater and stream water samples were
taken along different flow paths in the catchment. Water flow
paths have not been determined directly. They were delineated
based on the results from previous studies in this catchment
(Lischeid et al., 2002; Lischeid et al., 2004). Water samples were
analyzed for different chemical variables. The sampling strategy
was chosen with the aim to sample all water compartments rele-
vant to assessing the chemical evolution along the different flow
paths: flow paths from upslope soils to an upslope spring, from
upslope soils to the catchment outlet, and wetland flow paths
(Fig. 2). Sampled water compartments were chosen along the flow
paths: soil solution from upslope soils and from the wetland, i.e.
close to the input boundary; groundwater from upslope sites and
from the wetland, and water from an upslope spring, the Moorbach
stream and the eastern tributary of the Lehstenbach stream,
representing solute output from the upslope sites, the wetland site
and the catchment, respectively. It was assumed that these sam-
pling sites represented to a sufficient degree the different water
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compartments in the catchment. Note, that ‘‘upslope sites’’ sum-
marizes all soil solution and groundwater sampling sites outside
the wetland area, i.e. groundwater sampling sites with oxic
groundwater.

Sampling was carried out between March 2005 and April 2008
(Table 1). Samples were taken at 9 upslope sites (Coulissenhieb
site, upslope groundwater sampling sites), the wetland site and 3
spring and stream water sampling sites (Fig. 1), mostly at monthly
intervals at least. In total, the data set included 16 variables of 1686

samples: Al, Ca, Cl, Fe, K, Mg, Mn, Na, NH4, NO3, SO4, total S, Si, DOC,
electric conductivity, and pH values.

At the Coulissenhieb site, upslope soil solution was collected by
81 ceramic suction cups installed at 0.03, 0.2 and 0.9 m depth
within nine plots. Three of the plots were subject to a freezing/
thawing experiment (for more details see Muhr et al., 2008). Three
samples from three plots were mixed to a composite sample for
each depth, respectively. We assumed that upslope soil solution
from the Coulissenhieb site represented to a sufficient degree the

Fig. 1. Map of the Lehstenbach watershed in the Fichtelgebirge Mountains in southeast Germany and sampling sites. Gauss-Krüger coordinates [m] are given at the axes.
Black symbols: sampling sites; black dashed line: catchment border; black solid lines: streams; solid gray line: public road; gray area: riparian zone. At the sampling sites
GW03, GW13, GW15 and GW20, 1 (GW15) or 2 (GW03, GW13, GW20) additional piezometers were installed at different depths.

Major 
stream 

(Lehstenbach) 

Wetland flow paths 

Flow paths from  
upslope soils 

Regolith 

Minor 
stream 

(Moorbach) 

Upslope spring
Soli surface

 

A 

B 

C 

D 

Z 

A 

B E 

F F 
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H 

Fig. 2. Scheme of the flow paths from upslope soils and of the wetland flow paths. Letters A–H and Z correspond to the sampled water compartments along the different flow
paths. Flow paths from upslope soils (A-B-E and A-B-C-D-Z): A: upslope soil solution sampled in 0.03 m, 0.2 m and 0.9 m depth and shallow groundwater sampled at upslope
sites in 0.9 m depth, B: shallow groundwater sampled at upslope sites between 1.9 m and 3.2 m, C: deep groundwater sampled at upslope sites at 10 m or 10.7 m depth, D:
deep groundwater sampled at upslope sites at 16 m depth or deeper, E: surface water from the upslope spring. Wetland flow paths (F-H, F-G-Z): F: wetland soil solution
sampled in 0.1 m, 0.2 m and 0.4 m depth and shallow groundwater sampled at the wetland site in 0.4 m depth, G: shallow groundwater sampled at the wetland site in 1 m
depth, H: surface water from the Moorbach stream. Z: surface water from the catchment outlet, i.e. the Lehstenbach stream.
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spatial variability found in the oxic soils in the catchment. Indeed,
previous studies in the catchment showed that depth gradients of
soil solution chemistry and the temporal variability largely
exceeded the spatial variability between sampling sites (Schilli
et al., 2010).

At the upslope groundwater sampling sites, groundwater sam-
ples were taken with a submersed pump in 8 observation wells
screened down to at least 10 m depth, and with a maximal gauging
depth of 26 m. At the sampling sites GW03, GW13, GW15 and
GW20, one or two additional piezometers beside the observation
well allowed sampling the groundwater at lesser depths (shallow
groundwater). They were installed in 2.2 m and 3.2 m (GW03), in
2.0 m and 3.0 m (GW13), in 4.1 m (GW15), and in 0.9 and 1.9 m
(GW20) below the surface. Spring water from the upslope spring
near the catchment border was collected as grab samples.

The wetland site (Fig. 1) is a slightly acidic fen near the catch-
ment outlet with an area of 0.08 km2 (Reiche et al., 2009). The
thickness of the peat layer on top of the mineral soil ranges
between 30 and 70 cm. Soil solution from this wetland site was
collected by 54 ceramic suction cups installed in 0.1, 0.2 and
0.4 m depth within six different plots. The ceramic cups operated
at a continuous suction of �25 kPa. Three samples from three plots
were mixed to a composite sample for each depth, respectively. A
dense network of 36 piezometers at 0.4 m depth and at 1 m depth,
respectively, was installed within the six plots for groundwater
sampling using an air-tight vacuum system pump to prevent water
from mixing with oxygen during sampling. Three of the six plots
were subject to two drying/rewetting experiments in August and
in September 2006, and from May to July 2007 (for more details
see Reiche et al., 2009).

The wetland is drained by the ephemeral Moorbach stream.
Stream water samples were taken with an automatic sampler at
daily intervals. Samples taken during runoff events were selected
and analyzed. Stream water samples from the eastern tributary
of the Lehstenbach stream close to the catchment outlet were
taken as grab samples, mainly during base flow conditions.
Samples from the western tributary were not included because
of contamination from road salt (Lischeid and Bittersohl, 2008).
The portion of wetland areas in the (sub)catchments of the upslope

spring, the Moorbach stream and the Lehstenbach stream was 0%,
100% and 35%, respectively. Along the different flow paths, water
samples were attributed to different sampling groups depending
on the sampling depth of the water samples as summarized in
Table 1. Two upslope groundwater sampling sites were the only
ones with a sampling depth of 4.1 and 26 m, respectively and, in
addition, were sampled only once. Thus, although included in the
Isomap analysis, the 2 water samples from these sites were not
explicitly considered for the water sampling groups.

Soil solution, groundwater, spring water and water from the
eastern tributary of the Lehstenbach stream were sampled at
monthly intervals. Additional sampling campaigns were performed
at the end of the drought period and after rewetting during both
experiments at the wetland site for soil solution and groundwater
sampling and for upslope soil solution sampling at the Coulissen-
hieb site.

Water and soil solution samples were filtered through a
cellulose-acetate-membrane filter with 0.45 lm pore size. They
were stored in polyethylene bottles in the dark at 2 �C until further
analysis. Element concentrations of Al, Ca, Fe, K, Mg, Mn, Na, total S
and Si were analyzed by ICP-OES (Varian Vista-Pro CCD Simulta-
neous). Cl, NO3 and SO4 were analyzed using ion chromatography
(IC Dionex DX 500), DOC by temperature combustion and subse-
quent determination of CO2 (Analytik Jena Multi N/C 2100 F),
NH4 by Flow Injection Analysis (FIA-LAB by MLE). Quality assur-
ance of the data was performed prior to this study by the BayCEER
central laboratory. Electric conductivity was measured with a
TetraCon� 325 conductivity cell (WTW), pH values with a SenTix�

41-3 electrode (WTW).

3.2. Isometric Feature Mapping (Isomap)

The Isomap approach is based on classical multidimensional
scaling (CMDS) (Tenenbaum et al., 2000). It has shown higher effi-
ciency in representing the variance of a given data set compared to
the linear Principal Component Analysis (PCA) (Tenenbaum et al.,
2000; Mahecha et al., 2007). Geodesic distances between faraway
points are estimated by summing up a sequence of euclidian dis-
tances between neighboring points in order to preserve non-linear

Table 1
Atrribution of water samples to different sampling groups depending on the sampling depth of the water samples, number of samples included in the Isomap analysis, number of
sampling dates and the sampling period for each sampling group. The sampling group ‘‘Lehstenbach stream’’ consists of samples from the eastern tributary of the Lehstenbach
stream.

Sampling group Comprised of Number of
samples

Number of
sampling dates

Sampling period

Flow paths from upslope soils Upslope soils 0.03 m Soil solution from organic layer 139 39 December 2005–April 2008
Upslope soils 0.2 m Soil solution 161 39 December 2005–April 2008
Upslope soils 0.9 m Soil solution and shallow

groundwater
161 39 and 6,

respectively
December 2005–April 2008 and
October 2005–October 2007,
respectively

Upslope soils 2 m Shallow groundwater sampled
between 1.9 and 2.2 m depth

35 19 October 2005–October 2007

Upslope soils 3.1 m Shallow groundwater sampled
between 3.0 and 3.2 m depth

31 19 October 2005–October 2007

Deep groundwater 10 m Deep groundwater sampled in
10 or 10.7 m depth

51 19 October 2005–October 2007

Deep groundwater 16 m Deep groundwater sampled in
16 m depth or deeper

17 16 October 2005–October 2007

Wetland flow paths Wetlands 0.1 m Soil solution 158 32 April 2006–February 2008
Wetlands 0.2 m Soil solution 135 32 April 2006–February 2008
Wetlands 0.4 m Soil solution and shallow

groundwater
333 32 and 23,

respectively
April 2006–February 2008 and
November 2005–November 2007,
respectively

Wetlands 1.0 m Shallow groundwater 154 23 November 2005–November 2007

Surface waters (Solute output) Upslope spring 7 7 March 2005–July 2007
Moorbach stream 282 282 April 2005–November 2007
Lehstenbach stream 18 18 December 2005–October 2007
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structures in the dataset. In a first step for every data point the k
nearest neighbors are determined. The selection of k is based on
a trial-and-error approach. Then, Isomap estimates the geodesic
distances between all pairs of points by determining the smallest
sum of the interpoint distances determined in the first step. In
the last step, CMDS is applied to the estimated geodesic distances,
projecting the nonlinear structures of the dataset onto a low-
dimensional ordination space. The method is described in detail
in Lee and Verleysen (2007).

Values less than the limit of quantization were replaced by
0.5 times that limit. Missing values were replaced by the mean of
the respective parameter. The data were then normalized to zero
mean and unit variance for each variable separately. All statistical
analyses were performed using the R statistical software environ-
ment (R Development Core Team, 2006).

Each of the dimensions given by the Isomap analysis ‘‘repre-
sent’’ variables that are correlated with each other, irrespective
of the type of relationship. These dimensions can be interpreted
corresponding to the linear principal components. However, they
are not necessarily linear. Thus, Spearman’s rank correlation
coefficients between single dimensions and variables were calcu-
lated. The variables with the highest Spearman coefficient with
each single Isomap dimension were selected and considered to
be the key variables for the dimensions. The Isomap analysis has
been performed with the package ‘‘vegan’’ (Oksanen et al., 2007).

The performance of the Isomap approach was evaluated by the
Pearson correlation between the interpoint distances in the high
dimensional original data space with the interpoint distances in
the low dimensional Isomap data space. The measure gives a value
of one for a perfect fit, close to zero for a very poor fit, and is
referred to as ‘‘explained variance’’ in the following.

The median of the dimension scores and the variance were
calculated for each of the sampling groups for the first three Iso-
map dimensions in order to assess the macro scale variability of
dimension scores along the different flow paths and the variability
within one sampling group, respectively.

3.3. Quantifying the fraction of variance explained by hot spots

Considerable changes of the median of dimension scores on
short distances along the flow paths were assumed to represent
hot spots. These hot spots represent a certain fraction of the total
variance of dimension scores explained by a certain Isomap dimen-
sion. The former was calculated using the difference between the
minimum and the maximum median of dimension scores within a
hot spot relative to the difference between the minimum and the
maximum median of dimension scores of all water sampling
groups, which was assumed to represent 100% of the variance
explained by the Isomap dimension. Furthermore, these hot spots
only constitute a fraction of the total spatial volume of the catch-
ment. The latter was calculated using an assumed thickness of the
regolith of 35 m, and the total catchment area of 4.19 km2. The frac-
tions of the hot spots were calculated using the thickness of the hot
spot, the portion of the non-wetland (65% of 4.19 km2) and the wet-
land area (35% of 4.19 km2) in the catchment for the hot spots of
upslope soils and of wetland soils, respectively, relative to the total
spatial volume of the catchment. The quantification was realized for
those hot spots that were identified in the results and the discussion
section and could not be realized for all hot spots (see Section 5).

4. Results

4.1. Non-linear statistical analysis

The performance of the Isomap analysis depends on the choice
of the parameter k, i.e. the number of neighbor points for determi-

nation of the geodesic distances (Tenenbaum et al., 2000). In our
study, the best performance was found for k = 1190 by systemati-
cal variation of this parameter.

The first three Isomap dimensions represented about 89% of the
variance (Fig. 3). Only the first three dimensions will be interpreted
in this study that represented 48%, 30% and 11% of the variance of
the interpoint distances of the data set, respectively. The 4th to
10th Isomap dimensions exhibited only minor contributions to
the explained variance.

High scores of the 1st Isomap dimension were associated with
high total S, SO4, NO3, Mn, K, Mg and Ca concentrations and with
high electric conductivity values, low scores with high Fe and Si
concentrations and high pH values (Fig. 4). Some relationships
exhibited strongly non-linear patterns, e.g., electric conductivity
or Fe concentration versus scores of the 1st dimension (Fig. 5).
The 2nd dimension was positively correlated with DOC, Fe and
Al, and negatively with total S, SO4, Na and pH (Fig. 4). The 3rd
dimension was characterized by positive loadings of Cl, Si, NH4,
K, Na and pH values and negative loadings of Al, total S and SO4.
Note that the total S nearly exclusively consists of SO4 in waters
of the catchment under study. Thus, only SO4 is used for further
interpretation of the data.

4.2. Changes of dimension scores along the flow paths

The scores of the first three Isomap dimensions varied system-
atically among the different sampling groups along each flow path
(Fig. 6). Scores of the 1st dimension were considerably lower for
the wetland flow paths compared to those from the upslope soils
and decreased with depth in the wetlands (Fig. 6). Correspond-
ingly, scores of the Moorbach stream with 100% wetland area in
its catchment were the lowest, and those of the upslope spring
without any wetland in its catchment were the highest, similar
to those of the upslope soils (Fig. 6). In the deep groundwater of
the upslope sites only a minor decrease of dimension scores was
observed.

In contrast, both at the upslope soils and in the wetlands, con-
siderable modifications of the scores of the 2nd and 3rd dimension
were observed (Fig. 6), indicating hot spots in the uppermost soil
horizons. In the upslope soils, scores of the 2nd dimension
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‘‘explained variance’’, for the first 10 Isomap dimensions.
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decreased down to a depth of 3 m with a sharp decrease within the
uppermost 0.9 m soil layer, and leveled off in the deep groundwa-
ter at greater depth. Along the wetland flow paths, scores of the
2nd dimension were around 0 for the first 40 cm, i.e., within the
peat layer, and then decreased down to 1 m depth. Similar to the
1st dimension, scores of the 2nd dimension were considerably
lower for the wetland topsoil than those for the upslope topsoil.
Among the stream water samples, those of the Moorbach stream
exhibited the highest scores, whereas those of the upslope spring
and of the catchment runoff were almost identical.

Along the flow paths from the upslope soils, scores of the 3rd
dimension decreased down to 0.9 m depth and then increased
again down to 16 m depth, whereas along the wetland flow paths
a clear increase of scores was observed. Among the three streams,
the catchment runoff exhibited the highest values of the scores of
the 3rd dimension, and the upslope spring the lowest.

For all three dimensions, the scores of all three streams were
always within the range of soil solution and groundwater sampling
groups (Fig. 6). Scores of the 1st dimension for the upslope spring
were in the same range as was found for upslope soil solution sam-
ples, scores of the 2nd and 3rd dimension in the range of upslope
soil solution in 0.9 m depth, and of shallow groundwater in 2 m
depth.

4.3. Quantifying the fraction of variance explained by hot spots

Based on the results and the discussion (see Section 5) of the
hot spots, the fraction of variance explained by hot spots was
calculated for the uppermost 0.1 m soil layer in the wetlands with
respect to the 1st and the 2nd Isomap dimension and for the first
0.9 m of flow paths from upslope soils with respect to the 2nd
dimension. Results are given in Table 2. The corresponding

fractions of the spatial volume represented by these hot spots are
given in Table 3.

5. Discussion

5.1. Process identification using the Isomap approach

Differing solute concentrations in water samples reflect reac-
tions that occurred along the flow paths. The Isomap analysis
revealed some very strong relationships between dimension scores
and the concentration of specific constituents. This observation
implies the following biogeochemical interpretation: Dimensions
reflect characteristic chemical signatures generated by a variety
of biogeochemical processes, provided that the water volume’s
exposure time to the respective biogeochemical processes is
clearly longer then its characteristic reaction time. Only then will
these processes exert an imprinting effect on the chemical
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composition of water samples (Oldham et al., 2013). Such
preconditions are met at locations in the catchment where bound-
ary conditions for the respective biogeochemical processes are
favorable, depending on the concentration of reactants and the
chemical state (e.g., redox state, pH, or ionic strength; Cirmo and
McDonnell, 1997; Lohse et al., 2009). It is assumed that this creates
the observed statistical variability of dimension scores. Based on
these considerations, we attempt in the following to identify
biogeochemical processes characteristic for each of the three
dimensions.

5.1.1. First Isomap dimension
High scores of the 1st Isomap dimension were associated with

high SO4, NO3, Mn, K, Mg and Ca concentration and electric con-
ductivity values, low scores with high Fe and Si concentration
and pH values (Figs. 4 and 5). A similar combination of variables
correlated with the 1st dimension was found by Schilli et al.
(2010) for a soil solution data set from the same catchment. They
interpreted the dimension to represent geochemical signatures
influenced by atmospheric deposition. Indeed, SO4, NO3, Ca, Mg
and K originate from atmospheric deposition which played a major
role for the biogeochemical functioning of many forested catch-
ments (Matzner et al., 2004 and references therein). On the other
hand, the correlation of SO4, NO3, Fe, Si and pH with an Isomap
dimension in a groundwater data set from the same catchment
has been interpreted to represent signatures affected by redox pro-
cesses (Lischeid and Bittersohl, 2008). In fact, SO4, NO3, Mn and Fe
are redox sensitive variables. There seems to be a threshold value
for scores of that dimension of about 0 with a substantial increase
of Fe concentration below (Fig. 5) which could indicate reduced
conditions. Due to technical constraints of the soil suction cups,
neither oxygen concentration data nor measurements of redox
potential were available which could have confirmed this
interpretation.

Redox processes like nitrification, denitrification, Fe oxidation
and reduction as well as SO4 reduction and sulfide oxidation pro-
cesses have been identified to be relevant at the upslope sites
(e.g. Alewell and Gehre, 1999; Durka et al., 1994; Hentschel
et al., 2007) and in the wetlands of this catchment (Alewell et al.,
2006; Knorr et al., 2009; Küsel and Alewell, 2004; Paul et al.,
2006). Indeed, high dimension scores, corresponding to high
concentrations of SO4 and NO3, were found mainly for oxic envi-
ronments (i.e. the upslope soils and deep groundwater) whereas
low dimension scores with high Fe and Si concentrations and high
pH values were found mainly for anoxic environments (i.e. the
wetlands). The higher pH values were in line with H+ consumption
during reduction processes. Higher Si concentrations could be due
to ‘‘old’’ groundwater discharge in the wetlands as was argued by
Lischeid and Bittersohl (2008).

The high correlation of with the 1st dimension has to be inter-
preted with caution. This correlation was mainly determined by
high Mn concentrations found in newly installed groundwater
wells at the upslope sites (data not shown). These high concentra-
tions clearly decreased with time since then. It is likely that Mn in
the bentonite sealing was released due to drilling (Lischeid and
Bittersohl, 2008) and will therefore not be discussed further.
Presumably, K, Mg and Ca could be released from the bentonite
sealing as well. However, in contrast to Mn, high concentrations
of these solutes were not restricted to the newly installed ground-
water wells but were found also in numerous soil solution samples
without any contact to a bentonite sealing. Ammonium was not
correlated with the 1st dimension (Fig. 4), although it originated
from atmospheric deposition and mineralization processes as well.
This was likely due to the occurrence of NH4 in only one single
sampling group, i.e. the upslope topsoil layer, due to sorption to
clay minerals and oxidation in deeper soil layers.

We conclude that high scores of the 1st dimension characterize
soil solution, groundwater and stream water which exhibits high
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concentration of NO3, SO4 and accompanying cations under oxic
conditions, whereas low scores represent samples from highly
reduced environments. For the sake of clarity, this dimension will
be referred to as ‘‘redox’’ dimension hereafter, although this is
certainly a simplification of a bundle of related processes.

5.1.2. Second Isomap dimension
The positive correlation between DOC, Fe and Al, and the scores

of the 2nd dimension as well as the negative correlation with pH
values (Fig. 4) is a typical signature for podzolization processes
(Lundström et al., 2000). This interpretation follows the reasoning
of Schilli et al. (2010), who found similar results for a soil solution
data set of the Lehstenbach catchment. Scores of the 2nd dimen-
sion were the highest at shallow depth at the upslope soils
(Fig. 6) reflecting the high values of DOC, Fe and Al in the forest
floor and the accumulation horizons (Bh, Bs) of the podzol in about
20 cm depth. Scores decreased with depth, which can be inter-
preted by observations made in previous process studies in the
catchment. Decreasing DOC, Fe and Al concentrations with increas-
ing depth in the podzols of the catchment were attributed to
microbial decay, sorption of DOC onto Fe and Al oxides/hydroxides,
and (co)precipitation with Fe and Al (Kalbitz and Kaiser, 2008;
Kalbitz et al., 2004).

Low scores of that dimension came along with enhanced SO4

and Na concentrations and higher pH values as were found in
the deeper layers of upslope soils (shallow groundwater) and in
deep groundwater (Fig. 6). The high SO4 concentrations would be
consistent with the acidifying effects of high sulfur deposition

mainly during the 1960s and 1970s (Matzner et al., 2004). The
location of which now has moved to a few m depth (Lischeid,
2001; Lischeid et al., 2004), having enhanced podzolization
processes in the upper soil layers in the past and mineral weather-
ing in the deeper soil layers (Huang et al., 2013; Maitat et al., 2000),
reflected by high SO4 and Na concentrations and higher pH values
found in shallow and deep groundwater samples. In fact, Na mainly
originates from hydrolysis of feldspars (Weyer et al., 2008)
occurring predominantly at greater depths in the deeply weath-
ered granitic bedrock (Lischeid et al., 2002). A negative correlation
between DOC and SO4 has been found in numerous streams across
North America and northern and central Europe, simultaneously
with the decline of SO4 deposition in these regions (Borken et al.,
2011; Monteith et al., 2007).

Denitrification and sulfide oxidation in the wetlands increase
the alkalinity (Alewell and Matzner, 1993; Lindemann, 1997).
Thus, acid-induced podzolization is not that relevant for the wet-
land site with fibric histosols and dystric gleysols. Correspondingly,
the scores of the 2nd dimension in the peat layer of the wetland
site (down to 0.4 m depth) were lower compared to those of the
upslope soils (Fig. 6). To conclude, this dimension seems to reflect
chemical signatures affected by acid-induced podzolization and
associated reactions.

5.1.3. Third Isomap dimension
High scores of the 3rd dimension were found in the forest floor

and in the deeper layers of upslope soils (shallow groundwater), in
the deep groundwater, and in the deeper layers at the wetland site

Table 2
Relative quantification of the identified hot spots with respect to the 1st and 2nd Isomap dimension, representing redox processes and acid-induced podzolization processes,
respectively. Sampling group: sampling groups representing the minimum and maximum median of dimension scores of all sampling groups in the catchment or of the hot spot,
respectively. For calculating the difference between the minimum and the maximum median of dimension scores within the hot spot in the uppermost 10 cm layer of the wetland
soils the median of the upslope soils in 0.03 m depth was used. It was assumed that this value is nearest to the input signal (open field precipitation and throughfall) for both the
flow path from upslope soils and the wetland flow paths. The fraction of variance explained was calculated as the ratio between the difference between the minimum and the
maximum median of dimension scores for the hot spot, and the difference between the minimum and maximum median of dimension scores of the whole catchment.

Isomap dimension/biogeochemical
process bundle

Sampling group Maximal and
minimal median
of dimension
scores, respectively

Difference between
maximal and minimal
median of dimension
scores

Fraction of
variance
explained (%)

1st dimension: redox processes Whole catchment Upslope soils 0.9 m 2.79 5.54 100
Wetland soils 1 m �2.75

Hot spot wetland 0.1 m Upslope soils 0.03 m 2.17 3.71 66.8
Wetland soils 0.1 m �1.54

2nd dimension: acid-induced
podzolization

Whole catchment Upslope soils 0.03 2.96 6.76 100

Upslope soils 3.1 m �3.80
Hot spot upslope soils 0.9 m Upslope soils 0.03 m 2.96 3.55 52.5

Upslope soils 0.9 m �0.59

Hot spot wetland 0.1 m Upslope soils 0.03 m 2.96 2.95 43.7
Wetland soils 0.1 m 0.01

Table 3
Fraction of the catchment’s spatial volume represented by the identified hot spots with respect to the 1st and 2nd Isomap dimension, representing redox processes and acid-
induced podzolization processes, respectively.

Isomap dimension/
biogeochemical process bundle

Thickness of the
regolith/hot spot (m)

Fraction of catchment area (non-
wetland/wetland)

3-D domain
(km3)

Fraction of 3-D domain of the
whole catchment (%)

Whole catchment
(4.19 km2)

35 0.14665000 100

1st dimension: redox processes Hot spot wetland
0.1 m

0.1 0.35 0.00014665 0.1

2nd dimension: acid-induced
podzolization

Hot spot upslope
soils 0.9 m

0.9 0.65 0.00245115 1.7

Hot spot wetland
0.1 m

0.1 0.35 0.00014665 0.1
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and were associated with higher values of Na, Si, NH4, K, Cl and pH.
Low scores were observed in waters sampled at 0.2 and 0.9 m
depth of upslope soils and at 0.1 m depth at the wetland site and
were associated with high values of Al and SO4 (Figs. 4 and 6).

Silicon and Na originate mainly from silicate weathering in dee-
per layers of the catchment (Weyer et al., 2008) which was in line
with the high scores in shallow and deep groundwater (Fig. 6). The
same holds true for the deeper layers at the wetland site, where
high clay content was found.

High dimension scores were also found in the organic layer of
the topsoil of upslope soils where silicate weathering is an unlikely
process. Instead, base cation release by cation exchange was indi-
cated by the correlation of the third dimension with NH4 and K that
originate from atmospheric deposition or internal cycling of
organic matter. Simultaneously, Cl was also positively correlated
with the 3rd dimension, mainly originating from atmospheric
deposition as well (Matzner et al., 2004).

The correlation between high scores of the 3rd Isomap dimen-
sion and higher pH values point to silicate weathering and cation
exchange as predominating buffering systems in the soil and
seems to corroborate weathering as the key process for the chem-
ical signature reflected by this dimension.

Soil acidification caused by high sulfur deposition up to the
1980s (Matzner et al., 2004) lead to high SO4 concentrations and
Al saturation of more than 97% of the cation exchange capacity
in the mineral soil of this catchment (Gerstberger et al., 2004), indi-
cating weathering of Al containing minerals as buffering system in
these soil layers. In contrast to the release of Na and Si via silicate
weathering (represented by positive dimension scores), Al releas-
ing weathering reactions require lower pH values as was found
in the soil layers between 0.2 and 0.9 m depth (negative dimension
scores). Similar to the upslope soils, low scores and high Al and SO4

concentration were found in the topsoil at the wetland site (Fig. 6).
Although SO4 originates from atmospheric deposition like Cl, SO4 is
negatively and Cl positively correlated with the 3rd dimension.
Aluminum in soil solution was often shown to be related to strong
mineral acid anions like SO4 (e.g. Dise et al., 2001), whereas a sim-
ilar correlation between SO4 and Cl was not observed. The lack of
correlation between Al and DOC with respect to the 3rd dimension
is likely due to the large C pool in the peat layer that likely did not
change due to Al dynamics.

We propose that the chemical signature represented by the 3rd
dimension reflects the release of base cations, Si and Al via silicate
weathering and cation exchange which had been intensified by
high sulfur deposition. To give a concise label, it will be referred
to as the weathering dimension in the following discussion.

5.2. Hot spots of biogeochemical transformation along flow paths

A change of Isomap dimension scores along the flow paths was
assumed to indicate a change of the respective contribution of the
biogeochemical transformation processes, resulting in a change of
solute concentrations. Flow paths have not been determined
directly, but it was assumed that seepage flux in the unsaturated
zone was vertical and that groundwater flow was horizontal. This
presumably holds true for shallow groundwater in the wetlands
(Fig. 2). Thus, the gradients of dimension scores over depth in
the unsaturated zone cannot be compared directly with those in
the deep groundwater and at the wetland site. In addition, trans-
port velocity presumably differs between the different sampling
sites and sampling depths and will not be constant in time. Thus,
our results do not allow direct inference of transformation rates
of different processes. Nevertheless, zones of major change of
dimension scores on short distances likely represent the most reac-
tive areas of the catchment with respect to these processes.

5.2.1. First Isomap dimension
The chemical signature described by the 1st dimension seems

to be hardly modified in the unsaturated zone of the upslope soil
and aquifer as it remained constant throughout the entire catch-
ment except in wetlands (Fig. 6). In contrast, in wetland soils a
sharp decrease of oxygen concentrations is typically found within
the upper 10 cm of wetland soil profiles in the Lehstenbach catch-
ment (Knorr et al., 2009), pointing to a considerable impact of
anoxic mineralization processes. In fact, despite the same input
signal (open field precipitation and throughfall), the scores of the
1st dimension for the wetland topsoil were lower than those for
the upslope topsoil. This suggests that the uppermost 10 cm layer
of the wetland soils had a major impact on the chemical composi-
tion of the water with respect to the redox processes. In fact, the
highest rates of Fe(II) formation and SO4 consumption were found
between 0 and 10 cm depth in anoxic microcosm experiments
(Küsel et al., 2008). Below 10 cm depth, scores of the 1st dimension
decreased only slightly. Thus, the uppermost 10 cm layer of the
wetland soils can be considered as a major hot spot that accounts
for the largest fraction of biogeochemical turnover by redox
processes.

5.2.2. Second Isomap dimension
Scores of the 2nd dimension decreased down to 3 m depth with

a sharp decrease within the uppermost 0.9 m layer at the upslope
sites (Fig. 6). Correspondingly, scores of the 2nd dimension
decreased with depth in wetland soils. It is remarkable that scores
at 0.9 m depth are about the same in upslope and wetland soils,
whereas those at 10 cm depth were clearly lower in the wetland
soils compared to the upslope soils. As has been observed for the
1st dimension, the uppermost 10 cm layer of the wetland soils
seems to play a major role for acid-induced podzolization
processes associated with the 2nd dimension. In fact, the top of
the small hummocks in the wetland was not permanently water
saturated which likely lead to at least temporary oxic conditions
(Frei et al., 2010). Likewise, the oxic topsoil layer at another wet-
land site in the same catchment was saturated only during single
rainstorms and snowmelt events (Lischeid et al., 2007).

The impact of podzolization processes seems to be restricted to
the uppermost 3 m layer at the upslope sites. This pattern may
have been amplified by the acidifying effects of historical high
sulfur deposition, the location of which has now moved to a few
m depth (Lischeid, 2001; Lischeid et al., 2004; Matzner et al.,
2004), enhancing podzolization and mineral weathering.

5.2.3. Third Isomap dimension
In the wetland soils, a continuous increase of scores of the 3rd

dimension down to 1 m depth (Fig. 6) points to a considerable
change of the chemical state affecting processes related to
weathering and cation exchange. However, at the upslope sites, a
corresponding increase of scores with depth is restricted to depths
below 0.9 m, and is tending to level off at greater depths in the
aquifer. In contrast, there is a clear decrease of scores from the top-
soil down to 0.9 m depth, which is exactly the opposite of the
pattern found in the wetland soil (Fig. 6).

This contradicts the assumption of an approximately monoto-
nous transformation of solute concentration along the flow path.
There is some evidence that samples from suction cups at different
depths may not represent a continuum of the same flow path, but
rather the immobile fraction of soil solution (Brandi-Dohrn et al.,
1996; Landon et al., 1999). The immobile fraction is characterized
by a rather long residence time. In addition, the immobile soil
water fraction is located more in small diameter pores with a large
interface between soil solution and soil matrix. This immobile frac-
tion interacts with the soil matrix, whereas there is less influence
of soil matrix on the mobile fraction at the same depth. This holds
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especially true during the growing season, when the topsoil desic-
cates and suction cups sample only the immobile fraction. Below
1 m depth, soil water content hardly decreased during the growing
season. In contrast, the wetland topsoil was close to saturation
even during the growing season. Thus, the effect of preferentially
sampling the immobile soil solution fraction due to the use of suc-
tion cups was restricted to the upslope top soil, and was the largest
in the uppermost soil layer. The effect of sampling with suction
cups is less critical at greater depths because of greater mixing of
soil solution from different pore sizes at greater depth (Guber
et al., 2008; Hohenbrink and Lischeid, 2014; Kamgar et al., 1993).

5.2.4. Quantifying the fraction of variance explained by
biogeochemical hot spots

The hot spots identified above are assumed to account for a large
fraction of biogeochemical turnover with respect to different
biogeochemical processes. This fraction of biogeochemical turnover
was estimated using the medians of dimension scores (Table 2). The
difference between the minimum and the maximum median of
dimension scores of all water sampling groups was assumed to
represent 100% of the biogeochemical turnover with respect to
the biogeochemical processes. Correspondingly, the difference
between the minimum and the maximum median of dimension
scores within a hot spot represents a certain fraction of the total
turnover in the catchment. For calculating the difference between
the minimum and the maximum median of dimension scores
within the hot spot in the uppermost 10 cm layer along the wetland
flow path median of the topsoil layer (0.03 m depth) along the flow
path from upslope soils was used. It was assumed that this value is
nearest to the input signal (open field precipitation and throughfall)
for both the flow path from upslope soils and the wetland flow path.

Nearly 67% of the variance traced back to redox processes and
nearly 53% and 44% traced back to acid induced podzolization
could be explained by the hot spots along the flow paths from
upslope soils and along the wetland soils, respectively (Table 2).
These seem to be plausible numbers, given the role of riparian
zones for redox processes and the role of the upper soil layer for
podzolization processes. For the hot spots of weathering processes,
quantification was not possible because of the effects of preferen-
tial sampling of soil solution samples. Given the results for the
fractions of the spatial volume of the whole catchment represented
by the hot spots (Table 3), these results emphasize the important
role of hot spots for biogeochemical turnover in the catchment,
which is restricted to a very small part of the spatial volume.

5.3. Streams

Spring and stream sampling sites could not be ascribed to
specific positions along a single flow path, as they integrate the
contributions of most flow paths. However, different flow paths
can contribute in varying degrees to surface water chemistry. Thus,
the results of the Isomap analysis help to identify the respective
predominant ones.

Scores of all three dimensions at the upslope spring water were
in the range of those of soil solution (at 0.9 m depth) and of shallow
groundwater (2 m depth). This is in line with the findings of
Lischeid and Bittersohl (2008), who found waters from several ups-
lope springs very similar to upslope groundwater from shallow
depths. Similarly, waters discharging to the spring were clearly
marked by oxic mineralization processes (1st dimension), moder-
ately influenced by acid induced podzolization (2nd dimension)
but rather strongly influenced by Al releasing weathering reactions
(3rd dimension) as was typical for groundwater from shallow
depths outside the wetlands.

The concept of near-surface runoff generation in the wetlands
(given by Lischeid and Bittersohl, 2008) is consistent with dimen-

sion scores of the Moorbach stream samples which are similar to
those of shallow wetland soils. The Isomap results point to strong
evidence of anoxic mineralization (1st dimension) and acid
induced podzolization processes (2nd dimension), and of Al releas-
ing weathering reactions (3rd dimension).

For the eastern tributary of the Lehstenbach stream near the
catchment outlet, scores of all three dimensions were intermediate
between deep groundwater and water from the wetland flow
paths, as was expected. One third of the catchment area is covered
by wetlands. Thus, wetland runoff as well as deep groundwater
discharging from upslope soils mix in the Lehstenbach stream
(Küsel and Alewell, 2004; Lischeid et al., 2002). In our study, the
Lehstenbach stream was sampled mainly during base flow condi-
tions, when mainly groundwater was discharging to the stream
(Lischeid et al., 2002). During runoff events, the riparian zones
are hydrologically connected to the stream, presumably shifting
dimension scores towards those of the wetland samples. In
general, the temporal variability in the Lehstenbach stream water
chemistry – as well as in the upslope spring water chemistry –
likely was underestimated due to the monthly sampling frequency
as was demonstrated by Neal et al. (2012).

The results of our study showed that up to 97% of the biogeo-
chemical transformation of the chemical composition of soil solu-
tion, groundwater and stream water in the Lehstenbach catchment
was restricted to less than 2% of the catchment’s regolith, i.e., to the
uppermost 0.1 or 0.9 m soil layer. Biogeochemical processes in the
deeper aquifer played a negligible role. In addition, processes that
were described by the 1st Isomap dimension were restricted to
material turnover in wetland soils. For those associated with the
2nd and 3rd Isomap dimension, the uppermost 1 m layer of
upslope and wetland soils was equally important. For the 3rd
dimension, we found some evidence that preferential sampling of
the immobile water fraction in the upslope topsoil blurred clear
gradients. Our study considered 15 different solutes and electric
conductivity, and found clear evidence of hot spots for all of these
solutes.

6. Conclusions

Regarding a catchment as a heterogeneous and multi-species
reactor, our study aimed at identifying biogeochemical hot spots
along different flow paths in a forested catchment based on
numerous soil solution, groundwater and stream water samples.
According to the results of the Isomap analysis, about 89% of the
total variance could be ascribed to three different bundles of
biogeochemical processes that exhibited different patterns along
subsurface flow paths. In all cases, the uppermost 1 m layer of
the catchment’s regolith was identified as a hot spot for the respec-
tive biogeochemical processes, although the exact location differed
for different process bundles at upslope sites and in wetland soils.
It is remarkable that these hot spots constitute the largest fraction
of the biogeochemical transformation of all of the investigated 15
solutes. On the other hand, most solutes were affected by more
than one of these three process bundles, each of which had differ-
ent hot spot patterns. As hot spots are often linked to the presence
of multiple reactants that depend on the interplay of different
biogeochemical processes (McClain et al., 2003; Vidon et al.,
2010), it seems to be a promising approach to study hot spots
simultaneously for multiple chemical species.

We expect comparable results of the predominating biogeo-
chemical processes for other catchments with similar geology,
climate, land use and atmospheric deposition history, leading to
comparable water chemistry. Each factor or process influencing
the biogeochemical processes in a catchment, like another geology
or land use, can change the results of the Isomap analysis. In
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general, the Isomap technique is a promising alternative to linear
approaches to investigate large multivariate data sets for which
non-linearities are expected, independent of the catchment
characteristics.

We conclude that an integral approach like that presented in
this study would be a useful prerequisite for a biogeochemical
modeling approach by reducing the number of processes to the
predominating ones ultimately included in the model, focusing
on hot spots and including spatial patterns where necessary and
appropriate. Thus, the approach can help develop accurate and
parsimonious models commonly used for water management
purposes.
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A B S T R A C T

Riparian wetlands as both hydrological and biogeochemical hot spots often have a major impact on the release of
solutes from headwater catchments. Numerous studies give some evidence of a rather complex interplay of
hydrological and biogeochemical processes that is still poorly understood. This study seeks to address this
challenge using a multivariate solute concentration data set from a small riparian headwater wetland. First, a
non-linear variant of the Principal Component Analysis (Isomap) was performed in a preceding study to identify
prevailing biogeochemical processes controlling water chemistry. Second, the scores of the components of the
stream draining the wetland were subjected to a cluster analysis to identify typical biogeochemical patterns for
different biogeochemical and hydrological boundary conditions.

Four different clusters could be identified, which roughly followed a seasonal pattern, although modified by
hydrological boundary conditions in the short-term. During the first three months of the year, Cluster 3 pre-
vailed, indicating a discharge of rather unaltered shallow to mean depth groundwater. Cluster 3 was increasingly
replaced by Cluster 2 and then subsequently by Cluster 1, indicating increasingly anoxic conditions, increasing
denitrification and desulphurization, and increasing decomposition of organic carbon reflecting increasing
biological activity and increasing water residence time within the wetland. However, stream water during
stormflow after extended periods of low groundwater level in the second half of the growth season exhibited a
very distinct pattern, represented by the fourth cluster. It indicated strong oxic conditions causing enhanced
oxidation of sulphides, a corresponding decrease in pH values, and a substantial increase in the concentration of
alkaline earth ions, manganese and in electric conductivity during the dry period.

It is concluded that temporal variations in stream water chemistry clearly reflected the intensity of biological
activity in the wetland, interacting with water table dynamics. Our results provide strong evidence for major
effects of single extreme events like drought periods which are expected to become more frequent because of
climate change.

1. Introduction

Riparian wetlands are transition zones between the unsaturated
zone, groundwater, and surface water (Casey and Klaine, 2001; Zhao
et al., 2009), and are characterized by substantial nutrient and con-
taminant retention capacities (Fisher and Acreman, 2004). Solute
concentration in wetland groundwater and adjacent streams often ex-
hibits remarkable temporal and spatial variance due to varying con-
tributions of soil solution, shallow and deep groundwater, as well as
highly heterogeneous patterns of biological and hydrochemical pro-
cesses within the respective catchment (e.g. Emmett et al., 1994; Kerr
et al., 2008; Kull et al., 2008). Processes in the riparian wetlands often

superimpose the influence of the hill slope area of the catchment upon
surface water quality (Hooper, 2001; O’Brien et al., 2013; Piatek et al.,
2009; Prior and Johnes, 2002). A change in biogeochemical processes
in the riparian wetlands, e.g. because of increasing intensity and fre-
quency of hydrological extreme events (long dry periods, heavy rain-
storms), predicted to become more frequent because of climate change,
will thus be likely to affect stream water quality directly (Emmett et al.,
1994; Kull et al., 2008; Szkokan-Emilson et al., 2013; Watmough and
Orlovskaya, 2015).

The importance of storm events for solute export has been docu-
mented in numerous studies (Mitchell et al., 2006; Neal et al., 2006;
Raymond and Saiers, 2010; Ulen, 1995). Especially in small
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catchments, a significant amount of annual stream runoff occurs during
single runoff events, accompanied by a change of surface water quality
within a few hours (Kirchner, 2003).

Systematic shifts of stream water solute concentration during
stormflow periods were often ascribed to hydrological processes like
changes in water flow paths (Christophersen et al., 1982; Davies et al.,
1992; Hagedorn et al., 2000; Lyon et al., 2011). The latter may be due
to changes in riparian wetland water table depth, leading to different
types of runoff events (Bechtold et al., 2003; Emmett et al., 1994;
Inamdar et al., 2008; Kerr et al., 2008). This approach implies that the
chemical composition within a single water flow path does not change
with regard to time and space, which presumably holds only at the time
scale of single stormflow periods. Consequently, the processes causing
chemical signatures in runoff are still poorly understood (Aubert et al.,
2013b; Dhillon and Inamdar, 2014; Kirchner, 2003).

In contrast to this hydrological perspective, biogeochemists study
wetland processes at the time scale of weeks or months, and tend to
ignore changing hydrological conditions and boundary fluxes, with the
exception of changing groundwater levels. The focus of those studies is
on internal processes and not on relating them to output fluxes via the
discharging stream (Knorr et al., 2009; Pennington and Watmough,
2015; Reiche et al., 2009). Thus, little is known about the interplay
between hydrological and biogeochemical processes in riparian wet-
lands. So far, various studies have provided anecdotal evidence: Sul-
phate, e.g., was found to be exported episodically after summer
droughts due to oxidation of reduced sulphur (S) compounds (Eimers
et al., 2007; Inamdar et al., 2008; Tipping et al., 2003; Zhang et al.,
2010). The modelling study by Frei et al. (2012) illustrated how small
scale spatial heterogeneity of flow paths and biogeochemical processes
could yield a complex pattern of stream solute concentration during
stormflow.

Various studies elucidated the interplay between hydrological and
biogeochemical processes affecting solute export from riparian wet-
lands (Arnold et al., 2015; Piatek et al., 2009; Vidon et al., 2014), in-
cluding fluctuating climatic conditions (Kull et al., 2008), seasonal
factors (Muller and Tankéré-Muller, 2012) including seasonal hydro-
logic events (Kerr et al., 2008), changes in the water flow pathways
(Christophersen et al., 1982; Kerr et al., 2008; Mitchell et al., 2006),
antecedent moisture conditions (Inamdar et al., 2009; Mitchell et al.,
2006), redox processes (Kerr et al., 2008), available solute concentra-
tion in the wetland (Piatek et al., 2009), dilution of solutes (Inamdar
et al., 2009), and the flushing of solutes after drought periods (Emmett
et al., 1994; Szkokan-Emilson et al., 2013). Aubert et al. (2013b) in-
vestigated seasonal patterns of flood-induced variability in stream
water chemistry by using a probabilistic clustering method. Inamdar
et al. (2013) highlighted the need to recognize temporal shifts in the
end-member chemistry as a function of catchment wetness to better
characterize catchment flow paths and mixing responses. Knorr (2012)
emphasized the importance of both hydrological and redox conditions
in the wetlands for solute export in the catchment of this study.

Water resources management must consider spatial and temporal
patterns of biogeochemical and hydrological processes for assessing the
impact of climate and land use change on solute export. Management
practices are often based on results from biogeochemical modelling.
However, non-linear interactions between hydrological and biogeo-
chemical processes in catchments render the understanding and pre-
diction of long-term behaviour of surface water quality difficult. Thus,
the objective of this study was to elucidate the interplay between bio-
geochemical and hydrological processes and to weight their respective
relevance with regard to water quality in the receiving stream. It was
hypothesized that the temporal patterns of wetland stream water
chemistry were not related to changes in hydrological flow paths but
that stream water chemistry reflected varying antecedent biogeo-
chemical boundary conditions in the wetland. However, it was assumed
that biogeochemical processes in the wetland were affected by the
groundwater level which determined the degree of anoxia in the

uppermost soil layer.
This study builds upon a preceding study by Weyer et al. (2014).

Prevailing biogeochemical processes in the Lehstenbach catchment
were identified in a comprehensive data set comprising soil solution,
groundwater, spring water, and stream water solute concentration data
from upslope and wetland sites using the Isomap approach (Isometric
Feature Mapping; Tenenbaum et al., 2000). Isomap can be considered a
non-linear variant of Principal Component Analysis (PCA). As different
observables of the multivariate water quality data set exhibited nu-
merous, although partly non-linear relationships, a large fraction of the
variance could be represented by a small number of Isomap compo-
nents. As these components were independent, they were used to
identify the prevailing biogeochemical processes. In addition, the
component scores were used as a proxy for quantifying the intensities of
the respective biogeochemical processes.

This study focused on a subset of the data set used by Weyer et al.
(2014), comprising data from 280 samples taken in a stream that
drained a small wetland in the Lehstenbach catchment. In addition to
solute concentration values, the Isomap component scores of the sam-
ples as a quantitative assessment of the intensity of the prevailing
processes were included. This study aims at a better understanding of
the observed pronounced temporal variability of stream water quality,
i.e., at differentiating between biogeochemical and hydrological dri-
vers. To that end, a Cluster Analysis (CA) was used to classify stream
water samples. As that classification was based on the scores of the
independent Isomap components, it does not only solve the problem of
collinearity as is often recommended (Fröhlich et al., 2008; Menció and
Mas-Pla, 2008; Woocay and Walton, 2008). Moreover, it allowed in-
terpreting the clusters in terms of intensities of identified biogeo-
chemical processes which would not be possible by using solute con-
centration data. A time series of cluster assignment of the stream water
samples was related to the respective meteorological and hydrological
boundary conditions, and conclusions were drawn with respect to the
interplay between biogeochemical and hydrological processes. In ad-
dition, the classification of stream water samples was compared to the
well-known Schöller- and Piper-classification of water samples (Piper,
1944; Schoeller, 1962). Finally, implications for explaining temporal
patterns of single solutes in stream water quality are discussed.

2. Data and methods

2.1. Data

The current investigation involved samples of a wetland stream
within the Lehstenbach watershed (50°08′N and 11°52′E) in the
Fichtelgebirge Mountains in southeast Germany. Extensive monitoring
programs have been run in this catchment since the end of the 1980s,
including several studies on groundwater and stream water chemistry.

The watershed area is 4.19 km2 and elevation ranges from 690 to
877 m a.s.l. (Fig. 1). The bedrock consists of variscan granite of two
different facies (Stettner, 1964), which show very similar mineralogical
compositions. Significant differences between the two facies with re-
spect to geochemistry (Weyer et al., 2008) or hydrogeology (Partington
et al., 2013) have not been observed. The thickness of the regolith is up
to 40 m and more. Dystric cambisols and podzols predominate. In the
riparian zone, fibric histosols and dystric gleysols are present, re-
presenting about one-third of the watershed area. The area is drained
by a dense network of natural streams and artificial channels. Dense
Norway spruce stands (Picea abies) cover more than 95% of the wa-
tershed area. Annual mean air temperature is 5.8 °C, annual mean
precipitation is between 950 and 1250 mm. Annual mean runoff of the
Lehstenbach stream, i.e. the catchment outlet, was 470 mm during the
period from 1991 to 2001 (Lischeid et al., 2010). Snowpack usually
develops in December or January, and final snowmelt occurs in March
or April. The site has been severely impacted by sulphate deposition
that peaked in the 1970s and has decreased by more than 80% since
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then (Matzner et al., 2004).
This study focused on the ephemeral Moorbach stream that drains

the slightly acidic Schlöppnerbrunnen fen, later referred to as “wet-
land”, near the catchment outlet (Fig. 1). The fen area is 0.08 km2. The
thickness of the peat layer on top of the mineral soil ranges between 30
and 70 cm (Reiche et al., 2009). The runoff of the Moorbach stream is
exclusively composed of wetland waters, i.e. by waters that originate in
the wetland or by groundwater that has passed through the wetland
area. Discharge of the Moorbach stream was between 0 and 4l/s during
most of the study period. During discharge peaks, up to 439l/s were
observed. Three plots of 7.2 m × 5 m each were subjected to two
drying/rewetting experiments from August to September 2006, and
from May to July 2007 (for more details see Reiche et al., 2009). The
rest of the wetland was not manipulated.

More than 600 stream water samples from the Moorbach stream
were taken between April 2005 and November 2007 with an ISCO
automatic sampler at daily intervals. No samples could be taken during
the frost period or when the Moorbach stream fell dry. Samples were
filled in thoroughly-rinsed polyethylene bottles in the automatic sam-
pler. The filled bottles were at least collected every three weeks and
directly transported to the central laboratory of the Bayreuth Center of
Ecology and Ecological Research (BayCEER). In all collected samples,
electric conductivity (EC) and pH values were measured directly after
collection with a TetraCon® 325 conductivity cell (WTW), and with a
SenTix® 41–3 electrode (WTW), respectively.

Initially, from April to June 2005, daily stream water samples were
analysed. Afterwards, only samples taken during runoff events were
selected according to stream discharge and electric conductivity values.
In total, 280 stream water samples were selected to be analysed as
described below.

Selected water samples were filtered through a cellulose-acetate-
membrane filter with 0.45 µm pore size. They were stored in thor-
oughly-rinsed polyethylene bottles in the dark at 2 °C until further
analysis. The element concentrations of aluminium (Al), calcium (Ca),
iron (Fe), potassium (K), magnesium (Mg), manganese (Mn), sodium
(Na), total sulphur (S) and silica (Si) were analysed by ICP-OES (Varian
Vista-Pro CCD Simultaneous). Chloride (Cl), nitrate (NO3) and sulphate
(SO4) were analyzed using ion chromatography (IC Dionex DX 500),

dissolved organic carbon (DOC) by temperature combustion and sub-
sequent determination of carbon dioxide (CO2) (Analytik Jena Multi N/
C 2100F), and ammonium (NH4) by Flow Injection Analysis (FIA-LAB
by MLE). Quality assurance of the data was performed prior to this
study by the central laboratory of the Bayreuth Center of Ecology and
Ecological Research (BayCEER).

2.2. Methods

Data handling, statistical analysis and plotting were performed
using the R environment (R Development Core Team, 2006). The
Cluster Analysis was performed with the package “cluster” (Maechler
et al., 2007). The packages “Hmisc” (Harrell et al., 2014), “mult-
compView” (Graves et al., 2012) and “hydrogeo” (English, 2017) were
used to produce the graphics.

2.2.1. Statistical analysis
Different (non-linear) multivariate statistical methods were used

sequentially to analyse water solution data. A global flowchart of the
different steps of statistical analysis is shown in Fig. 2.

2.2.1.1. Preceding analysis of water quality data. The data set used for
this study is a subset of the original data set used by Weyer et al. (2014),
comprising soil solution, groundwater, spring water and stream water
samples from various sites within the catchment, including upslope
soils.

Weyer et al. (2014) applied a non-linear version of a Principal
Component Analysis, the Isometric Feature Mapping (Isomap) ap-
proach, to the original data set in order to identify the prevailing bio-
geochemical hot spots along different subsurface flow paths from the
soil surface to the catchment outlet. The approach reduced the di-
mensionality of the original data set, comprising 1686 single samples
with 16 parameters each, down to three components (Fig. 2). The three
components explained 89% of the total variance (48%, 30%, and 11%,
respectively). The first component was positively correlated with SO4,
NO3, Mn, K, Mg and Ca concentrations and electric conductivity, but
was negatively correlated with Fe and Si concentrations and pH values.
The second component was associated with high DOC, Fe, and Al

Fig. 1. Map of the Lehstenbach watershed. Gauss-Krüger coordinates [m] are given at the axes. Moorbach: Moorbach stream; Lehstenbach: Lehstenbach stream.
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concentrations, but low SO4 and Na concentrations and low pH values.
The third component was characterized by positive loadings of Cl, Si,
NH4, K, Na, and pH values and negative loadings of Al, and SO4. The
first component was ascribed to redox processes, the second to acid-
induced podsolization, and the third to weathering processes in the
subsurface (Weyer et al., 2014). Every sample of the data set was as-
signed a score of the respective components as a quantitative measure
for the strength of the respective effects on that water sample. It could
be shown, that for all three components the uppermost 10 cm of the
riparian wetland as well as the uppermost 1 m of upslope soils played a
crucial role for solute concentration in the receiving streams.

For this study, a subset of data from a small wetland stream was
used as described above. It was assumed that the three biogeochemical
processes identified with the Isomap approach prevailed in the whole
catchment, including the wetland site. Thus, the Cluster Analysis was
performed on the scores of the first three components of the Moorbach
stream samples rather than on the values of the 16 solutes. This was
done as it was recommended to perform a Cluster Analysis on whitened
data in order to not give too much weight to parameters that were
strongly correlated to each other. On the other hand, the original data
set used by Weyer et al. (2014) contained chemical information from
various water sources, including soil solution and groundwater from
upslope and wetland sites. It was therefore expected, that it would re-
flect, to a larger degree, processes that are more visible in other parts of
the catchment, like acid-induced podsolization. In addition, results of
this study can be directly related to that of the Weyer et al. (2014)
study.

2.2.1.2. Cluster Analysis (CA). A Cluster Analysis was performed using

the scores of the first three Isomap components of 280 Moorbach stream
water samples selected from the original data set used by Weyer et al.
(2014) in order to group water samples that were influenced by the
same biogeochemical processes (Fig. 2). Cluster Analysis aims at
classifying samples according to a similarity measure and a grouping
algorithm. Agglomerative hierarchical cluster analysis uses the distance
between samples as a measure of similarity (Vega et al., 1998). At
different distances, different clusters will form, which can be
represented using a dendrogram. In contrast, the k-means clustering
aims at finding the cluster centroids for a given number of clusters.
Objects are assigned to the nearest cluster centroid by minimizing the
squared distances from the latter.

The Isomap scores of the Moorbach stream water samples were first
normalized to zero mean and unit variance for each component sepa-
rately. First, a hierarchical clustering (agglomerative nesting) was
performed (Fig. 2) to assess an adequate number of clusters using the
knee criterion (Dubes and Jain, 1979; Tibshirani et al., 2001), i.e., a
compromise between a minimum number of clusters and a minimum
sum of squared errors of assignment to clusters. The sum of squared
errors is defined as the sum of the squared distance between each
member of a cluster and its cluster centroid. Using the number of
clusters found in this manner, in a second step, a k-means clustering
was performed (Fig. 2). The centroids of each cluster and the distances
between the observations and the cluster centroids were calculated.
Observations with a smaller distance to another centroid than to the
own centroid were then relocated to the other cluster in an iterative
procedure.

The Cluster Analysis yielded a classification of the 280 water sam-
ples. In a next step, the clusters were analysed for significant differences
with respect to component scores as well as to solute concentration. To
that end, the Wilcoxon test with Bonferroni correction for multiple
testing was used for pairwise comparison between different clusters. In
contrast to, e.g., the well-known t-test, the applied test can handle
strongly differing numbers of samples per group and does not require
any specific distribution. Level of significance was 5% in all cases.

The same test was used to test for significant differences between
the clusters with respect to the boundary conditions of the sampling
dates. Boundary conditions were characterized by daily mean values of
discharge, groundwater level, precipitation, air temperature and Julian
day of the sampling dates. Discharge was logarithmised after adding a
constant offset of 1l/s in order to avoid logarithmising of zero values.
Precipitation was summed up for a period of 30 days before each
sampling date, respectively. In addition, a rough proxy for water re-
sidence time in the riparian wetland was used by determining the
number of preceding days since the last exceedance of a discharge
threshold of 1l/s. Determination of that proxy variable was possible
only for periods without data missing from the hydrograph. Thus, part
of the water samples could not be assigned a value of that proxy vari-
able.

For visualization of differences between clusters, box-percentile
plots were used. They can be regarded as approximations of the prob-
ability density of the respective variable, but rotated by 90°. More
precisely, the width of the figure is proportional to the percentile of that
height up to the 50th percentile. Above the 50th percentile, the width is
proportional to 100% minus the percentile. Thus, the width at any
given height is proportional to the percent of observations that are more
extreme in that direction. In addition, the first, second, and third
quartile is marked by horizontal lines (Esty and Banfield, 2003).

2.2.2. Schöller and Piper classification of stream water samples
To allow for comparison with standard methods of multivariate

water quality visualisation, stream water quality and cluster means
were plotted in Schöller and Piper diagrams (Fig. 2). For the Schöller
diagram, mean values, the 10th and the 90th percentiles of solute
concentration of the stream water samples were plotted for each of the
four clusters. For the Piper diagram, charge equivalents of Ca, Mg, Na,

Isomap analysis
(Weyer et al. 2014)

Adequate number of clusters

Assigning samples to clusters

Measured data

3 components

Hierarchical cluster analysis

k means cluster analysis

Schöller diagram
Piper diagram

Assigning clusters to hydrological
and biogeochemical processes

Comparison with
boundary conditions

Fig. 2. Flowchart of the approach followed using different methods (grey
shaded ellipses).

C. Weyer et al.

98 Study 3



K, Cl, NO3, SO4 and hydrogencarbonate and bicarbonate (HCO3
− and

CO3
2−) were calculated. Then, the percentage of each cation and anion

with respect to the total sum of cations and anions, respectively, was
calculated. Stream water samples assigned to the same cluster were
plotted using the same symbol in order to differentiate between the four
clusters.

3. Results

3.1. Identification of clusters

The appropriate number of clusters was chosen using the sum of
squared errors within a group plotted against the number of clusters
(Fig. 3): at the point where the reduction of sum of squared errors with
increasing number of clusters slowed down markedly. This point was
found at four clusters, subsequently named Cluster 1 to Cluster 4. Each
of the 280 water samples was assigned to one of these four clusters: 56
samples to Cluster 1, 101 to Cluster 2, and 93 and 30 to Cluster 3 and 4,
respectively.

Fig. 4 gives the scores of the first three Isomap components, Fig. 5
shows the pH values, electric conductivity and concentration of selected
solutes for each of the four clusters. Different letters a, b, c, and d de-
note the significantly different median values of the respective Isomap

component scores and the respective variables between the respective
clusters in Figs. 4 and 5, respectively. All clusters differed significantly
with respect to the scores of all three components, and for most of the
solutes as well, except for NH4 (not shown). Scores of the first com-
ponent increased systematically from Cluster 1 to 4, indicating in-
creasingly oxic conditions. In contrast, scores of the second component
decreased systematically, pointing to decreasing acid-induced podsoli-
zation. A different pattern was exhibited by the scores of the third
component. Scores increased from Cluster 1 to 3 and decreased for
Cluster 4 again (Fig. 4). Peak values for the third cluster indicated the
strongest effect of weathering processes for these samples, which was
typical for groundwater at greater depths (Weyer et al., 2014).

These patterns were reflected by three different groups of solutes.
The first group, comprising of electric conductivity, SO4, Ca, Mg, Mn
and S (not shown) exhibited an increase from Cluster 1 to 4, similar to
the scores of the first component. The opposite was true for the second
group, including pH, DOC, Al and Fe, similar to the scores of the second
component. The pattern of the third component was mimicked by the
third group, i.e., by Si, K and NO3. The same held for Na and Cl (not
shown).

3.2. Time series and typical boundary conditions

Time series of cluster assignment of the 280 stream water samples
during the 2005–2007 sampling period are shown in Fig. 6 and were
compared to that of discharge and groundwater levels in the riparian
wetland. In addition, Julian day and the respective meteorological and
hydrological boundary conditions during sampling days are compared
to cluster assignments in Fig. 7.

On average, samples were taken every 3–4 days. However, sampling
intervals differed widely between one hour and 99 days, partly due to
the stream occasionally drying up. In general, assignment to clusters
exhibited considerable persistency: in more than 80% of all cases,
consecutive samples were assigned to the same cluster. A systematic
change of cluster occurrence before, during or after runoff events could
not be observed. Thus, pronounced changes of stream water solute
concentration could be ascribed, in the first place, to slowly modifying
conditions within the wetland rather than to short-term hydrological
processes.

Time series of assignment to clusters roughly followed a seasonal
pattern, although with considerable modification within and between
the years. Samples taken during the first three months of the year were
exclusively ascribed to Cluster 3 (Figs. 6 and 7). Correspondingly, air
temperature during sampling was the lowest, groundwater level the
highest, and time since last preceding discharge peak (as a rough proxy
for water residence time within the wetland) the shortest compared to
all clusters (Fig. 7).
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Later in the year, Cluster 3 was subsequently replaced by Cluster 2,
and then by Cluster 1 (Fig. 6), along with rising air temperature and
lower groundwater level (Fig. 7). Likewise, cumulative precipitation for
a 30 day-period was the lowest for Cluster 2. Correspondingly, scores of
the first component decreased, indicating increasingly anoxic condi-
tions. Groundwater level and cumulative precipitation for Cluster 1 was
significantly higher than for Cluster 2, representing recovering of the
groundwater level after periods of moderate groundwater level draw-
down (less than 15 cm). Increasing scores of the second component
pointed to increasing effects of acid-induced podsolization, and de-
creasing scores of the third component to decreasing effects of weath-
ering processes. Thus, stream water became increasingly dissimilar
compared to groundwater solute concentration.

Four samples in early July 2005, and another 26 samples in 2006,
mostly in August and October, were assigned to Cluster 4 (Fig. 6).
During all of these three periods, groundwater level was low (Fig. 7),
but recovered from preceding extensive drawdown (Fig. 6). Corre-
spondingly, water residence time within the riparian wetland was on
average the largest for Cluster 4 (Fig. 7). Cumulative precipitation was
intermediate. In contrast to 2005 and 2006, there was no similar
drawdown of groundwater level after mid-May in summer 2007, and no
sample was assigned to Cluster 4 (Fig. 6).

Although samples of Cluster 4 usually followed immediately after
those of Cluster 1 or 2 (Fig. 6), they differed to a maximum extent with
respect to scores of components 1 and 2 (Fig. 4), and with respect to
most solutes (Fig. 5). Scores of the first and of the second component of
Cluster 4, compared to those of Cluster 1 (Fig. 4), indicate that this
change came along with a drastic reoxidation and a strong decrease of
acid-induced podsolization. Depending on the respective hydrological
conditions, Cluster 4 was then either rapidly replaced by Cluster 1
(2005) or by Cluster 2 or 3 (2006) (Fig. 6).

Cluster occurrence did not vary between base flow and storm flow

conditions as long as the water table was near the soil surface (runoff

events April and May 2005, January 2007; Fig. 6). Furthermore, there
seemed to be no dependence of cluster occurrence on the magnitude of
the runoff event. For example, discharge of the Moorbach stream after
two comparable periods of extensive groundwater level drawdown
(more than 20 cm) was 1.76l s−1 and 20.22l s−1 in July 2005 and Oc-
tober 2006, respectively, with a comparable cluster occurrence. Simi-
larly, discharge of the Moorbach stream after three periods of moderate
groundwater level drawdown (less than 15 cm) was near 0l s−1,
43.10l s−1 and 12.84l s−1 in June 2005, June 2007 and August 2007,
respectively, also with a comparable cluster occurrence. Correspond-
ingly, there was no significant difference between average discharge
values for Cluster 1 and 4 (Fig. 7), the most differing clusters with re-
spect to water chemistry (Figs. 4 and 5).

The two drying/rewetting-experiments conducted from August to
September 2006 and from May to July 2007 in three of the six sampling
plots in the wetland under study did not seem to have an influence on
stream water quality. Indeed, cluster occurrence in the Moorbach
stream water samples taken during and after the experiments could be
explained by naturally occurring hydrological conditions.

3.3. Schöller and Piper classification of cluster means and stream water
samples

All of the four clusters showed comparable patterns in the Schöller
diagram (Fig. 8). Highest mean concentrations were observed for SO4,
followed by Si and Na. Lowest mean concentrations were observed for
Mn and NH4. Mean solute concentrations differed for the different
clusters with respect to Ca, Mg, Fe, NO3, SO4 and DOC. Corresponding
to the results of the CA, Cluster 4 showed the highest mean SO4 con-
centration.

Using the Piper diagram (Fig. 9), stream water samples can be
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classified as sodium-potassium type and as chloride to sulfate type.
Water samples assigned to Cluster 4 showed considerably higher SO4

and Ca, but lower Cl concentrations than water samples assigned to the
other clusters. In contrast, water samples assigned to Cluster 3 showed
remarkably lower SO4 concentrations but higher CO3

2− + HCO3
−

concentrations. Water samples assigned to Cluster 1 showed the lowest
SO4 concentrations but higher Cl concentrations compared to the other
water samples.

4. Discussion

This study aimed at elucidating the interplay between internal
biogeochemical processes in a riparian wetland and hydrological pro-
cesses at the time scale of days to months. The samples are regarded as
representative samples of the wetland water being mobilized especially
during single runoff peaks. Clustering necessarily implies ignoring
within-cluster variability and overemphasizing differences between
clusters. Although the knee criterion, applied here for selection of an
adequate number of clusters, is widely accepted (Dubes and Jain, 1979;
Tibshirani et al., 2001), any clustering of a presumably more or less
continuous data set is, to a certain degree, arbitrary. Consequently,
assignment of single samples to certain clusters can always be ques-
tioned. However, clustering can help identify certain structures in large
data sets.

In this study, samples were clustered based on the scores of an
Isomap analysis that determined the independent components. Each of
these components had been interpreted as a quantitative measure of the
strength of the effect of single processes in a preceding study (Weyer
et al., 2014). However, this interpretation is not a necessary pre-
requisite for this study and the inferences drawn from the results. As has
been illustrated in Fig. 5 clusters can be equally well analyzed and in-
terpreted in terms of solute concentration. Different clusters can be
distinguished in the Piper and the Schöller diagrams as well (Figs. 8 and
9), although observable differences between clusters in the two dia-
grams were less clear compared to the classification by the CA. How-
ever, in general, results of the Piper and Schöller classification were in
line with the results of the CA. For example, Clusters 1, 3 and 4 could be
distinguished in the Piper diagram, mainly with respect to Ca and SO4

(Fig. 9).
The sampled stream had its only source in the wetland. The wetland

is a discharge area of groundwater that had been recharged further
uphill (Partington et al., 2013). This groundwater is characterized by
very low scores of the second Isomap component, that is, low acid-
induced podsolization, and high scores of the third component, in-
dicating strong effects of weathering (Lischeid and Bittersohl, 2008;
Weyer et al., 2014). Temporal variability of these effects is very low.
Thus, taking groundwater solute concentration as a background, any
modification observed in the wetland stream has to be ascribed to
wetland internal processes. The stream was sampled roughly 50 m
downstream from its source. Thus, in-stream processes do not need to
be accounted for, due to a very short residence time within the stream.

In the following, the four different clusters are first discussed, em-
phasizing the interplay between the typical biogeochemical processes
represented by the clusters with the different hydrological and seasonal
boundary conditions, respectively. Corresponding to the results section,
clusters are discussed in chronological order of occurrence during the
course of the year. Then, implications for the temporal variability of
stream water chemistry during runoff events and for the temporal
patterns of single solutes in the Moorbach stream water are discussed.

4.1. Cluster 3: Discharging unaltered groundwater

In winter and early spring, when the temperatures and the microbial
activity are low, only Cluster 3 was observed (Fig. 6). Anoxic redox
processes (first component) seemed to play a minor role, reflected by
low negative mean component scores, although the wetland is

completely water saturated due to low evapotranspiration. Obviously,
microbial oxygen consumption and subsequent reduction of the redox
potential in the wetland was very low in winter and early spring due to
low temperatures and did hardly alter the quality of the groundwater
discharging into the wetland stream. In addition, residence time of
water within the wetland was the shortest for samples of Cluster 3
(Fig. 7), which adds to the effect of slow kinetics of biogeochemical
processes during the winter months. Correspondingly, the highest NO3

and relatively high SO4 and DOC values were observed in the Schöller
diagram (Fig. 8).

4.2. Clusters 2 and 1: Enhanced microbial activity and anoxic conditions

Cluster 2 ranges between Cluster 3 and 1 with respect to all Isomap
components and to all solutes (Figs. 4 and 5). In the Piper diagram as
well, Cluster 2 is placed between Cluster 3 and Cluster 1 (Fig. 9).
Cluster 2 is considered a transitional stage between the two. This holds
for the temporal order of cluster occurrence as well, although with
some minor exceptions (Fig. 6). Thus, both clusters are discussed in a
common section.

Simultaneously with rising temperatures in spring and early
summer, Cluster 3 was subsequently replaced by Clusters 2 and 1 in
every year of the study period (Figs. 6 and 7). Rising air and soil
temperature likely led to a considerable increase of microbial activity,
and thus to more rapid kinetics of the respective processes. On the other
hand, increasing transpiration lowered the groundwater level in the
wetland, and thus decreased the frequency of runoff peaks. The data of
another riparian wetland in the Lehstenbach catchment presented by
Frei et al. (2010) illustrated the relationship between groundwater level
and discharge. Decreasing frequency of runoff events in turn resulted in
increased mean residence time of water within the wetland (Figs. 6 and
7). Thus, the effects of microbial activity became even more pro-
nounced. Consequently, oxygen depletion set in, and the scores of the
first Isomap component decreased, indicating increasingly anoxic con-
ditions, as was observed in other studies as well (Kull et al., 2008;
Olivie-Lauquet et al., 2001). Please note that scores of that component
reflect conditions in the wetland, rather than conditions in the wetland
stream, which in fact was oxic due to being exposed to the atmosphere.
Instead, very low NO3 and SO4 concentrations in stream water samples
(Fig. 5) were indicative of denitrification and desulphurication in the
wetland. Anaerobic mineralization could be stimulated by regeneration
of electron acceptors due to frequent fluctuations in the water table,
and thus drought and rewetting events (Blodau and Moore, 2003;
Deppe et al., 2010; Knorr et al., 2008; Knorr et al., 2009). Such fluc-
tuations were observed within the uppermost 15 cm in the wetland of
the study site during the period of August to September 2007, when
most of the samples were ascribed to Cluster 1. Correspondingly, on
average, the highest cumulative precipitation for a 30 day-period as
well as a higher groundwater level for Cluster 1 compared to Cluster 2
was observed. Because SO4 was by far the dominating anion, con-
centration of alkaline earth cations and of Mn in the stream decreased
as well (Fig. 5). Contrary to common expectations, Mn concentration in
the Lehstenbach catchment is obviously more closely related to ionic
strength rather than to redox processes (Lischeid and Bittersohl, 2008).
Similarly, increasing Mn concentration with increasing redox potential
was observed by Frohne et al. (2011) in soils instead of the expected
precipitation of Mn oxides, presumably due to an equally low pH, as in
this study, and to precipitation of Mn sulphides. Increasing residence
time increased the effect of other biogeochemical processes in the
wetland as well. These processes are not necessarily related to tem-
perature. Clusters 2 and 1 exhibited enhanced effects of acid-induced
podsolization processes (higher mean scores of the second component)
and Al-releasing weathering reactions (lower mean scores of the third
component) discharging to the Moorbach stream when compared to
Cluster 3. Similar observations were found by Olivie-Lauquet et al.
(2001). They suggest that the microorganisms which use soil iron and
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manganese oxy-hydroxides as electron acceptors catalyzed the change
of redox conditions and induced an increase of DOC concentration. The
close relationship between Fe-reducing conditions and DOC release
corresponds to the findings of Knorr (2012) at the wetland site of our
study and with the results of Lambert et al. (2013). Concomitantly,
trace elements like Al adsorbed to the Fe(hydr)oxides are released
(Stumm and Sulzberger, 1992; Trolard et al., 1995). These processes
likely produce a chemical composition of water samples similar to that
produced by acid-induced podsolization processes associated with the
second component and likely add to the latter. In addition, the en-
hanced podsolization processes in the wetland compared to Cluster 3
could be explained by aeration of the top of the small hummocks in the
wetland (cf. Frei et al., 2010). In fact, the top of the small hummocks
were water-saturated during both the snowmelt period and single
rainstorms, and subsequently fell dry, leading to a chemical signature
comparable to that of the soil solution at upslope sites as was observed
for the uppermost soil layer in another wetland of the same catchment
(Lischeid et al., 2007). With respect to the third component, a high
affinity of Al for DOC has been demonstrated in numerous studies
(Helmer et al., 1990; Kerr et al., 2008; Olivie-Lauquet et al., 2001;
Szkokan-Emilson et al., 2013). In waters with DOC > 15 mg l−1 – as
was the case for the wetland and the Moorbach stream in our study – up
to 100% of total Al was present as humate complexes (Viers et al.,
1997). Thus, decomposition of these humate–Al–complexes could have
resulted in a seasonally-variable export of both DOC and trace elements
like Al from wetlands to streams. Higher Al concentration in stream
water due to higher microbial activity in summer was also observed by
other authors (Muller and Tankéré-Muller, 2012). To summarize,
Clusters 1 and 2 seem to represent wetland waters discharging into the
Moorbach stream influenced by more pronounced biogeochemical
processes as compared to those influencing Cluster 3 in spring and early
summer. This pattern was reflected in the Schöller classification mainly
by decreasing NO3, SO4 and DOC and also by increasing Fe con-
centration (Fig. 8).

4.3. Cluster 4: rewetting after extensive groundwater level drawdown

Cluster 4 was observed after periods of extended groundwater level
drawdown by more than 20 cm in summer and autumn (samples taken
in early July 2005, August and October 2006; Fig. 6). The significant
lower groundwater level and a significant lower antecedent cumulative
precipitation (30 days period) seemed to be the most important differ-
ences as compared to Cluster 1, because there were no significant dif-
ferences between these two clusters with respect to discharge, air
temperature and residence time for the sampling dates (Fig. 7). In spite
of that, the hydrochemical status in terms of the scores of the first two
Isomap components and of most solutes (Figs. 4 and 5) differed the
most between these two clusters, which was reflected in the Schöller
and Piper classification as well (Figs. 8 and 9).

In 2007, not a single stream water sample was assigned to Cluster 4,
although a similar drawdown of the groundwater level occurred in
2007 when compared to 2005 and 2006. However, groundwater
drawdown and subsequent rewetting in 2007 occurred in early May;
i.e., much earlier in the course of the year when compared to 2005 and
2006. This might indicate that microbial activity in April and in early
May 2007 might not have been high enough to provide the conditions
necessary for generating the stream water quality of Cluster 4.
Obviously, memory effects have to be taken into account here.

Moorbach stream water samples characterized by this cluster re-
flected wetland water being highly influenced by oxic conditions (high
scores of the first component, i.e., high NO3 and SO4 concentration, low
Fe concentration) and by acidifying effects of historical SO4 deposition
(low scores of the second component, i.e., low DOC and Fe con-
centration, high SO4 and Na concentration). Concurrently, a low in-
fluence of cation exchange or silicate weathering was observed (low
scores of the third component). The results of the Piper and Schöller

classification were in line with these findings (Figs. 8 and 9). Similar
observations after drought periods were made, e.g., by Lamers et al.
(1998), Szkokan-Emilson et al. (2013) and Watmough et al. (2016).
Water level drawdown during drought periods can lead to oxidation of
nitrogen (N), sulphur (S) and iron (Fe) species and to the concomitant
release of protons in the upper soil layers in the wetland. Consequently,
the upper soil layers can be acidified. Oxidized species like SO4 and NO3

could accumulate during the dry period in the upper soil layers and
would be washed out during heavy rainstorms (Bechtold et al., 2003;
Dillon and LaZerte, 1992; Eimers et al., 2007; Szkokan-Emilson et al.,
2013; Zhang et al., 2010). Reoxidation of reduced S species was de-
monstrated for the wetland site in the Lehstenbach catchment (Alewell
et al., 2006). Oxidizable sulphur originating from historical SO4 de-
position can lead to intensified acidification: the wetland receives an-
oxic groundwater from intermittent seeps and fens resulting in high
amounts of Fe in the upper soil layers (Küsel and Alewell, 2004). In
areas with a large Fe pool in the soil, historical SO4 deposition strongly
enhances FeSx storage. An increased pool of FeSx stimulates drought-
related soil acidification, which influences the pH and causes an in-
crease of potentially toxic metals like Al in pore water (Lamers et al.,
1998). This relationship between acidification and Al release has been
extensively investigated (e.g. Smolders et al., 2006; Szkokan-Emilson
et al., 2013; Tipping et al., 2003; Watmough and Orlovskaya, 2015) and
was in line with the high influence of Al-releasing weathering reactions
found for Cluster 4.

4.4. Role of hydrological processes

In more than 80% of all cases, consecutive samples were assigned to
the same cluster, pointing to rather stable biogeochemical conditions
and only minor effects of hydrological processes in the short-term, i.e.,
within single stormflow events. This is in striking contrast to pro-
nounced short-term chemical responses during stormflows observed in
other streams of the catchment (Lischeid and Bittersohl, 2008; Lischeid
et al., 2002; Strohmeier et al., 2013). However, in contrast to those
streams, there is no well-buffered deep groundwater recharging the
wetland stream that could be mixed in varying portions with near-
surface runoff.

In winter, spring and early summer, runoff peaks did not change the
cluster occurrence, i.e. the Moorbach stream water quality. This was
true for a wide range of hydrological boundary conditions in the wet-
land, i.e. during water saturation conditions (April/May 2005, January
2007, April 2007) and after periods of extensive water level drawdown
(> 20 cm; April 2007; Fig. 6), once the water level had recovered to
complete saturation. Thus, the magnitude of discharge and base flow or
storm flow conditions seemed to play a negligible role, as illustrated by
the wide range of discharge during sampling for Clusters 1, 2 and 3
(Fig. 7). This observation pointed to rather stable chemical conditions
in the wetland due to low microbial activity, which was in line with the
results of Olivie-Lauquet et al. (2001).

Runoff events after periods of moderate groundwater level draw-
down (less than 15 cm) in summer and autumn did not have a sys-
tematic influence on the cluster occurrence during or after the event on
stream water quality. In some events, a shift from either Cluster 2 to
Cluster 1 (or vice versa) with a quick shift back was observed. Thus,
precipitation events after periods of moderate groundwater level
drawdown can result in a decline or a peak of solute concentration of
only short duration.

In contrast, stormflow after periods of extensive groundwater level
drawdown (more than 20 cm) in summer and autumn systematically
induced cluster changes from either Cluster 2 or 3 to Cluster 4, i.e. a
substantial change of the stream water chemistry due to flushing of
solutes that accumulated during the preceding drought period. Cluster
4 was observed for up to 28 days or longer after the precipitation event.
Thus, extensive drought periods seem to have generated a high NO3 and
SO4 export from the wetland to the Moorbach stream, despite reduced

C. Weyer et al.

104 Study 3



sulphur deposition, combined with Al release.
These non-linear relationships between biogeochemical and hy-

drological processes have to be taken into account to produce reliable
predictions of solute export with hydrochemical models used for water
management purposes, especially with regard to the expected in-
creasing frequency of drought periods due to climate change.

The residence time of the water seems to play an important role for
the biogeochemical transformation within the wetland. Indeed, bio-
geochemical transformation rates are discussed to depend on the ratio
between residence and reaction time scales (Oldham et al., 2013). This
needs to be taken into account with regard to the impact of wetlands on
water quality in the receiving streams.

4.5. Implications for single solutes

The interplay between the hydrological boundary conditions and
the biogeochemical processes in the wetland via the microbial activity
in the wetland turned out to determine the different types of Moorbach
stream water samples. This interplay will be demonstrated below for
NO3 (positively correlated with the first Isomap component), DOC and
SO4 (positively and negatively correlated with the second Isomap
component, respectively) and Al (negatively correlated with the third
Isomap component).

NO3 concentration usually follows the annual cycle of water table
depth with a spring maximum and an autumn minimum (Aubert et al.,
2013a; Prior and Johnes, 2002; Sponseller et al., 2014). However, NO3

export in our catchment showed a much more complex pattern. This
was presumably due to the interplay between water table position and
microbial activity: as reflected by the change from Cluster 3 to Cluster
2, NO3 export decreased from April to May 2005, although the water
table remained near the soil surface (Figs. 5 and 6), likely due to en-
hanced microbial activity. NO3 concentration near the detection limit
represented by Cluster 1 was not limited to autumn runoff events as
observed by Prior and Johnes (2002), but occurred e.g. in June or
August due to enhanced microbial activity during periods of moderate
groundwater level drawdown in the wetland (Fig. 6), and consequently,
longer water residence time (Fig. 7). Periods of extensive groundwater
level drawdown (Cluster 4), however, led to NO3 concentrations similar
to those in early summer (Cluster 2), even in the autumn months
(Fig. 6). Similarly, Lupon et al. (2016) observed that NO3 release from
riparian wetlands was correlated with riparian evapotranspiration.
Thus, the interplay between biogeochemical and hydrological processes
has important implications for estimating the effect of wetlands for NO3

retention, and its NO3-removing capacity, and has to be taken into
account in water management strategies.

DOC peaks in storm flow were ascribed to near-surface runoff

during storms (Hagedorn et al., 2000; Hornberger et al., 1994; Inamdar
et al., 2011; Mitchell et al., 2006), i.e., in the layer of highest DOC
production (Cole et al., 2002). In the wetland studied here, however,
DOC concentration in runoff showed high variation, although runoff

was generated mainly in the topsoil layer. The highest DOC con-
centration was found for stream water samples represented by Cluster
1, followed by those represented by Cluster 2 (Fig. 5). Cluster 1 was
characterized by discharge of wetland waters with the highest influence
of anoxic redox processes, followed by Cluster 2 (Fig. 4). In contrast,
declining DOC concentration and high SO4 concentration occurred after
periods of extensive groundwater level drawdown as reflected by the
shift to Cluster 4 (runoff events beginning in July 2005, August, Sep-
tember and October 2006; Fig. 6), despite the water table rising up to
the soil surface and topsoil water discharging to the Moorbach stream.
In fact, during phases of high water tables, iron reduction was favoured
and led to a concomitant DOC release. In contrast, during drought
periods DOC concentration declined in the pore waters of the riparian
wetland under study (Knorr, 2012) and elsewhere (Juckers and
Watmough, 2014). A pattern inverse to that for DOC was observed for
SO4 (Knorr, 2012). These observations for the pore waters seem to be

reflected in the Moorbach stream water samples as well, indicating that
solute export from the wetland to the Moorbach stream depends on the
antecedent moisture conditions controlling biogeochemical processes
like redox reactions in the wetland. It is remarkable that a corre-
sponding anticorrelation between the historical SO4 deposition and
DOC has been found elsewhere (Ledesma et al., 2016) and on a larger
scale (Monteith et al., 2007).

A positive correlation between Al concentration and discharge was
described in several studies (Kirchner, 2003; Piatek et al., 2009; Stutter
et al., 2001). However, in our study, no such correlation could be ob-
served. Aluminum concentration differed significantly between Clusters
1 and 4 (Fig. 5), although discharge did not (Fig. 7). In addition,
Clusters 1 and 3 represented the highest and the lowest Al concentra-
tion, coming along with low and high discharge values, respectively.
The Al concentration increased from Cluster 3 to Cluster 1 (Figs. 5 and
8), i.e., from winter to the summer months, following a seasonal pattern
rather than discharge patterns. A similar seasonal pattern was observed
by Muller and Tankéré-Muller (2012) and was related to higher mi-
crobial activity in summer. Thus, biogeochemical conditions related to
water table position and season rather than discharge were essential for
Al release to the Moorbach stream. Consequently, in catchments with a
high proportion of wetland area, high Al concentration can be expected
not only episodically during runoff peaks after drought periods, but
over a longer period during the summer months. Higher air tempera-
tures due to climate change will likely amplify Al release from wetlands
to streams with consequences for water management strategies.

5. Conclusions

A Cluster Analysis of water quality data from a small stream
draining a riparian wetland helped better understand the interplay
between hydrological and biogeochemical processes in the wetland.
Cluster analysis allowed a more detailed classification then the general
classification using the Piper and Schöller diagrams. Solute export
seemed to depend on the interplay between water table position and
seasonally-varying biological activity, and thus varying biogeochemical
conditions in the wetland. Temporal variability of stream water quality
during single runoff events was negligible. Minimum biological activity
and short residence time in the wetland hardly altered the quality of the
groundwater that discharged into the stream during the dormant
season. In contrast, increasing biological activity and increasing re-
sidence time in spring and summer had a major impact on wetland and
stream water quality.

Periods with extensive groundwater level drawdown of more than
20 cm and subsequent rewetting led to a substantial increase of solute
concentration and load (NO3, SO4, Na, Al) that lasted for up to 28 days
or longer. However, that effect seemed to depend crucially on the in-
tensity of microbial activity during the preceding period of ground-
water level drawdown, pointing to a substantial biogeochemical
memory effect.

Similar results are expected with respect to the Cluster Analysis for
catchments with comparable geology, climate, land use and wetland
proportion, i.e., for catchments with comparable biogeochemical pro-
cesses and residence time in the wetland. However, each factor or
process influencing the biogeochemical processes in a catchment, like
another geology or land use, can also influence the results of the Cluster
Analysis. In addition, further research would be required to investigate
the effect of different catchment sizes on the interplay between bio-
geochemical and hydrological processes in order to improve the un-
derstanding of biogeochemical and hydrological dynamics on different
scales of interest.

It is concluded, that biological activity in the riparian wetland, in-
teracting with water table dynamics, proved to be a primary determi-
nant of stream water quality and solute export. These non-linear re-
lationships should be taken into account in biogeochemical modelling
for improving predictions of stream water chemistry in water resources
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management. More than a shift of annual mean values, single dry and
warm periods are likely to predominate the dynamics and thus limit the
retention capacity of wetlands and enhance solute export to the
streams. A sound understanding of these dynamics is a necessary pre-
requisite for assessing the impact of both climate and land use change
on stream water quality, nutrient export and carbon sequestration in
riparian wetlands.
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the catchment runoff of a shallow soil catchment (Neal
et al., 1997). During drilling, the loss of air-flush circulation
resulted in the opening of groundwater fracture routes to
the stream via the stream bed.

The buffering capacity of the bedrock depends on rate of
release of base cations, i.e., the abundance and the weath-
erability of certain minerals. Reynolds et al. (1986) empha-
sized the effect of CaCO3 in the bedrock on the buffering
capacity of groundwater. Cook et al. (1991) traced the alka-
line geochemistry of groundwater to dissolution of second-
ary vein calcite and to hydrolysis of silicate minerals.
Moncoulon et al. (2004) concluded that the weathering
rate in a catchment plays the most important part in soil
buffering capacity. Weathering processes can be enhanced
by acidic atmospheric inputs, as shown by Åberg et al.
(1989), Likens et al. (1998, 2002) and Probst et al. (1999).
In addition, atmospheric cation inputs might add to the
geological source of buffer capacity (Moncoulon et al.,
2004; Probst et al., 2000).

Chemical weathering models have been developed by
many authors to investigate ecosystem sensitivity to acidic
deposition (Christoffersen and Seip, 1982; April et al., 1986;
Fritz et al., 1992; Probst et al., 2000). These models are usu-
ally based on the assumption that the most abundant min-
erals like plagioclase, K-feldspar, biotite and muscovite in
granite bedrock are the major cation sources (Blum et al.,
1994; Bullen et al., 1997; Négrel et al., 2001, 2003). Trace
minerals such as calcite or apatite are often not taken into
account. However, there is now increasing evidence that
plagioclase is not the predominating geochemical Ca source
in many acid rock catchments in spite of being the predom-
inant Ca-bearing mineral (Clow et al., 1997; White et al.,
1999; Jacobson and Blum, 2000; Négrel et al., 2003; Oliva
et al., 2004). Thus, an additional Ca source is required to ex-
plain the observed chemical composition of the weathering
solution. White et al. (1999) pointed out the role of dissem-
inated calcite in the chemical weathering of granitoid rocks,
using Ca/Na ratios compared to plagioclase stoichiometries
and flow-through experiments. Likewise, Clow et al. (1997),
Blum et al. (1998), Jacobson and Blum (2000) and Négrel
et al. (2003) emphasized the contribution of calcite present
in trace amounts in silicate bedrock (gneiss, granite) to the
chemical composition of the weathering solution. Oliva
et al. (2004) attribute more than 90% of the Ca export from
high elevation watersheds in the Pyrenees (France) to the
dissolution of apatite and other trace Ca-rich minerals, rep-
resenting less than 1% of the total rock volume. Similar re-
sults were found by Aubert et al. (2002) and Blum et al.
(2002). Harlavan and Erel (2002) observed preferential re-
lease of Pb and rare earth elements from some accessory
phases (i.e. allanite, sphene and apatite) during granitoid
weathering.

87Sr/86Sr ratios have been used in geology to determine
the age and the origin of rocks (Faure, 2001). Now they are
increasingly used to identify Ca sources due to the similar
chemical behaviour of Sr and Ca (Åberg et al., 1989; Gosz
and Moore, 1989; Wickman and Jacks, 1992; Miller et al.,
1993; Bailey et al., 1996; Clow et al., 1997). Åberg et al.
(1989), Wickman and Jacks (1992), Bain and Bacon (1994),
Clow et al. (1997), Probst et al. (2000), Harrington and
Herczeg (2003) studied weathering processes and Frape

et al. (1984), Kay and Darbyshire (1986), Négrel et al.
(2003) and Gosselin et al. (2004) water–rock interactions
in watersheds using Sr isotope ratios. The impact of atmo-
spheric inputs on water quality in watersheds was investi-
gated by Graustein and Armstrong (1983), Gosz and Moore
(1989) and Probst et al. (2000). A summary concerning the
methodology of Sr isotopes in general and the use of Sr iso-
topes to identify hydrological and hydrogeochemical pro-
cesses in watersheds is given e.g. in Bullen and Kendall
(1998).

In the present study, 87Sr/86Sr ratios and major and trace
elements were determined in a granite catchment in order
to ascertain the mineralogical sources of the buffer capacity.
To that end, different parallel approaches that were as-
sumed to give the same results were followed. First, leach-
ing experiments were performed with unweathered rock
samples and the chemical and isotopic composition of sep-
arated minerals were determined. Second, groundwater
samples from different sites and different depths were ana-
lysed as well as rain water, soil solution and stream water
on different dates. Third, groundwater samples from wells,
that were installed in 1995 and 1996 and that exhibited
very high and steadily decreasing Ca concentration, were
compared to wells that were drilled in 1988. The enhanced
Ca concentration of the new installed wells was traced back
to enhanced base cation release after drilling of the
unweathered bedrock. Thus, it was hypothesized that the
degree of contribution of different minerals to base cation
supply of the groundwater with increasing weathering
intensity would be observed by investigating

(1) unweathered rock leachates, deep groundwater and
shallow groundwater,

(2) groundwater samples from new groundwater wells,
reflecting the initial weathering of the drilled bed-
rock, and groundwater from wells that were drilled
in 1988,

(3) stream water during baseflow, predominantly deep
groundwater, and stream water during high flow,
being predominantly shallow groundwater.

2. Site description

The study was performed in the Lehstenbach watershed
(50�080N and 11�520E) in the Fichtelgebirge Mountains in
SE Germany (Gerstberger et al., 2004). The watershed area
is 4.19 km2 and elevation ranges from 690 m to 877 m a.s.l.
(Fig. 1).

Bedrock is variscan granite of two different facies: the
fine-grained Outer Granite having a porphyritic structure
and the middle- to coarse-grained Core Granite (Stettner,
1964). The Outer Granite is 291 ± 7 Ma and the Core Gran-
ite of 288 ± 4 Ma (Besang et al., 1976). The two facies show
very similar mineralogical composition: the predominant
minerals are quartz (36%), K-feldspar (29–38%) and plagio-
clase (17–24%).In addition, biotite and muscovite comprise
another 8–10%. Less than 0.5% of the total volume is due to
accessory minerals, including apatite.

The thickness of the regolith is very heterogeneous, and
exceeds 40 m at many sites in the catchment due to inten-
sive tertiary weathering (Lischeid et al., 2002). The area
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was not glaciated during the pleistocene. Drilling profiles
down to 27 m depth show an irregular interlayering of san-
dy to sandy-loamy grus, strongly weathered granite and
some massive boulders up to several meters in diameter.
Dystric cambisols and podzols predominate. In the riparian
zone, fibric histosols and dystric gleysols are found, repre-
senting about one third of the watershed area. Soils are
strongly acidified showing a pH(H2O) in the A-horizon as
low as 3.70 (Gerstberger et al., 2004). The climate is hu-
mid-continental, annual mean air temperature is 5.75 �C
and annual mean precipitation is between 950 and
1250 mm. Dense Norway spruce stands cover more than
95% of the watershed area.

Groundwater circulates mainly in the regolith that can
be considered as a porous aquifer with a saturated hydrau-
lic conductivity of 3 � 10�6 m s�1 (Lischeid et al., 2002,
2004a). Mean groundwater level is close to the surface dur-
ing the whole year in the riparian zone and more than
10 m below the surface in the upper part of the catchment.
Amplitudes of groundwater level variations are less than
1 m in the riparian zone and more than 5 m in the upper
part of the catchment. There are 13 observation wells in
the catchment gauged down to 10 m depth at least, but
no production wells. Seven out of these wells were in-

stalled 1995 and 1996. Some of these wells initially exhib-
ited very high Ca concentrations that clearly decreased
during subsequent years. It was speculated that drilling
might have enhanced access to unweathered Ca-bearing
minerals in the solid granite rock, leading to substantial re-
lease of additional buffer capacity of the groundwater. In
addition, shallow piezometers were installed at different
wetland sites in the watershed.

The area is drained by a dense network of natural
streams and artificial channels, some of which are ephem-
eral, especially in the upper part of the catchment. Mean
residence time of water measured at the catchment outlet
is 3.6 a. Mean annual runoff is 461 mm (1988–1999)
(Lischeid et al., 2002). Groundwater flow in the regolith
parallel to the stream at the catchment outlet is therefore
likely to play a negligible role in the total outflow (Lischeid
et al., 2002). Stream discharge is generated by deep
groundwater recharge during baseflow conditions and
does not fall below 0.25 mm per day even during longer
dry periods. During heavy rainstorms the riparian zone is
saturated to the surface, thus hydrologically connected to
the stream which can explain the strong increase (10–20
fold over baseflow) in stream discharge during heavy
rainstorms (Lischeid et al., 2002).

Fig. 1. Map of the Lehstenbach watershed in the Fichtelgebirge mountains in SE Germany. Gauss–Krüger coordinates [m] are given on the axes.
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The watershed is still highly affected by atmospheric
deposition (S oxides, N oxides, protons, base cations) that
peaked in the 1970s and steadily decreased thereafter
(Matzner et al., 2004). Due to the decreasing SO4 deposi-
tion, SO4-concentration in the topsoil has shown a decreas-
ing trend, whereas in the groundwater no clear pattern of
concentration trends was observed (Lischeid et al.,
2004a). In contrast, pH and alkalinity of runoff were closely
correlated to discharge and decreased during high flow
conditions to 3.9 and �0.1 m molc L�1, respectively
(Lischeid et al., 2004a). The catchment has been limed with
dolomite several times in the past, excluding the riparian
zone. In general, Ca and Na are the predominant cations
in streams and groundwater (Lischeid et al., 2004a).

3. Methods

3.1. Sampling

Groundwater, soil solution, precipitation and runoff
were sampled at different sites in the catchment in order
to investigate temporal and spatial variability of Sr isotope
ratios and solute concentrations (Fig. 1, Table 1). Sampling
dates were selected to represent the hydrological periods:
end of baseflow (October 2002), a hydrological transition
period (November 2002), after rewetting of the catchment
(December 2002), end of a high water period (May 2004)
and during a high water period (March 2005). Groundwa-
ter was sampled at wetland and hillslope sites at different
depths (Table 1). Groundwater from the upper part of the
aquifer was sampled by a pump submerged 1 m below
the groundwater table (GW03a, GW06) and 1 m above
the lower end of the gauge (GW01, GW02, GW03a,
GW04, GW06, GW11, GW12, GW13a, GW17, GW20a). A
low pumping rate (0.05 L s�1) was used in order to avoid
mixing of the water in the well. At the sites Schlöppner-
brunnen I and II, GW03b, GW13c, GW20b and GW20c
groundwater was sampled in piezometers with a sub-
merged pump. At Schlöppnerbrunnen I and II, samples
from 3 piezometers each gauged at 1 m and 2 m depths,
respectively, were merged.

Suction cups at 1 m depth collected soil solution at sites
GW03 and GW06. At each site, soil solution from several
suction cups yielded an aggregated sample. The vacuum
was maintained between �200 and �300 hPa (Lischeid
et al., 2002). Stream discharge at the catchment outlet
was recorded every 10 min. Water samples were taken at
hourly intervals by an automatic sampler, but only selected
samples were analysed. The Schlöppnerbrunnen spring was
sampled manually on two dates. Open field precipitation
was collected over 14-day periods at a clearing close to
the watershed boundary at 765 m a.s.l. (Fig. 1), and
throughfall was collected at sites GW03 and GW06. At each
site, precipitation collected in 15 rain collectors was merged
to yield an aggregated sample per date and site.

Samples of plagioclase and K-feldspar were obtained
from a crushed unweathered Core Granite sample. The 0–
200 lm fraction of the crushed rock was sieved to give a
100–200 lm fraction. A plagioclase and a K-feldspar sam-
ple were obtained using magnetic, heavy liquids and hand

picking techniques. The purity of the mineral separates
was tested by visual inspection using a binocular micro-
scope. Due to the very similar density of plagioclase
(2.63–2.66 g cm�3) and quartz (2.65 g cm�3) in the sample,
it was not possible to separate the two mineral types.
Therefore, the number of plagioclase grains in three times
100 mineral grains was determined under a binocular
microscope and the mean percentage of plagioclase and
quartz in the sample was calculated. Mineral separates
were digested in sealed Teflon vessels using high-purity
HNO3, HF and HCl. The Teflon vessels remained on a heat-
ing plate for several days. The ICP-MS analysis of the min-
eral samples was additionally validated by analysing
100 mg of the CRPG Biotite Mica-Fe standard and of the
ANRT K-feldspar FK-N standard and a replicate, respec-
tively, that were digested as were the mineral samples.

Trace minerals such as apatite or microcrystalline cal-
cite could not be separated from the bedrock because of
their extremely small grain size. In other studies, trace
minerals were at least semi-quantitatively identified by
XRD (e.g. Jahnke, 1984; Valsami-Jones et al., 1998). In the
present study, however, samples from the drill cores at
GW17 (P17) and GW20 (P20) that were taken from 3
depths (3–4 m, 6–7 m, 9–10 m) were used for sequential
leaching experiments to chemically extract easily soluble
trace minerals from the bedrock according to the method
of Clow et al. (1997). 150 g of crushed and sieved
(<2 mm) granite of each sample were leached with
150 mL of deionized water in three sequential steps. For
each step, samples were shaken for 1 h, centrifuged, dec-
anted and filtered through a 0.2 lm cellulose-acetate-
membrane filter and stored in polyethylene bottles in the
dark at less than 4 �C.

The same procedure was used for a sequential leaching
experiment with a sample of the dolomite used for liming
of the catchment. Because of the greater sample volume
compared to that of trace minerals in the granite, only
20 g dolomite were shaken with 90 mL deionized water.

3.2. Chemical analysis

Water samples were filtered through 0.45 and 0.2 lm
cellulose-acetate-membrane filters, respectively. They
were stored in polyethylene bottles in the dark at less than
4 �C until further analysis. Major and trace element con-
centrations of water and mineral digests were determined
by ICP–MS (HP4500�) and are precise to within 1 and 3%.
Major element concentrations of sequential leaching
experiment samples were determined by ICP–OES (Varian
Vista-Pro CCD Simultanous), and trace element concentra-
tions by ICP–MS (Agilent 7500 ce).

Strontium was separated from water, digested minerals
and from sequential-leach experiments samples using Sr-
SPEC (EiChrom Industries, 100–150 lm) and Dowex AG
50 W-X8 (200–400 mesh, Bio-Rad�) resin. 87Sr/86Sr-ratios
were determined by mass spectrometry (Finnigan MAT
262). Isotope ratios have been corrected for natural and
analytical stable isotope fractionation to 88Sr/86Sr =
8.375209 and for 87Rb-traces, with the same mass as 87Sr
to 85Rb/87Rb = 2.59265. 87Sr/86Sr ratios are precise to with-
in 6 � 10�6–26 � 10�6 (2r, standard error). The NIST 987
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standard yielded values of 0.710217 (n = 33; 2r = 32 �
10�6) and 0.710241 (n = 14; 2r = 6 � 10�6) for water
samples, 0.710159 (n = 4; 2r = 5 � 10�6) for mineral digest
samples and 0.710253 (n = 11; 2r = 7 � 10�6) for sequen-
tial leaching experiment samples.

3.3. Principal component analysis

It was assumed that the water samples represented
varying fractions of single endmembers. In order to deter-
mine these endmembers a principal component analysis
(PCA) was performed using data from different sources.
The data set comprised (1) Ca, Mg, Ba, Na, K, Sr and Rb con-
centrations and 87Sr/86Sr ratios of the water samples, di-
gested mineral samples and sequential leachate samples
of the study, (2) Ca, Mg, Ba, Na, K, Sr and Rb concentrations
of leachates from Irber (1996) and Irber et al. (1997) using
samples from the Lehstenbach catchment and granite sam-
ples from other sites in the Fichtelgebirge Mountains and
in the Ore Mountains (East Germany) and (3) Ca, Mg, Ba,
Na, K and Rb concentrations of digested mineral samples
from the Bohemian Massif, the Fichtelgebirge mountains
and the nearby Mitterteich granites from Siebel (1995)
and Siebel et al. (1997). There were no Sr isotope ratios
available for these biotite samples. Assuming that the
87Sr/86Sr ratio of biotite is always highly radiogenic, a nota-
tional Sr isotope ratio of 5.00 was used for these samples.
The concentrations in groundwater samples and from the
different leaching experiments were not comparable due
to different methodologies. Besides, not all elements were
analysed in all of the studies. Thus, it was not possible to
use concentration ratios. Instead, the data were normalised
using Eq. (1). The element concentration data were divided
by the mean values of the respective dataset. Then the
mean value of all these quotients for one author was calcu-
lated. This value was used to divide every element concen-
tration given by the author. Data were then log
transformed in order to obtain a Gaussian distribution
and z-standardised with respect to the whole dataset
(mean value = 0, standard deviation = 1) Eq. (2).

cx;norm ¼ cx
1
n � P

ncx
ð1Þ

where cx,norm is the normalised concentration of element x;
cx is the concentration of element x; 1

n

P
ncx is the mean of

the concentrations of all n elements from one dataset used
for the PCA (i.e. datasets of mineral leaching, water sam-
ples, minerals from the present study, the dataset from Ir-
ber (1996) and Irber et al. (1997) and the dataset from
Siebel (1995) and Siebel et al. (1997))

cx;stand ¼ logðcx;normÞ � 1
n

P
n logðcÞn;m

SDðlogðcÞn;mÞ ð2Þ

where cx,stand is the z-standardised concentration of ele-
ment x; 1

n

P
n logðcÞn;m is the mean of the concentrations

of all n elements from all m datasets used for the PCA;
SD(log(c)n,m is the standard deviation of the concentrations
of all n elements from all m datasets used for the PCA.

Principal components with an eigen value greater than
1 were extracted, using a varimax rotation.

3.4. Saturation indices

For all samples from groundwater outside the wetlands
the saturation indices (SI) with respect to biotite, feldspars
and apatite were calculated based on the chemical equilib-
ria (3)–(6). Albite and K-feldspar were used as correspond-
ing endmembers of the feldspar mixing series

Biotite : KAl3Si3O10ðOHÞ2 þ 10Hþ

! Kþ þ 3Al3þ þ 3H4SiO4 log Ksp ¼ 12:703 ð3Þ

Albite : NaAlSi3O8 þ 8H2O ! Naþ þ AlðOHÞ�
4 þ 3H4SiO4

log Ksp ¼ �18:002 ð4Þ

K-feldspar : KAlSi3O8 þ 8H2O ! KþAlðOHÞ�
4 þ 3H4SiO4

log Ksp ¼ �20:573 ð5Þ

Apatite : Ca5ðPO4Þ3OH þ 4Hþ

! 5Ca2þ þ 3HPO2�
4 þ H2O log Ksp ¼ �3:42 ð6Þ

The ionic activity products (IAP) were calculated using Eq.
(7), the saturation indices (SI) using Eq. (8). The solubility
product values (logKsp) for the different minerals were ta-
ken from the USGS Software FREEQC. The saturation index
with respect to calcite could not be calculated due to the
lack of hydrogen carbonate data.

IAP ¼
Y

an
x ð7Þ

where IAP is the ionic activity product, and a is the ionic
activity of the dissolved species x and n the stoichiometric
number

SI ¼ pKsp � pIAP ð8Þ

4. Results

As will be shown in this section, three different groups
of groundwater wells could be discerned: The wetland
group (wetland wells) comprises predominantly shallow
groundwater wells in the wetland areas that have very
low O2 concentration (not shown). This group consists of
the wells Schlöppnerbrunnen II, Schlöppnerbrunnen I
(1 m) and wells GW02 and GW04. The second group com-
prises predominantly deep groundwater wells at upslope
sites that were mostly installed in 1987–1988 (deep
groundwater group I) (old wells), that is, the wells GW01,
GW03a and GW06. The wells of the last group resemble
those of the second group with respect to gauging depth,
upslope location and O2 concentration of the groundwater
samples. However, these wells were installed in 1995 or la-
ter. This group will be named the deep groundwater group
II (new wells). It consists of the wells GW11, GW12,
GW13a, GW13c, GW17, GW20a, GW20c and Schlöppnerb-
runnen I (2 m). The results will be presented for the three
groups.

4.1. Single solutes

The percentiles of mean groundwater solute concentra-
tion are presented for the 2003–2005 period (Fig. 3). Sig-
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nificant trends could be identified only at some single
wells (Lischeid et al., 2004a), but not for whole groups.
The pH values of groundwater group I are around 5, and
those of the deep groundwater group II and of the wetland
group around 6. Due to long-lasting atmospheric deposi-
tion, SO4 is the prevailing anion in the groundwater sam-
ples (Lischeid et al., 2004a). Sulfate concentration in the
wetland wells is substantially less compared to the
remaining wells, which is traced back to dissimilatory
SO4 reduction as well as to the effect of decreasing SO4

deposition since the late 1970s (Lischeid et al., 2004a). Cor-
respondingly, decreasing deposition presumably led to
lower Ca and Mg concentrations in the shallow wetland
wells. In addition, liming of the forest soils with dolomite
was restricted to the upslope sites. It is remarkable that
the deep groundwater group II exhibits the highest Ca con-
centrations, and also the highest range of Ca contents. The
same holds for Mg, although to a lower degree.

The highest Ca concentrations were observed in the
groundwater of wells GW11, GW12, GW17 and GW20a
after drilling in 1995 and 1996 and decreased substantially
later in 3 of the wells (Fig. 2). This effect was much more
pronounced in well GW20a than in well GW12 and
GW17. In well GW13a, that is located downstream of
GW20a (Fig. 1), Ca concentrations started to increase as
soon as they decreased in well GW20a. High Ca concentra-
tions were associated with high Mg and SO4 concentra-
tions and high pH values (not shown).

4.2. 87Sr/86Sr ratios and Sr concentrations

Strontium isotope ratios are plotted in the form of a
Keeling diagram versus the reciprocal Sr concentrations
(1/[Sr]) in Fig. 4. In this representation, mixing of a con-
stant background component with a component with vary-

ing concentration would yield a straight line (Faure, 2001).
The three groundwater groups could clearly be differenti-
ated based on 87Sr/86Sr ratios and Sr concentrations.

Samples from the deep groundwater group I exhibited
high 87Sr/86Sr ratios and high Sr concentrations. They
clearly differed from those of the deep groundwater group
II with low 87Sr/86Sr ratios and high Sr concentrations. The
Sr isotope ratios of the deep groundwater group I were
very close to or slightly exceeding those of plagioclase. In
contrast, the deep groundwater group II showed Sr isotope
ratios similar to those of the apatite and dolomite leach
samples, especially at well GW20a. Most of the leach sam-
ples showed Sr isotope ratios ranging between those of
apatite and precipitation to the values of plagioclase
(Fig. 6). There was no clear relationship with depth or
number of sequential leaching steps. The 87Sr/86Sr ratios
of the dolomite used for liming of the catchment increased
during the sequential leaching experiment from
0.708051 ± 6 � 10�7 to 0.708142 ± 8 � 10�7 (Fig. 4).

The samples from the wetland group are characterized
by low 87Sr/86Sr ratios and low Sr concentrations. In addi-
tion, soil solution samples of sites GW03 and GW06 plot in
this field. Moreover, the wetland samples were close to
those of precipitation and throughfall.

Stream water samples from the catchment outlet plot
between the three groundwater endmembers (Fig. 4). The
87Sr/86Sr ratios and Sr concentrations in the Lehstenbach
catchment runoff decreased during stormflow in October
2002 compared to baseflow (Fig. 5). The 87Sr/86Sr ratios
and Sr concentrations in the runoff of the Schlöppnerbrun-
nen spring were intermediate between those of the two
deep groundwater components. There are no wetlands in
the subcatchments of that spring.

Strontium isotope ratios and concentrations of the
groundwater wells as well as the precipitation samples
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Fig. 2. Time series of Ca concentrations [mg L�1] in groundwater wells GW11, GW12, GW13a, GW17 and GW20a from 1997 to 2003. The lack of data for the
April and September sampling dates 2001 is due to analytical problems.
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did not show any consistent temporal pattern and will not
be discussed here.

4.3. Cation ratios and saturation indices

The Ca/Na ratios of plagioclase were higher than those
of K-feldspar. Ca and Na concentrations of muscovite and
biotite were not available. The Ca/Na ratios of the dolomite
varied from 6.42 to 20.12 (Fig. 6).

The Ca/Na ratios of most of the water samples were
higher than those of plagioclase (Fig. 6). In general, there
is a clear tendency of low Ca/Na ratios in the wetland
groundwater wells, and higher ratios in the two deep
groundwater groups. The deep groundwater group II
exhibited the largest variance, with the highest Ca/Na ra-
tios in wells GW13a and GW20a of this group. Nearly all
leach samples except for P17 (3–4 m) and P20 (6–7 m)
had Ca/Na ratios lower than those of all water samples
and lower than those of plagioclase and biotite. In particu-
lar, they were lower than those of apatite by a factor up to
nearly 25,000.

The groundwater samples from upslope sites were
highly undersaturated with respect to biotite
(SI = �21 ± 1.4, n = 28) and apatite (SI = �10 ± 1.7, n = 25)
but highly oversaturated with respect to K-feldspar
(SI = 12 ± 1.4, n = 28) and albite (SI = 10 ± 1.3, n = 28). There

was no difference of saturation index values between deep
groundwater groups I and II.

4.4. Principal component analysis

The objective of the principal component analysis was
to enable an integrated interpretation of the results consid-
ering all solutes that were analysed simultaneously. More-
over, data from earlier studies were included, partly from
the same region. Due to the normalization of the datasets,
factor values of the samples can only be interpreted with
respect to the distance of a data point to the 1:1 mixing
line. Interpretations along parallels to this line can only
be done for water samples.

Two principal components with eigen values greater
than one were extracted that explained 66.8% of the vari-
ance. The first principal component was mainly deter-
mined by Sr, Ca, Na, Ba and to a lesser extent by Mg and
the reciprocal 87Sr/86Sr ratio, the second principal compo-
nent by K, Rb, and to a lesser extent by Mg and Ba and
the 87Sr/86Sr ratio (Fig. 7).

The factor values of the two principal components are
given in Fig. 8. In general, values of the first and second
principal component increased from precipitation (open
field precipitation and throughfall) and soil solution via
wetland groundwater to deep groundwater. The two prin-

Fig. 3. Quartiles, 10% and 90% percentiles of pH, SO4, Ca and Mg concentrations for the deep groundwater group I (deep I), deep groundwater group II (deep
II) and wetland groundwater (wetland). SO4, Ca and Mg concentrations are in mg L�1.
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cipal components allowed delineation of precipitation
from groundwater, mostly due to higher values on the first
principal component of the latter (Fig. 8). Wetland ground-
water with lower values on the second principal compo-
nent and slightly lower values on the first can clearly be
distinguished from groundwater outside the wetlands
(deep groundwater groups I and II). The samples of deep
groundwater group I show considerable overlap with the
deep groundwater group II. Catchment runoff samples
had an intermediate position between wetland groundwa-

ter on the one hand and the two deep groundwater groups
on the other hand. Spring runoff plotted in the field of deep
groundwater groups I and II (Fig. 8).

Based on this analysis, biotite could be clearly identified
as an endmember. Most of the biotite samples showed the
highest factor values for the second principal component
(Fig. 8) due to high concentrations of K, Rb and Mg and
high 87Sr/86Sr ratios. On the other hand, the apatite leach
samples from Irber (1996) and the first leaching step sam-
ple from the dolomite leach had high factor values of the
first principal component, due to high Ca, Na and Sr values
and low 87Sr/86Sr ratios. In contrast to dolomite, that plot
in the range of groundwater, the distance of apatite leach-
ing samples from the 1:1 mixing line was greater than that
of all water samples. Thus, apatite could be considered as
an endmember. The plagioclase and K-feldspar sample
from the granite in the Lehstenbach catchment and the al-
bite and K-feldspar leach samples from Irber (1996) plot
between the biotite and the water samples and could thus
not be considered as endmembers.

5. Discussion

The discussion is organized as follows: In the first sec-
tion the methodology of the leaching experiments will be
compared to that of other studies. Second, additional
sources of base cation release beside weathering will be
evaluated. Third, the three different approaches to identify
the weathering sequence will be discussed. In the last sec-
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tion, the results will be interpreted with respect to the se-
quence of contribution of single minerals to the base cation
release. Biogeochemical processes like plant-uptake, ele-
ment-cycling and temporary ion-exchange processes are
considered to play a negligible role for groundwater of
more than 1 m depth.

5.1. Leaching experiments

Bullen and Kendall (1998) and Drever and Clow (1995)
point out that laboratory experiments still fail to accu-
rately simulate the effect of long-term weathering under
field conditions. Thus, different approaches have been fol-
lowed in different studies. That has to be taken into ac-
count when results from different leaching studies are
compared. In this study, deionized water was used. Thus,
the actual dissolution kinetics in situ might have been
systematically underestimated. In contrast, Clow et al.
(1997) used NH4-acetate for their sequential leaching
experiment to extract disseminated calcite. Compared to
deionized water, NH4-acetate is used to quantitatively ex-
tract calcite and thus probably overestimates elemental

release in situ. Irber et al. (1997) and Harlavan and Erel
(2002) used a low pH solution for their leaching experi-
ments. Correspondingly, Blum et al. (2002) investigated
dissolution rates of apatite and feldspars at a pH between
2 and 5. In contrast, groundwater samples from the Leh-
stenbach catchment showed pH values between 4 and
7. More complex dissolution experiments at different pH
ranges and using different experimental conditions are
described by Guidry and McKenzie (2003), Tang et al.
(2003), Valsami-Jones et al. (1998), and Jahnke (1984).
Although these experiments tend to provide quantitative
information about the dissolution rates of different min-
erals, Casey et al. (1993) point out that the appropriate le-
vel of comparison of field and laboratory weathering is at
the scale of reactivity trends and not at that of quantita-
tive similarity in reaction rates.

5.2. Additional element sources

It has to be taken into account, that weathering is not
the only source of base cations in the groundwater. Input
via atmospheric deposition was determined by the
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throughfall samplers. In addition, there are two other
sources that need to be discussed.

5.2.1. Liming
During the last decades, the Lehstenbach upslope area

was repeatedly limed to counteract the harmful effects of
acid deposition on the soils. Liming was performed in the
wetlands to avoid enhanced mineralization of the peat.
Usually, about 4 t ha�1 dolomite were applied during sin-
gle campaigns. Different parts of the catchment were limed
during different campaigns. Assuming one liming cam-
paign per decade, annual Ca input via liming is about 20
times that by deposition (Lischeid et al., 2004b), and about
0.2% of the total Ca pool of the regolith (Besang et al.,
1976). Correspondingly, a considerable amount of Sr input
has to be taken into account (Clow et al., 1997; Probst
et al., 2000).

In subsequent liming campaigns, different materials
were used with presumably different 87Sr/86Sr ratios. Only
those in leachates of the dolomite used during the last
campaign could be measured. The values of
0.708051 ± 6 � 10�7–0.708142 ± 8 � 10�7 correspond well
to the data for dolomite given in the literature, ranging be-
tween 0.7056 and 0.7095 (Fouke et al., 1996; Sillen et al.,
1998; Zachariah et al., 1999; Qing et al., 2001; Drouet
et al., 2005).

As only the upslope sites were limed, dolomite could
explain the difference in Sr concentration between the
wetland and the deep groundwater components. Dolomite
would also be in line with the higher Ca/Na ratios of the
water samples compared to that of plagioclase (Fig. 6).
Numerous studies have focused on the response of soil
solution and surface water to liming (e.g. Geary and Dris-
coll, 1996; Driscoll et al., 1996; Traaen et al., 1997; Alewell
et al., 2000; Frank and Stuanes, 2003; Hindar et al., 2003;
Dorland et al., 2005). However, the impact of liming on
groundwater quality is rarely addressed. Gunn et al.
(2001) did not find a clear effect of liming on groundwater
quality at a study site at Sudbury, Canada, within the first
year. Peters et al. (1999) and Lorz et al. (2003) did not ob-
serve any effect of liming on stream water Ca concentra-
tion in two Czech shallow soil catchments. They ascribed
that to ion exchange processes in the topsoil. Driscoll
et al. (1996) argue that dissolution of applied CaCO3 in
freely draining upland soils is relatively limited in contrast
to wetland soils and thus could have little effect on soil
solution chemistry. Correspondingly, in the Lehstenbach
catchment, monitoring of groundwater wells and springs
downslope of areas that were limed in 1999 did not show
any increase of Ca concentration within six years. Accord-
ingly, the high Ca concentrations after drilling in the new
groundwater wells can not be explained by liming. More-
over, liming cannot be the reason for the difference of
87Sr/86Sr ratios and Ca/Na ratios between the two deep
groundwater groups. Thus, it is concluded that liming
should not be considered a major Ca source for the
groundwater.

5.2.2. Contamination by filter gravel
According to the Sr isotope and base cation ratios, two

different groups of deep groundwater wells could be dis-

cerned (Figs. 4 and 6). These two groups differ neither with
respect to mean gauging depth nor to location within the
catchment or to the fraction of unweathered bedrock in
the drill cores. However, the deep groundwater wells of
the second group were installed later compared to the first
group, and were installed in a different manner. Thus,
whether this distinction is based on an artefact needs to
be checked. The most probable reason for that would be
a contaminated filter gravel as has been observed else-
where (Kloppmann et al., 2001; Malard et al., 2005).

Unfortunately, no samples from the filter gravel were
available, and any inferences are based on indirect evi-
dence only. However, there is some evidence that point
to filter gravel contamination. First of all, the high Ca con-
centrations in the groundwater samples observed immedi-
ately after installation of the new wells, and the slow
decrease thereafter (Fig. 2) are consistent with filter gravel
contamination. Moreover, the delayed increase of Ca con-
centration in well 13a compared to that of well 20a, which
is located exactly upstream of the former, can be explained
by a contamination plume that has been released by a
point source upstream. In fact, the observed time lag corre-
sponds to mean groundwater flow velocity in the catch-
ment. Second, the catchment runoff is located between
deep groundwater group I and the wetland groundwater
group in the mixing diagrams (Figs. 4 and 6). Thus, it can
be argued that the wells of group II are affected by contam-
ination which is restricted to the close proximity of the
wells and which does not show up in the stream.

Third, a crude mass balance approach helps to identify
the most probable source of the high Ca concentrations
in the second deep groundwater group. Filter gravel was
installed between 1 and 10 m. Assuming, that the cross-
sectional zone of influence is about 1 m2, accounting for
converging groundwater flow lines in the vicinity of the
well, considering a mean porosity of 0.1, and a groundwa-
ter flux velocity of 5 � 10�6 m s�1, then the volume of af-
fected groundwater of 9 m3 would be exchanged 160
times/a. The observed maximum increase of Ca concentra-
tion at well GW20a by about 20 mg L�1 during the first
year would then correspond to a release of 2.88 kg Ca.

The total mass of filter gravel per well is about 580 kg.
Correspondingly, contamination of the filter gravel with
1.2% CaCO3 would be necessary to release 2.88 kg Ca. That
seems to be a plausible amount. The maximum amount of
Ca that could be released by apatite weathering is in the
same range. According to Richter and Stettner (1979),
accessory minerals sum to 0.3% of the bedrock mass.
Assuming, that this is entirely due to apatite, and that
the diameter of the cross sectional area where weathering
was enhanced by drilling is about twice the diameter of the
drilling core, and that the density is 2.5 g cm�3, this would
correspond to 8.34 kg apatite. Assuming further that the
apatite is purely Ca5(PO4)3(OH), this would be equal to
3.33 kg Ca which is in the order of that found in the
groundwater. Based on these very optimistic assumptions,
the total Ca mass provided by apatite weathering would
indeed have been sufficient for explaining the observed in-
crease in Ca concentration in the groundwater at well
GW20a in the first year. However, apatite would then have
been completely dissolved. Thus, apatite dissolution alone
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would have been insufficient to explain the high amounts
of Ca released over a period of several years as was ob-
served in the groundwater of the new wells.

According to Fig. 3, deep groundwater wells of the first
and second group do not only differ with respect to Ca con-
centrations, but also with respect to Sr isotope ratios. How-
ever, the linear correlation between Ca concentration and
Sr isotope ratios in groundwater wells from the affected
wells GW11–GW20a is not significant at the a = 0.1 level.
Thus, it is concluded that Ca concentration data and Sr iso-
tope ratios point to different sources.

5.3. Three different approaches to identify the weathering
sequence

Three different approaches were used to identify the se-
quence of base cation release by different minerals in the
Lehstenbach catchment. It was hypothesized that the con-
tribution of different minerals to base cation supply of the
groundwater with increasing weathering intensity would
be observed by investigating

(1) unweathered rock leachates, deep groundwater and
shallow groundwater;

(2) groundwater samples from new groundwater wells,
reflecting the initial weathering of the drilled bed-
rock, and groundwater from wells that were drilled
in 1988;

(3) stream water baseflow period, dominated by deep
groundwater contribution, and stream water during
high flow, being dominated by shallow ground-
water.

5.3.1. Rock leachates, deep groundwater and shallow
groundwater

Three distinct groups of groundwater wells were iden-
tified based on Sr isotope ratios and base cation values:
Wetland wells, upslope deep groundwater wells mostly
installed in 1988 (deep groundwater group I), and ups-
lope deep groundwater wells installed in 1995 or later
(deep groundwater group II). Mean gauging depth does
not differ between the latter two groups. In addition,
there is no clear depth dependency of isotope ratios or
base cation concentration within the single groups.
Please compare GW02 and GW04 with the shallow wells
in the wetland group (Table1, Figs. 4 and 6), GW03 (top)
and GW03 (bottom) in the deep groundwater group I,
and GW13a–c and GW20a–c in the deep groundwater
group II.

In contrast, the lower Sr isotope ratios and lower cation
concentrations in the wetland groundwater are mostly due
to a larger contribution of precipitation and throughfall
water (Figs. 4 and 6). This is corroborated by the fact that
soil solution at the upslope sites GW03a and GW06 exhib-
ited a corresponding shift, compared to the groundwater
samples from the same sites. Correspondingly, Aubert
et al. (2002) found clear differences between upslope
groundwater and saturated zone groundwater in the gra-
nitic Strengbach catchment in the Vosges Mountains in
France.

However, mixing with precipitation cannot explain the
low Sr isotope ratios in the drill core leachates of the wells
that were installed in 1995, which are substantially less
compared to plagioclase, feldspars or biotite (Fig. 6). It
has been argued before that the low Sr isotope ratios in
the groundwater of these wells are not correlated with
the high Ca concentration released by the filter gravel. Cor-
respondingly, an effect of liming is not very likely. Apatite
dissolution would be in line with the low Sr isotope ratios.
However, the Ca/Na and Rb/Sr ratios of the rock leachates
are opposite to those of apatite (Figs. 4 and 6; Rb/Sr ratios
not shown). In contrast, factor values of most of the rock
leachates on the two principal components are in the range
of those of plagioclase and K-feldspar from the Lehsten-
bach catchment. On the other hand, some rock leachate
samples (GW17 3–4 m and 6–7 m) show higher Sr isotope
ratios than those of plagioclase and more similar to those
of biotite than to those of feldspars (Figs. 6 and 8). Thus,
the rock leachates point to (preferential) cation release
from feldspars and biotite dissolution in an initial phase
of weathering (Brantley et al., 1998; Stillings et al., 1996;
see discussion below).

5.3.2. New groundwater wells and wells drilled in 1988
Groundwater from the new groundwater wells differs

from groundwater from the wells drilled in 1988 with re-
spect to their Sr isotope ratios and element ratios (Figs. 4
and 6). As discussed above, this was mainly due to contam-
ination by filter gravel in the new wells. However, due to
the lack of correlation between Ca concentrations and
87Sr/86Sr ratios in the groundwater of the new wells, the
low 87Sr/86Sr ratios in the groundwater of the new wells
can in part be ascribed to another base cation source than
filter gravel contamination. Apatite dissolution and prefer-
ential release of non radiogenic Sr from feldspars would be
in line with the low Sr isotope ratios (see discussion be-
low). This confirms the conclusion, that apatite and prefer-
ential release from feldspars play an important role for the
release of base cations in the initial phase of weathering as
was deduced from rock leachates.

In contrast, 87Sr/86Sr ratios in groundwater from wells
drilled in 1988 (deep groundwater group I) are similar to
those of plagioclase (Fig. 4). However, Ca/Na ratios of this
group are between those of plagioclase and those of biotite
and apatite (Fig. 6). Moreover, water samples plot between
feldspars and biotite on the one hand and apatite leach
samples on the other hand in the PCA (Fig. 8). Thus, it is
concluded, that biotite and apatite have to be considered
as base cation sources for groundwater from the old wells.
In fact, two different element sources like biotite and apa-
tite dissolution could yield a Sr isotope ratio similar to that
of plagioclase (Bullen and Kendall, 1998). There is likely a
contribution from plagioclase and feldspar to the buffer
capacity of groundwater as well, but to an unknown
degree.

To summarize, except for biotite, that seems to play an
important role for the groundwater in the old wells, no
clear differences of base cation sources between the old
and the new wells could be observed. Contamination by fil-
ter gravel probably masks differences in the weathering
degree between the two groups.
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5.3.3. Time series of stream water and groundwater solute
concentration and isotope ratios

It was assumed that the contribution of precipitation,
soil solution and shallow groundwater component should
increase during extended high flow periods. In fact, Sr iso-
tope ratios and Sr concentrations of stream water and of
groundwater samples at well GW03a and GW04 became
more similar to that of rainwater and soil solution from
upslope sites during the high water period (Fig. 4). In con-
trast, temporal variability in well GW06 is almost negligi-
ble. This is traced back to the fact that the groundwater
level in GW06 was much lower compared to GW03a and
GW04. A similar decrease of 87Sr/86Sr ratios and Sr concen-
trations in the stream was observed, e.g., by Clow et al.
(1997) and by Åberg (1995). Åberg (1995) explained this
as the increasing contribution of rainwater to the stream
which seems to hold for the Lehstenbach catchment as
well.

Throughfall 87Sr/86Sr ratios were modified compared to
those of open field precipitation (Fig. 6) due to dry deposi-
tion on trees and leaching of needles (Graustein and Arm-
strong, 1983; Gosz and Moore, 1989). The higher values of
the second principal component (K, Rb) of throughfall sam-
ples compared to open field precipitation can be ascribed
to K and Rb leaching from the spruce-needles (Fig. 8).
Potassium and Rb show very similar chemical properties
and therefore similar chemical behaviour. The temporal
variability of the 87Sr/86Sr ratios and Sr concentrations in
open field precipitation and throughfall is attributed to fac-
tors like the meteorological conditions (Graustein and
Armstrong, 1983) and thus to variations of atmospheric
composition.

To summarize, consistent patterns were found in the
time series of Sr isotope ratios and base cation concentra-
tion in stream water and groundwater. However, this was
mainly due to an increasing fraction of soil water and pre-
cipitation during high flow. Correspondingly, these time
series could not be used to infer the varying contributions
of different minerals that prevail at different stages of
granite weathering.

5.4. The weathering sequence

In spite of the restrictions discussed above, the data give
some information about the weathering sequence of the
Lehstenbach granite, similarly as has been found else-
where (Bullen and Kendall, 1998; Bullen et al., 1997; Blum
and Erel, 1997; Hodson et al., 1996; White et al., 2001).
These results are summarized as follows.

5.4.1. Plagioclase and feldspar
Beside quartz, plagioclase and feldspar are the prevail-

ing minerals. In spite of that, these minerals cannot be con-
sidered as endmembers due to their low Ca/Na ratio
(Fig. 6) and low factor values for the two principal compo-
nents (Fig. 8). The plagioclase and feldspar sample from the
Fichtelgebirge region plot within the range of the Lehsten-
bach groundwater samples. The calculated saturation indi-
ces revealed that all deep groundwater samples are
oversaturated with respect to plagioclase and feldspar. So-
dium-rich plagioclase was found to be stable in river

waters and groundwaters with alkaline pH (pH 7–10)
(Gı́slason and Arnórsson, 1993). This seems to hold for
the waters in the catchment as well (pH 5–7), although
the saturation state becomes pH dependent below pH 7.

However, the lower Sr isotope ratios and higher Ca/Na
ratios of the deep groundwater group II, i.e. the new
wells-group, could in part be attributed to a preferential
release of non-radiogenic Sr yielding a Sr isotope ratio low-
er than that of the bulk mineral in an initial stage of weath-
ering as described for microcline and albite by Brantley
et al. (1998). Similar to Sr, high values of Ca and Na can
be observed early in dissolution (Stillings et al., 1996). This
is corroborated by a lower Sr isotope ratio but a similar Ca/
Na ratio of most of the solid rock leachates compared to
that of plagioclase and feldspar (Fig. 6).

The mixing of biotite and the dissolution of another
base cation source with a low Sr isotope ratio (apatite,
preferential release from feldspars, liming) in deep ground-
water may result in a 87Sr/86Sr ratio near to that of plagio-
clase and feldspars (deep groundwater group I). Thus,
plagioclase and feldspars certainly contribute to the buffer
capacity of the groundwater in addition to biotite, apatite
and/or liming, although to unknown degrees. However,
trace minerals like calcite or apatite can play a major role
in the chemical weathering of granitoid rocks despite their
minor fraction in the bedrock (White et al., 1999; Aubert
et al., 2002; Oliva et al., 2004). This is corroborated by a
Ca excess found in many groundwater and surface water
samples relative to the plagioclase stoichiometry (e.g. Clow
et al., 1997; Blum et al., 1998; White et al., 1999; Probst
et al., 2000; Oliva et al., 2004).

5.4.2. Biotite
According to the results, the buffer capacity of the deep

groundwater is dominated by biotite weathering. All water
samples outside the wetlands were highly undersaturated
with respect to biotite. Due to the high K and Rb concentra-
tion, all data for biotite samples in the literature exhibited
high factor values for the second principal component. Cor-
respondingly, some of the unweathered rock leachates and
the deep groundwater samples from the Lehstenbach
catchment had high factor values for this component
(Fig. 8). This corresponds to the fact that biotite is consid-
ered to be easily weathered (Blum and Erel, 1997; Bullen
et al., 1997; Hodson et al., 1996). In contrast, Drever and
Clow (1995) argue that biotite weathering rates do not ex-
ceed those of feldspars due to oxide coatings attached to
the minerals.

5.4.3. Apatite
Apatite data in the literature exhibit a high variance of

element concentration and Sr isotope ratios that renders
a clear interpretation difficult (Bonhomme, 1967; Van
Gaans et al., 1995; Sun and Higgins, 1996; Tilton et al.,
1997; Charoy, 1999; Sha and Chappell, 1999; Négrel
et al., 2001). However, the apatite leachates analysed by Ir-
ber (1996) could be regarded as a missing endmember for
the deep groundwater samples (Figs. 4, 6 and 8). These
samples were taken from granite in the Ore Mountains,
but of the same age as the Lehstenbach catchment granite.
The low Sr isotope ratio of 0.711416 is comparable with
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the value of 0.709 given by Bonhomme (1967) for the Bré-
zouard granite apatite in the Vosges mountains (France)
and of 0.70679 by Négrel et al. (2001) for the Monzogranite
apatite in the Vienne District (west of the french Massif
Central). All these rocks are about the same age between
288 and 315 Ma.

As apatite is non radiogenic (Probst et al., 2000) and has
a low 87Sr/86Sr ratio, apatite dissolution would be in line
with the low Sr isotope ratios of deep groundwater II sam-
ples and the second base cation source in addition to bio-
tite of deep groundwater I samples. This hypothesis
would be consistent with the Rb/Sr ratios of the deep
groundwater samples that are very close to those of apatite
(data not shown) and the higher Ca/Na ratios of nearly all
water samples compared to those of plagioclase (Fig. 6).
Moreover, deep groundwater samples had high factor val-
ues of the first principal component (Fig. 8), indicating an
important influence of a Ca- and Sr-rich source. Last but
not least, the groundwater samples were highly undersat-
urated with respect to apatite.

According to Irber et al. (1997), apatite has to be consid-
ered as a major host of Sr in the Lehstenbach granite. They
found between 1000 ppm for early-formed apatites to
10,000 ppm in late formed apatite grains. Based on acid
leaching experiments, several authors have found apatite
to be an easily soluble trace mineral releasing considerable
amounts of Sr (Irber et al., 1997; Blum et al., 2002; Harla-
van and Erel, 2002). Oliva et al. (2004) concluded that more
than 80% of the Ca export from the watershed can be
attributed to the weathering of trace minerals (epidote,
prehnite, apatite and bytownite). However, the dissolution
rate of apatite is pH dependent and is at its minimum at
circumneutral pH, corresponding to the range of pH 5–7
in the waters in the Lehstenbach catchment (Wu and For-
sling, 1995; Valsami-Jones et al., 1998; Guidry and McKen-
zie, 2003). Although the dissolution rate of apatite depends
also on factors such as the distance from equilibrium (Gui-
dry and McKenzie, 2003), the carbonate content (Jahnke,
1984) and the presence of weak acids (Tang et al., 2003),
the dissolution rate of apatite is always higher than those
of silicate minerals (feldspars, biotite), but lower than
those of carbonates (calcite, dolomite).

Based on Sr isotope and element ratios, the influence of
apatite could not be distinguished from dolomite as a base
cation source (Figs. 4 and 6). Only the greater distance of
apatite compared to that of dolomite from the 1:1 mixing
line in the PCA plot and the considerations given above
with respect to the role of liming for groundwater point
to apatite rather then to dolomite as the missing
endmember.

To summarize, apatite seems to play a role as a base cat-
ion source in the initial stage of weathering. However, its
influence is apparently obscured due to contamination by
filter gravel.

5.4.4. Calcite
Several authors have found that disseminated calcite, a

very soluble trace mineral (e.g. Hodson et al., 1996), can
have an important influence on the chemical composition
of surface waters and groundwaters in crystalline catch-
ments and can explain excess Ca (Clow et al., 1997; Blum

et al., 1998; White et al., 1999; Jacobson and Blum, 2000;
Négrel et al., 2003). Clow et al. (1997) showed that weath-
ering of calcite, present in trace amounts in silicate bed-
rock (Loch Vale, Colorado) can account for between 43
and 59% of the total Ca flux in stream water. Blum et al.
(1998) found that the cation and HCO3 flux in a predomi-
nantly silicate watershed within the High Himalayan Crys-
talline Series is predominantly derived from dissolution of
a small amount of calcite (�1%).

The Sr isotope ratios of the unweathered rock leachates
determined in the study varied over a wide range indepen-
dent of the number of leaching steps (Fig. 6). Thus, no sin-
gle element source could be identified. Moreover, Sr
isotope ratios for trace calcite in granite vary between
0.706 (Blomqvist et al., 2000) and 1.06962 (Clauer et al.,
1989). However, in the study the Ca/Na ratios of the leach-
ates were lower compared to the groundwater samples
(Fig. 6), and the leachates plot in the opposite direction
in the principal component diagrams, compared to calcite
and apatite (Fig. 8). Furthermore, Besang et al. (1976) and
Stettner (1964) do not mention calcite as an accessory
mineral in the granite bedrock in contrast to apatite. Thus,
it is concluded that the role of calcite is negligible in the
Lehstenbach catchment.

6. Conclusions

The role of different minerals in base cation release,
thus increasing the buffering capacity of groundwater
against acid deposition, is controversially discussed in the
literature. The 87Sr/86Sr ratios and base cation concentra-
tion in whole rock leachates, mineral separates, precipita-
tion, soil solution, groundwater and stream water
samples in the Lehstenbach catchment (Germany) were
investigated to identify the weathering sequence of the
granite bedrock.

Feldspar weathering contributes to base cation release,
but these minerals cannot be regarded as endmembers of
the mixing diagram. Instead, biotite weathering played
an important role for base cation release. In addition, there
was some evidence that apatite played an important role in
the initial stage of weathering. There was no clear evidence
for a contribution from calcite. Correspondingly, base cat-
ion input by atmospheric deposition and liming had only
minor effects on groundwater buffer capacity.

The extensive study revealed some ambiguities and
coincidences that had to be investigated carefully. In con-
trast to prior assumptions, the observed decrease of the
Sr isotope ratios in the stream during discharge peaks did
not reflect the contribution of a different weathering sys-
tem in the upper aquifer layers, but was due to the in-
creased contribution of precipitation and soil water. The
exceptionally high release of Ca in some wells shortly after
installation was in the first place due to contaminated filter
gravel. In contrast, the observed decrease of the Sr isotope
ratios in these wells was consistent with that of the drilling
core leachates, pointing to preferential cation release by
feldspars in an initial phase of weathering. Although the
extensive data set yielded a puzzling picture at the first
sight, it was concluded that this critical mass of data was
necessary to prevent premature inferences.
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(between 20 and 60 cm depth), the 87Sr/86Sr ratios are much
less radiogenic (0.70963–0.71391) than in deeper horizons
(0.71160–0.72981). The dramatic increase in 87Sr/86Sr ratios
and mineralogical composition of the soil horizon indicate
that location of the weathering front is about cm-depth.
This implies that in the upper horizons the leached and
altered minerals remain relatively non-radiogenic compared
to the bulk digest samples. However, the A-horizon of soil
#8 samples in the hydromorphic zone reveals a pretty high
87Sr/86Sr, close to that of bulk digest samples, suggesting a
more intense alteration releasing radiogenic strontium.

In order to define the respective sources implied in the
H2O-leaching, potential mixing lines have been defined be-
tween the rain water and radiogenic sources (biotite, bulk
digest soil) or unradiogenic sources (manure, plagioclase)
(Fig. 4). Table 6a summarizes the minimum and maximum
percentages of each end-member allowing to explain the
87Sr/86Sr ratios of soil leachates. In Fig. 4a, the mixing
curves represent the potential evolution during the H2O-
leaching experiments. None of these mixing curves explains
alone the soil H2O-leaching compositions, except the leach-
ing of the deepest horizons which are in good agreement
with biotite dissolution and do not seem to require any
other contribution (curve 1). For the other shallower soil
leachates, biotite and bulk digest soil (curve 5) produce
too high isotopic ratios, while plagioclase and manure pro-
duce slightly too low isotopic ratios (curve 2). The 87Sr/86Sr
ratio of upper H2O-leaching reflects the contribution of
Sr2+ from two opposite sources: relatively low 87Sr/86Sr

from plagioclase and/or hog manures and higher 87Sr/86Sr
from biotite and/or bulk digest soils. Neither the Sr isotopic
ratios, nor the element ratios indicate a K-Feldspar contri-
bution, which is confirmed through the bulk digest analyses
(see next section). Four mixing lines (curves 6, 7, 8, 9) be-
tween the two radiogenic (biotite and bulk digest soil)
and the two less-radiogenic end-members (manure and
plagioclase) are also drawn. The evolution during H2O-
leaching experiments can be modelled as a curve (curves 3
and 4, Fig. 4a) which originates from the rain water end-
member and is mixed with these four mixing curves (6–9).
Curve 3 presents a 87Sr/86Sr ratio similar to the streams,
by contrast curve 4 presents a higher 87Sr/86Sr ratio than
streams. However, both curves represent a large part of
the H2O-leaching experiments. Higher 87Sr/86Sr indicate a
predominant biotite contribution (deepest soils), whilst
lower 87Sr/86Sr indicate a predominant plagioclase and/or
hog manure contribution (top soils). The connection
between rain water and mixing curves 6–9, including the
H2O-leaching and stream compositions, define four poten-
tial mixing values (A, B, C and D in Fig. 3a) of the low- and
high-radiogenic end-members on curves 6–9.

Using plagioclase as the non-radiogenic end-member
implies a higher biotite or bulk digest soil contribution up
to a factor 10 as compared to a mixing with hog manure.
This is explained by a relatively high major cation concen-
tration in hog manure as compared to plagioclase. What-
ever the low end-member, the biotite contribution seems
significant as regards the quantities of manures and slurries

Table 4
Major and trace element concentrations (lg/L), Sr isotopic composition, and element ratios of stream water at the Kerbernez catchment
outlet.

date pH Na Ca Mg K Ba Sr Rb DOC
(mg/L)

Rb/Sr Ba/Sr Ca/Sr Ba/Ca Ca/Na 87Sr/86Sr

17/01/2001 6.5 25620 16570 10440 4290 24.1 161.5 4.8 2.29 0.030 0.149 102.6 0.0015 0.647
14/02/2001 5.89 24620 15520 10450 4005 24.1 162.6 4.7 1.90 0.029 0.148 95.4 0.0016 0.630
14/03/2001 6.32 24853 16528 11278 3825 24.9 163.6 4.6 4.93 0.028 0.152 101.0 0.0015 0.665
11/04/2001 5.88 23190 15090 10440 3899 24.0 165.8 4.6 2.85 0.028 0.145 91.0 0.0016 0.651 0.71104
09/05/2001 5.94 22140 13990 10320 3359 26.2 165.8 4.4 1.32 0.026 0.158 84.4 0.0019 0.632
06/06/2001 6.02 24350 13970 10250 4326 27.4 164.2 5.4 2.14 0.033 0.167 85.1 0.0020 0.574 0.71113
04/07/2001 6.2 25400 18250 12380 4201 28.4 171.3 5.2 2.27 0.031 0.166 106.5 0.0016 0.719
01/08/2001 6.09 25050 16420 10090 4010 24.5 161.3 5.0 0.031 0.152 101.8 0.0015 0.655
29/08/2001 23950 16770 10310 4645 23.6 163.1 5.7 2.91 0.035 0.145 102.8 0.0014 0.700
26/09/2001 6.79 24180 15090 11460 4602 24.3 168.4 5.3 1.87 0.031 0.144 89.6 0.0016 0.624
16/10/2001 6.59 25310 15940 11460 4329 29.8 177.5 5.1 1.27 0.029 0.168 89.8 0.0019 0.630
14/11/2001 5.94 24310 14930 10810 4158 28.5 164.1 4.8 1.06 0.029 0.174 91.0 0.0019 0.614
18/12/2001 5.94 26820 17020 12200 4556 29.2 190.7 5.1 0.99 0.027 0.153 89.3 0.0017 0.635 0.71118
16/01/2002 5.78 25860 14950 11740 4218 29.1 173.3 4.9 1.71 0.028 0.168 86.3 0.0019 0.578
14/02/2002 5.63 26660 16320 11580 4212 28.7 172.7 4.8 1.62 0.028 0.166 94.5 0.0018 0.612
13/03/2002 5.89 23270 7018 7180 1690 12.5 80.2 1.6 0.76 0.020 0.156 87.5 0.0018 0.302
17/04/2002 27510 15080 11680 4685 28.8 164.3 4.8 1.40 0.029 0.175 91.8 0.0019 0.548
12/06/2002 6.06 25220 15930 11260 6284 27.1 171.8 5.9 3.32 0.034 0.158 92.7 0.0017 0.632
11/09/2002 6.37 25150 14670 11070 4779 30.9 175.3 5.2 0.030 0.176 83.7 0.0021 0.583 0.71115
20/11/2002 5.99 27656 15981 11432 4967 27.4 164.8 5.1 0.031 0.166 97.0 0.0017 0.578
18/03/2003 5.73 24225 13641 10145 4129 25.4 149.3 4.3 0.029 0.170 91.4 0.0019 0.563
09/07/2003 5.99 24293 15361 11064 6854 28.4 160.2 5.1 0.032 0.177 95.9 0.0019 0.632
15/10/2003 6.2 25676 14935 11801 5119 29.4 162.0 5.4 0.033 0.182 92.2 0.0020 0.582
03/03/2004 5.99 23004 12390 9847 3884 26.7 144.5 4.4 0.030 0.184 85.7 0.0022 0.539
03/06/2004 5.83 20957 11723 8716 3313 30.0 159.1 4.3 0.027 0.188 73.7 0.0026 0.559
07/09/2004 6 23628 12736 9603 4616 28.0 156.4 5.3 0.034 0.179 81.4 0.0022 0.539
14/12/2004 6.02 22653 13117 9401 4373 27.3 155.2 5.0 0.032 0.176 84.5 0.0021 0.579
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(Appendix A). This ratio is close to that of seawater, which is
supported by the vicinity of the Atlantic Ocean.

4.2.3. Cation budgets

The various human-made inputs, such as fertilizers, have
a range of Sr contents (3–1500 ppm) with an isotopic ratio
ranging from 0.7079 to 0.7109 (Négrel, 1999; Widory et al.,
2004; Table 1). An empirical estimation of cations released
from the manure and slurry mineralization can be calcu-
lated through an annual mass balance. This computation
is based on a hydrological water-balance. The precipitation
average over a 5-year period (2000–2005) is 1235 mm, with
potential evapo-transpiration of about 50% (Martin et al.,
2004)). Such evapo-transpiration allows the infiltration of
500 L of rain water per m2. The slurries and manures are
applied at an average rate of 3–5 m3/ha and 0.5–3.0 T/ha
(Appendix A), respectively, on Kerrien and Kerbernez.
Knowing the anthropogenic contribution, we used the cat-
ion concentrations presented in Appendix C, assuming that
slurry contains between 10 and 30% of solids (Nicholson
et al., 1999). Knowing the concentration of Na+ (2.7–
4.5 g/kg), Ca2+ (20–43 g/kg) and Sr2+ (0.06–0.10 g/kg) in
slurries, the total mineralization of these organic matter
releases between 1.2 and 14 mg/L of Ca2+ between 0.2
and 1.4 mg/L of Na+ and between 4 and 30 lg/L of Sr2+

in streams. Considering the cation concentrations in stream
waters in Kerrien and Kerbernez catchments, the organic

fertilizer mineralization explains from 5 to 40% of the
Sr2+ pool, and less than 10% of the Na+ pool. However,
the slurry mineralization releases from 20 to 100% of the
Ca2+ encountered in stream waters.

5. DISCUSSION

5.1. Systematics in soil profiles

There are three possible sources of Sr2+ to soil water: (1)
Sr2+ released from mineral weathering within the soil zone
through incongruent or congruent dissolution, (2) Sr2+

delivered via atmospheric aerosols dissolved in rainfall
and (3) Sr2+ delivered by additional material applied on
soil, such as fertilizers. All these sources are also considered
for the other major cations (Ca, Na, Mg). Furthermore, the
different cations can either be released into the soil mobile
water and leave the soil, or can constitute a reservoir with
an intermediate mobility in the clay fraction (cation ex-
change pool). In order to characterize the most reliable
source of Sr and other basic cations in soil water, and then
in streams, element concentrations and element ratios such
as Ba/Sr, Rb/Sr, Ca/Sr and Sr isotope ratios (87Sr/86Sr)
have been used as tracers. Ba, Rb and Sr occur in various
minerals which have a different weathering susceptibility.
In this studied granitic environment, the main carrier of
Ca, Sr and Na is the Na–Ca-plagioclase, while the main
carrier of Rb, Mg and K is biotite, and then muscovite
(Table 1). K-feldspar is an intermediate between these
two end-member concentrations.

First, trace minerals enriched in Ca, such as apatite and
epidote, may be considered as an important source of Ca2+

in stream waters (Blum et al., 2002; Oliva et al., 2004).
Moreover, several authors found that disseminated calcite
can have a similar effect than apatite, in controlling the
chemical composition of surface and ground waters in crys-
talline rocks (Blum et al., 1998; Clow et al., 1997; Jacobsen
and Blum, 2000; Weyer et al., 2008; White et al., 1999). The
control of trace minerals may also be highlighted through
Sr isotope composition (Taylor et al., 2000). Indeed, during
early stages of weathering, the 87Sr/86Sr ratios of soil solu-
tions can be controlled by the presence of reactive phases,
rather than that of major minerals. However, their influence
is limited once the steady-state is reached. Generally, apa-
tite is non-radiogenic (Probst et al., 2000), and thus has a
87Sr/86Sr ratio generally lower than other silicate minerals
(Aubert et al., 2001). Dissolution of apatite would be in line
with the low Sr isotopic ratios of plagioclase or manure.
However, several arguments allow us to rule out the acces-
sory mineral hypothesis as a major source of Ca. (1) Nei-
ther apatite nor calcite has been observed in the granite
thin sections, nor with XRD analyses, nor binocular obser-
vation. (2) Weathering is advanced and does not seem to
represent an early stage. Furthermore, the Ca and Sr
decrease with depth in the H2O-leaching, and to a lesser
extent in the bulk digest, does not agree with a potential
source related to accessory minerals which have no reason
to be located in the upper part of the soils. (3) The extre-
mely high cation concentrations and weathering rates as
compared to catchments investigated elsewhere (White
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Fig. 3. Variations of 87Sr/86Sr ratio with (a) Sr concentration and
(b) Ca/Sr ratio in stream waters of Kerrien and Kerbernez. Hog
manures include data from this study and from Widory et al.
(2004). Mixing curves represent a mixture (Table 6) between (1)
biotite and rain water, (2) plagioclase and rain water. Curves (3 and
4) represent a mixing between rain water on one hand and a second
mixing between manure or plagioclase and biotite. (3 and 4)
represent two different contributions of biotite. Other mixing
curves represent a mixture between (5) bulk digest soil and rain
water, (6) manure and biotite, (7) plagioclase and biotite, (8)
manure and bulk digest soil, (9) plagioclase and bulk digest soil.
Here are the proportion of biotite or bulk digest soil for mixing
with plagioclase or manure: (A) 24% biotite or 17% bulk digest soil,
(B) 32% biotite or 65% bulk digest soil, (C) 2% biotite or 7% bulk
digest soil, (D) 21% biotite or 55% bulk digest soil. Chemical
composition of rain waters is available in Appendix B.
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et al., 2001, 1999) imply extremely significant sources (see
Section 5.3). Accessory minerals, even if they might contrib-
ute to the cation fluxes, do not play a major role in the
investigated agricultural catchments.

Second, the influence of some silicate minerals, such as
biotite or K-feldspar is accompanied by the contribution
of manure, as suggested by bulk digest soils. This can be
interpreted as the fact that manure and biotite bear a
relatively similar weathering rate, which might be more

important than K-feldspar. The triangular diagram plot-
ting Rb/Sr, Ba/Sr and Ca/Sr/500 (Fig. 5) suggests that
bulk digest soils are influenced by mineral sources, such
as Biotite and K-Feldspar, but do agree with the poten-
tial influence of a mixture of biotite + manure. Overall,
these results suggest that a large fraction of K-minerals
remains to weather in soil particles. The succession of
weathering reaction suggested by chemical tracers implies
that K-mineral biotite is the less resistant mineral and the
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Table 6
(a) Percentage of radiogenic end-members (biotite or bulk digest soil), mixed with either manure or plagioclase required to explain the Sr
isotopic ratio of stream waters (from Fig. 4a). (b) Mass (in mg) of biotite, plagioclase, hog manure or bulk digest soil required to explain the
concentration of 20 lg Sr/L of soil H2O-leachates.

Mixed with Hog manure Mixed with plagioclase

Minimum Maximum Minimum Maximum

(a)

% Biotite 2 24 21 32
% Bulk digest soil 7 17 55 65

(b)

Mass of Biotite 179 2146 1878 2861
Mass of bulk digest soil 18 28 89 105

Mixed with biotite Mixed with bulk digest soils

Mass of manure 227 292 247 277
Mass of plagioclase 28 32 14 18
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first to dissolve as observed in the deep soil profile, and
in the saprolite (>70 cm). Biotite constitutes with manure,
which is almost completely stored in the exchangeable
phase, the main source of Sr2+ in the soil, both of them
constituting a first phase of Sr2+ mobilization, prior to
K-feldspar. A more intensive weathering, encountered in
the mid-soil profile, allow the plagioclase dissolution to
be a major source of elements into soil leaching solution,
avoiding any major anthropogenic contribution. The pla-
gioclase dissolution products seem to be removed from
the soil itself through solution export to stream. The
K-feldspar is more resistant relative to Sr isotopes, which
explains that no clear contribution has been observed in
soil leaching whilst it is the major source of the soil itself,
as revealed by bulk digest analyses. As weathering con-
tinues, K-feldspar should become the dominant source,
with muscovite which seems to be the more resistant min-
eral relative to Sr isotopes.

Fig. 6 summarizes all the observations and conclusions
of this study. The soil leaching of different soil horizons
demonstrated the influence of three different phases on
the labile phase chemistry:

(1) In the top soil (0–20 cm), the manure contribution
predominates and represents a high labile phase
generating high major cation concentration and rela-
tively low 87Sr/86Sr ratios in soil leaching solutions.

(2) In the mid-soils (20–70 cm), almost no influence of
plagioclase is observed in the Sr isotopic composition
of bulk digest soils. On the contrary, plagioclase sig-
nature is evident from H2O-leaching. This can be
interpreted as the fact that plagioclase is particularly
labile and is not ‘kept’ in the soil neither in the solid
nor in the exchangeable phase. Manure and plagio-
clase with a comparable low 87Sr/86Sr ratio, and a
more radiogenic phase (such as bulk digest soil
and/or biotite) control most of the geochemical isoto-
pic and elemental tracers. The cations seem to be
inherited from a slow weathering of the granitic rock.

(3) In the deep soil horizons and saprolite itself, a unique
contribution may be revealed, with a high 87Sr/86Sr
ratio, enriched in K, such as biotite or even musco-
vite. The weathering of such K-host mineral phases
may occur below the alteration front, where the
weathering processes are the most active, as sug-
gested previously by Pavich (1986). The concomi-
tance of high application rates of fertilizers, mineral
dissolution chemical signature, and fertilizer influ-
ence on the chemistry on the surface soil, suggests
that soil acidification induced by the use of fertilizers
may enhance the mineral weathering in the deeper
soil layers. This is contrary to some authors (Fernan-
dez et al., 2003; Gbondo-Tugbawa and Driscoll,
2003; Sverdrup et al., 1995).
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5.2. Acquisition of the chemical signature in stream waters

In anthropogenic catchments, mineral and organic fertil-
izers applied on soil at varying rates can alter the geochem-
istry of soil, ground- and stream waters. Stream chemistry
is relatively sensitive to human activities, and especially
agriculture, which induces rapid changes in cation release
(Flintrop et al., 1996). Indeed, in the previous section we
have shown that manure-derived Sr2+ was included in the
exchangeable phase of the soil. The stream waters show def-
initely different geochemical characteristics from soil
waters. Dissolved cation concentrations of both Kerrien
and Kerbernez stream waters (Tables 4 and 5) are extremely
high as compared to those found in small catchments under
temperate climate conditions and on granite and granodio-
rite basements (Stutter et al., 2006; White and Blum, 1995).
Such high cation concentrations are encountered in tropical
environments where chemical weathering rates are extre-
mely pronounced (Oliva et al., 2003; White and Blum,
1995). Stutter et al. (2002) suggested from catchment inves-
tigation in Great Britain that agricultural practices
increased the Na concentrations. Na is also the dominant
basic cation in both Kerbernez and Kerrien catchments.
Stream waters display very high cation concentrations
which are induced by (1) the KCl addition, K being largely
consumed by the vegetation which requires another cation
to electrically equilibrate the waters. (2) NH4 derived from
the manure addition, which acts as an acid addition since it
is rapidly transformed to NO3 in the soil (Van Miegroet
and Cole, 1984). This large acidification process leads to
the very high concentrations in the stream waters observed
in Kerrien and Kerbernez catchments.

In the 87Sr/86Sr vs Ca/Sr diagram (Fig. 4b), the 87Sr/86Sr
ratios of stream waters are specifically closer to those of soil
layers dominated by mineral weathering rather than those
dominated by hog manure leaching. Furthermore in the
Fig. 5, there is a clear evidence that the stream waters are di-
rectly related to the plagioclase dissolution which appears as
the dominant reaction. This implies that in both catchments,
Na is the dominant weathering-derived cation in streams.
The previous result is consistent with the low Ca/Na ratios
in minerals (0.37 for Na–plagioclase) and soil (0.31). How-
ever, the Ca/Na ratios in streams are in average 0.60 for Ker-
bernez and 0.53 for Kerrien, respectively. Such high Ca/Na
ratios, higher than that of plagioclase, have been interpreted
as the result of accessory mineral dissolution (apatite or cal-
cite) (Aubert et al., 2002; Blum et al., 2002; Clow et al., 1997;
Jacobsen and Blum, 2000; Oliva et al., 2004; White et al.,
1999). Here, these high Ca/Na ratios may be explained, with
the lack of significant accessory minerals, either by the differ-
ential contribution of biotite (Ca/Na = 3.26), or mineraliza-
tion of hog manure (Ca/Na = 10–15). The streams display
Sr/Na and Ca/Na ratios ranging between those of plagioclase
and biotite, whilst the manure influence is much more sensi-
tive in the soil leaching which have much higher ratios.
Although the manure influence is clear in the upper soil leach-
ing, the high Ca/Na ratios of streams do not seem to result
from agriculture product contribution. Compared to rain
waters and soil leaching experiment, stream waters have rel-
atively high Si concentration, positively correlated to Na and
Mg (not shown here). This confirms that a large part of Na
and Mg is directly inherited from silicate mineral weathering,
respectively from Na–plagioclase and biotite, in the different
soil layers, and the saprolite.
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5.3. Cation solute budget

In this section, the respective role of the manure and
mineral contribution to the total budget is addressed. It
is important to recognize that the cation and Sr sources
and contributions are estimates. Errors involved in the
simple mass balance and two end-members mixtures
approach include those associated with the measurements
of water in a weekly scale and water chemistry on a
monthly scale. However, based on a 11-year dataset, Lik-
ens et al. (1977) concluded that 1–3 years of measurements
are adequate to characterize the magnitude of loss or gain
of base cations, except K+ which displays a high variabil-
ity in annual inputs. However, the cation budget estima-
tion gives a clear confirmation that (1) most of the Na
and Sr budgets are not related to manure addition, and
(2) the dissolved calcium in streams cannot be explained
only by a water–rock interaction, but also implies the par-
tial mineralization of manures and slurries. The fertilizer-
derived Ca2+ pool stored in soil profile can be leached at
the same time than other cations, such as Na+ or Sr2+.
The main difference is that Na+, and in a lesser extent
Sr2+, dissolved in streams is mostly controlled by the dis-
solution of Na–plagioclase (hydrolysis) in the soil, rather
than any agricultural inputs.

Several environmental problems have been pointed out
concerning the impact of organic and chemical fertilizers
on surface and ground waters, with increasing dissolved
nitrate concentrations for example. These concerns are
not only confined to water quality, but also to ecology,
with decreasing species diversity and increased productiv-
ity (Seitzinger and Kroeze, 1998). In Brittany, where base
cations are largely exported from agricultural catchments
compared to more natural catchments, the chemical
weathering of silicate minerals is not the only contributor
to this cation exportation. Indeed, soils may also be an
important contributor, through its ion-exchange complex
and its leaching by acidification process. Soil acidificat-
ion, through atmospheric or agricultural deposition, can
lead to irreversible decrease in clay activity with decreas-
ing pH. Stability and cation exchange capacity of soil un-
der temperate climate and under agricultural pressure
might be a continuous and enhancing environmental con-
cern for the next decades. Indeed, soil acidification by
N-fertilizers can have significant impact on chemical as-
pects of soil quality, in particular on the partitioning of
Al into solid phases. In addition to decreasing alkalinity,
dissolved element fluxes exported by surface waters have
been highlighted in a few studies devoted to agriculture
impacts on chemical weathering, on a local scale (Collins
and Jenkins, 1996; Pierson-Wickmann et al., in press;
Semhi et al., 2000) or large scale (Perrin et al., 2008;
Raymond and Cole, 2003; West and Mcbride, 2005).
And in addition to cation loss by acidification, a counter
effect of liming, to prevent acidification, is the loss and
export of organic matter in the dissolved fraction of soil,
which goes directly into streams. The increase in dis-
solved organic matter is also another environmental
concern.

6. CONCLUSION

The chemistry of soil and stream waters was monitored
in two small, adjacent, granitic catchments in Brittany,
France, to evaluate the potential sources of cation solutes
in the streams of both catchments. The results demonstrate
that Ca2+ and Na+ are the dominant weathering-derived
solutes in streams. Such high concentrations mainly result
from agricultural pressure. Our study investigates the origin
of these solutes, analyzing Sr isotopic ratios and cation con-
centration ratios in the different rock minerals, soil leach-
ing, stream water and manure chemical composition.

Soil leaching indicates a clear gradient with depth. The
top soil leaching presents high cations concentrations that
can mainly be related to manure addition. In the soil middle
section, the cations derive from both manure addition and
mineral dissolution, especially plagioclase. In the deeper
part of the profile, below the soil, very low concentrations
are observed with radiogenic strontium isotopic ratios
which clearly indicate biotite dissolution. Finally, a mineral
weathering sequence can be defined: (1) In the fresh rock,
the first mineral dissolved is biotite. (2) Plagioclase dissolu-
tion is the second reaction: it appears as the dominant
mechanism in the soil leaching, which in turn results from
a high degree of the rock weathering. (3) K-feldspar (and
probably muscovite) is the last mineral to be dissolved. In
the profile investigated, the feldspar signature is dominant
when the soil is entirely dissolved. It indicates that K-feld-
spar dissolution has not still occurred in the soil profile.

Stream waters present highly homogeneous concentra-
tions and Sr isotopic ratios in regards to soil leaching and
chemical composition or mineral composition. Several cat-
ion ratios indicate that the plagioclase hydrolysis is the
dominant cation source. An influence of biotite dissolution
is also observed, although less important than that of the
plagioclase. It confirms that plagioclase dissolution prod-
ucts are not stored in the soil profile, as is the case for bio-
tite, but are rapidly exported from the catchment. Slurries
and manures remain a significant source of Ca2+, and
potentially Sr2+, in soils. However, most of Ca2+ resulting
from the organic fertilizer mineralization is stored in the
soil ion-exchange complex.

A cation budget is computed from the chemical analysis
of all the different sources. It indicates that if the Ca2+ orig-
inates from the manure, other cations like Mg2+, Sr2+ and
especially Si4+ and Na+ which are the dominant cations in
stream waters derive from mineral dissolution. The soil
acidification induced by agriculture allows the mobilization
of cations stored in soil layers (Ca2+, Sr2+). It enhances the
rock weathering and accelerates plagioclase dissolution.
The large cation export induced by agricultural pressure
should be considered as a potential mechanism that could
lead in term to soil destabilisation and agriculture produc-
tivity decrease.
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Oliva P., Viers J. and Dupré B. (2003) Chemical weathering in
granitic environments. Chem. Geol. 202, 225–256.

Pavich M. J. (1986) Process and rates of saprolite production and
erosion on a foliated granitic rock of the Virginia Piedmont. In
Rates of Chemical Weathering of Rocks and Minerals (eds. S. M.
Colman and D. P. Dethier). Academic Press, pp. 552–590.

Perrin A.-S., Probst A. and Probst J.-L. (2008) Impact of nitrog-
enous fertilizers on carbonate dissolution in small agricultural
catchments: implications for weathering CO2 uptake at regional
and global scales. Geochim. Cosmochim. Acta 72, 3105–3123.

Pierson-Wickmann A.-C., Aquilina L., Martin C., Ruiz L.,
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