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Abstract
Quaternary glacial aquifers are important water sources for irrigation in many agricultural regions, including eastern 
Nebraska, USA. Quaternary glacial aquifers are heterogeneous, with juxtaposed low-permeability and high-permeability 
hydrofacies. Managing groundwater in such aquifers requires a realistic groundwater-flow model parameterization, and char-
acterization of the aquifer geometry, spatial distribution of aquifer properties, and local aquifer interconnectedness. Despite 
its importance in considering uncertainty during decision-making, hydrofacies probabilities generated from multiple-point 
statistics (MPS) are not widely applied for groundwater model parameterization and groundwater management zone delinea-
tion. This study used a combination of soft data, a cognitive training image, and hard data to generate 100 three-dimensional 
(3D) conditional aquifer heterogeneity realizations. The most probable model (probability of hydrofacies) was then computed 
at node spacing of 200 × 200 × 3 m and validated using groundwater-level hydrographs. The resulting hydrofacies probabil-
ity grids revealed variations in aquifer geometry, locally disconnected aquifer systems, recharge pathways, and hydrologic 
barriers. The profiles from hydrofacies probability at various locations show spatial variability of the streambed and aquifer 
connectivity. Groundwater-level hydrographs show evidence of these aquifer characteristics, verifying the general structure 
of the model. Using the MPS-generated 3D hydrofacies probability and hydrologic data, a novel workflow was developed in 
order to better define high-resolution groundwater management zones and strategies. In general, the conditional probability 
of hydrofacies helps improve the understanding of glacial aquifer heterogeneity, the characterization of aquifer-to-aquifer and 
streambed-aquifer connections, and the delineation of groundwater management zones. This MPS workflow can be adapted 
to other areas for modeling 3D aquifer heterogeneity using multisource data.
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Introduction

Glacial aquifer systems supply water for various uses world-
wide, particularly in the northern latitudes that experienced 
widespread glaciation during the Quaternary (Miller 1999; 

Russell et al. 2004; Ehlers and Gibbard 2007; Margat and van 
der Gun 2013). In the United States, glacial aquifers underlie 
parts of 26 states and supply water to about 42 million people, 
or 5% of the US population (Yager et al. 2018). Aquifer hetero-
geneity is defined as the spatial variation of aquifer hydraulic 
properties (Hiscock and Bense 2021). Glacial aquifer systems 
are heterogeneous and comprise sediment assemblages with a 
wide range of hydraulic properties (Brodzikowski and van Loon 
1987; Anderson 1989; Whittaker and Teutsch 1999; Benn and 
Evans 2014). Aquifer heterogeneity results in complex patterns 
of groundwater flow, which impact head distribution and travel 
time (He et al. 2013), groundwater and surface interactions 
(Fleckenstein et al. 2006; Zhao and Illman 2017), limit infiltra-
tion rate and groundwater discharge (Åberg et al. 2021) and 
managed aquifer recharge (Maples et al. 2020). Aquifer hetero-
geneity produces tortuous groundwater flow paths (Comte et al. 
2019) and challenges groundwater management (Kelly et al. 
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2013). Characterizing the spatial scales of heterogeneity in the 
subsurface volume of interest is essential to appropriately simu-
late flow and manage groundwater resources (Giudici 2010). 
The relevant data to characterize aquifer heterogeneity at a scale 
of interest are rarely available, and as a result, aquifer hetero-
geneity is simplified for groundwater simulation. Simplifying 
heterogeneity may lead to unrealistic aquifer characteristics 
(Lukjan and Chalermyanont 2017) and incorrect aquifer con-
nections, resulting in overgeneralized groundwater flow paths.

Sustainable groundwater management requires an improved 
understanding of aquifer-to-aquifer connections, stream–aquifer 
connections, and vertical and horizontal water flow components 
and processes between or within an aquifer. Groundwater man-
agement activities such as regulating well pumping and well 
interferences, siting new pumping wells, protecting streamflow 
depletion, safeguarding recharge zones and enhancing aquifer 
recharge, necessitate a realistic aquifer framework and properties. 
Groundwater management decisions often rely on the results of 
groundwater models and monitoring systems. Well hydrographs 
are often used to map aquifer heterogeneity and properties during 
calibrations; however, even with good calibration results, uncer-
tainty may persist. A unique set of parameters cannot be obtained 
during calibration–multiple hydraulic conductivity values may 
provide a good fit, and solutions are nonunique (Konikow and 
Bredehoeft 1992). Inadequate conceptual geological model 
and aquifer parameter estimations are sources of uncertainty 
in groundwater flow models (Rojas et al. 2010; Refsgaard et al. 
2012; Enemark et al. 2019; Yin et al. 2021). Errors in aquifer 
heterogeneity and structure can result in biases related to param-
eterization, calibration and prediction (Christensen et al. 2017b). 
Comparing the estimated aquifer parameters by the inverse cali-
bration model to prior knowledge of aquifer structures or a 3D 
aquifer realization model can help validate the inverse model-
based estimated aquifer properties and model accuracy, reduc-
ing the potential impact of ill-posed calibrations on model-aided 
decision-making. Three-dimensional (3D) modeling of hydrofa-
cies is fundamental to constructing a groundwater flow model for 
groundwater management. Hydrofacies probability is also a use-
ful tool for understanding and assessing uncertainty in an aquifer 
structure and aquifer properties. However, it is not widely used 
in groundwater model parameterization and groundwater man-
agement zone delineation due to a lack of data and difficulties in 
implementing the concept in practical applications.

Aquifer permeability is influenced by lithofacies distribution 
(Bersezio et al. 1999; Zappa et al. 2006; Suriamin and Pranter 
2018). Lithofacies from borehole data are frequently used to 
model hydrofacies. Different lithofacies can be grouped into sin-
gle hydrofacies (Klingbeil et al. 1999; De Caro et al. 2020). Esti-
mation of hydraulic conductivity is typically done by analyzing 
lithofacies data and limited pumping test wells to model ground-
water flow. The groundwater flow model necessitates realistic 
parameterization of spatial variations in aquifer properties. Accu-
rately estimating spatial variations of complex glacial aquifer 

hydraulic conductivities requires a large amount of data. The 
estimation of realistic aquifer heterogeneity and properties can be 
aided by modeling spatial variations in hydrofacies. The hydrofa-
cies model can be used to estimate the hydraulic conductivity of 
an aquifer (Theel et al. 2020; Xue et al. 2022). Geophysical data 
are often used to enhance the horizontal resolution of hydrofa-
cies modeling, but translating geophysical data to hydrofacies 
can be challenging due to the nonuniqueness of the informa-
tion derived from geophysical data. Airborne electromagnetics 
(AEM) is a geophysical technique that provides spatially dense 
data between boreholes and can yield critical information on the 
aquifer extent and confining units (Hanson et al. 2012; Korus 
et al. 2013, 2017, 2021; Korus 2018). To interpret AEM data, the 
AEM data must first be inverted and interpolated to generate a 
3D resistivity grid. Then the resistivity-borehole lithological rela-
tionship is used to convert 3D AEM resistivity data into hydro-
facies. Combining AEM-derived resistivity-depth models with 
borehole logs can improve geological heterogeneity simulation 
and reliability (Jørgensen et al. 2013; Foged et al. 2014; Korus 
et al. 2017). The integration of AEM with a borehole can be 
utilized to map the aquifer system (Knight et al. 2018), estimate 
the upper top of the saturated zone (Dewar and Knight 2020) 
and locate incised valley fill for recharging the aquifer (Knight 
et al. 2022). Combining AEM data with well hydrograph data 
is useful for mapping impermeable aquifer boundaries (Korus 
2018). The information derived from AEM data is also valu-
able in bolstering the accuracy of groundwater models. Marker 
et al. (2015) employed AEM data in combination with borehole 
data to produce clay fraction estimates, categorized them into 
hydrostratigraphic zones, estimated hydraulic conductivity for 
each zone, used these values in groundwater calibration, and 
observed an enhancement in hydrological performance. Chris-
tensen et al. (2017a) used AEM data to create 3D distributions 
of hydraulic conductivity and reported that the accuracy of the 
groundwater predictive model improved, specifically, predictions 
of recharge area, head change and stream discharge.

Three-dimensional modeling of glacial aquifer heteroge-
neity is challenging because it requires spatially dense data 
and sophisticated methods. The cognitive approach produces 
only a single aquifer heterogeneity and involves significant 
effort and expertise to create multiple 3D realizations of 
aquifer heterogeneity in a glacial region. Geostatistical 
simulations such as two-point and multiple-point statistics 
(MPS) are also commonly used to model aquifer heterogene-
ity. The MPS approach has many advantages over cognitive 
and two-point geostatistical methods (Liu et al. 2005; Hu 
and Chugunova 2008). Unlike two-point geostatistics, which 
use a variogram approach to generate geological heterogene-
ity, MPS uses statistics from a training image (TI) and better 
simulates complex geological patterns than two-point tech-
niques (Strebelle 2002). MPS generates multiple plausible 
realizations by combining TI, hard data (certain borehole 
data) and soft data (geophysical data); however, locational 
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measurement and driller’s borehole lithological logs descrip-
tions are always subject to uncertainty and borehole data are 
not 100% certain. Despite such errors, hard data are treated 
as certain and used to constrain the MPS realization. MPS 
realizations are compelled to perfectly match the hard data 
during simulations, but MPS realizations are not forced to 
match soft data (Hansen et al. 2018; Vilhelmsen et al. 2019; 
Madsen et al. 2021).

In areas where there are no hard data, MPS fills simula-
tion grids by borrowing geological features from a TI and 
soft data. Statistical information is derived from TI using 
a search tree template and stored in a tree (Liu 2006). The 
selection of an appropriate search template is vital to cap-
ture geological heterogeneity and information presented in 
the TI. A small search mask may exclude vital geological 
features in the TI, and too large a search mask prolongs MPS 
simulation time and leads to nonrepresentative statistics (Hu 
and Chugunova 2008). The TI pattern that appears in the 
search mask is recorded in the search tree (Ba et al. 2019).

Near the eastern margin of the High Plains Aquifer (HPA) 
in Nebraska, the geological system consists of complex gla-
cial deposits and productive paleovalley (buried valley) aqui-
fers (Divine et al. 2009; Korus et al. 2017). The boundary of 
the HPA in eastern Nebraska is concealed by glacial deposits 
and loess, and there are multiple generations of paleoval-
leys in the subsurface (Korus et al. 2017). These paleovalley 
aquifers are complex and heterogeneous, resulting in sig-
nificant spatial variability in aquifer properties. The vari-
ability of aquifer properties, as well as the presence of low 
permeability hydrofacies, can limit water flow between and 
within the aquifers as well as recharge to the aquifer. Effec-
tive groundwater management in this area requires an under-
standing of paleovalley aquifer continuity, confining units, 
and features controlling groundwater flow. This study aims 
to answer the following questions by simulating detailed gla-
cial aquifer heterogeneity: (1) Are the palaeovalley aquifers 
connected? (2) Is the streambed-aquifer system connected? 
(3) Can a 3D MPS-generated probability be used to define 
management boundaries?

Probabilistic simulations of glacial aquifer heterogeneity 
using MPS are not often utilized to analyze the connection 
between buried valleys aquifers, aquifers and streambeds 
and to define groundwater management zones. Simulations 
of various conditional realizations aid in determining plau-
sible glacial aquifer heterogeneity and aquifer-to-aquifer 
connectivity, which is an important step in considering 
the uncertainty of aquifer characterization in groundwater 
modeling and management. Visual inspections and borehole 
logs are commonly utilized to validate hydrostratigraphic 
units produced by MPS (Barfod et al. 2018a). Although well 
hydrographs can provide information about the properties 
of aquifers and hydrostratigraphic units, they are rarely 
used to validate MPS-generated hydrofacies and aquifer 

heterogeneity. Unlike other examples, this study uses a novel 
application of groundwater head monitoring for qualitative 
validation of aquifer heterogeneity and computed 3D hydro-
facies probability to account for uncertainty. To the authors’ 
knowledge, hydrographs have not been applied to validate 
glacial aquifer heterogeneity. This study demonstrated that 
MPS can be a useful tool for modeling glacial-aquifer heter-
ogeneity. Furthermore, a workflow for delineating manage-
ment boundaries that take into account the spatially variable 
nature of these aquifers was provided, which is critical for 
tailored management solutions.

Physical setting

The study area is located in eastern Nebraska, USA (Fig. 1). 
It includes the watersheds of Elm Creek, Taylor Creek, and 
Loseke Creek, which flow into Shell Creek, a tributary of 
the Platte River. The elevation of the study area ranges 
between 424 and 533 m. Groundwater is managed by the 
Lower Platte North Natural Resources District, which has 
established management rules for this area because of peri-
odic groundwater shortages related to well interference and 
large-magnitude groundwater-level declines during irriga-
tion pumping. The management area is approximately 643 
km2 and is about 40 km in the E–W direction and 17 km in 
the N–S direction.

Shell Creek watershed lies near the maximum western 
extent of Pleistocene glaciation in North America. The Lau-
rentide Ice Sheet advanced over preglacial and proglacial 
deposits in this area, producing a complex arrangement of 
buried valleys, tills, and spatially variable sand and gravel 
bodies. Glacial sediments are mantled by multiple loess 
units. Bedrock consists of impermeable Cretaceous rocks, 
principally shale, chalky shale, and limestone, which serve 
as the lower boundary for groundwater flow. Unconsolidated 
sand and gravel units above bedrock serve as the primary 
aquifers for municipal and irrigation purposes. The glacial 
aquifers system consists of sand and gravel deposits in bur-
ied valleys atop bedrock (paleovalleys), and discontinuous 
sand and gravel bodies within unconsolidated glacial sedi-
ments (Divine et al. 2009).

Materials and methods

Borehole data processing

Boreholes logs were obtained from the Nebraska Depart-
ment of Natural Resources (NDNR) and test holes were 
drilled by the Nebraska Conservation and Survey Divi-
sion (CSD) (Fig. 2). The borehole lithological logs were 
used to evaluate geophysical inversion, conduct MPS 
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simulation, and support results and interpretation. Bore-
hole uncertainty impacts the translation of AEM resis-
tivity to sediment probability and is weighted to account 

for uncertainty. Borehole data can be weighted based on 
location accuracy, sampling frequency, drilling method, 
and borehole geophysical data criteria to account for 
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borehole uncertainty (Barfod et al. 2016; He et al. 2014b; 
Høyer et al. 2015, 2017). Høyer et al. (2017) used a uni-
form uncertainty of 20% for all boreholes. In this study, 
data quality is rated using a subdivision into four groups 
based on location accuracy and borehole log resolution 
following the decision tree borehole quality assessment 
method (Korus and Hensen 2020). Location quality rat-
ing depends on the source of geographic coordinates. If a 
borehole location is determined using a global positioning 
system (GPS) or by measuring N–S and E–W distance 
from a nearby line (resulting in low location error, typi-
cally <10 m), it is considered to have good location qual-
ity. Otherwise, it is classified as having poor quality. For 
the quality of the lithological description, the borehole 
depth is divided by the borehole logs intervals and if the 
average is less than 6.1, the description is considered as 
detailed. If the average is 6.1 or higher, the description is 
considered not detailed. Using these criteria, the 1,007 
boreholes in the study area were classified into four dis-
tinct categories. Category 1 boreholes have good location 
quality and detailed lithological descriptions. Category 1 

boreholes were used as hard data because their locations 
and lithological logs were meticulously recorded by skilled 
geologists. Category 2 boreholes (a total of 394 boreholes) 
have detailed borehole lithological logs and good loca-
tion quality (coordinates measured using GPS or measured 
footage N–S and E–W nearest sections line). Category 3 
boreholes (a total of 387 boreholes) lack detailed bore-
hole lithological logs but have good location quality. Both 
category 2 and 3 boreholes were not logged by a trained 
geologist or were unknown, and thus considered soft data 
(uncertain data). For category 2 and 3 boreholes, a 75 and 
65% probability of certainty was assigned to category 2 
and 3 boreholes, respectively. The lithohydrofacies from 
category 2 and 3 boreholes were merged and normalized 
and integrated with hydrogeophysical facies probabilities 
obtained from AEM resistivity data, which were used as 
soft data. A total of 218 boreholes were excluded in cat-
egory 4 due to their inaccurate and ambiguous location 
quality to prevent errors from being introduced into the 
soft data when merging these boreholes with AEM data 
and utilizing them in MPS simulation.

Fig. 2   Airborne electromagnetics (AEM) flight lines, Nebraska Con-
servation and Survey Division (CSD) test holes, Nebraska Depart-
ment of Natural Resources (DNR) boreholes, and W–E and N–S 

section profiles shown herein. Borehole categories refer to quality cri-
teria explained in the text
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AEM data processing and inversions

An AEM survey was conducted in 2016 using the 
SkyTEM304M system (Sørense and Auken 2004) to gen-
erate data for hydrostratigraphic units. SkyTEM is a hel-
icopter-borne transient electromagnetic (TEM) method 
that consists of a transmitter coil and a receiver loop. The 
TEM method is based on the time-varying magnetic field 
caused by the rapid turnoff of current sent by the transmit-
ter coil, and it provides subsurface electrical properties via 
Faraday’s law of induction (Christiansen et al. 2006). The 
induction generates a secondary magnetic field measured at 
the receiver and contains information about the subsurface 
resistivity. The data are recorded in time windows called 
gates and consist of a single sounding at one location. The 
flight speed and the measurement interval determine the dis-
tance between soundings. SkyTEM has two moments: a low 
moment (3,000 A・m2) enables measurement of early time 
data and provides details about shallow subsurface struc-
tures, and a high moment (160,000 A・m2) enables measure-
ment of late time data, penetrates deeper and offers details 
about deep subsurface structures (Sørense and Auken 2004). 
There are 26 flight lines in the study area (Fig. 2), and the 
distance between flights is about 500 m. The AEM survey 
lines run east to west, and one line runs north to south. The 
AEM survey instrumentation and data acquisition for the 
study area were presented in AGF (2017).

AEM data were processed using Aarhus Workbench 6.2 
software which has geophysical and GIS platforms. Man-
ual and automatic methods were applied to adjust altitude 
and voltage data, as described by Auken et al. (2009). A 
spatially constrained inversion (SCI) (Viezzoli et al. 2008) 
was used that forms a quasi-3D model by constraining later-
ally along and across the flight lines to generate resistivity 
depth for 30 layers. A 30-layer model was used, with thick-
nesses increasing logarithmically with depth. The thickness 
of the first and 29th layers is 3 and 25.9 m, respectively. 
The depth to the base of the 29th layer is 312 m below the 
land surface. The Kriging technique with a node spacing of 
200 m × 200 m × 3 m was used to interpolate one-dimen-
sional (1D) inverted resistivity to a 3D resistivity grid. The 
vertical resolution (3 m) was selected to capture vertical 
heterogeneity in resistivity.

Hydrologic data

Groundwater levels are monitored in a network of two 
observation wells and 20 irrigation wells in the study area. 
Monitoring of water levels in irrigation wells is achieved 
through the use of pipes installed in the filter pack of the 
well between the well casing and the borehole wall. Auto-
matic groundwater level monitoring systems were installed 
in July of 2020 to collect daily real-time groundwater-level 

data. The groundwater level monitoring was aimed to assess 
drawdown and potential impacts of well interferences during 
irrigation pumping. Well hydrographs were used to evaluate 
and verify the interconnections between the aquifer systems 
and streams. Water-table measurements from spring 2017 
were interpolated using the Ordinary kriging method to 
determine the position of the water table in the aquifer sys-
tem. There were numerous water level data available from 
a measurement campaign conducted in the spring of 2017. 
Water levels data in the spring of 2017 were used to map 
static water levels because spring is the best time to measure 
static water levels (no irrigation pumping).

MPS modeling

The MPS work is carried out in this study using the 3D 
geological modeling software GeoScene3D. The software 
allows for visualization and integration of different geo-data 
types and consists of all the necessary tools for a full MPS 
workflow, from generating the 3D training image through 
simulation to computing the statistics/hydrofacies probabili-
ties. In this study, the borehole lithological logs were cat-
egorized into hydrofacies. Hydrofacies 1 consists of poorly 
permeable sediments (silt, clay, soil, clay and silt, silt and 
clay, clay and sand, clay and gravel, shale, till and siltstone) 
and hydrofacies 2 consists of medium to highly permeable 
sediments (sand, gravel, silt and sand, sand and gravel, fine 
sand, coarse sand, gravel and silt). Hydrofacies 2 forms the 
glacial aquifer, while hydrofacies 1 forms the confining units 
(aquitard) and bedrock units. Figure 3 depicts the methodol-
ogy used to simulate aquifer heterogeneity. The simulations 
are performed using the preferential simulation path tech-
nique (Hansen et al. 2018) and the SNESIM algorithm of the 
open-source software MPSLIB (Hansen et al. 2016) which 
is embedded in GeoScene3D.

Soft data conditioning

The soft data were prepared in three steps. First, the AEM 
data were processed, inverted, and interpolated to a 3D grid. 
Second, borehole data were grouped, ranked, and assigned to 
the 3D grid. The borehole lithological logs were then classified 
as lithohydrofacies. Lithohydrofacies 1 consists of fine-grained 
sediments and lithohydrofacies 2 consists of coarse-grained 
sediments. This study used lithohydrofacies generated from 
boreholes with detailed lithological logs and good location 
quality to determine the corresponding resistivity values for 
each lithohydrofacies. The lithohydrofacies were assigned to 
a 200 m × 200 m × 3 m grid and the distribution of resistivity 
values for each lithohydrofacies was evaluated by examining 
the correlation between corresponding lithohydrofacies and 
resistivity values. The correlation between resistivity and 
lithohydrofacies can be affected by factors such as subsurface 
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water quality, clay minerals, and porosity. In the study area, the 
effect of porewater conductivity on the relationship is negligi-
ble and clay minerals exert a dominant control on resistivity 
(Korus et al. 2017). The built-in automatic transfer function 
in GeoScene3D was used to establish the correlation between 
resistivity values and lithohydrofacies. The transfer function 
highlights resistivity values of 22 Ω・m as cutoffs for hydrogeo-
electrical facies (Fig. 4). A hydrogeoelectrical facies was then 
generated from AEM resistivity data using this cutoff value. 
A hydrogeoelectrical facies is a group of sediments that have 
similar lithological, hydraulic, and electrical properties (Catta-
neo 2014). For the successive phases of the workflow, it would 
be very useful to distinguish hydrogeoelectrical facies based 
on their resistivity value. Figure 4 shows the probability of the 
two hydrogeoelectrical facies for the whole range of electrical 
resistivities in the study area. As resistivity values increase, 
the percentage of hydrogeoelectrical facies 1 decreases while 
the percentage of hydrogeoelectrical facies 2 increases. The 

hydrogeoelectrical facies probabilities were merged with litho-
hydrofacies from uncertain borehole data and used as soft data. 
Using information derived from AEM data as soft data leads to 
a more detailed and representative subsurface realization than 
relying solely on borehole data (Barfod et al. 2018b). The soft 
data were used together with TI to determine the probability of 
hydrofacies at a simulated grid. Using the tau model (Journel 
2002), the SNESIM algorithm adjusts the influence of soft data 
(He et al. 2014a, b; Ma and Jafarpour 2019). A higher value 
of tau means that the soft data will have a stronger influence, 
while a lower value of tau means that the soft data will have 
a weaker influence (Ma and Jafarpour 2019). The value of 
tau can be estimated from the data. The probability of finding 
hydrofacies at a specific simulation grid node is calculated 
based on conditional probability by combining the training 
image and soft data. One hundred realizations are carried out 
to ensure that reliable hydrofacies events occur at the simulated 
grid and to calculate the probability at the simulated location. 

Fig. 3   Multiple-point statistic (MPS) simulation workflow used in this study
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The number of realizations should be large enough to ensure 
the stability of the results while also considering the intended 
processing time of the realizations (Remy et al. 2009).

Hard data conditioning

Hard data conditioning forces MPS realizations to match hard 
data exactly. In this study, lithohydrofacies generated from 
eight boreholes that overlap AEM flight lines (Fig. 2) were 
used as hard data to condition the MPS realizations and reduce 
uncertainty by forcing the models to match the hard data.

Training image (TI)

In hard-data-scarce areas, MPS realizations rely more on 
the statistics derived from a TI, which is a cognitive model 
(Høyer et al. 2017), and from soft data. The ability of the MPS 
approach to generate realistic representations of geological 
heterogeneity is heavily dependent on the user-generated TI. 
TI can be generated from a wide range of data sources; geo-
physical data such as airborne electromagnetic data (AEM) 
(He et al. 2013, 2014a; Jørgensen et al. 2015), field data in 
combination with borehole data (Dall’Alba et al. 2020), and 
geological background knowledge of the study area. A 3D 
TI was generated for this study using the same cell size as 
the 3D AEM resistivity grid but with a smaller footprint 
(Fig. 5). The aquifer heterogeneity incorporation into the TI 
was based on a conceptual understanding of the geology of 
the study area, its aquifer system, glacial processes, interpreta-
tions of hydrostratigraphic borehole units, surface geological 
information, and the AEM model (Korus et al. 2021). Then, 
expected aquifer heterogeneity in the vertical and horizontal 
directions was incorporated into the TI. The TI image consists 
of 106,796 nodes for hydrofacies units. The TI consists of a 

buried bedrock paleovalley trending W–E, a buried channel 
trending N–S, and glaciotectonic thrust wedges. The structure 
and geometry of the glacial deposits in the study area were 
incorporated into the TI to guide MPS simulation.

MPS parameters and hydrofacies probability calculation

Choosing appropriate MPS parameters, such as search tem-
plates and multiple grids, is critical for simulating heteroge-
neous and discontinuous glacial aquifer systems. The MPS 
algorithm and the parameters used significantly impact spa-
tial structures derived from the TI (Liu 2006; Høyer et al. 
2017). Larger search templates of multiple grids are used 
to detect large-scale structures and patterns in the TI, while 
finer templates are used to detect smaller structures within 
the TI (Mariethoz and Caers 2014). Different MPS model 
parameters were evaluated to simulate aquifer realizations 
using the preferential simulation path implemented in Geo-
Scene3D. An advantage of the preferential simulation path 
is that more informed model parameters are visited preferen-
tially to less informed ones (Hansen et al. 2018). The model 
was simulated with a cell size of 200 m × 200 m × 3 m. 
A minimum search template of 3 × 3 × 3 and a maximum 
search template of 10 × 10 × 10 were used to scan and derive 
information from the TI. Different numbers of multiple grids 
were tested and of the multiple grids, six provided good 
results. The impact of multigrids on MPS realization has 
been well documented by Liu (2006).

The hydrofacies assigned to the simulation grid are deter-
mined using the TI, hard, and soft data. During simulation, 
hard data provides the first conditioning nodes and patterns 
to be matched (Madsen et al. 2021). If a grid cell lacks hard 
data, grid cell-based conditional hydrofacies are calculated 
by scanning information stored in a search tree and soft data. 

Fig. 5   Training images: a 
three-dimensional b W–E and 
N–S slices c only hydrofacies 2 
presented
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One hundred 3D aquifer realizations were simulated and the 
probability of each hydrofacies was calculated at each grid 
of 200 m × 200 m × 3 m.

Model evaluation

Qualitative evaluations of 3D hydrofacies probability were 
performed using high-quality borehole logs and heterogene-
ity features presented in the TI. In addition, well hydrographs 
were used to determine the connection between aquifers and 
possible well interferences. The connections between aquifers 
were assessed following the approach of Butler et al. (2013) 
and Butler et al. (2021) using several characteristics of the 
hydrographs, including (1) duration of drawdown during 
pumping, (2) length of the recovery period after cessation of 
pumping, (3) year-to-year changes in peak groundwater levels, 
and (4) slope of hydrograph during nonirrigation months (after 
drawdown recovery and before the onset of pumping).

Results

Model evaluation

Pseudo wells were placed in the model space at various 
locations (Fig. 6) to extract attributes from the hydrofacies 
probability grid and soft data (AEM and boreholes) grids 
for comparison (Fig. 7). Pseudo wells (Fig. 7) show that the 
probability of hydrofacies 2 is low at shallow depth (eleva-
tion 490–520 m), which corresponds to loess and till (confin-
ing unit). The probability of hydrofacies 2 is also low below 

the bedrock surface (elevation 420 m), which corresponds to 
shale. The highest hydrofacies 2 probability exists between 
the elevation of 420–495 m. In general, probabilities of soft 
data match well with hydrofacies probabilities from MPS 
simulations at the locations of pseudo wells. High probabil-
ity (> 0.7) from soft data corresponds to high hydrofacies 2 
probability (> 0.6) from MPS simulation in all pseudo wells.

Glacial aquifer system and heterogeneity

Spatial patterns hydrofacies 2 probability varies with depth 
(Fig. 8). The horizontal slices reveal different zones of 
hydrofacies 2 probability: low (<0.2), low-medium (from 
0.2 to 0.4), medium (from 0.4 to 0.6) and medium to high 
probability (>0.6). Low hydrofacies 2 probability at eleva-
tion 486 m indicates a shallow, clay-rich confining unit 
(clay, silt, and till units; Fig. 8a). The deepest slice at 386 m 
shows shale-dominant bedrock units (Fig. 8f). Low-medium 
hydrofacies 2 probability values indicate heterogeneous 
units, whereas high hydrofacies 2 probability values indi-
cate coarse sediments deposited in a buried valley and other 
glacial sand bodies. High hydrofacies 2 probabilities are ori-
ented N–S at elevations of 473, 444 and 432 m (Fig. 8b–d). 
The interconnectedness of high hydrofacies 2 probability 
varies spatially: it is localized and discontinuous in the east-
ern and western parts of the study area. High hydrofacies 2 
probability is a productive aquifer composed of sand and 
gravel deposits in channel deposits and buried valleys.

The horizontal slices (Fig. 8), W–E profiles (Fig. 9), and 
N–S profiles (Fig. 10) show three types of aquifer connec-
tivity: (1) connected N–S and W–E trending paleovalley 
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aquifers (Fig. 8c), (2) medium to poorly connected valley 
aquifer type where heterogeneous units (medium hydrofa-
cies 2 probability) are found between high hydrofacies 2 
probability (Fig. 8c–e) and (3) isolated valley aquifer type 
where the aquifer is bounded by aquitard units (Fig. 8a, b). 
The depths of confining units (low hydrofacies 2 probability 
at shallow depth), aquifer zones (high hydrofacies 2 prob-
ability), and bedrock (low hydrofacies 2 probability) in the 
profile correspond well to the lithological borehole logs. The 
top layer is the main confining unit in the study area, which 
is underlain by the aquifer materials, as seen in the W–E 
and N–S profiles (see Figs. 9, 10 and 11). The paleovalley 

aquifers have a high probability of hydrofacies 2 (composed 
of permeable coarse-grained sediments). The aquifer mate-
rials are not continuous, and there are heterogeneous zones 
(hydrofacies 2 probability from 0.4 to 0.6). The thickness of 
the aquifer varies spatially. The heterogeneous zones consist 
of clay, silt, and coarse-grained sediments such as sand and 
gravel. The units below the aquifer materials are till and 
shale units with a low hydrofacies 2 probability (<0.2).

In general, the profiles (Figs. 9, 10 and 11) show the pres-
ence of heterogeneous, clay-rich sediments and complex 
hydrostratigraphic units. The aquifer zone has a variable 
thickness, limited spatial extent, and is discontinuous. The 
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thickness of the confining unit is also variable, resulting in 
complex confining conditions. Figures 10 and 11 show that 
aquifers are locally exposed to the land surface and thus act 
as a direct local recharge zone.

Hydraulic conditions and connections 
between aquifers

All monitoring wells in the study area show groundwater-
level fluctuations in response to irrigation pumping. During 
summer months, irrigation pumping occurs intermittently 
for a period lasting less than 80 days. The magnitude and 
rate of drawdown during this period, as well as the sub-
sequent recovery of groundwater levels, relate to variable 
aquifer conditions (confined and unconfined), lateral extents, 
aquifer-to-aquifer connectivity, and other aquifer character-
istics (Butler and Liu 1991; Butler et al. 2013,  2021; Korus 
2018). Differences in the patterns, magnitudes, and rates of 
drawdown and recovery highlight important spatial varia-
tions in the aquifer framework. As such, evidence from well 
hydrographs is used to qualitatively assess the hydrofacies 
probability model (Fig. 12).

The hydrograph for well G-032023 is typical of wells com-
pleted in the N–S paleovalley aquifer (Fig. 13). Water-level 
drawdown of 5–8 m occurs over several months. This steady 
drawdown is punctuated by 3–5-day periods of rapid (about 
1 h) drawdown of more than 10 m, followed by similarly rapid 

recovery. The long-term declines in water level could be a result 
of the combined drawdown from multiple nearby irrigation wells.

The shorter, rapid periods of drawdown record the 
development of a seepage face in the filter pack, which is 
a common occurrence in wells that are screened in uncon-
fined aquifers (Rushton 2006; Chenaf and Chapuis 2007; 
Behrooz-Koohenjani et al. 2011; Houben 2015a, b). Fol-
lowing the irrigation season, the length of the groundwa-
ter-level recovery is only a small fraction of the pumping 
period (Fig. 13). This rapid recovery is evidence of a later-
ally constrained aquifer (Butler et al. 2021). Indeed, this well 
is bounded by low-permeability units in a W–E direction and 
is located very near the western boundary (Figs. 6, and 12a).

Well G-161226 is located on the eastern margin of the 
same N–S paleovalley aquifer, where it intersects the W–E 
paleovalley aquifer (Fig. 6). The hydrograph for this well is 
similar to that of G-032023, except it lacks evidence of filter-
pack dewatering and its recovery period is slightly longer. 
G-161226 is bounded by medium (from 0.4 to 0.6) hydrofa-
cies 2 probability, so the longer recovery period could reflect 
lower transmissivity or lack of boundary influence. The lack 
of dewatering suggests that the aquifer is confined, which 
agrees with the hydrofacies model (Fig. 12a).

The well hydrographs from G-147342 and G-161227 
(Fig. 13) are typical of wells screened in the W–E paleo-
valley aquifer. The hydrographs show drawdown varying 
between 8 and 15 m and recovery times of about 50 days. 

Fig. 8   Horizontal slice view 
of hydrofacies 2 probability 
from MPS a 486 m b 473 m, c 
444 m, d 432 m, e 410, f 386 m
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The hydrofacies probability shows a high hydrofacies 2 
probability (>0.7) between these two wells and throughout 
the 6-km-wide aquifers, which matches with coarse sedi-
ments shown in borehole lithological logs (Fig. 12b). It also 
shows a confining layer above the aquifer. The groundwater-
level fluctuations are consistent with the interpretation of 
confined conditions, interconnections between wells in the 
paleovalley, and minimal influence of aquifer boundaries.

Well G-133348 lies in a zone of significant heterogeneity 
east of the W–E paleovalley aquifer (Fig. 12b). Groundwater 

level declines and recovery times differ significantly from 
those described previously. Recovery is incomplete fol-
lowing each irrigation season. Annual peak water levels in 
the well have declined by about 6 m over the past 6 years. 
Hydrofacies 2 probability is low (0.2–0.4) and the aquifers 
in this area are poorly connected to the W–E paleovalley 
aquifer (Figs. 8 and 12b). Borehole logs also show heteroge-
neous and thin coarse sediments in the vicinity of G-133348.

Monitoring wells G-149812 and G-051317 are located in 
the middle part of the N–S paleovalley aquifer (Fig. 6). The 
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hydrographs show evidence for filter-pack dewatering, indi-
cating they tapped an unconfined aquifer. The hydrographs 
(Fig. 14) show that the aquifer has fully recovered before the 
next irrigation season. Eastward, near Loseke Creek (Fig. 12c), 
the water-level surface drops abruptly, indicating a hydrau-
lic boundary. The location of this boundary corresponds to 
a heterogeneous zone separating the E–W paleovalley from 
deposits farther east. On the easternmost side of this profile, 
well G-173012 shows incomplete recovery between irrigation 
seasons, similar to other wells in this heterogeneous zone.

The well hydrograph from G-126483 is typical of wells in 
the heterogeneous zone west of the N–S paleovalley (Fig. 14). 
It shows a high drawdown (~12 m) and rapid recovery (~5 days;  
Fig. 14). It also shows rapid dewatering of the filter pack. This 
well hydrograph is characteristic of a thin unconfined aquifer 

with low transmissivity and enclosed by hydraulic boundaries. 
The hydrofacies model (Fig. 12d) shows a thin high hydrofacies 2 
probability (>0.6) bounded by heterogeneous hydrofacies 2 prob-
ability (probability ranges between 0.2 and 1.0). It also shows 
a poor connection with the N–S paleovalley aquifer (Fig. 12d).

Connections between streambed and aquifers

Hydrofacies 2 probability indicates spatial variability of 
streambed and aquifer connectivity (Figs. 9, 10, 11 and 12). 
Upstream reaches of the streams show low hydrofacies 2 
probability between the stream bank, streambed, and aquifer, 
indicating a poor connection to the aquifer (Fig. 12a–c). In 
downstream reaches near the stream outlets, however, there 
is medium to high (>0.6) hydrofacies 2 probability between 
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the aquifer and the bed of Taylor Creek (Fig. 12e). Loseke 
Creek’s stream bed also shows medium (from 0.4 to 0.6) 
hydrofacies 2 probability. Furthermore, there are local con-
nections of streambed and aquifer in upland areas between 
streams (Fig. 12e).

The hydrographs for wells G-126483 and G-157921, which 
are located near the stream outlets (Fig. 12e, f), are unlike 
any hydrographs in the upstream reaches (Figs. 13 and 14). 
Both wells show evidence of pumping-induced drawdown, 
but water levels recover rapidly and completely. There is little 
to no long-term drawdown of the water table in the vicinity of 
these wells during the irrigation season, despite evidence of 
large-magnitude drawdown in wells G-164613 and 173012, 
which are located just a few kilometers away. These observa-
tions strongly suggest that the aquifers in the downstream area 
are compartmentalized and are affected by recharge bounda-
ries. It also suggests that there may be localized pathways for 
rapid recharge in upland areas between streams.

Delineation of groundwater management zones

Seven groundwater management zones were developed based 
on hydrofacies probability and hydrograph characteristics 

(Fig. 15). Table 1 shows the detailed characteristics of each 
zone as well as the management issue. Zone 1 is an uncon-
fined aquifer, while zone 2 is heterogeneous and has abrupt 
variations between confined and unconfined aquifers. The 
main management issue in zone 2 is local well interference. 
The horizontal slice (Fig. 15, zones 3–4) demonstrates the 
connection between N–S and E–W-oriented palaeovalley 
aquifers. The decline in groundwater level in connected val-
ley aquifers is most likely the result of multiple well inter-
ferences caused by nearby irrigation well pumping (Fig. 15, 
zone 4). Well interferences increase groundwater-level draw-
down and affect well yield for crop production. Zone 3 indi-
cates a narrow, bounded, unconfined aquifer with high hydro-
facies 2 probability. Excessive drawdown can be seen in the 
hydrographs of the wells in zone 3 located near the bounda-
ries. Zones 3 and 4 can be managed as a single aquifer. Future 
well permits and siting should consider the effects of well 
interferences and sustainable yield in these zones. Variability 
in groundwater level declines and recovery in nearby wells 
indicate a weak connection between aquifers (Fig. 15, zones 
5–6). These zones are characterized by extreme heterogeneity 
that affects direct aquifer recharge. Well permitting in zones 
5 and 6 should consider the impact of high drawdown during 
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Fig. 13   Hydrographs from observation wells showing drawdown and recovery 2018–2022 in the upstream reaches of the study area. See 
Fig. 12a, b for locations of wells
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irrigation periods (aquifer depletion) and the disconnected 
valley’s groundwater potential to support irrigation pumping.

Discussion

This paper presents the first MPS-derived hydrofacies model 
of glacial aquifers in Nebraska. It provides an important 
test of the applicability of this method to aquifers in this 

region and to glacial aquifers in general. The hydrofacies 
probability model helps answer questions related to aquifer 
heterogeneity, whereas the groundwater-level hydrographs 
verify characteristics observed in the hydrofacies model 
such as aquifer boundaries (no-flow and recharge) and 
aquifer state (confined vs. unconfined). Paleovalley aqui-
fers, which have a high probability of hydrofacies 2, are the 
most productive aquifers in the study area. Overall, hydrofa-
cies 2 is heterogeneous and discontinuous. These aquifers 
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Fig. 14   Hydrographs from observation wells showing drawdown and recovery during 2018–2021 in the middle and downstream reaches of the 
study area. See Fig. 12c–f for locations of wells

Fig. 15   Proposed manage-
ment boundaries with respect 
to hydrofacies 2 probability, 
represented as a horizontal slice 
through the model at 444 m 
elevation

0          5                  10 kmStream
Proposed management boundary

10.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.10

Hydrofacies 2 probability

1

2
3

4

5

6

7

Legend



	 Hydrogeology Journal

1 3

are hydrologically connected only in one small area. This 
heterogeneity presents a major challenge for groundwater 
management because major changes in hydrologic behav-
ior occur over short distances. MPS provides a framework 
for delineating proposed management boundaries (Fig. 15) 
and hydrographs reveal the hydrologic behaviors specific 
to each zone (Fig. 14). Thus, the workflow presented here 
can be used to create tailored management solutions for 
highly heterogeneous aquifers. Fluctuations and recovery in 
groundwater levels are influenced by groundwater pumping, 
well interference and the nature of the aquifer. The hetero-
geneity of the aquifer obstructs groundwater flow to wells 
and if the cone of depression intersects with impermeable 
layers, significant drops in water levels occur. Some well 
hydrographs in zone 5, which are typical of wells that extract 
water from aquifers surrounded by impermeable formations, 
exhibit abrupt decreases in groundwater levels during irri-
gation pumping (Korus 2018). The hydrofacies probability 
profiles (Figs. 11 and 12e) show the existence of a localized 
aquifer. This localized aquifer is exposed to the land surface 
that may serve as a favorable location for the implementation 
of managed aquifer recharge techniques, such as an artificial 
recharge basin (Knight et al. 2022; Pepin et al. 2022; Uhle-
mann et al. 2022).

The use of appropriate aquifer and streambed heterogene-
ity could help to reduce uncertainty in groundwater–stream 
interaction modeling. The discontinuity and existence of low 
hydraulic conductivity affect groundwater flow (Åberg et al. 
2021). In a heterogeneous aquifer system, the use of a clas-
sical model that involves layering a confining-layer system 
may result in errors in the groundwater model. The results 
from hydrofacies probability improve hydrostratigraphic 
conceptualizations and aid in parameterizing groundwa-
ter flow models for model calibrations. The hydrofacies 2 
probability can be clustered and the relationship between 
the clustered hydrofacies 2 probability and hydraulic con-
ductivity can be assessed to parameterize the groundwater 

model. The K-means clustering method can be used to group 
hydrofacies probabilities, which can then be used to estimate 
the hydraulic conductivity for each group. Furthermore, 
K-means clustering can be used to generate hydrofacies 
probability zones, and inverse groundwater modeling can 
be used to estimate hydraulic conductivity for each clustered 
zone. Marker et al. (2015) used K-means clustering to cat-
egorize voxel models of electrical resistivity and clay frac-
tion into hydrostratigraphic zones and estimated hydraulic 
conductivity for each zone using hydrological calibration.

The heterogeneity of streambed sediment controls the 
water exchange between streams and groundwater. The 
hydraulic conductivity of the streambed is more variable 
in meandering rivers than in straight channels (Abimbola 
et al. 2020). Fleckenstein et al. (2006) compared stream 
and groundwater interactions in homogeneous and het-
erogeneous aquifers and reported that facies distribution 
affects flux and groundwater levels. Kalbus et al. (2009) 
investigated the influence of aquifer and streambed het-
erogeneity on groundwater discharge distribution and 
reported that aquifer heterogeneity has a larger effect on 
stream–groundwater interactions than streambed hetero-
geneity. MPS hydrofacies simulation can help to assess 
streambed hydraulic conductivity and thickness which are 
vital for assessing groundwater–stream interaction mod-
eling. The correlation between MPS-generated hydrofa-
cies probability along streams and hydraulic conductivity 
can be used to assess the spatial variations of hydraulic 
conductivity of the streambed and streambank. This can 
help to reduce uncertainty in the results of stream–aqui-
fer interactions modeling. In addition, MPS hydrofacies 
probability can be used in conjunction with stream coring 
data to estimate the spatial variation of streambed thick-
ness for the stream–groundwater interactions model. In the 
upstream parts of the study area, thick confining units are 
found between the streambed and aquifer. The hydrofacies 
2 probability indicates thin clay-rich units between the 

Table 1   Management zones, recovery, hydrogeologic characteristics and management issue(s)

Zone Primary management issue(s) Hydrogeologic characteristic(s) Recovery time (days) Drawdown (m)

1 Unknown Unconfined  >30 8
2 Local well interference Heterogeneous, abrupt variations between confined 

and unconfined, Low transmissivity
5–25 5–12

3 Excessive drawdown near boundaries Unconfined, laterally constrained 20–30 5–8
4 Well interference Confined 50 8–15
5 Well interference, rapid loss of well yield Extreme heterogeneity, confined, low transmissivity 50 12–15
6 Aquifer depletion Extreme heterogeneity, abrupt variations between 

confined and unconfined, limited recharge
 >285 (incomplete 

between pumping 
periods)

6–8

7 Stream depletion Hydrologically connected to stream, local recharge 
pathways

1–20  <1
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streambed and the aquifer, indicating no direct connection 
between the streams and the aquifer in the middle parts of 
Loseke and Taylor creeks. This complicates water infil-
tration through streambeds and causes a delay in stream 
and groundwater exchange during groundwater pumping, 
prolonging stream depletion. Near all stream outlets (see 
Figs. 12e and 15, zone 7), there is a high hydrofacies 2 
probability that is exposed to the land surface. This perme-
able unit can lead to stream depletion as the groundwater 
level in the aquifer decreases during pumping, or it can 
provide groundwater contribution to streams. The effects 
of irrigation pumping on streamflow and ecosystems 
should be considered in areas where the streambed and 
aquifer are connected. In general, the streambed hydro-
facies probability can be extracted and the relationship 
between streambed hydraulic conductivity and hydrofacies 
probability can be established to estimate spatial variabil-
ity in streambed conductivity.

Conclusions

In this research, glacial aquifer heterogeneity was simulated 
to support the groundwater management system in the Shell 
Creek watershed of eastern Nebraska, USA. Borehole data, 
training images (TI), and airborne electromagnetics (AEM) 
were used to simulate aquifer heterogeneity realizations and 
compute hydrofacies probability at each simulated node of 
200 m × 200 m × 3 m. Monitored groundwater heads were 
used to validate aquifer heterogeneity modeling. The follow-
ing conclusions were drawn based on the expected value of 
hydrofacies 2 probability at the simulated node.

•	 The principal aquifers in the area are two buried valley 
aquifers that intersect at a right angle. These aquifers are 
marked by high hydrofacies 2 probability and compara-
tively high spatial continuity.

•	 The heterogeneous aquifers consist of hydrofacies 2 prob-
ability between 0.4–0.6 and have a variable thickness.

•	 The paleovalley aquifers are disconnected in some places 
and bounded by low hydrofacies 2 probability, which can 
cause significant drawdown when a cone of depression 
intersects this low hydrofacies 2 probability area.

•	 Thin layers are resolved well in the vicinity of hard data, 
resulting in an abrupt change of aquifer framework near 
these grid nodes.

•	 Hydrofacies 2 probability shows a poor connection 
between streambank, streambed and aquifer at upstream 
reaches of the streams. In downstream reaches near the 
stream outlets, however, there is medium to high (> 0.6) 
hydrofacies 2 probability between the aquifer and stre-
ambed.

•	 The well hydrographs show that groundwater responds 
differently to pumping in upstream and downstream 
reaches, particularly water levels recover faster near 
stream outlets in some wells than the monitoring wells 
located upstream.

•	 The 3D hydrofacies 2 probability at the simulated 
nodes and well hydrographs are essential for delineat-
ing groundwater management zones, prioritizing future 
well-monitoring locations and identifying a potential site 
for managed aquifer recharge.

Supplementary information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10040-​023-​02658-x.

Funding  This research is part of the first author’s Ph.D. research, 
funded by the Nebraska Department of Natural Resources and the 
Daugherty Water for Food Global Institute. We would like to thank 
the Nebraska Department of Natural Resources and the Daugherty 
Water for Food Global Institute for funding support for the first author’s 
Ph.D. research. This work was supported in part by funding from the 
United States Department of Agriculture National Institute of Food and 
Agriculture, Hatch project NEB-21-177 (accession number 1015698) 
to J. Korus.

Declarations 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Åberg SC, Åberg AK, Korkka-Niemi K (2021) Three-dimensional 
hydrostratigraphy and groundwater flow models in complex 
Quaternary deposits and weathered/fractured bedrock: evaluating 
increasing model complexity. Hydrogeol J 29:1043–1074. https://​
doi.​org/​10.​1007/​s10040-​020-​02299-4

Abimbola OP, Mittelstet AR, Gilmore TE, Hall LWC (2020) Geosta-
tistical features of streambed vertical hydraulic conductivities 
in Frenchman Creek Watershed in Western Nebraska. pp 1–11. 
https://​doi.​org/​10.​1002/​hyp.​13823

AGF (2017) Hydrogeologic framework of selected areas in Lower 
Platte North Natural Resources District, Nebraska. Aqua Geo 
Frameworks, Mitchell, NE

Anderson MP (1989) Hydrogeologic facies models to delineate 
large-scale spatial trends in glacial and glaciofluvial sediments. 
GSA Bull 101(4):501–511

https://doi.org/10.1007/s10040-023-02658-x
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10040-020-02299-4
https://doi.org/10.1007/s10040-020-02299-4
https://doi.org/10.1002/hyp.13823


	 Hydrogeology Journal

1 3

Auken E, Christiansen AV, Westergaard JH, Kirkegaard C, Foged N, 
Viezzoli A (2009) An integrated processing scheme for high-
resolution airborne electromagnetic surveys, the SkyTEM sys-
tem. Explor Geophys 40(2):184–192. https://​doi.​org/​10.​1071/​
EG081​28

Ba NT, Quang H, Bao L, Thang P (2019) Applying multi-point sta-
tistical methods to build the facies model for Oligocene forma-
tion, X oil field, Cuu Long basin. J Pet Explor Prod Technol 
9(3):1633–1650. https://​doi.​org/​10.​1007/​s13202-​018-​0604-7

Barfod S, Møller I, Christiansen AV (2016) Compiling a national 
resistivity atlas of Denmark based on airborne and ground-based 
transient electromagnetic data. J Appl Geophys 134:199–209. 
https://​doi.​org/​10.​1016/j.​jappg​eo.​2016.​09.​017

Barfod AAS, Møller I, Christiansen AV, Høyer AS, Hoffimann J, 
Straubhaar J, Caers J (2018a) Hydrostratigraphic modeling 
using multiple-point statistics and airborne transient elec-
tromagnetic methods. Hydrol Earth Syst Sci 22:3351–3373. 
https://​doi.​org/​10.​5194/​hess-​22-​3351-​2018

Barfod AAS, Vilhelmsen TN, Jørgensen F, Christiansen AV, Høyer 
AS, Straubhaar J, Møller I (2018b) Contributions to uncertainty 
related to hydrostratigraphic modeling using multiple-point sta-
tistics. Hydrol Earth Syst Sci 22:5485–5508. https://​doi.​org/​10.​
5194/​hess-​22-​5485-​2018

Behrooz-Koohenjani S, Samani N, Kompani-Zare M (2011) Steady 
flow rate to a partially penetrating well with seepage face in an 
unconfined aquifer. Hydrogeol J 19(4):811–821. https://​doi.​org/​
10.​1007/​s10040-​011-​0717-2

Benn D, Evans DJ (2014) Glaciers and glaciation. Routlege, New York
Bersezio R, Bini A, Giudici M (1999) Effects of sedimentary heter-

ogeneity on groundwater flow in a Quaternary pro-glacial delta 
environment: joining facies analysis and numerical modelling. 
Sed Geol 129(3–4):327–344

Brodzikowski K, van Loon AJ (1987) A systematic classification of 
glacial and periglacial environments, facies and deposits. Earth 
Sci Rev 24(5):297–381

Butler JJ, Liu WZ (1991) Pumping tests in non-uniform aquifers: the 
linear strip case. J Hydrol 128(1–4):69–99

Butler JJ, Stotler RL, Whittemore DO, Reboulet EC (2013) Interpreta-
tion of water level changes in the High Plains aquifer in western 
Kansas. Groundwater 51(2):180–190

Butler JJ Jr, Knobbe S, Reboulet EC, Whittemore DO, Wilson BB, 
Bohling GC (2021) Water well hydrographs: an underutilized 
resource for characterizing subsurface conditions. Groundwater 
59(6):808–818

Cattaneo L (2014) Characterization of the subsurface through joint 
hydrogeological and geophysical inversion. PhD Thesis, Univer-
sity of Milan, Italy. https://​air.​unimi.​it/​handle/​2434/​239175

Chenaf D, Chapuis RP (2007) Seepage face height, water table position, 
and well efficiency at steady state. Groundwater 45(2):168–177

Christensen NK, Ferre A, Fiandaca G, Christensen S (2017a) Voxel 
inversion of airborne electromagnetic data for improved ground-
water model construction and prediction accuracy. Hydrol 
Earth Syst Sci 21(2):1321–1337. https://​doi.​org/​10.​5194/​
hess-​21-​1321-​2017

Christensen M, Christensen BJ, Christensen S (2017b) Generation of 
3-D hydrostratigraphic zones from dense airborne electromagnetic 
data to assess groundwater model prediction error. Water Resour 
Res 53:1019–1038. https://​doi.​org/​10.​1002/​2016W​R0191​41

Christiansen AV, Auken E, Sørensen K (2006) The transient electro-
magnetic method. In: Kirsch R (ed) Groundwater geophysics: 
a tool for hydrogeology. Springer, Heidelberg, Germany, pp 
179–225

Comte JC, Ofterdinger U, Legchenko A, Caulfield J, Cassidy R, 
Mézquita González JA (2019) Catchment-scale heterogene-
ity of flow and storage properties in a weathered/fractured hard 
rock aquifer from resistivity and magnetic resonance surveys: 

implications for groundwater flow paths and the distribution of 
residence times. Geol Soc Spec Pub 479(1):35–58. https://​doi.​
org/​10.​1144/​SP479.​11

Dall’Alba V, Renard P, Straubhaar J, Issautier B, Duvail C, Caballero Y 
(2020) 3D multiple-point statistics simulations of the Roussillon 
Continental Pliocene aquifer using DeeSse. Hydrol Earth Syst Sci 
24:4997–5013. https://​doi.​org/​10.​5194/​hess-​24-​4997-​2020

De Caro M, Perico R, Crosta GB, Frattini P, Volpi G (2020) A regional-
scale conceptual and numerical groundwater flow model in fluvio-
glacial sediments for the Milan Metropolitan area (northern Italy). 
J Hydrol Region Stud 29:100683

Dewar N, Knight R (2020) Estimation of the top of the saturated zone 
from airborne electromagnetic data. Geophysics 85(5):EN63–
EN76. https://​doi.​org/​10.​1190/​geo20​19-​0539.1

Divine DP, Joeckel RM, Korus JT, Hanson PR, Lackey S (2009) 
Eastern Nebraska Water Resources Assessment (ENWRA): 
introduction to a hydrogeological study. University of Nebraska-
Lincoln, Conservation and Survey Division Bulletin 1(New 
Series), 36 pp. https://​digit​alcom​mons.​unl.​edu/​conse​rvati​onsur​
vey/​41/. Accessed June 2023

Ehlers J, Gibbard P (2007) The extent and chronology of Cenozoic 
Global Glaciation. Quat Int 164(165):6–20

Enemark T, Peeters LJ, Mallants D, Batelaan O (2019) Hydroge-
ological conceptual model building and testing: a review. J 
Hydrol 569:310–329. https://​doi.​org/​10.​1016/j.​jhydr​ol.​2018.​
12.​007

Fleckenstein JH, Niswonger RG, Fogg GE (2006) River-aquifer 
interactions, geologic heterogeneity, and low-flow management. 
Ground Water 44(6):837–852. https://​doi.​org/​10.​1111/j.​1745-​
6584.​2006.​00190.x

Foged N, Marker PA, Christansen AV, Bauer-Gottwein P, Jørgensen 
F, Høyer AS, Auken E (2014) Large-scale 3D modeling by inte-
gration of resistivity models and borehole data through inver-
sion. Hydrol Earth Syst Sci 18(11):4349–4362. https://​doi.​org/​
10.​5194/​hess-​18-​4349-​2014

Giudici M (2010) Modeling water flow and solute transport in allu-
vial sediments: scaling and hydrostratigraphy from the hydro-
logical point of view. Mem Descrit Carta Geol Ital XC:113–119

Hansen TM, Vu LT, Bach T (2016) MPSLIB: A C++ class for 
sequential simulation of multiple-point statistical models. Soft-
wareX. https://​doi.​org/​10.​1016/j.​softx.​2016.​07.​001

Hansen TM, Vu LT, Mosegaard K, Cordua KS (2018) Multiple point 
statistical simulation using uncertain (soft) conditional data. 
Comput Geosci 114:1–10. https://​doi.​org/​10.​1016/j.​cageo.​2018.​
01.​017

Hanson PR, Korus JT, Divine DP (2012) Three-dimensional 
hydrostratigraphy of the Platte River Valley near Ashland, 
Nebraska: results from Helicopter Electromagnetic (HEM) 
mapping in the Eastern Nebraska Water Resources Assessment 
(ENWRA). Conservation Bul no. 2 (New Series), vol 2. http://​
www.​enwra.​org/​media/​Ashla​nd_​ENWRA_​Bull_2_​2012_​small.​
pdf. Accessed June 2023

He X, Sonnenborg TO, Jørgensen F, Høyer AS, Møller RR, Jensen 
KH (2013) Analyzing the effects of geological and parameter 
uncertainty on prediction of groundwater head and travel time. 
Hydrol Earth Syst Sci 17(8):3245–3260. https://​doi.​org/​10.​5194/​
hess-​17-​3245-​2013

He X, Sonnenborg TO, Jørgensen F, Jensen KH (2014a) The effect 
of training image and secondary data integration with multiple-
point geostatistics in groundwater modelling. Hydrol Earth Syst 
Sci 18(8):2943–2954. https://​doi.​org/​10.​5194/​hess-​18-​2943-​2014

He X, Koch J, Sonnenborg TO, Jïrgensen F, Schamper C, Refsgaard 
CHJ (2014b) Transition probability-based stochastic geological 
modeling using airborne geophysical data and borehole data. 
Water Resour Res 50:3147–3169. https://​doi.​org/​10.​1002/​2013W​
R0145​93

https://doi.org/10.1071/EG08128
https://doi.org/10.1071/EG08128
https://doi.org/10.1007/s13202-018-0604-7
https://doi.org/10.1016/j.jappgeo.2016.09.017
https://doi.org/10.5194/hess-22-3351-2018
https://doi.org/10.5194/hess-22-5485-2018
https://doi.org/10.5194/hess-22-5485-2018
https://doi.org/10.1007/s10040-011-0717-2
https://doi.org/10.1007/s10040-011-0717-2
https://air.unimi.it/handle/2434/239175
https://doi.org/10.5194/hess-21-1321-2017
https://doi.org/10.5194/hess-21-1321-2017
https://doi.org/10.1002/2016WR019141
https://doi.org/10.1144/SP479.11
https://doi.org/10.1144/SP479.11
https://doi.org/10.5194/hess-24-4997-2020
https://doi.org/10.1190/geo2019-0539.1
https://digitalcommons.unl.edu/conservationsurvey/41/
https://digitalcommons.unl.edu/conservationsurvey/41/
https://doi.org/10.1016/j.jhydrol.2018.12.007
https://doi.org/10.1016/j.jhydrol.2018.12.007
https://doi.org/10.1111/j.1745-6584.2006.00190.x
https://doi.org/10.1111/j.1745-6584.2006.00190.x
https://doi.org/10.5194/hess-18-4349-2014
https://doi.org/10.5194/hess-18-4349-2014
https://doi.org/10.1016/j.softx.2016.07.001
https://doi.org/10.1016/j.cageo.2018.01.017
https://doi.org/10.1016/j.cageo.2018.01.017
http://www.enwra.org/media/Ashland_ENWRA_Bull_2_2012_small.pdf
http://www.enwra.org/media/Ashland_ENWRA_Bull_2_2012_small.pdf
http://www.enwra.org/media/Ashland_ENWRA_Bull_2_2012_small.pdf
https://doi.org/10.5194/hess-17-3245-2013
https://doi.org/10.5194/hess-17-3245-2013
https://doi.org/10.5194/hess-18-2943-2014
https://doi.org/10.1002/2013WR014593
https://doi.org/10.1002/2013WR014593


Hydrogeology Journal	

1 3

Hiscock KM, Bense VF (2021) Hydrogeology: principles and practice. 
Wiley, Chichester, UK

Houben GJ (2015a) Review: Hydraulics of water wells—flow laws and 
influence of geometry. Hydrogeol J 23(8):1633–1657

Houben GJ (2015b) Review: Hydraulics of water wells—head losses of 
individual components. Hydrogeol J 23(8):1659–1675

Høyer AS, Jørgensen F, Foged N, He X, Christiansen AV (2015) Three-
dimensional geological modelling of AEM resistivity data: a com-
parison of three methods. J Appl Geophys 115:65–78. https://​doi.​
org/​10.​1016/j.​jappg​eo.​2015.​02.​005

Høyer AS, Vignoli G, Hansen TM, Vu LT, Keefer DA, Jørgensen F 
(2017) Multiple-point statistical simulation for hydrogeological 
models: 3-D training image development and conditioning strat-
egies. Hydrol Earth Syst Sci 21:6069–6089. https://​doi.​org/​10.​
5194/​hess-​21-​6069-​2017

Hu LY, Chugunova T (2008) Multiple-point geostatistics for modeling 
subsurface heterogeneity: a comprehensive review. Water Resour 
Res 44(11):1–14. https://​doi.​org/​10.​1029/​2008W​R0069​93

Jørgensen F, Møller RR, Nebel L, Jensen NP, Christiansen AV, Sand-
ersen E (2013) A method for cognitive 3D geological voxel mod-
elling of AEM data. Bull Eng Geol Env 72(3–4):421–432. https://​
doi.​org/​10.​1007/​s10064-​013-​0487-2

Jørgensen F, Høyer AS, Sandersen E, He X, Foged N (2015) Combin-
ing 3D geological modelling techniques to address variations in 
geology, data type and density: an example from Southern Den-
mark. Comput Geosci 81:53–63. https://​doi.​org/​10.​1016/j.​cageo.​
2015.​04.​010

Journel AG (2002) Combining knowledge from diverse sources: an 
alternative to traditional data independence hypotheses. Math 
Geol 34:573–596. https://​doi.​org/​10.​1023/A:​10160​47012​594

Kalbus E, Schmidt C, Molson JW, Reinstorf F, Schirmer M (2009) 
Influence of aquifer and streambed heterogeneity on the distribu-
tion of groundwater discharge. Hydrol Earth Syst Sci 13:69–77. 
https://​doi.​org/​10.​5194/​hess-​13-​69-​2009

Kelly J, Timms WA, Andersen MS, McCallum AM, Blakers RS, Smith 
R, Rau GC, Badenhop A, Ludowici K, Acworth RI (2013) Aquifer 
heterogeneity and response time: the challenge for groundwater 
management. Crop Pasture Sci 64(11–12):1141–1154. https://​doi.​
org/​10.​1071/​CP130​84

Klingbeil R, Kleineidam S, Asprion U, Aigner T, Teutsch G (1999) 
Relating lithofacies to hydrofacies: outcrop-based hydrogeo-
logical characterisation of quaternary gravel deposits. Sed Geol 
129(3–4):299–310

Knight R, Smith R, Asch T, Abraham J, Cannia J, Viezzoli A, Fogg G 
(2018) Mapping aquifer systems with airborne electromagnetics 
in the Central Valley of California. Groundwater 56(6):893–908. 
https://​doi.​org/​10.​1111/​gwat.​12656

Knight R, Steklova K, Miltenberger A, Kang S, Goebel M, Fogg G 
(2022) Airborne geophysical method images fast paths for man-
aged recharge of California’s groundwater. Environ Res Lett 
17(12):124021. https://​doi.​org/​10.​1088/​1748-​9326/​aca344

Konikow LF, Bredehoeft JD (1992) Ground-water models cannot be 
validated. Adv Water Resour 15(1):75–83. https://​doi.​org/​10.​
1016/​0309-​1708(92)​90033-X

Korus JT (2018) Combining hydraulic head analysis with airborne 
electromagnetics to detect and map impermeable aquifer bounda-
ries. Water 10(8):975. https://​doi.​org/​10.​3390/​w1008​0975

Korus JT, Hensen HJ (2020) Depletion percentage and nonlinear trans-
missivity as design criteria for groundwater-level observation net-
works. Environ Earth Sci 79(16):1–16. https://​doi.​org/​10.​1007/​
s12665-​020-​09123-y

Korus JT, Joeckel RM, Abraham JD, Høyer AS, Jørgensen F (2021) 
Reconstruction of pre-Illinoian ice margins and glaciotectonic 
structures from airborne ElectroMagnetic (AEM) surveys at the 
western limit of Laurentide glaciation, Midcontinent USA. Quat 

Sci Adv 4:100026. https://​www.​scien​cedir​ect.​com/​scien​ce/​artic​
le/​pii/​S2666​03342​10000​58

Korus JT, Joeckel RM, Divine D (2013) Three-dimensional 
hydrostratigraphy of the Firth, Nebraska area: results from 
Helicopter Electromagnetic (HEM) mapping in the Eastern 
Nebraska Water Resources Assessment (ENWRA). Bulletin 3 
(New Series), University of Nebraska, 100 pp

Korus JT, Joeckel RM, Divine DP, Abraham JD (2017) Three-dimen-
sional architecture and hydrostratigraphy of cross-cutting buried 
valleys using airborne electromagnetics, glaciated Central Low-
lands, Nebraska, USA. Sedimentology 64(2):553–581. https://​
doi.​org/​10.​1111/​sed.​12314

Liu Y (2006) Using the Snesim program for multiple-point statistical 
simulation. Comput Geosci 32(10):1544–1563. https://​doi.​org/​
10.​1016/j.​cageo.​2006.​02.​008

Liu Y, Harding A, Gilbert R, Journel AG (2005) A workflow for 
multiple-point geostatistical simulation. In: Geostatistics Banff 
2004. Springer, Dordrecht, The Netherlands, pp 245–254

Lukjan A, Chalermyanont T (2017) Assessment of alluvial aquifer 
heterogeneity and development of stochastic hydrofacies models 
for the Hat Yai Basin in Southern Thailand. Environ Earth Sci 
76(8):1–16. https://​doi.​org/​10.​1007/​s12665-​017-​6637-2

Ma W, Jafarpour B (2019) Integration of soft data into multiple-point 
statistical simulation: re-assessing the probability conditioning 
method for facies model calibration. Comput Geosci 23:683–
703. https://​doi.​org/​10.​1007/​s10596-​019-​9813-5

Madsen RB, Kim H, Kallesøe AJ, Sandersen E, Vilhelmsen TN, 
Hansen TM, Christiansen AV, Møller I, Hansen B (2021) 3D 
multiple-point geostatistical simulation of joint subsurface 
redox and geological architectures. Hydrol Earth Syst Sci 
25(5):2759–2787. https://​doi.​org/​10.​5194/​hess-​25-​2759-​2021

Maples SR, Foglia L, Fogg GE, Maxwell RM (2020) Sensitivity of 
hydrologic and geologic parameters on recharge processes in 
a highly heterogeneous, semi-confined aquifer system. Hydrol 
Earth Syst Sci 24(5):2437–2456. https://​doi.​org/​10.​5194/​
hess-​24-​2437-​2020

Margat J, van der Gun J (2013) Groundwater around the world. CRC, 
Boca Raton, FL

Mariethoz G, Caers J (2014) Multiple point geostatistics: stochastic 
modeling with training images. Wiley, Chichester, UK

Marker PA, Foged N, He X, Christiansen AV, Refsgaard JC, Auken 
E, Bauer-Gottwein P (2015) Performance evaluation of ground-
water model hydrostratigraphy from airborne electromagnetic 
data and lithological borehole logs. Hydrol Earth Syst Sci 
19(9):3875–3890. https://​doi.​org/​10.​5194/​hess-​19-​3875-​2015

Miller JA (1999) Ground water atlas of the United States: introduc-
tion and national summary. US Geol Surv Hydrologic Atlas 
730-A, pp A1–A15

Pepin K, Knight R, Goebel-Szenher M, Kang S (2022) Managed 
aquifer recharge site assessment with electromagnetic imag-
ing: identification of recharge flow paths. Vadose Zone J 
21(3):e20192. https://​doi.​org/​10.​1002/​vzj2.​20192

Refsgaard JC, Christensen S, Sonnenborg TO, Seifert D, Højberg 
AL, Troldborg L (2012) Review of strategies for handling geo-
logical uncertainty in groundwater flow and transport modeling. 
Adv Water Resour 36:36–50. https://​doi.​org/​10.​1016/j.​advwa​
tres.​2011.​04.​006

Remy N, Boucher A, Wu J (2009) Applied geostatistics with SGeMS: 
a user’s guide. Cambridge University Press, Cambridge

Rojas R, Batelaan O, Feyen L, Dassargues A (2010) Assessment of 
conceptual model uncertainty for the regional aquifer Pampa del 
Tamarugal-North Chile. Hydrol Earth Syst Sci 14(2):171–192. 
https://​doi.​org/​10.​5194/​hess-​14-​171-​2010

Rushton KR (2006) Significance of a seepage face on flows to wells 
in unconfined aquifers. Q J Eng Geol Hydrogeol 39(4):323–331

https://doi.org/10.1016/j.jappgeo.2015.02.005
https://doi.org/10.1016/j.jappgeo.2015.02.005
https://doi.org/10.5194/hess-21-6069-2017
https://doi.org/10.5194/hess-21-6069-2017
https://doi.org/10.1029/2008WR006993
https://doi.org/10.1007/s10064-013-0487-2
https://doi.org/10.1007/s10064-013-0487-2
https://doi.org/10.1016/j.cageo.2015.04.010
https://doi.org/10.1016/j.cageo.2015.04.010
https://doi.org/10.1023/A:1016047012594
https://doi.org/10.5194/hess-13-69-2009
https://doi.org/10.1071/CP13084
https://doi.org/10.1071/CP13084
https://doi.org/10.1111/gwat.12656
https://doi.org/10.1088/1748-9326/aca344
https://doi.org/10.1016/0309-1708(92)90033-X
https://doi.org/10.1016/0309-1708(92)90033-X
https://doi.org/10.3390/w10080975
https://doi.org/10.1007/s12665-020-09123-y
https://doi.org/10.1007/s12665-020-09123-y
https://www.sciencedirect.com/science/article/pii/S2666033421000058
https://www.sciencedirect.com/science/article/pii/S2666033421000058
https://doi.org/10.1111/sed.12314
https://doi.org/10.1111/sed.12314
https://doi.org/10.1016/j.cageo.2006.02.008
https://doi.org/10.1016/j.cageo.2006.02.008
https://doi.org/10.1007/s12665-017-6637-2
https://doi.org/10.1007/s10596-019-9813-5
https://doi.org/10.5194/hess-25-2759-2021
https://doi.org/10.5194/hess-24-2437-2020
https://doi.org/10.5194/hess-24-2437-2020
https://doi.org/10.5194/hess-19-3875-2015
https://doi.org/10.1002/vzj2.20192
https://doi.org/10.1016/j.advwatres.2011.04.006
https://doi.org/10.1016/j.advwatres.2011.04.006
https://doi.org/10.5194/hess-14-171-2010


	 Hydrogeology Journal

1 3

Russell H, Hinton M, Van der Kamp G, Sharpe D (2004) An overview 
of the architecture, sedimentology and hydrogeology of buried-
valley aquifers in Canada. In: Proceedings of the 5th Joint CGS 
and IAH-CNC Groundwater Specialty Conference, pp 26–33

Sørense KI, Auken E (2004) SkyTEM: a new high-resolution helicop-
ter transient electromagnetic system. Explor Geophys 35(3):194–
202. https://​doi.​org/​10.​1071/​EG041​94

Strebelle S (2002) Conditional simulation of complex geological struc-
tures using multiple-point statistics. Math Geol 34(1):1–21

Suriamin F, Pranter MJ (2018) Stratigraphic and lithofacies con-
trol on pore characteristics of Mississippian limestone and 
chert reservoirs of north-central Oklahoma. Interpretation 
6(4):T1001–T1022

Theel M, Huggenberger P, Kai Z (2020) Assessment of the heterogene-
ity of hydraulic properties in gravelly outwash plains: a region-
ally scaled sedimentological analysis in the Munich gravel plain, 
Germany. Hydrogeol J 28(8):2657–2674

Uhlemann S, Ulrich C, Newcomer M, Fiske P, Kim J, Pope J (2022) 3D 
hydrogeophysical characterization of managed aquifer recharge 
basins. Front Earth Sci 10:942737. https://​doi.​org/​10.​3389/​feart.​
2022.​942737

Viezzoli A, Christiansen AV, Auken E, Sørensen K (2008) Quasi-3D 
modeling of airborne TEM data by spatially constrained inversion. 
Geophysics. 73(3). https://​doi.​org/​10.​1190/1.​28955​21

Vilhelmsen TN, Auken E, Christiansen AV, Barfod AS, Marker PA, 
Bauer-Gottwein P (2019) Combining clustering methods with 
MPS to estimate structural uncertainty for hydrological models. 

Front Earth Sci 7(181). https://​www.​front​iersin.​org/​artic​les/​10.​
3389/​feart.​2019.​00181/​full

Whittaker J, Teutsch G (1999) Numerical simulation of subsurface 
characterization methods: application to a natural aquifer ana-
logue. Adv Water Resour 22(8):819–829

Xue P, Wen Z, Park E, Jakada H, Zhao D, Liang X (2022) Geostatisti-
cal analysis and hydrofacies simulation for estimating the spatial 
variability of hydraulic conductivity in the Jianghan Plain, central 
China. Hydrogeol J 30(4):1135–1155

Yager RM, Kauffman LJ, Soller DR, Haj AE, Heisig PM, Buchwald CA, 
Westenbroek SM, Reddy JE (2018) Characterization and occur-
rence of confined and unconfined aquifers in Quaternary sediments 
in the glaciated conterminous United States. US Geol Surv Sci 
Invest Rep 2018-5091, 90 pp. https://​doi.​org/​10.​3133/​sir20​185091

Yin J, Tsai FTC, Kao SC (2021) Accounting for uncertainty in complex 
alluvial aquifer modeling by Bayesian multi-model approach. J 
Hydrol 601:126682. https://​doi.​org/​10.​1016/j.​jhydr​ol.​2021.​126682

Zappa G, Bersezio R, Felletti F, Giudici M (2006) Modeling heteroge-
neity of gravel-sand, braided stream, alluvial aquifers at the facies 
scale. J Hydrol 325(1–4):134–153

Zhao Z, Illman WA (2017) On the importance of geological data for 
three-dimensional steady-state hydraulic tomography analysis at a 
highly heterogeneous aquifer-aquitard system. J Hydrol 544:640–
657. https://​doi.​org/​10.​1016/j.​jhydr​ol.​2016.​12.​004

Publisher’s note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1071/EG04194
https://doi.org/10.3389/feart.2022.942737
https://doi.org/10.3389/feart.2022.942737
https://doi.org/10.1190/1.2895521
https://www.frontiersin.org/articles/10.3389/feart.2019.00181/full
https://www.frontiersin.org/articles/10.3389/feart.2019.00181/full
https://doi.org/10.3133/sir20185091
https://doi.org/10.1016/j.jhydrol.2021.126682
https://doi.org/10.1016/j.jhydrol.2016.12.004

	Multiple-point statistical modeling of three-dimensional glacial aquifer heterogeneity for improved groundwater management
	Abstract
	Introduction
	Physical setting
	Materials and methods
	Borehole data processing
	AEM data processing and inversions
	Hydrologic data
	MPS modeling
	Soft data conditioning
	Hard data conditioning
	Training image (TI)
	MPS parameters and hydrofacies probability calculation
	Model evaluation


	Results
	Model evaluation
	Glacial aquifer system and heterogeneity
	Hydraulic conditions and connections between aquifers
	Connections between streambed and aquifers
	Delineation of groundwater management zones

	Discussion
	Conclusions
	Anchor 23
	References


