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ABSTRACT

The mixing zone of coastal aquifers, the region where fresh terrestrial
groundwater interacts with saltwater, plays a critical role in solute flux to and from the
ocean. Knowledge of the geologic structure and pathways of groundwater input to this
zone is crucial for predicting effects on coastal ecosystems and ocean health. These
same pathways may also allow for seawater intrusion, making knowledge of their
influence a priority for both inland and offshore water chemistry. Groundwater and
associated solutes can be preferentially channeled through highly connected geologic
structures, such as lava tube systems in the volcanic aquifers of Hawaii. To better
understand how the complex geology of volcanic systems affects water fluxes between
land and sea in coastal regions, we created a geologic model composed of high-
permeability lava tubes surrounded by lower-permeability lava and ash. The model
was constructed with a surface-based geostatistical method using geometrical
parameters extracted from process-based simulations. We investigated the effects of
this hydraulic heterogeneity on the rate and spatial distribution of submarine
groundwater discharge and subsurface salinity distributions with simulations of
variable-density groundwater flow and salt transport. We also compared the connected
hydraulically heterogeneous simulations to homogeneous simulations with upscaled
equivalent permeability as well as simulations with a different heterogeneous
geometry. We found that simulations with connected heterogeneity have larger mixing
zones, higher volumes of recirculated seawater, and contained farther offshore
freshwater and less onshore seawater. The results have implications for coastal water
resource management and provide a better understanding of geologic controls on

solute flux between land and sea in volcanic systems.
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|Chapter 1

INTRODUCTION

Coastal aquifers are a primary source of freshwater for many populations
around the globe. Despite their prevalence as a water resource, however, they are
particularly vulnerable to problems that include contamination from both onshore and
offshore pollutants (Béhlke and Denver, 1995; DeSimone and Howes, 1996; Kroeger
et al., 2007; Almasri, 2008) and aquifer salinization (Kim et al., 2003; Park et al.,
2005; Barlow and Reichard, 2010). Nearshore surface waters also suffer from
pollution derived from discharge of groundwater and surface water, resulting in
problems such as eutrophication (Lapointe and Matzie, 1996; Paerl, 2003; Hwang et
al., 2005; Paytan et al., 2006). To protect coastal water resources for both humans and
ecosystems, we must understand both saltwater intrusion (SWI; Bear et al., 1999), the
movement of saline water into fresh aquifers, and submarine groundwater discharge
(SGD), the flow of groundwater into coastal water bodies.

Understanding salinity distributions in coastal aquifers as well as past and
future landward movement of salt are important for managing fresh groundwater
resources. SWI can happen naturally (e.g. as a result of sea-level rise) or artificially
(e.g. induced through pumping). Many studies have mapped or simulated SWI in
coastal regions (e.g., Segol and Pinder, 1976; Huyakorn et al., 1987; Giambastiani et
al., 2007; Barlow and Reichard, 2010). There have also been many field campaigns to

understand the landward extent of SWI and attempt to mitigate intrusion (e.g., Melloul



and Goldenberg, 1997; Mulrennan and Woodroffe, 1998; Cruz and Silva, 2000). Much
of the modeling work to date on coastal groundwater salinity distributions and
seawater intrusion has focused on simplified homogeneous systems, using simple
analytical solutions (Bussman and Suess, 1998; Robinson et al., 2006) or numerical
models with simplified geology (Li et al., 1999; Uchiyama et al., 2000).

An important factor in the understanding of salinity distributions and SWI is
geologic and hydraulic heterogeneity (Barlow and Reichard, 2010; Werner et al.,
2013). The nature of the geologic setting creates unique patterns of solute transport
(Hu et al., 2009). Much work has been done in the field of contaminant transport
related to fractured systems (Tang et al., 1981; Sudicky and Frind, 1982; Sebben et al.,
2015), low-permeability barriers (Sebben and Werner, 2016), and statistically-
generated heterogeneity (Cushman et al., 1995; Li et al., 2009; Sebben et al., 2012;).
Connected features such as paleovalleys, karstic fractures, and lava tubes have been
studied in terrestrial systems and shown to be critical to solute transport due to the
formation of preferential groundwater flow patterns (Kung, 1990; Webb and
Anderson, 1996; Hendrickx and Flury, 2001). In coastal systems, it has been found
that low-permeability barriers (e.g. dikes) that intersect an aquifer can reduce the
effect of SWI (Comte et al., 2017) whereas high-permeability channels (e.g. lava tubes
or paleovalleys) can create preferential flowpaths for SWI (Goebel et al., 2017;
Mulligan et al., 2006; Russoniello et al., 2013).

SGD to is also a global phenomenon (Moore, 1999; Burnett et al., 2003) and
can be comprised of fresh, terrestrial water as well as saline water recirculated from
the ocean (Moore, 2010). SGD can contribute large fluxes of solutes (e.g. nutrients,

metals, carbon, and radioactive tracers; Moore, 1996; Moore et al., 2002; Burnett et



al., 2007; Slomp and Van Cappellen, 2004; Sawyer et al., 2016; Bishop et al., 2017),
leading to increased primary production (Paytan et al., 2006; Street et al., 2008) and
algal blooms (Paerl, 1997; Kim et al., 2003; Hwang et al., 2005; Fabricius, 2005; Lee
and Kim, 2007; Lee et al., 2009).

In heterogeneous systems, the spatial patterns of discharge can be complex,
which complicates measurement and modeling of the process (Michael et al., 2003;
Taniguchi et al., 2003; Schluter et al., 2004; Burnett et al., 2006). Geologic
heterogeneity can enhance SWI (Pool et al., 2015), increase seawater recirculation
(Kerrou and Renard, 2010; Michael et al., 2013), increasing total SGD (Stieglitz et al.,
2008; Kalbus et al., 2009). More generally, heterogeneity increases the uncertainty of
the model results (Schornberg et al., 2010). Studies have also shown that the geometry
of heterogeneity is a critical factor in both salinity distributions and SGD (Cherkauer
and Nader, 1989; Mulligan et al., 2006).

One such real-world system with unique spatial heterogeneity are volcanic
systems. These aquifers, present in Hawaii and other areas, are highly heterogeneous
and contain numerous high-conductivity conduits (lava tubes) in an otherwise low-
conductivity matrix (basalt) that can influence SGD and SWI. Indeed, field
investigations of SGD in Hawaii have shown evidence of point discharge of
groundwater into offshore waters (Johnson et al., 2008; Street et al., 2008; Peterson et
al., 2009), a feature that will not typically exist without unique geometry in a coastal
environment. These observations of discharge are likely due to lava tubes, well
documented features in Hawaii (Greeley, 1971; Fornari, 1986; Koeppen et al., 2013).
Lava tubes could play a crucial role in aquifer dynamics due to their high hydraulic

conductivity (K). However, current models of the coasts of Hawaii and other similar



islands assume a homogeneous (or near-homogeneous) hydraulic conductivity field
system for ease of computation (Souza and Voss, 1987; Oki, 1999; Gingerich and
Voss, 2005). As already discussed, however, the influence of heterogeneity, and
specifically unique patterns of heterogeneity, cannot be understated.

To date, the influence of continuous, high-K conduit features on rates and
patterns of SGD and salinity distributions in the subsurface has not been characterized
quantitatively. Here we use numerical modeling to compare heterogeneous systems
containing conduits to heterogeneous systems with less-continuous features and
equivalent homogeneous aquifers. We developed numerical models that represent a
portion of the coastline of the Big Island of Hawaii. This area was chosen due to the
fact that previous studies have already observed the effects of unique heterogeneity
and provided some results for comparison to our own. In general, however, our
hypothetical coastline represents any potential system with high-K conduits running
through an otherwise low-K matrix. Within this, we simulated variable-density
groundwater flow and salt transport to examine geologic influence on salinity

distributions and rates and patterns of both fresh and saline SGD.



|[Chapter 2

METHODS

Lava Flow Model

A three-dimensional hybrid deterministic and geostatistical numerical model of
volcanic depositions from multiple eruption events (Koneshloo et al., 2018) was
modified to simulate the volcanic deposits of Hualalai volcano on the western side of
the Big Island of Hawaii. This volcano was chosen due to its being responsible for
lava flows in the region of past SGD studies on the Big Island. Because three-
dimensional simulation of an entire volcano from vent to the shoreline is time-
consuming and only a small portion is needed for the study area, lava flows were
generated randomly along a row of vents 20 kilometers (km) inland from the shoreline
(10km closer than the actual vent). The initial digital elevation model (DEM) from
Koneshloo et al. (2018) was a 8km x 1km grid with 10m x 10m cells for a total grid of
800 x 100 cells with a constant slope of 0.0625. Elevation ranged from 500m at the
top to Om at the bottom in accordance with the original model setup. Lava flows were
constrained by no-flow boundaries along the landward and shore-perpendicular edges
of the model domain. Lava flows were simulated from vents at the highest point of the
DEM that consisted of six volcanic rock types: a’a, clinker, transitional lava,
pahoehoe, ash, and lava tubes. Individual lava flows started flowing from a single cell
vent and were allowed to flow across the DEM and were composed of a 90m wide,
>3m deep channel of solid aa in the majority of simulated lava flows. An interior, 1m

wide, channel was replaced by lava tube conduits in 8% of flows and by transitional



lava in 17.5% of flows. Pahoehoe was simulated as an inflated field extending from
the end of lava flows (Hon et al., 1994). Ash was simulated as a thin, nearly-uniform
deposit across the entire domain, with decreasing thickness with distance from the
vent, occurring for 1% of eruption events. Two meters of clinker were deposited on
top of each a’a deposit (Macdonald, 1972). Proportions of the six facies are given in
Table 1. Facies probabilities and some dimensions (e.g., size of inflated pahoehoe
fields) were chosen to approximate proportions observed in a core through Mauna Loa
and Mauna Kea deposits ~40km from a vent (Garcia et al., 2007), but with higher a’a
and lower pahoehoe proportions to represent a Hualalai-type system at a distance of
~12km from a vent (Rowland and Walker, 1990; Wentworth and Macdonald, 1953).
The distance of 12km was chosen to represent the distance from the western coastline
to the main vent complex of Hualalai. To achieve this, pahoehoe fields were extended
300m out from the end of lava tubes instead of kilometers as can sometimes be seen in
the field, and thickness was varied between 1m and 3m (Hon et al., 1994). Fifteen
thousand flow events were simulated to generate large, three-dimensional
heterogeneous deposits. This process was completed seven times to generate seven
unique heterogeneous fields. These seven unique realizations were simulated in order
to create hydraulic conductivity fields for multiple, statistically independent volcanic

aquifer models.



Table 1 Hydraulic conductivity values, Garcia et al. (2007) percentages, and
approximate percentage of the total domain for each of the six facies in
the geologic model. Where applicable, sources are given for each K

value.
Simulated Facies | Garcia et al. Hydraulic .
. . - Hydraulic
Facies Percentages Section Conductivity Conductivity Source
(Avg.xSt. Dev) Percentage (m/s) y
Aa|  74.07+3.56 44.7 107 Hunt, Jr. etal., 1988
Transitional 3.40+0.85 9.5 10 N/A
Pahoehoe |  10.17+3.41 44.8 10° Anderson et al., 1999
Clinker 5.68+0.56 N/A 103 Miller et al., 2000
Basaltic
0.21+0.05 05 10° Ducci, 2010
Ash
Lava Tube 6.47+2.08 N/A 10! N/A

Groundwater Flow Model

Due to the size of the original numerical model, a smaller section of the model,
representing the saturated portion of a nearshore volcanic aquifer, was selected as the
domain for simulating nearshore groundwater flow and salt transport processes at a
distance of approximately 12km from the Hualalai vent. Model discretization was set
at 100 x 30 x 100 cells, the same as the geologic model. The size of the domain was
1000m in the across shore direction (shoreline was located at 500m) and 300m in the
alongshore direction. The vertical depth of the domain was 100m for the onshore part
up to the shoreline, and gradually decreased to 10m at the offshore boundary (Figure
1). Since the vertical cell count does not change, the vertical length of each offshore
cells ranges from 1m to 0.1m depending on distance from the shoreline. The size of

each cell, therefore, was 10m x 10m x 1(0.1)m. The onshore slope is 0, due to the



near-horizontal water table in the nearshore environment of western Hawai, it is not
necessary to simulate the thick unsaturated zone above sea level. The resulting
offshore slope of 0.18 is consistent with nearshore bathymetry in that area (NCEI,
2018).

Postprocessing of the numerical model was necessary to connect cells
representative of lava tubes to represent continuous high-K structures for the flow and
transport simulations. Whereas the numerical model considered edge-connected cells
to be continuous, groundwater modeling software requires continuous cells to be face-
connected. As such, individual cells belonging to the same lava tube flow were
isolated, and the interstitial cells were converted to tube facies so as to connect the
cell faces. This process created a face-connected tube feature from the onshore to the
offshore setting, allowing simulated groundwater flow to occur continuously through
the feature. The filling-in process increased the width and thickness of the lava tubes
but kept them within known ranges of lava tube height and width (Cooper and
Kauhikaua, 1992). Due to the additional cells, the lava tube facies percentage nearly
doubled (from 3% to 6%), and the aa percentage was reduced by a corresponding
amount (~3%) compared to the initial output.

A second set of heterogeneous models were created to represent systems with
different geometry of geologic structure than those of the conduit models. Indicator
variograms were calculated for each facies and 3-D direction for each conduit
realization. Variogram models similar, but not identical, to each of these were used in
sequential indicator simulations (SIS) conducted in SGeMS (Remy et al., 2009) on the
same grid as that of the conduit models. SIS uses separate variograms for each facies

to create a field that has the same approximate facies percentages and the same



distance-based statistics as an original input field but without any of the geometrical

continuity. Seven SIS models were produced from this, each of which corresponded

approximately to an original conduit model. VVariogram model parameters are given in

Table 2.
Table 2 Parameter values used in variogram models for each geologic facies.
h
Note that the exponential variogram model, y(h) =C(1—e(a7)) , was
adopted in SIS simulations, where C is sill, an is range, and h is the
distance between each pair of points.
Tube Aa Transitional Clinker Pahoehoe Ash
R# C an C an[m] C an C an C an C an
[1 [[m]] [] [1 [[ml| [-] [[m]| [-] [[m]| T[] [m]
Across-shore direction
1] 0.07| 51| 0.8 42| 0.045| 33]0.085| 30| 0.112| 66| 0.00026 | 15
2| 0.05| 51| 0.19 27| 0.037| 30| 0.06| 24| 005 | 21| 0.0003| 18
310046 33| 0.21 21| 0.038| 40| 0.098| 30| 0.098 | 27| 0.00028 | 15
4| 0.09| 51| 0.23 30| 0.041| 36| 0.077| 27| 0.07| 120 | 0.00028 | 18
5]10.055| 39| 0.215 39| 0.028| 27| 0.088| 48 0.1| 63| 0.00083 | 18
6] 0092 39| 0.235 27| 0.028| 24| 0.084| 18| 0.133| 42| 0.00048 | 18
710082 39| 0.225 30| 0.023| 33| 0.045| 54| 0.11| 39| 0.00082| 18
Along-shore direction
1| 007 51| 0.18 48| 0.045| 33| 0.085| 33| 0.112| 72| 0.00026 | 15
2| 005 51| 0.19 27 0.037| 30| 0.06| 33| 0.055| 36| 0.0003| 18
310046 | 33| 0.21 33| 0.038| 40| 0.098| 30| 0.098| 39| 0.00028 | 15
4| 0.09| 51| 0.23 36| 0041 36| 0.077| 27| 0.07] 102 | 0.00028 | 18
51005 | 39| 0.215 42| 0.028| 27| 0.088| 51 0.1| 63| 0.00083| 18
6]0.092| 39| 0.235 27| 0.028| 24| 0.084| 21| 0.133| 48| 0.00048 | 18
710.085]| 39| 0.225 36| 0.023] 33]0.045| 60| 0.11] 39| 0.00082| 18
Vertical direction
1] 0.07| 10| 0.18 5] 0.045 6| 0.085 6| 0.112 5] 0.00026 3
2| 0.05| 10| 0.19 3| 0.037 6| 0.06 5] 0.055 3| 0.0003 3
3] 0.046 6| 021 4| 0.038 6| 0.098 6 | 0.098 4 | 0.00028 3
4| 0.09| 10| 0.23 5] 0.041 71 0.077 5| 0.07] 14 0.00028 4
5] 0.055 8] 0.215 7] 0.028 51 0.088 7 0.1 8 | 0.00083 3
6| 0.092 81 0.235 5] 0.028 51 0.084 41 0.133 4 | 0.00048 4
7| 0.085 8] 0.225 4| 0.023 60045 11| 0.11 4 | 0.00082 4




A hydraulic conductivity value was assigned to each facies type in the
heterogeneous models (conduit and SIS) for use in the flow and transport models
(Table 1). Values were selected for each facies within established ranges in the
literature. The K value of transitional lava is not well established and was chosen to be
between aa and pahoehoe. The K value for lava tubes was chosen to be two orders of
magnitude higher than the next highest K (i.e., clinker) to better establish a dominant
flow feature.

Homogeneous realizations with equivalent horizontal and vertical K were also
generated for each realization of the conduit simulations. This was done by simulating
groundwater flow horizontally and vertically through each realization and then
calculating K from the simulated flow using Darcy’s Law. To calculate horizontal K,
head boundaries of 1.5m and Om were applied on the landward and seaward
boundaries, with no-flow boundaries on the other sides. To calculate vertical K, the
top and bottom boundaries. Groundwater flow rate through the model was calculated
and used to calculate K for each direction for each realization. Domain discretization
was equivalent to that of the heterogeneous models.

Numerical groundwater models were developed in 3D using SEAWAT (Guo
and Langevin, 2002) to simulate density-dependent groundwater flow and salt
transport. Figure 1 shows the model size and discretization. A distance of 500m from
the shoreline was set as the location of the landward boundary due to computational
constraints on the model size. Head values 500m inland from the coastline range from
0.5m to 1.5m depending on location within the study area (NWIS, 2017). However,

heads in other nearshore areas around Hawaii reach up to 4m. A head boundary of

10



2.5m was chosen to approximate generally representative shoreline conditions while
still being high enough to drive groundwater flow to steady-state within a reasonable
timeframe. The offshore boundary extended 500m offshore so that 1) the seaward
boundary did not interfere with the mixing zone; and 2) the groundwater discharge
could extend offshore, as observed in previous studies. A constant head value of Om
was assigned to the offshore top and vertical boundaries. All other boundaries were
no-flow. Transport boundary conditions were constant concentration of 0g/L along the
landward vertical boundary and 35¢g/L along the offshore top and vertical boundaries.

All other boundaries were zero flux.

Shoreline

Figure 1 SEAWAT model domain.

All SEAWAT simulations were run until both flowfields and salinity
distributions reached steady state, and results were quantified by several metrics. The

inland extent of saline water is the farthest inland location with a salinity of 35ppt.

11



The offshore extent of freshwater is the farthest offshore location with salinity of <1
ppt. Mixing zone volume is the volume of the domain containing cells between 10%
and 90% seawater salinity. Mixing zone center of mass for the cross-shore directions is
the center of mass of that volume in the x-direction for a given row (from onshore

boundary to offshore boundary) of the model domain, averaged over the rows:

n
im1 MiX;
n
i=1 M

xcenter -

where m;j is equal to the salinity value of a given cell along the row, and x; is equal to
the x-coordinate of that same cell.

The ratio of saline to fresh SGD relates the magnitude of saline recirculation to
fresh throughflow and is an indicator of total SGD. Variability in SGD was
characterized as the variance of discharge along every row in the alongshore direction

for the length of the offshore domain.

12



|[Chapter 3

RESULTS

Simulation results show substantial differences in subsurface salinity
distributions among the three geologic model types. Conduit models displayed
complex salinity distributions that differed substantially from the more typical
saltwater wedges of the equivalent homogeneous simulations (Figure 2a). Salinity in
the conduit simulations varied in the alongshore direction and exhibited both fresh and
saline water in locations not consistent with equivalent homogeneous systems. Salinity
distribution varied not only from the other two model types but within each conduit
realization as well. As observed in Figure 2a, the salinity at 270m across differs from
the salinity at 120m across. The other two model types have similar salinity
distributions regardless of location along the shoreline. The SIS models had mixing
zone distributions generally extending inland from the shoreline, similar to the
standard saltwater wedge of homogeneous simulations but slightly more irregular and

wider (Figure 2c, e). Appendix D contains results for all realizations.
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Normalized hydraulic conductivity fields (b, d, f) and salinity
distributions (a, c, e) for selected conduit (a, b), SIS (c, d) and

homogeneous (e, f) realizations.

Figure 2

The brackish water mass in the conduit models extended farther offshore in

every case compared to the homogeneous models (Figure 3 (top); Figure 4a, c, €). The
error bars in Figure 3 indicate the wide distribution of the location of the mixing zone

in conduit cases. In homogeneous cases, the brackish extent was the same regardless

14



of alongshore location. Both onshore saline extent and offshore freshwater extent were
further seaward for conduit cases compared to equivalent homogeneous cases for all
but one realization, and in some cases by several hundred meters (Figure 3 middle,
bottom).

The homogeneous models displayed differing onshore extents depending on
the anisotropy in K (Kn/Ky) of the model. Realizations with higher ratios had a larger
onshore extent of saline water (see Appendix C). For four of the models, the onshore
extent ended at 420m inland from the coastline. These four models had horizontal
hydraulic conductivities in the vicinity of 1x10* m/s. The other three models had
onshore saline water that only extended 260 to 360m onshore. These models had
either horizontal or vertical hydraulic conductivities that were one or two orders of
magnitude below the other four. Since both horizontal and vertical K can influence the
landward position of the wedge, the ratio of horizontal to vertical is the important
factor in determining the wedge position. In the conduit cases, the landward extent of
saline water was less than in homogeneous cases in every realization but one. Since
the homogeneous models were derived from the conduit models, the effective
hydraulic conductivities are the same. As such, the specific geometry of the geology in

the conduit models is responsible for the difference in wedge location.
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homogeneous cases were minimal.

The total volume of the mixing zone was higher on average in conduit cases
than both homogeneous and SIS cases (Figure 4a). Of the seven conduit realizations,
the largest mixing zone volume was an order of magnitude greater than the other

mixing zones across all systems. However, the smallest conduit mixing zone volume
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was less than the average SIS volume. This shows that, while on the whole conduit
cases have a larger mixing zone than other cases, there is a large amount of variability
in the volume that depends on the specific geometry of a given case. The horizontal
position of the mixing zone center of mass for conduit cases was on average 120m
offshore. SIS and homogeneous cases had mixing zones that were, on average,
centered 40m and 120m onshore of the shoreline, respectively. As with total volume,
the location of the center of mass of conduit model mixing zones was more variable

than the other cases, ranging from the shoreline to 250m offshore.
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Figure 4 Average mixing zone volume (a) and center of mass x-location (b) across
all realizations. Red lines indicate the median data value. Top and bottom
of the rectangles represent the 25" and 75" percentile of the dataset, and
error bars indicate maximum and minimum volume and extent,
respectively. Red crosses indicate potential outlier data.
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The offshore groundwater discharge and recharge patterns differed among the
three aquifer types (Figure 5). In homogeneous models, groundwater discharge was
focused at the shoreline and recharge occurred offshore. In heterogeneous models,
discharge rates were generally higher at the shoreline than offshore, but discharge
extended farther offshore, more so in the conduit cases compared to SIS cases. In SIS
simulations, few discharge cells were present farther than 100m offshore and recharge
occurred relatively uniformly across the offshore domain, despite the presence of lava
tube facies. There were a few high-volume discharge cells in the nearshore (within
10m of shoreline) for SIS cases, which are likely due to clusters of high-K cells.
Because there is not the same level of connectivity as in conduit cases, however, the
high discharge is not found further offshore. In the conduit simulations, focused
patterns of both discharge and saltwater recharge corresponding to lava tubes were
apparent (Figure 5). Individual cells of high discharge appear at the model surface
next to individual cells of high recharge. These high recharging cells exist in an
otherwise low recharge area or an area of no recharge at all. When the high discharge
and recharge cells are physically close to each other in the conduit cases, a small
circulation cell is developed with high volume. These circulation cells are not seen in

either SIS or homogeneous models.
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The variability of flux in the alongshore direction was much greater over a
larger offshore area in the conduit cases than in either the homogeneous or SIS cases
(Figure 6). Homogeneous and SIS cases both had variance spikes at the shoreline,
where discharge was concentrated. The homogeneous shoreline spike was seven
orders of magnitude lower than the SIS spike. The conduit cases had high variance of
similar magnitude to SIS across the offshore domain up to a distance of approximately
150m. As was the case with salinity distribution with depth, the conduit cases have

more alongshore variability with surface discharge as well.
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Total fresh and saline SGD varied among the model types (Figure 7). On

average, fresh discharge was greatest in homogeneous models, but variability was

greatest in conduit models. Fresh discharge in conduit and homogeneous models was

equivalent on average due to the constant flow boundary in the homogeneous model.

SIS models had low average fresh discharge and low variability. The difference in

average fresh discharge (and therefore fresh inflow) could be due to a lack of

equivalence in effective permeability (conduit and homogeneous models have

equivalent effective K values, whereas SIS models do not). Saline discharge, or

saltwater circulation driven by subsurface density gradients, was greatest in conduit
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models, followed by SIS and homogeneous models. Variability was high in both types

of heterogeneous models and low in homogeneous models.
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Figure 7 Comparison of average fresh (a) and saline (b) discharge rates across
model domains. Error bars indicate maximum and minimum values
across seven realizations.

The ratio of saline to fresh SGD was greater than 1 in all but one
heterogeneous case and was as high as 32. The ratio was nearly uniformly greater in
both types of heterogeneous cases compared to the equivalent homogeneous cases
(Figure 8), and the conduit and SIS cases displayed similar ratios on average. This is

likely because salinity distributions are complex in both conduit and SIS cases, leading
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to multiple density-driven circulation cells and high saline to fresh SGD ratios, as

shown in previous studies (Michael et al., 2016), compared to a monotonic distribution

and thin mixing zone in homogeneous cases.
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The conduit cases, as a whole, contained more discharging cells than either the

SIS or homogeneous cases (Figure 9). The majority of these cells discharged between

10 and 10 m®/s of water. The SIS cases displayed a similar range of discharging

cells, but the number of cells was much smaller for each volume. The homogeneous

cases displayed a range of discharge that was higher than both heterogeneous cases

(between 102 and 107%) but had a lower number of discharging cells as in the conduit

case. Additionally, SIS cases contained the highest volume discharge cells, with some

coming close to 10 m%/s. The number of cells that discharged high volumes was

comparatively small, but homogeneous and conduit cases did not display any cells

with similar volumes.
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[Chapter 4

DISCUSSION

Through comparison of two types of heterogeneity - with and without conduits
but with similar facies proportions - we demonstrate that geologic structure is a critical
factor in determining salinity distributions in coastal aquifers. In our set of
simulations, salinity patterns in conduit cases were highly variable and mixing zones
far offshore, compared to more typical wedge-type mixing zones in the SIS and
homogeneous cases. This is a somewhat different result from Michael et al. (2016),
who showed that salinity distributions in SIS-generated heterogeneous aquifers can
differ substantially from equivalent homogenous simulations for models with highly
continuous facies in the across-shore direction. The extent to which SIS-type
heterogeneous geometries result in complex salinity distributions similar to those of
our conduit models likely depends on the extent of onshore to offshore facies
continuity compared to model extent. For our simulations, the SIS variogram ranges
were 15m to 40m depending on the realization and facies, which was 1.5% to 4% of
the total domain length. In Michael et al. (2016), variogram range for high-continuity
models was 50km, which was 25% of the domain length, whereas the low-continuity
models had a variogram range of only 5km, 5% of the domain length. Similarly to our
SIS simulations, the low-continuity SIS simulations of Michael et al. (2016) had
salinity distributions similar to, but slightly more variable than, the equivalent
homogeneous simulations. Thus, it is important to accurately understand and model
the degree of connectivity in a system relative to domain size.

Another factor that is likely to affect salinity and SGD in coastal aquifers is the

proportion of high-K and low-K facies. For example, the models of Michael et al.
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(2016) ranged from 20.5% clay to 16.0% coarse sand. This contrasts with our facies
ranging from 75% a’a to 3% lava tube. The large proportion of low-K facies and the
disconnected nature of higher-K facies may also contribute to the differences between
the SIS heterogeneity in our results and the heterogeneity in prior studies.

Heterogeneous models, particularly the conduit cases, have more complex
salinity distributions than homogeneous models. These complex density gradients
drive more saline groundwater convection, resulting in greater saline SGD.
Comparison of the ratio of saline SGD to fresh SGD (Figure 8) among the three cases
shows that the conduit simulations consistently conducted more saline circulation than
either the homogeneous or SIS simulations. Figures 7 and 9 show that conduit cases
have the highest volume or fresh and saline water as well as the highest number of
discharging cells. This all indicates that regardless of specific geometry, a conduit
system will have a higher total discharge, larger distribution of discharge, and higher
saline recirculation than either homogeneous or SIS-type systems. Knowing this
influences the methods by which such systems are studied and should also inform the
amount of data that needs to be collected before such a system can be properly
analyzed.

The modeling results indicate that in systems like Hawaii where connected
conduits are present, care must be taken in designing coastal field studies to overcome
the high degree of heterogeneity of both salinity and SGD. Because the variance in
SGD in conduit models was orders of magnitude greater than the SIS and
homogeneous counterparts, a large number of measurements are necessary to
sufficiently characterize SGD. The complex salinity distributions present a similar

challenge, and would require a greater number of measurements or different non-point
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approaches for characterization and management. When focusing on regions that have
continuous connected features, best practices for characterization should include
multiple measurement methods. Similar conclusions can be drawn for other aquifer
systems with continuous geologic features such as karstic fractures or paleochannels.
Systems with similar geometry of geologic features to an SIS simulation could include
deltas or glacial fields. An understanding of the underlying geometry of the system
should inform the type, locations, and number of measurements for coastal aquifer
system characterization.

The distance that fresh groundwater extends offshore and that saline
groundwater extends inland are important for water resources assessment (Cohen et
al., 2010; Post et al., 2013; Knight et al., 2018). As sea level and populations rise,
saltwater intrusion will be an increasing problem for coastal communities, and
knowledge of how and where the intrusion is likely to occur and the volume of fresh
water available for extraction could greatly aid in mitigation efforts. The continuous,
high-K conduits in our simulations conduct fresh groundwater farther offshore than
heterogeneous systems with less-connected geometry or homogeneous aquifers.
Additionally, saline groundwater in the lava tube system did not extend as far inland
as in homogeneous cases, indicating that conduit systems may have more of a buffer
against seawater intrusion. However, these high-K conduits can also allow fast
preferential flow inland in response to pumping. More work is necessary to better

characterize transient responses to human perturbations and hydrologic change.
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|[Chapter 5

CONCLUSION

Coastal groundwater systems are important resources for island communities.
In some cases, the entirety of the freshwater supply comes from groundwater, and
understanding how and where it discharges is necessary for proper management. In
addition, knowledge of seawater recirculation and mixing zone dynamics is crucial for
understanding geochemical reactions that are affected by such processes.

In volcanic aquifers, lava tubes can act as conduits for groundwater in a less
permeable matrix of lava flows. Such preferential flow can have an important impact
on groundwater salinity distributions and SGD. In order to understand the importance
of such conduits, we conducted a comparative study with different types of geologic
systems.

The salinity and flux distributions in three types of aquifer geometry show that
discharge patterns differ based on the degree and nature of heterogeneity present in the
model. Conduit realizations had more unique salinity distributions and, in general, a
farther offshore discharge of fresh and brackish water than homogeneous or SIS
realizations. Systems with conduits also had larger mixing zones with centers of mass
farther offshore than in other cases. Conduits also contributed to higher point-source
fluxes of both fresh and saline water and greater density-driven circulation of saline
groundwater. The variance of flux across the surface of the models was highest in the
conduit cases and lower in the SIS and homogeneous cases.

These results provide an explanation for brackish, offshore plumes found on
the western coast of Hawaii. They also indicate a need for multiple points and methods

of sampling in areas where conduit-type, heterogeneous geology is expected to occur
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in a coastal setting. Closer inspection is necessary in locations demonstrating conduit-
like discharge in order to examine exactly what the geology looks like where the
discharge is occurring. In addition, larger models of different study sites should be
created to observe whether similar discharge and recharge patterns emerge in areas

with different lava flow geometries and on larger scales.
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Appendix A

TOP-DOWN SALINITY DISTRIBUTIONS FOR EVERY REALIZATION
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Figure Al. Salinity distributions for Realization 1 (ppt).
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Figure A2. Salinity distributions for Realization 2 (ppt).
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Figure A3. Salinity distributions for Realization 3 (ppt).
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Figure A4. Salinity distributions for Realization 4 (ppt).
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Figure A5. Salinity distributions for Realization 5 (ppt).
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Figure A6. Salinity distributions for Realization 6 (ppt).
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Figure A7. Salinity distributions for Realization 7 (ppt).
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Appendix B

TOP-DOWN SGD AND SGR DISTRIBUTIONS FOR EVERY REALIZATION
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Figure B1. SGD and SGR distributions for Realization 1.
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Figure B2. SGD and SGR distributions for Realization 2.
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Figure B3. SGD and SGR distributions for Realization 3.
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Figure B4. SGD and SGR distributions for Realization 4.
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Figure B5. SGD and SGR distributions for Realization 5.
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Figure B6. SGD and SGR distributions for Realization 6.
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Appendix C

TABLE OF EFFECTIVE HYDRAULIC CONDUCTIVITIES, RATIOS, AND

LANDWARD SEAWATER EXTENT FOR EACH HOMOGENEOQOUS

REALIZATION
Landward Extent of Landward Extent of
Realization # Kx Kv Kx/Kv Seawater [m] Seawater [m]
(Homogeneous) (Conduit)

1 1.42E-04 2.96E-05 4.80 420 170
2 1.33E-05 7.66E-06 1.73 340 140
3 1.59E-05 1.01E-05 1.58 360 250
4 4.67E-06 1.84E-05 0.25 260 240
1.31E-04 3.31E-05 3.9 420 170

6 1.17E-04 3.03E-05 3.85 420 450
7 1.07E-04 2.42E-05 4.42 420 160
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Appendix D

SALINITY AND HYDRAULIC CONDUCTIVITY CROSS-SECTIONS FOR
ALL REALIZATIONS
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Figure D1. Salinity (left) and hydraulic conductivity (right) cross-sections for conduit
(top), SIS (middle), and homogeneous (bottom) cases of Realization 1.
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Figure D2. Salinity (left) and hydraulic conductivity (right) cross-sections for conduit
(top), SIS (middle), and homogeneous (bottom) cases of Realization 2.
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Figure D3. Salinity (left) and hydraulic conductivity (right) cross-sections for conduit
(top), SIS (middle), and homogeneous (bottom) cases of Realization 3.
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Figure D4. Salinity (left) and hydraulic conductivity (right) cross-sections for conduit
(top), SIS (middle), and homogeneous (bottom) cases of Realization 4.
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Figure D5. Salinity (left) and hydraulic conductivity (right) cross-sections for conduit
(top), SIS (middle), and homogeneous (bottom) cases of Realization 5.
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Figure D6. Salinity (left) and hydraulic conductivity (right) cross-sections for conduit
(top), SIS (middle), and homogeneous (bottom) cases of Realization 6.
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Figure D7. Salinity (left) and hydraulic conductivity (right) cross-sections for conduit

(top), SIS (middle), and homogeneous (bottom) cases of Realization 7.
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