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1. Introduction

2. Materials and methods

The investigated vadose-zone is located in the Saint-
Honoré aquifer of Saguenay-Lac-Saint-Jean region in
Quebec (Canada). It has been selected because the
thickness of the vadose-zone of this aquifer is up to 7
m, and there is relevant available information related
to the site, including groundwater recharge and water-
table elevations. Using a hand threshing-beating
auger, a borehole was drilled, and continuous
sediment cores were subsequently collected at an
average interval of 12 cm. A total of 58 sediment
samples were collected. In the laboratory, we used the
measured bulk densities and gravimetric water content
to calculate the volumetric water content (VWC),
porosity (n) and the void ratio (e). n and e were used
to estimate the saturated hydraulic conductivity (Ks).

Multiple numerical models have been developed to simulate water flow in the vadose-zone of aquifers. Most studies focus particularly on the shallower part of the vadose-zone (0-2 m below ground surface), while less attention has been
given to water flow within the entire vadose-zone, often, because of a lack of available data for calibrating numerical models. In addition to laborious sampling of thick vadose-zone, the collection of other field complementary data (e.g.,
precipitation, groundwater recharge, water-table level), which help to constrain numerical flow models of thick vadose-zone, is also challenging. The present study describes a comprehensive technical framework which was followed to
develop a 7-m-thick heterogeneous vadose-zone numerical model. This model (i) considered the measured sediment hydraulic properties which were estimated from the sediments collected throughout the 7-m vadose-zone, (ii)
constrained by the actual climate and subsurface data (i.e., precipitation, water-table level, and stable isotope data), and (iii) calibrated by fitting the simulated and measured vertical water-content profiles.

4. Conclusion
A numerical model for a 7 m thick vadose-zone was developed in the present study. This flow model estimates a one-year transit-time which agrees with previous stable isotope–based estimates for the same site. This agreement occurs
only when the vadose-zone is considered as heterogeneous, and sediment properties are assigned to individual depth intervals. A flow model that assumes homogeneous sediment through the vadose-zone produced an erroneous transit-
time. Our study therefore illustrates the advantage of using comprehensive data sets, to develop accurate flow models for thick vadose-zone. Moreover, the water transit-time assessed in the present study was validated with that previously
assessed by using the stable isotope–based approach. This study also highlights the advantages of applying a measured VWC profile to the model calibration process. The technical framework used in this study offers a tool with which
practitioners using numerical modeling can identify and obtain the relevant data for developing an accurate model to estimate transit times of water through the vadose-zone.

2.1. Fieldwork and laboratory analyses

The numerical codes SEEP/W and CTRAN/W were
used in this study. SEEP/W is used to solve one- to
three-dimensional problems either under a transient or
steady-state groundwater f low regime for both
saturated and saturated/unsaturated conditions.
CTRAN/W was used to simulate solute transport in the
porous media. Solute transport is simulated in the
present study as purely advective transport using a
particle-tracking function, where the fluid is represented
by particles that move in porous media (vadose zone)
in p ro po r t ion wi th the wate r f lo w ve loc i t y.

Using SEEP/W, the investigated vadose-zone is
modeled as a 1-D vertical column dimensioned with a
vadose-zone width of 1 m and a depth of 7 m. The
heterogeneity of the vadose-zone is simulated via a
model divided into 58 layers of 0.12-m thick, reflecting
the average interval of sediment sampling, The
calibration is undertaken by fitting the numerical to the
measured VWC profile. For the boundary conditions,
the sides of the model’s vertical column are always
assigned without any specification, meaning they are
considered to be impermeable borders. The lower
boundary of the flow model was assigned as free
water boundary condition as groundwater fluctuations
did not affect the investigated vadose-zone (se Figure
1). The upper model boundary condition is assumed to
be affected by precipitation (see Figure 2) limited to
that captured within the year before sediment
sampling day (22 May 2019), based on the water
transit-time determined by stable isotope–based
approach. Once the SEEP/W vadose-zone flow model
is calibrated, the CTRAN/W code is then used by
introducing a particle at the top of the flow model.

2.2. Sieve grain-size analyses

2.3. Numerical code

We used Wentworth’s classification (Wentworth 1922)
for reporting grain sizes (clay: <0.003 mm; silt: 0.003–
0.06 mm; sand: 0.06–2 mm, gravel: 2–64 mm). We
used the obtained grain-size classes to predict Ks via
five empirical models (Table 1). A single average Ks

value was then calculated, for each sediment sample.

2.4. Model implementation

Figure 2. Daily cubic water flux 

Figure 1. Water table fluctuations

3. Results
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