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1 overview

This marine project will use a newly developed surface-towed marine electromagnetic (EM)

system and 2D/3D inversion algorithms to study the spatial distribution and interconnec-

tivity of the Hualalai groundwater (GW) system offshore the Kona coastline, the island

of Hawai‘i. In this region, a significant discrepancy exists between land-based freshwater

recharge and discharge. A plausible scenario that may explain this discrepancy is that sub-

stantial volumes of GW flow from land to sea along the Hualalai topographic slope via

porous basaltic rocks or lava tubes. Surface-towed controlled-source EM (CSEM) data will

be acquired to image the electrical resistivity structure of these submarine GW reserves,

likely embedded within complex volcanic geology that includes buried dike and fault sys-

tems. The results of this CSEM imaging will coincide with previously collected conductiv-

ity, temperature, and depth (CTD) data, and additional marine geophysical datasets that

will be acquired in this survey using high-resolution multi-beam, backscatter, and mag-

netometer instruments. A self-consistent approximation (SCA) and differential effective

medium (DEM) rock physics modeling scheme will be implemented to estimate the satura-

tion of submarine groundwater offshore Kona. The goal of this marine CSEM study is to

map the submarine GW systems along the west coast of Hawai‘i and provide an integrated

characterization of these complex systems while considering the regional geology and flow

paths from land to the offshore continental shelf.

2 submarine groundwater research: introduction &

motivation

Freshwater resources are essential for preserving public health, agricultural yields, eco-

nomic and ecosystem functions [Gleick and Palaniappan, 2010]. As populations and

economies grow, new constraints on water resources emerge that might limit global wa-

ter availability. Such scarcity in freshwater may lead to Peak nonrenewable water, a concept

that was first defined by Gleick and Palaniappan [2010] to describe a scenario where wa-

ter production rates from land-based groundwater systems substantially exceed natural

recharge rates. Thus, seeking for alternative resources of freshwater is vital to comply with

the increase in global demand, and therefore, position groundwater research at the center

of broad interdisciplinary interest from industry, government, and academic organizations.

For the past decade, substantial evidence suggests that vast offshore groundwater (GW) re-

serves exist globally in submarine provinces (Figure 1), which may extend far beyond their

associated coastline aquifers [Post et al., 2013]. These Offshore GW are increasingly being

recognized as a potential water resource for coastal communities [e.g., Cohen et al., 2010,

Bakken et al., 2012, Jiao et al., 2015]. As to date, the extent to which offshore submarine

GW influence onshore aquifers is unknown on a global scale [Knight et al., 2018]. Typically,

submarine GW reserves are separated from seawater by a dispersive mixing zone and are

characterized by decreasing salinities towards the coastline [e.g., Cohen et al., 2010, Post

et al., 2013]. Offshore submarine GW domains are frequently detected by a process known

as submarine groundwater discharge, where fresh groundwater percolate upward from the
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sub-seafloor towards the water column, and thus, alter the near-seafloor water salinity and

temperature patterns [Church, 1996, Moore, 2010].

Figure 1: Global overview of submarine groundwater reserves. The location of each cross-section
is indicated by a red line. Blue contour lines in the cross-sections represent the total dis-
solved solid concentrations (g l−1). Vertical grey lines deonte borehole locations. Elevation
is relative to mean sea level. Image taken from Post et al. [2013].

The global occurrence of submarine GW can be found in continental shelves at an off-

shore distance that ranges from few hundred meters up to few hundred kilometers [e.g.,

Hathaway et al., 1979, Johnston, 1983, De Carlo, 1992, Mora, 2005]. These submarine GW

accumulations are mostly situated at water depths of <100 m [e.g., Person et al., 2003,

Grasby et al., 2009, Varma and Michael, 2012], extending from several meters below the

seafloor (mbsf) up to a depth of ∼4 km [e.g., Varma and Michael, 2012, van Geldern et al.,

2013]. For example, the New Jersey submarine GW province extends from the onshore

aquifer to an offshore distance of ∼130 km, beneath a water depth of less than 100 m and at

<600 mbsf [e.g., Hathaway et al., 1979, Malone et al., 2002, van Geldern et al., 2013]. Using

observational data, Post et al. [2013] estimated that the global volume of continental shelf

submarine GW is 5×105m3. However, this estimation carries a large uncertainty due to the

lack of observational data from vast shelf areas (e.g., the Sunda Shelf in southeast Asia).

Therefore, it is plausible that offshore aquifers may contain GW volumes that are greater

in two orders of magnitude [Post et al., 2013]. Global utilization of these sizeable subma-

rine GW reserves can assist in mitigating the adverse effects of onshore pumping, which

are commonly manifested by land subsidence and seawater intrusion [e.g., Galloway and

Burbey, 2011, Bakken et al., 2012, Ferguson and Gleeson, 2012]. Thus, ideally expand the

hydrological boundaries towards the offshore domain [Post et al., 2013]. For this purpose,

it is essential that offshore GW provinces will be mapped, characterized and quantified

adequately, primarily by using remote sensing geophysical methods and rock physics mod-

eling. Onshore groundwater accumulations are one of Hawai‘i’s most important natural
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resources, providing the vast majority of water for drinking, irrigation, domestic, commer-

cial and industrial needs [Gingerich and Oki, 2000]. This study aims to map the spatial

distribution of submarine GW offshore the west flank of the island of Hawai‘i, and thus,

elucidating the interconnectivity and relationship between the onshore and offshore GW

systems.

3 west of hawai‘i groundwater system

The Kona region situated along the west coast of the Hawai‘i island is bounded from

the north by the northwest rift zone of the Hualalai Volcano, and from the east by the

south-southeast rift zone of Hualalai Volcano and by the southwest rift zone of Mauna Loa

Volcano (Figure 2). Extensive aquifers in the island of Hawai‘i were formed consequently

to volcanic rocks eruption during the initial building stage of each volcano [Gingerich and

Oki, 2000]. The volcanic rocks in the Kona region are divided into three main groups based

on their modes of emplacement: lava flows, intrusive dikes, and pyroclastic deposits [Oki,

1999]. The permeability of these volcanic rocks depends on the mode of emplacement,

rocks thickness, and the amount of weathering. The abundance of lava tubes increases the

permeability of the volcanic rocks in this region, thus promoting the formation of large

aquifers [Oki, 1999, Gingerich and Oki, 2000].

 

Kona

Nelha

Figure 2: A map showing the west flank of the Hawai‘i island, superimposed by regional ground-
water flow paths and localized head levels, as measured from both sides of the basal-high
level divide. The flow of basal and high-level groundwater is denoted by solid arrows,
whereas perched groundwater flow is indicated by dashed arrows. Contour interval is
200 m. Figure adapted from Fackrell [2016].
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Beneath the Hawai‘ian volcanic systems, sub-vertical thin dikes can extend vertically and

laterally for long distances and impede the flow of groundwater, lowering the overall poros-

ity and permeability of the basaltic host rock [Gingerich and Oki, 2000]. These volcanic rock

aquifers are typically overlain by sedimentary deposits such as alluvium and limestone that

is highly permeable. Figure 2 summarizes the GW flow paths in west Hawai‘i, particularly

in the vicinity of the Hualalai volcano. The northwestern rift zone of Hualalai is 1.9–4 km

wide and 24 km long, whereas the submarine part of it extends to about 70 km offshore

[e.g., Moore et al., 1987, Oki, 1999]. A significant decrease in GW head levels is noticeable

along the Hualalai to coast trajectory, as illustrated by the basal to high-level divide (Fig-

ure 2). This trend indicates that a major hydrogeologic structure exists inland from the

coastline, extending from north to south and impedes the flow of groundwater [Oki, 1999].

The specific geologic structure associated with measured high GW levels is still unknown

(Figure 2). However, gravity and seismic refraction data indicate that a dense/high-velocity

structure coincides with these high GW levels [Zucca et al., 1982]. This anomalous structure

may be associated with either buried low-permeability dike complex, lava-draped faults, or

massive lava flows (Figure 3) that obstructs the flow of groundwater towards the sea and

impound water to high levels [Oki, 1999].

Dike complex

Faults

lava flows

(a)

(b)

(c)

Figure 3: Three presumed scenarios of geologic structures that impounds groundwater to high lev-
els above sea level in the Kona region, island of Hawai‘i. (a) Cross-cutting, sub-vertical
dike complex. (b) lava-draped faults. (c) Massive lava tubes. Modified from Oki [1999].
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Successive faults may cause lava flows offsets, which as dikes, can also decrease the over-

all permeability of the regional volcanic rocks along the plane of the lava flows [Fackrell,

2016]. Along the Kona coastline, confining units (caprocks) of weathered volcanic rocks

and sedimentary deposits hinder the discharge of freshwater to the sea [Oki, 1999]. Typi-

cally to Hawai‘i islands, major groundwater flow paths include both freshwater-lens and

dike-impounded systems that are hydrologically connected. Freshwater-lens system com-

prises of lens-shaped freshwater body, an intermediate transition zone of brackish water,

and underlying saltwater [Oki, 1999, Gingerich and Oki, 2000], as illustrated in Figure 3.

3.1 Previous Studies

An experimental study conducted to measure the electrical resistivity of several Hawai‘ian

basalts, saturated with solutions of varying salinity at increasing hydrostatic pressure, con-

cluded that the porosity and salinity of saturants are key parameters that effect resistivity

[Rai and Manghnani, 1981]. Resistivity soundings data obtained from thirteen exploration

wells drilled in the island of Hawai‘i (near Pohakuloa and Humuula) detected the presence

of a distinct resistive layer, which likely represents basalt saturated with dike-impounded

fresh groundwater situated at a depth of ∼900 m below the land surface [Zohdy and Jack-

son, 1969]. This layer is of considerable thickness and has a resistivity range of less than

1000 Ωm. Using multichannel electrical resistivity measurements, Dimova et al. [2012] pro-

vided evidence for substantial submarine groundwater discharge (SGD) at the Kiholo Bay

in the Kona coastline. The seepage of groundwater at these SGD locations is primarily

point-source, presumably linked to inland lava flows formations [Peterson et al., 2009, Di-

mova et al., 2012]. Calculation of mean SGD rates from point-source at Kiholo Bay suggests

a total discharge of 9,200 m3/d [Dimova et al., 2012]. An autonomous gamma-spectrometer

system for point-qsource radon monitoring was used in Kiholo Bay (50 m from the shore-

line at 3 m water depth) to calculate SGD [Dulai et al., 2016]. The results of Dulai et al.

[2016] study infer that the daily average of SGD in the Kiholo Bay varies significantly

(1600–13,700 m3/d), though comparable with previous point-source study for SGD calcula-

tion using thermal infrared that suggested a daily discharge that ranges from 1,100 m3/d

to 12,000 m3/d of total SGD [Peterson et al., 2009].

Hudson et al. [2018] used a push-point sampler to collect SGD samples at low tide from

the Kona shoreline to determine the samples oxygen isotope signature. The unique isotopic

signature of the SGD samples was traced upslope at increasing distances to the highest

recharge point. Based on this analysis, possible groundwater flow paths were projected

downslope from the areas of recharge to the points of discharge at the shoreline. Thus,

delineating the Hualalai groundwater system (Figure 4) from nearby systems and calculat-

ing the volumetric discrepancy (18,000 m3/d) in groundwater between recharge areas and

discharge along the shoreline [Hudson et al., 2018]. This volumetric discrepancy can be ex-

plained by a combination of (i) groundwater pumping for land and community usage, (ii)

subsurface geology that deviates the Hualalai groundwater laterally to adjacent aquifers,

and (iii) groundwater flow to submarine reserves via lava tubes, dike complex and buried

faults [Hudson et al., 2018]. The studies described above offers estimations of SGD based

solely on localized, point-source surface measurements at the shoreline or nearshore the
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Kona coast. Therefore, the flow paths, interconnectivity, spatial distribution, and volumes

of submarine groundwater offshore the west coast of Hawai‘i are currently unknown.

Kona 

Nelha 

Sampled SGD plumes

Groundwater level divide

Aquifer boundaries

Nearshore SGD

37,000 m3/d

CSEM survey 

area 

Pacific ocean

Sampled SGD plumes

Groundwater level divide

Hualalai groundwater system

0 3 6

Kilometers

Figure 4: A map showing the inland Hualalai groundwater system, the island of Hawai‘i. A volu-
metric discrepancy between the calculated daily rates of freshwater recharge and shoreline
submarine groundwater discharge (SGD) is evident [Hudson et al., 2018]. The map has
been modified from Hudson et al. [2018].

4 submarine groundwater flow and offshore scales

Submarine groundwater flow and discharge along continental margins can occur in three

spatial scales: (a) the nearshore scale, (b) the embayment scale, and (c) the shelf scale

[Bratton, 2010]. The nearshore scale is defined as the area within ∼10 m laterally from the

shoreline, which extends down to the first confining unit and includes the intertidal zone

(Figure 5a). The first submarine confining unit permits the flow of topographically driven

fresh or brackish water offshore beneath the nearshore area [Bratton, 2007]. Nearshore

groundwater systems are directly associated with unconfined surficial aquifer and topo-

graphically driven flow, which may have significant impacts on shallow ecosystems [Wil-

son, 2005]. Groundwater in the embayment scale can be located between 10 m to 10 km

offshore, to depths of ∼5–50 mbsf, including the first confined or semi-confined portion of

a submarine flow system (Figure 5b). The dynamics of submarine groundwater systems

in the embayment scale is not well documented in the literature. However, it is postulated

that the embayment scale can potentially accommodate substantial volumes of groundwa-

ter [Bratton, 2010]. The shelf scale extends from the coastline to the edge of the continental

shelf (∼80 km) and may include multiple confined aquifer systems between the seafloor and

depths greater than 500 mbsf (Figure 5c). In this scale, submarine groundwater systems can

extend all the way to the outer continental slope [Bratton, 2010]. Geothermal convection is

normally the primary process that drives groundwater flow at shelf scale while initiating

seawater recirculation through the continental shelf [e.g., Wilson, 2005, Hughes et al., 2007].
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Shelf scale groundwater processes, such as pore fluid overpressure (due to sediment com-

paction) and submarine spring sapping can alter the geomorphology of the shelf edge, by

initiating slope failures and contributing to submarine canyon formation [e.g., Robb, 1984,

Orange et al., 1994]. Submarine groundwater systems at this scale have been also proposed

as potential sites for offshore carbon sequestration [Chadwick et al., 2004].

Confining units

(~10 m latarelly)

(up to ~10 km latarelly)

(Average width ~80 km)

> 500 m

Geothermal heating 

(a)

(b)

(c)

Figure 5: An illustration showing three scales of submarine groundwater flow paths from land to
sea across passive continental margins. (a) Nearshore scale: submarine GW flow and dis-
charge is governed by intertidal recirculation zone. The width and thicknesses of this zone
of flow and discharge could vary significantly by local conditions. (b) Embayment scale:
submarine GW flow and discharge in the first confined aquifer and the offshore discharge
zone that extends beyond the edge of the submarine confining unit. (c) Continental shelf
scale: submarine GW flow and discharge at variable positions of the fresh-saline inter-
face in multiple confined aquifers on the shelf. This scale includes variable widths of the
mixed zone at the interface, the flow of saline inward from the edges of confined aquifers,
and the upward migration of saline groundwater induced by geothermal heating at depth.
Schematic diagram modified from Bratton [2010].

5 primary scientific questions

• Which geological structures enable the migration of groundwater from land to sea?

• What is the spatial distribution of submarine groundwater systems along the west

flank of Hawai‘i continental shelf?

• Which volcanic features dictate the flow paths of submarine groundwater from the

Kona coastline towards the continental shelf edge?

• Do offshore submarine groundwater channels are intrinsically linked?

• What are the volumes of submarine groundwater located offshore the western flank

of Hawai‘i?



the marine controlled-source electromagnetic method 9

6 the marine controlled-source electromagnetic method

Electromagnetic (EM) survey methods most commonly involve a set of receivers to measure

one or more electric or magnetic field component [Cox, 1981, Constable et al., 1998, Min-

shull et al., 2005, Constable, 2006, 2010, 2013]. Based on Maxwell’s equations, an alternat-

ing EM source produces a primary field that will induce secondary currents in conductive

Earth material. EM receivers record both the primary and secondary fields, from which

the electric and magnetic properties of the Earth’s interior are derived [e.g., Nabighian,

1988]. The controlled-source EM surveying technique provides a non-invasive option to

discriminate between geologic layers with similar elastic properties that have distinguish-

able electrical properties. Thus, the CSEM method is broadly considered as an exploration

tool that complements seismic methods, for studying regions where the target of interest

and the background sediments or rocks exhibit contrasting electrical signatures [Edwards,

2005, Harris and MacGregor, 2006, MacGregor and Tomlinson, 2014].

Marine CSEM methods have proven to be a successful exploration tool, particularly for

indicating the presence of thin subsurface resistive targets [e.g., Schwalenberg et al., 2005,

Constable, 2010, Key, 2012, MacGregor and Tomlinson, 2014]. Regions that have been

studied using CSEM include seafloor spreading and subduction zones [e.g., Key et al.,

2013, Naif et al., 2013], mid-ocean ridges [MacGregor et al., 1998], submarine volcanoes

[e.g., MacGregor et al., 2001], hydrocarbon prospects [e.g., Ellingsrud et al., 2002, Constable

and Srnka, 2007], seafloor mineralization [e.g., Mueller et al., 2016, Gehrmann et al., 2017],

carbon storage sites [Park et al., 2013, 2016], gas hydrate [e.g., Edwards, 1997, Schwalenberg

et al., 2010, Weitemeyer et al., 2011, Attias et al., 2016], and groundwater deposits [Evans

and Key, 2016].

The first part of one common marine CSEM system includes an EM source and a horizon-

tal electric dipole antenna (HED), towed by a ship and flown ∼30–100 m above the seafloor,

depending on the regional bathymetry [Cox, 1981, Constable, 2006, 2010]. HED length can

vary from 50 m up to 800 m [Constable, 2013, Mattsson et al., 2013]. In the frequency

domain CSEM method, the transmitter produces an alternating current (50–1000 Amperes)

that generates a time varying electromagnetic field, creating a complex interaction between

the transmitter and the air, conductive sea water, and sub-seafloor [Sinha et al., 1990, Con-

stable, 2006]. The time-varying EM field is then attenuated as it diffuses through the sea-

water and air, whereas beneath the seafloor attenuation is primarily dependent on the

electrical properties of the subsurface geology. The second part of a CSEM system involves

an array of ocean bottom EM field receivers (OBEM) [e.g., Constable, 2006, 2013, MacGre-

gor and Tomlinson, 2014]. The receivers are deployed on the seafloor to record the resultant

electric and magnetic fields by electric dipole arms and induction coil magnetometers, re-

spectively [e.g., Constable, 2006, 2013].

In recent years, deep-towed fixed-offset electric field receivers were developed as stand-

alone instruments [Constable et al., 2012, 2016]. These fixed-offset electric field receivers

named Vulcan, are towed behind a CSEM transmitter in a distance that varies between

300 and 1200 m [e.g., Attias et al., 2016, Constable et al., 2016]. Additionally, a surface-

towed CSEM system named Porpoise has been recently developed by the EM laboratory

at Scripps Institution of Oceanography (SIO), enabling to conduct marine EM surveys in

shallow waters [Sherman et al., 2017]. In this proposed study (see section 8), I intend to
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employ the Porpoise system to map the resistivity structure offshore the coastline of Kona,

the island of Hawai‘i. Details regarding the surface-towed Porpoise system are given in

section 7.

7 porpoise: a surface-towed marine csem system

The bathymetry profile along the Kona continental shelf changes rapidly from shallow to

deep waters, making it infeasible to use a deep-towed CSEM system to map both the shal-

low and deep regions of this continental shelf. Therefore, this study focus solely on the

shallow to ultra-shallow offshore region of the Kona coastline, an ideal area for the use of

the Porpoise surface-towed CSEM system (Figure 6). The Porpoise system is a modification

of the deep-towed fixed-offset Vulcan CSEM system [Constable et al., 2016] that was previ-

ously developed by the EM laboratory at SIO. The Porpoise array is specifically designed to

study permafrost in the shallow Arctic shelf [Sherman et al., 2017]. This array is comprised

of four Porpoise receivers that are usually towed at offsets of 250, 500, 750 and 1000 m, but

can be modified if required. Sherman et al. [2017] demonstrated that this particular array

setup constrains the shallow sediment, which improves the overall accuracy and reliability

of the inversion model. The Porpoise array successfully characterized the resistivity struc-

ture of permafrost located offshore Prudhoe Bay, Alaska [Sherman et al., 2017], up to a

maximum depth of 600 mbsf in 0–10 m water depths.

Surface-towed Porpoise array: Fixed offset E-field receivers

< 100 m

Transmitted EM field

Recorded E-field

Porpoise 1 Porpoise 2 Porpoise 3 Porpoise 4

1000 m
HED

Figure 6: Schematic illustration of a surface-towed CSEM system that comprises an onboard EM
transmitter, horizontal electric dipole (HED) antenna, and an array of E-field receivers
(Porpoise). Each Porpoise instrument is equipped with a GPS for positioning. A total
length of 1 km Porpoise array has been employed up to date [Sherman et al., 2017]. This
system is limited to a water depth of less than 100 m. Figure modified from Sherman et al.
[2017].

The Porpoise receivers are enclosed in buoyant PVC cases, which enables the receivers

to be towed on the surface (Figure 6). A Porpoise receiver includes a 2 m inline electric

field (E-field) dipole, main data logger package, an accelerometer, and a GPS timing pulse

[Sherman et al., 2017]. The Inline E-field is submerged to 0.67 m beneath the surface. GPS

receivers mounted on top of each Porpoise unit, connected to a serial data logger that

records time and location. An additional serial data logger records the Porpoise heading,

pitch, and roll every second, using a compass/tiltmeter [Sherman et al., 2017]. The EM

transmitter used in this system operates off 110–240 VAC power, producing a maximum
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output alternating current of 50 A on a 50 m antenna. The Porpoise system is inexpensive,

small and light. Therefore, it only requires a small survey boat (∼45 feet) and a minimal

crew to operate. In addition to permafrost mapping, the Porpoise system has been used to

image offshore sedimentary structure [Martin, 2015], the detection of offshore geothermal

prospects [Reyes Ortega et al., 2016], and for offshore submarine groundwater mapping

[Evans and Key, 2016, Gustafson et al., 2017] .

8 the proposed marine csem study

8.1 Region of Study

The region of interest in this study is the offshore area along the Kona coastline, located on

the west side of the Hawai‘i island, which is considered as the dry side of the island. This

region was chosen for the marine CSEM survey with the aim to map submarine ground-

water, since it (i) couples the Hualalai terrestrial groundwater system, (ii) coincides with

CTD data that have been previously collected by the Hawaii Undersea Research Laboratory

(HURL), and (iii) parallels to other land geophysical datasets (electromagnetic, seismic and

gravity), which are currently acquired from the Kona and Nelha areas (Figure 7).

Figure 7: A map showing the Hualalai terrestrial groundwater system along the Kona coastline,
and the general area proposed for the marine CSEM survey. Elevation contours are given
in meters. The map has been modified from Hudson et al. [2018].

As mentioned in section 3.1, a distinct volumetric discrepancy between groundwater

recharge and shoreline SGD was recently calculated by Hudson et al. [2018]. This study

aims to illuminate some of the key factors and mechanisms that lead to the observed dis-

crepancy related to groundwater pathways from land to the submarine environment, using

a joint interpretation approach that integrates EM data with other geophysical datasets (see

section 8.4). Figure 8 describe in details the consecutive steps to implement in this project,

with the objective to map and characterize submarine groundwater systems. The project

steps include pre and post survey CSEM modeling, as well as multi-beam, backscatter and
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magnetometer data analysis. This integrative analysis will be followed by rock physics

modeling (see section 10) to estimate the volumes of the submarine GW accumulations in

this region.

Figure 8: Schematic diagram showing the proposed steps to implement in this marine project, aim-
ing to produce an integrated characterization of the groundwater system along the Kona
continental shelf, using multiple datasets. The numbers denote the order of steps execu-
tion. Green timers represent the portion accomplished of each step. The SIO abbreviation
refers to the Scripps Institution of Oceanography.

8.2 Survey Design

The continental shelf along the west flank of the Hawai‘i island is exceptionally narrow, as

manifested by a sharp transition from shallow to deep seafloor across the continental slope

(Figure 9). Therefore, mapping the entire resistivity structure of this continental shelf region

requires (i) a powerful EM transmitter and seafloor receivers [e.g., Constable, 2013], (ii) a

deep-towed CSEM system [Constable et al., 2016], and (iii) a surface-towed CSEM system

[Sherman et al., 2017], which as a consequence demands two different survey vessels. Such

large-scale survey is beyond the scope of this project in both funding and time. Therefore,

this project focus on the shallow offshore groundwater system, to be mapped using the

Porpoise surface-towed system, as described in section 7. Based on the various seafloor

profiles presented in Figure 9, I designed a survey that includes five parallel towlines of

80 km each, and five cross towlines with varying lengths (∼1–4 km), as shown in Figure 10.
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Figure 9: Offshore bathymetry maps of Hawai‘i island, western flank. Left column (a-d): coastline
parallel bathymetric profiles (red lines), from the north (a) to south (d). Left column:
coastline perpendicular bathymetric profiles (black lines), from the north (e) to south (h).
The Green line denotes seafloor depth of 100 m, which is the depth limit of the Porpoise
CSEM system. The profiles presented in (f) and (h), indicate that the seafloor deepens
sharply near the coastline. The bathymetry data are of 50 m resolution, acquired by
SOEST main Hawaiian islands multibeam synthesis program. Insets show the location of
the island of Hawai‘i, along with the rest of the Hawaiian islands.

Due to the water depth limitation of the Porpoise system, the maximum seafloor depth in

this survey is less than 100 m. Thus, this study will acquire CSEM data within that depth

range while covering the maximal offshore area perpendicularly to the Kona coastline.

Consequently, the water depth of the parallel towlines will be 10, 30, 50, 70, and 90 m
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(inversely to the EM signal depth of diffusion, see section 8.3) whereas the line-spacing will

vary from 100 m up to 1.5 km, depending on the localized bathymetry along the survey

area (Figures 9e,f,g,h, and 10b).

Hualalai terrestrial groundwater system

10 m 

Line 1
Line 2

Kona

coastline

Kailua-Kona

Nehla

30 m 

Hualalai terrestrial groudwater system

Continental shelf edge: Seafloor depth ~2 km 

Hawaii

Line 3

50 m 

5 parallel survey lines (~80 km each)

5 perpendicular survey lines (~1-4 km)

Line 4

70 m 
90 m 

Line 5

Pacific 

Ocean

Pacific 

Ocean

Hualalai

volcano

Bathymetry

(a)

(b)

Bathymetry

Porpoise

Figure 10: Marine CSEM survey region and design. (a) A regional map showing the western flank
of Hawai‘i island, the extent of the Hualalai terrestrial groundwater system, and the
general area proposed for the offshore CSEM survey. (b) Survey outline: five long survey
towlines parallel to the coastline, to be performed along increasing seafloor depths from
10 m up to 90 m with 20 m intervals. Five short survey towlines perpendicular to the
coastline. Note that the continental shelf in this region is particularly narrow. Bathymetry
data from SOEST main Hawai‘iian islands multibeam synthesis. Insets show the location
of the island of Hawai‘i, along with the rest of the Hawaiian islands.

The porpoise array will be towed at a speed of ∼3 knots, thus, a total time of approximately

ten days of marine fieldwork is estimated. This includes a net survey time of six days

(∼14 hour per day), two days for the mobilization and demobilization of the CSEM system,
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plus an additional two days for idle time due to possible technical failures or weather

condition.

8.3 Pre-Survey CSEM Synthetic Modeling Studies

Pre-survey synthetic model studies enable to examine the EM inversion algorithms and sur-

vey parameters for their capability to resolve the true resistivity structure of features with

varying spatial extension [Constable et al., 2015, Tseng et al., 2015]. To produce a reliable set

of synthetic models, it is advisable to introduce simple structures within a homogeneous

host [Constable et al., 2015]. Here, I will employ the MARE2DEM inversion algorithm [Key

and Ovall, 2011, Key, 2016], starting by running synthetic models that represent a simple

scenario of a singular groundwater structure (at different depths) embedded within a ho-

mogenous basaltic host rock (not shown), followed by a successive increase in the level

of model complexity by adding lava tubes, dikes, and buried fault systems (Figures 11–

13), while aiming to maintain geological plausibility. The resistivity values of the various

structures embedded in these models are estimated based on the results of previous electri-

cal resistivity studies conducted in the island of Hawai‘i both inland [Zohdy and Jackson,

1969] and nearshore the Kona coastline [Dimova et al., 2012]. The synthetic models will be

run both in isotropic and anisotropic modes to examine the 2D inversion ability to resolve

structural anisotropy. Using a 1 km Porpoise array within the boundaries of the system

depth sensitivity range (<100 m of water depth) will typically allow resolving submarine

resistive features up to ∼500–600 mbsf. However, due to the relatively high resistivity of the

regional basaltic host rock offshore Kona, it might be feasible to resolve submarine resistive

groundwater structures that are deeper than ∼600 mbsf. Hence, our pre-survey 2D CSEM

synthetic studies will and iteratively refined, aiming to unfold the ideal survey setup (e.g.,

source-receiver offsets, frequency range, output current, dipole length) that will enable to

resolve both shallow and deep submarine groundwater structures adequately.

8.4 Additional Datasets: Multi-beam, Backscatter, Magnetometer

ROV observations and CTD data (Figure 7) collected by the Hawaii Undersea Research Lab-

oratory, confirm the presence of sparse submarine groundwater discharges both nearshore

and offshore of the Kona coastline. Such intermediate or continuous groundwater influx

to the water column might be manifested by mesoscale seafloor expression (pockmarks

or mounds). However, only 50 m resolution of multi-beam data currently exists for this

region (Figures 9,10), which is incapable of detecting any seafloor expression caused by

SGD. Therefore, one of this survey objectives is to collect high-resolution bathymetry and

backscatter datasets using the r2sonic 2024 multi-beam system. These datasets will enable

us to (i) provide a high-resolution bathymetric map for the shallow area offshore of Kona,

(ii) identify seafloor expressions due to groundwater seepage, (iii) detect any freshwater

provinces in the water column (using the multi-beam water column data), and (iv) char-

acterise the seafloor texture in fine details. Additionally, a surface-towed magnetometer

will be used to help in detecting positive/negative magnetic anomalies, which might be in-

dicative of the presence of buried dike or fault systems. The information derived from the

multi-beam, backscatter, and magnetometer datasets, will enable us to apply a-priori con-
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straints to our CSEM inverse modeling, and later will be interpreted jointly with the CSEM

results, to provide a robust mapping and delineation of the regional offshore groundwater

systems.

Kailua-Kona

Seafloor Profile: Parpendicular to Kona coastline
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Figure 11: CSEM synthetic modeling. (a) Seafloor profile that is representative of this region. The
profile is perpendicular to the Kona coastline (ENE to WSW), situated at the western
flank of Hawai‘i island. The seafloor depth gradually decreases from ∼5–95 m, with
increasing distance from the coastline, up to 2.5 km along the continental shelf. These
seafloor depths are within the sensitivity range of the Porpoise surface-towed CSEM
system. The Green line denotes seafloor depth of 100 m. (b) A CSEM synthetic model
that describes one complex but plausible scenario of the regional sub-seafloor resistivity
structure, which includes: (i) Thin horizontal layer (∼20 m) of clastic sediment, (ii) Four
(50 m thick) seafloor parallel groundwater (GW) channels at increasing depths, and (iii)
Four dikes with decreasing thickness (40–10 m) at increasing distance from the coast-
line. The GW structures are assumed to be either submarine large lava tubes that are
filled with freshwater, or freshwater saturated highly porous basalt. The basaltic dike
structures have high resistivity (500 Ωm) due to very low porosity. The resistivity of the
GW structures assumes to decrease due to the presence of successive dikes that obstruct
freshwater flow. The 30 Ωm model background assumes porous basalt that is fully sat-
urated by seawater [Zohdy and Jackson, 1969]. This synthetic model uses the inverse
seafloor profile shown in (a), consistent with the direction of the survey profile.
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Synthetic True Model: Submarine GW channels embedded in a fault system 
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Figure 12: CSEM synthetic modeling. A CSEM synthetic model that describes a scenario of sub-
marine groundwater channels embedded within a buried fault system. The thickness of
each GW channel is 100 m, apart from the deepest 40 Ωm channel (672 m). With increas-
ing depth, the resistivity of these GW channels assumed to decrease, as less freshwater
percolates downward and brackish water gradually forms (Figure 3). This synthetic
model utilizes the seafloor profile shown in Figure 11a.

Seafloor Profile: Parallel to Kona coastline
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Figure 13: CSEM synthetic modeling. (a) Seafloor profile that is representative of this region. This
profile extends ∼15.7 km parallel to the Kona coastline (SSE to NNW). The bathymetry
along the profile is relatively flat, at approximately 90 m of water depth. The Green line
denotes 100 m depth, corresponding to the sensitivity limit of the Porpoise array. (b) A
CSEM synthetic model that describes a plausible scenario of the regional sub-seafloor
resistivity structure, which includes: (i) Thin horizontal layer (∼20 m) of clastic sediment,
(ii) Five GW channels at with decreasing wideness and depth along the survey profile.
The 30 Ωm model background assumes porous basalt that is fully saturated by seawater.
This synthetic model utilizes the seafloor profile shown in (a).
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9 csem data processing and inverse modeling

For the processing of the electrical data that will be recorded by the Porpoise receivers along

the ten survey towlines (Figure 10), I will follow the robust processing scheme methodology

as described by Myer et al.’s 2011. In brief, the inline electric field time series will be

fast Fourier transform and stack into 60 s windows, for the 1 Hz fundamental frequency

of the waveform-D [Myer et al., 2011] and the following odd harmonics that will yield

usable data [Sherman et al., 2017]. The stacked data will be merged with the navigational

information prior to inversion modeling. Next, using the MARE2DEM code [Key, 2016],

I will perform both unconstrained 2D CSEM inversions to the Porpoise data. The 2D

constrained inversions will use geophysical information that will be derived from land-

based magnetotelluric (MT) and seismic surveys, planned to be conducted along the slopes

of the Hualalai volcano as part of the ‘Ike Wai project. The Porpoise data per each survey

line will be segmented to predominantly inline sections and be inverted in 2D, whereas

each line overall data (including offline segments) that will likely impose 3D effects, will be

inverted in 3D using the newly developed MARE3DEM algorithm [Zhang and Key, 2016,

Zhang, 2017]. Additionally, based on the resistive structures that will be identified by the

2D inversions of the real data, I intend to build 3D synthetic models, run forward calls using

MARE3DEM and invert the resulting synthetic data with MARE2DEM. Such exercise will

help to determine if the complexed geology of this study region can be described using 2D

inversions adequately. At a later stage, I will attempt to perform a joint inversion using the

electrical data (acquired by Porpoise) and the magnetic data (obtained by magnetometer),

in case that the individual inversions will detect coincident anomalies that will infer the

presence of groundwater systems.

10 submarine groundwater volume estimation: sca/dem

rock physics modeling

Effective medium theories have been used successfully to model the bulk response of a

microheterogeneous composite [e.g., Sheng, 1990, Han et al., 2011]. Although effective

medium theories do not incorporate the actual description of the microstructure, one can

still deduce a consistent description of the microstructure involved as these theories do

have physical representations [Jakobsen et al., 2000]. The microstructural features of a com-

posite medium control its elastic and electrical properties to a large extent, and as such, a

consistent description of the seismic and electrical response of a medium should incorpo-

rate some detail of the microstructural configuration. Rocks generally contain phases that

are biconnected (i.e., the pore space is connected, and the solid phase is continuous) at any

finite porosity [e.g., Berryman, 1992]. Here, to estimate the saturation of the submarine

groundwater systems offshore the Kona coastline, I will employ a two-phase biconnected

model of basaltic rock and pore space that contains either freshwater or brine connected

phases. Sheng [1990] introduced an approach for creating a biconnected two-phase compos-

ite by combining the self-consistent approximation (SCA) and differential effective medium

(DEM) theories. The DEM theory ensures the connectivity of the background phase, while

the inclusions remain isolated at any given porosity [e.g., Berryman, 1992, Hornby et al.,
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1994]. This study will adapt the SCA/DEM approach used by Attias et al. [2018] to model

gas hydrate in clay-rich sediments. Such approach has been previously used by Han et al.

[2011] to model sandstones. Thus, the effective medium models are not specific to any com-

posite, which makes the SCA/DEM modeling approach an attractive one [Sen et al., 1981,

Milton, 1985, Berryman and Hoversten, 2013]. The electrical properties of the biconnected

phases (basalt, freshwater/brine) will be derived from the CSEM models, whereas the elas-

tic properties will be taken from the literature and the results of a land-based active seismic

study that is currently planned to be performed as part of the ‘Ike Wai project, parallel to

the marine CSEM study region.

11 collaborations

The proposed study will foster collaborations with leading scientists in the fields of ma-

rine EM, seafloor mapping and rock physics modeling, including universities and research

institutions from USA, Europe, and Southeast Asia. Steve Constable from Scripps Insti-

tution of Oceanography (UCSD) will provide the CSEM Porpoise array and consulate for

the optimal use of the EM instruments. I am currently collaborating with Dallas Sherman

(Scripps Institution of Oceanography, UCSD) in regards to survey design and pre-survey

CSEM synthetic modeling. This collaboration will continue for post-survey data processing

and CSEM real data inversion modeling. 3D CSEM forward modeling will be conducted

in collaboration with Kerry Key from Lamont–Doherty Earth Observatory (Columbia Uni-

versity), using Key’s newly developed MARE3DEM inversion algorithm. A collaboration

with Samer Naif (Lamont–Doherty Earth Observatory, Columbia University) will help in

promoting the analysis of the 2D and 3D CSEM modeling. I will perform an analysis

to compare the properties of the groundwater system offshore Hawai‘i versus the New

Jersey groundwater system, in collaboration with Rob Evans from Woods Hole Oceano-

graphic Institution. Joint inversion of electric and magnetic data will be run in collabo-

ration with Sebastian Hölz, Amir Haroon, and Marion Jegen from GEOMAR Helmholtz

Centre for Ocean Research Kiel. I will also collaborate with Veerle Huvenne (National

Oceanography Centre, Southampton) and Khaira Ismail (Universiti Malaysia Terengganu)

to process and analyze the multi-beam and backscatter datasets. For submarine groundwa-

ter quantification, SCA/DEM rock physics modeling will be applied in collaboration with

Kelvin Amalokwu (the University of Texas at Austin) and Ismael Falcon-Suarez ( National

Oceanography Centre, Southampton).

12 intellectual merit & broader impacts

The offshore area of the Kona coastline, the island of Hawai‘i is an ideal region to study the

spatial distribution of submarine groundwater systems in basaltic complexed geology. Pre-

viously collected onshore/nearshore physical and chemical data analysis suggests that the

land-based Hualalai groundwater system extends to the submarine environment. This ma-

rine project will use newly developed marine CSEM instruments and inversion algorithms

to map the electrical resistivity structure and interconnectivity of the underlain shallow-to-

deep submarine groundwater systems. The CSEM results to be derived from this study
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will be analyzed in a joint interpretation framework that will include additional marine

geophysical datasets such as multi-beam, backscatter, and magnetometer. This interpreta-

tion scheme will also consider land-based geophysical information (MT and seismic), as

acquired from the area adjacent to the Kona coastline. Such integrative approach will lead

to a broad understanding of the groundwater system in western Hawai‘i island, both in-

land and in offshore submarine regions. Ultimately, the resulting submarine resistivity

models will be available to the Hawai‘ian community, the board of water supply, and local

stakeholders via the ‘Ike Wai web-based Gateway platform.

A comparative analysis will be conducted to assess and elucidate the properties of sub-

marine groundwater in a relatively young basaltic host rock as opposed to groundwater

deposits embedded in clastic sediments along an old continental margin, offshore New Jer-

sey. The results of this project will provide a proof-of-concept for submarine groundwater

mapping in complex basaltic marine areas, using a novel EM imagining technologies. This

project will foster collaborations between the Institute of Geophysics and Planetology at

the University of Hawai‘i and scientists from leading institutions such as the Scripps Insti-

tution of Oceanography, Lamont–Doherty Earth Observatory, Woods Hole Oceanographic

Institution, GEOMAR Helmholtz Centre, National Oceanography Centre, the University

of Texas at Austin, and Universiti Malaysia Terengganu. The outcomes of this study will

be used as the backbone of a future proposal to be submitted in partnership with some

of our collaborators to the National Science Foundation (NSF). This NSF proposal will in-

clude both ocean bottom and deep-towed CSEM receivers to map and image the submarine

groundwater system that exists across the deep continental slope of the Hawai‘i island.
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