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Abstract

Nitrogen pollution of freshwater and estuarine environments is one of the most urgent environmental
crises. Shallow aquifers with predominantly local flow circulation are particularly vulnerable to
agricultural contaminants. Water transit time and flow path are key controls on catchment nitrogen
retention and removal capacity, but the relative importance of hydrogeological and topographical
factors in determining these parameters is still uncertain. We used groundwater dating and numerical
modeling techniques to assess transit time and flow path in an unconfined aquifer in Brittany, France.
The 85.5 km? study catchment has a crystalline basement underneath a ~60 m thick weathered and
fractured layer, and is separated into a distinct upland and lowland area by an 80 m-high butte. We
used groundwater discharge and groundwater ages derived from chlorofluorocarbon (CFC)
concentration to calibrate a free-surface flow model simulating groundwater flow circulation. We
found that groundwater flow was highly local (mean travel distance = 350 m), substantially smaller
than the typical distance between neighboring streams (~1 km), while CFC-based ages were quite old
(mean = 40 years). Sensitivity analysis revealed that groundwater travel distances were not sensitive to

geological parameters (i.e. arrangement of geological layers and permeability profile) within the
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constraints of the CFC age data. However, circulation was sensitive to topography in the lowland area
where the water table was near the land surface, and to recharge rate in the upland area where water
input modulated the free surface of the aquifer. We quantified these differences with a local
groundwater ratio (rew-LocaL), defined as the mean groundwater travel distance divided by the mean of
the reference surface distances (the distance water would have to travel across the surface of the digital
elevation model). Lowland, rew-LocaL Was near 1, indicating primarily topographical controls. Upland,
rew-LocaL Was 1.6, meaning the groundwater recharge area is almost twice as large as the
topographically-defined catchment for any given point. The ratio rew.LocaL 1S Sensitive to recharge
conditions as well as topography and it could be used to compare controls-on groundwater circulation

within or between catchments.

Keywords: Transit time distribution, Groundwater travel distance, Groundwater table controls,

Groundwater circulation, Small catchment, Crystalline aquifer

1. Introduction

Groundwater flow is a key factor.in determining the fate of nonpoint source agricultural pollution such
as nitrate (Bohlke, 2002; Dunn et al., 2012; Weyer et al., 2014). In contrast with surface flow paths,
which can rapidly transport contaminants to streams and rivers, contaminant transport in aquifers is
thought to be much slower and to span larger distances, depending on geological structure and
hydraulic conductivity (Forster & Smith, 1988; Grathwohl et al., 2013; McDonnell et al., 2007).
These long transit times can enhance biogeochemical alteration of solutes if reactants encounter each
other (McClain et al., 2003; Pinay et al., 2015; Vogel et al., 2015). Moreover, the high surface area to
volume ratio of the geological substratum in aquifers enhances interactions between water and rock,
leading to weathering and chemotrophic metabolism such as autotrophic denitrification of nitrate by
pyrite oxidation (Appelo & Postma, 1994; Engesgaard & Kipp, 1992). Along with stimulating removal
of pollutants, the mixing of multiple water sources can reduce contaminant concentrations by dilution
(Chapelle et al., 2009; Green & Bdhlke, 2010). The overall impact of groundwater on the fate of

nonpoint source contaminants depends on transit time, location and timing of recharge inputs, and
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internal flow structure either promoting or limiting lateral and vertical exchange in the aquifer. While
internal flow structures in the saturated zone are difficult to measure, they can be approximated by
mechanistic numerical models, a robust tool to follow water molecules and pollutants through the
aquifer, even if they simplify prevailing flow dynamics (Anderson et al., 2015; Bear and Verruijt,

2012).

Groundwater circulation in aquifers has typically been conceptualized in terms of local, intermediate,
and regional flow paths (T6th, 1963; Téth, 2009). These flow paths contribute differentially to the
overall groundwater flow, resulting in a multi-modal distribution of transit times (Cardenas, 2007;
Goderniaux et al., 2013). For hard-rock aquifers the majority of groundwater flow occurs in the
weathered zone, typically varying from a depth of a few meters to tens of meters, and is characterized
by a highly heterogeneous physical structure and variable hydraulic conductivity (Jaunat et al., 2012;
Lebedeva et al., 2007; Rempe & Dietrich, 2014). The fact that the weathered zone overlays the
fractured bedrock (Wyns et al., 2004), means that the most active groundwater compartment (and the
most vulnerable to pollution) may be conceptualized with only local or local and intermediate flow
paths. Topography also has a strong influence on shallow aquifers because the water table is close to
the land surface. Consequently, groundwater circulation is controlled by a combination of geologic
structure, topographical gradients, and recharge conditions (Freer et al., 1997; Gleeson & Manning,
2008; Haitjema and Mitchell-Bruker, 2005; McGuire et al., 2005; Tetzlaff et al., 2009). Haitjema and
Mitchell-Bruker (2005) developed a criterion for large aquifers to quantify the relative importance of

topography and recharge rate in determining water table height (Eq. 1):

2
R 51 > water table is topography controlled
mkHd
1)
2
R” <1 > water table is recharge controlled
mkHd

where R is the effective recharge (m d™), L is the distance between hydrological boundaries (m), mis a
coefficient equal to 8 for rectangular areas or 16 for circular shapes, k is the hydraulic conductivity (m
d™h), H is the saturated thickness (m) and d is the maximum terrain raise (m). For a topography

controlled groundwater table, local circulation dominates total flow, whereas intermediate and regional

3
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circulation is predominant in aquifers with a recharge controlled groundwater table (Gleeson and

Manning, 2008).

Despite the limited depth of shallow aquifers, groundwater age stratification has been observed based
on atmospheric tracers such as chlorofluorocarbons (CFCs) and SFs, providing some important
constraints on the flow structure (Ayraud et al., 2008; Busenberg and Plummer, 1992; Cook and
Herczeg, 2000). Groundwater age information can be integrated into groundwater models to generate
new understanding about the relationship between flow structure and transit time distribution (Cook &
Herczeg, 2000; Eberts et al., 2012; Leray et al., 2012; Molénat & Gascuel-Odoux, 2002; Molson &

Frind, 2012).

To determine the extent of groundwater flow circulations and to quantify topographical and
hydrogeological controls on groundwater flow, we modeled groundwater flow dynamics of a shallow
hard-rock aquifer in Brittany France. Given the relatively old observed groundwater ages (~40 years
based on CFC concentrations), we hypothesized that groundwater would have traveled long distances
from the recharge location to the sampling zone, integrating water recharge from a large area and
increasing the likelihood of agricultural contamination. Furthermore, we hypothesized that these travel
distances would increase moving from uplands towards lowlands due to the increasing contributing
area (catchment size) and the relatively large topographical relief in this catchment. To test these
hypotheses, we constructed and calibrated groundwater flow models using geological, topographical,
hydrological, and groundwater age data to constrain groundwater transit time distributions, flow line
organization, and the distance that groundwater traveled from recharge locations to sampling zones.
To test the influence of topography on groundwater circulation, we compared modeled groundwater
travel distances with corresponding flow lengths across the digital elevation model (DEM), further
called reference distances. Similar reference and groundwater travel distances would suggest strong
topographical control on the groundwater table, while relatively longer groundwater travel distances
would indicate less connection with the land surface and more of a recharge control on the

groundwater table with hydrogeological properties dominating the flow circulation.
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2. Material and methods

We performed our study in a 35 km? agricultural catchment near the town of Pleine-Fougéres in
Brittany, France (Fig. 1, 48° 36’ N, 1° 32 W), which is part of the European Long-Term Ecosystem
Research network LTER (www.lter-europe.net). Extensive background data from previous studies
(Jaunat et al., 2012; Lachassagne et al., 2011; Thomas et al., 2016a) provided physical and chemical
constraints allowing the construction of realistic groundwater flow models to test our hypotheses about
flow dynamics and transit time distributions. The transit time was defined as the time a water molecule
spends between the recharge location and the sampling zone. All transit times of water molecules

arriving at the sampling zone were used to calculate the mean transit time of the sample.

2.1 Pleine-Fougeéres aquifer

The Pleine-Fougeéres aquifer is located in the northern part of the east-west shear zone of the North
Armorican Massif (Fig. 1a). This zone is underlain by a crystalline basement (Bernard-Griffiths et al.,
1985). The aquifer straddles a geologic transition between granite in the south and schist in the north
(Fig. 1b). The unconfined groundwater flow mainly occurs in the weathered zone which overlies a less
pervious fractured zone (Jaunat et al., 2012; Lachassagne et al., 2011; Wyns et al., 2004). The mean
thickness of the weathered and fractured zone is respectively 9 m and 48 m, though the thickness of
both layers is variable (Fig. 2a, b). Elevation ranges from 9 to 118 m, with most of the relief occurring
at a steep slope at the boundary between schist and granite with a mean gradient of 7.5 %, creating
three distinct landscape components: upland, lowland and the transition area (Fig. 3). Most rivers in
the catchment flow from the south to the north. Secondary topographical gradients from the
differential incision of rivers are oriented in an east-west direction. Mean groundwater recharge R is
estimated at 167 mm y™ using meteorological data and the one dimensional Interaction Soil-
Biosphere-Atmosphere-Model (Boone et al., 1999; Noilhan & Mahfouf, 1996; Noilhan & Planton,
1989). We estimated mean annual groundwater discharge, constituting the baseflow at the outlet of the
catchment (Fig. 4), at 4.5x10° m® y™!, based on hydrograph separation of predicted long term stream

discharge (mean of 9.1 m*y™) using a power equation. The hydrograph separation was performed with



Time Distribution & Flow Organization Kolbe et al.

a one-parameter algorithm described in Chapman (1999, Eq. 8), where the baseflow was determined as
a simple weighted average of the direct runoff and the baseflow at the previous time interval. In the

absence of direct runoff, the baseflow was constant.

2.2 Groundwater models

The effective modeled zone (76 km?) was substantially larger than the drainage basin (35 km?) to limit
boundary effects. The modeled zone extended beyond the watershed divide in the south (upland) and
downslope from the outlet in the north, and was delimited by two rivers in the east and west (Fig. 4).
We selected hydraulic conductivities based on average values in the literature (Ayraud et al., 2008;
Batu, 1998; Grimaldi et al., 2009; Kovacs, 2011), assigning a single conductivity value to each of the
four compartments, i.e. weathered schist (Kws), fractured schist (Krs), weathered granite (Kwg), and
fractured granite (Kgg). In the reference groundwater model (REF), the hydraulic conductivity of
granite was double that of schist (Kws = 2Kws and Krg = 2Kgs) and the thickness of the weathered and
fractured zones was derived from near-surface geologic maps of the area (Fig. 2). We assigned a
greater hydraulic conductivity to the weathered granite compared to the hydraulic conductivity in the
weathered schist, because of its higher susceptibility to weathering (Bala et al., 2011; Dewandel et al.,
2006; Edet and Okereke,-2004). In the calibration procedure, hydraulic conductivities were optimized
within a range of 8.64 x 102 — 1.7 m d™ predetermined by previous studies performed in similar
weathered zone aquifers in Brittany (Ayraud et al., 2008; Clement et al., 2003; Le Borgne et al., 2004;
Martin et al.,2006; Roques et al., 2014). Due to weathering processes in the weathered zone,
porosities up to 50 % are reported in the literature (Kovécs, 2011; Wright, 1992). Below the weathered
zone, bedrock metamorphic and igneous rocks like schist and granite have a very low primary porosity
(0.1 - 1 %; Singhal and Gupta, 2013). However, depending on the fracture and fissure density, the
porosity in the fractured zone can be up to 10 % (Earle, 2015; Hiscock, 2009). For our models, the
effective porosity, i.e. the pore volume that contributes to fluid flow, was set higher in the weathered
zone (By) than in the fractured zone (6;) and was assumed to be uniform across both geologies. Values
were derived through the calibration against the measured groundwater ages (see section 2.5.).
Altogether, the groundwater model was parameterized by Kwe, Krs, Bw, and 6g. All four parameters

6
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were calibrated against baseflow at the catchment outlet, and groundwater age data estimated using

CFC measurements from 9 wells (Fig. 4; see section 2.4 for detailed description of calibration).

In total, five groundwater flow models were developed (Tab. 1). To investigate the influence of
weathered zone thickness on groundwater flow, we tested three models with different ratios of
weathered to fractured zone thickness. We compared the model with a thin weathered zone, half the
thickness of the reference model (THIN), to a model with twice the thickness of the reference model
(THICK). For the reference groundwater model (REF), the ratio of the weathered to fractured zone
thickness was 0.19, for the THICK maodel the ratio was 0.58, and for the THIN model it was 0.05. To
test our assumptions about differences in hydraulic conductivity between the two geologies, we
developed a fourth groundwater model (AHC) with an alternative hydraulic conductivity ratio
(Kws = 10Kws), but the same thickness ratio as the reference model. To test the impact of these
modifications, we developed a homogeneous model (HOM) that had a uniform hydraulic conductivity
and effective porosity. All five models were calibrated using the same procedure, described in detail in
section 2.4. The comparison of the reference model with the alternative models is developed in

section 3.3.

2.3 Groundwater flow simulations

Groundwater flow of the unconfined aquifer was simulated in the 76 km? flow domain (black dashed
rectangle in‘Fig. 4) under free surface conditions (Bear, 1973). Flow was simulated in steady state,
because the groundwater ages measured at high and low groundwater conditions at the site did not
show any significant variations (data not shown). Also seasonal recharge variations over 42 years
derived from the ISBA model (Boone et al., 1999; Noilhan and Mahfouf, 1996; Noilhan and Planton,
1989) did not show any trend, indicating that transient flow simulations were unnecessary. We applied
a uniform recharge of 167 mm y™ on the top layer of the model. The effective recharge of 5.8x10° m*
y* over the 35.5 km? catchment is 25 % larger than the discharge of 4.5x10° m® y™. This is explained
by seepage areas that are not integrated in the discharge computation, which cover 8 % of the land

surface. Lateral and bottom boundary conditions were set as no flow.
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Groundwater flow equations with the previously described recharge and boundary conditions were
solved with the finite element modeling package FEFLOW (Diersch, 2013). The movable free surface
was iteratively determined with the best-adaptation-to-stratigraphic-data technique (BASD), an
algorithm that adapts the mesh structure to the free surface height, while respecting as far as possible
the layering of the hydraulic conductivity. Because the underlying bedrock at our site hada uniform
and very low hydraulic conductivity of 1x10° m d, it acted effectively as an impervious layer. Its
variable thickness gave an overall uniform aquifer domain thickness appropriate for FEFLOW
modeling purposes. The mesh generated by FEFLOW contained 6 188 triangle prisms per slice, with 2
slices per layer. The vertical discretization was adapted to the weathered zone thickness for each of the
different models. The mesh contained 12 218 mesh elements per layer, with a total of 122 180 mesh
elements over 10 layers. The mesh followed surface structures and was automatically refined close to
surface waters, where convergence induces larger flows (Fig. 5). The DEM (Fig. 3) shows a marked

difference in elevation near channel banks where mesh refinement was implemented.

2.4 Groundwater flow lines and sampling

Flow lines were determined using the particle tracking algorithm of FEFLOW (Diersch, 2013), with
particles seeded at a density proportional to the imposed recharge at the water table. In order to
provide a sufficient representation of the flow field, at least 4x10°> flow lines were required.
Groundwater flow lines in the modeled area are presented in Fig. 6. The red lines mark the seepage
zones, which were defined as zones where the groundwater table (extracted from the groundwater flow

model) reaches the land surface.

In a post-processing step, we used MATLAB to analyze the flow lines. We created a regular grid of
100x100 m sampling zones over the whole flow domain and sampled flow lines where they
intersected the rectangular columns of the grid at any depth. The selected grid size ensured sufficient
flow lines in each sampling zone while avoiding spurious mixing effects. Ultimately model results,
e.g. mean transit times, were quite robust to sampling zone size with sensitivity tests revealing little

difference between 50x50 m and 200x200 m sampling zones sizes (Fig. A.1). The 100x100 m grid
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over the whole catchment area resulted in sampling zones every 340 m, for a total of 278 sampling

zones in the catchment area without considering sampling zones that were located in streams.

2.5 Calibration

We used groundwater flow simulations to determine the overall groundwater discharge at the
catchment outlet. Hydraulic conductivities (Kwgs and Kgg) were manually calibrated to fit the observed

discharge value of 1.2 x 10* m® day™ derived from hydrograph separation.

We estimated the mean groundwater age at the 9 sampling wells with CEC concentrations. CFCs are
anthropogenic gases whose atmospheric concentrations increased linearly from 1960 to 1990 (when
they were banned) and have been gradually decreasing, allowing the calculation of the average time
since a groundwater parcel was in equilibrium with the atmosphere (Ayraud et al., 2008).
Groundwater samples were collected in December 2014 and March 2015 and were analyzed at the
Geoscience Laboratory (Rennes, France; for detailed methodology see Ayraud et al., 2008; Busenberg
and Plummer, 1992 and Cook and Herczeg; 2000). No systematic spatial trends were apparent in the
measured groundwater age data-from the sampled wells (Fig. 4), so we calibrated the model
parameters Kwe, Kre, 0w and 6g (Table 1) based on the mean and standard deviation of the
groundwater age and the discharge (Table 2). The model calibration against the measured mean
groundwater age was also done manually. We used the same sampling zone size (100x100 m) for the
9 wells when calculating modeled groundwater ages. Modeled groundwater ages are the convolution
product of the recorded tracer input chronicle and the transit time distribution (Maloszewski and

Zuber, 1996; Marcais et al., 2015).

For model calibration this meant reducing hydraulic conductivity decreases the overall discharge and
increases the groundwater age or vice versa. As expected, effective porosity did not have any influence
on the catchment discharge at steady state conditions, but was positively correlated with the
groundwater age. Ratios of effective porosities and hydraulic conductivities were constrained by the
dispersion of the groundwater age. All five models were considered to be satisfactory calibrated (Table

2).
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2.6 Transit time and groundwater travel distance distributions

For each of the 100x100 m sampling zones, we derived transit time distributions as well as
groundwater travel distance distributions and computed spatial statistics for intersecting flow lines.
We computed the transit time for each particle and the mean transit time of all particles reaching the
sampling zone. We also calculated the lateral distance traveled by particles intersecting the water
column defined by the sampling zone. The groundwater travel distance was defined as the distance
from the flow line origin to the center of the sampling zone projected on the ground surface (Fig. 7).
These groundwater travel distances were used to build groundwater travel distance distributions and
mean groundwater travel distances for each of the 278 sampling zones. We calculated summary
statistics for the three catchment areas: upland, transition, and lowland. Because the influence of the
topographical transition on transit time and groundwater travel distance distributions extended beyond
the steep section of the slope, we defined the transition area as the area extending from the head of the
slope to 650 m to the north of the slope (Fig. 3). Upland and lowland areas were then defined to the

south and north of the transition area.

We also compared the groundwater travel distance with the mean distance between two streams,
which represented the average Euclidean distance between surface channels calculated with the

ArcToolbox of ArcMap (ESRI ® ArcMapTM, 2010).

2.7 Analysis of groundwater circulation

To determine the local nature of the groundwater circulation which is related to the groundwater table
configuration, we compared groundwater travel distances with reference surface distances. We
determined the length of those reference distances as the travel distance water would have traveled
along the impermeable ground surface from a topographical height to the sampling zone. We used a 5
m LIiDAR DEM with the D8 algorithm implemented in the TopoToolbox Matlab software
(Schwanghart and Kuhn, 2010; Schwanghart and Scherler, 2014). Using a D8 algorithm, the flow
passes from each cell to its lowest neighboring cell. Reference distances were generated for the whole

model domain to calculate mean values for each of the 287 sampling zones (100100 m) and summary

10
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statistics for the upland, transition and lowland area. The comparison of mean groundwater travel
distances with mean reference distances was performed for sampling zones with mean distances
greater than 100 m because the mesh size and flow processes that the numerical model accounted for

were insufficient for an analysis at a smaller groundwater flow scale (less than 100 m).

We used the ratio of mean groundwater travel distance to mean reference distance (rew:-LocaL) as a
metric of the relative influence of topography and recharge on the groundwater table (Fig. 8).
Conceptually, when the mean groundwater travel distance is similar to the mean reference distance
(rew-LocaL approaches 1), the saturated fraction of the subsurface volume (defined as the volume
between the land surface and the impermeable bedrock) is higher than 95 %. The groundwater table is
therefore limited by the land surface and groundwater flow is strongly influenced by topographical
gradients (Fig. 8a). When row.Locac IS greater than 1, the saturated fraction fills less than 95 % of the
subsurface volume, meaning the groundwater table elevation depends mainly on the recharge rate and
groundwater flow circulation is dominated by the hydrogeological conditions (Fig. 8c). Fig. 8b
demonstrates that locally topography and recharge controls can occur at the same time in an aquifer.
We calculated rew-LocarL based on the average of the mean groundwater travel distances (see section
2.4) and the mean of the reference distances in the upland and lowland area of the aquifer. We did not
calculate this ratio for .the transition area due to less well-constrained distances and compound
uncertainties, meaning that flow lines crossed that zone could not be associated exclusively with the
transition area. We also determined the subsurface fraction of subsurface volume for the upland and
lowland areas separately. We used this metric at the small catchment scale to quantify groundwater
travel distances of local circulation, but it would equally applicable at larger scales where it could be

used to classify groundwater circulations in relation to the reference distances.

3. Results

In sections 3.1 we present the results of the reference model. In section 3.2 we compare the modeled
groundwater travel distances with reference distances and explore their ratio rgw..ocaL in relation to

the saturated fraction of the subsurface volume. In section 3.3 we present how modifications in the

11
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alternative models alter model behavior. Specifically we report the relationship between the

groundwater travel distances, transit times, and their spatial arrangement in the catchment.

3.1 Transit times and groundwater travel distances

All of the metrics of groundwater travel distance and transit time followed the same pattern, with
greatest mean transit times and distances in the transition area, followed by the upland, and then
lowland area (Table 3). Mean transit times were on the order of decades, while groundwater travel

distances remained on the order of hundreds of meters.

Considering transit time and groundwater travel distance distributions for individual sampling zones of
the reference model, Fig. 9 shows distributions for three representative sampling zones in the upland,
transition, and lowland area (Fig. 3). The three sampling zones are representative for their area as they
show a common shape with an appropriate mean value of all investigated distributions in the related
area. In the upland and lowland area, the transit time distributions had an exponential-like shape while
the transition zone had a more bimodal shape with maxima around zero and 65 years (Fig. 9a). The
mean transit time was 42 years (SD = 43) in the upland sampling zone and 35 years (SD = 29) in the
lowland sampling zone. These results were consistent with an exponential distribution, where the
mean transit time is equal to the standard deviation, and also with the mean transit time ta given by
Haitjema (1995):
0-H

=g @)

where 1 is the mean transit time, H is the mean hydraulic thickness of the aquifer, 0 is the effective
porosity and R is the recharge. The mean transit time according to this equation averaged 30 years for
the upland area and 16 years for the lowland area when the aquifer thickness was constrained to the
weathered zone (11.3 m and 6 m for the two areas respectively). The mean transit time increased to 74
years upland and 58 years lowland when the aquifer thickness was allowed to include both, the
weathered and fractured zones (60.3 m and 54 m, respectively). The groundwater travel distance

distribution in Fig. 9b resembled an exponential distribution in the upland and transition sampling

12
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zone. The distance distribution in the lowland sampling zone peaked around 50 m and only included

distances less than 750 m.

The differences of mean transit times and groundwater travel distances for the whole aquifer were
visible on the map derived from interpolation of the pointwise values obtained in each sampling zone
(Fig. 10a, b). Mean values and the coefficient of variation (CV) of all sampling zones in an area
revealed mean transit times of 51 (CV = 18 %), 57 (CV =44 %), and 47 (CV = 34 %) years, and mean
groundwater travel distances of 326 m (CV = 40 %), 576 m (CV = 49%), and 219 m (CV =59 %) in
the upland, transition, and lowland area, respectively. Variability was higher for distances than for
times. The transition area had the highest mean groundwater travel distance, though even in this area
circulation remained local according to Téth’s flow structure definitions (T6th, 1963; Téth, 2009),
because flow lines did not extend under any streams. Even the maximum of the mean groundwater
travel distances in the three areas were small compared to the size of the catchment (9 km from south
to north and 5 km from east to west) at 751, 1 741, and 648 m in the upland, transition, and lowland
area, respectively. The mean distance between two streams was ca. 1 000 m upland and 600 m
lowland indicating a denser stream network in the lowland area. Only 0.1 % of the flow lines
connected the upland and lowland area without going under a stream, indicating a dominance of local,
rather than intermediate or regional flow. Groundwater flow lines were generally oriented along the
east-west direction; except in the transition zone where flow moved primarily from south to north (Fig.
6). Some flow lines intersected the surface along the stream network or just downslope of the steep
transition,  consistent with observations of springs and surface water in the catchment. The
groundwater table was close to the surface, showing groundwater outcropping at 80 % of the total
length of the stream channel throughout the catchment, though the groundwater table was more
connected with the land surface in the lowland than upland area (Table 4). Some long groundwater
flow lines crossed the boundary of the hydrological catchment, but they did not approach the boundary

of the modeled domain (Fig. 6).
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3.2 Groundwater circulation and rew.LocaL

For the whole aquifer, groundwater circulation remained local with larger groundwater travel distances
than the reference distances. Fig. 11 shows the three representative sampling zones for the upland,
transition and lowland area of the reference model with the origin of the groundwater and reference
flow lines. For the lowland and transition sampling zone, both recharge areas partially overlapped with
a larger groundwater recharge area. For the upland sampling zone with higher topographical gradients,
recharge areas only overlapped at the sampling zone showing groundwater flow lines and reference
flow lines coming from an opposite direction. This is possible because this-.sampling zone was not in

the seepage area and all cases of overlapping and non-overlapping may occur.

The relationship between the ratio rew..oca. (mean groundwater travel distance divided by the mean of
the reference distance) and the proportion of saturated fraction related to the subsurface volume of the
reference model revealed different controls for the upland and lowland area (Fig. 12). In the upland
area, the saturated fraction filled less than 95 % of the subsurface volume with a ratio rew.coca. of 1.6.
The groundwater table was recharge controlled showing larger distances with deeper circulations than
in the lowland area. The groundwater flow in the upland area was more influenced by the
hydrogeological conditions than the topographical gradients. Groundwater flow was limited by the
fresh bedrock which prevented larger circulation. In the lowland area the groundwater table was
limited by the topography with the saturated fraction filling more than 95 % of the subsurface volume
and a ratio rew.Loca. Of 1.3. Due to the high groundwater table elevation, the groundwater flow was
mainly affected by the topography. Flow lines were shallow and they followed the topographical
gradients from the closest topographical height (the recharge location) to the discharge location
(sampling zone). For the whole aquifer, rew.Loca. Was 1.7, meaning that the mean groundwater travel

distances were nearly twice as long as the mean of the local reference distances.

3.3 Alternative models

To test how our model assumptions influenced the results of the reference model, which indicated that

groundwater circulations were local (< 1 km) and mean transit times were quite long (51 years), we
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ran simulations of the four alternative models presented in section 2.2. Our comparison was based on
the characteristic mean transit times and mean groundwater travel distances for the full aquifer and the
individual upland, transition, and lowland area (Table 3). Despite structural differences, the five
models gave similar groundwater table heights, with a maximum mean difference of 2.2 m between

the most different models (REF and AHC), meaning that all five models had a similar aquifer volume.

Mean transit times of the aquifer, like aquifer volumes, given by the five models were less variable
than mean groundwater travel distances influenced by permeability and topography:structures. Except
for the homogeneous model (HOM), mean transit times were similar between models both for the
whole aquifer and the individual upland, transition, and lowland areas, though this result is not
surprising since all models were calibrated using the same groundwater age data. HOM was different
because sampling was performed over the full depth of the model (90 m), whereas the other models
were limited by the impervious bedrock, resulting in a shallower aquifer thickness (around 60 m;
Table 3), and in mean transit times that were substantially larger for HOM. While mean transit times
were highly sensitive to the overall aquifer volume, mean groundwater travel distances were consistent
between models, showing greater sensitivity to topography and geological structure. The alternative
hydraulic conductivity model (AHC), which had highly pervious granite upland and less pervious
schist lowland showed much larger mean groundwater travel distances upland than the reference
model (566 m for' AHC and 326 m for REF; Table 3). Higher permeability in the upland area
decreased’ hydraulic head gradients, resulting in a lower water table for AHC. Consequently,
topography played a smaller role and groundwater distances were larger upland. The abrupt reduction
of permeability by a factor of 10 from upland to lowland shortened the mean groundwater travel
distance in the transition area from 576 m to 398 m. In the THICK model, with a thicker weathered
zone, there was marginally more circulation through the transition area relative to the reference model
(639 m vs. 576 m) and the opposite effect was observed for the THIN model. However, mean
groundwater travel distances were the same or smaller relative to REF in the upland area for both the

THICK and THIN model (REF = 326 m, THICK =296 m, THIN = 313 m).
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4. Discussion

In this study we used groundwater flow models of a crystalline unconfined aquifer in Brittany, France
to investigate the importance of local flow paths and to identify groundwater table controls at the small
catchment scale. We hypothesized that relatively old groundwater would have traveled long distances
from the recharge location to the sampling zone with increasing distances towards the catchment
outlet. Contrary to our hypothesis we found highly local groundwater flow, “with groundwater
traveling less than 500 m on average (Table 3), and groundwater travel distances decreasing moving
lowland (Table 3). To localize the flow circulation we used the ratio of groundwater travel distances
derived by the numerical model to reference distances from the DEM. Topographical gradients were
the major controls on groundwater flow in the lowland area whereas recharge dynamics governed the
groundwater table in the upland area with a strong influence of the hydrogeological conditions on
groundwater circulation. These results represent a departure from the historical conceptualization of
the small-catchment hydrology (Téth, 1963; Toth, 2009) with potentially important water source and

water quality implications.

4.1 Patterns of groundwater circulation in shallow aquifers

Circulation was highlylocal for all models across a range of weathered and fractured zone thicknesses,
not extending below stream beds, indicating a general lack of intermediate and regional flow paths
(Gburek and Folmar, 1999). We were particularly interested in identifying mechanisms underlying this
behavior, because local groundwater flow is sensitive to local permeability and topography structure,
which can be very diverse at the sub-kilometer scale. Several dynamics could explain the contrasting
circulation pattern we observed in the upland and lowland area of all models, including the limited
aquifer thickness, topographical gradients and groundwater table configuration. The ratio rew.Loca.
clearly showed a stronger influence of the topography on the flow circulation in the lowland area than
in the upland area. Whether linked groundwater travel distances and topographical gradients promote

short groundwater flow lines is readily testable and should be confirmed with a more systematic study
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on synthetic topographical structures (Crave & Davy, 2001; Lague et al., 2000) and by comparing

trends in multiple catchments (Thomas et al., 2016b; this issue).

Based on the reference model (REF) we wanted to demonstrate how the ratio rew..oca. and the
proportion of the saturated fraction in relation to the subsurface volume evolve under varying recharge
and constant hydraulic conductivity conditions (Fig. 13). To analyze the change between recharge and
topographical control, we performed simulations with several recharge rates ranging from 1/10
average recharge (16.7 mm a™) to 4 times average recharge (668 mm a?). Fig. 13 shows how
groundwater flow circulation change depending on the groundwater table configuration which is in
general related to hydraulic conductivity and the recharge rate. For a four-fold higher recharge rate
(Fig. 13a) the groundwater table moved closer to the land surface and flow lines got shorter over the
whole domain than for the initial recharge rate R (Fig. 13b), especially in the upland area. Also the
flow lines followed more topographical gradients. Under a lesser recharge rate (Fig. 13c) the
groundwater table is deeper and less connected to the land surface inducing longer groundwater travel
distances. Most of the flow lines that started in the upland area traveled longer distances towards the
lowland area. For the three example recharge rates we presented, not only the length of the
groundwater travel distances, but also flow directions changed. Under topography controlled
conditions (4R, Fig. 13a) flow lines are more east-west oriented due to local topographical roughness,
whereas under recharge controlled conditions (R/10, Fig. 13c) flow lines follow the steep slope in
south-north direction, again demonstrating the link between hydrogeological and topographical
controls. The extent of the hydrogeological active zone varied proportionally to the induced recharge
rate and the limiting depth coming from the unaltered bedrock. Particularly in the upland area, the
groundwater table elevation was more susceptible to changes in recharge and deeper flow lines were

limited by the fresh bedrock.

We propose the ratio of groundwater travel distance to reference distance (few.Locar) as a useful tool
to quantify the spatial extent of the groundwater circulation. The evolution of rew.oca. With the
proportion of the saturated fraction in relation to the subsurface volume at differing recharge levels

give an indication of the recharge versus topography controls on the groundwater table and therefore
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on flow dynamics (Fig. 14). The ratio rew.L.oca. decreased as the saturated fraction increased, reaching
1 when the saturated fraction exceeded 95% of the subsurface volume. This meant that when the
aquifer filled the whole subsurface volume (groundwater table at the land surface), groundwater
distances became similar to reference distances derived by the DEM, and topography mainly
influenced the groundwater circulation. By contrast, a recharge controlled regime developed as the
saturated fraction decreased and rgw..oca. became larger than 1. rew.LocaL decreased linearly with an
increase of the saturated fraction despite increasing dispersion, i.e. longer flow lines due to greater
distances between the land surface and the water table. The ratio rew..ocac Showed a distinct
asymptotic behavior for the upland and lowland area. While the overall pattern was similar, the ratio
rew-LocaL Fesponded more strongly to changes in the extent of the saturated fraction in the upland area.
This suggest two distinct regimes, one for the upland and the other for the lowland area (Fig. 14). The
ratio rew.LocaL varied strongly ranging from 0.03 to 7.47 (lower quartile = 1.0 and upper quartile 2.2)
dependent on the applied recharge rate, though the groundwater travel distance with their respective
transit times remained larger than the reference distances in most areas. These results underline the
need for a local analysis of groundwater table controls in small catchments and provide the ratio row-
LocaL to perform this analysis. While the criterion of Haitjema and Mitchell-Bruker (2005) is relevant
to quantify topography and recharge controls at larger scales, our criterion is appropriate at smaller

scales and for shallow aquifers.

4.2 What does old and local flow mean for water quality?

Our results revealed that groundwater mean transit times and groundwater travel distances in this
aquifer do not fit within the concept of local, intermediate and regional groundwater flow (T6th, 1963;
Toth, 2009) but that the majority of groundwater occurred within the shallow, weathered zone. While
flow remained local, mean transit times were surprisingly long with mean transit times greater than 50
years. These mean transit times are much larger than values typically used in models forecasting water
quality in shallow aquifers (Ayraud et al., 2008; Molénat et al., 2013). One of the implications of this
finding is that any changes in land use or agricultural practice may take decades to influence

groundwater quality. This time-lag between changes in management and potential improvements of
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water quality, complicates the evaluation of the efficacy of efforts to protect water quality such as
fertilizer reduction or land cover change because cause and effect are so temporally separated. Current
water quality should therefore be related to past land-use and the duration of monitoring programs
should be scaled depending on the distribution of transit times. Another implication of the long mean
transit times observed here is that trends in groundwater quality could be influenced by long-term
changes in water balance. Because the rate of recovery of a polluted aquifer depends largely on water
turnover time, changes in groundwater recharge resulting from shifts «in precipitation and
evapotranspiration could strongly influence groundwater chemistry independent of any changes in
land management. Marked latitudinal differences in climate projections .of water balance in Europe
(Forzieri et al., 2014) suggest a shortening of transit times (and associated recovery times) in northern

Europe and a lengthening of transit times in southern Europe.

The second finding, that most groundwater stays highly local, travelling an average of less than 500 m
from where it entered the aquifer, reinforces the importance of addressing groundwater quality at
highly local scales including plot-level scales of individual fields. The topography and recharge
control on the groundwater table and therefore on groundwater travel distances during high and low
flows, suggests that a reconsideration is warranted of the role of landscape features such as riparian
zones, hedgerows, and groundwater surface water exchange zones in mitigating diffuse nitrogen
pollution originating from groundwater via a temporally dynamic modelling approach. On a general
note, it is/worthwhile to notice that the transit time and travel distance distributions could not have
been derived from each other because of their different shapes (i.e. independent modelling of these
parameters were necessary). Only both distributions together reveal detailed information about the

water source and the time spent in the aquifer.

Our results highlight several interesting phenomena regarding groundwater dynamics in shallow
aquifers. In surface waters such as rivers and streams, water comes from large catchments very
quickly, while groundwater systems in small catchments have old water coming from very local
sources. The surface water contributing area increases moving downstream as catchment size

increases. Conversely, from our study and other recent work (Gburek and Folmar, 1999), groundwater
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“catchments” seem to stay the same size or even decrease moving downslope, due to shifts in
topographical controls and recharge dynamics. These distinct hydrological and landscape-level
patterns mean that surface waters are more likely to be impacted by acute or diffuse pollution since
they drain a larger region, but that quick transit time and small water volume mean contaminants can
quickly be transported away or diluted. Groundwater systems are much more modular and are
therefore potentially less likely to experience pollution. However, if there is a local contaminant
source, long transit times and limited long-distance water exchange means that the impact may be

extreme and long-lasting.
5. Conclusion

The comprehensive analysis of several numerical groundwater flow models developed for a shallow
hard-rock aquifer in Brittany, France gave insights in internal flow structures that are impossible to
measure in the field. The unconfined aquifer was dominated by local flow circulation that was more
vulnerable to contamination than deeper flows. The mean length of groundwater flow paths was
limited to a few hundred meters (334 m), while the mean transit times were on the order of decades
(51 y). A clear distinction could be drawn between the upland, transition, and lowland area for flow
circulation and mean transit times, with greatest mean transit times and mean groundwater travel
distances in the transition area followed by the upland and then the lowland area. Transit time
distributions—-had an exponential-like distribution in the upland and lowland area, whereas the
transition area showed a bimodal distribution. An examination of circulation in the upland and
lowland-area revealed distinct controls on the groundwater table and therefore on the flow behavior
despite identical recharge conditions. We proposed the ratio rew.Loca. as an index of whether the
groundwater table is limited by the topography or determined by the recharge rate at the small
catchment scale, complementing the regional criterion of Haitjema and Mitchell-Bruker (2005; see Eq.
1). At this site, the ratio rew.Loca. has proved a robust tool to describe the extent of groundwater

circulation, and its generality should be tested between catchments (Thomas et al., 2016b; this issue).
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REF THICK THIN AHC HOM
G 0.68 0.3 0.68 2 0.15
KW [m d-l]
S 0.34 0.6 0.34 0.2 0.15
G 0.34 0.15 0.34 1 0.15
Ke [m d-l]
S 0.17 0.3 0.17 0.1 0.15
G 11.3 19.5 3.7 22.3
HW,mean [m]
S 6.6 22 1.9 4.3
G 49.3 37.1 56.3 42.8
HF,mean [m] 90
S 47.4 34.8 51.7 43.4
G 30.6 35.4 313 23.8
HB,mean [m]
S 34.5 30.4 34.9 41.5
Bw[-] G,S 0.45 0.45 0.55 0.45 0.35
O[] GS 0.15 0.15 0.25 0.15 0.35

Table 1: Characteristic parameters (K: hydraulic conductivity, Hpean: mean thickness of the zone, 6:
effective porosity; subscript W: weathered zone, subscript F: fractured zone) of the five models (REF:
reference model, THICK: model with thicker weathered zone, THIN: model with thinner weathered

zone, AHC: model with higher hydraulic conductivity in granite, HOM: homogeneous model).
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REF THICK THIN AHC HOM
groundwater discharge [m® d] 1.25x10" | 1.27x10* | 1.23x10" | 1.23x10* | 1.28x10"
& [%] 1.8 3.2 0.2 0.2 3.8
groundwater age, mean [y] 37.5 37.7 38.1 37.8 38.5
€ [%] 3.6 3.1 2.0 2.8 1.0
groundwater age, SD [y] 6.2 6.8 7.6 6.6 5.8
& [%] 13.9 55 55 8.3 19.4

Table 2: Groundwater discharge, mean and standard deviation of groundwater ages_of the five models

(REF: reference model, THICK: model with thicker weathered zone,” THIN: model with thinner

weathered zone, AHC: model with higher hydraulic conductivity in granite, HOM: homogeneous

model). ¢ is the

relative error

between the modeled and measured values.

Measured

baseflow = 1.24x10* m® d”*, mean of the sampled groundwater ages = 38.9 y, standard deviation of the

sampled groundwater ages = 7.2 y.
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REF HOM THIN THICK AHC
mean distance [m] 334 358 323 307 438
CV distance [%] 59 62 60 65 57
catchment
mean time [y] 51 148 65 55 53
CV time [%] 29 26 31 26 30
mean distance [m] 219 285 214 300 202
CV distance [%] 59 52 62 48 0.72
lowland
mean time [y] 47 141 62 52 53
CV time [%] 34 26 35 23 48
mean distance [m] 576 713 572 639 398
CV distance [%] 49 35 49 34 44
transition
mean time [y] 57 171 75 51 53
CV time [%] 44 28 43 27 32
mean distance [m] 326 296 313 223 566
CV distance [%] 40 47 41 48 38
upland
mean time [y] 51 146 64 58 53
CV time [%] 18 24 21 26 14

Table 3: Groundwater mean distances and mean transit times and their coefficient of variation for each
of the five groundwater flow models (REF: reference model, THICK: model with thicker weathered
zone, THIN: model with thinner weathered zone, AHC: model with higher hydraulic conductivity in

granite, HOM: homogeneous model).
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REF THICK THIN AHC HOM
catchment [%] 77 85 85 68 82
upland [%] 97 94 98 100 96
lowland [%] 70 82 79 56 76

Table 4: Intersection rate of the groundwater table with the surface at stream channels for the five

models (REF: reference model, THICK: model with thicker weathered zone, THIN: model with

thinner weathered zone, AHC: model with higher hydraulic conductivity in granite, HOM:

homogeneous model). Rate is expressed as the percentage of the connected length to the full stream

length.
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Highlights

- Groundwater circulation remains local in small crystalline aquifers

- Transit times are large despite highly local flow

- Groundwater distance distribution decreases at downslope sites

- Anindicator of groundwater table controls at the small catchment scale is proposed

- Groundwater quality should be investigated at local scales in shallow aquifers
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