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ABSTRACT

Groundwater capture and storage loss play a major role in the sustainable exploitation of a
regional aquifer. This study aimed to identify the impact of major and long-term groundwater
exploitation on a regional aquifer system to understand the processes controlling the sustainable
exploitation of the transboundary Milk River Aquifer (MRA). The MRA extends over 26,300 km?,
being a major water resource across southern Alberta (Canada) and northern Montana (USA).
Concerns about the sustainability of the MRA were raised as the century-old exploitation has led
to important drawdowns and the local loss of historical artesian conditions. A steady-state
numerical model of the regional flow system was developed and calibrated against hydraulic
heads, groundwater fluxes, and the area with flowing artesian wells. Four groundwater
abstraction scenarios were simulated: 1) natural flow conditions without exploitation; 2) the mean

abstraction rate over the last 108 years; 3) the historical maximum global abstraction rate of the
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MRA,; and 4) a theoretical high abstraction rate based on the maximum rate estimated for each
MRA exploitation zone. The numerical model agrees with the previously formulated conceptual
model and supports its hydraulic plausibility. Results show that MRA exploitation has led to a
major change in flow patterns to sustain groundwater abstraction. The MRA water balance under
exploitation indicates that more recharge and reduced seepage to bedrock valleys compensate
groundwater withdrawals. Based on its impact on regional discharge and the reduction in MRA
storage, the mean historical level of exploitation of the MRA appears sustainable. Larger
exploitation rates would significantly reduce groundwater discharge to surface seepage locations
and lead to a larger reduction in groundwater storage in the MRA. Modeling also illustrates that
the MRA is an internationally shared resource. This situation would justify a joint management of
the aquifer system between Canada and USA; especially in the area comprised between the

recharge area in Montana and the Canadian reach of the Milk River.

Keywords: Regional aquifer, Sustainable exploitation, Numerical modelling, Storage changes,

Capture, Transboundary aquifer

1. Introduction

Numerical groundwater flow models have proven to be efficient tools to address a variety of
water related issues. Applications includes the assessment of sustainable groundwater
exploitation, transport of groundwater contaminants, the determination or control of saltwater
intrusion (Alwathaf and Mansouri, 2012; Bordeleau et al., 2008; Gaur et al., 2011; Giambastiani

et al., 2007; Islam et al., 2016; Meyer, 2014; Sowe, 2017).
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At the basin scale, numerical models can provide a better understanding of regional
groundwater flow systems, including cross-formational flow through the aquitards, following the
pioneering work of Toth (1963) and Freeze and Witherspoon (1966a, 1966b). Numerous
numerical modelling studies have provided examples of regional groundwater flow (Janos et al.,
2018; Lavigne et al., 2010; Michael and Voss, 2009; Rabelo and Wendland, 2009; Voss and
Soliman, 2014; Zhou and Li, 2011). To assess the conditions required for the sustainable
exploitation of a regional aquifer, it is necessary to determine the impact of exploitation on the
flow system, which is controlled in part by the hydraulic connections between the
hydrogeological units and surface water features composing the regional flow system. As initially
stated by Theis (1940) and more recently by Konikow and Leake (2014), during groundwater
withdrawal part of the groundwater is derived from storage, but over time the aquifer system
adjusts to pumping through an increase in recharge or a decrease in discharge, which is called
capture. Groundwater capture and storageoss are key concepts related to the sustainability of
aquifer exploitation (Konikow, 2015; Konikow and Leake, 2014) and should be quantified while

investigating the sustainable exploitation of a regional aquifer system.

In that perspective, the objective of the present study is to develop a numerical model to assess
the regional groundwater flow dynamics of a major aquifer under both natural and exploitation
conditions to determine the conditions required for the sustainable management of groundwater
resources. More specifically, the role of groundwater capture and storage loss will be evaluated

at the regional scale.

The transboundary Milk River Aquifer (MRA) constitutes a perfect example of a regional aquifer
comprised in a large groundwater flow system. It is also part of a worldwide inventory of
transboundary aquifers whose characterization and management are the objects of recent
international initiatives such as ISARM or TWAP (IGRAC, 2015; Rivera and Candela, 2018;

TWAP, 2012). The MRA extends 26,300 km? over southern Alberta (Canada) and northern
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Montana (USA) in a semi-arid region where water shortages are an important issue
(Government of Alberta, Alberta water for life, 2006). Concerns have been voiced for many
decades about the sustainability and mismanagement of groundwater exploitation from the
MRA, with indications of locally significant drawdowns (up to 30 m) and the loss of artesian
conditions in some areas (AGRA Earth and Environmental Limited, 1998; Borneuf, 1976;
Meyboom, 1960). A steady-state numerical model of the regional groundwater flow system
comprising the MRA was developed with the objective of understanding the impact of major and
long-term exploitation on the entire aquifer system and to identify the processes controlling the
sustainable exploitation of the MRA. The numerical model was based on a previously developed
3D geological model (Pétré et al., 2015) and a hydrogeological conceptual model (Pétré et al.,

2016) of the aquifer system integrating the MRA.

A simulation of conditions without groundwater exploitation and three scenarios of groundwater
extraction in the MRA are simulated to assess the impact of the MRA exploitation. This model
must first verify the plausibility of the previously formulated conceptual model and then
determine whether the regional flow system can adjust to the MRA exploitation so that a new
sustainable flow pattern is established. Knowing that direct recharge to the MRA does not
compensate groundwater abstraction (Pétré et al., 2016), this study also involves the

determination of groundwater capture and long-term storage loss.

This paper presents first the study area and the conceptual hydrogeological model of the MRA.
The Materials and Methods section describes the numerical model design, calibration criteria
and the groundwater use evaluation. Then, the simulation and water budget results are
presented, followed by a discussion covering the limitations of the model and the implications for

groundwater management.
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2. Study area and conceptual hydrogeological model

2.1 Study area

The MRA is located in a semi-arid region, spanning southern Alberta and northern Montana (Fig.
1). The mean annual precipitation is between 250 and 450 mm/y and the potential
evapotranspiration ranges from 550 to 578 mm/y (Climate Canada, 2015; NOAA, 2015). The
topographic highs in the region are the Sweet Grass Hills and Bears Paw Mountains in Montana,
and the Cypress Hills and Milk River Ridge in Alberta. The Sweetgrass Hills‘are an ensemble of
three buttes south of the international border. The hydrography of the region includes the
transboundary Milk River, the shallow Pakowki Lake and several valleys with intermittent

streams called “coulees” (e.g., Etzikom, Chin and Forty Mile coulees).

The stratigraphic sequence in the study area, from the base to the surface, is as follows: the
500-m thick regional aquitard of the Colorado Group underlies the study area. The shales of the
Colorado Group contain several thin-.sandstone beds, the most significant being the 25-m thick
Bow Island Sandstone. The Colorado Group is overlain by the Milk River Formation (called
Eagle Formation in Montana), which is subdivided into three members in Alberta: the basal
Telegraph Creek Member, the middle Virgelle Member and the upper Deadhorse Coulee
Member. The Virgelle Member constitutes the MRA as it is the most important aquifer unit within
the Milk River Formation. The Milk River Formation (about 100 m thick) subcrops or outcrops
near the international border in Alberta, in rings around the Sweetgrass Hills and also following
two branches on both sides of the Sweetgrass Arch (the outcrop area is shown on Fig. 1). The
Milk River Formation is overlain by the low-permeabilty shales of the Pakowki/Claggett
Formation (about 130 m thick). The Belly River Group (Judith River Formation in Montana)

overlies the Pakowki/Claggett aquitard and is also considered as an aquifer. With the exception
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of the topographic highs and coulees, the study area is covered by glacial drift which consists

mainly of low-permeability till, typically less than 2 m in thickness (Hendry and Buckland, 1990).

Buried valleys (bedrock channels) are present across the study area (Fig. 1). These buried
valleys are preglacial stream valleys buried under glacial drift (Cummings et al., 2012a). In
southern Alberta, the Medicine Hat, Skiff and Foremost buried valleys are up to 10 .km wide and
are incised up to 30 m into bedrock (HCL consultants, 2004; Hendry and Buckland, 1990).
Buried valleys locally constitute productive aquifers where the fill material is predominantly sand

and gravel (Cummings et al., 2012a; Farvolden et al., 1963; HCL consultants, 2004).

The extent of the numerical model described in this paper follows the hydrogeological limits of
the MRA previously defined by Pétré et al. (2016) in the west, north and east (Fig. 1). The north-
eastern hydrogeological limit of the MRA corresponds to a low permeability facies hosting the
Medicine Hat natural gas fields. In the south, the Marias River and Cut Bank Creek have been
chosen as the physiographic limits of the model, although the MRA may extend farther south in
Montana. In the south-east corner, the numerical model is limited by the extent of the geological
model developed by Pétré et al. (2015) (at longitude -110°), which is the basis of the numerical

model.

2.2 Conceptual hydrogeological model

The conceptual hydrogeological model of the MRA developed by Pétré et al., (2016) was used
as a basis for the development of the numerical groundwater flow model. Only a brief description
of the conceptual model is presented here since details can be found in Pétré et al. (2016).
Figure 2 shows a cross-section through the MRA from its outcrop area at high elevation to its
downgradient limit (location of line AA’ shown on Fig. 1). The MRA is a typical confined aquifer,
radially dipping from the outcrop/subcrop areas (Fig. 2). Direct recharge of the MRA occurs

6
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mainly in the outcrop or subcrop areas of the Milk River Formation where unconfined conditions
and modern groundwaters are present, as indicated by the presence of tritium (Pétré et al.,
2016). Groundwater inflow into the MRA also occurs through subsurface vertical inflow from
overlying geological units in the topographic highs of the study area. Groundwater flow diverges
from the Sweetgrass Hills to the north, east and southeast. West of the Sweet Grass Arch,
groundwater flows south-west and north from a groundwater divide located north of Cut Bank.
Two transboundary flowpaths were defined on the basis of a potentiometric map (Pétré et al.,
2016): (1) an eastern flowpath from the Sweet Grass Hills to the north and (2) a western flow

path from the northern part of Cut Bank to the north.

An abrupt change in the horizontal hydraulic head gradient indicates that the Milk River and part
of the Verdigris Coulee intercept a large proportion of the groundwater flowing to the north from
direct MRA recharge areas. As no other natural surface discharge feature has been identified,
vertical leakage trough the confining units was inferred to be another important natural discharge
mechanism. Cross formational flow is enhanced along the talwegs of buried valleys which are
acting as drains, as inferred by Toth and Corbet (1986) and shown by Pétré et al. (2016).
Indeed, the buried valleys have eroded the upper bedrock (Belly River /Judith River and
Pakowki/Claggett formations), thus reducing the thickness of the bedrock between the MRA and
surficial sediments: Under the confined conditions found north of the Milk River, the MRA
contains a fossil groundwater, not significantly renewed by modern recharge. This fossil
signature is demonstrated by the absence of radiocarbon and a 3CI/Cl ratio indicating a

groundwater residence time reaching 2 My further north of the MRA (Pétré et al., 2016).
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3. Model simulation and calibration

3.1 Model design and boundary conditions

The basis of the numerical groundwater flow model of the aquifer system encompassing the
MRA is the three-dimensional (3D) geological model that was previously developed with the
software Leapfrog Hydro (Pétré et al., 2015). This software was then used to convert the
geological model in a finite element grid compatible with the ‘numerical groundwater flow
simulator FEFLOW (Diersch, 2014). A 2D areal finite element mesh was first created in
FEFLOW and was then applied to the layers of the 3D geological model, resulting in a 3D
numerical model grid comprising 15 layers (Fig.' 3). The geometry and thicknesses of the

geological layers remained unchanged in the numerical model.

The numerical model covers a surface area of 26,300 km? with a volume of approximatively
30,000 km3. The top surface of the groundwater flow model corresponds to ground level,
represented by the Digital Elevation Model (DEM) of the study area (pixel size is 500 m x 500
m). The domain is discretized into 329,825 triangular prismatic mesh elements and 165,587
nodes per slice. The finite element mesh was locally refined along the Milk River where a steep
horizontal hydraulic gradient was expected. The lateral sizes of the elements in the mesh vary

from 100 -m, where the grid was refined, to 650 m in the remainder of the domain.

The model considers seven hydrostratigraphic units (Fig. 3): surficial sediments, bedrock
valleys, the Belly/Judith River Formation, the Pakowki/Claggett Formation, the Milk River

Formation, the Colorado Group and the Bow Island Sandstone.
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Boundary conditions in the model domain are summarized in Fig. 4d.

Specified heads with a seepage constraint were assigned to the streams to precludes any inflow
into the model from the stream nodes in accordance with the conceptual model showing losing

streams.

A hydraulic head corresponding to ground elevation was assigned to the nodes along the
streams (Fig. 4a). The basal layer of the model was defined as a no flow boundary. Along the
outer boundary of the domain on layer 14 (corresponding to the Bow Island Sandstone), a
specified head boundary condition was set to 750 m. This value is based on the potentiometric
map of the Bow Island Sandstone produced by Swanick (1982) in Alberta (Fig. 4b). The
recharge rate was set to 0 mm/y where the Colorado Group aquitard outcrops; since this
aquitard underlies the MRA, the MRA is absent in these areas. In the outcrop/subcrop area,
which constitutes the direct recharge area of the MRA, the recharge rate was set to 10 mmly,
based on previous estimates (Pétré et al., 2016). Elsewhere, the recharge rate was adjusted to 1

mm/y during model calibration (Fig. 4c).

3.2 Hydraulic conductivity of the hydrostratigraphic units

The Kvalue of the MRA was calculated on the basis of the transmissivity and thickness maps of
the Milk River Formation derived from the geological model (Pétré et al., 2016, 2015). The K
values assigned to the MRA range from 8.1x10-° m/s to 9.4x10“ m/s. The spatial distribution of
K (ESM1) was applied to the elements corresponding to the Milk River Formation. Hydraulic
conductivity (K) of the hydrostratigraphic units are summarized in Table 2. Except for the MRA,

all hydrostratigraphic units were assigned a uniform value based on the limited number of points
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estimates available. K estimates for most of units were adjusted during calibration given the

large uncertainties related to their spatial variability (Table 2).

3.3 Groundwater use evaluation in southern Alberta

Information about groundwater use is limited in the study area because the water right holders
do not have the statutory requirement to measure their groundwater withdrawals. An
assessment of the historical groundwater use in the MRA for the period 1908-2015 was carried
out in southern Alberta by Pétré (2016) using 1655 available wells. An extraction rate was
assigned to each well according to their intended use (domestic, stock, municipal or industrial
use). For this assessment, six exploitation zones were delineated (Fig. 5) on the basis of the well
density and the periods at which these wells were installed in the MRA. Those exploitation zones
are represented in the numerical model as diffusive sinks, but the flow rate of the eight main
municipal wells were considered as local sinks. To model the impact of MRA, the model was first
run without pumping in the MRA to establish natural conditions and then three MRA exploitation
scenarios based on the estimated historical exploitation were simulated from the natural

conditions scenario (Table 1):

e Scenario 1, mean exploitation rate: this scenario uses the mean exploitation rate in each
zone over the 108 years considered, which also corresponds to the overall mean
historical exploitation rate of the MRA,;

e Scenario 2, maximum exploitation rate: over the years, the exploitation rate of the MRA
had steadily increased from 1908 to the mid-1990’s and has been in decline since then
(Pétré 2016). Thus, this scenario considers the maximum exploitation rate of the mid-
1990’s, which is spatially distributed over the exploitation zones based on the mean

contribution of each zone over the exploitation period;

10
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Scenario 3, ultimate exploitation rate: MRA exploitation was not uniformly distributed
among the exploitation zones, which have had maximum exploitation rates over different
periods. This last scenario thus considers an exploitation rate of the MRA that
corresponds to the maximum exploitation rate historically reached within< each
exploitation zone. The overall exploitation rate of the MRA for this scenario is‘thus larger

than the historically reached maximum rate (scenario 2).

Table 1 Groundwater extraction rate assigned to each exploitation zones for the three exploitation
scenarios simulated with the numerical model. The mean and maximum rates correspond to the
overall historical level of MRA exploitation, whereas the ultimate rate corresponds to the maximum
historical rate within each zone.

MRA exploitation zone Scenario1  Scenario2 Scenario
(Mm?ly) (Mm?ly) 3
(Mm?3/y)

Zone 1 0.311 0.598 0.603
Zone 2 0.019 0.026 0.056
Zone 3 0.111 0.211 0.227
Zone 4 0.220 0.389 0.655
Zone 5 0.028 0.041 0.064
Zone 6 0.471 0.805 0.888
Municipal wells 0.16 0.17 0.17
Total extraction rate in Domain 1.160 2.070 2.493
Total extraction rate in subdomain 0.963 1.564 1.954
Total extraction ‘over 108 years 142.1 241.9 287.6

(Mm3)-Domain

Total

extraction over 108 years 104 169.8 211.2

(Mm3)-Subdomain

3.4 Numerical model calibration criteria

Calibration of the numerical model was based on a set of quantitative and qualitative criteria.

Thus, hydraulic heads measured in wells, conceptual direction and magnitude of groundwater

11
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fluxes as well as the extent of artesian areas were used to guide model calibration as discussed

below.

There is very limited information related to the pre-development state of the aquifer. The steady-
state calibration dataset consists of hydraulic heads (or calibration targets) produced from
historic potentiometric surfaces of the MRA that are considered as representative of a steady-
state condition not significantly affected by exploitation. Moreover, qualitative information
describing the state of the aquifer at the beginning of the MRA exploitation was used. In
Montana, the available potentiometric surface is from Pétré (2016). - This map is actually a
composite map of historical potentiometric maps from Levings (1982) in south-east Montana,
Tuck (1993) in the Sweet Grass Hills area and Zimmerman (1967) in south-west Montana.
Although these maps have been drawn after years of groundwater exploitation, it was assumed
that they represented a condition similar to predevelopment. Indeed, the south-west area in
Montana appears to have stable groundwater levels based on monitoring wells completed in the
MRA. Besides, this area is likely under the influence of active recharge due to its higher
transmissivity and closer proximity to the outcrop of the aquifer where direct recharge can occur
(Figs. 4c and ESM1). In south-east Montana, the investigation carried out in the present study
indicates that the magnitude of water use for oil and gas activity is low, except in the extreme
south-east corner of the study area (Folnagy A.J.B., Montana Department of Natural Resource
Conservation, personal communication). Eleven water level measurements from monitoring
wells, mostly located in the outcrop area of the MRA in Montana, were added to the calibration

dataset.

In Alberta, the same steady-state hypothesis was formulated in the area south of the Milk River,
where it is assumed that the groundwater use is minor compared to what is found north of the
river. Furthermore, this area receives recharge from the outcrop and subcrop areas that is not

intercepted yet by the Milk River. The potentiometric maps used in Alberta are from Meyboom,

12
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(1960) and Toth and Corbet, (1986), who reinterpreted Meyboom’s data by better considering
the surface topography and the potential effect of buried valleys. Simulated heads will be
compared to both potentiometric interpretations. Such model calibration to groundwater levels
could not be done in the area north of the Milk River, which has been subjected to intensive
exploitation and does not have significant renewal from recharge in the outcrop/subcrop of the

MRA due to the interception of groundwater by the Milk River.

A dataset of observation points was defined by randomly selecting points from the interpolated
potentiometric surfaces that were interpolated beforehand within the ' model domain. As shown in
Fig. 6, 132 observation points were defined in northern Montana and 80 points in Alberta (south
of the Milk River). These observation points are assigned in the model within the layer at the

centre of the Milk River Formation.

The discharge mechanism of the MRA through cross-formational flow has been highlighted in
the conceptual model of the aquifer Pétré et al. (2016). The direction and magnitude of these
cross-formational flows previously estimated are thus used here as a calibration criterion. More
specifically, the upward flow component from the MRA to surficial sediments in the vicinity of the
bedrock valleys was estimated to be between 4.0x102 to 4.0x10° m?dy. Another cross-
formational flow directed downward from the MRA through the Colorado Group and to the Bow

Island Sandstone was also defined and estimated to be between 8.0%103 to 8.0x10° m3/y.

Qualitative information on the occurrence of artesian conditions in the MRA provides an
indication of the state of the pre-exploitation system. Previous studies indicate that nearly all the
wells drilled in the MRA in southern Alberta were flowing in the pre-exploitation system (Borneuf,
1976; Hendry et al., 1991; Phillips et al., 1986). (Dowling, 1917) defined the flowing artesian limit
in southern Alberta (Fig. 6). The steady-state model should thus represent this flowing artesian
area and be consistent with Dowling’s (1917) delineation. Although the magnitude of artesian

conditions was not quantified in the past, four recent pressure measurements in the flowing area

13
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are available Pétré et al. (2016). It is assumed that under pre-development conditions, the

hydraulic heads at these locations would have been greater than the present-day observations.

3.5 Adjustments of boundary conditions and hydraulic parameters

During the calibration process, the following modifications were made to improve the match
between observed and simulated hydraulic heads. The density of the surface drainage was first
adjusted locally during the calibration process. It was increased in‘a poorly drained area in the
central part of southern Alberta and decreased north of the Etzikom coulee to better represent
the observed spatial distribution of the flowing artesian area. These modifications imply that
groundwater discharge to surface drainage from the MRA and through the overlying aquitard
exerts an important control on hydraulic heads (and artesian conditions) in the MRA. Such
discharge, while being relatively diffuse, could still be largely controlled by the presence of
surface drainage representing low.topography areas. Conversely, this could also mean that
surface drainage partly reflects the discharge of groundwater originating from the MRA. This
adjustment is in agreement with the observation from (Meyboom, 1960) who identified strong

flowing wells along the main coulees.

In the Milk River canyon area, the value of the specified head boundary condition was adjusted
as the resolution of the DEM representing the model surface elevation did not allow the proper
representation of the 150-m deep and 1500 m-wide canyon (Beaty, 1990). The specified head
was thus set to 30 m below land surface (as defined for the DEM and numerical model) to
correctly represent the incision of the Milk River canyon and to increase its effect on
groundwater interception, which led to a better representation of observed potentiometric
conditions. This adjustment provided a better fit with the calibration target, suggesting that the

Milk River Canyon is an important feature in the discharge mechanism of the MRA.
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Table 2 summarizes the initial ranges of K values and vertical anisotropy for each
hydrostratigraphic units and their final values that provided the best match between the
numerical model and calibration criteria. A few new hydraulic tests recently conducted in the
south-eastern part of the study area in Montana indicate that K of the Milk River/Eagle Formation
is higher than indicated by ESM1 (A. Folnagy, Montana Department of Natural Resource
Conservation, personnal communication). To take into account these new observations, K of the
MRA in the south-east corner of the study area was locally increased by a multiplication factor,
adjusted during the calibration process. The numerical model should-thus better represent K of
the MRA. Miller and Norbeck (1996) give a K value for the Pakowki/Claggett aquitard in the East
Butte area (the eastern Butte of the Sweetgrass Hills) that is much higher than the uniform value
used for this geological unit. This higher value of 9x10® m/s was assigned to the
Pakowki/Claggett Formation in the East Butte area. It provided a better match of hydraulic heads
in this area, suggesting that a zonation of K of the Pakowki/Claggett aquitard is necessary. This
modification indicates that this aquitard probably does not have spatially uniform hydraulic
properties over the study area but available data do not allow the definition of the spatial

distribution of K.

Table 2 Estimated ranges of hydraulic conductivity and vertical anisotropy for each
hydrostratigraphic units and their final (calibrated) values
Horizontal Final values
Hydro- - K Horizontal
: . hydraulic . . K
statigraphic . anisotropy Sources hydraulic .
] conductivity - anisotropy
units K, (mls) (KW/K) conductivity (KJK,)
x Ky (m/s) X
- Robertson (1988);
puprcial 7x10% 1 Hendry and 7x10% 1
sediments (till) Buckland (1990)
; Hendry and
oYU | 9x10.8.8x107 | 10-10* | Buckiand (1990), 5x107 108
iver Formation Anna (2011)
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4. Results

4.1 Hydrogeological model calibration

Model calibration was carried out by trial-and-error_with the objective of obtaining the best fit
between simulated and observed heads at the 212 calibration targets as well as a proper
representation of the artesian conditions in the MRA. The calibration performance was quantified
by calculating the root mean square error (RMSE), the correlation c