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3

Conventional hydrogeologic framework models employed to compute ocean4

island sustainable yields and aquifer storage neglect the complexity of the5

nearshore and offshore submarine environment. However, the onshore aquifer6

at the Island of Hawai‘i exhibits a significant volumetric discrepancy between7

high-elevation freshwater recharge and coastal discharge. In this study, we8

present a novel transport mechanism of freshwater moving from onshore to9

offshore through a multilayer formation of water-saturated layered basalts10

with interbedded low-permeability layers of ash/soil. Marine electromagnetic11

imaging reveals ∼35 km of laterally continuous resistive layers that extend12

to at least 4 km from west of Hawai‘i’s coastline, containing about 3.5 km3
13

of freshened water. We propose that this newly discovered transport mecha-14

nism of fresh groundwater may be the governing mechanism in other volcanic15

islands. In such a scenario, volcanic islands worldwide can utilize these renew-16
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able offshore reservoirs as new water resources, which are considered more17

resilient to climate change-driven droughts.18

INTRODUCTION19

The global occurrence of vast offshore freshened groundwater reservoirs (1–3) may be utilized20

as a new resource to supply the increasing demand for water in the era of climate change-21

driven droughts (4, 5). Onshore aquifers are one of Hawai‘i’s most critical natural resources,22

providing the vast majority of water for drinking, irrigation, domestic, commercial, and in-23

dustrial needs (6). Volcanic eruptions, characterized by complex heterogeneous geology that24

includes lava flows, ash beds, faults, dikes, and lava tubes, form the young volcanic terrestrial25

aquifers situated on the Island of Hawai‘i (6, 7). Hydrogeologists typically assume that fresh-26

water resources on volcanic islands are comprised of a shallow lens of freshwater floating on27

seawater (8). Hydrogeological studies often overlook formation heterogeneities, such as tight28

confining layers, despite their ability to extend freshwater resources far offshore (9, 10). In the29

nearshore land-to-sea transition zone, groundwater in Hawai‘i often presents a thin freshwa-30

ter basal lens overlying seawater (11–13). Due to the nearly continuous subsidence of young31

Hawaiian volcanoes (14, 15) the Hualalai offshore region situated on the west flank of Hawai‘i32

island is composed of subaerial lava flow drapes partially covered by drowned coral reef ter-33

races with low sediment content (16). The slope break that marks the western-most edge of34

the Hualalai subaerial shield lies at a depth of ∼800–950 m below current sea level and has an35

estimated age of ∼0.33 Ma (16).36

Conventional hydrogeologic framework models for onshore aquifers assume thinning of the37

basal lens as the coastline is approached and freshwater heads decline, with dominant freshwa-38

ter discharge to the ocean through coastal springs (7). However, for the Hualalai coastline, there39

is considerable evidence of submarine vents discharging freshwater to the ocean on a regional40
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scale (17–21). Additionally, prior groundwater isotope studies (22, 23) suggest a significant41

volumetric discrepancy of ∼40% (18,000 m3/d) in fresh groundwater recharge-to-discharge42

balance measured between the Hualalai volcano and its corresponding coastline. Investigation43

of the source of this discrepancy has motivated this study.44

Marine controlled-source electromagnetic (CSEM) geophysical methods are sensitive to45

contrasts in bulk electrical resistivity (24, 25), primarily controlled by porosity and pore fluid46

properties of oceanic structures (26, 27). The substitution of conductive seawater with fresh-47

water will increase the electrical resistivity of any geological formation (28). Various ma-48

rine CSEM techniques were proven successful in imaging the electrical structure of continu-49

ous offshore freshened groundwater in different coastal sediment environments such as New50

Zealand (29), U.S. Atlantic coast (2, 30), and nearshore Israel (31, 32). In volcanic geology,51

where seawater-saturated basalts have resistivities of <10 Ωm (33), submarine freshwater-52

saturated basalts will manifest as 600–1100 Ωm resistive anomalies (34) embedded in a con-53

ductive background of seawater-saturated basalts.54

Here, we present a novel multilayer transport mechanism of freshwater from onshore to off-55

shore in Hawai‘i’s complex geology. Using high-resolution marine CSEM imaging, we reveal56

the flow path, interconnectivity, and spatial distribution of deep submarine freshened groundwa-57

ter layered bodies, and discover an extensive reservoir of purely freshwater within the submarine58

southern flank of the Hualalai aquifer, offshore west of Hawai‘i. Additionally, we provide a re-59

gional scale freshened/freshwater volumetric estimation. This is the first marine CSEM study60

that maps offshore submarine freshwater in a volcanic setting.61

RESULTS62

Multilayer electrical resistivity formation offshore the Island of Hawai‘i63

To image the electrical formation of the submerged flank of the Hualalai volcano offshore west64
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of Hawai‘i (Fig. 1), we used a newly developed surface-towed CSEM system (35). Pre-survey65

synthetic modelling demonstrates this CSEM system capability to image the electrical struc-66

ture of the subsurface to a depth of ∼500 m below the seafloor, at water depths <100 m. This67

surface-towed system records spatially dense multi-frequency data, using four electromagnetic68

(EM) receivers distributed evenly over ∼1 km array (Fig. S1). Our marine survey included ten69

towlines parallel to the Hualalai terrestrial aquifer at incremental distances from the coastline70

(inline tows), and two perpendicular towlines (crossline tows), covering an offshore region of71

about 4 km wide and 40 km long, producing ∼200 km of continuous CSEM data (Fig. 1).72

We performed isotropic and anisotropic inversions to the CSEM data using a standard deter-73

ministic nonlinear regularized 2-D inversion algorithm (36), producing 22 individual inversion74

models. These models show a sequence of alternating conductive and resistive layers that ex-75

tend laterally ∼35 km parallel to the coastline with only moderate changes in depth (Fig. 2). The76

upper conductive layer extends from the seafloor to a depth of ∼100 m, presenting low electrical77

resistivity (∼0.2–1 Ωm), most likely resulting from the combination of seawater-saturated sed-78

iment, weathered ash, and basalts (Figs. 2 and 3). The lower conductive layer situated between79

∼200–350 m depth, shows electrical resistivity of ∼0.8–2 Ωm (Fig. 3). Two resistive layers80

exist between ∼100–200 m and ∼350–500 m depth, presenting a resistivity range of ∼50–81

100 Ωm (Figs. 2 and 3). Based on the age of lavas associated with the Hualalai volcano (16),82

the age of these deep resistive layers are most likely at the range of a few hundred thousand83

years.84

The alternating conductive/resistive horizontal layers revealed by our isotropic inversion85

models are most likely confined by low-permeability thin horizons of ash/soil (37), which86

formed above the Hualalai coastline and were armoured by lava flows before submergence (16).87

These low-permeability confining layers overlay freshened water layers, displacing more dense88

seawater to overlaying basaltic formations (Fig. 3). Such a pattern of alternating conductive89
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and resistive horizontal layering is often caused by electrical anisotropy due to sediment grain90

alignment (38). However, our anisotropic inversion models present a similar layering pattern,91

thus confirming the capability of our isotropic inversions (Fig. 2) to resolve these anomalous92

resistive freshened groundwater bodies adequately.93

The inversion models of both the inline and crosslines co-locate the resistive layers (Fig. 2).94

The inversion model of crossline 2 presents a deep anomalous resistive layer that extends up to95

a distance of at least 4 km offshore west of Hawai‘i (Fig. 2).96

97

Large-scale submarine freshwater reservoir98

Parallel to Hualalai’s southern flank, the inversion models of four consecutive survey lines con-99

sistently detected a deep large-scale anomalous resistive body that extends up to ∼2.5 km off-100

shore south of Kailua-Kona (Fig. 2). This sizable resistor is at least ∼10 km long and ∼250 m101

thick, exhibiting a resistivity of ∼1000 Ωm (Fig. 2). The CSEM inversion model of survey line102

2 South demonstrates the spatial extent and the highly anomalous resistivity of this large-scale103

submarine feature (Fig. 4). Such a high level of electrical resistivity indicates an extremely104

low salinity freshwater reservoir. Freshwater-saturated subaerial Mauna Kea basalts presented105

similar resistivities (34).106

107

DISCUSSION108

Resistivity to salinity calculation and freshened/freshwater volumetric es-109

timation110

Given the prevalence of fractured basaltic rocks in Hawai‘i (39), we interpret the two resis-111

tive layers (∼50–100 Ωm) shown in Figs. 2 and 3 as freshened (moderately brackish) water-112

saturated basalts, with a salinity range of 3.2–6.8 ppt, calculated using Archie’s law (40), as-113
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suming an average porosity of 20% and a cementation exponent of 2.57 [typical values for114

Hawai‘i subaerial lava rocks (41,42)], and the equations of state (43). Volumetric estimation on115

a regional scale suggests that these water-saturated basaltic layers accommodate at least 3.5 km3
116

of freshened water, as calculated by Equation 1.117

FV = FX × FY × FZ ×ϕ (1)

FV represents the freshened water volume, FX , the resistive layers average width (2 km, assum-118

ing continuous extension from the coastline), FY , the resistive layers horizontal length (35 km),119

FZ , the resistive layers vertical extension (0.25 km), and ϕ denotes the average porosity (20%).120

To estimate the salinity and volume of the large-scale freshwater reservoir detected offshore121

south of Kailua-Kona (Figs. 2 and 4), we applied Archie’s equation (40) to calculate the for-122

mation pore fluid resistivity, using a formation bulk resistivity of ∼1000 Ωm (as derived from123

the CSEM inversions), cementation exponent of 2.57 and porosities of 20%±5%, as 5% change124

in porosity may significantly impact the estimate of pore water salinity (29). Note that such125

low porosities and high cementation values [representative to Hawai‘i basalts (42)] suggest126

that a substantial volume of fresh pore fluid is required to yield a formation bulk resistivity of127

∼1000 Ωm. Our calculation for formation pore fluid resistivity at porosities of 15, 20, and 25%128

yielded pore fluid resistivities of 7.5, 15, and 28 Ωm, respectively. Pore fluid resistivities of 7.5,129

15, and 28 Ωm are equivalent to salinities of 0.62, 0.29, and 0.15 ppt, respectively, as calcu-130

lated by the equations of state (43). Because water with a salinity <0.5 ppt is defined as pure131

freshwater (44), we consider this reservoir to be saturated entirely by freshwater at porosities of132

20 and 25%. Thus, given the dimensions of this large-scale reservoir, we estimate it contains a133

freshwater volume of at least 1.25 and 1.56 km3 at porosities of 20 and 25%, respectively. A134

porosity of 15% (salinity of 0.62 ppt) will result in reservoir volume of 0.93 km3, saturated by135

freshened water. Summing the volumes of both the freshened water layers and the large-scale136

6



freshwater reservoir, we infer that the region mapped in this study offshore west of Hawai‘i137

contains a freshened/freshwater volume of at least 4.75 km3, assuming a porosity of 20%.138

We note that the offshore distance and depth extent of these freshened/freshwater reservoirs139

are not fully constrained due to the data acquisition limitations of the surface-towed CSEM sys-140

tem (35). Therefore, the inferred reservoirs may reach depths greater than 500 m and extend141

to the shelf edge (∼6–8 km offshore). In this case, the reservoirs’ volumes would be substan-142

tially higher than the minimum values estimated above. Such reservoirs of freshwater offshore143

Hawai‘i are most likely renewable, as implied from point-source fluxes of freshwater from the144

seafloor to the water column (20, 21).145

146

Multilayer transport mechanism of deep submarine freshwater to offshore147

Based on our CSEM inversion models, we present a new conceptual hydrogeologic model148

that describes the transport mechanism of freshwater from onshore to offshore at the Island149

of Hawai‘i (Fig. 5). In this region, rainwater that percolates through the porous basalts along150

the western flank of Hawai‘i Island recharges the Hualalai terrestrial aquifer. Less permeable151

ash/soil layers intercalated with the more permeable lava flows, intercept the freshwater as they152

infiltrate and migrate toward the coastline. If these low-permeability ash/soil layers are above153

the local water table, they act as perching formations. Whereas, below the water table, low-154

permeability layers serve as confining formations (6, 7, 45, 46). Hydrostatic head channels the155

freshwater below the confining formations, enabling its flow beneath sea level through per-156

meable basalts while displacing gravitationally more dense seawater (Fig. 5). With high head157

levels, these freshwater flows may extend to the submerged flank of the volcanic edifice or alter-158

nately discharge into overlying saltwater saturated basalts if the confining formation terminates159

within the interior of the volcanic pile (45, 46).160

Our model illustrates the flow of deep submarine freshwater to offshore Hawai‘i via a mul-161
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tilayer basaltic formation. Onshore borehole data acquired in the Hualalai terrestrial aquifer162

support this conceptual hydrogeological model (see below). However, the offshore component163

of the model is based solely on our electrical imaging, and thus, ideally, requires future valida-164

tion by boreholes, seismic, and hydrogeological marine studies.165

166

Observations of multilayer freshwater formations onshore the Island of167

Hawai‘i168

Multiple onshore drilling studies conducted across the Island of Hawai‘i support the transport169

mechanism of freshwater from onshore to offshore, as illustrated by our conceptual model170

in Fig. 5. Salinity data obtained from the Kamakana borehole, located onshore Hualalai, in171

west Hawai‘i (Fig. 1), indicate the presence of a low-permeability layer at 300–315 m deep,172

which acts as a confining layer to a freshwater layer beneath (Fig. S5). The borehole depths173

of both the low-permeability and freshwater layers are consistent with the offshore depths of174

the low-permeability/freshwater layers shown in our inversion model of survey line 2 South175

(Fig. 4), located ∼3 km diagonally to Kamakana borehole (Fig. 2). Furthermore, several pro-176

duction/monitoring wells at higher elevations on the west flank of Hualalai have encountered177

either similar multi-layered aquifers (fresh-salt-fresh) or elevated freshwater hydrostatic heads178

more than sufficient to displace seawater to the depths observed by our offshore resistivity mod-179

els.180

In the east of Hawai‘i Island, resistivity surveys identified shallow resistive anomalies that181

represent high-elevation groundwater on the east flank of Mauna Kea (34). Additionally, resis-182

tivity log from the PTA2 borehole (situated west of Mauna Kea) exhibits a significant increase183

in resistivity at a depth of 1130 m, most likely associated with freshwater-saturated basaltic184

rocks (47). Drilling resistivity logs from borehole KP-1 located on the eastern flank of Hawai‘i185

detected a shallow freshwater basal lens underlain by saltwater-saturated rocks (37,46). Beneath186
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these saltwater-saturated rocks, a deeper-buried freshwater aquifer exists between ∼320–520 m187

depth trapped below subsided soil horizon that marks the former surface of Mauna Kea, which188

the Mauna Loa basalt subsequently covered (37, 48). Below this ∼200 m thick aquifer, a zone189

with salinities similar to seawater exists at depths greater than 700 m. A borehole drilled 2 km190

away from KP-1 detected both the 320 m deep freshwater aquifer and additional deeper con-191

fined freshwater-saturated intervals to depths >3 km (15).192

It is unlikely that the high resistivities observed in our CSEM models (Figs. 2–4) results from193

lithologic alterations in the submerged flanks of Hualalai. Because, drilling into the nearshore194

flanks of Mauna Kea, encountered typical subaerial lavas subsided by more than 1 km below195

current sea level (15). Given the similarity in ages of Hualalai with Mauna kea (16), we would196

expect typical shield building subaerial basalts within the resistive strata offshore.197

Tracing the flow paths of dissolved silica in Hawai‘i demonstrated that the direct flow of sub-198

marine freshwater is a powerful mechanism for subsurface chemical weathering and solute flux199

from land to the ocean. Thus, calculations of weathering fluxes at young volcanic islands must200

include freshwater discharge to the ocean (49). Three-dimensional simulations of lava tubes201

(acting as conduits in a less permeable matrix of lava flows) suggest that submarine freshened202

groundwater accumulations occur offshore west of Hawai‘i, due to heterogeneous permeabil-203

ity and porosity (50). Therefore, lava tube conduits may be the primary source that supplies204

substantial volumes of water to the large-scale submarine freshwater reservoir detected by our205

inversion models (Figs. 2 and 4). Radiocarbon age dating of water samples collected from206

Hualalai coastal aquifer infers that deep freshwater reservoirs have prolonged cycle time, thus,207

more resilient to climate change (51).208

209

Evidence for multilayer freshwater formations at other volcanic islands210

To the best of our knowledge, no electromagnetic studies have been performed offshore at any211

9



other volcanic islands to confirm our proposed mechanism of freshwater transport from onshore212

to offshore via a multilayer basaltic formation. However, electromagnetic studies conducted in213

coastal areas of other volcanic islands such as Santa Cruz Island, Galapagos (33); Grande Co-214

more Island, Comoros (52); Piton de la Fournaise volcano, Reunion (53,54); Fogo Island, Cape215

Verde (55); and Maui Island, Hawai‘i (41) all present hydrogeological layered formations anal-216

ogous to the submarine multilayer formation we revealed. For example, a three-dimensional217

airborne resistivity model of the Santa Cruz Island shows three main hydrogeological units that218

extend to a maximum depth of 300 m — a top unit of unsaturated-fractured basalt (<800 Ωm),219

followed by a unit of seawater-saturated basalt (<10 Ωm), and a deep freshwater-saturated220

basaltic unit with resistivity values ranging from 50–200 Ωm (33). The resistivity values of the221

seawater-saturated and freshwater-saturated units correspond to the top two layers presented in222

our inversion models, extending from the seafloor to a depth of ∼200 m (Figs. 2 and 3).223

The studies above provide evidence for the existence of multilayer freshwater formations at224

the coastline of five other volcanic islands, thus supporting our findings’ global-scale applica-225

bility. Consequently, we suggest that our unprecedented hydrogeologic conceptual flow model226

(Fig. 5) plays a more significant role than previously recognized in the transport mechanism of227

freshwater from onshore to offshore in volcanic islands. In such a scenario, renewable offshore228

freshwater reservoirs could potentially provide water to numerous volcanic islands worldwide.229

230

CONCLUSIONS231

This study reveals a novel mechanism that transports substantial volumes of freshwater from232

onshore aquifer to deep submarine aquifer offshore Hawai‘i via a multilayer basaltic formation.233

We propose that this transport mechanism may be the governing mechanism in other volcanic234

islands. Thus, such a mechanism may provide alternative renewable resources of freshwater235
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to volcanic islands globally where the impacts of climate change decrease water availability.236

Our findings emphasize the importance of recognizing offshore submarine freshened/freshwater237

groundwater in future aquifer modelling to utilize water resources of volcanic islands. The238

large-scale submarine freshwater reservoir discovered here can potentially provide water to the239

Island of Hawai‘i with high energetic efficiency and minimal impact on terrestrial and marine240

ecosystems.241

METHODS242

Data acquisition and processing243

In September 2018, we collected ∼200 km of surface-towed CSEM data by towing a 40 m-long244

dipole antenna ∼0.5 m deep behind the survey boat at an average speed of 3.5 knots. The dipole245

antenna transmitted a 100 A current using a doubly symmetric square waveform (56) at a fun-246

damental frequency of 1 Hz (sampling rate of 250 Hz), generating a source dipole moment of247

5.09 kAm. Higher signal-to-noise (SNR) ratios characterize this waveform at higher frequencies248

than the standard square wave and other typical waveforms. The survey boat surface-towed four249

broadband electromagnetic (EM) receivers at offsets 268, 536, 804, 1072 m (Fig. S1). A Dorsal250

unit positioned 30 m behind the EM receivers array recorded the water depth and surface water251

conductivity and temperature. Each EM receiver recorded the inline horizontal electric field on252

a 2 m dipole positioned ∼0.65 m below the sea surface (Fig. S1). GPS units and electronic253

compasses logged the receivers’ timing and positions, as well as orientations, respectively (35).254

The transmitter’s and receivers’ GPS units (positioned above sea level – directly exposed to255

satellites) provided continuous timing synchronization (accuracy of 10 ns), thus yielding stable256

phase values.257

The recorded CSEM data were Fourier transformed to the frequency domain and stacked258

over 60 s intervals, which corresponds to ∼20 m lateral distance between transmitter stack259
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points, producing amplitude and phase responses per each receiver as a function of position and260

frequency harmonics. The stacked amplitude and phase responses were then merged with the261

transmitter’s and receivers’ navigational information.262

263

CSEM 2-D inversion scheme264

For our CSEM inversion, we used the strongest harmonics of the doubly symmetric square265

waveform (56), which in this case, corresponds to high-frequency harmonics 3, 7, and 13 Hz.266

These frequencies produced quality data with high sensitivity to the interrogated depth be-267

neath the seafloor. Thus, in combination with high data density, the frequencies yielded high-268

resolution inversion models. To invert the CSEM data for electrical resistivity, we employed269

the open-source MARE2DEM code, a 2-D nonlinear regularized inversion method that uses270

a parallel goal-oriented adaptive finite-element algorithm (36). MARE2DEM is based on the271

Occam’s inversion, which searches for the smoothest model that fits the data to a predefined272

root-mean-square (RMS) target misfit (57).273

The inversion-starting model discretization includes fixed parameters for a 1013 Ωm air274

layer, 0.2 Ωm half-space for the seawater column defined as free parameters, and 10 Ωm half-275

space for the sub-seafloor region. A high-resolution (2 m × 2 m) multi-beam system recorded276

the bathymetry used in the inversion modelling. Quadrilateral elements (36) discretized both277

the seawater column and the sub-seafloor (Fig. S3). The 40 m-long dipole transmitter and278

the 2 m-long towed CSEM receiver dipoles were modelled as finite dipole lengths. Our finite279

dipole inversions produced models with high sensitivity of the data to model parameters (Fig.280

S3). The inversions’ horizontal-to-vertical roughness varies between 2 and 10 as a function of281

width-to-depth ratio. All the resistivity inversion models (Fig. 2) fit the data to an RMS misfit of282

∼1.0. Table S1 details the parameterization and properties of the 2-D isotropic CSEM inversion283

models.284
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SUPPLEMENTARY MATERIALS285

Supplementary material for this article is available at http://xxxxxxxxxxxxxxxx286
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Fig. 1. Study area and survey layout. Map of the study area parallels to the Hualalai terrestrial453

aquifer at Kona, offshore west of Hawai‘i. The black lines denote the survey towlines (10454

inlines, and two crosslines). White lines denote depth contours of 200 m, and grey lines the455

depth contours of 1000 m. Inset map: The Island of Hawai‘i, with black rectangle indicating456

the main map area. Areas with no bathymetry data are shown in white. Bathymetry data:457

Courtesy of Hawai‘i Mapping Research Group.458

21

DT2017
Callout
Keahole Point



Fig. 2. Multilayer electrical resistivity formation offshore the Island of Hawai‘i. Fence di-459

agram showing 2-D isotropic CSEM inversion models of 20 discretized survey lines parallel to460

the Kona coastline and two crosslines. The color scale gives log10[ρ(Ωm)], with blue and red461

colors corresponding to resistive and conductive features, respectively. Blue shaded areas start-462

ing at ∼100 meters depth denote horizontal layers of resistive anomalies that represent fresh-463

ened water-saturated basalts, confined by low-permeability horizons of ash/soil (black-dashed464

lines). White lines denote the deeper boundary of these freshened horizontal layers. Spatially465

extensive and highly resistive area (∼1000 Ωm) offshore Kailua-Kona represents a large-scale466

freshwater reservoir that extends from ∼250 to ∼500 depth. The models derived from the data467

acquired by three/four surface-towed CSEM receivers at 3, 7, 13 Hz (10 models), and 3, 7 Hz468

(12 models). The models’ vertical exaggeration is approximately 16. Supplementary Table S1469

presents the parameterization and properties of the inversion models.470
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Fig. 3. Line 3 North inversion model. Model showing the electrical resistivity structure of line471

3 North (see line location in Figs. 1 and 2). The colour scale show log10[ρ(Ωm)]. This multilayer472

inversion model is comprised of four lateral formations: Two conductive seawater-saturated473

basalts layers intermitted by two resistive freshened water-saturated basalts. low-permeability474

thin horizons of ash/soil (dashed lines) separate between the conductive and resistive layers.475

The model derived from the data acquired by three surface-towed CSEM receivers at 3 and476

7 Hz. Inversion error floors: Amplitude = 7%, Phase = 4%. This inversion converged to an477

RMS misfit of 1.0 after 16 iterations. The model-to-data fits, and data sensitivities are shown in478

Supplementary Figs. S2 and S3, respectively.479
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Fig. 4. Line 2 South inversion model. Model showing the electrical resistivity structure of480

line 2 South (see line location in Figs. 1 and 2). The colour scale show log10[ρ(Ωm)]. The481

deep and laterally continuous resistive body (∼1000 Ωm) represents a large-scale freshwater482

reservoir (area bounded by a white line). low-permeability thin layer (black-dashed line) sepa-483

rates between the upper seawater-saturated (resistivity of ∼1–3 Ωm) basalts and the freshened484

water layer (∼5–50 Ωm) situated between ∼190–320 m depths. A moderately resistive body485

(∼5–10 Ωm) exists between ∼60–100 m depths, interpreted as an intermediate layer of fresh-486

ened water. The conductive layer beneath the seafloor (∼30–50 m depth) indicates seawater-487

saturated sediment, weathered ash, and basalts. The model derived from the data acquired by488

four surface-towed CSEM receivers at 3 and 7 Hz. Inversion error floors: Amplitude = 7%,489

Phase = 4%. This inversion converged to an RMS misfit of 0.99 after eight iterations. The490

model-to-data fits and normalized residuals are shown in Supplementary Fig. S4.491
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Fig. 5. Fresh groundwater onshore to offshore transport mechanism. Illustration showing492

a multilayer conceptual model of the transport mechanism of fresh groundwater from onshore493

to offshore in Hawai‘i. Fresh groundwater recharge from rainfall infiltrates to the sub-surface494

basalts and migrate toward the coastline. low-permeability ash/soil layers intercept and perch495

the downslope migration (hydrostatic head driven) of freshwater in case that the freshwaters496

are above the water table. Below the water table, the low-permeability ash/soil layers act as497

confining formations. The freshwaters trapped below the confining formations flow thorough498

permeable fractured basalts and mix with seawater to form freshened groundwater while dis-499

placing gravitationally denser seawater. At the shelf edge, the freshened groundwater flows are500

released to the ocean as springs. Above and below the freshened water-saturated basaltic forma-501

tions, seawater-saturated basalts exist as a result of seawater intrusions from the ocean towards502

the land.503
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