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A B S T R A C T

This paper is the fourth in a series on a play fairway analysis of geothermal resources across the State of Hawai‘i.
Here we describe recent exploration activities that include groundwater sampling in ten locations statewide, as
well as geophysical surveys on Lāna‘i, across the SW rift of Haleakalā Volcano (Maui), and surrounding Mauna
Kea Volcano (Hawai‘i Island). We derive a first-order method for computing topographic stress using Green’s
functions, finding that topography can induce appreciable crustal stress. We develop a new method for in-
corporating depth information about resistivity, density, and topographic stresses into our previously published
equations to calculate resource probability and confidence. We incorporate newly collected and modeled data
into our calculations to update statewide maps of probability and confidence. Lāna‘i Island and southeast Mauna
Kea are identified as the top targets for exploratory drilling. The east rift of Haleakalā Volcano, the southern-
most region of Mauna Loa’s SW rift (Hawai‘i Island), and central Kauai are identified as targets for geophysical
surveying.

1. Introduction and background

Electricity prices in the State of Hawai‘i are the highest in the United
States and about double the national average, in part because roughly
75% of Hawai‘i’s energy is from imported petroleum. The Hawaiian
Islands are volcanic in origin, yet the extent of the State of Hawai‘i’s
geothermal resource is largely uncharacterized. A statewide geothermal
resource assessment published in 1985 (Thomas, 1985) found a po-
tential resource on all islands, but little subsequent exploration was
undertaken. The Hawai‘i Play Fairway project has advanced geothermal
research for the State of Hawai‘i, providing an updated statewide re-
source assessment, a roadmap for additional exploration activities, and
identification of target sites for drilling.

In earlier published work we i) compiled and ranked datasets that
are relevant to subsurface heat, fluid, and permeability in Hawai‘i; ii)
developed a broadly applicable method for integrated data analysis

using a Bayesian statistical approach; iii) produced state-wide maps of
the probability of a subsurface resource as well as maps of the con-
fidence in this probability; iv) assessed the viability of resource devel-
opment; and v) defined a prioritized roadmap for site-specific ex-
ploration activities based on the resource probability, confidence in the
probability, and development viability. These activities and results are
detailed in Lautze et al. (2017a and Ito et al. (2017).

The first phase of the project produced an initial probability map,
from which we identified areas of further exploration for the second
project phase, described in this paper (Fig. 1). In order of oldest to
youngest volcanic activity, the areas of interest include: i) Kaua‘i’s
Līhu‘e Basin, which has elevated groundwater temperatures; O‘ahu’s ii)
Waianae caldera and iii) south coast, where groundwater chemistry
anomalies exist; on Maui, Haleakalā Volcano’s iv) SW rift, and v) East
rift, both of which display youthful volcanic features at the surface; vi)
Lāna‘i’s Pālāwai Basin, a site of elevated groundwater temperature; on
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Hawai‘i Island, vii-ix) the east, south, and west flanks of Mauna Kea
volcano, which have thermal anomalies in deep boreholes and broader
geophysical anomalies; and x) Hawai‘i Island’s South Point region,
which has recent volcanism and elevated groundwater temperature.
Three of these areas were identified as targets for focused geophysical
surveying and analysis: Maui’s Haleakalā Volcano on its SW rift (iv),
Lāna‘i (vi), and Mauna Kea (vii-ix). On the basis of development via-
bility considerations, we excluded Hualālai volcano on Hawai‘i Island,
and West Maui (Lautze et al., 2017b).

Here we report new efforts in groundwater sampling and analyses
(ten locations above), magnetotelluric (MT) and gravity surveys, as well
as calculations of 3D subsurface stress due to the weight of the rock
underlying the topography of the volcano. The subsurface stresses are
used to evaluate the potential for fracture-induced permeability.
Inversions of the MT and gravity data produce 3D models of resistivity
and density, respectively, on Lāna‘i, across Haleakalā’s SW rift (Maui),
and surrounding Mauna Kea (Hawai‘i Island). We develop and apply a
new method for incorporating depth information about resistivity,
density, and potential for fracture-induced permeability into the sta-
tistical method for computing resource probability in these three focus
areas. We then incorporate the new groundwater results with the new
geophysical results and the calculations of potential for fracture-in-
duced permeability to produce updated maps of resource probability
and confidence. These results are used to identify target sites for ex-
ploratory drilling in anticipation of a third project phase.

2. Data and methods

Table 1 lists the datatypes used in the Play Fairway project along
with the information each provides about the probability of the three
qualities of a successful geothermal play: elevated heat, elevated per-
meability, and elevated fluid content. Asterisks identify new informa-
tion obtained in the second project phase (this paper), which is de-
scribed in detail below.

2.1. Groundwater campaign

Groundwater samples were sought at the 10 locations shown in
Fig. 1. A total of 61 samples were collected from existing wells, and one
spring was sampled in an area where no wells exist (SE of Mauna Kea).
Standard best practices were followed in the field, including using new
or acid-washed HDPE bottles, minimal head space above sample, and
adding preservatives as appropriate after sample collection. Parameters
(groundwater temperature, pH, dissolved oxygen, and specific con-
ductivity) were measured in the field using a YSI Pro Plus Meter.
Groundwater samples were distributed among three laboratories at the
University of Hawai‘i at Mānoa. The Water Resources Research Center
(WRRC) Chemistry Laboratory analyzed for major ions using an ion
chromatograph via the EPA method (Hautman and Munch, 1997). The
Inductively Coupled Plasma (ICP) Facility analyzed for trace metals and
silica using a Varian Vista MPX ICP optical emission spectrometer fol-
lowing standard methods (Martin et al., 1992). The Biogeochemical
Stable Isotope Facility analyzed for oxygen-18 (18O), deuterium (2H),
and carbon-13 (13C) isotopes. The 13C isotopes were measured using an
automated headspace sampling and continuous-flow mass spectrometry
(Torres et al., 2005). The 18O and D isotopes were measured by using a
Picarro spectrometer (Godoy et al., 2012).

2.2. Topographic stresses as a proxy for fracture-induced permeability

The permeability structure of the basaltic rock of Hawaiian volca-
noes is complex and variable (Rotzoll et al., 2007; Ingebritsen and
Scholl, 1993; Thomas, 1987); therefore our strategy has been to use
numerous indicators of elevated fracture-induced permeability: high
gravity anomalies, locations of rift zones and faults, high horizontal
dilation of the ground surface provided by GPS, as well as seismicity
(see explanations in Table 1). The new method described here is based
on computed subsurface stress caused by the gravitational pull of the
rock underlying the topography. Such stresses play a key role in the
faulting associated with rift zones, for example.

The modeling method assumes that the total stress (σtotal) at a point

Fig. 1. Results of the initial geothermal play fairway probability analysis for the State of Hawai‘i. Probabilities of a geothermal resource are colored. Areas with
restricted land access are shown in stippled and crosshatch patterns (e.g., National Park lands, protective conservation districts, and urban areas). Red boxes outline
areas proposed for subsequent study. Red triangles indicate the calderas of the main shield volcanoes. White stars mark the locations of the Saddle Road well and
Puna Geothermal Venture (PGV) (from Lautze et al., 2017b).
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is the sum of an ambient stress due to the weight of overlying rock
within a semi-infinite half space σ( )ambient and a stress perturbation
(Δσtopography) due to the variation in topography relative to the hor-
izontal surface of the half space:

= +σ σ Δσtotal ambient topography (1)

We evaluate the topographic stress perturbation by modifying the so-
lution for a normal traction perturbation acting over a rectangular
patch on the surface of an elastic half-space (Love, 1929). The original
solution of Love (1929) yields stresses within the half-space. Our
modification allows the solution to be extended above the half space
and therefore to approximate stresses at any point below a topographic
surface undulating relative to the surface of the half space. Provided
that the amplitude of the topography is small relative to its wavelength,
the traction perturbation applied to the horizontal surface of the half-
space closely approximates the traction experienced on a gently sloping
topographic surface. If the ambient stress and traction perturbations are
properly determined, then their sum yields a total stress along the to-
pographic surface that is compatible with the desired traction condi-
tions there. For the subaerial portion of a volcano, the desired total
traction on the topographic surface equals zero. For the submarine
portion of a volcano, the desired total traction equals the water pres-
sure.

The total effect of a series of patch perturbation tractions approxi-
mately equals the total perturbation due to the three-dimensional (3-D)
topography of arbitrary shape Δσ( )topography , and it is then added to the
ambient stress (σambient) for the total stress at any point (Fig. 2). The
total solution closely approximates the exact total elastic solution. This
forward solution method is much faster than techniques that rely on
inverse methods. Appendix A describes the method in more detail.

The ambient stress field is dominated by the vertical stress,
= −σ ρ gzzz

ambient
rock , where ρrock is the rock density (2700 kg/m3), g is

gravitational acceleration, and the vertical z-axis points down.
Compressive stresses are considered to be negative. The surface of the

half space is the datum plane, which we set to sealevel, so =z 00 and z is
the depth below the sea level. The vertical components of the pertur-
bation traction Δσzz applied to the datum plane are − ρ gdrock and
− −ρ ρ gd( )rock water for subaerial and submarine portions of a volcano,
respectively, where d is the value of z along the topographic surface.
For subaerial topography, d<0 and the traction perturbation acts
downward; for submarine topography, d>0 and the traction pertur-
bation acts upward (Fig. 2).

Failure potential (ϕ) (Martel, 2000, 2016) serves as a measure of the
susceptibility of a point in the model domain to shear fracturing,

= −
+

ϕ σ σ
σ σ

1 3

1 3 (2)

where σ1 and σ3 are the most tensile (least compressive) and least ten-
sile (most compressive) principal stresses, respectively. Where the nu-
merator is small relative to the denominator (i.e., ≈σ σ1 3), ϕ is near
zero. Where the numerator is large relative to the denominator, ϕ is
large. As ϕ increases, the stress state favors shearing along fractures and
the opening of fractures near the tips of sheared fractures. We use the
failure potential as a proxy for fracture permeability.

The calculated stresses and failure potential in an idealized sub-
aerial conical volcano of height H provides a standard of comparison for
Hawaiian volcanoes (Fig. 3). The failure potential (φ) nearly equals 1
along the surface of the volcano, where σ1= 0. With increasing depth
below the summit, φ decreases as σ1 and σ3 become more nearly equal,
reaching a local minimum near the base of the volcano. With increasing
depth below the base of the volcano, φ increases.

2.3. Gravity data

Here, we describe the methods used for the detailed studies on
Lāna‘i, Hawai‘i Island, and Maui to prospect for dense intrusions, which
are the source rocks for geothermal heat in Hawai‘i. On the island of

Table 1
Summary of data types used in this study and the evidence they provide as explained by Lautze et al. (2017a) and Ito et al. (2017). Asterisks (*) indicate new data, or
new analyses of data, in this paper.

Data Type

Evidence of Elevated Heat

*Gravity High gravity values indicate dense intrusive source rock. New inversions for density structure provide information about the
possible 3-D distribution of source rock(s)

Geologic maps Rifts and calderas mark probable locations of intrusive source rock. Volcanic vents overlie probable locations of intrusive source
rock

*Groundwater chemistry High Cl/Mg values occur in geothermally altered seawater due to the preservation of dissolved Cl but loss of Mg to secondary
minerals

High SiO2 n indicate mixing of silica-rich thermal water with shallow groundwater
*Groundwater temperature Temperatures elevated above local ambient suggest mixing of shallow groundwater with hot fluids
*Electrical resistivity Low resistivity values can indicate hot water, hot rock, thermally altered rock, or magma. New inversions of MT data provide

information about the possible 3-D distribution of hot rock

Data Type Evidence of Elevated Permeability

*Topography Used to compute gravitational stresses and then failure potential, to indicate where (in 3-D) rock is susceptible to fracturing
Gravity High gravity values indicate dense intrusions above which faulting and fracturing may occur
Geologic maps Rift zones and faults mark locations where permeability probably is enhanced by fracturing
GPS measurements of ground displacement Areas of active dilation indicate where permeability is being enhanced by fracturing
Seismicity Areas associated with numerous earthquakes indicate where the crust is already weak and permeable, or where fracture

permeability is being enhanced

Data Type Evidence of Elevated Fluid Content

Water table elevation High water table elevations increase the probability of fluid presence (as well as high fluid pressure at depth and thus hotter water
near the source rock)

Groundwater recharge High groundwater recharge indicates enhanced fluid content (as well as high fluid pressure AND lower likelihood of reactive
seawater presence in the reservoir, and slower rates of secondary mineralization/loss of permeability)

*Electrical Resistivity Low electrical resistivity values can indicate high fluid content as well as secondary mineralization. New inversions of MT data
provide information about the possible 3-D distribution of elevated fluid content
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Lāna‘i and on the east flank of Mauna Kea Volcano on Hawai‘i Island,
we collected new gravity data. For Haleakalā’s southwest rift zone
(SWRZ), we used free-air gravity data provided by Ormat. For our new
survey, the raw data were first corrected for instrument drift and then
converted to absolute gravity by tying the measurements to an absolute
gravity benchmark at the University of Hawai‘i, Mānoa campus. We
then removed the gravity of the WGS84 reference ellipsoid, correcting
for elevation (free-air correction), to produce free-air gravity anoma-
lies. The data from these new surveys were combined with pre-existing
free-air gravity data (Kauahikaua et al., 2000; Flinders et al., 2013).
From the combined free-air anomaly dataset, we computed complete
Bouguer anomalies ΔgB by removing the mass of rock associated with
topography using a reference density of ρ0 (Bouguer correction).

The local complete Bouguer anomaly ΔgB was then inverted to
produce solutions for a 3D density structure. The inversion software,
GRAV3D (2015) is a well-established industry standard with the ver-
satility and efficiency needed for our application. We used it to solve for
the structure that deviates from a reference density structure – which is
uniform and equal to ρ0 – by a minimal amount needed to fit the data to
within a specified tolerance. The tolerance was defined such that the
chi-squared misfit equals the number of measurements. In other words,
the inversions produced the smoothest solutions that fit the data, and
every solution fits the data equally well.

As solutions to gravity inversions are inherently non-unique, the
range of plausible solutions must be guided by prior information about

the local geology. The density ρ0 used for the Bouguer correction was
the reference density used by the inversions; the final results were
sensitive to this variable. Based on the range of densities measured
along the Hawaiian Scientific Drilling Program (HSDP), which pene-
trated ∼3 km into Mauna Kea’s crust (Moore, 2001), we defined a prior
probability density function (pdf) for ρ0 that is centered on 2700 kg/m3

as shown in Fig. 4. For Lāna‘i and Haleakalā, the mean ratio between
free air gravity anomaly and surface elevation suggested a mean crustal
density associated with topography of 2600 kg/m3; therefore the prior
pdf is the same as that shown in Fig. 4, but centered on 2600 kg/m3.
Solutions for crustal density were found by using a Monte Carlo

Fig. 2. Ambient stress field and topo-
graphic perturbation for two models of
a volcano. The datum plane is at ele-
vation z0. The z-axis points down. The
other vertical arrows that extend up
from the datum plane, or down to it,
indicate topographic traction perturba-
tions: upward arrows denote vertical
tensile topographic perturbation trac-
tions, and downward arrows denote
vertical compressive topographic per-

turbation tractions. The rectangles represent the discretization of topography where volcanic mass is present above the datum plane (gray) or absent below it (white).
(a) The traction acting on the topographic surface of a subaerial volcano (bold) equals zero everywhere. (b) Ambient stress field and topographic perturbation for a
model of a volcano built upon the sea floor with water shown in blue. The traction acting on the topographic surface of the model volcano equals zero along the
subaerial surface, but equals the water pressure along the submarine portion of the surface.

Fig. 3. (a) Maximum (σ1) and (b) minimum (σ3) normalized tensile stresses in a conical subaerial volcano with 8° slopes, with stresses normalized by ρgH, where
H=4.3 km is the height of the volcano. (c) Failure potential (φ): high values indicate zones most susceptible to fracture-induce permeability.

Fig. 4. Prior pdf of ρ0 (red) and the distribution of samples drawn (bars) for the
Monte Carlo inversions that determine the range of plausible density solutions
for Mauna Kea.
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sampling method: we repeatedly sampled from the prior pdf for ρ0,
computed the local complete Bouguer anomaly, and inverted for the
structure. This was repeated 103 times. The thousand solutions were
then used to compute various statistics at each point of the 3D model to
assess the most probable locations of the dense intrusive source rock.

2.4. Magnetotellurics

Fluctuations in the Earth’s naturally occurring external magnetic
field induce electrical currents in the Earth. The magnetotelluric
method exploits these induced electrical currents to determine the
electrical conductivity structure of the crust. From surface measure-
ments of the two horizontal components of the electric and magnetic
fields, here denoted by vectors E and H, respectively, as well as the
vertical component of the magnetic field, Hz, transfer functions in the
frequency domain can be determined, defined by E = ZH and Hz =
-K•H. Here, Z is the 2×2 impedance matrix, and K is the induction
vector, both of which are complex functions of the earth’s conductivity
σ (or resistivity ρ=1/σ) (Chave and Jones, 2012). The distribution of
resistivity is estimated by non-linear inversion of these functions
(Kelbert et al., 2014; Kordy et al., 2016a,2016b). All newly collected
data were incorporated into our probability and confidence results.

MT surveys were completed on Lāna‘i, Haleakalā’s SWRZ (Maui), as
well as on the flanks of Mauna Kea Volcano (Hawai‘i Island). For Lāna‘i,
we consulted with Pūlama Lāna‘i to ensure that the MT sites were not in
locations of archeological importance. The distribution of MT stations
was designed to enable inversions for resistivity on a 3D grid with
nominal 2-km spacing of 44MT sites covering the majority of the is-
land. This relatively dense grid was chosen because of the inherent 3D
nature of volcanic island systems; it was feasible because Lāna‘i’s
compact size allowed favorable logistics and access. On Haleakalā
SWRZ, a 9-km long profile of 8MT sites was completed on ‘Ulupalakua
Ranch land. On Mauna Kea, MT and Audio-Magnetotelluric (AMT) data
from two new profiles to the NW of the summit (total 22MT and 68
AMT sites) and one new profile to the East of the summit (10MT and 54
AMT sites) were included.

All new MT data were collected using the University of Hawai‘i’s
seven Phoenix Geophysics V5 systems with a data bandwidth of 10−3 to
103 Hz used in the analysis and modeling. Data were collected at most
sites for 2 nights, and the minimum duration of the recordings used in
the calculation of the impedance tensor and induction vectors was
∼24 h. High-quality responses were reliably obtained to 1000s by using
robust remote reference processing (Jones et al., 1989). The D+phase-
consistent smoothing routine (Parker and Booker, 1996) was applied to
the responses prior to the preliminary 1D inversion, which enabled a
quick graphical look at the results. Subsequently, the resultant Halea-
kalā and Mauna Kea data sets (without smoothing) were inverted by
using the 2D NLCG method of Rodi and Mackie (2001) implemented in
WinGLink. Invariant (INV), Transverse Magnetic (TM), and Transverse
Electric (TE) 2D inversions were calculated, as presented below.

The Lāna‘i 3D data set was inverted by co-author P. Wannamaker
and staff using the deformable hexahedral finite element algorithm
HexMT (Kordy et al., 2016a,2016b). Although they are commonly
plotted as apparent resistivity and impedance phase, we inverted the
four complex elements of the impedance Z. This method is preferable if
the phases become extreme; that is, if the complex impedance moves
from one quadrant in the complex plane to another. An error floor for
all impedance elements is applied based on the rotational invariant (Zxy
− Zyx)/2. Specifically, the floor is 7.5% of that invariant, which appears
to correspond to typical scatter. On the plots therefore, this means that
apparent resistivity error bars on the weaker mode (e.g., xy versus yx)
may look larger than those on the stronger mode. An error floor of 0.05
is generally applied for the complex tipper elements.

The 3D finite element (FE) mesh dimensions were 118 (north) x 128
(east) x 46 (vertical) FE cells with 13 layers of air. The ocean resistivity
of 0.3 ohm-m was held fixed as were the outermost 6 columns and

lowermost 2 layers of finite elements of the mesh (318,269 parameters
total). Topographic and bathymetric DEM values were subsampled at
the locations of the finite element corners (nodes) to define the vertical
deformation. The starting model was a uniform 25 ohm-m. The inver-
sion converged monotonically in 12 iterations from a starting nRMS of
4.89 to a final value of 1.25, which is considered a good fit. The reliable
depth extent of the 3D model is taken to be 20–25 km approximately,
which is the lesser of the aperture of the survey versus skin depth in 25
ohm-m at 10−3 Hz (∼150 km).

2.5. Probability modeling using the voter-veto method

The method developed in our previous work for relating geologic,
geophysical, and geochemical data to probabilities of a promising
geothermal resource centered around two equations (Ito et al., 2017).
The first equation, the “voter” equation describes the relationship be-
tween the values of m data types at map location x and the marginal
probability Pr of a resource quality (high heat, permeability, or fluid):

∑= ⎡

⎣
⎢ + ⎛

⎝
⎜− − ⎞

⎠
⎟

⎤

⎦
⎥

=

−

w w zx xPr( ) 1 exp ( )
i

m

i i0
1

1

(3)

Here, zi(x) is a transformed and scaled value of datatype i at location x,
and wi is the weighting factor that controls the relative importance of
data type i to the probability Pr(x). This generalized linear model (e.g.,
MCullah and Nelder, 1983) sums the “votes”, zi, of each data type (zi
can be positive, “yea”, or negative, “nay”) in the exponential to produce
the final outcome. In the absence of any data, the sum will be zero, and
the probability becomes the prior probability = + − −ePr (1 )w

0
10 of the

quality of interest. The quantities w0, wi, and other quantities used to
compute zi were based on a formal procedure of questioning the sci-
entists on our research team, a procedure described in Ito et al. (2017).
This method of “expert elicitation” (e.g., O’Hagan et al., 2006; O’Leary
et al., 2009) has been used in similar reconnaissance studies in which
little or no training data exist. It essentially enables the prospecting
algorithm to incorporate the knowledge of our research team, and thus
“think” like a skilled practitioner with years of experience. The second
equation quantifies the probability of a viable resource based on the
marginal probabilities of heat, permeability, and fluid:

=x x x xPr ( ) Pr ( )Pr ( )Pr ( )R H P F (4)

This second building block method makes the naïve Bayesian approx-
imation, which is to approximate conditional probabilities by marginal
probabilities. It is called the “veto” equation because even one low
marginal probability leads to a low prospect probability: all three
marginal probabilities must be high for a high resource probability.

A pair of parallel equations was used to quantify “confidence” in the
probabilities. The voter equation for confidence is:

∑= ⎡

⎣
⎢ + ⎛

⎝
⎜− − ⎞

⎠
⎟

⎤

⎦
⎥

=

+
−

C w w z qx x( ) 1 exp ( )
i

m

i i i0
1

1

(5)

Here, a quality factor (0< qi ≤ 1) for data type i is the expert’s sub-
jective evaluation of the accuracy or reliability of the ith data type, and

+zi is the transformed and scaled form of the promising data value that
the experts determined would lead to high probability. The confidence
in a given property (heat, permeability, and fluid) at a given location x
increases with the number of data types m present as well as the qua-
lities qi of those data types. The corresponding veto equation de-
termines the confidence in the probability given by Eq. (4),

=C C C Cx x x x( ) ( ) ( ) ( )R H P F (6)

Confidence is high only if the confidence for all three resource qualities
is high.

We developed the following method to incorporate depth informa-
tion about density, resistivity, and topographic stresses into the voter-
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veto method. Consider ρ yx( , ) as one of the above properties (density,
resistivity, or failure potential) at a given depth y below map location x.
Through expert elicitation, we identify a depth profile ρ yˆ ( ) that is ideal
for the relevant resource quality (heat, permeability, and or fluid, see
Table 2). We then define a new quantity at location x that quantifies
how closely the estimated profile ρ yx( , ) matches the ideal profile over
a depth interval D. For example, the functional

∫

∫

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

≡ −
−

γ ρ
ρ y y k y k y dy

k y dy
x

x
, ln{

[ln ( , ) ln ρ̂( )] ( ) ( )

( )
}

D

ρ y

D

y

0

2

0 (7)

increases monotonically as ρ yx( , ) approaches the ideal profile. Here,
k y( )ρ is a scaling function, and ky(y) controls the weighting of different
depths (see Appendix B for details). Note that γ ρx( , ) has the desired
quality of having the entire real axis as its range. For the inversions of
the MT data, and solutions of failure potential, ρ yx( , ) has a unique
value at each point (x, y). For the gravity inversions, however, N
(=103) density models were produced by the Monte Carlo sampling,
hence the N values of ρ yx( , ). Therefore, we used the nth solution in (7)
to produce the nth value of the functional γ ρx( , )n and defined γ ρx( , ) as
the median of the N values.

The quantity γ ρx( , ) becomes our “transformed data” following the
nomenclature of Ito et al. (2017). The next step is to scale γ, so it can be
used in the voter Eq. (4). This is done by using the favorable value of
the transformed and scaled quantity z+ that gives the high probability
Pr+ of the relevant resource quality, which is determined by using
expert elicitation (Ito et al., 2017),

⎜ ⎟= ⎛
⎝

−
−

⎞
⎠

−

+ −
+z

γ γ
γ γ

z
(8)

Here −γ is the value resulting from an unfavorable match of ρ yx( , ) to
the ideal profile, and +γ is the value resulting from a favorable match.
Thus, if = +γ γ , = +z z , and if no other data are included in the voter Eq.
(3) we recover the favorable probability of a resource Pr+. If = −γ γ and
z=0, then we recover the prior probability Pr0. Details on how we
derived +γ , −γ , and k y( )ρ , as well as further explanation of the ideal
profiles (Table 2), are given in Appendix B.

3. Results

The Phase 2 output and outcomes are summarized in Table 3 with
an elaboration of each activity below.

3.1. Groundwater sampling campaign

Sixty-two new groundwater samples were collected across the ten
locations of interest, as shown in Fig. 5 below (there is a dearth of wells
in central Hawai‘i Island). One goal of this work was to assess the

reliability of legacy data that we compiled from multiple sources in the
earlier project phase. Fig. 6a demonstrates general consistency between
the historical and newly collected groundwater temperature data,
thereby validating the earlier data. For example, both sets of data
identify anomalously warm wells on Hawai‘i Island along the NW coast,
South Point, and the Puna region; on Maui along the SWRZ of Halea-
kalā; on central Lāna‘i in multiple wells; and on NW O‘ahu in the
Waianae caldera region. Note that we subtracted the measured
groundwater temperature from the surface temperature to correct for
expected differences in the temperature of local groundwater recharge.
Temperature data are lacking for wells where samples were provided to
us, as we were not onsite to collect the temperature data. Lautze et al.
(2017a) describe the utility of chloride to magnesium (Cl/Mg) in
groundwater as a geothermal indicator (also see Table 1). The newly
collected Cl/Mg data identified an anomaly (defined as Cl/Mg>10) in
three wells; one near the shore along Haleakalā’s East rift, and two
along the South shore of O‘ahu (Fig. 6b). Anomalies in the same loca-
tions are apparent in the historical data (Fig. 6b; Lautze et al., 2017a).
Some Cl/Mg anomalies that are identified in the historical data are not
seen in the newly collected data, most likely because of the specific
wells sampled. It was not possible to sample all the wells that exhibited
anomalous groundwater chemistry in the historical record.

3.2. Geophysical focus areas

3.2.1. Lāna‘i
Lāna‘i is the third smallest of the eight main Hawaiian Islands (West

et al., 1992). Pālāwai Basin is thought to be the remnant caldera of the
island; it is ∼7 km in diameter (Walker, 1990). Three rift zones pro-
pagate from the caldera (West et al., 1992), one of which trends NW
and defines the main mountain range of the island. Lāna‘i volcano
stopped erupting during its shield stage, ∼1.1 Myr ago (Clague and
Dalrymple, 1987) as inferred from missing alkalic cap and post-ero-
sional lavas (Walker, 1990). Growth of Lāna‘i is thought to have
began>1.5 Ma and ceased ∼1 Ma (Stearns et al., 1940; Herrero-
Bervera et al., 2000). All known lavas of Lāna‘i are tholeiitic (Walker,
1990).

On Lāna‘i, the local complete Bouguer anomaly ΔgB is found to be
50–60 mGal higher in the Pālāwai Basin in the southern half of the
island, compared to the northern coasts (Fig. 7a). Positive ΔgB also
occurs locally along the southwest and south rift zones where dikes are
exposed. The anomaly decreases rapidly to the north of the caldera and,
surprisingly, is relatively low over most of the topographic ridge of the
rift zone extending NNW.

Inversions with Monte Carlo sampling predict a large volume of
high density within a ∼ 5 km-diameter area below the south-central
portion of the island (Fig. 7b). In the center of this volume, intrusive
densities (≥ 2900 kg/m3) are> 90% probable from about 1 km below
the surface all the way down to the base of the crust (Watts and ten
Brink, 1989; Leahy et al., 2010). This body is probably the remnant
intrusive complex of the Pālāwai Caldera.

Failure potential (Eq. (2)) computed from topographic stresses be-
neath Lāna‘i is lowest within 1 km of the surface and increases with
depth, reaching values of 0.7-0.9 at the resource depths of 1–3 km
(Fig. 8). This finding is consistent with that for an idealized conical
topography (Fig. 3) and leads to moderate probabilities for perme-
ability (Prp=40-50%) in the area of the gravity high in the south-
central part of the island.

The 3D inversions of the MT data display a shallow zone (< 1 km
below the surface) of moderate resistivity (∼10 Ohm-m) punctuated
with short (∼ 1 km) wavelength variations (Fig. 9). This zone probably
encompasses a shallow groundwater reservoir. Below 1-km depth, the
resistivity structure shows variations at longer wavelengths (2–5 km).
In the south-central area, a broad (3–4 km wide) volume of low re-
sistivity (< 5 Ohm-m) extends through the resource depths of 1–3 km
down to ∼6 km below the surface. This body underlies much of the

Table 2
Values of the ideal properties in three depth intervals and the weighting of each
interval used in Eq. (7). The resistivity unit Ohm-m is indicated as Ωm.

Depth
below
surface, y

Ideal profile values, ⌢ρ y( ) | depth-weighting ky(y)

Resistivity
(Heat)

Resistivity
(Fluid)

Density (Heat) Failure
Potential
(Permeability)

0 – 1 km N/A | 0 N/A | 0 N/A | 0 ≤ 0.3 | 1
1 – 3 km ≤ 1 Ωm| 1 ≤ 300 Ωm| 1 2800 kg/m3 | 1 1.5 | 1
> 3 km ≤ 1 Ωm | 1

then
exponential
decay over
2 km

≤ 300 Ωm | 1
then
exponential
decay over
2 km

≥ 3000 kg/m3

| 1 then
exponential
decay over
5 km

N/A | 0
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region of high gravity, and overlaps substantially with the dense in-
trusive body of the Pālāwai Caldera. This spatial correlation is con-
sistent with the presence of a broad, vertically extensive heat source.

We model resource probabilities for the focus study site on Lāna‘I,
and for the sites on Mauna Kea and Maui’s SW rift zone, by using a
subset of the data types used for the statewide assessment (Fig. 10). As
the probabilities at those locations are conditioned on their reduced
data sets, they should not be quantitatively compared with each other
or with those of the statewide assessment. To the extent that our se-
lection of local data types is appropriate, these local probabilities may
well be more accurate than those of the statewide assessment, but that
is difficult to quantify. The probability of heat was computed based only
on the fits of the 3D resistivity and density structure to the ideal profiles
(Eqs. (7) and (8), see also Appendix). On Lāna‘i, the area of greatest
interest for heat is in Pālāwai Basin. The information used to compute
the probability of permeability includes the proximity to faults and the
caldera (as in the beginning of the project) and failure potential. As
previously noted (Ito et al., 2017), the factor that we have the least
information on is permeability, so the probability of permeability is
more uniformly low to moderate (fewer datatypes contributing to the
sum in the voter Eq. (3) leads to lower values). The information used to
evaluate the probability of fluid comes from water table elevations,
maps of groundwater recharge, and the 3D resistivity structure. The
high prior probability (0.78) typically leads to more uniformly high
probabilities of fluid. The joint probability of heat, permeability, and
fluid shows elevated values in the mountain range as well as in a
3–4 km-wide annulus in the Pālāwai Caldera (Fig. 10d).

3.2.2. Mauna Kea Volcano, Hawai‘i Island
Mauna Kea is the third-youngest volcano on Hawai‘i Island. It last

erupted between 4 and 6 ka, and is now in its post-shield phase of
activity. The younger volcanoes of Kīlauea and Mauna Loa are in their
shield-building stage, whereas Mauna Kea’s shield stage ended
∼150,000 years ago. The assessment of Mauna Kea’s resource potential
aims to identify areas with evidence of geologically recent intrusive
activity (e.g. elevated gravity, reduced resistivity, and groundwater
anomalies). Mauna Kea has been the focus of a substantial amount of
recent research, including MT and AMT surveys on all flanks except for
the NE flank (some of these data had not been analyzed before) and
drilling of two deep (1.8 km) boreholes with downhole fluid sampling
on the SSW and W flanks. Encouraging geophysical results on the SE
flank stimulated the acquisition of additional gravity and groundwater
data.

The new gravity data that we collected on Mauna Kea focused on
the east flank of the volcano along the Mana Rd MT survey line. These
data are combined with data we obtained previously as well as

additional lines south of Saddle Rd and along the Parker Ranch (PR) MT
lines A and B (Fig. 11). Together, these data describe a complete Bou-
guer anomaly having high values over the summit of Mauna Kea, its
south flank, and NNW of the summit near Kohala Volcano. Low values
occur several km west, southwest, and southeast of the summit. NW of
the summit, the gravity anomaly is moderate (250–270 mGal) along the
PR MT line A, and increases NNE toward the Kohala rift zone along PR
MT line B. The gravity anomaly is relatively low along the Mana Rd MT
line (∼250 mGal), and relatively high (270–280 mGal) in the central
portion of the Saddle Rd MT line.

The 2D inversions of the four MT transects produced the resistivity
cross sections shown in Fig. 12. The two PR models show moderately
high resistivities (500–1000 Ohm-m) at the 1–3 km resource depths and
lower values (< 50 to 100 Ohm m) at greater depths. Both resistivity
models poorly fit the ideal profile for heat (Table 2) and thus yield low
probabilities (red curves, Fig. 12a and b). For fluid, most of the PR-B
traverse shows high probability, whereas the PR-A traverse shows
variable probabilities (blue curves, Fig. 12a and b). The Mana Rd re-
sistivity model shows a conspicuous layer that is ∼2 km thick with low
(50–100 Ohm-m) values, but centered below the ideal depth range of
1–3 km. Correspondingly, we find the probability of heat to be mod-
erately low (0.1-0.3), but the probability of fluid to be very high
(∼1.0). In all three cases, the median rock densities derived from the
gravity inversions are low and do not fit the ideal density profile well.

The Saddle Rd MT line, however, shows relatively low values (< 50
Ohm-m) in three areas at 1–3 km depth (Fig. 13c). One area is just W of
the Saddle Rd Drill site, and two are further east. These zones also
coincide with high rock densities, which are consistent with the pre-
sence of high-temperature intrusive rocks near reservoir depths.

We produced maps of probabilities for Mauna Kea (Fig. 13) using
the same data types and methods as described above for Lāna‘i. An
added data type used to inform the probability of permeability at
Mauna Kea is seismicity (see Table 1). Probability of heat is found to be
variable, with high values on, and just south of, the summit of Mauna
Kea. Elevated heat probabilities occur along the Saddle Rd MT profile,
some of which are validated by the high temperatures found at depth at
the Saddle Rd drill site. The probability of permeability is low on, and
east of, Mauna Kea’s summit and moderate on the south, west, and
north flanks. The probability of fluid is uniformly high and maximal
along the MT profiles (except in a few locations along traverse PR-A).
Together the three marginal probabilities lead to local resource prob-
abilities that are highest (0.4-0.6) on Mauna Kea’s N and S flanks, in-
cluding along and near the Saddle MT line.

3.2.3. Haleakalā’s SWRZ, Maui
Ormat’s gravity survey shows a surprising pattern of low gravity

Table 3
Primary objectives and results from Hawai‘i Play Fairway Phase 2.

PHASE 2 OBJECTIVE OUTPUT RESULTS

Groundwater Sampling 62 samples collected in 10 areas.
Analyzed for temperature, major elements, trace elements, and
isotopes.

Validated legacy data.
Anomalies identified on 4 islands.

Topographic Stress Modeling 3D models of stresses for all target islands. Added information to inform the probability of permeability at
depth and increased confidence.

Geophysical Surveys Collected new data from 44 magnetotelluric sites on Lāna‘i, 8 on
Maui, and 6 on Hawai‘i Island.
New inversions of 4 (pre-existing) MT transects around Mauna Kea.
Collected new gravity data on Lāna‘i (140 pts) and E and SE of
Mauna Kea (73 pts).
Acquired and inverted a dense gravity survey of Haleakalā’s SE Rift
Zone (RZ) done by Ormat.

Models of depth-varying resistivity and density structure allow us to
reject some areas and accept others as potential geothermal
reservoirs.

New calculations of probability and
confidence

Updated maps of probability of heat, permeability, fluid, and
geothermal resources statewide and in the 3 geophysical survey
areas.

Improved assessment of resource potential statewide.
New probability and confidence maps of geophysical survey areas
suggest where, and where not, to drill.

Rank Drilling Plays for Phase 3 Qualitative and quantitative evaluations of all data in the 3
geophysical survey areas.
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anomalies along the crest of Haleakalā’s SWRZ compared to the distal
east and west flanks of the SWRZ (Fig. 14). These findings combined
with inversions of the MT profile lead to a pattern of generally low
probabilities of heat (Fig. 15). The resistivities in the depth interval of
1–3 km are sufficiently low, however, to yield high probabilities of fluid
(Figs. 14 and 15). Topographic stresses produce low probabilities of
permeability near the SW tip of the SWRZ and moderate values at
higher elevations. The probability of a resource at depths< 3 km is low
overall, but with high confidence.

3.3. Statewide probability and confidence maps

Our updated statewide assessment incorporates the new data from
the water sampling, gravity, MT surveys, as well as calculations of to-
pographic stresses. The new water temperatures, Cl/Mg ratios, SiO2

data, and the new gravity data were combined with geological data to
compute the probability of heat by following the methodology of Ito
et al. (2017). Fits of the inverted (3D for Lāna‘i and 2D for Mauna Kea
and Maui) resistivity structure to the ideal resistivity profiles were

Fig. 5. a) Map showing the location of historical and new groundwater temperature. b) Map showing the location of historical and new chemistry samples.
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incorporated into calculations of the probability of heat and fluid (Eq.
(2)) by using the same weighting used by Ito et al. (2017). The fit of the
computed failure potential to the ideal profiles provides new informa-
tion about permeability. The numerical values of probability and con-
fidence are thought to be more accurate than those of our first state-
wide assessment (Lautze et al., 2017b).

The addition of topographic stresses leads to island-wide changes in

our earlier maps: for probability (Fig. 16), the changes are small-am-
plitude (± 0.03 or less), and for confidence (Fig. 17), the changes were
always positive ∼ +0.05, as would be expected from the inclusion of
more data. Changes in probability that are evident in relatively small
areas with more variable amplitude generally result from the new water
and geophysical data. On Kaua‘i and O‘ahu, the small-amplitude
changes in probability are due mostly to the effects of topographic

Fig. 6. a) Map of groundwater temperatures in excess of mean annual surface temperature. b) Map of the Cl/Mg ratios highlighting those that are considered
anomalous. Legacy data sites are circled, and newly collected data sites are marked by squares. Data are superimposed on the probability model from Lautze et al.
(2017b).
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stresses on the probability of permeability. On Lāna‘i, the probability of
a resource has been elevated over localized zones due to the MT data,
new water temperature measurements, and the failure potential dis-
tribution. Confidence in the probability estimates on Lāna‘i locally in-
creased substantially (> 0.15). At the lower elevations of Haleakalā’s
SWRZ, the resource probability is now slightly lower due to the new MT
and gravity data, whereas confidence in this area has been elevated
to> 0.70.

Around Mauna Kea, probability is little changed along the MT
survey lines northwest and east of the summit, whereas the confidence
in these areas has increased by 0.05-0.25. South of the summit along
Saddle Rd, the probability has increased by 0.05-0.2, whereas the
confidence shows little reliable change (the light-blue patches are due
to the revised water data and depend on the precise trajectories of
modeled, but poorly defined, groundwater flow paths). In the central
part and southern half of Hawai‘i Island, resource probabilities are
maximal, owing to the young ages of the active Mauna Loa and Kīlauea
volcanoes. Their young ages elevate the probability of heat. The on-
going seismic activity and deformation (measured with GPS stations)
increases the probability of permeability. As a whole, however, prob-
ability values for these volcanoes are little changed, and confidence
remains low over large areas, a notable exception being Kīlauea’s
southwest rift zone, including near the Puna Geothermal Venture (PGV)
production plant.

Generally, the probability of heat and fluid can be very high (> 0.8)
at coinciding locations on Lāna‘i, Maui, and Mauna Kea Volcano, so the
probability of permeability has the dominant vetoing influence. At
these locations, the maximal probabilities of permeability are only
moderate (0.5-0.6), and thus the maximal values of the resource
probabilities are moderately low (0.1-0.4). This result, in part, reflects
the paucity of data types that inform permeability, and is consistent

with the fact that permeability can vary by several orders of magnitude
over short length scales with little or no surface expression. Thus the
probabilities of a viable geothermal resource on SE Mauna Kea and
Lāna‘i are limited mostly by our knowledge of permeability. For re-
ference, the probabilities at these two areas (considered targets for
drilling) are about 50% of the probability computed for the PGV geo-
thermal power plant (∼0.4), largely due to their lower probability of
permeability; around PGV, a higher probability of permeability is pre-
dicted based on the more active seismicity and deformation in that area.

4. Discussion

The updated resource probability maps point to the rift zones of the
active Mauna Loa and Kilauea volcanoes as being the most promising
areas of geothermal resources (Fig. 16). The moderately low prob-
abilities (25–50% of that predicted at PGV) south and north of Mauna
Kea, as well as within Lāna‘i’s Palawai Basin delineate other promising
zones. The probabilities are lower on Haleakalā’s North, Southwest, and
East rift zones (Maui) along with O‘ahu and Kaua‘i, but a paucity of data
renders this assessment uncertain. Prioritizing targets for further ex-
ploration, however, must consider numerous practical factors including
anticipated regulatory timelines, landowner interest, scientific impact,
and the viability of development (likely private-sector investment;
Lautze et al., 2017b). Consideration of the multitude of factors has led
us to identify three areas for additional geophysical study: East rift
Haleakalā, Kauai, and South rift of Mauna Loa. The SSE flank of Mauna
Kea Volcano (Hawai‘i Island); and Lāna‘i’s Palawai Basin rise to the top
of our priority list for exploratory drilling.

Fig. 7. (a) Complete Bouguer anomaly ΔgB of
Lāna‘i assuming the density for topography is
ρ0=2600 kg/m3. Each ΔgB value is shown as a
circular patch colored according to value.
Topography is illuminated from the NE, and
the shoreline is outlined. The prominent high
(red) in the southern part of Lāna‘i is attributed
to dense intrusive source rock. b) Map of the
depth below the surface to the 90%-probability
of density ≥ 2900 kg/m3. Subaerial topo-
graphy is contoured (100-m intervals), and
gravity stations are marked with red dots. East-
west and vertical cross sections along the lines
in (b) showing probability of density ≥
2900 kg/m3 (expected for intrusive source
rock); the black contour marks the median
density of 2900 kg/m3. Vertical axis is eleva-
tion above sea level.

Fig. 8. Failure potential φ due to topographic stresses at
Lāna‘i at (a) 1 km and (b) 2 km below the topographic surface.
Vertical cross sections are taken along the straight dashed
lines. The white dashed oval outlines a region with a median
density of 2900 kg/m3 at 3 km depth, as determined from in-
versions of gravity data (see below).
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4.1. Mauna Kea prospects

4.1.1. Mauna Kea primary drill target
The new geophysical data surrounding Mauna Kea that was used to

update our probability analyses makes the south flank of Mauna Kea a
high priority target for future drilling (Fig. 13). In this location, both
elevated gravity and reduced resistivity indicate thermal activity at
favorable resource depths. The gravity signature is interpreted to be

part of a robust dike system that extends across the Humu‘ula Saddle
region between Mauna Loa and Mauna Kea (Flinders et al., 2010).
While the reduced resistivity values could be due to a variety of factors
(including secondary mineralization, clay formation, and saltwater in-
trusion), several factors strongly indicate warm fluid as the primary
source for the low resistivity in this location. In particular, one of the
two deep boreholes, located approximately 1.2 km to the NW of the
selected Mauna Kea priority area (shown as BP3 drilling in Figs. 13, 16
and 17), identified high-elevation (> 1000m amsl) fresh and hot
groundwater. The completed well encountered water with tempera-
tures of 140 °C at a total depth of 1760m and a temperature gradient of
165 °C/km as the electrically conductive formations were approached.
Hence, both heat and the fluid are likely present at this drilling target.
The borehole results were not incorporated into the resource prob-
ability calculations. According to our modeling of permeability, the
drilling target site would have permeability similar to that of the
completed test well. The deep formations in the test well were not flow

Fig. 9. 3D resistivity structure from inversions of MT data shown at Lāna‘i at (a)
1 km, (b) 2 km, and (c) 3 km below the topographic surface. Vertical sections
are taken along straight dashed lines. The straight dashed lines intersect near
the center of a low-resistivity zone consistent with hot fluids at depths of
1–3 km. White curves outline a region of possible dense source rock, delineated
by a median density of ≥ 2900 kg/m3 from inversions of gravity data.

Fig. 10. Local probabilities for Lāna‘i of (a) heat, (b) perme-
ability, (c) fluid, and (d) a geothermal resource. The most
reliable part of the resistivity model for indicating heat is
contained within the footprint of the MT stations (dots in (a)
mark MT stations, and the dashed line encloses the MT foot-
print), due to data coverage and the likelihood that highly
conductive salt water intrudes the crust near the shorelines.
The circle of short dashed lines delineates the proposed dril-
ling area.

Fig. 11. Local complete Bouguer anomaly around Mauna Kea volcano using
ρ0=2700 kg/m3. Topography is illuminated from the NW, and the shoreline is
outlined in black. Dots show the Saddle Rd and Mana Rd MT stations, and the
dashed line shows the Parker Ranch (PR) MT lines.
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tested due to its small diameter, but the borehole did show evidence of
internal flow from depth up into the shallower formations (which re-
quired sealing the deep section of that hole with dense drilling mud to
protect the upper aquifer from contamination).

4.1.2. Mauna Kea low priority drill targets
The MT/AMT surveys around the east flank of Mauna Kea along

Mana Rd reveal low resistivity features of potential interest in the

future. Results of that survey show (a) a broad low-resistivity band
starting ∼2 km below the ground surface extending along the entire
transect length, and (b) an especially low resistivity (< 10 Ohm-m) at
about the 14-km mark on the transect (Fig. 12d). However, the gravity
field across this low resistivity is significantly lower than to the S of
Mauna Kea, resulting in a lower computed resource probability than at
our SE Mauna Kea drill target. A further disadvantage of this area is its
remoteness. Access is only via unimproved roads, which would render

Fig. 12. Colored panels show vertical slices of
inverted resistivity structure along the four MT
transects on Mauna Kea (contours labeled).
The red curve is a contour for a median density
of 2900 kg/m3 derived from the gravity inver-
sions. Dashed white lines marked the expected
resource depth range of 1–3 km below the
surface. In (c), the PTA Saddle Drill site is
marked by a vertical dashed line extending to
the bottom of the hole. Profiles above show
probability of heat (red) and fluid (blue) based
on the mean misfit to the ideal profiles (see Eq.
7 and Table 1).

Fig. 13. Local probabilities for Mauna Kea of (a) heat, (b)
permeability, (c) fluid, and (d) a geothermal resource. A
proposed exploratory drilling site is marked by the dashed
oval. In (a) and (c), circular patches and thick lines with dis-
tinct colors indicate areas of added information from re-
sistivity at the locations where the resistivity-depth profiles
were evaluated.
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the logistics of drilling here uncertain, most likely difficult and ex-
pensive. Hence, this site was not considered sufficiently favorable for
drilling. Success at our top site could, however, lead to further work in
this area.

Regarding the northwest flank of Mauna Kea, the PR-A transect
shows reduced resistivity beneath a sequence of cinder cones trending
north down Mauna Kea’s flank. However, the top of this low-resistivity
feature is ∼4 km below ground surface and therefore is thought to be
too deep for further consideration. The PR-B transect was likewise not
encouraging with respect to thermal prospects: a broad low in re-
sistivity was found, but it was also located at a depth> 3 km, greater
than is generally economical for geothermal production.

4.2. Lāna‘i prospects

The combined probabilities for heat, fluid, and permeability in-
dicate several locations on Lāna‘i that could host a resource at the
depths of interest for geothermal production (Fig. 10). The area of
greatest interest is within the Pālāwai Basin, where a high gravity sig-
nature and reduced resistivities at depth are co-located. Near this area,
groundwater temperature elevations are statistically notable, making
this area another high-priority drilling target.

The new gravity data clearly delineate the dike complex associated
with Lāna‘i Volcano’s central magma conduit. Less evident in the
gravity data or density models is the dike complex associated with the

rift system extending NW from the NE margin of the Lāna‘i caldera
(Fig. 8). That rift system has been mapped in detail through surface
exposures of dikes as well as through drilling for high-level, dike-im-
pounded groundwater in this location.

The 3D resistivity modeling shows a complex distribution of re-
sistivity values across the island and at depth, which requires a corre-
spondingly complex interpretation (Fig. 10). We discount all of the low
resistivity features around the distal edges of the island as likely due to
seawater for the following reasons: similar to Haleakalā Volcano, Lāna‘i
has, since the end of its shield-building stage, subsided by about 2 km;
as a result, formerly subaerial and permeable lavas are now saturated
with seawater. Shallow groundwater drilling in most of the coastal
areas of the island have documented either a very thin freshwater basal
aquifer or an aquifer that is entirely brackish to saline. Hence, the near-
shore conductive features are most likely associated with saltwater
saturated conditions and are therefore of no interest to the current in-
vestigations. We conclude, however, that the intrusive complex asso-
ciated with the central magma conduit of Lāna‘i Volcano can serve as an
effective barrier to the infiltration of seawater to the interior of the
caldera. Further, the presence of high-level (∼300 amsl) groundwater
within the caldera region of the island likely further impedes seawater
intrusion into the complex. Based on this analysis, the conductive fea-
ture that extends from about 1 to 3 km depth located at the 16-km mark
in the east-west resistivity cross section of Fig. 9 represents the re-
sistivity anomaly least likely to be the result of seawater saturation.

Fig. 14. Geophysical results for
Haleakalā’s SWRZ: (a) complete
Bouguer anomaly (colors) and MT sta-
tions (crosses); (b) probabilities of heat
and fluid from resistivity along the MT
profile; and (c) resistivity structure be-
neath the MT profile from 2D inver-
sion. Everywhere in this cross-section
the median rock density is< 2900 kg/
m3.

Fig. 15. Probabilities for Haleakalā’s SWRZ of (a) heat, (b) permeability, (c) fluid, and (d) a geothermal resource. The thick red line in (c) indicates where in-
formation was added by the MT survey.
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Notably, this feature is flanked by features that are much more resistive,
which may reflect a low-permeability dike complex.

Two additional low-resistivity features are located NE and NNE of
the Pālāwai Basin, within the dike complex of the Lāna‘i Volcano’s rift
zone. The resistive formations separating these features from seawater-
saturated rocks flanking the island are less compelling. The likelihood
of thermally induced conductivity is thus somewhat reduced, and
consequently these features are of secondary interest. Further work on
these features could be pursued if a heat source were confirmed within
the Pālāwai Basin.

As with the other resistivity datasets, we recognize the potential for
the conductive features in Lāna‘i’s dike complex to reflect secondary
mineralization and clay formation in a now-exhausted hydrothermal
system. However, the presence of thermal anomalies implies that re-
sidual heat remains within Lāna‘i’s magma conduit.

Deep-thermal information recovered from Lāna‘i by drilling would,
for the first time, provide data on the long-term rates of cooling of the
cores of Hawai‘i’s volcanoes. All geothermal exploratory drilling to date
has taken place on the youngest island in the state – Hawai‘i Island.
Successful identification of a viable thermal source within the Lāna‘i
volcano would motivate deep investigations of even older volcanic
systems on Maui, O‘ahu (where the vast majority of the energy market
resides), and Kaua‘i.

4.3. Haleakalā SWRZ prospects

The combined surface gravity and MT soundings on the SWRZ of
Haleakalā Volcano (East Maui) yield valuable results but show a fairly
low resource potential at the depths of interest (1–3 km). In spite of

numerous surface manifestations of recent volcanic activity (e.g. vol-
canic vents) along the SWRZ, the gravity signature for an underlying
dike complex is weak. The resistivity surveys do, however, show a
strong low-resistivity anomaly, but at depths of 4 km or more. This
finding is not inconsistent with processes that can be reasonably in-
ferred for Haleakalā. For example, along Kīlauea’s East Rift Zone, the
most thermally active region is at a depth of about 1.5–2 km below the
ground surface. During the period since Haleakalā’s most active shield
building eruptive stage, it has subsided by about 2 km; hence, the
current depth of residual heat, or a secondary mineralization halo
around a buried dike complex, would be at depths of at least 3.5–4 km.
For purposes of completeness, we also recognize that sea water sa-
turation could raise conductivities in the submerged flanks of
Haleakalā. If the resistivities were exclusively the result of seawater
saturation, then reduced resistivities would be concentrated within the
subaerial basalts and would be more uniformly distributed on the flanks
of the rift zone rather than centered (as observed> 2 km below sea
level) beneath the surficial features marking the rift zone axis.

From our interpretation of the previous findings for Haleakalā’s SW
rift system, we do not believe a limited-depth slim hole is likely to
identify a viable resource in this area or significantly advance our un-
derstanding of the resource conditions for Haleakalā.

5. Summary and conclusions

This paper is the fourth in a series on the Hawai‘i Play Fairway
project. The first three papers (Lautze et al., 2017a, b; Ito et al., 2017)
presented a statewide geothermal resource probability map and the
identification of ten high-priority locations for prospecting across the

Fig. 16. New resource probability maps. Red boxes outline areas of geophysical surveying. Stars indicate the Saddle Drill site (north) where high temperatures were
found, and Hawai‘i’s only geothermal production site, Puna Geothermal Venture (PGV). “BP3 drilling” indicates future proposed drilling sites. Changes in probability
relative to the initial assessment are shown on the bottom (warm colors show increased probability).
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state of Hawai‘i. Here, we have presented the results of the exploration
activities that were conducted following the plan outlined in the prior
papers, and the resulting revisions to our probability and confidence
maps.

Groundwater samples were collected and analyzed to (a) evaluate
consistency with compiled legacy data, (b) assess the presence of geo-
thermal indicators, and (c) refine groundwater flow direction. Broadly
speaking, the newly collected groundwater data reinforce the legacy
data and confirm the presence of multiple warm water wells on the east
coast of Kaua‘i, in Waianae’s caldera region (O‘ahu), in Lāna‘i’s caldera
region, and along the NW and south coasts of Hawai‘i Island.
Groundwater chemistry data contribute further evidence for the pre-
sence of elevated crustal temperatures in some of these areas.

Modeling the stresses within the volcanoes due to the weight of
the rock underlying the topography has informed the probability of
fracture-induced permeability. We developed a first-order Green’s
function method for computing topographic stresses that is more than
an order of magnitude faster than existing boundary element or finite
element numerical methods. The new results illustrate how topography
can induce appreciable crustal stresses and enhance permeability
through fracturing.

MT and gravity surveys were conducted in focus areas on Lāna‘i
Island, Mauna Kea (Hawai‘i Island), and Haleakalā Volcano’s SW Rift
Zone (Maui). The augmented gravity and new MT data sets were in-
verted to solve for subsurface density and resistivity structure, respec-
tively. The results provide a basis for evaluating potential drilling tar-
gets and depths, and for establishing conceptual models of hydrologic
and geothermal processes. At Lāna‘i and SSE Mauna Kea, an inversion
of geophysical data revealed high gravity, interpreted as dikes, and

conductive regions, interpreted as warm fluid at a depth of 1.5–2 km.
While Haleakalā SWRZ and east Mauna Kea showed promising re-
sistivity, these did not coincide with high gravity.

Updated resource probability maps and confidence in these maps
were the ultimate products of the work presented here. We present a
new method for incorporating depth information about resistivity,
density, and topographic stresses into the voter-veto equations of
computing the relative probabilities of heat, fluid, permeability and a
viable resource, as well as confidence in these probabilities. We made
new maps of probability for each of the focus areas, and used the new
geophysical data to update the probability and confidence maps for the
whole state.

The combined first- and second-phase data have led us to targets for
further exploration, including groundwater well drilling and additional
geophysical surveying. Kaua‘i’s Līhu‘e Basin, the east rift of Maui’s
Haleakalā volcano, and the southwest rift of Hawai‘i Island’s Mauna Loa
volcano are recommended for MT and gravity surveys to enable im-
proved confidence in the resource potential in these locations.
Southeast Mauna Kea and Lāna‘i’s Palawai Basin are identified for deep
groundwater well drilling.
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Appendix A. Functions used to evaluate the stresses arising from the rock beneath the surface topography of a volcano

The method assumes that the total stress (σtotal) at a point is the sum of an ambient stress σambient independent of topography that arises from a
gravitational body force, and a stress perturbation Δσ( ) due to topography:

= +σ σ Δσtotal ambient topography (A.1)

For a coordinate system where the origin is at the surface, the z-axis points down, and the x- and y- axes are horizontal (Fig. A1), the ambient stress
components are:

=σ 0xx
ambient (A.2)

=σ 0yy
ambient (A.3)

= −σ ρ gzzz
ambient

rock (A.4)

=σ 0yz
ambient (A.5)

=σ 0zx
ambient (A.6)

=σ 0xy
ambient (A.7)

Compressive stresses are negative, and tensile stresses are positive. The stress perturbations associated with the topography are found by summing
the stresses induced by the effective weights of vertical prismatic blocks formed by partitioning the volcano. The blocks extend vertically from the
volcanic surface to a horizontal datum plane. The effective weight of each block acts on the horizontal datum plane (Fig. 2). The footprint of each
block is rectangular and experiences a uniform pressure = − −p ρ ρ gd( )rock fluid , where ρrock is the density of the rock, ρfluid is the density of the air or
water the rock displaces, g is gravitational acceleration, and d is the value of z where the block meets the topographic surface. The footprint has a
length in the x-direction of 2a and a width in the y-direction of 2b (Fig. A1). A block exerts no pressure on the datum plane outside its footprint.

The stress perturbation components at observation points (i.e., points at which the solutions are evaluated) beneath the datum plane are given by
Love’s (1929) equations:
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Fig. A1. Coordinate system and geometry of the footprint of a prismatic block. The footprint here lies on the datum plane z=0, and the z-axis points down.

N. Lautze, et al. Geothermics 86 (2020) 101798

16



⎜ ⎟= ⎛
⎝

∂
∂

− ∂
∂

⎞
⎠

Δσ
π

V
z

z V
z

1
2zz

2

2 (A.10)

= − ∂
∂ ∂

Δσ
π

z V
y z

1
2yz

2

(A.11)

= − ∂
∂ ∂

Δσ
π

z V
z x

1
2zx

2

(A.12)

⎜ ⎟= − ⎛
⎝ +

∂
∂ ∂

+ ∂
∂ ∂

⎞
⎠

Δσ
π

μ
λ μ

χ
x y

z V
x y

1
2xy

2 2

(A.13)

where λ and μ are the Lamé parameters, and the partial derivatives of the functions V and χ are described below. Love’s solution for the stress
perturbation components honors the equations of compatibility and equilibrium (Malvern, 1969), as well as the boundary conditions on the datum
plane.

The requisite partial derivatives of V at an observation point with coordinates (x, y, z) are:

∂
∂

= −

⎧

⎨

⎪
⎪

⎩

⎪
⎪

− ⎡

⎣
⎢

− −
− + − +

⎤

⎦
⎥ − ⎡

⎣
⎢

− +
− + + +

⎤

⎦
⎥

− ⎡

⎣
⎢

+ −
+ + − +

⎤

⎦
⎥ − ⎡

⎣
⎢

+ +
+ + + +

⎤

⎦
⎥

⎫

⎬

⎪
⎪

⎭

⎪
⎪

− −

− −

V
z

p

π a x b y
a x z b y z

a x b y
a x z b y z

a x b y
a x z b y z

a x b y
a x z b y z

2 cos ( )( )
( ) ( )

cos ( )( )
( ) ( )

cos ( )( )
( ) ( )

cos ( )( )
( ) ( )

1
2 2 2 2

1
2 2 2 2

1
2 2 2 2

1
2 2 2 2

(A.14)

⎜ ⎟⎜ ⎟

∂
∂

= − ⎧
⎨⎩

−
− +

⎛
⎝

− + + ⎞
⎠

+ +
+ +

⎛
⎝

− + + ⎞
⎠

⎫
⎬⎭

V
x

p a x
a x z

b y
a

b y
d

a x
a x z

b y
b

b y
c( ) ( )

2

2 2 2
1 4

2 2
2 3 (A.15)

⎜ ⎟⎜ ⎟

∂
∂

= − ⎧
⎨⎩

−
− +

⎛
⎝

− + + ⎞
⎠

+ +
+ +

⎛
⎝

− + + ⎞
⎠

⎫
⎬⎭

V
y

p b y
b y z

a x
a

a x
b

b y
b y z

a x
d

a x
c( ) ( )

2

2 2 2
1 2

2 2
4 3 (A.16)

⎜ ⎟
∂
∂

= −⎛
⎝

∂
∂

+ ∂
∂

⎞
⎠

V
z

V
x

V
y

2

2

2

2

2

2 (A.17)

⎜ ⎟⎜ ⎟

∂
∂ ∂

= ⎧
⎨⎩ − +

⎛
⎝

− + + ⎞
⎠

−
+ +

⎛
⎝

− + + ⎞
⎠

⎫
⎬⎭

V
x z

p z
a x z

b y
a

b y
d

z
a x z

b y
b

b y
c( ) ( )

2

2 2
1 4

2 2
2 3 (A.18)

⎜ ⎟⎜ ⎟

∂
∂ ∂

= ⎧
⎨⎩ − +

⎛
⎝

− + + ⎞
⎠

−
+ +

⎛
⎝

− + + ⎞
⎠

⎫
⎬⎭

V
y z

p z
b y z

a x
a

a x
b

z
b y z

a x
d

a x
c( ) ( )

2

2 2
1 2

2 2
4 3 (A.19)

⎜ ⎟

∂
∂ ∂

= ⎛
⎝

− + − ⎞
⎠

V
x y

p
a b c d
1 1 1 12

1 2 3 4 (A.20)

The inverse cosines are taken to have values between 0 and π. The variables a1, b2, c3, and d4 are the distances from the four corners of the
rectangular footprint (A, B, C, and D, respectively) to the observation point (x, y, z), as shown in Fig. A1.

The requisite partial derivatives of χ are:
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All the inverse tangents have values between -π/2 and +π/2. Note that at each corner of a footprint, one of the terms in parentheses in Eq. (A.23)
will equal zero, and hence |σxy| would be infinite there. Observation points thus should not be placed at the corners of a footprint.

The stress perturbations at observation points above the datum plane can also be given by Love’s solution by replacing z by |z| in Eqs. (A.1) –
(A.17). This change allows the stress perturbation components to be evaluated above and below the datum with the same equations. The stress
component perturbations become even functions of z and are continuous across the datum plane. Where the topographic slopes are small, the shear
stress perturbation terms in Eqs. (A.4)-(A.6) also will be small along horizontal planes, as well as across gently dipping planes, including at ob-
servations points placed along the topographic surface. On a plane of small slope, the cosine of the slope is approximately equal to unity. Hawaiian
volcanoes have average slopes less than 11° (Bleacher and Greeley, 2003), for which the cosine is greater than 0.98, so the slopes meet the small
slope criterion. Hence, the boundary condition of no shear traction on the volcanic surface is approximately honored. At a point at elevation z along a
subaerial surface, the total vertical stress associated with the corresponding prism equals zero: the sum of the ambient vertical stress of − ρ gdrock and
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the vertical stress perturbation of ρ gdrock . In contrast, at a point along a submarine surface, the total vertical stress associated with the corresponding
prism equals the stress − ρ gdwater associated with the water pressure: the sum of the ambient vertical stress of − ρ gdrock and the vertical stress
perturbation of −ρ ρ gd( )rock water . On gently dipping planes, the normal traction component will very nearly equal the total vertical normal stress
there, hence the normal traction will approximately equal the desired boundary condition.

The stresses at an observation point are found by first summing the stress perturbations of Eqs. (A.8) – (A.13) that arise from all the blocks:

∑=
=

=

Δσ Δσij
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k

k n

ij
k

1 (A.24)

where n is the number of prisms into which the volcano has been partitioned. The totaled stress perturbation components in Eq. (A.24) then are
added to the corresponding ambient stress components in Eqs. (A.2)-(A.7), with z replaced by |z|, to obtain the total stress components, as described
in Eq. (A.1). This solution is an exact solution to a problem that accounts for a gravitational body force and for which the calculated tractions
approximately honor the desired boundary conditions along the topographic or bathymetric surface (e.g., Fig. 3).

Appendix B. Functions used to scale the match of resistivity, density, and failure potential to the ideal depth profiles

In this appendix we denote the Ohm-m unit of resistivity by Ωm. For context, we again show Eq. (7), which measures the agreement of ρ yx( , )
(resistivity, density, or failure potential) with an ideal profile ρ yˆ ( ),
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as well as Eq. (8), which defines the scaled value of γ yx( , ),
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We solve for +γ by considering the difference between the logarithm of ρ yx( , ) and the logarithm of the ideal profile,
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We then define the depth-varying scaling function kρ(y) such that = +k y( )ρ
ρ y
Δρ
ˆ ( ) , in which +Δρ is the largest difference between ρ yx( , ) and ρ yˆ ( ) that

yields an acceptable match; thus, k y( )ρ is the reciprocal of +Δρ as a fraction of ρ yˆ ( ). When the misfit of the logs equals the maximum acceptable
fractional misfit, then − =lnρ y ρ y k y[ ( ) ln ˆ ( )] ( ) 1ρ ; and if this occurs over the whole depth integral, then ≡ =+γ γ 0. Thus, the scaled form of our

depth-integrated property is = −
−

+−
−z zγ γ

γ
( ) . Finally we require −γ , the value of γ that corresponds to an unfavorable match to the ideal profile and that

recovers the prior probability Pr0. To do this, we use the unfavorable profile −ρ in Eq. (B.1) (also Eq. (7)),

∫

∫
≡

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

= −

⎧

⎨
⎪

⎩
⎪

− ⎫

⎬
⎪

⎭
⎪

− −

−

γ γ ρ
ρ ρ y k y k y dy

k y dy
x, ln

[ ln ln ˆ ( )] ( ) ( )

( )

D

ρ y

D

y

0

2

0 (B.4)

The unfavorable value −ρ is obtained by expert elicitation (Ito et al., 2017).
For resistivity, minimal values at any or all depths are a strong indicator of excess heat as well as high fluid content; thus, the ideal resistivity

profile has ρ yˆ ( ) =1 Ωm at all depths. The depth-weighting function k y( )y is 0 for depths y<1 km, unity within the reservoir depths of 1–3 km, and it
decays exponentially with y over a depth-scale of 2 km for y>3 km (Table 2). For probability of heat, =−ρ 250 Ωm, =+Δρ 2 Ωm and for probability
of fluid, −ρ = 450 Ωm and +Δρ = 299 Ωm. For convenience, the complete set of reference profiles is collected in Table B1.

For mass density, as it pertains to the probability of elevated heat, the ideal profile has moderate densities within the reservoir depths of 1–3 km
below the surface and high densities below 3 km. The moderate densities within the 1–3 km zone are motivated by the desire for permeable rock in
the reservoir. The depth-weighting function k y( )y is 0 for depths y<1 km, and is unity for depths 1–6 km, and decays exponentially with y over a
depth-scale of 5 km for y>6 km. At the reservoir depths of 1–3 km, −ρ =2700 kg/m3, +Δρ =75 kg/m3, and ρ yˆ ( ) =2800 kg/m3. At depths> 3 km,

−ρ =2700 kg/m3, +Δρ =400 kg/m3, and ρ yˆ ( ) =3400 kg/m3. These reference profiles are collected in Table B2.
To illustrate the effects of the different depth intervals, if the second set of parameters (i.e., those for depths> 3 km) were used at all depths, and

if density were uniform (along with the weights ky(y) given in Table 2), then the probability of heat PrH versus density (red curve) follows the

Table B1
Reference depth profiles for resistivity with regard to the probability of high heat and fluid content. Profile values for the probability of high fluid content are
given in parentheses where they differ from those for heat.

Depth range −ρ +Δρ ky

0-1 km N/A N/A N/A 0
km 1 250 (450) Ωm 2 (299) Ωm 1
3-D km 1 250 (450) Ωm 2 (299) Ωm −yexp [( 3)/2]

The values in Table B1 are used in Eqs. B.1–B.4 and thus ultimately in Eq. (3). If resistivity is uniform with depth, the resulting probabilities match those obtained
by expert elicitation without considering depth variation (Ito et al., 2017) (Fig. B1).
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function derived by expert elicitation without considering depth variation (Ito et al., 2017) (Fig. B2 blue curve). If the first set of parameters (i.e.,
those for depths< 3 km) were applied to all depths, and if density were uniform with depth, then the curve of PrH versus density is near zero for
ρ(y)< 2700 kg and ρ(y)> 2900 kg and shows a flat peak of PrH=1 for ∼2730< ρ(y)<∼2870 kg/m3.

For failure potential, the ideal profile has low values 0–1 km below the surface and high values at the reservoir depths of 1–3 km (Table 2). The
ideal values in the shallowest 1 km are low, because if permeability were high there, fluid circulation may have been rapid enough to have cooled the
reservoir too quickly. The depth-weighting function k y( )y is unity for depths 0–3 km and zero for depths> 3 km. In the depth interval of 0–1 km,
ϕ yˆ ( ) =0.3, +Δϕ =0.1, and −ϕ =1.0, and thresholding is done so that =ϕ y ϕ y( ) max( ( ), 0.3). The effect of these parameters for the shallowest 1 km is
to yield high probabilities of the desirably low permeability when < ∼ϕ 0.5 uniformly at all depths (Fig. B3). In the depth interval of 1–3 km,

Table B2
Reference depth profiles for mass density with regard to the probability of high heat.

Depth range ρ̂ −ρ +Δρ ky

0-1 km N/A N/A N/A 0
1-3 km 2800 kg/m3 2700 kg/m3 75 kg/m3 1
3-6 km 3400 kg/m3 2700 kg/m3 400 kg/m3 1
6-D km 3400 kg/m3 2700 kg/m3 400 kg/m3 −yexp[( 6)/5]

Fig. B1. Probability of elevated heat (upper panel) and elevated fluid content (lower panel) versus depth-independent resistivity. Gray curves are the probability
functions derived by Ito et al. (2016) without considering depth variation. Dashed curves are the probability functions for various values of depth-independent
resistivity using the reference depth profiles ρ−, ρ+ and ρ̂ given in this Appendix. Sold lines in both panels show the prior probability Pr0.

Fig. B2. Probability of elevated heat versus depth-in-
dependent density. Gray curve shows PrH without considering
depth-variation, used by Ito et al. (2017). The blue dashed
curve is PrH derived from Eqs. (3) and (B.1)-(B.4) if the
parameters for depths ≤ 3 km were applied to all depths and
if the density were uniform with depth at the shown values.
The red dashed curve is the same but if the parameters for
depths> 3 km were used at all depths. Horizontal lines mark
the prior Pr0 (lower) and Pr+ (upper).

Fig. B3. Probability of permeability versus depth-independent failure potential. Gray curve shows PrP without considering depth-variation derived using expert
elicitation. Blue dashed curve is PrP derived from Eqs. (3) and (B.1)-(B.4) if the parameters for depths ≤ 1 km were applied to all depths and if the density were
uniform with depth at the shown values. Red dashed curve is the same, except that the parameters for depths> 3 km were used at all depths.
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ϕ yˆ ( ) =1.5, +Δϕ =10.6, and −ϕ =0.1 yield probabilities of desirably high permeability versus failure potential (uniform in depth) that match the
general probability function versus failure potential (Fig. B3). For convenience, all the reference profiles for failure potential are collected in Table
B3.
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Reference depth profiles for failure potential with regard to the probability of high permeability. In the depth interval 0–1 km, failure
potential is thresholded as =ϕ y ϕ y( ) max ( ( ), 0.3).

Depth range ⌢ϕ −ϕ +Δϕ ky
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