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Abstract This study deals with the chemical
characterization of the biogeochemical processes
occurring in a shallow aquifer in crystalline rocks.
The influence of rock heterogeneity and the related
physical processes on the aquifer biogeochemistry
have been investigated. A hydrochemical survey
(major anion and cation analysis) shows that rock
heterogeneity leads to a stronger spatial than
temporal variability. Some rapidly recharged and
low- mineralized waters are present at the soil/rock
interface. However the pumped well intersects a
preferential flow path and pumps nitrate-rich
water. Sulfur and oxygen isotope data from sulfates
in the pumped water clearly show sulfide oxidation
with only 20-30% of the oxygen atoms in sulfates
formed by sulfide oxidation coming from atmo-
spheric oxygen. This low contribution of molecular
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oxygen in sulfide oxidation, associated with the
drastic decrease in nitrate concentration, involves a
marked relationship between the nitrogen and
sulfur cycles through denitrification, coupled with
sulfide oxidation. Conversely, for rapidly
recharged waters, the rock physical heterogeneity
allows sulfide oxidation by molecular oxygen
indicated by a contribution of atmospheric oxygen
of nearly 70% in the newly formed sulfate. As the
aquifer biogeochemistry is controlled by the
physical characteristics of the rocks, pumping may
overcome the natural flux pattern described pre-
viously. This anthropogenic disturbance leads to a
modification of water pathways (spatial mixing or
relative contribution of the fracture/matrix waters
to the global fluxes) and, consequently, to a modi-
fication of the physical and biogeochemical
processes occurring in the aquifer.

Keywords Groundwater - Isotopic analyses -
Rock physical heterogeneity - Denitrification

Introduction

Crystalline rock aquifers are considered as highly
heterogeneous since their porosity is unevenly
distributed through fissures and fractures. Distri-
bution of the fracture characteristics (length and
fracture center correlation patterns) controlling
heterogeneity has been shown to have no
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characteristic length scale. Consequently, classical
equivalent porous medium hydrogeologic models
cannot be applied to many of these aquifers
(Berkowitz 2002; Bonnet et al. 2001; de Dreuzy
et al. 2004). In fractured rocks, heterogeneous
water flow paths and channeling effects have been
demonstrated (Berkowitz 2002; de Dreuzy et al.
2004). At a regional scale, heterogeneity has been
investigated in relation with regional flow paths,
discharge, geology or agricultural practices (Chen
et al. 2004; Grassi and Cortecci 2005; Shapiro
et al. 1998; Weissmann et al. 2002). At the kilo-
meter scale, heterogeneity has been related to
flow-rate in fractures and biogeochemical pro-
cesses or solute cycling (Martin et al. 2004; Tarits
et al. 2006). Moreover, heterogeneity has also
been observed at a local scale in the order of one
meter or less (Kelly 1997; Montoroi et al. 2001;
Stutter et al. 2005). Studies on soil heterogeneity
have demonstrated the existence of local micro-
sites and chemical heterogeneity (Bennet et al.
2000; Little et al. 1997; Luo et al. 1999; Parkin
1987; Schramm 2003). Soil heterogeneity is often
considered to be buffered with upscaling (Cacas
et al. 1990; Clauser 1992; Legout et al. 2005) al-
though this assumption is not valid at all scales for
a detailed process characterization (Molénat
et al. 1999; Molénat and Gascuel Odoux 2002;
Rosenberry 2003; Wyns et al. 2004).

Surface aquifers develop in the upper weath-
ered section of these crystalline formations.
Brittany is an agricultural French area where
intensive pig farming leads to nitrate diffuse pol-
lution of surface and ground waters. Due to the
relatively low carbon contents of crystalline rocks,
the observed decrease in ground-water nitrate
concentration is attributed to autotrophic deni-
trification. In this biogeochemical reaction
(enhanced by the presence of bacteria like Thio-
bacillus denitrificans), nitrates are reduced by
sulfur-bearing minerals (like sulfide). In turn, the
oxidation of sulfide by nitrate leads to an
increasing sulfate concentration (Frind et al.
1990; Mariotti 1986; Pauwels et al. 2000, 2001;
Postma et al. 1991; Stumm and Morgan 1996;
Tarits et al. 2006).

The autotrophic denitrification involves liquid
(water) and solid (mineral) phases. This biogeo-
chemical reaction must be affected by rock
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fracturation and related water fluxes. Both the
influence of the channeling effect induced by rock
heterogeneity and the influence of variations in
the heterogeneity properties induced by an an-
thropic disturbance on biogeochemistry in the
shallow part of these aquifers have yet to be
investigated.

In this study, water chemistry variability, bio-
geochemical processes and residence times have
been characterized at a local scale (60 ha) in a
small crystalline aquifer (2,200 ha) pumped for
water supply. The chemical variations related to
the rock physical heterogeneity and the relation-
ships between the variation in the physical
parameters of the water transfer and the biogeo-
chemical evolution have been investigated.

Background and methods
Site description

The water plant of Vau-Reuzé is located 10 km
north of Rennes, in Brittany, North West France
(Fig. 1). Water is pumped from a shallow well
8 m deep (modified natural spring) located in a
steep slope of approximately 9%. To characterize
the site hydrogeology, four piezometers were
built: Pz1 near a stream in a wetland, Pz2, Pz3 and
Pz4 upstream in woodlands (Fig. 1, Table 1).
These wells were drilled in altered Brioverian
schists. Brioverian schists are made of alternating
centimeter-thick layers of 1/sandstones with a
quartz and chlorite matrix and quartz and feld-
spar allochems, and 2/silt and clay-rich layers
showing parallel laminae. The sedimentological
environment is characteristic of distal turbidites
(Trautmann et al. 2000). Sulfide deposits are
commonly observed in rock fractures and fissures.
Generally, alteration of crystalline rocks leads to
the formation of an unconsolidated alterite, sev-
eral tens of meters in depth (Wyns et al. 2004).
Information collected during drilling indicates a
thin soil layer over loamy altered schist. A 1-2
m-thick peat limited by a layer of clayey glacial
tills can be found locally near the stream.

By 2001, nitrate concentration exceeded the
drinking water safety limit in the pumped well
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Fig. 1 Geographical setting (black spot) of the Vau Reuzé
site in Brittany (France) and spatial location of wells in the
study site. Square represents the exploited well and
triangles the observation wells. Numbers refer to the

Table 1 Technical characteristics of wells
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altitude (m). Grey arrow represents the preferential flow
path. Evolution of nitrate concentration versus time is
indicated for the shallow pumped well (blank corresponds
to the period without exploitation)

Well Distance from pumped well (m) Depth (m) Screen (m) Water inflow (m) Geology

Pz1 31 7 3-7 4 Clayey schists

Pz2 118 13 5-13 10 Black clayey schists
Pz3 122 13 15-13 10 Black clayey schists
Pz4 112 16 7.5-16 13 Black clayey schists

(modified spring). The town council decided to
search for non-polluted water deeper in the
aquifer. A new well was drilled near the original
spring. This well is 109 m deep and reaches the
fractured part of the aquifer. Pumping was
resumed in April 2004, and the drinking water
obtained was a mixture of waters resulting from
water pumped in both shallow and deep wells.
Water from each well (whether deep or shallow)
can be sampled separately. In the following text,
“pumped water” or “pumped well” refers to the
water sampled in the shallow pumped well.

Sample collection and geochemical analyses

Three complete geochemical surveys were carried
out in December 2003, April 2004 and October
2004. The sampled water was tested for anions,
cations and trace elements. Two additional sam-
plings were carried out in June 2004 and February
2005 for anion analysis. Water was sampled using
a two-holed automatic groundwater sampler
(open tube that can be closed at a determined
depth based on the Niskin® bottle principle—
Ayraud 2006) except for the pumped well
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(sampled at pump tap). Conductivity, pH and Eh
were measured directly in the field. A Combined
SenTix 50 electrode calibrated with WTW stan-
dards was used for pH. Redox potential was
measured using a platinum Ag/AgCl electrode
(Mettler Pt 4805). No dissolved oxygen data is
available for this site. As regards anion and cation
analyses, the water was filtered through a 0.2 pm
cellulose acetate mesh sieve and stored in PTFE
bottles, rinsed twice with bi-distilled acid and then
with ultrapure water. Bottles for cation analysis
were acidified with 7 N ultrapure HNO;. All
bottles were stored at 4°C in the dark and were
analyzed within a week for anions. NOj3, Cl, SOy
and Br were analyzed using ion chromatography
(Dionex DX-100). Ca, Na, Mg, K, Si and Sr were
measured using an ICP-MS HP 4500 following
laboratory standard methods (Bouhnik-Le Coz
et al. 2001). The analytical uncertainty was about
5% for major anions and cations. All analyses
were performed at the Geosciences Rennes
Laboratory.

Isotopic analyses

Two field studies were carried out: the first one in
April 2004 before pumping was resumed, and
the second one in march 2005 in Pz4, Pz1 and in
the pumping well, approximately 1 year after the
pumping was resumed. The 5348-504 of sulfates
was measured from SO, obtained from CdS pre-
cipitated after sulfate reduction. Isotopic compo-
sitions were reported using the usual d-scale in 9,
according to 5sample (%o0) = {Rsamplc — Rgandard/
Rgandara) X 1,000, where R is the **S/**S atom
ratio. The Canon Diablo Troilite standard was
used for S isotopes. 5180-504 was determined from
the CO, produced by the reaction of BaSO, with
C at 1,050°C, and reported using the usual é-scale
with the V-SMOW standard. The uncertainty for
these two analyses was about = 0.39%,. Analyses
were performed in the BRGM laboratory.

CFC analyses
Chlorofluorocarbons (CFCs) are man-made
compounds, produced since the 1930s and used as

refrigerants, solvents, propellants and blowing
agents (Plummer and Busenberg 2000). The CFC
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concentration in groundwater was converted into
equivalent atmospheric concentration using
Henry’s law (Bu and Warner 1995; Warner and
Weiss 1985). Atmospheric CFC concentrations
obtained in this study were compared to the
atmospheric evolution curve, to determine the
date of recharge and thus the groundwater resi-
dence time (see Plummer and Busenberg 2000;
Hohener et al. 2003 for a review). The CFC
analytical methodology was adapted from Pruvost
et al. 1999. CFC concentrations were obtained by
degassing water samples by N, stripping. Gases
were trapped in a stainless-steel tube filled with
Porasil C and maintained at — 100°C in an eth-
anol bath. After 15 min of preconcentration,
gases were injected into a gas chromatograph
equipped with an electron capture detector (GC-
ECD) by plunging the trap into boiling water.
The analytical uncertainty was about 1 year for
CFC-11 and CFC-12, and about 2 years for CFC-
113 (Labasque 2006). Two hundred and fifty CFC
analyses were carried out in the Geosciences
Laboratory, and 70% of the groundwater samples
were dated with at least two CFC species (with
some samples possibly contaminated by one or
two CFCs, or CFC-11 being unusable due to
bacterial degradation in reducing conditions). For
these samples, the mean observed standard devi-
ation was 1.7 year. The global uncertainty on age,
including sampling, analysis, selection of the
recharge temperature in Henry’s law, and
dispersion—adsorption effects, was estimated to
+ 2 years from these results. Nevertheless,
groundwater age obtained through CFC analyses
is an apparent age that may differ from the true
mean groundwater age in the case of mixing
processes (Weissmann et al. 2002).

Results
Hydrogeology

A pumping test was carried out during autumn
2000 to characterize the recharge area around the
pumped well. The pumping rate was about
20 m* h™! and was maintained for 2 days. Evolu-
tion of the water table from monitored wells is
shown in Fig. 2. Both wells Pz3 and Pz1 strongly
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reacted to the pumping. Pz4 and Pz2 did not seem
to be influenced by pumping in the pumped well.
A preferential flux zone was drawn from the
pumping test results. This zone is oriented North
60 and intersects Pz3, Pzl and the pumped well
(Fig. 1). In the area, geology indicates curve faults
oriented N70-N90°E. These faults are interpreted
as conjugate structures of a major shear zone
(North Armorican shear zone—see Chantraine
etal. 2001 for precise geological context)
(Trautmann et al. 2000). Despite the absence of
clear evidence, this preferential flow path has
been related to the existence of a fault in the
bedrock (Geoarmor 2000, 2002).

Groundwater geochemistry

For each well, most chemical species remain rel-
atively stable with time with a variation range
generally lower than 10% (Table 2). Only nitrate
and sulfate present extremely high variations with
time within some wells (Pz1, Pz4, and Pz2). They
will thus be investigated separately. However, the
highest element concentration differences are
observed between wells (nearly 60% in some
cases for stable species). This indicates that spa-
tial variations are more important than temporal
ones. The three wells located along the prefer-
ential flow path (Pzl, Pz3 and the pumped
well—Fig. 1) exhibit a similar geochemistry for
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Fig. 2 Evolution of the water level during the 2-day
pumping test (November 2000). The last points were
measured at the end of pumping test (data from Geoarmor
2000)

relatively conservative elements (Cl and cations)
(Table 2). The Pz4 well, located upstream, shows
the lowest mineralization. Concentrations in Pz2
are intermediate between Pz4 and the other three
wells (Fig. 3).

Regarding the reactive species (nitrate and
sulfate), a strong variability is observed not only
in space but also in time (Fig. 4, Table 2). Pzl
shows the highest variability with sulfate decrease
and nitrate increase as the water level decreases.
To a lesser extent, in Pz4, the nitrate concentra-
tion increases and the sulfate concentration
decreases during the investigated period. On the
contrary, Pz3 and the pumped well present stable
(like conservative elements) high nitrate and low
sulfate concentrations.

Sulfate isotopic analyses show two clear trends:
(1) 6**S increases with increasing nitrate concen-
tration and decreases with increasing sulfate
concentration (Fig. 5a, b), and (2) a positive
correlation is observed between the studied S and
O isotopic ratios of sulfate (Fig. 5c). Whereas the
pumped well presents little isotopic variations
between the two sampling periods, Pz1 and Pz4
develop in an opposite way, even though these
two wells present increasing nitrate concentra-
tions. For Pz1, 5343-504 and 60504 increase (by
about 3%,) between the first and the second
sampling dates while a limited decrease in
5**S_s0, is observed in Pz4 (by about 1%, close to
the analytical uncertainty) and §'*0-g0, decreases
by nearly 2%,.

Groundwater apparent age

Groundwater apparent residence times obtained
through CFC analyses are given in Table 3. These
analyses were carried out during a low water table
period. Data from the CFC-12 analysis were not
used for the Pz2 and Pz4 apparent age determi-
nation because of concentrations exceeding
equilibrium with present atmospheric concentra-
tions. For these two wells, CFC-11 and CFC-113
indicate a recharge date between 1977 and 1982,
i.e. a groundwater apparent age of about
25 + 2 years prior to pumping. After pumping
initiation, the CFC-113 analysis in Pz4 indicates
an earlier recharge date (apparent age near
19 + 2 years). Water in Pz3 has been recharged
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between 1981 and 1987, which leads to an
apparent age of 21 + 3 years. The pumped water
is geochemically similar to the Pz3 water and has
been recharged between 1983 and 1987, indicat-
ing an apparent age of 20 + 2 years according to
the three CFC measurements. All CFC concen-
trations in Pz1 are in agreement with a recharge
date in the 1980s but with a large variation.
Integration of the three CFC data indicates a re-
charge date between 1980 and 1989 with an
apparent age of 20 = 5 years for this well. Low
nitrate concentrations indicate existence of deni-
trification processes that can be coupled with
CFC-11 degradation. In this case, CFC-11 data
must have a greater uncertainty. When the CFC-
11 concentration is not taken into account, the
CFC analysis indicates a recharge between 1985
and 1989 with an apparent age for Pzl of
18 + 2 years.

Groundwater apparent age can be modified by
processes such as matrix diffusion (Cook et al.
2005) or mixing of waters of different ages
(Weissmann et al. 2002). In this study, however,
the CFC data clearly indicate that (1) these wa-
ters contain a significant fraction of modern water
(recharged after 1950), (2) the apparent age of
waters flowing in the preferential flow zone (Pz3,
Pz1, and the pumped well) is slightly younger
than waters outside this zone (Pz4 and Pz2), and
(3) the apparent age in all samples is not signifi-
cantly different after several months of pumping

., 150
-;»" BC OK -
125 | ENa EMg
@Si BCa
100
75 Mg
50
25 1
0 T T

Pz4 Pz2 Pzl Pz3 pumped

well

Fig. 3 Comparison of the December 2003 concentrations
for site groundwaters

(though it may have been prior to pumping, for
example in Pz4).

Discussion
Physical processes and water composition

Although the investigated area is small and all the
wells were drilled in the same geological weath-
ered formation, the geochemical results show a
high spatial variability. Cl and cations present an
almost 2-fold concentration increase between the
Pz4 low-mineralized water and the preferential
flow path waters (Pz1, Pz3 and the pumped
well) (Fig. 3). An explanation for the spatial
heterogeneity was searched for in the initial
groundwater chemistry acquisition (evapotrans-
piration processes) as well as in mixing mecha-
nisms.

Water chemistry acquisition and
evapotranspiration

Groundwater solutes are the result of rainwater
concentration in soil through evapotranspiration
and input of elements through rock weathering
and clay exchange and/or anthropogenic activi-
ties. A large range of chloride concentrations is
observed in the site, from 25-52 mg/1 for example
for a unique sampling date. Concentrations

80
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Fig. 4 NO; vs. SO, diagram
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analytical uncertainty) diagrams. Arrows represent the
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observed in Pz3 and the pumped well reflect
commonly observed concentrations in rural areas
where agricultural activity is intensive (Honisch
et al. 2002; Whitehead et al. 2002). Agricultural
inputs are homogeneous at the scale of the
investigated site and cannot explain the lower
concentrations observed in Pz4 well. Different
hypotheses can explain the differences observed
in water mineralization during the December
2003 campaign:

(1) In Britanny, the temperate climate leads to
evapotranspiration rates that range from 50
to 60% of the precipitations. With annual
mean Cl concentrations in rainwater ranging
from 10 to 16 mg/l (Clément et al. 2003;
Legout 2006; Martin et al. 2004), chloride
concentrations between 20 and 40 mg/l can
be expected. When evapotranspiration oc-
curs, the proportion between conservative
ions remains stable and merges with the
evaporation line in a graph. Br/Cl and Na/Cl
ratios are presented in Fig. 6a, b. As shown,
the ratios differ for each well, which indi-
cates that the range of mineralization cannot
result from a variation in evapotranspiration
intensity in the site.

(2) In some cases, a mixture of pre-1950 waters
(CFC-free) and recent waters can lead to
differences between apparent and true ages
(Plummer et al. 2001). For water from the
preferential flow path, nitrate concentration
and its evolution with time in the pumped
well (Fig. 1) are in agreement with the
apparent age (no mixing): agricultural
intensification in Brittany began during the
80s and was accompanied by high nitrate
loads. For Pz2 and Pz4, the low nitrate
concentration in an agricultural area can be
surprising and can be interpreted as a mix-
ture between old and more recent waters. In
this case the apparent age will differ from
the true mean age of water. Whereas CFC
concentrations can be modified by mixing
(diluted), CFC ratios are not modified by
mixing and allow in a binary mixture to
determine the age of the young water
(Plummer et al. 2001). The CFC-11/CFC-
113 ratio in Pz4 and Pz2 agrees with a
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Table 3 Results of chlorofluorocarbon analyses (pptv is obtained by converting water concentration using Henry’s law for a
recharge temperature of 12°C)

Well Date CFC-12 CFC-11 CFC-113
pptv* Date pptv* Date pptv* Date
pz4 18/11/2004 736 c 144 1977 28.6 1982
18/11/2004 708 c 149 1978 29.1 1982
28/04/2005 895 c 162 1979 49.9 1986
pz2 18/11/2004 792 c 138 1977 28.1 1982
18/11/2004 778 c 143 1977 322 1983
14/01/2005 861 c 140 1977 25.7 1982
14/01/2005 768 c 134 1977 223 1981
pz3 18/11/2004 347 1982 171 1980 50.9 1987
18/11/2004 362 1983 179 1981 42.8 1985
Pumped well 13/01/2005 442 1987 202 1983 47.6 1986
pzl 02/02/2005 472 1989 168 1980 42.0 1985

“c” indicates contaminated water (concentration exceeding equilibrium with atmosphere)

* pptv = parts solute per trillon parts solution by volume

®)

4)

20-25 years old water (ratio ranging from
4.9 to 5.0 for a theoretical value from 1984 to
1986 between 4 and 6) and does not indicate
occurrence of mixing in this well. Low-min-
eralized waters observed in Pz4 and Pz2 do
not result from a mixing between an old low-
mineralized and a recent high-mineralized
water.

Low-mineralized waters can represent either
old or young waters that might be less
influenced by agricultural loads. According
to CFC analyses, the Pz4 water is 5 years
older than the Pz3 and pumped well waters
(i.e. preferential flow path), and may repre-
sent the signature of agricultural activities of
the early 1980s. Agricultural practices have
remained intensive over the past decades
and a S-year difference cannot explain a
difference of 30 and 20 mg/l in nitrate and
chloride concentrations, respectively.

The Pz4 mineralization can be representa-
tive of the water flow path heterogeneity in
the vadose zone. In heterogeneous soils,
water can bypass most parts of the profile,
flowing along fissures and cracks (Beven and
Germannn 1982). Water often gets its sol-
utes while percolating in the first few meters
of soil. The bypass of the soil and unsatu-
rated zone results in low-mineralized water
(Legout et al. in prep in Legout 2006). The
interface between the weathered part and

the fractured part of the aquifer constitutes a
permeability barrier where this rapidly re-
charged and low-mineralized water is stored
before moving laterally or infiltrating
downward into the fractured part.

The difference between the investigated wells
results from a higher influence of agricultural
loads, related to the influence of slower recharge
processes in a zone that has been identified as a
preferential flow path from hydrogeological
investigations. The residence time difference,
induced by these two hydrological contexts
related to the aquifer heterogeneity, is 5 years.

Mixing processes

The Pz2 water often presents low concentrations
intermediate between those observed in the Pz4
and Pz3 waters. The variation in the evapotrans-
piration degree cannot be the only explanation for
these concentrations in Pz2 (Fig. 6). The possi-
bility that Pz2 may result from a mixing between
Pz3 and Pz4 waters was tested according to Eq. 1:

[Pz2] = x[Pz3] + (1 — x)[Pz4] (1)

where x represents the mixing ratio.

Results (Table 4) show a relatively good
agreement between chloride and bromide, which
indicates that the mixing hypothesis is valid.
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Fig. 6 (a) Br/Cl and (b) Na/Cl diagrams. The dashed line
represents the effect of evaporation on the Pz4 water
chemistry (the nearest to rainfall)

According to the most conservative anions (Cl
and Br), Pz2 always includes at least 50% of the
Pz4 water before pumping initiation (December
2003 and April 2004). The influence of Pz4 in the
Pz2 water chemistry is also shown by the CFC-12
analysis, which shows high concentrations in both
wells.

Physical parameters are of critical importance
in the control of aquifer hydrochemistry. The
water chemical composition is the result of three
major components: (1) surface loadings from
precipitation or anthropogenic activities, (2)
evapotranspiration processes in the root zone and
(3) transfer into the vadose zone. All these pro-
cesses are spatially variable. However, water—
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rock interaction parameters (for example, reac-
tion time and reactional surface) are stable with
time as long as the aquifer properties do not
change. Within the aquifer, channeling effects
lead to highly contrasted chemical compositions
that are spatially very close. The mixing processes
related to the heterogeneity structure then also
become a controlling parameter. However,
evapotranspiration and mixing processes cannot
explain the great variability observed in wells
especially for reactive species like nitrate and
sulfate.

Denitrification and sulfide oxidation, major
biogeochemical processes before pumping
initiation

Pz1 is located in a wetland and intercepts water
flowing below and through this area. This well
has a chemical composition similar to that of Pz3
and the pumped well, indicating a common ori-
gin, but it presents a high variability in sulfate
and nitrate concentrations (Fig. 4, Table 2). In
December 2003, the water table was high and
the zone was flooded (Table 2). A 90% decrease
in the nitrate content is observed between Pz3
and Pz1l. Underneath the wetland, the aquifer
becomes captive and denitrification develops in
relation to the redox sequence (Stumm and
Morgan 1996). In absence of molecular oxygen,
nitrate becomes the major oxidant of organic
mater according to the heterotrophic denitrifi-
cation process (Eq. 2)

4NO5 + 5CH,0 + 4H" — 2N, 4+ 5CO; + 7TH,0.
(2)

Heterotrophic denitrification implies organic
carbon availability. In Pz1l, however, dissolved
organic carbon analyses show concentrations be-
low the detection limit ( < 1 mg/l—Table 2). The
sulfate concentration is relatively high in Pzl
(three times higher than in Pz3). A high sulfate
concentration associated with a low nitrate con-
centration is often attributed to the autotrophic
denitrification process (Eq. 3) (Kolle et al. 1985;
Pauwels et al. 2000; Pauwels et al. 2001; Tarits
et al. 2006). In crystalline rocks, sulfides can be
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Table 4 Data used for the determination of the mixing ratio (x) in Pz2
Date Pz4 Pz3 Pz2 x
Cl Dec-03 25.87 51.98 40.46 0.56
Apr-04 31.73 51.23 41.98 0.53
Oct-04 36.31 54.88 41.98 0.31
Feb-05 33.65 52.46 41.70 0.43
Br Dec-03 0.08 0.12 0.09 0.46
Jun-04 0.08 0.12 0.10 0.65

widely distributed in fractures and in the rock
matrix. These minerals can react with nitrate in
an oxido-reduction process when oxygen con-
centration becomes very low. This process leads
to a great interaction between the biogeochemical
cycles of the two elements (N and S)

SFeS; + 14NOj +4H" — 7N, 4+ 10SO5~ + SFe*"
+2H,0. 3)

This biologically catalyzed chemical reaction
might induce a slight fractionation process of
sulfur and oxygen. However, 6**S_so, of the pro-
duced sulfate is close to that of the original sulfur
(Clark and Fritz 1997; Feast et al. 1997; Strebel
et al. 1990; Toran and Harris 1989). Furthermore,
534S-F652 in crystalline rocks is usually low al-
though the range of observed values may vary
(between - 13 and + 6.99, in Brittany—Durand
2005; Pauwels et al. 2000) and the sulfates pro-
duced from pyrite dissolution can be expected to
present negative or low 5343-504. (3345-504 in Pz1 is
the lowest value observed in the aquifer, which is
in agreement with a sulfide oxidation.

According to Eq. 4, 0'%0.s0, of the sulfate
produced by atmospheric oxidation will depend
on the contribution of two oxygen sources (water
or atmospheric oxygen) (Van Everdingen and
Krouse 1985)

%050, ZfHZO(élgO-Hzo +&%050,-1,0)

+fo, [0-825(5'°0-0, + £'*0s0,-0,)

+0.125(6" 0,0 + £ 0s0,-1,0) | (4)

In Pz1, the strict application of Eq. 4 indicates
an atmospheric oxygen contribution close to

20-30%, larger than expected in an anaerobic
medium. Atmospheric oxygen does not seem to
be the sulfide oxidant in Pz1. In the case of an
oxidation coupled with denitrification in an
anaerobic medium, atmospheric oxygen will be
replaced by nitrate oxygen. Equation 4 must
be modified and 6'®0-yo, and £'%0s0, no, must
be known. Whereas 6'®O-no, can be evaluated
with data from other studies, the enrichment
factor ( &'%Oso, no,) is unknown. The contribu-
tion of nitrate to sulfide oxidation and the abso-
lute evidence of autotrophic denitrification
cannot be obtained.

Autotrophic denitrification involves a rela-
tionship between sulfur and nitrogen cycles
developing in the aquifer. According to the Eq. 3
stoichiometry, the excess of sulfate and the lack of
nitrate must be correlated. For December 2003,
sulfate concentrations exceeded expected con-
centrations through evapotranspiration processes
by 45 mg/l only. This can be explained by an
autotrophic denitrification leading to a decrease
of about 40 mg/1 of nitrate in Pz1 as compared to
the Pz3 nitrate concentration. However, the dif-
ference between Pz3 and Pzl is higher than this
value and some nitrate (approximately 15 mg/l)
must have been depleted through another pro-
cess. Dilution by nitrate-free water coming from
the upper wetland or heterotrophic denitrification
might explain such differences. Whereas isotopic
data suggest an autotrophic denitrification,
chemical data confirm this process in Pzl.

Nitrate and sulfate concentrations in Pz2 before
pumping initiation (December 2003 and April
2004) cannot only be the result of a mixing between
Pz4 and Pz3, as the sulfate concentration exceeds
the concentration of the two end-members and the
nitrate concentration is the lowest one (Fig. 4,
Table 2). According to the low dissolved carbon
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concentration (below the detection limit), hetero-
trophic denitrification cannot explain the low ni-
trate concentration. As for Pzl, relatively low
isotopic values also support an autotrophic deni-
trification process (Fig. 5). Actually, the sulfate
concentration is close to the one expected for an
autotrophic denitrification of water obtained by
the mixing of Pz4 and Pz3 in the 50/50 proportion
(for the December 2003 concentrations).

The Pz4 low nitrate concentration is explained
by fast transfer through the vadose zone and there
is no evidence of denitrification in this well.
However, (5180-504 is the highest value observed
in the site. In this well, the sulfur cycle must be
controlled by a specific biogeochemical process.
However, the 5180-504 value is mainly controlled
by the biogeochemical process leading to the sul-
fate production and the available oxygen source.
Water flowing in Pz4 has been interpreted as
rapidly recharged water. In this case, atmospheric
oxygen can move deeper into the soil profile than
in the case of piston flow (transfer time is not
sufficient for a total oxygen consumption). In an
aerobic medium, sulfides can be oxidized by
atmospheric oxygen (Moses et al. 1987):

FeS, +7/20; + H,O — Fe* 42803 +2H",
)

According to Eq. 4, molecular oxygen, with
0050, near + 239, can oxidize rock sulfides
and produce sulfate with high 6'*0O_go, values. In
this case, the calculated atmospheric oxygen
contribution is around 70% in the newly formed
sulfate. Usually, sulfide oxidation is accompanied
by a decrease in 5343_504. In Pz4, this decrease can
be masked by natural variations in sulfide isotopic
values or by the mixing of sulfates from different
origins. The Pz4 sulfate isotopic ratios before
pumping initiation are interpreted as the result of
the aerobic oxidation of sulfide-bearing minerals.

Pumping, a disturbance of the biogeochemical
processes

Pumping, which induces a change in water flux

velocity and pathway, constitutes an interesting
disturbance of the initial physical parameters. In
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the investigated site, the chemical evolution of
water after pumping initiation has been moni-
tored in order to relate chemical evolution to
physical parameters.

As soon as pumping starts, the Pz4 water
chemistry evolves towards pumped well-type
waters (Figs. 4, 5). A mixing of the Pz4 low-
mineralized water with more concentrated waters
seems to be enhanced by pumping. Waters influ-
enced by anthropogenic activities like in Pz3 and
the pumped well, not only flow along the fault-
zone but also in the weathered part of the aquifer
as indicated by the existence of mixing in Pz2
prior to pumping. This water seems stimulated by
pumping and invades all the weathered part of
the aquifer (and not only Pz2), in turn mixing
with pre-existing waters. The chemical data in Pz4
clearly support the existence of a mixing process.
The isotopic data cannot be explained only by
mixing, thus indicating the existence of biogeo-
chemical processes affecting the sulfate concen-
tration. While (5348-504 remains almost constant
(mineralogically influenced), 6'®0-go, presents a
different value closer to anthropogenic influenced
waters before and after pumping initiation
(Fig. 5¢). The decrease in '*O_gp, indicates a
change in O-donors in the sulfide oxidation pro-
cess. Before pumping, molecular oxygen is the
sulfide oxidant, and when pumping starts, mixing
is enhanced and nitrate concentration increases.
Oxidation of sulfides by nitrates explains the shift
in 6"%0_50,.

Since pumping starts, nitrate concentration in-
creases and sulfate concentration and water level
decrease (Table 2). The evolution of the
groundwater chemistry can be explained by two
processes: (1) influence of a pumping-induced
mixing and/or (2) classical wetland chemistry
evolution that leads to reduced biogeochemical
processes with a low water table.1

(1) Pzl is strongly related to the pumped well
(Fig. 2). As pumping enhanced the mixing
with anthropogenic waters in Pz4, the same
process can be expected to occur in Pzl.
According to this hypothesis, observed
nitrate and sulfate concentrations after
pumping initiation are the results of a
mixing between anthropogenic nitrate-rich
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waters of the preferential flow path and
denitrified water. Whereas the chemical data
(sulfate and nitrate) are in agreement with a
30/70 mixing between denitrified and
anthropogenic waters, the isotopic data do
not confirm this hypothesis. Without any
biogeochemical process, isotopic composi-
tions mix conservatively (Kendall and
Caldwell 1998). The calculation of mixing
with 5180.5041 or 5348-504 indicates inconsis-
tent proportions of denitrified water: near
16% with 68050, and 66% with 5**S_s0,.
Mixing cannot be the only process explain-
ing changes in the Pz1 water chemistry.

In wetlands, denitrification processes have
been shown to be related to the water level:
carbon availability is maximal in the upper
part of soils, so when the water table is low-
ered heterotrophic denitrification is reduced
(Burt et al. 1999; Clément et al. 2002; Hill
et al. 2004; Sanchez-Peres and Tremolieres
2003). Increasing nitrate concentrations with
lowering water table may be attributed to a
reduced carbon availability with depth lead-
ing to a reduction in the heterotrophic deni-
trification processes. However, the isotopic
data indicate the autotrophic nature of deni-
trification in the site but evolution with time
of nitrate and sulfate concentrations do not
follow the theoretical slope for the auto-
trophic denitrification only. Occurrence of
heterotrophic and autotrophic denitrifica-
tions in Pzl might explain the slope of the
nitrate-sulfate relationship observed (Fig. 4)
is slightly different from the slope expected
for autotrophic denitrification only as regards
the Eq. 3 stoichiometry. Part of the nitrate
increase can be attributed directly to a
reduced heterotrophic denitrification due to
low carbon availability. The decrease in sul-
fate concentration and the increase in
5348.504 and 5180.504 after pumping is
resumed indicate that the autotrophic deni-
trification process is also limited. Denitrifi-
cation (autotrophic as well as heterotrophic)
implies anaerobic conditions to develop.
When the water table is low, the unsaturated
zone dries out and bacterial communities die.
Without bacteria in the upper part of the soil,

atmospheric O, can penetrate deeper in the
unsaturated zone, reach the water table and
diffuse in groundwater. Because of the more
oxidant power of oxygen compared to nitrate,
the autotrophic denitrification processes are
stopped and nitrate concentrations increase.

Pz1 is the well closest to the pumped well, and
the lowering of the water table can be either
attributed to seasonal variations or to pumping
initiation. If pumping is the origin of the water
table lowering, the latter might remain low as
long as pumping is active, preventing denitrifica-
tion.

Whereas pumping initiation enhances mixing
in all the area between anthropogenic (nitrate-
rich) waters and pre-existing water, this physical
process cannot explain all the observed changes
in water chemistry.

Influence of the rock physical heterogeneity
on the biogeochemical processes

In all cases, the denitrification process is never
complete. This phenomenon can be attributed to
the non-linearity of the denitrification process.
Usually assumed first-order kinetics (Frind et al.
1990; Pauwels et al. 1998; Schiirmann et al. 2003)
leads to a strong lowering of the reaction after a
few days (Tarits et al. 2006). The incomplete
denitrification process may indicate that, although
the apparent groundwater residence time in this
site is in the order of 20 years, the contact time at
the water/mineral-bacteria interface ranges from
a few days to a few weeks.

In heterogeneous crystalline aquifers, porosity
ranges from large fractures to matrix micropo-
rosity (fissures, cracks, grain joints,...) (Aquilina
et al. 2004; Bonnet et al. 2001; Bour et al. 2002;
Segall and Pollard 1983). Biogeochemical reac-
tions need precise conditions to develop but may
take place in microsites (Luo et al. 1999): in a
global oxidizing medium, reducing conditions
may develop in dead-end pores where water
velocity is low. Autotrophic denitrification pro-
cesses, which involve a reaction between minerals
and water, need a large water-rock surface to
develop. In fractured rocks, the high velocity
associated with fractures and preferential fluxes
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leads to a simple transfer of water through the
reservoir without any significant biogeochemical
changes. However, the slow circulation in the
matrix allows biogeochemical processes, such as
denitrification, to exist, which can drastically
modify hydrochemistry (Berkowitz 2002; Gouze
et al. 2003; Neuman 2005; Tsang and Neretnieks
1998). The groundwater chemical composition in
a well is determined by the contribution of these
two types of porosity to the global water flux. The
result is the mixing between water denitrified
during circulation in the matrix and nitrate-rich
water transferred through the fracture.

When pumping starts, the natural equilibrium
is modified as indicated by changes in hydro-
chemistry. Pumping implies (1) a flux redistribu-
tion in fractures and favored changes in the
relative contribution of each part of the fracture
(the fracture itself or the matrix without any
change in the water chemistry of each end-mem-
ber) and /or (2) a change in water velocity leading
to a lower time of contact between minerals and
water, which implies less denitrified water flowing
in the matrix. Whereas the mixing previously
suspected in the paper (between anthropogenic
and pre-existent waters) is at the site scale, the
mixing between fracture and matrix waters is at a
scale smaller than 1 m. For instance in Pzl,
assuming that denitrification is still active in the
matrix and that the proportion of fracture/matrix
water is still similar, mixing at the site scale would
have led to a conservative behavior of isotope
(5348_504). Observed isotopic values, however,
indicate that whereas a mixing at the site scale
may also exist, the change in the Pzl water
chemistry can be explained by (1) a reduced
contribution of the matrix (denitrified water) to
the global flux or (2) a denitrification shutdown in
the matrix.

Conclusion

Hydrogeological, chemical and isotopic studies of
a superficial aquifer in crystalline rocks in Brit-
tany allowed us to characterize the physical and
biogeochemical processes enhanced by the rock
physical heterogeneity, as well as the influence of
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an anthropic disturbance (like a pumping) on
these processes.

Water channeling in the weathered part of the
aquifer induces variable pathways in the unsatu-
rated zone leading to the close presence of low-
and high-mineralized waters (anthropogenic
influenced waters) and contrasted redox condi-
tions resulting in different biogeochemical pro-
cesses. In rapidly recharged areas (Pz4), the
presence of molecular oxygen in depth allows
sulfide oxidation processes (70% of the oxygen
atoms of the produced sulfate). In high-mineral-
ized water, the observed biogeochemical pro-
cesses are characterized by a strong interaction
between nitrogen and sulfur cycles indicated by
(1) an inverse correlation between the concen-
tration of the two anions and (2) an atmospheric
oxygen contribution, estimated by isotopic data,
lower than 30% in sulfates produced by sulfur
oxidation. Rock fracturation leads to an enhanced
sulfide availability for a potential reaction with
water as autotrophic denitrification. Whereas
fracture water fluxes are often rapid, the transition
layer, and its high porosity, represents the optimal
microsite  where biogeochemical processes
coupled with minerals can develop.

The physical disturbance of water fluxes leads
to a drastic modification of the groundwater
chemistry. Mixing is enhanced in the site with an
anthropogenic-water invasion in the low-miner-
alized area. Biogeochemical processes are also
modified by pumping initiation: denitrification
coupled or not with sulphide oxidation no longer
occurs in the site. When pumping starts, the nat-
ural equilibrium is modified as indicated by
changes in hydrochemistry. The pumping implies
flux redistribution leading to a reduced contribu-
tion of the matrix reservoir or to less active bio-
geochemical processes in the matrix due to the
change in the residence time of water in such a
compartment.
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