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Abstract

Airborne electromagnetic (AEM) data can be inverted to recover models of the electrical resistivity
of the subsurface; these, in turn, can be transformed to obtain models of sediment type. AEM data
were acquired in Butte and Glenn Counties, California, U.S.A. to improve the understanding of
the aquifer system. Around 800 line-kilometers of high-quality data were acquired, imaging to a
depth of ~300 m. We developed a workflow designed to obtain, from the AEM data, information
about the large-scale structure and heterogeneity of the aquifer system to better understand the
vertical connectivity. Using six different forms of inversion and posterior sampling of the
recovered resistivity models, we produced 6006 resistivity models. These models were
transformed to models of sediment type and estimates of percentage of sand/gravel. Exploring the
model space, containing the resistivity models and the derived models, allowed us to delineate the
large-scale structure of the aquifer system in a way that captures and communicates the uncertainty
in the identified sediment type. The uncertainty increased, as expected, with depth, but also served
to indicate, as areas of high uncertainty in sediment type, the location of both large-scale and small-
scale interfaces between sediment type. A plan view map of the integrated percentage of
sand/gravel, when compared to existing hydrographs, revealed the extent of lateral changes in
vertical connectivity within the aquifer system throughout the study area.

Plain Language Summary

In studying and managing groundwater systems, it can be very difficult to get the information
needed about the subsurface. The airborne electromagnetic (AEM) method uses a helicopter to
move a geophysical system over the land surface, acquiring data that can be used to obtain 3D
models of the electrical resistivity of the subsurface. In this study we acquired ~800 line-kilometers
of high-quality AEM data in an area of Butte and Glenn Counties in the Central Valley of
California, U.S.A. Acquisition of these data allowed us to obtain 3D resistivity models covering
the region from the ground surface to a depth of about 300 m. Working with descriptions from
wells, we were able to transform the 3D resistivity models into 3D sediment-type models. These
models allowed us to map out the large-scale structure of the groundwater system and better
understand the vertical connectivity within the system. Because of fundamental limitations in the
AEM method, we obtained many different resistivity models and corresponding sediment type.
Exploring these subsurface models allowed us to quantify the uncertainty in our interpretation of
the data. This not only assisted in our interpretation, but it also communicated, to the local water
agency, our confidence in our interpretation.
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1. Introduction

The airborne electromagnetic (AEM) method can play an important role in the study and
management of groundwater systems, by providing a model of the subsurface that captures the
large-scale variation in lithology or sediment type throughout a survey area. A typical workflow
for the interpretation of AEM data involves the compilation and review of all relevant ancillary
data from the survey area (e.g. lithology logs, geophysical logs, geological cross-sections); the
initial processing of the acquired data, to remove low quality data; the inversion of the data, to
recover the electrical resistivity distribution in the subsurface and define a resistivity model; and
the transformation of the electrical resistivity model into a 3D model of lithology or sediment type.
The inversion step introduces significant uncertainty into the workflow due to the non-uniqueness
in AEM inverse problems. This results in significant uncertainty in the derived 3D model of
lithology or sediment type; that is, there are many models of lithology or sediment type that are
compatible with the acquired AEM data. It is thus essential, if subsurface models derived from
AEM data are to be used as the basis for groundwater science or management, that methods are
developed that can account for and quantify the uncertainty.

One well-established concept that accounts for a specific form of uncertainty is the depth-of-
investigation (DOI) which has been adopted to refer to the depth below which the recovered
resistivity model is presumed to be unreliable due to the decreasing resolution of AEM data with
depth (Oldenburg & Li 1999; Vest Christiansen & Auken 2012). Importantly, however, there is
uncertainty in the portion of the model above the DOI, inherent to AEM inversion, that will impact
this region; i.e. there are many different resistivity models, and therefore lithology or sediment-
type models, that can fit the data. Previous work on this topic has addressed the gradient-based
(Auken et al., 2015; Viezzoli et al., 2008) and stochastic optimization approaches (Christensen et
al., 2017; Minsley, 2011). Both approaches are designed to employ a single form of inversion to
recover the resistivity model from the AEM data. In this study, rather than developing a general
methodology that can quantify uncertainty in AEM inverse problems, we focused on a specific
issue, related to aquifer dynamics, identified by the local water agency in Butte and Glenn Counties
in the Central Valley of California, U.S.A. In contrast to previous approaches, we employed
multiple forms of inversion, using different types of data to inform the recovery of the resistivity
model, and from those recovered resistivity models we derived many models displaying
information about sediment type. This allowed us to explore the model space of the AEM data —
consisting of the many resistivity and sediment-type models — and account for uncertainty in our
analysis of the AEM data.

The study area covered two regions within Butte and Glenn Counties. There are various
stratigraphic units in the study area that can include both aquifers and aquitards, resulting in
considerable uncertainty in lateral and vertical extent of the hydrogeologic units represented in the
Butte groundwater model (Butte County, 2008). The primary interest of the agency, in acquiring
AEM data, was to obtain an improved delineation of the large-scale structure and heterogeneity of
the aquifer system so as to better understand the extent of vertical connectivity. The existing
groundwater model in the area, developed using well data, lacked sufficient detail to understand
the connection between various depths within the aquifer system. Vertical head data from multi-
completion wells could provide useful information but were only available at a limited number of
locations. Vertical connectivity (or lack thereof) has important implications for groundwater
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management. For example, important questions surround the issue of how pumping from deeper
portions might impact existing shallow wells. If groundwater conditions in shallow zones of the
aquifer system are sufficiently connected to deeper zones, then high volume pumping by deep
wells may impact users of groundwater in the shallower zones and may impact groundwater
dependent ecosystems which are sensitive to conditions in the shallowest portions of the aquifer.
Moreover, vulnerability of aquifer systems to cross-contamination depends strongly on
connectivity. Understanding this component of aquifer dynamics will support better development
of policies and strategies to manage groundwater sustainably for a diversity of water users and
environmental needs. For example, this understanding could inform policies such as well
permitting requirements for well construction, and could benefit assessment of a particular
recharge project, vulnerability of groundwater dependent ecosystems, vulnerability to
contamination, or the impacts of pumping on stream-groundwater interaction.

Working with AEM data acquired in the Butte and Glenn Counties, we developed an approach
that allowed us to obtain specific information, from our interpretation of the AEM data, of direct
relevance to addressing the identified issue in the study area. We developed an AEM interpretation
workflow to generate an ensemble of resistivity models and corresponding sediment-type models
from a combination of AEM data and existing well data (including resistivity logs and lithology
logs). With this ensemble of models representing the model space of the AEM data, we explored
the similarities and variability to first refine the understanding of the large-scale structure and
heterogeneity in the aquifer system and then extracted information relevant to vertical connectivity.
Of critical importance, we accounted for the dominant sources of uncertainty, captured in the
model space in the inversion of the AEM data, and carried that uncertainty through to communicate
the uncertainty in the obtained information. This provides the water managers with useful
information, accompanied by an indication of the level of confidence they could place in the
information. Designing an AEM interpretation workflow to address a specific issue of importance
in understanding the dynamics of an aquifer system improves the way in which AEM data can be
used to support both groundwater science and management.

2. Background
2.1 Hydrogeologic framework in study area

It is inappropriate to interpret any geophysical data without the benefit of knowledge about the
geologic framework and its origins. The AEM method produces 3D models of electrical resistivity
in the subsurface which can be transformed to sediment type (e.g., sand, gravel, clay, silt) due to
the resistivity contrasts between the various sediment types. In general, coarse-grained materials
(e.g., sand and gravel) are expected to have greater resistivity than fine-grained materials (e.g., silt
and clay) due to smaller clay content or the greater pore volume containing the groundwater. The
AEM method therefore cannot distinguish between geologic formations if there are similarities in
sediment type due to their common alluvial/fluvial depositional environments. Nevertheless, it is
very helpful in the study area to recognize two main stratigraphic units that will help delineate
hydrogeologic units: (1) Pliocene-aged units, and (2) the overlying Quaternary-aged units (CDWR,
2014). Two Pliocene-aged units interfinger in the center of the study area: the Tuscan Formation
in the east, and the Tehama Formation in the west (Ingersoll et al., 2016). These two units also
contain informal lower and upper members that are more easily defined in the west. The overlying
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Quaternary-aged units exist throughout most of the study area though stratigraphically pinch-out
in the far eastern portion; they consist of the Red Bluff, Riverbank, and Modesto formations
(Helley & Hardwood, 1985). A geologic cross section: B-B’ illustrating these geologic formations
are shown in Figure 1.

Fortunately, it is the differences in sediment type within and between formations (that are
effectively highlighted by the AEM method) which best define the key hydrogeologic units in the
study area. It is helpful to consider how sediment type differs in the western part from the eastern
part of the study area (Greene & Hoover, 2014). A review of cross-sections developed using well
data suggests three main zones in the aquifer system in the western part, which we here refer to as:
lower, middle, upper. However, there is limited understanding of the lateral and vertical extent of
these zones. The lower zone contains a coarse-grained and laterally continuous sand/gravel unit
within the lower Tuscan Formation which abruptly transitions in the western part of the study area
to the finer-grained and discontinuous channels of the lower Tehama Formation (Greene and
Hoover, 2015). The middle zone is a mostly fine-grained unit containing upper Tehama/Tuscan
deposits with discontinuous channelized sand bodies. The upper zone is mostly coarse-grained
laterally continuous sand/gravel bodies of the upper Tuscan/Tehama as well as the Quaternary
units (Ingersoll et al., 2016). The eastern portion of the study area contains the combined lower
and upper Tuscan Formation overlain by sand/gravel bodies within the Quaternary units. The
Tuscan deposits contain heterolithic units of sand/gravel channels interbedded with clay/silt zones
as well as volcaniclastic debris-flow deposits (CDWR, 2014). The latter deposits add to the
complexity of interpreting the AEM data to obtain information about the aquifer system due to
their high resistivity (<500 Qm) but lower permeability than the resistive (~50 Qm) and permeable
sand/gravel channels.

2.2 Introduction to the AEM method
2.2.1 Acquisition of data

The AEM method uses the electromagnetic induction phenomenon to obtain information about the
electrical resistivity of the subsurface. Time-varying electric currents are injected through a
transmitter loop attached to a helicopter (or small plane) to generate induced currents in the
subsurface. These induced currents will depend upon the resistivity of the subsurface and generate
an induced voltage that can be measured at a receiver loop. The link between electrical resistivity
and sediment type is what was utilized in this study. The AEM method has been used in previous
studies to map the large-scale architecture of an aquifer system (Knight et al., 2018; Meier et al.,
2014; Podgorski et al., 2013; Sattel & Kgotlhang, 2004; Wynn, 2002).

In our study, we used a time-domain AEM system from SkyTEM (Sorensen et al., 2018).
Measured induced voltages include multiple time channels that are normalized by the transmitter
current and the area of the transmitter and receiver loops, resulting in the unit of V/A-m*. The
resolution of the AEM measurement depends upon various factors including the specific form of
measurement given the AEM system, the resistivity of the subsurface, the noise level, and, in
general, degrades with depth. With the SKyTEM system in our study area, where the AEM
measurement was capable of resolving features to a depth of ~300 m, the horizontal resolution at
the surface was about 40 m increasing to ~250 m at 300 m depth and the vertical resolution at the
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surface was about 2 m, increasing to ~40 m at 300 m depth. When measuring induced voltage from
the subsurface at the receiver loop, a helicopter moves continuously along planned flight lines, and
the raw voltages are stacked and referred to as the AEM sounding or AEM response at specific
locations; the entire set of AEM soundings from the AEM survey are referred to as the observed
AEM data.

2.2.2 Inversion of AEM data

To obtain a resistivity model of the subsurface from the observed AEM data, a spatially- (or
laterally-) constrained inversion approach (Brodie & Sambridge, 2009; Kang et al., 2019; Viezzoli
etal., 2008) has been widely used for hydrogeologic applications. This inversion takes into account
the 3D nature of diffusive EM wave propagation but assumes the resulting model should display
the layered structure of the subsurface. For each AEM sounding location, a 1D layered-resistivity
model fitting the observed AEM response is sought. The spatial constraint, favoring a smooth
transition of resistivity values between adjacent sounding locations, is implemented in the
inversion through a regularization function. The regularization function also includes a reference
model that can integrate prior information constraining the inversion based on ancillary data (e.qg.,
well data), or an understanding of the expected variation of electrical resistivity in survey area (e.g.,
the average resistivity). The regularization function including both the spatial constraint and
reference model is commonly referred to as the prior model for the inversion.

To provide an insight into what is sampled by an AEM measurement, we show in Figure 2a an
example of a true resistivity model along a 1-km flight line. We simulated the acquisition of AEM
data along this flight line with AEM sounding locations every 25 m. Shown in Figure 2b are the
1D layered-resistivity models recovered by inverting the AEM data, acquired at each sounding
location, with the spatially-constrained inversion. The compilation of all these 1D models is
referred to as the recovered resistivity model. We illustrate the issue of resolution in this figure by
showing, in Figure 2a, the support volume of the central AEM sounding, i.e. the volume of the
subsurface that contributes to the measured response at that sounding. Nabighian (1979) used the
concept of a smoke ring to describe the volume within which the induced currents, generated by
the AEM transmitter, propagate and diffuse in the subsurface. Although this support volume is
shown in 2D, itis a 3D cone, with the bounding surface defining a 30 degree angle with the ground
surface, and the diameter (commonly referred as the “AEM footprint”) in this example, equal to
about 25 m at the surface and ~700 m at 200 m below the surface. Horizontal and vertical length
scales that can be resolved by the AEM method at depth is smaller than the supporting volume,
but similarly decreases with depth. Because of this limited resolution of the AEM method, the
recovered resistivity model in Figure 2b captures the large-scale resistivity structure and
heterogeneity in the true resistivity model but increasingly loses the fine-scale structure as depth
increases.

2.3 The source of the uncertainty in the recovered resistivity model

The AEM inverse problem, used to extract resistivity information from AEM data, is non-unique
meaning that there are numerous resistivity models that can fit the observed AEM data. These
numerous models define one component of the model space of the AEM data (the other
components being the derived sediment-type and coarse-fraction models from the resistivity
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models); it is adequately exploring this model space that is an essential component of our workflow.
The non-uniqueness of the inverse problem is closely related to the physics of the AEM method
and results in the uncertainty in the recovered resistivity model. Therefore, it is important to
understand the physics of the AEM method generating the uncertainty so as to set realistic
expectations about what can be obtained from the inversion of AEM data.

We will describe, by generating synthetic AEM data, two well-known examples of sources of the
non-uniqueness (e.g., Christensen & Lawrie 2012) and discuss their potential impact on our ability
to extract information about the structure and heterogeneity of an aquifer system. For both
examples we simulated the AEM response for a single layer embedded in a homogeneous
background. The resistivity, thickness and depth to the top of the layer are denoted as p, h, and z,
respectively; the resistivity of the homogeneous background is denoted as ppackground- T0 Simulate
the acquisition of the AEM data, a step-off waveform was used; where the step-off is defined as
1 — H(t), where H(t) is the Heaviside step function. The simulation was conducted for co-located
source and receiver loops, 40 m above the ground surface.

The first example demonstrates the inability to resolve differences in resistivity, once the resistivity
is above a certain threshold; this is commonly referred to as a saturation of the resistivity. A simple
1D layered resistivity model was defined with a resistive layer of sand and gravel (p= 50 Qm)
embedded in a conductive background of clay and silt (ppackgrouna= 20 2m); h and z were set

equal to 20 m and 50 m, respectively, as shown in Figure 3a; the choice of resistivity values was
based upon those determined by Knight et al. (2018) in the interpretation of AEM data from
elsewhere in the Central Valley. The calculated AEM response from this model is presented as a
black solid black line in Figure 3b. We then increased the resistivity of the layer from 50 Qm to
100 Qm, keeping other parameters the same, and calculated the AEM response (dashed line in
Figure 3b). The AEM responses from the two resistivity models are almost identical indicating
that there is no detectable difference in the AEM data. Even an increase in the resistivity of the
layer to 1000 Qm, caused a minimal change in the AEM response. This source of non-uniqueness
makes it highly likely that an AEM inversion will underestimate the resistivity values
corresponding to relatively resistive materials such as sand, gravel. We need to consider this when
comparing a resistivity model from AEM data with other resistivity data (e.g., resistivity logs) and
when transforming a recovered resistivity model from AEM data into sediment type.

The second example is the limitation in the ability to detect a layer, be it resistive or conductive,
due to the diffusive nature of EM wave propagation. We refer to the required thickness of a layer,
in order for it to be detected at a given depth, as the critical thickness; this thickness will increase
with depth. We define a layer as being detectable if the addition of the layer, to a homogeneous
background, results in a predicted change in the AEM response that is greater than 1%; we refer
to this predicted change as the layer response. Given the typically assumed noise level of 3% in
AEM data, this is a very conservative estimate, likely to underestimate the thickness that a layer
must be in order to be resolved at a given depth. The layer response is calculated as follows

F[pbackground]_F[player] 2 (1)

Layer response (%) = 100 x \/n—ihZ’:_C*l‘

F[Pbackground]
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where F[-] is a Maxwell operator which predicts the AEM response for a given 1D layered-
resistivity model; pi,yer is the 1D layered-resistivity model including the resistive layer; n, is the
number of time channels in an AEM response.

Shown in Figure 4 is the critical thickness as a function of depth for a layer of sand/gravel in a
clay/silt background and a layer of clay/silt layer in a sand/gravel background. Resistivity values
of clay/silt and sand/gravel were assigned to be 20 Qm and 50 Qm, respectively. As expected, the
critical thickness, regardless of composition, increases with depth, but the critical thickness of the
sand/gravel layer is greater at all depths than that of the clay/silt layer indicating the higher
sensitivity of the AEM data to a more conductive (i.e. clay/silt) layer. This limitation in resolving
layers in the subsurface must be acknowledged in the interpretation of the AEM data.

2.4 Rock physics transform

The recovered resistivity model can be transformed to sediment type by constructing a relationship
between sediment type and resistivity, with the information about sediment type obtained from the
well data (Barfod et al., 2018; Foged et al., 2014; Knight et al., 2018). We adopted the approach
of Knight et al. (2018) which begins with data pairs each composed of the resistivity value from a
cell in the recovered AEM resistivity model and, from a nearby well, the corresponding section in
a lithology log, where the descriptions of layers have been classified into a few discrete classes of
sediment type appropriate for the study area. A linear equation is set up with the known resistivity
value from the AEM resistivity model, known thicknesses of the AEM resistivity cell and each of
the layers of sediments, and with unknown resistivity values for the sediment types. When setting
up the linear equation, the physics of the AEM method is accounted for in a way that compensates
for the resistivity saturation which underestimates the resistivity value of the more resistive
materials. By repeating this process at all locations where there are data pairs, many linear
equations are constructed. Solving this least-squares problem with bootstrapping generates the
distributions of resistivity values that correspond to the defined sediment types. In order to
determine an accurate resistivity-to-sediment-type transform, the location of wells with lithology
data should be as close as possible to the AEM sounding locations (Knight et al., 2020). We
designed the AEM survey with this goal in mind, resulting in 55 wells with lithology information
within 100 m of an AEM sounding.

The above approach to constructing the resistivity-to-sediment-type transform maps each
resistivity cell in the recovered resistivity model to one sediment type. There is an alternate way
to transform the resistivity model to obtain information about the composition of the subsurface,
and that is to capture information below the scale of the resistivity cell about the percentage of
each sediment type that is present. Such an approach was recently taken in the interpretation of
ground-based time-domain EM data (Goebel & Knight, 2020) and is directly applicable to AEM
data. In this approach, it is assumed that there is finer-scale layering of sediment type, below the
scale of the AEM resistivity cell. Random sampling of the resistivity distributions for various
sediment types (determined using the above approach) is used to develop a relationship between
resistivity and the percentage of one or more of the sediment types present. In this study, this
approach provided a way to estimate the percentage of sand/gravel in a thick vertical interval,
information relevant for assessing vertical connectivity within the aquifer system.
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3. Available Data

Two AEM surveys were flown in parts of Butte and Glenn Counties in December 2018, using the
SKyTEM 312 and 304 systems. Figure 5 shows the flight lines of the two AEM surveys. The
SKyTEM 312 survey covers the western part of the study area, which includes the boundary
between Butte and Glenn Counties, and the SkyTEM 304 covers the eastern part of the study area
within Butte County. The length of the total flight lines is ~800 km, and the spacing between lines
is ~500 m. Both SKyTEM systems are a dual moment system, which includes the low moment
(LM) and the high moment (HM). The LM system can turn off the current in the transmitter loop
much more rapidly than the HM system, so can obtain measurements at earlier time channels which
contain more information in the near-surface region. The HM system uses a much higher current
amplitude than the LM system, so can image to greater depths. Thus, by using both the LM and
HM systems, we image near-surface structures as well as the deeper structures. System
specifications of the two SKyTEM systems are summarized in Table 1. The AEM data were
processed by Aqua Geo Framework (Asch et al., 2019).

Resistivity logs were available at 152 well locations, shown in Figure 5 as red circles; there are
also drillers’ logs at 21 of these locations shown as yellow circles. The harmonic and arithmetic
average of resistivity values from the resistivity logs are 10 Om and 30 Qm, respectively; these
averages were taken to be the upper and lower limits of the average resistivity of the study area.
The AEM surveys were designed to fly as close as possible to accurately located wells with
lithology logs so as to construct an accurate resistivity-to-sediment-type transform. The result was
a total of 55 wells with drillers’ logs within 100 m of AEM sounding locations six of which were
wells with resistivity logs; the locations of these wells, treated as co-located with the AEM
soundings, are presented in Figure 5 as open triangles; so, a yellow circle containing a triangle and
a red circle indicates a well location with a co-located lithology log as well as a resistivity log. We
also had available in the study area twelve multi-completion wells, each composed of two wells
with head measurements made in two screened intervals over the time period of 2013 to 2018;
their locations are shown in Figure 5.

During the week of the AEM surveys (December 2018), water level measurements were made in
61 wells; their locations are shown in Figure 5 as blue solid circles. The top of the saturated zone
(TSZ) in the study area was estimated by Dewar and Knight (2020) from the AEM data, first
calibrating the method using water level measurements close to AEM soundings in the study area.
This estimated TSZ was used in the process of transforming a resistivity model to a sediment-type
model. In the study area, the TSZ was on average at a depth of 10 m, ranging from 3 m to 22 m.

For the classification of sediment type used in our study, the original descriptions in the lithology
logs from the 55 wells were grouped into two units: sand/gravel and clay/silt. Both sand and gravel
are aquifer materials, so they are combined into a single unit. The combining of clay and silt is due
to the ambiguity in the original descriptions by drillers in the lithology logs as well as resistivity
logs, where distinguishing between silt and clay is difficult, resulting in generalized categories that
lump together the fines-dominated textures. In addition, there is often little motivation for the
driller in accurately distinguishing between silt and clay, as they are both several orders of
magnitude less permeable than sand and gravel, the primary materials of interest when drilling a
well. A few of the logs describe materials related to a volcaniclastic debris-flow (lahar). While
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these materials make up an important facies, they are a minor portion of the lithologic logs (< 8%)
and, because of their resistivity values, we are not able to distinguish them in the AEM data from
the moderately resistive sand/gravel. We therefore excluded these materials from our classification
system. When comparing the resistivity and lithology logs, we found a good correspondence in
the logs between resistivity and sediment type, with sand/gravel corresponding to high resistivity
values and clay/silt corresponding to low resistivity values.

4. AEM Interpretation Workflow

Our workflow, developed to obtain and interpret an ensemble of sediment-type models from AEM
data and well data, included two main steps: the inversion of the AEM data and the resistivity-to-
sediment-type transform, which is often referred to as a rock physics transform. In the AEM
inversion step, we first sought to recover a resistivity model fitting the observed AEM data for a
given prior model, then subsequently applied the posterior sampling to obtain multiple resistivity
models. This procedure was repeated with a variable prior model. In the second step, we
constructed a rock physics relationship between resistivity and sediment type to transform all of
the resistivity models into models containing information about sediment type, and the percentage
of sediment type. Interpretation of the models integrated prior knowledge of the aquifer system,
which included head measurements from the multi-completion wells. We first describe how the
workflow was implemented then present the results of the workflow.

4.1 Implementation of workflow
4.1.1 AEM inversion

The first step in our workflow is the inversion of the AEM data by using a spatially-constrained
inversion (Viezzoli et al. 2008; Kang et al. 2019) to find a resistivity model which fits the observed
AEM data for a given prior model, then applying the subsequent posterior sampling to obtain
multiple resistivity models. This procedure is repeated with a variable prior model. We conducted
six types of inversion, changing various parameters defining the prior model of the inversion
algorithm so as to obtain six different resistivity models. These inversions are listed in Table 2 and
discussed in more detail below.

We used no reference model in Inversion 1. Given the upper and lower limits of the average
resistivity in the study area of 10 Om and 30 Qm, respectively, we set the reference model equal
to a homogeneous model with resistivity equal to 10 Qm in Inversion 2, 20 Qm in Inversion 3, and
30 Qm in Inversion 4. In Inversions 5 and 6 we used the available resistivity logs to generate a
reference model. In all inversions we assumed that there is a smooth transition between adjacent
AEM soundings and the initial guess, m,, was set to a homogeneous model with resistivity equal
t0o10 Om. The Delaunay triangulation was used to find adjacent AEM soundings, as was done by
Viezzoli et al. (2008). Adjacent soundings separated by a radial distance, r, greater than 1 km were
neglected. For each of the AEM soundings, the same layering was used for the recovered resistivity
model: 39 layers with a thickness starting at 3 m at the surface and then increasing by a constant
factor of 1.07. The total number of sounding, nsoyunaing, Was equal to 21,845, resulting in an

inversion model, m, of the size 21,845 x 39 = 851,955 resistivity values.

10
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Our regularization function, ¢,,(m), can be written as

¢m(m) = asf(ws(m - mref))z dv + arf(i—rr)z dv + azf(i—rg)z dv (2)

The first term (called smaliness) is used to find a model close to the reference model, m,..r. The
parameter, w, (x,y,z), by default set to 1, is a cell-based weighting function that allows the
weighting of the reference model to vary throughout the survey area. This parameter was used to
account for the distance between a cell in the resistivity model and the resistivity logs, which were
used to define the reference model. The second and third terms quantify the variation in the radial
direction (dm/dr) and the depth direction (dm/dz); these terms are often referred to as
smoothness. Note these are all soft constraints with the alpha values, ag, .., a, determining the
relative importance of each of the three terms. Values of «, and a, were fixed to 5 and 1 to
indicate our preference to identify horizontally-continuous zones in the aquifer system. The value
of ag was varied to adjust the confidence we wish to place on the reference model. The alpha
values used for all six inversions are given in Table 2. To generate the reference model used in
Inversion 5 and 6, we interpolated the resistivity logs onto AEM cells using an inverse distance

weighting; this resistivity model is referred to as pfﬁf. The inverse distance weights calculated for
the interpolation, w;py,, was used as a cell-based weighting in Inversion 5 and 6; this effectively
assigns higher confidence to cells of the reference model closer to the resistivity logs. In Figure 6

we visualize this process of generating the reference model from the resistivity logs.

To find an inversion model, m, which fit the observed AEM data and favored prior knowledge in
the regularization function, ¢,,(m), we used SImPEG, a Python-based open-source geophysics
software package (Cockett et al., 2015; Heagy et al., 2017) to minimize the following objective
function, ¢ (m):

¢(m) = pa(m) + BPm(m) (3)

subjectto ¢y < ¢}

Here ¢, indicates data misfit, m is an inversion model, § is a trade-off parameter, and ¢ is a
target misfit. The inversion iteration was started with the initial guess, m,, and repeated until a
good fit of the data was found (¢4 < ¢;). The initial § value, 8,, was estimated by a power
method, then decreased with a constant factor (0.5) within the iteration to reduce the importance
of the regularization term. For further information about the inversion method see Cockett et al.,
(2015) and Oldenburg & Li (2005).

Given the large range of resistivity values in the survey area, the distribution was best represented
in logarithmic form; so, the inversion model was defined as:

m = log(p~!) = log(s), meRM (4)

where ¢ is electrical conductivity (S/m) and M is the number of the inversion model, m. The data
misfit function was defined as
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N

m] — d7*\”
patmy =y, (= )
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i=1 L

where F[-] is a Maxwell’s operator predicting AEM data for a given model, d°?S € RV is the
observed AEM data; N is the number of data. The standard deviation (or data error) of the i-th
datum, ¢;, is defined as

e; = relative error (%) x 0.01 X |d?*| (6)
The relative error was set to 3%, and the target misfit, ¢;, was setto N.

The DOI was estimated, following Oldenburg & Li (1999), with a DOI threshold of 0.9. Two
inversion models (Inversion 2 and 4 in Table 2) were used to calculate the DOI. The choice of the
DOI threshold was based on the results of 1D AEM inversions shown in Appendix A.

We obtained a recovered model, m, by solving the inverse problem shown in equation (4) then
followed the approach of Rue (2001) and Fang et al. (2018) and drew samples from the posterior
distribution, & (m,, H-'1). Here, ' (m,, H;'1), indicates a multivariate Gaussian distribution with
mean: m, and covariance: H; 1. The Hessian matrix, H, € RM*™ can be written as

0F[m,]
am,

where J, € RV*M is a sensitivity matrix: J, = W, and W, is a regularization matrix, which

discretizes equation (2); W, = diag (Ei) Similar to Fang et al. (2018), 8, was set to 0.01 X f3,

to evaluate H,.
Drawing a sample, mg, from the distribution, N (m,, H-1) can be written as
m® =m, + (LT) 1x €)

Here, the lower triangular matrix, L,, is obtained by the Cholesky factorization of H, = L,LT, and
x € RM is a random vector drawn from N (0, I); I € RM*M is an identity matrix. By repeating
equation (8), nsgmpie times, we can obtain multiple samples, that can be readily transformed to
resistivity models (ps = exp (—m?)). For our application, we found that ng,m,,,. = 1000 was

sufficient to approximate m, = : :S:“lm’”le m;,. This posterior sampling was repeated for

Nsample

each of six recovered resistivity models found with a variable prior model resulting in a total of
6006 resistivity models.

The spatially constrained AEM inversion algorithm and the posterior sampling method described
in this section were implemented in a SIMPEG-EM1D module (Kang et al., 2019). The SimPEG-
EM1D code IS publicly available through a github repository:
https://github.com/simpeg/simpegEM1D.
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When displaying the subsurface models in 3D, we interpolated them onto a 3D grid using an
inverse distance weighting method, which is composed of uniform cells each with a dimension of
200 mx200 mx5 m in easting, northing, and depth direction, respectively. Our choice of the
dimension was based upon spacing of the AEM flight lines, on average, ~500 m, and the smallest
thickness of the resistivity cells, 3 m, at the surface.

4.1.2. Rock physics transform

We developed and applied two forms of the transforms to obtain information about sediment type
from the resistivity models. One form was used to map each resistivity value to sediment type,
defined as either sand/gravel or clay/silt. The other form was used to map resistivity to the
percentage of sand/gravel.

4.1.2.1 Transform of resistivity cells to sediment type

Using the 55 pairs of co-located 1D layered-resistivity models and lithology logs (shown as open
triangles in Figure 5), we used the method of Knight et al. (2018) to obtain the resistivity
distributions corresponding to the two sediment types, sand/gravel and clay/silt. Given that water
saturation will have a significant impact on the resistivity of lithologic units, we developed separate
distributions for the sediment types above and below the top of saturated zone (TSZ), using the
estimates of TSZ throughout the study area obtained by Dewar and Knight (2020). In this area the
depth to the top of the TSZ ranged from 3-20 m.

Using the resistivity distribution for each sediment type above/below the TSZ, we chose the most
likely sediment type for a given AEM resistivity value, p4E (x, y, z). This transform function,
Fseqimene[], can be written as

Fsediment[ pAEM ] = ZAEM: (9)

where, z4EM (x,y,z) is a categorical variable distinguishing between the two sediment types:
clay/silt (z4E™ = 1) and sand/gravel (z4EM = 2).

Applying the rock physics transform to all 6006 resistivity models obtained from the previous step
resulted in an ensemble of sediment-type models. Using them, we computed the probability of
each sediment type:

Vi1 647 (71
Pclay/silt = I ) (10)

Psand/gravel =1- Pclay/silt»

AEM _
1, z;"" =

0, Z/EM =2

sediment-type models. Note that the obtained probabilities varied in 3D space (e.g.,

where §4EM is a Kronecker delta function: §4EM (z2EM) = { . L is the number of the
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Psana/graver (%, ¥, z)). We define the level of uncertainty UCsegimene @S reaching a minimum at
the two extreme values of Psun4/graver = 0 and Pejqy /siic = 1 as expressed below:

UCsediment = (1 - |Psand/gravel - 0-5| X 2)- (11)

This uncertainty level in sediment type ranges from 0 to 1. The sediment-type models, along with
calculated probabilities and uncertainty, were interpreted to obtain information about the large-
scale structure of the aquifer system.

4.1.2.2 Transform of resistivity cells to coarse fraction

In order to obtain information about sediment type, below the scale resolved in the resistivity
models, we used the approach of Goebel and Knight (2020). This allowed us to develop a transform
between resistivity and the percentage of sand/gravel within the volume represented by a cell in
the resistivity model; we refer to the percentage of the sand/gravel as the coarse fraction. Using
the obtained resistivity distributions for the two sediment types we sampled from them with
variable coarse fraction to construct a second transform function, Fr.,ctionl:], Which can be written
as:

Ffraction[pAEM 1= cég%e: (12)

where fA4EM (x,y, z) is the resulting value of coarse fraction. Applying this rock physics transform
to all 6006 resistivity models generated an ensemble of coarse-fraction models. A coarse-fraction
model of the study area was used, along with the head data from the 12 multi-completion wells, to
obtain information about the lateral variation in vertical connectivity within the aquifer system.

4.2 Results and discussion
4.2.1 Interpretation of sediment type models to obtain large-scale structure

Our interpretation workflow generated a model space that included 6006 resistivity models (6
recovered resistivity models and 6000 resistivity models from posterior sampling), and a
corresponding 6006 models displaying sediment type and 6006 models displaying coarse fraction.
In contrast to the approach typically taken in the interpretation of geophysical data (a single
resistivity model with a single interpretation), this is an enormous model space that can be explored
to address the issue that defined this study: an improved delineation of the large-scale structure
and heterogeneity of the aquifer system so as to better understand the extent of vertical connectivity.

The six resistivity models, recovered using the parameters for the six inversions described in Table
2, all captured very similar large-scale structure, but varied significantly in areas where the AEM
data were less sensitive. Given the high quality of the resistivity logs from the survey area, we felt
that incorporating information from the logs in Inversion 6 significantly improved the accuracy of
the recovered model. We show a three-dimensional view of the recovered resistivity model from
Inversion 6 in Figure 7, displaying the subsurface variation in electrical resistivity in the study area.
Given our level of confidence in this model, it was used to construct the rock physics transform.
In Figures 8a and 8b, we show the resistivity distributions for clay/silt and sand/gravel, above and
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below the TSZ, respectively. The distributions clearly reveal the impact of water content on the
resistivity distributions and emphasize the need to treat the regions above and below the TSZ
separately. Higher values of resistivity values are found above the TSZ than below the TSZ due to
the reduced water content. Below the TSZ, the resistivity distributions of the two units are well-
separated, whereas above the TSZ significant portions of the distributions are overlapping, due to
the impact of the variable water content. Using these distributions, we transformed all 6006 of the
resistivity models into sediment-type models. The threshold values of 23 Qm and 18 Qm were
used to separate resistivity values above and below the TSZ, respectively, into the two sediment
types. The resistivity values in the recovered resistivity models ranged from 4 Qm to 80 Qm. The
presence of values that fell outside of the distributions in Figure 8 was evidence that our transform
did not sample all of the resistivity values in the study area. In order to address this, any resistivity
value greater than those in the sand/gravel distribution was transformed to sand/gravel, and any
resistivity value below those in the clay/silt distribution was transformed to clay/silt.

As representative of our model space, we show in Figure 9 vertical sections, along flight line
L710601 (the red line in Figure 5), through the four resistivity models recovered from Inversion
1, 2, 4, and 6 in the left panel and the corresponding four sediment-type models derived from the
recovered resistivity models in the right panel. The region below the DOI is shaded with a
transparent white color. For comparison, in the left panel are shown 11 resistivity logs and in the
right panel two lithology logs, all located within 200 m of the flight line. During the analysis of
the lithology logs, and the development of the rock physics transform, we defined the units as
sand/gravel and clay/silt. However, given the limited resolution of the AEM method, there is very
likely clay/silt within the unit we would map as sand/gravel and vice-versa. We also knew that
there was significant spatial heterogeneity within the aquifer system in this area, making it highly
unlikely that thick homogeneous packages of sand/gravel or clay/silt would be present. We
therefore, in interpreting sediment type models, referred to the two units as “sand/gravel-
dominated” and “clay/silt-dominated.

In reviewing the four sediment-type models we observe similarities in the large-scale structure.
On the western side there is a layer dominated by sand/gravel in the top ~100 m; this layer thins
to the east and is absent on the eastern side of the models. The next layer is dominated by clay/silt,
underlain (in three of the models) by a layer dominated by sand/gravel, shallowing towards the
east. A comparison with the two lithology logs shows the ability of the AEM method to image
large-scale packages but not the finer-scale variation as discussed in Section 2.3. Despite the
similarities in the models, we can see in Figure 9 how the variation in the regularization function,
used in the inversion, caused differences in the resistivity models and derived sediment-type
models.

In Figure 9a we see a smooth layered structure in the resistivity model, and therefore in the derived
sediment-type model. This reflects the emphasis put on the smoothness constraint in the
regularization function and the lack of a reference model. In Figure 9b we see that adding a
reference model of 10 Qm, which corresponds to clay/silt in our rock physics transform, to the
regularization function results in more resistivity values close to 10 Qm, at depths below ~200 m.
In this region, which includes the deepest part of the section designated as below the DOI, the
AEM data have low sensitivity, so the inversion heavily weights the information contained in the
regularization function. The impact of this is to increase, relative to Figure 9a, the amount of
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clay/silt-dominated material that is shown in the sediment-type model at depths below ~150 m.
Similarly, in Figure 9c (Inversion 4), changing the reference model to 30 Qm, which corresponds
to sand/gravel-dominated in our rock physics transform, results in more resistivity values close to
30 Om below ~200 m; this increases the amount of the sand/gravel-dominated material below
~200 m. The fact that adding a reference model can completely change the sediment type is a good
illustration of the high level of uncertainty that we face, and the importance of characterizing it,
when deriving and interpreting a sediment-type model from AEM data.

While it is important to capture the uncertainty, it is equally important to recognize that adding
relevant information to the inversion can improve the accuracy of the sediment-type model of the
subsurface. This was demonstrated in conducting Inversion 6, where we used the interpolated
resistivity logs as a reference model, with cell-based weighting. This constrained the inversion to
find a resistivity model that not only fit the observed data, but also provided a good match with
the resistivity logs. The result, as would be expected, was a much better match between this
recovered resistivity model and the resistivity logs than was seen with the other resistivity models.
More importantly, this model achieved improved agreement with the lithology logs. In particular,
as shown in the right panel of Figure 9d, we see good agreement between the sediment type model
and the lithology logs at the base of the top sand/gravel-dominated layer as well as at the top and
base of the thick sand/gravel-dominated package underlying the clay/silt-dominated layer.

This exploration of the model space of the AEM data, positioned us to obtain information about
the large-scale structure and heterogeneity in the aquifer system. Because of the high quality of
the resistivity logs in the area, we selected the resistivity and sediment-type models derived from
Inversion 6 to be the primary resistivity and sediment-type models. We interpolated the resistivity
model onto the 3D grid using an inverse distance weighting and transformed all cells to sediment
type. We then used the models in our model space, i.e., the 6006 resistivity models and
derived/corresponding sediment type models, to quantify probabilities and uncertainty; the
probability of sand/gravel-dominated and the uncertainty of sediment type were interpolated onto
the 3D grid as well.

In Figure 10a we show the 3D primary sediment-type model displaying only those regions
classified, through use of the transform, as being sand/gravel dominated; the DOI is presented as
a blue transparent interface. In Figure 10b we show the same regions, displaying the probability
of sand/gravel-dominated calculated using the other 6005 sediment type models, where the
probability in a cell is equivalent to the percentage of models having the same sediment-type
mapped in that cell. We see that the probability ranges from 30% to 100%, with the histogram of
values shown in Figure 11. Recalling that this is a binary system in terms of sediment type, the
sum of the probability of sand/gravel-dominated and the probability of clay/silt-dominated is equal
to 100%.

The results derived from our AEM data were used to obtain information about the large-scale
structure and heterogeneity within the aquifer systems. In Figure 10c, we show a vertical section
through the model in Figure 10b with our interpretation. The model extends from the vertical
section A-A’, the location of which is shown in Figure 5, and extends to the north. Seen in this
section is the large-scale structure that we observed in the other sediment-type models shown in
the right panel of Figure 9. As seen in the histogram, most of the probability values in the displayed
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regions are above 50% indicating that this structure is present in the majority of models. In the
eastern part of the study area, there appears to be a continuous package of sand/gravel-dominated
starting at the East-to-West (E-W) boundary and extending to the eastern limit of the study area;
this E-W boundary separates eastern and western part of the region as shown in Figure 10c. We
refer to this package of sand/gravel-dominated as the eastern zone; top and base of the eastern zone
are mapped with red and yellow surfaces, respectively, in Figure 10c. In the western part of the
study area, which corresponds to the westside of the E-W boundary, we identified three zones: an
upper zone which is primarily sand/gravel-dominated, a middle zone which is primarily clay/silt-
dominated, and lower zone which is primarily sand/gravel-dominated. The extent of these zones
is shown in Figure 10c using three surfaces: the base of the upper, middle, and lower zones
correspondingly represented as blue, red, yellow surfaces.

It is the information about probability, extracted from our model space, that we used to quantify
the uncertainty, in each cell, in our ability to identify sediment type. When a cell has a probability
of 100%, in terms of corresponding to one of the sediment types (sand/gravel or clay/silt), the
uncertainty is defined as 0. As the probability, for either sediment type, moves towards 50%, the
uncertainty increases, reaching a maximum of 1 when the probability of both sediment types equals
50%. This uncertainty is displayed in Figure 12. The dominant factor determining uncertainty is
an inability to resolve the variation in resistivity; i.e. we cannot accurately determine the resistivity
value in each cell. The ability to resolve the resistivity decreases with depth, with the DOI defined
to indicate the depth at which we lose resolving ability. It is important to note that above the DOI
there can be significant levels of uncertainty in areas where there is high spatial complexity so that
resistivity is changing rapidly vertically and/or laterally. At the boundaries between the two
sediment types, the smoothness constraint used in the inversion will result in recovered resistivity
values close to the threshold resistivity value separating the two sediment types. Thus, small
variations in recovered resistivity can easily change the resulting sediment type, determined from
the transformation. This results in a high level of uncertainty in sediment type at any interface
between the two sediment types.

The image of uncertainty in Figure 12 displays higher uncertainty with increasing depth but also
maps surfaces displaying high uncertainty at shallower depths. The average uncertainty level of
the lower zone, 0.6, was the highest of all the zones. This is an expected result because of the
decreasing resolution of the AEM method with depth; a portion of the lower zone is below the
DOl as shown in Figure 10b. Throughout the rest of the image, the changes and patterns we found
in uncertainty indicate that the loss of resolution with depth was not the only control on the
observed uncertainty. At the large scale, we found high uncertainty coincident with the surfaces
defined as separating zones in the aquifer system. These surfaces separate zones dominated by
different sediment types so, as described above, are expected to be surfaces of high uncertainty.
At the smaller scale, within the zones, there are differences in both the average level and in the
variability of the uncertainty which we also interpret as related to the presence of interfaces across
which there are changes in sediment type. We found a moderate level of uncertainty in both the
upper zone, 0.4, and the middle zone, 0.38. The fact that these uncertainty levels are very similar,
not higher in the middle zone as would result from the degradation in resolution with depth, we
attribute this to the presence of greater fine-scale variability in sediment type in the upper zone.
The observed complex patterns in uncertainty within the upper zone indicate a complex
interlayering of sand/gravel and clay/silt. The eastern zone has an average uncertainty value of
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0.24 and shows a low level of uncertainty throughout the zone, suggesting less fine-scale spatial
variability in sediment type compared to the other zones. The image of uncertainty in Figure 12
reveals numerous areas where we cannot interpret, with certainty, sediment type but we can
interpret — with certainty — the presence of changes in sediment type, over short vertical distances.

4.2.2 Interpretation of coarse-fraction map to obtain information about vertical connectivity

The AEM method is limited in terms of the ability to resolve spatial variability in sediment type,
but the recovered resistivity values will be highly sensitive to the volume fractions of the sediment
types that are present. This can provide information about vertical connectivity in an aquifer
system.

Using the primary resistivity model (from Inversion 6), we constructed the second form of the rock
physics transform to map the percentage of the sand/gravel, referred to as the coarse fraction, at
the resolution of the resistivity model. Figure 14a and 14b show the constructed transforms
between resistivity values and coarse fraction above and below the top of the saturated zone (TSZ),
respectively. The grey shaded region shows the standard deviation (i.e., 68% confidence interval),
taken as the uncertainty of the transformed coarse fraction caused by variation in the resistivity
distributions of the sediment types. The average standard deviation below the TSZ is 5%. The
average standard deviation is higher above the TSZ, 24%. Given that the greater variation in the
resistivity distributions is expected above the TSZ than below the TSZ, this higher standard
deviation above the TSZ is an expected result. There are resistivity values beyond the range of the
transform (e.g., 16 Qm-22 Qm below the TSZ). To address this, any value less than the lower limit
was set to 0% coarse fraction and any resistivity value greater than the upper limit was set to 100%
coarse fraction. The fact that there are resistivity values beyond the range of the transform shows
the limitation of our approach. Thus, it is important not to interpret the absolute values displayed
in coarse-fraction model, but to use the model in conjunction with available hydrological data (e.g.,
head data) to assess spatial heterogeneity in the area.

We transformed all resistivity models resulting in 6006 coarse-fraction models, then calculated the
vertical average of the coarse fraction, between the TSZ and the base of the eastern zone in the
eastern part of the study area, and between the TSZ and the base of the lower zone in the western
part of the study area. When viewed in plan view, this provided vertically integrated coarse-
fraction maps. The coarse-fraction map derived from the primary resistivity model is shown in
Figure 14a; red lines contour the 50% coarse-fraction values. The standard deviation, obtained
from the 6006 models, is shown in Figure 14b and represents uncertainty which is very low
throughout most of the study area; white lines contour the 10% standard-deviation values. This is
an expected result given that the AEM data has ability to resolve the percentage of sand/gravel for
a thick vertical interval with good estimates of resistivity distributions for the sediment types. The
black dashed line marks the separation between the eastern and western part of the study area,
labeled as the E-W boundary in the figure; the Sacramento River is represented as the blue polygon.

The open circles shown in Figure 14a are the locations of the twelve multi-completion wells in the
study area; these wells are labeled A to L, going from east-to-west. Each well is composed of two
wells with head measurements made in two screened intervals. As an indication of vertical
connectivity within the aquifer system, we calculated, for each multi-completion well, the
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minimum and maximum magnitude of the vertical head gradient, dh/dz between 2013 and 2018.
As demonstrated by (Fogg, 1986), in heterogeneous, clastic sedimentary complexes such as this
one, values of dh/dz vary strongly as a function of vertical connectivity, or the effective vertical
hydraulic conductivities. Good connectivity produces lower values of dh/dz, approaching the
lower values that typify horizontal gradients (dh/dx) that occur in the relatively well-connected,
horizontally stratified packages of sedimentary facies. Poor vertical connectivity produces much
higher values of dh/dz.

The solid circles showing the well locations in Figure 14a are color-coded to display the maximum
|dh/dz|. The horizontal hydraulic gradients, dh/dx, in the study area are on the order of ~1073,
so we interpreted dh/dz values close to this as indicative of good vertical connectivity, with
connectivity decreasing as dh/dz increases (Fogg, 1986). In Figure 15 we plot the minimum and
maximum |dh/dz| versus the AEM-derived coarse fraction for the closest AEM sounding. The
separation distance between an AEM sounding and a multi-completion well ranged from 22 m to
400 m. In both the map view in Figure 14a and the plot in Figure 15, we observe a correlation
between the values of dh/dz and coarse fraction from the AEM data, with the general trend of
decreasing vertical hydraulic gradient with increasing coarse fraction; an exception is the one
outlier marked with red open rectangle (Well C).

We found low dh/dz values at monitoring wells A, B, and D in the eastern part of the study area.
Figure 16 shows the hydrographs from Well A. Also shown are the layered-resistivity and
sediment-type models from the closest AEM sounding and the resistivity and lithology logs from
one of the wells in the multi-completion well; the TSZ and the base of the eastern zone are shown
as black dashed lines. The two hydrographs are almost coincident, indicating good connectivity
between the two depth intervals tapped by those wells; max(|dh/dz|) is 1.5 x 1073, Sediment
type from the AEM data show a thick package of sand/gravel-dominated unit between the TSZ
and the base of the eastern zone. Figure 14a shows that coarse fraction within the aquifer system
is above 50% throughout most of the eastern area. This, combined with the well measurements,
suggests that this is the region where we have the greatest vertical connectivity. The eastern area,
interpreted from the AEM data to be a thick package of sand/gravel-dominated material, represents
volcaniclastic materials derived from sources to the northeast. These include fluvial point-bars,
channels and overbank deposits as well as debris flow deposits of the Tuscan and Quaternary
formations.

In the western part of the aquifer system, we found coarse fraction values less than 50% in many
areas and higher dh/dz values in the data from monitoring wells (G, H, I, J, K, L) in those areas
than found in the eastern part. Shown in Figure 17 are two hydrographs from the shallower and
deeper screened intervals in Well G. The different trends, particularly between 2013 and 2014, and
the max(|dh/dz|) of 5.5 x 1072 indicate poor connectivity. Both the AEM-based information
and the logs show the presence of multiple clay/silt layers between the TSZ and the base of the
lower zone.

The western part is where we identified the thick, clay/silt-dominated middle zone. This results in
low coarse-fraction values which dominate the map pattern allowing more isolated fluvial systems
(point-bars, channels, and overbank deposits) within the aquifer system to be highlighted. In
particular, coarse fractions from the north-to-south trending Sacramento River system exist on the
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east side of the Easting line: 585000 m, while northwest-to-southeast oriented features from the
Tehama and Quaternary formations (often called the Stony Creek system) are shown on the west
side of this line.

Figure 18 shows the hydrographs and other data for Well C which, as seen in Figures 14a and 15,
does not show the same correlation between dh/dz and coarse fraction as seen for the other wells.
The magnitude of max(|dh/dz|) is 0.18, which indicates low connectivity. However, the layered-
resistivity and sediment type models show the presence of a thick sand/gravel-dominated package
between the TSZ and the base of the eastern zone. In the lithology log, however, there is a 5-m-
thick clay/silt layer described at ~75 m depth. This clay/silt layer likely acts as a hydraulic barrier
between the two screened intervals but was not resolved by the AEM method. As shown in Figure
4, the critical thickness at 75 m depth is ~5 m indicating a possibility of the AEM method to miss
this layer.

There is not enough information available in the AEM data alone to make it possible to accurately
quantify vertical connectivity within an aquifer system. We found, however, that deriving the
coarse fraction from the AEM data provided an indicator of connectivity that could be used, in
conjunction with well data, to assess the variability in connectivity throughout our study area.

5. Conclusions

We developed a methodology for the interpretation of AEM data that involved the use of multiple
forms of inversion of the acquired AEM data and the development of derived models of sediment
type and coarse fraction. Exploring this large model space allowed us to use the quantified
uncertainty as an integral part of our interpretation of the derived models, and to communicate our
level of confidence in the interpretation.

In the inversion of the data, we benefitted in the study area by having high quality resistivity logs
available. The range of average resistivity from the resistivity logs was used to set a homogeneous
reference model. We found that simply changing a resistivity value of a homogeneous reference
model effectively changed the resulting resistivity values in the recovered resistivity model and
transformed sediment type. This demonstrated the relatively high level of uncertainty present in
the inversion step of the workflow. Using the interpolated resistivity logs as a reference model
improved the accuracy of the sediment-type model, thus demonstrating the value of incorporating
high quality ancillary data in the inversion. The recovered resistivity model from this inversion
was used to develop our primary sediment-type model.

We first used the primary sediment-type model to interpret the large-scale structure of the aquifer
system and used all of the models in the model space to quantify uncertainty. The observed
uncertainty gave us confidence in our interpretation of the large-scale structure and also provided
additional information about subsurface heterogeneity. Not surprisingly, regions below the DOI
showed high levels of uncertainty. What our methodology revealed, however, were areas with high
levels of uncertainty across the entire depth range of our models. The uncertainty was highest
along surfaces where the resistivity values were very close to the cut-off between the resistivity
ranges corresponding to the two sediment types. In this way, the sediment-type models displaying
high levels of uncertainty over short vertical distances, displayed — with certainty — interfaces
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across which sediment type was changing. This is a new form of interpretation of AEM data that
can be used to assist in the mapping of large-scale structure, and to identify regions where there is
significant finer scale interlayering of different sediment types.

The motivating issue in this study was to develop an improved understanding of the vertical
connectivity of the aquifer system. We used vertical head gradient data from 12 multi-completion
wells to obtain independent indicators of connectivity at 12 locations that helped corroborate the
results derived from the geophysical data, and enrich our interpretation. We transformed the
resistivity values from the primary recovered resistivity model to the percentage of sand/gravel,
and from this obtained a plan view of integrated coarse fraction across the depth range of the
imaged aquifer system. We found a correlation between coarse fraction and vertical head gradient,
that suggests that the coarse-fraction maps, derived from AEM data, can be used to bridge the data
gap between sparse multi-completion wells. When combined with the interpreted large-scale
structure, these maps could also be used to prioritize the locations of new monitoring wells to
obtain a more complete understanding of the vertical connectivity within the aquifer system.

The AEM method can provide valuable information about aquifer systems and thereby benefit
management efforts. The focus of our research is to develop ways of maximizing the information
about aquifer systems that can be obtained from AEM data while capturing and communicating
the relevant uncertainty. We advocate an approach that works with an extensive model space, so
that mapping of uncertainty can become the standard practice when interpreting AEM data. As we
found in this study, quantifying uncertainty can be used not only to communicate the level of
confidence in the identification of sediment type, but can assist in identifying interfaces between
sediment type, at both the large and fine scale. Continued research, focused on exploring the
optimal way to interpret AEM data, and integrate these data with other forms of hydrologic data,
will undoubtedly lead to the increased adoption of the AEM method as an integral component of
subsurface characterization for groundwater science and management.
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Appendix A. 1D AEM Inversions with a Single Sounding

In this appendix, we describe how we selected the inversion parameters presented in Table 2 with
a 1D AEM inversion analysis. We used a single AEM sounding with the closest separation distance
from a well location marked as open rectangle in Figure 5 (welllD: 21NO1W11A001M); this
separation distance is 24 m. Both lithology and resistivity logs are available at this well, and they
are shown in Figure Al. We applied the workflow to the AEM response from a single sounding
location. The first step is inverting AEM response. Prior information used for 1D AEM inversions
is the following. First, a general conceptual model in the Central Valley where the study area is
located is the presence of sand/gravel (resistive) channels embedded in a clay/silt (conductive)
background (Faunt, 2010); this was used to determine the initial guess of the inversion. Second,
the range of the average resistivity from the resistivity logs in the study area is: 10 Qm-30 Om;
this was used to generate a homogenous reference model. Third, the closest resistivity log from
the AEM sounding shown in Figure Al was used to generate an inhomogeneous reference model.

We performed three stages of 1D AEM inversions by altering prior models. We started our first
stage of AEM inversions with a minimal prior information only using the smoothness term in
equation 2. In the second stage, we added a homogenous reference model using the range of the
average resistivity. As shown in Figure Al, the resistivity log was upscaled to the layer used for
the AEM inversion, used as a reference model in the third stage.

For the first stage of inversions ag and a, were set to 0 and 1, respectively; a; = 0 indicates there
is no influence from a reference model. We ran three inversions with variable starting models: 10
Qm, 20 Qm, 30 Om based upon the range of the average resistivity. Figure A2 shows recovered
layered-resistivity models; the upscaled resistivity log is shown together for comparison with the
recovered models. Overall, all three models are very similar indicating that inversions are
insensitive to an initial model. Based upon that we fixed the initial model, m,, as 10 Qm for
following inversions. Given that the clay/silt is the background materials, the lower limit of the
average resistivity, 10 Qm, was chosen as the initial model.

In the second stage, we added a homogeneous reference model. For this, a, value was increased
from 0 to 1; a, was kept as 1 indicating relative importance of the smoothness and the smallness
terms are about the same. We ran three inversions with variable reference models: 10 Qm, 20 Qm,
30 Om. Figure A3 shows recovered layered-resistivity models. In top 200 m, three resistivity
models are similar, whereas they show significant differences below 200 m. This indicates a high
level of the uncertainty below 200 m. The recovered resistivity value gets closer to the reference
model as the depth increases. This reflects decreasing sensitivity of AEM response with depth. For
deep layers having a low sensitivity of AEM response, our inversion was constrained to put
resistivity values close to the reference model. This was a fundamental idea for Oldenburg & Li
(1999) to compute DOI, which indicates the depth at which we lose resolving ability. We followed
this approach, and compared the calculated DOI with another well-known approach from Vest
Christiansen & Auken (2012), which have been widely used in AEM inversions for hydrogeologic
applications.
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The DOI approach from Oldenburg & Li (1999) requires carrying out two inversions with different
reference models: m;,; and m7,; resulting inversion outputs are m}! and m?. Then DOI index

can be computed as
ml —m?

1

DOl index = —————
Myer = Myer

(41)

To calculate the DOI, we selected the two recovered layered-resistivity models, which used 10
Qm and 20 Qm as the reference models; so, m%ef and m7,, are 10 QOm and 20 Qm, respectively.

To decide the DOI, a threshold value for the DOI index needs to be chosen, and this process is
somewhat arbitrary; any value can be chosen between 0 and 1. DOI index of 0 means that the
ability to resolve structure is high, whereas that of 1 means that the lack ability to resolve structure.
We calculated the DOI with two threshold values: 0.4 and 0.9, and calculated DOI values were:
280 m and 353 m, respectively. The DOI calculated from Vest Christiansen & Auken (2012)’s
approach was 271 m with their threshold value of 0.8; this value matches well with our DOI with
threshold value of 0.4, 280 m. A threshold value of the DOI was determined later in this appendix
after we finished the final stage of inversions.

For the final stage of inversions, we used the upscaled resistivity log shown in Figure Al as a
reference model. It is important to recognize that the supporting volume of the resistivity log is
much smaller than that of the AEM data (see Figure 1a). Thus, the resistivity log is not a perfect
representation of the true resistivity model that we seek in our AEM inversion. The reference
model should be viewed as a soft constraint, that is the inversion is not forcing the recovered
layered-resistivity model which is the same as the reference model. Our confidence of the reference
model can be adjusted with a,. We ran two inversions with different a, values: 0.1 and 1, and
show the results in Figure A5. Both of the recovered layered-resistivity models are much closer to
the upscaled resistivity log compared to the models from the previous inversions. A higher a,
value reinforces the inversion to be closer to the reference model. Note that even when we set the
a, value to 1, the recovered layered-resistivity model is not exactly the same as the upscaled
resistivity log, which indicates the trade-off made in the inversion to fit the data while preserving
structures in the reference model.

From a total of the eight recovered layered-resistivity models, we removed the two from the first
stage which did not show major differences, resulting in a total of six recovered models; these two
models correspond to Figures A2b and A2c. In Figure A6, we show the remaining six recovered
layered-resistivity models. Red and blue lines distinguish whether the upscaled resistivity log was
used as a reference model or not. The two DOI estimates with different threshold values are also
shown as dashed lines. In the top 200 m, all six resistivity models are compatible except for a few
minor features: underestimated resistivity values for shallow resistor in the top 30 m and missing
a thin resistor at 60 m depth indicating a lower level of uncertainty in the top 200 m than below
200 m. However, below 200 m, the layered-resistivity models show large differences indicating a
higher level of uncertainty. Imaging the thick resistor at 230 m depth was not possible without the
resistivity log information, even though its top boundary was located above the DOIs. However,
with the resistivity log information, we were able to image this thick resistor. Given that we have
successfully incorporated the resistivity log information, we selected 0.9 as our threshold value for
calculating the DOIL.
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Figure 1. A geologic cross section: B-B’ illustrating geology of Butte and Glenn Counties,
California, U.S.A. Modified from CDWR (2014). An inset map shows the location of the cross
section: B-B’.
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Figure 2. Conceptual diagram illustrating the recovered resistivity model from the 1D spatially-
constrained inversion. (a) The true resistivity model along a 1 km flight line. Black lines indicate
the cylindrical support volume of the AEM response at the center sounding location. (b) The 1D
recovered resistivity models. Green dots show locations of the twenty-one AEM soundings with

25 m interval and 40 m flight height. The 1D layered-resistivity model at the center sounding
location is enclosed with a black rectangle.
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Figure 3. An example illustrating a source of non-uniqueness in AEM inversion due to the inability
to resolve differences in resistivity, once the resistivity is above a certain threshold. (a) 1D layered
resistivity models. The solid and dashed lines represent two models with a different resistivity
value (p) for the layer: 50 Qm and 100 Qm. For both models the depth to the top of the layer is
50 m and the thickness of the layer is 20 m. (b) AEM responses corresponding to the models in
Figure 3a.
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Figure 4. The critical thickness of a layer as a function of depth. The critical thickness is the
required thickness of a layer, embedded in a homogenous background, in order for the layer to be
detected by AEM data. Blue curve: a sand/gravel layer in clay/silt background. Orange curve: a
clay/silt layer in a sand/gravel background. The resistivity values used for clay/silt and sand/gravel
were 20 Qm and 50 Qm, respectively.
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Figure 5. Location map of Butte and Glenn Counties in Central Valley of California showing
available data. Light green and orange lines indicate two AEM surveys flown with SkyTEM 312
and 304 systems, respectively. Black lines show the county boundaries. Red circles show 152
resistivity logs; 21 of them also having drillers logs are denoted as yellow circles. Open triangles
show 55 well locations containing lithology logs within 100 m separation distance from AEM
soundings; these well locations were treated as co-located with AEM soundings. Blue circles show
the location of 61 wells with measured water levels during the same week of the AEM survey.
Cross marks indicate the location of 12 multi-completion wells. Blue polygon indicates the
Sacramento River. The red line indicates an AEM flight line (linelD: L710601). A-A’ shown as a
black dashed line indicates horizontal location of a vertical section shown in Figures 10c and 12.
An empty rectangle shows a well location (welllD: 21N01W11A001M) including both resistivity
and lithology logs.
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Figure 6. Interpolation of resistivity logs. (a) Resistivity logs at 152 well locations. (b) 3D
interpolated volume of the resistivity displaying result of the interpolation. The resistivity logs

were interpolated to the discretized Iayers at all sounding locations resulting in pmg For a
visualization purpose, we interpolated the pm to the 3D grid as shown in Figure 6b.
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Figure 7. Three-dimensional display of subsurface variation in electrical resistivity in Butte and
Glenn Counties in the Central Valley of California, U.S.A., obtained through the processing and
inversion of AEM data. The inverted 1D resistivity models imaging the top ~400 m of the
subsurface in the study area are displayed at AEM sounding locations. This resistivity model
corresponds to Inversion 6 in Table 2.
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Figure 8. Resistivity distributions of clay/silt and sand/gravel obtained from the rock physics
transform. (a) Above the top of the saturated zone (TSZ). (b) Below the TSZ. Grey and yellow
colors indicate clay/silt and sand/gravel, respectively. Vertical dashed lines denote threshold
values of resistivity used to transform resistivity values from AEM to the two sediment types; these
threshold values above and below the TSZ are 23 m and 18 Qm, respectively.
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Figure 9. Vertical sections of resistivity and sediment-type models at a flight line: L710601 shown
as the red line in Figure 5. The left and right panels distinguish resistivity and sediment-type
models. Four recovered resistivity models from Inversion 1, 2, 4, 6 (Table 2) and corresponding
sediment-type models derived from them are shown in Figures 9a, 9b, 9c, 9d, respectively. Eleven
resistivity logs and two lithology logs within 200 m from this flight line were shown within black
rectangles in the left and right panels, respectively. Shaded areas with white transparent color show
the region below the depth-of-investigation (DOI).
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(a) 3D sediment-type model (only sand/gravel-dominated)
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Figure 10. The results of the AEM interpretation workflow in a 3D view. (a) A display of
sand/gravel-dominated (yellow color). (b) The regions shown in (a) but shaded with the probability
of sand/gravel-dominated, Psgna/graver- (€) Overlain interpretation. The model shown in Figure
10c extends from the vertical section A-A’ the location of which is shown in Figure 5, and extends
to the north. Blue dashed lines indicate the location the A-A’ vertical section in the 3D view. The
E-W boundary shown as a black line separates the eastern and western part of the regions. In the
western part of the region, the upper, middle and lower zones are delineated by the three surfaces
— the base of the upper zone (blue), the base of the middle zone (red), the base of the lower zone
(yellow). In the eastern part of the region, a single sand/gravel-dominated zone is identified, which
is denoted as the eastern zone; the red and blue surfaces in this region correspond to the top and

base of the eastern zone.
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Figure 11. Histogram of the probability of sand/gravel-dominated shown in Figure 10b.
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Figure 12. The estimated uncertainty in sediment type from AEM data in a 3D view. The 3D
uncertainty extends from the vertical section A-A’ the location of which is shown in Figure 5, and
extends to the north. Blue dashed lines indicate the location the A-A’ vertical section in the 3D
view.
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Figure 13. The relationship between resistivity and coarse fraction: (a) above and (b) below the
top of the saturated zone (TSZ). Grey shaded region indicates the standard deviation of the coarse

fraction illustrating the uncertainty of the transform when converting resistivity values to coarse
fraction.
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(b) Standard-deviation map
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Figure 14. Interpolated maps providing information about the vertical connectivity of the aquifer
system and the uncertainty. (a) The coarse-fraction map with location of 12 multi-completion wells
indicated by circles color coded with the maximum vertical hydraulic gradient. Letters A—L
indicate names of the twelve multi-completion wells. Red contours indicate 50% coarse-fraction
values. Black dashed line indicates the E-W boundary delineating the horizontal boundary between
the lower and eastern zones. Blue polygon indicates the Sacramento River. (b) The standard-
deviation map representing the uncertainty; darker color indicates low uncertainty (i.e., low
standard deviation); white contours indicate 10% standard-deviation values.
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Figure 15. A cross plot of coarse fractions from the AEM data and vertical hydraulic gradients
from the head data. Solid and transparent green circles distinguish the maximum and minimum
vertical hydraulic gradients, respectively. Letters A-L indicate names of the twelve multi-
completion wells, and their locations are shown in Figure 14a. Black, red, and blue rectangles
indicate the multi-completion wells labeled as A, C and G, respectively. The hydrographs from
the A, G, C wells are presented in Figures 16, 17, 18, respectively.
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(a) Hydrographs from multi-completion well ( max|dh/dz| = 1.5e-03)
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Figure 16. Comparison of the AEM-based information with the head measurements from a multi-
completion well (location A in Figures 14a and 15; wellpairlD: 20NO2E24C). (a) Two
hydrographs from the shallower and deeper screen intervals shown as blue and orange curves,
respectively; a value of maximum vertical hydraulic gradient is denoted in the title. (b) 1D layered-
resistivity and sediment type models from the closest AEM sounding location. (c) Resistivity and
lithology logs from a well included in the multi-completion well. The shallower and deeper
screened intervals are shown as blue and orange boxes, respectively in Figures 16b and 16c; the
TSZ and the base of the eastern zone are shown as black dashed lines in Figures 16b and 16c. The
DOl is shown as a blue dashed line in Figure 16b.
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(a) Hydrographs from multi-completion well ( max|dh/dz| = 5.5e-02)
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Figure 17. Comparison of the AEM-based information with the head measurements from a multi-
completion well (location G in Figures 14a and 15; wellpairlD: 22NO1W29N). (a) Two
hydrographs from the shallower and deeper screen intervals shown as blue and orange curves,
respectively; a value of maximum vertical hydraulic gradient is denoted in the title. (b) 1D layered-
resistivity and sediment type models from the closest AEM sounding location. (c) Resistivity and
lithology logs from a well included in the multi-completion well. The shallower and deeper
screened intervals are shown as blue and orange boxes, respectively in Figures 17b and 17c; the
TSZ and the base of the lower zone are shown as black dashed lines in Figures 17b and 17c. The
DOl is shown as a blue dashed line in Figure 17b.
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(a) Hydrographs from multi-completion well ( max|dh/dz| = 1.8e-01)
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Figure 18. Comparison of the AEM-based information with the head measurements from a multi-
completion well (location C in Figures 14a and 15; wellpairlD: 21N02E18C). (a) Two hydrographs
from the shallower and deeper screen intervals shown as blue and orange curves, respectively; a
value of maximum vertical hydraulic gradient is denoted in the title. (b) 1D layered-resistivity and
sediment type models from the closest AEM sounding location. (c) Resistivity and lithology logs
from a well included in the multi-completion well. The shallower and deeper screened intervals
are shown as blue and orange boxes, respectively in Figures 18b and 18c; the TSZ and the base of
the eastern zone are shown as black dashed lines in Figures 18b and 18c. The DOI is shown as a
blue dashed line in Figure 18b.

44



manuscript submitted to Water Resources Research

21INO1IW11A001IM
—— Resistivity log
— Resistivity log (upscaled)
---- TSZ
100 1
150 - |
—_ - sand/gravel
£ 200
L
J% 250
- - clay/silt
300 ]
350
400 1
450 -

101 102
Resistivity {Qm)

Figure Al. Resistivity and lithology logs at a well location (wellID: 21NO1W11A001M). Thin and
thick black lines indicate measured resistivity values with half foot sampling rate and upscaled
resistivity values into a layering used for the AEM inversion. Grey and yellow shaded layers
display lithologic data classified as clay/silt (grey) and sand/gravel (yellow). Blue dashed line

indicates the top of the saturation zone (TSZ). The location of the well is denoted as a cross mark
in Figure 5.
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Figure A2. Recovered layered-resistivity models from inversions with variable initial models: (a)

10 Qm, (b) 20 Qm, (c) 30 Qm. Only the smoothness constraint is used for the regularization
function.
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Figure A3. Recovered layered-resistivity models from inversions with homogeneous reference

models: (a) 10 Qm, (b) 20 Om, (c) 30 Qm. Both the smoothness constraint and reference model
were used for the regularization function.
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Figure A4. Estimating depth of investigation (DOI) using Oldenburg & Li (1999)’s approach. The
two layered-resistivity models recovered from inversions with different reference models: 10 Om
and 20 Om are distinguished as red and blue lines. Estimated DOI values with threshold values of
0.4 and 0.9 are shown as black and blue dashed lines, respectively. For comparison an estimated
DOI value from Vest Christiansen & Auken (2012)’s approach with a threshold value of 0.8 is
shown as red dashed line. Black line shows the upscaled resistivity log.
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Figure A5. Recovered layered-resistivity models from inversions by using the upscaled resistivity
log as a reference model with variable a; values: (a) 0.1 and (b) 1. Black line shows the upscaled

resistivity log. Both the smoothness constraint and reference model were used for the
regularization function.
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Figure A6. Six layered-resistivity models recovered from 1D AEM inversions with different prior
models. Red and blue lines distinguish whether the upscaled resistivity log was used as a reference
model or not. Black line shows the upscaled resistivity log. Black and blue dashed lines show the
DOls with threshold values of 0.4 and 0.9, respectively.
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Table 1. Specifications of the dual moment SKyTEM 312 and 304 systems. The dual moment

system includes the low moment (LM) and high moment (HM).

SkyTEM 312 SkyTEM 304
LM HM LM HM
Transmitter area (m?) 342 342 342 343
Base frequency (Hz) 30 210 30 210
Pulse width (ms) 0.8 4 0.8 4
Ramp-off time (us) 15 310 5 41
Time range
(from the peak input current) 26 us—1.4ms | 376 us—10.7ms | 26 us—1.4ms | 86 us—-10.4 ms
Peak current (A) 6 110 9 111
Number of coil turns 2 12 1 4

(for transmitter)
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Table 2. Six different sets of inversion parameters. Explanation of inversion parameters are
described in section 4.1.2. For inversion numbers 5 and 6, we generated an interpolated resistivity

model using 152 resistivity logs, p;°7, and this was used as a reference model. The inverse distance

weight, w;pyy, used for the interpolation was used as a cell-based weighting for the smallness term,
wg, to compensate AEM soundings far way from the resistivity logs.

Inversion m

number Mo ref s a, a, W
1 10 Om N/A N/A 1 5 1
2 10 Qm 10 Om 1 1 5 1
3 10 Qm 20 Om 1 1 5 1
4 10 Om 30 Om 1 1 5 1
5 10 Om Lo 0.1 1 5 Wipw
6 10 Om piog 1 1 5 Wipw
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