HawaidG Play Fairway: Final Report

Project Title: Comprehensive analysisof Haivab s ge ot her mall pot e
Play Fairway integration of geophysical, geochemical, and geological data

Reci pient Organization: Universit
Award Numler: DEEE0O006729
Project Period: October 2014 to December 2021
Principal Investigator: Nicole C. Lautze

Federal Agency and Organization: DOE EER&eothermal Technologies
Program

UH Project Tean Members: Dondd Thomas Garrett Ito, Neil Fraze, Stepha Martel,
Nichdas Hinz, Robat Whittier, Philip Wannanake

A panorama of the drill site in PUI Uwai Basin, LU
background.



Hawaid Play Fairway DE-EE0006729

ACKNOWLEDGEMENT AND DISCLAIMER

U2 DEFARTMENT X Office of ENERGY EFFICIENCY
ENERGY & RENEWABLE ENERGY

AcknowledgmeniThis material isbas& uponwork supportedy the Department oEnergy,

Office of Energy Efficiency and Renewable Energy (EERE), Geothermal Technologies Office,

under Award Number DEEE0006729. Lautze would like to also acknowledge the land
management ¢ omp a mnoffering FH250,000 of k(e assisiance and a

$250, 000 USD donation to the University of Ha

Disclaimer. This report was preparedas an accountof work sponsoredby an agency of

the United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or assumes any
legal liability or responsibility fothe accuracy, completeness, usefulnes®f anyinformation,
apparatus, product, @rocesdlisclosed or represents that its useould not infringe privately
ownedrights. Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its
endorsementrecommendation, ofavoring by the United StatesGovernmentor any agency
thereof.The views and opinions of authors expressed herein do not necessarily state or reflect
those of the United States Government or any agency thereof.

S, U.S. DEPARTMENT OF

Office of Science



Hawaid Play Fairway DE-EE0006729

TABLE OF CONTENTS

Contents
ACKNOWLEDGEMENT AND DISCLAIMER ... .ot e 2
TABLE OF CON T ENT S ..ottt et e e e et e e e et e et et e et s e e s e aa s e sa e st e eanseansranreens 3
PHASE 1 (BUEHET PERIOD. L) ...ooeeiiiiiiieiieeeee ettt e e e e e e e e e e e e e aaaaaas 10
PHASE 2 (BUDGET PERIQD.2)..c..cciiiiiiiiiieec ettt e e e e e e e e e e 13
1. SIMMARYOFBP2ACTVITIES ..ottt e e e e e e e e eaass 13
2 =L@ 1 7 N I T T\ 1 14
3. GROUNDWATER CAMPALGN. ..ottt et e et e e e e e e raaeees 15
4. NEW PROBABILITY AND CONFIDENCE MAPS FORVIDETASEESSMENT........cvevvvennes 18
5. RESULTS FOR PHASE 2 GEOPHYSICS.SITES.....o e 21
D D M Y Dottt e, 22
5.2 MAUNA KEA YOANO, HAWAIT ISLAND. ... oo 25
PHASE 3 (BUDGET PERIQD.3)..cciiiiiiiiiiiiiii ettt e e e e e e e aaaaaaaaaaaeas 30
MO [ b Wl oW L Lo Lo LoDl 30
1.1 PRELIMINARY ST ERS. ... e e r e e eaas 30
1.2. ACTIVE DRILLING AND CORING...... ot 31
1.3, DRILLING RESUL T S .. e ittt e e e et e e e st s et e e s et e st e raerreeens 34
1.4 DRILLING SUMMARY, ..ttt e e et s s et e st s s st e st s eaeeaseasrrsrensasnssd 44
2. OTHER PHASH BIMS... ..ot e et e e e et e e e aeeens 45
2 R O L U I = X 4 - 45
2.2 NOBLE GAS SAMPLING AND GEOPHY.SICS. ..o 47
3. FINAL PROBABILITY AND CONFIDENCE.MAPS. ... 47
3.1 PROBABITY OF HEAT (PRND CONFIDENCE INNPRL b/ [ ! 5L bD [ ' b.l.MaL 5wL][ |
3.2 CONFIDENCE INI PR ..o e e 55
G 7 T ot 15 110 T 55
T o o o LY | = 11 L 0 25 56
TR T d = 4 1 I 11 T 60
bo-¢ {¢9t { Chw | 2. LLWL...DOKhGL.Owa.l. ], 62
CON CLUSIONS . ..o e e e e e et e e e e e e b e ea e et e e aa e ea s easeanssanseaneeenaens 64
Lt = N[O O 1 =1 I 66
twh5!/¢{ Cwha ¢19 I !2! LWL..t[.Ll...ClLLw2l. .. ..whe&9/ ¢



Hawaid Play Fairway DE-EE0006729

0] o] o= 11 (o] L OO PTP T PPPPPPRRRT 69
JOUIN@I ATTICIES. ...ttt e e e e e e e e e e e s e n e e e e e e e 69
LI LSS 3PS 69
(070 g1 =T =T g (ot T =T o 1=T =P 70

PrESENTALIONS. ......ee etttk s et et ne e 71
CoNfErenCe PreSENTALIONS .......cciiiiiiiiiiiie e e e e e e s e e e e s e e e e e e e eeeeeean 71
University & Community PreSentatiQnS.............uevieeiiiiiieiiiee e e e 73

(O] (= o 0T ] (o 1 PP PPPPPPPPPPRRPPPPPRPRY 41

D2 £ LY £ TP PP PPPPPPPPP 73

L (0] [Tt A 11 | == T o 74
Y =T [T @017 = Vo = TP £ |
Television Interviews on ThINKTECH HAWAIL.........ccooiuiiiiiiiiiiiiiiiece e 75
COMMUNILY OULTEACK....... ettt e e e e s e e e e e s s bbb e e e e e e aanes 76
2 o o O 76

Awards, Prizes, and ReCOGNILION...........uuiiiiiiii i e e e e eeerrsss s s e e s e eesessnssnennseeeeee e o O

(@1 1= PP RPPPTPPPPPPPRPPOY 4 4

Appendix AwSalLlR2yasS (2 /2YYSyida (2 9y @ANRY.Y.SY.il.78 !

AppendixB[ ny I WA 5 Af &. . . 5NRLEAY. T WS LERNIA oo 83

Qx¢

ax

w»
QX

QX



Hawaid Play Fairway DE-EE0006729

ACRONYMS LIST

BP
DHHL
DOE
EA
GIS
GW
HECo
HSDP
KERZ
km

m

MT
MW
NL
NREL
PFA
PGV

Pre

Py

Pr

Prr
RFP
SOPO
UH

Feet (uni of measurement)

Budget Period

Depart ment of Hawaiian Home Lands,
U.S. Department of Energy

Environmental Assessment

Geographic Information Systems

Groundwater

Hawaiian Electric Company

Hawaiian Saentific Drilling Program

Kol auea East Rift Zone
Kilometer(s)

Meter(s)

Magnetotelluric

Megawatt

National Laboratory

National Renewable Energy Laboratory

Play Fairway Analysis

Puna Geothermal Venture, the only commercial geothermal powelirplant
Hawai 0i

Probability of Fluid

Probability of Heat

Probability of Permeability

Probability of Resource

Request for Proposals

Statement of Project Objectives
University of Hawai 0i

St at



Hawaid Play Fairway DE-EE0006729

Executive Summary

Most of Hawadi 6 ®thegnmeal resources are blidheir manifestations, such as hot springs and

steam vents, do not appear on the ground surface because the heated water flows far below. With
the exception of Bauea East Rift Zone, in most areas of Hayhigh lateral permeability in

the first kilometer below ground surface prevents surface thermal features from developing. As a
methodology for discovering these blind resources, Play Fairway Analysis (RieA)as

finding potential locations of blind hydrothermal systems and describing potential geothermal
sources in rifizone settings. Using the PFAto find Havab s ge ot her mal resourc
University of Hawaf (UH) conducted the HawaiPlay Fairway Pract, Hawaih 6 s f i r st
statewide geothermal resource assessment since 1985. Sponsored by the U.S. Department of
Energy, the Hawdi Play Fairway Project provided an updated resource assessment, a roadmap

for additional exploration activities, and the ideiotition of areas for further exploration.
Benefitting from UH6s core competency in eart
researchers, the project comprised three phases.

During the first phase, the team identified, compiled, and ranked existing geologi
groundwater, and geophysical datasets relevant to subsurface heat, fluid and permeability. Using
a Bayesian statistical approach, the team developed a statistical methodology to integrate these
data into a resource probability map. The team evaluagecbtfifidence in the probability value
and considered development viability of areas with geothermal resources. With these analyses,
the team identified 10 locations in the Hawaiian Islands for exploration activities.

For the second phase, the team coltkci&w groundwater data in Idtations across the
state and new ¢ e 6 Muyand cerdrdl Haldilsland amchmodeléd a
topographically induced stress to better characterize subsurface permeability. Analyzing the
subsurface stresses, the team evaluated the pofenfi@ctureinduced permeability. The team
inverted the MT and gravity data to produce 3D models of resistivity and density, respectively,
on LUnadéi, across Haleakal Uds SW rift (Maui),
team developed and dma a new method for incorporating depth information about resistivity,
density, and potential for fractuneduced permeability into the statistical method for computing
resource probability in these three focus areas. The team incorporated the nelwgteun
results with the new geophysical results and the calculations of potential for fiachuced
permeability to produce updated maps of resource probability and confidence.

Through combining data from the first and second phases, the team deddooaimns
for further exploration during the third phase. For MT and gravity surveys, the team

recommended Kauadi 6s LOhudbée Basin, the east r
sout hwest rift of Hawai 0i | s | a nsdréegs aiMeduon a L o a
enable improved confidence in the resource potential in these locations. For drilling deep
groundwater well (s), the team r ectuaBasided Sou

~ During the third phase, further exploration involved lah@ a groundwater well in

LUnadéi 6s PUI Uwai Basin and pWe deapenedian gxistmpr e g
water well proxi mal to our target area on LU
from spudding a new well that would exceed ldepth. Drilling was preceded by a number of
substantial elements including: writing an Environmental Assessment and the subsequent legal
process, performance of deviation logging, lowering a camera down the well, coordinating site
preparati oan Lwintahd i P T |sawingd pig imtegislahdh peocudrtd supplies, and

|l eading 3 community meetings on LUnadi. Dri |
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over which time LUnadéi Well 10 was deepened
calected. We measured a roughly linear temperature gradient averaging 42°C/km and a
maximum bottom hole temperature of 66°C. This gradient is more than twice the background

for Hawai 6i and within a range of explaatdnent s
wells within KERZ. We consider these results
recommend following with a slim hole within

Further, the positive implications such results have foitleel and of OO6 a-the ar e s
shield stage of 0Oé2a hMyd se avrollicearn.o et$o weenvdeerd, 106 a h
than the rest of the islands combined, and the utility recently called fer MW of firm,
dispatchable renewable electii t y on Oo6ahu by 2033.

In Phase 3, we also collected limited new encouraging groundwater data, and updated our
thoughts on the probabilities of fluid and permeability at resource deptrs [PPr = mostly
unconstrained). Ultimately, we advocate @sing our final probability of heat, and confidence
in this probability, to drive the next phase of exploration. We contend further development of
geot her mal i n Hawai 6i will enabl e the state t
Ha wa i ansitioh aff oftfassil fuels through geothermal discovery and development.

The project not only produced a large amount of data and expanded the existing

knowledge of Haw@i 6 s geot her mal resour ces, but al so pr
presentationg;ore photos, datasets, media reports, television interviews, community events, and
a bl og. Students and new profeorsresearclal s benef.i

experiences and educational opportunities and earned awards and recognition.
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Intro duction

Historically, Hawadé has had the highest electricity price in the nation (EIA, 2018). This price
currently more than doubles the national average and adds todHawvai hi gh cost of |
2018). Furthermore, the state legislature mandatedth 1 00 % of Hawai i 6s el ec
renewable sources by 2045 (State of Héwa015). Hence, the state has aggressively pursued
renewable sources. The percentage of renewable power in the state has more than doubled (to
22%) over the past hatfozen yeargprimarily through expansion of intermittent renewable
energy sources including solar and wind. WithHd@wa@& s acti ve vol canism, ||
and fragile natural resources, geothermal can serve asdawa o +effegtivecbasdoad
renewdle energy source and can help the state to reach its 100% renewable source mandate by
2045.

Geothermal will also help the state of Haéveeduce carbon emissions. Recently, the
Hawaiian Electric Company announced that its climate action plan to cuhcarbssions
(Hawaiian Electric Company, 2021). A key element of this plan is to expand geothermal
resources.

Currently, the Kauea East Rift Zone (KERZ) on Hawuidsland is the only geothermal
system in the Hawaiian archipelago from which geothermal electric power is being produced
(Lautze et al., 2017). Operated by Ormat Technologies, Inc., the Puna Geothermal Venture
(PGV) produced up to 38 MWe before thé&uea eruption and now produces 25 Mwe as of
October 2021 (Shinno, 2021). To create electr
to 2.5 km. In 2015, PGV providda5% of Hawai | s| aDBd® o fandnergyst at ed s
needs (DBEDT 2015). Other than PGV and the Puna area, the major Hawaiian Islands have very
few deep D2 km) wells. Therefore, from a geothermal perspective, the remainder of Hawaii is
largely unexplored. Nonetheless, analyses of data collectedtisofaw existing deep wells
indicate that a high contrast exists between areas with recent magmatic intrusions and the
background geothermal gradientdf 8 UC/ km (B¢ttner and Huenges
one of the key elements to identify the HadvBilay Fairway Project.

Hawaii 6s geot her mal 06 mesgmswftheiegeotharmat actiibest | y b
can be seen at the surface, such as surface hot springs and stednbeeatse the heated
water flows far below (Lautze et al. 2017)) Ka u eowed east tift zone is the only area of
Hawaid with known geothermal activity at the surface. These include warm springs along the
Puna coast, which outflow from the rift zone likely fed, and sparse, very weak fumaroles in some
deep pit craters (Thomas&88 1989; Conrad et al., 1997). In other locations, high lateral
permeability in the first kilometer below ground surface (composed mainly of subaerial lava
flows) prevents surface thermal features from developing (Lautze et al. 2017).

Since producingHawa 6 s f i r st g e oA)ihthe1l8vdd (Tikmgdtal. ( HGP
2014), the University of Hawéi(UH) has served as a leader in Hadvgeothermal research.
UH contributed to the last statewide geothermal resource assessment during1880sid
(Thomas 985). In 2013, with funding from the U.S. Army, a UH team led a drillifigrein
search of groundwater (Lautze et al. 2017). This effort found water at an elevated temperature
(~140C)in a location not previously recognized as a geothermal area of interest (Lautze et al.

2017). This discovery mwdepotentiblput asg gemonstrated thatu r s

our understandingof Hawai6 s geot her mal resource potenti al
For its most recent geothermal research effort, UH executed the dHBiagti Fairway

Project, a multyear projectwith hr ee phases. The projectdos expe

8
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performed a Play Fairway Analysis to identify areas with geothermal resources on the main
Hawaiian Islands. Originating in the oil and gas industry, Play Fairway Analysis (PFA) involves
identifying thecharacteristics necessary for a resource to exist. The steps include identifying and
ranking the data that inform such characteristics in a given geographic area, or Fairway; and then
systematically combining the disparate datasets to yield an intecoakystent probability map

of resource regions (Plays) that have a greater or lesser probability for a resource. The resource
probability map then serves as a tool to define an assessment program that can ost cost
effectively identify the viable resourcesthin the Fairway.

Applying to geothermal resources, Play Fairway Analysis serves as a methodology for
finding potential locations of blind hydrothermal systems and describing potential geothermal
sources in rifizone settings (U.S. Department of Engrgyccording to the U.S. Department of
Energy, a viable geothermal Play needs subsurface heat (H), permeability (P), and fluid (F). Heat
is needed for the resource to exist, fluid to transport heat from the resource to the surface, and
permeability so fluls can be extracted and replenished in the subsurface. Hence, thé Hawai
Play Fairway project aimed to i) identify the datasets relevant to H, P, and F inGd&waink
them in terms of their ability to inform each of H, P, and F in a way that isstemiswith
Hawad 6 s specific geologic, hydrologic, and str
develop a systematic method of incorporating the data into an internally consistent resource
probability map for the HawdiFairway; and v) devisernaexploration plan for Plays deserving
of more site specific resource analysis.

AsHawati 6 s f irst statewide geot hoethirtmeecadese sour c
agad the Hawaid Play Fairway Project is the first to produce a quantitative resourcehjilitba
model (Ito et al., 2017), provided an updated resource assessment and a roadmap for additional
exploration activities, and identified areas for further exploration. With UH as the lead
institution, this project eéarthscercesinsludihgr om UHOG s
geothermal and groundwater research. As Hawgihe only U.S. state without an official
geological survey, UH historically contributed a huge bulk of what we know about &advai
geology. The technical leader of Ha@aid s tateaidetgeothermal resource assessment, Dr.

Donald Thomas contributed his decades of experience in Bageathermal research to the

Hawaid Pl ay Fairway Project as a senior researc
foundation, this modern effort ilgy fairway analysis and exploration expanded our knowledge

of Hawai i 6s ¢ edoatkdyelement for Havesosu rsciecsc ess i nh achi ey
renewable goals.

This report describesthe Hasiai Pl ay Fairway Projectedbs act.
phases. The | ast sectdi o, ayi PFaoiduwdy Pmrojmedth,eo
from the project? journal articles, 13 conference papers, 7 theses, 26 conference presentations,

11 University and community presentations, core photaes the Lanai drilling, 21 datasets, 18
media reports, 8 television interviews, 4 community events, a blog about the drilling effort on
LUnadéi, and awards and recognition.
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HawaiG Play Fairway Project

Sponsored by the U.S. Department of Energy Geothérewnnologies Office, the Haw@Play

Fairway Project aimed to produce an updated statewide geothermal resource assessment, plan for
additional exploration activities, and identify target sites for drilling. The project comprises three
phases. During thirst phase, the team developed a broadly applicable method for integrated

data analysis, produced a ranked evaluation of geothermal resources faoiiHzasaid on maps

of calculated probability, confidence in those maps, and a formal assessmentiaibithy of
developmentand defined a roadmap for s&pecific exploration activities. For the second

phase, the team collected new groundwater data in 10 locations across the state and new
geophysical data onlbad, Maui, and central Hawdilsland andnodeled topographically

induced stress to better characterize subsurface permeability. The team incorporated Phase 2 data
into an updated resource probability map. During the third phase, the team coordinated the

drilling of a geothermal well in the isldrof Lthad and obtained scientific data. The following
describes the project activities for each phase.

PHASE 1 (BUDGET PERIOD 1)

Phase 1 compiled and integrated existing data to produce a comprehensive assessment of
geothermal resources statewide. Our magoaplishments for Phase 1 were 1) identifying,
obtaining, and ranking all legacy and current geologic, geochemical, and geophysical data
relevant to the geothermal qualities of heat, permeability, and fluid across the state; 2) compiling
these data into @eographic Information Systems (GIS) project; 3) developing a method for
using diverse data types to produce probability maps of geothermal resources; 4) applying the
method to Hawal; and 5) identifying prospective targets with quantified risk to pursue
exploration in Phase 2.

The technical strengths of the probability modeling include simplicity, coherence,
adaptability, and robustness. The methodology combines established principles of generalized
linear models with the conditional independence assomptith demonstrated robustness in
Bayesian learning. Its utility lies in wiegrea reconnaissance for any geologic setting, not just
Hawaii, as well as for any resource, not just geothermal. The methodology can be used in the
mode of @Al earmessgufcesn provegert elicitation,
Unlike some methods, our approach estimates agtabhbilities the probability of heat, the
probability of fluid, the probability of permeability, and, finally, the probability of a geotherma
resource, Pr(resource). Risk is quantified as the probability of no resoureBr(@edource). The
uncertainty in the results is quantified by a calculatiocosffidencewhich depends on the
number of data types available, and their relative weighfihe probability and confidence
results were combined with the results of an analysieweélopment viabilityTogether, all three
measure$ probability, confidence, and development viabilitwere used to produce a
prioritized ranking of areas target for Phase 2 exploration activities. Four project tasks were
recommended for Phase 2: groundwater, stress modeling, geophysics) amdl 2D mapping.

Project activities closely followed those established in our Technical Volume, Statement
of ProjectObjectives (SOPO), and Milestone Schedilable 1). In general, the project stayed
on schedule and encountered no significant problems. All tasks were successfully completed in

10
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advance of the project end date of October 31, 2015. Notably, original ¢mmpplates were
planned for a 12versus the actual 1®onth project.

Hawaii Play Fairway Phase 1: Milestone Schedule

“SOPO Milestone Description* Original Planned | Actual % Progress
Task # Completion Date* | Completion | Complete Notes

1 Search of Available Data 12/31114 12?;:/014 100%

2 Data Obtained and Compiled 3/31/15 3/31/15 100%
%3 Initial Modeling 6/30/15 5/15/15 100%
"4 Model/Data analysis and revision 71115 9/20/15 100%
" 5 |Run Final Model 8/31/15 9/30/15 100%
"6 Identify and Rank Plays for Phase 2 10/1/15 10/10/15 100%

*follows Milestone Summary Table in SOPO

Table 1.Milestone Schedule from the Phase 1 Statement of Project Objectives.

A quarterly summary of our project activities follows. In Quarter 1 (Q1), we identified
the Hawad datesets relevant to geothermal resouraed compiled them in a uniform and
accessible format. We succeeded in having nearly all the data in a GIS digital data format by the
end of Q2.

Probability of a
successful play

I\
Well Temp, MT (9)

Rift Zone, Faults (8)

ClfMg ratio, (8) MT (9-10) Geodetic Strain (8)
Caldera (7) Water level elevations (9-10) Seismicity (8)
Rift Zone, Gravity, SiO, (6) Recharge (9)

Vent, Dikes (4-5) Gravity (6)

Hawvaiian Place Name (3)

Table2.Dat asets used in the Hawa ldata hafbeen yiplokdad to thedNgtiondln al ysi s
Geothermal Data System (NGDS) through the Geothermal Data Repository (GDR) web application.

During Q2, we began the probability modeling by ranking each dataset in terms of its
relevance to geothermal heat (H)rmpeability (P), and fluid (F)Kig. 1), using expert elicitation.
Q3 focused on modeling: we refined the relative rankings of the datasets, updated the specific
mathematical functions used for each dataset, and applied the model to several Hawaiian Islands
In Q4, we refined the model, finalized the statewide probability map(s), developed a method to
assess uncertainty (confidence) in the probabilities, and evaluated the commercial viability
and/or plausibility of resource development in the areas of sitere

11
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Figure 1. Example of data displayed in ArcGIS. A) Well temperature anomaly data. Note that anomalies (orange to

red) exist on nearly all islands; B) Density probability derived from modeled gravity data overlain by mapped
geologic structures: caldes, rift zones, vents (with ages), and faults.

12
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PHASE 2 (BUDGET PERIOD 2)

For BP2 the team successfully executed foadivities:

1) Colleded groundwvater samples in 10 areas of intered acoss the state and
andyze for a) consstengy with legay daa compiled in BP 1, b) gedhemal indicaors,
and c) the improvement of groundvater flow diredion. Generally BP2 groundvater daa
reinforce the BP1 legay daa. BP2 daa confirm the presene of multiple warm water wells
on the eas coas of Kauai, in Waicanaés cddera regon (Od&@hu), in Llhad, and aong the
Northweg and Southern coass of Hawaio island. Geochenicd daa lend further evidene
for the presene of high crugal temperaturesin same of these areas Isotopic data was used
to improve upon modd groundvater flow modds on L Uhad.

2) Produced 3D modds of crugal stress due to topograpty to inform the probablity of
fradure- inducel permeablity. We devdoped afirst-order method for computing topograpinc
stresse udng Greerts functions tha is more than an order of magntude faser than
existing bounday element or finite element numericd methods The new resuts as
well ast he t engang and prior researb indicae that topogaply can indue
appedade crudal stresses amd, in places can erhane pemeablity throud
fracturing.

3) Performed MT and gravity survey and geophygcal inversons in three target
areas L Un &slanid Maurma Kea, and Haleakd Wolcana®s SW Rift Zone (Maui). The
augmened gravty and new MT daa sds were inverted to sdve for subsuface structure of
densty and regstivity, respetively. The resuts provide a bass for evduaing potertial
drilling ares and for edalishing concepua modds abou hydrologic and gedhermal
processes

4) Produced updaed resour@ probalility maps and corfiden® in those maps. We
devdopad a method to incaporate deph information abou redstivity, densty, amnd
topogaphc stresss into our voter-veto method of computing the relative probaliliti es of
hea, fluid, pemeallity and a viabe resouce, as well as confidene in thos probabhliti es
New maps of probahlity and confidene were made for the whole state, as well as for the
three targeted geophyscd suvey areas

Basal on our augmeried data sd, four locdions were consdered for BP3 drilling.
Sautiny of the daa, in paralel with our evduation of the probablity, confidence as well
as pradica consderations (e.g. cod to had water) led us to propo® BP3 drilling in one of
two locaions SSEof Mauna Kea on Depatment of Hawaiian Homelands propety or
on L U n,ambich is privately owned andmanagel by P | ama. LUnaé i

1. SUMM ARY OF BP2 ACTIVITIES

Projed adivities closdy followed our BP2 Statemert of Projed Objedives (SOPQ. All
SOPO tasks were succesBilly completed as was geophyscd work beyond what were
defined in the origind SOPO ad'able 1shows

Table 1
13
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BP2 SOPO TASK

OouTPUT

OUTCOME

8. Groundwder
Sampling

9.Topogaplic
Stress Modding

10. Geophyscd
Suveys

11. New cdculations
of probahlity and
confiden®

12. Rark Drilli ng
Plays for BP3

A62 samples colleded in 10 areas

AThe samples werandyzed for T, major,
trace elements and isaopes

A3D modds of stresse for al target
islands

AcCodleded new daa from 44 MT sites
L Un,86niMau.

ANew inversions of 4 (pre-existing) MT
transets around Maura Kea

A Coleded new gravity daa on L Un
(140 pts) ard eas and SE of Maum
Kea (73 pts)

A Acquired and inverted a den gravity
suvey of Haleaka © &E Rift Zone
dore by ORMAT (parent company (¢
PGV)

A Updaed maps of probablity of hed,
permeallity, fluid, and gedhermal
resouces aqoss Hawa iéard in the 3
geoplysicd suvey areas

A Quditative and quartitative

evdudions of all daa in the 3 geghysicd

Avalidaed BP1 legay daa
AAnomalies idertified on 3 islands
Almproved GW flow pathsforL Un a 6

Added information to inform the
proballity of permeallity and
increasd confidence

Modds of depth-varying resistivity ard
densty structure allow us to rejed same
areas and accep others for potertial
gedhermal resevoirs.

Almproved assessert of resouce
potertial statewide

ANew probalility and corfidene maps
of geoplysicd suvey areas inform
where ard where not to drill .

A1d priority: SE Maura Kea on DHHL
lands ) o
A2nd priority: L U néa ® Wik cddera

2. EQUATIONS
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1+ exp(_wﬂ - E“GZ:QI (X))
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>
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4) PR (x) = PH (x) PP (X) Pr= (x)

5)

C(x)= [1 + exp(—w0 - i‘”‘éf% (x))
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6) Cr(X) = Cn (X) Cr (X) Cr(X).

)

[Tin o) -1n A &, ok, ()

0

]/(X, p) =-In D
[k, (dy
7) °

3. GROUNDWATER CAMPAIGN

Groundwater samples were collected in the 10 locations defined as BP2 focus areas at the
conclusion of BP1red boxesFigs. 2& 3). A total of 61 samples were collected from existing
wells, and 1 spring was sampled at southeast of Mauna Kea, where no wells existed. Standard
field methods were followed. Parameters included groundwater temperature, pH, dissolved
oxygen, and specific conductivity and were measured in the field using a YSI Pro Plus Meter.
Groundwater samples collected in the field were distributed among three laboratories at
the University of Hawai at MLhoa: the Water Research and Resource Center (WRRC)
Chemistry Laboratory analyzed for major ions using an ion chromatograph via the EPA method
(Pfaff 1993;Hautman et al1997). The Inductively Coupled Plasma (ICP) Facility analyzed for
trace metals andl&ia using a Varian Vista MPX ICP optical emission spectrometer following
standard method#Aartin et al.1993; 1997). The Biogeochemical Stable Isotope Facility
analyzed for oxygen, deuterium, and cari@ The 13C isotopes were measured using an
automaed headspace sampling and contineitms mass spectrometryf ¢rres et al2005). The
180 and D isotopes were measured using a Picarro cavity ring down spectr@uodtesr €t al.
2012). Team member R. Whittier measured alkalinity.
We note general consisnbetween BP1 legacy and BP2 data. Anomalously warm
wells were identified along the NW coast, S point and the Puna region of disteaid, along
the SW rift zone of Haleakid(Maui), in multiple wells central tb U n,ard in the Waanae
caldera regin (SW QGahu). In general, geochemistry patterns are consistent with the thermal
anomalies. The isotope data was used to improve groundwater flow paths, with a focus on
L U n.&dt enough wells (BP2 data points) exist to feasibly use this technique inonatigns
across the state.
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4. NEW PROBABILITY AND CON FIDENCE MAPS FOR A STATE-WIDE
ASSESSMENT

Our updated statewide assessment incorporated the new data from the water sampling, gravity,
MT surveys, as well as calculations of topographic stresses. The new water temperatures, CI/Mg
ratios, SiO2 data, and tinew gravity data were used with geological data to compute the
probability of heat using Eq. (3) as was done in BP1. Fits of the inverted (RDUar @and 2D

for Mauna Kea and Maui) resistivity structure to the ideal resistivity profiles (Eg&)7)able

2) were incorporated into calculations of the probability of heat and fluid (Eg. (2)) using the

same weighting as in BP1. The fit of the cargal failure potential to the ideal profiles provided
new, additional information about permeability. The numerical values of probability and
confidence should (again) be interpreted in a relative (not absolute) sense.

Figs. 4and5 show the results. Theldition of topographic stresses led to iskavide
changes relative to our BP1 maps. For probability, the changes were positive or negative and
smallamplitude (£0.03 or less). For confidence, the changes were always positive ~ +0.05.
Changes over localideareas of more variable amplitudes resulted from the new water and
geophysical data. On Ka@iand Qahu, the smalamplitude changes in probability were due
mostly to the effects of topographic stresses on the probability of permeability LOm, @hé i
probability of a resource has been elevated over localized zones due to the MT data (see below),
new water temperature measurements, and the failure potential distribution. Confidence in the
probability estimates oh U n iacdeased substantially (> 0.18} the lower elevations of
Haleakalbs sout hwest rift zone (SWRZ), the resour
the new MT and gravity data (see below), whereas confidence in this area has been elevated to >
0.70.

Around Mauna Kea, probabilityas little changed along the MT survey lines northwest
and east of the summit, whereas the confidence in these areas has increase@.By.0S2kith
of the summit along Saddle Rd, probability has increased by00205vhereas confidence
showed little rahble change (the light blue patches were due to revised water data and depended
on the precise trajectories of modeled but poorly known groundwater flow). In the central part
and southern half of Hawaisland, resource probabilities were maximal owioghe young
ages of the active Mauna Loa andldiea volcanoes. They elevated the probability of heat, as
well as the ongoing seismic activity and deformation (GPS), which increased the probability of
permeability. Probability values for these volcanoersevigtle changed, and confidence
remained low over large areas (except near Puna Geothermal Venture).

Generally, the probability of heat and fluid can reach high values (>0.8) at coinciding
locations orl. U n, aMédii, and Mauna Kea Volcano, so the proligbdf permeability has the
dominant vetoing influence. At these locations, the maximal probabilities of permeability were
only moderate (08.6) and thus so were the maximal values of the resource probabilities. This
result reflected the few data typésit informed us about permeability and was consistent with
the fact that permeability can vary by several orders of magnitude over short length scales with
little or no surface expression. Correspondingly, the probabilities of a viable geothermal resource
at our proposed BP3 drilling targets on SE Mauna Ked_addh wedeilimited mostly by our
knowledge of permeability. For reference, the probabilities at the two BP3 target areas were
about 50% of the probability computed for the PGV geothermal power, plaimg mostly to a
higher probability of permeability due to active seismicity and deformation around PGV.
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5. RESULTS FOR PHASE 2 GEOPHYSICS SITES

The statewide assessment done in BP1 (and revised for BP2) ermableduation of geothermal resource potential on a statewide

scale. The results for BP1 motivated focused geophysical surveys in thred dieasMduina Kea, and HaleakBls sout hwest r
zone.
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intervals) and gravity stations are marked with red doj&astwest andd) vertical cross sections along the lines in (b) showing piitityati¥ density >2900
kg/ms; black contour is for median density of 2900 kg/ithe vertical axis is elevation relative to sea level.
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PUUvai Calderarn the southern half of the island, compared to the coasts in the northern part of

L U n @ig.i6a). Gravity was also elevated in the southwest and southeast rift zones where dikes

were exposed. The anomaly decreased rapidly to the north of the caldearprisingly, was
relatively low over most of the topographic ridge of the northwest rift zone.
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below the surface topography. Vertical @sgctions are taken along dashed lines. The white dashed oval outlines a
median density of 2900 kg/m3 at 3

The inversions with Monte Carlo sampling predicted a large volume of high densitiesin a ~ 5
km-diameter area in the south central portion of shenid Fig. 6b). In the center of this volume,
intrusive densities (02900 kg/ m3) were > 90%
the way down to the base of the criftts and ten Brink989;Leahy et al2010]. This body

likely served as the remnant intrusicomplex of the BUwvai Caldera. Mean fits to the ideal
density profiles (Eq. 7, Fig. C3) were best near the margins of this dense body; densities in the
center of the volume were higher than ideal with{® Km of the surface. Failure potential (Eq.

2) computed from topographic stresses benkathn wedeilowest within 1 km of the surface

and increased with depth reaching values of0097at the resource depths e8 km (Fig. 7).

This structure produced moderately favorable fits to the ideal préfded4) and led to

moderate probabilities for permeability (80%) in the area of the gravity high in the south
central part of the island.
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Figure 8. 3D resistivity structure from inversions of MT data show(aafl km, (b) 2 km, and(c) 3 km below tle
surface. Vertical sections along dashed lines are shown. White curves outline a median density of 2900 kg/m3 from
the gravity inversions.

The 3D inversions of the MT data displayed a shallow layer (< 1 km below the surface)
of moderate resistivites (1L qm) , whi ch was punctuated with s
variations Fig. 8). This layer probably encompassed a shallow groundwater reservoir. Bélow a
km-depth, the resistivity structure showed more variability, with some zones of low resistivities
0120 gqm) extendi ng mo rcentrd drea,ra bréad-@km.widé) molumeh e s o u-
of low resistivity extended through the resource depthskt down to ~6 km below the

23



Hawaid Play Fairway DE-EE0006729

surface. This body underlay much of the region of high gravity and ovedagybstantially with
the dense intrusive body of th&lBvai Caldera. This spatial correlation was consistent with the
presence of a broad, vertically extensive heat source.
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Figure9.Loc al probabilities for L Uudaaad (d)adeotherandl resoereetThe ( b)
reliable area for the MT results is contained within the footprint (outlined by dashed lines) of the MT stations

(marked by dots), both due to data coverage as well as the likelihood that salt water is highlyveoaddict
probably intrudes the crust near the shorelines.

We modeled resource probabilities fot n and the two other geophysical survey areas
using a more select group of data types and information than was used for the statewide
assessment(g. 10). The probabilities computed in geophysical survey site should therefore be
read in a relative (not absolute) sense within each individual site (quantitative comparisons
between sites or with the statewide assessment should be avoided). Probability aSheat w
computed based only on the fits of the 3D resistivity and density structure to the ideal profiles
(Eg. (7)(8)). The area of greatest interest for heat was the southeastern partdtittz P
Caldera. The information used to compute the probability of permeability included the proximity
to faults and the caldera (as in BP1) and failure potekiigl 4b). As previously noted, the least
information was available about permeability, se pinobability of permeability was more
uniformly low to moderate. The information used to evaluate the probability of fluid were the
water table elevations, maps of groundwater recharge, and the 3D resistivity stiigiuted.

The high prior probabily (0.78) typically led to more uniformly high probabilities of fluid as
was the case fdr U n dhi joint probability of heat, permeability, and fluid showed elevated
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values in the eastern mountain range as well as i4 kr8 wide annulus in the(Rivai Caldera
(Fig. 100).
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Figure 10.L o c a | probabilities f ailty (¢ flun,zddi(d) ageothermdl resowrce.tThe (b) p e
reliable area for the MT results is contained within the footprint (outlined by dashed lines) of the MT stations (dots)
both due to data coverage as well as the likelihood that salt water is highlicteadnd probably intrudes the
crust near the shorelines.

5.2 MAUNA KEA VOLCANO, HAWAII ISLAND

The new gravity data from Mauna Kea focused on the east flank of the volcano along the Mana
Rd MT survey line. These data were combined with those from BR#&lhas additional lines

south of Saddle Rd and along the Parker Ranch (PR) MT lines A did.B{). Together,

these data yielded a local complete Bouguer anomaly having high values over the summit of
Mauna Kea, its south flank and north of the summ#rrKohala volcano. Low values occurred

far west, far southwest, and far southeast of the summit. The gravity anomaly was moderate
along the PR MT lines, low along the Mana Rd MT line, and high in the central portion of the
Saddle Rd MT line.
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The 2D inversions of the four MT transects produced the resistivity structure shown in
Fig. 11 The two PR models showed moderately high resistivities{5000 0 q m)-3kmt t he 1
resource depths and lower valuesd<5t o 100 gm) at greater depths
the ideal profile for heat poorly and thus yielded low probabilities (red curves, top row in Fig.
GI8). For fluid, most of PHB traverse showed high probability, whereas theAPtRaverse
showed wariable probabilities (blue curves, top row in Fig. G18). The Mana Rd resistivity
structure displayed a conspicuous layer ~2 km in thickness withlc ®® qm) v al ues,
is centered below the ideal depth range-8fkin. Correspondingly, we foundelprobability of
heat to be moderately low (6QL3), but the probability of fluid to be very high (near 1.0). In all
three cases, the median densities were low and did not fit the ideal density profile well.
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Figure 12.Colored panels show vertical ®i of inverted resistivity structure along the four MT transects on

Mauna Kea (contours labeled). Red curve is a contour for a median density of 2900 kg/m3 derived from the gravity
inversions. The PTA Saddle Drill sife) is marked by dashed line extenglito the bottom of the hole. The profiles
above show probability of heat (red) and fluid (blue) based on the mean misfit to the ideal profiles (see Eg. (7) and
Table 2).

25 30

The Saddle Rd MT | ine, howev-&kmdepthtvithwe d |
minima centered on three are&sy 12 lower left). One area was just west of the Saddle Rd
Drill site, and two were further east. These zones also coincided with high densities, which were
consistent with the presence hitggimperature intrusive rocks neaseevoir depths.

ow
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Figure 13.Local probabilities for Mauna Kea of (a) heat, (b) permeability, (c) fluid, and (d) a geothermal resource.
For BP3, highespriority drill site is marked by the dashed oval.

We produced maps of probabilities for Mauna Keig (13 using the same data types
and methods as described abovelfdd n. e ione added data type used to inform the
probability of permeability was seismicity (ske et al, 2016). The probability of heat was
found to be variable, with high values on and just south of the summit of Mauna Kea. Elevated
heat probabiliges occurred along the Saddle Rd MT profile, some of which were validated by the
high-temperatures found at depth at the Saddle Rd drill site. Probability of permeability was low
on and west of Mauna Keads summitlankisnd moder at
Probability of fluid was uniformly high and maximal along the MT profiles (except in a few
locations along traverse P&R). Together, the three marginal probabilities led to local resource
probabilities that were highest (84. 6 ) o n Ma theast flakkeandéssutheast flank
along and near the Saddle MT line.

4C. HALEAKALU6s SOUTHWEST RIFT ZONE (SWRZ; MA
Or mat 6s gravity survey showed a surprising pa
SWRZ Fig. 14). These findings combined withversions of the MT profile led to a pattern of

generally low probabilities of hedtig. 15. The resistivities in the depth interval 6Bkm
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were sufficiently low, however, to yield high probabilities of fluigs. 1415). Topographic
stresses proded low probabilities of permeability near the southwestern tip of the rift zone and
moderate values at higher elevatioRg( 15. The probability of a resource was overall low

with high confidence.
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structure beneath the MT profileom 2D inversion. Everywhere in this cressction, the median density is < 2900
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PHASE 3 (BUDGET PERIOD 3)

In Phase 3, the project aimed to validate the methodology established in the earlier two phases

through drilling. Given funding | imitations (
mainland, as noted by reviewers for the Phase 2 to 3 downselett,a n Dr . Laut zeods
with U.S. Senator Mazie Hirono06s energy staff
Pllama LUnadéi to deepen an existing water wel

Colin Ferguson collected additiahgroundwater chemistry (noble gas) data around the state.

The drilling aspect of the project was the most significant in terms of dollar amount as
well as impact: drilling requires a large amount of capital and is the only way to confirm what is
happerng bel ow the earthdés surface for Dblind res
included, but were not limited to, supplies procurement, shipping/transportation, services
agreements (e.g. with the drilling company), housing, NEPA/endangered specesspthe
monumental writing of the Environmental Assessment and response to public commentary,
managing public/community perception, and timing and execution. Fortunately, the project team
gained the support of t he Ltiesimlading tewaocommumity t y t h
meetings and a Drilling Open House.

1. LONAOGI DRI LLI NG

1.1 PRELIMINARY STEPS

1.1.1 Environmental Assessment

A major component of our Phase 3 work was the preparation of an Environmental Assessment
(EA). Our 100+ pagedrat EAwas submitted to the Hawai 6i De
Office of Environmental Quality Control (OEQC) on September 19, 2018, with only one
individual from the public commenting on the Draft EA who submiigthgesof questions at

the end of the postingepr i o d . I n accordance with Hawai 0i e
we provided responses to all of the questions and comments submitted by the individual
(Appendi x A) and consulted with Pllama LUnabdi

Wildli fe Office for biological survey information on rare or threatened species and for advice on
creating a system of mitigation measures for the project, particularly focusing on Hoary Bats and
Hawaiian Petrels. Acinal EA and Finding of No Significant Impa@@ONSI) was submitted to
the HDOHOEQC and published on December 23, 2018, with no challenges to the FONSI.

1.1.2 Downhole Camera and Bviation Logging
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We conducted both video and deviation | oggi
commencement of the drilling to determine the fitness of each well for the deepening. We

Devistion in Degrees fom Vertics {sveraged over 2 intervai]
o8 oz 1

True Degth

1300

coordinated with the stateosenConnmiasnsd oPnl |oaf mawaL

Figure 16. Deviation |l ogs averaged every two inches for LUn

l og of Well 9 that Pilama LUnaéi had conduct e
open enough to justify performanceabgyroscopic log. Because wireline core drilling is much

more sensitive to sharp deviations in borehole direction (increasing the risk ebffg)sive

contracted with Frontier Logging Corporation to perform deviation logging on Wells 9 and 10,

on Decerber 29, 2018. Both wells were determined to be sufficiently free of any sharp
directional deviations to allow us to deepen either asmg the UHowned truckmounted

coring rig. Reports of unconsolidated material at the bottom of Well 9, its proximity t
residenti al areas of LUnaédi City, and its | of¢

recharge |l ed us to select LUnaodéi Well 10 for

1.2. ACTIVE DRILLING AND CORING

After ensuring the wells were open and straight, weeg@eded to procure and ship supplies to
LUnadi (including the dril/l rig) to prepare
provide licensed drillers and a few experienced drill hands. We contracted with Idea Drilling,
from Virginia, Minnesotawhich was purchased by Timberline Drilling, operated out of Hayden,

ID, shortly after our contract was executed.
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Drilling was executed on a 24/7 basis across the month of June 2019, with 2 crews
working 12 hours daily Fig. 17 shows the daily rate of pgress, and a daily drill log is included
asAppendix B. At two stages throughout the drilling exerciseid- and lateJune 2019 hole
stability issues were encountered. In both instances, loose, unconsolidated material was

Lana‘i Well 10 Drilling Rate of Progress

Date
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Figure 17. Plot showing ratef progress, or deepening per day (blue) and fluid temperatures measured during drilling (red) at
LUnaodéi Well 10.

encountered by the drill bit and was unable to be cleared. These zones of unconsolidated material
could have been sand or gravel formatjars more plausibly, cavie from the walls of the drill

hole. We postulate that these unconsolidated sediments were in fact parts of friable formations of
highly altered and relatively unstable material that milled up between the drill string and the
borehole walls into a fine sanéi¢. 18. To drill through these zones on both occasions, we
cemented down the hole to stabilize the walls and solidify the formation at the depth of interest.
Once the cement solidified, we were able to drill througkdtmnes and continue to deepen the
well. Dynamic temperature measurements were taken nearly daily, with a measured 28°C (50°F)
increase to 66°C (151°F). The fluctuating temperatures with démpgh 17) seemed to be a
function of the temperature and voila of drilling fluid injected down the hole (fluid was
recycled when possible) versus an indication of any-eqatibrium downhole temperature.
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Figure18 Cl eaned, cut, and boxed rock core recovered fron
units within the borehole Evidence of a highgle dike intrusion into the surrounding rock @efdst column in the

core box). (Center, Right) Exampié friable formations downhole. Most of this material came out of the core tube

in a fairly competent form but clearly broke apart as they dried. This was milled up in between the drill string and

the borehole walls into a fine sand.

Ul t i mat e lWel 10 lwasndeepened from 427 m to ~1057 m, with nearly
continuous rock core collected. An onsite core processing facility was established adjacent to
Well 10 where the core was immediately cleaned, cut, and cataloged into core boxes. The core
was palléized and shipped to Hilo, where via outside project funding, it has been nearly
completely logged as of this writing. Preliminargre photosand ablog-style log of drilling
activity from the core archiving crew are available.

The original objective of the drilling exe
Well 10, drilling to a total depth of ~854 m. At the conclusion of June, this objective was
completed and limited funding was remaining. The project proceededrge phe hole of
drilling fluid, take more detailed downhole temperature measurements, bring the well into
compliance with CWRM standards in order to keep the well open for future activity and ship the
rig and supplies back wnoh oHaewaiomif ilgsulraannd .on Tole
is shown inFig. 19
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Figure 19 Final configuration of LUnadi Well 10.

1.3. DRILLING RESULTS

1.3.1 Temperature Profile

The temperature measurements taken downhole during active drilling are repdfigd 1id.
Downhole temperature surveys were also taked-2and 20 months after the completion of
drilling, with no significant change in temperature between the first and last survey. In the post
drilling surveys, we used two downhole tools to validate theperature measurements
including during drilling (a HOBO logger and a Solonist tool); such validation was achieved.
After drilling, a maximum depth of ~900 m (2955') was reached due to an obstruction that
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Lana‘i Well 10 Groundwater Temperature Gradient

Temperature °C
0 10 20 30 40 50 60 70

0 t } + t } t i

Temp Down (HOBO logger)

100 +

Temp Up (HOBO Logger)

Temp (Solinst)

200 +

300 +

Current Water
Table in Well

400 +

500 +

Depth (m)

600 +

700 +
Entry Point

800 +

900 1 Shallow Temperature Gradient

Deep Temperature Gradient

1000 +

Figure 20. Plot of temperature versus deptems ur ed after drilling in LOnaé¢i V
interpreted to be a zone of groundwater flow entering the well at the lower inflection point in the temperature curve

and exiting at the upper inflection point. We note too that the diferdoetween the downward and upward
temperature surveys is an artifact of the equilibration time of the temperature sensor during a constant rate survey
over the length of the water column.

blocked the bottom 156 m (512") of the well. During these supaeysaximum temperature of
~61°C (141°F) was measured, with a temperature gradient of approximately 42°C per km. This
gradient is more than double Hawai 6i 6s backg
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Huenges, 2003). Following this gradient to ourxmaum depth (1057 m) the temperature
indicated is 67.6°C, which accords nicely with the maximum bottom hole temperature measured
during drilling (66°C).

Figure 9 displays the temperatures measur e
which areexclsi ve t o Hawai 0i l sl and. The well s in
driledintoK Q| @sesummit (the Kell er -Ayeanipupa, SOMYH - East |
2, -4); the wells in blue are located off ofjguea Volcano and were drilled to wmdtand the
growth of Hawaiian volcanoes (KP, HSDR2) or as a groundwater assessment (KMATA-

2). PTA2 (referred to as the Saddle Road Well below) is located to the S of the summit of
Mauna Kea, and is the only deep well offjdiea to encounter pgpective geothermal
temperatures. Note that the elevated temperature gradient within this well is not apparent until
bel ow 1km, or the max depth we achieved on L
temperature at a depth of ~900 m (2955") tharPih&-2 test hole.In the next 800 m of PTR,

the bottom hole temperature increased to ~140°C at 1700 m depth, and the final temperature
gradient reached 165°C per 1000 m towards the maximum bottom hole depth of ~1.8 km below

t he surf ac e. Isolhasmaotparabeténperatuée prafile to the first 600 m or more

of the SOH1 , 2, and 4 wells in KO§olauea East Rift Z
KERZ is an area of a known geothermal resource and volcanic activity, and is currentlg the si

of Hawai 6i 6s only geother mal power plant, Pun

1.3.2 Estimated Resource Temperature: Geothermal Gradient and Geothermometry

Given an expected geother mal reservoir depth
clearly did no drill INTO this. Can we project our results to estimate the reservoir temperature?
There are two generally accepted methods by which to estimate geothermal reservoir
temperatures below borehole penetration depth: 1) projecting the measured tempeadiemé g

to the expected reservoir depth, and 2) applying geothermometry equations using the results of
the major ion chemistry of borehole fluids. The second relies on interpreting the measured ion
ratios according to fluid compositions at equilibriumhyirimary and secondary mineral phases
deeper in the reservoir. Both methods are subject to a range of uncertainties and can only
provide an approximatestimate of deeper temperatures.

Computing the geothermal gradient is straightforward, but asstimésheatflow is
dominantly conductive, i.e. that there is no fluid flow through the formation or in the wellbore.
Within LUnaé¢éi We | | 10, this <caveat IS not af
temperature dept h prtadpihd o ~7@mmo2880") anth &8 mp (~Z6E0) n k s 0
below ground surfaceF{g. 20. These kinks are evidence of inbarehole flow: water is
entering the wellbore at 808 m (~2650") through a fracture or other permeable zone, and rising to
a second permeabletémval at 700 m (2300") where it-emters the formation. We computed the
temperature gradient above and below the exit and entry, respectively, which are approximately
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All Deep Geothermal Gradient Wells in Hawai'i

DE-EE0006729
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1) As noted above, our site selection process was largely based on limited funding. Heather t
drill into the conductive zone within the caldera imaged by our MT data, we deepened an
existing, unused, well on the caldera rim roughly 1.2 km from our preferred drill target. The
existing well had already penetrated more than 365 m (1200 obwhtdrmation- our
experience suggests the shallow zones can offer challenging drilling conditions, where little
useful thermal gradient data is gained.

2) Well 10, located on the edge of the caldera, places it closer to more permeable rocks on the
flanks of the volcano than legsermeable dike complexes anticipated within the caldera.
This equates to the expectation that circulation of cooler groundwater will have a greater
impact on the observed temperature gradient at Well 10.

Finally,

3) Due to boththe limited drilling budget, combined with challenging drilling conditions
associated with hole stability, we were only able to penetrate to a total depth of just over
1000 m below ground surface. As demonstrated in Figure 9, even within the activafttast R
of Kdauea Volcano, some deep boreholes did not exhibit temperature gradients reflective of
reservoir conditions until below this depth. The explanation for this is high rates of cold
recharge and rapid groundwater flow in the shallow subsuifaeepenomenon often
referred tsoh aadso wtdhvdeidhifsatsotaxemplified in the relative paucity of
groundwater temperature and/or chemical geothermal indicators observed statewide (Lautze
et al.,2020.

For these reasons, we believe that the 50 °C/km gradient measured in the deeper interval of the
LOnadi We | | 10 is |l ower than the gr aldiweent | i
apply this conservative gradient from a starting temperaturé ah@ 68C at 1057 m depth the
prediction is temperatures of 124 to 12€ at 2 km depth below the surface and 187 to 193 °C

at 3 km

In terms of geothermometry, there are a number of published formulae that are based on
the chemical equilibria of a vaty of chemical and mineral constituents that occur in geothermal
reservoirs. Dissolved ion and gas equilibria ratios are achieved in a reservoir formation and such
ratios can be maintained, to varying degrees, as fluids exit the reservoir and riskotesha
depths. Empirical studies of these fluids over time has yielded a number of formulae from which
to compute approximate reservoir temperatures that can be based on concentrations of silica
(Fournier and Rowe, 1969), sodium, potassium, and calciwurifier and Truesdell, 1973),
sodium, potassium, calcium, and magnesium (Fournier and Potter, 1979; Giggenbach, 1988;
Henl ey et al ., 1984) , and i sotopes and gases
Each of these constituents can be subjea tmmber of processes that affect their ability to
accurately reflect reservoir equilibrium, e.g. silica geothermometer temperatures are substantially
influenced by the mineral assemblage with which the fluid was last in equilibrium (e.g.
chalcedony vs. uprtz), by fluid boiling and steam loss from rising fluids, and bgqeilibration
to lower formation temperatures during transport. lon geothermometers are less susceptible to
re-equilibration during transport, but their inferred temperatures can lusgrimpacted by
mixing with waters (especially saline waters) during transport to the surface.

We applied three ion geothermometry equations to compute equilibria temperatures for
two fluid samples collected fr owas cledtedidbthe We | |
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drilling fluids at the cessation of drilling and casing, the generally low formation permeability

(see next section on core) had us concerned that the borehole fluids may not have come to
chemical equilibrium. Thus, we collected twargdes from the borehole for geothermometry
calculations: one from the accessible bottom of the well (884 m | 2900") and one at the interval
where the temperature surveys indicated that interzonal flow was occurring (732 m | 2400').
Samples (including thoser om L Unaéi We | | 9 Y14/28 endeanalgzed dt e c t e ¢
UHG6s Water Re s o ur dab sisingR argoe plasma speCteoscogpe three

equations applied are: the {ageothermometer of Fournier (1981), theM§y geothermometer

of Giggenbach(1988), and the NK-Ca geothermometer of Kai and others (2020). The ion
compositions are shown in Table 1, and the temperatures computed in Table 2.

Depth Na K Ca Mg Ca/Na
LOUnadi
732 m (2400 362.2 9.45 97.48 0.15 0.27
LOnabdi
884 m (2900 269 10.87 80.36 15.28 0.30
LOnaé
280 m (922" 64.69 7.12 123.80 117.62 191
Tabl e 2: Maj or | on Compisd®andt®i on of fl ui ds
Depth Na-K K-Mg Na-K-Ca
LOnadai | 732 m (2400 130°C 120°C 76°C
LOnadai | 884 m (2900 157C 63°C 82°C

Table 3: Computed Geothermometer Results

The computed temperatures for the interzonal flow (2400") sample indicate a relatively
consistent equilibrium temperature of 120 to 130or the NaK and K-Mg temperatures but a
substantially lowecomputed N&K-Ca temperature. The deeper (2900') sample shows a diverse
range of temperatures among all three of the geothermometers. We interpret this to suggest that
the deeper sample is more likely representative of either shallow formation watieat ¢ine
drilling water has not chemically equilibrated with the formation fluids. An example of the
shall ow formation water is I|listed as LUnaodi
compositions of the deeper L Gromatidat withvetelflowl 0 s ar
zone: magnesi um, which is typically strongl
much higher concentration in the deeper sample than in the interzonal flow sample, and is nearly
two orders of magnitude higher in ttehal | ower groundwat er sampl
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Li kewise, the calcium concentration in the sh
sodi um, at a concentration more than an order
Both the elevat calcium and magnesium values suggest mixing with shallow waters (drilling

fluid) and as such, the computed temperatures are probably minimum formation temperatures
and not representative of the deeper Weeservec
anticipate revisiting the well and collecting additional samples to determine how longer
equilibration times may affect the computed geothermometer temperatures.

In summary, the geothermal gradient determinations and the computed chemical
geothemometer temperatures indicate that accessible temperatures within the thermal regime are
between 13200 °C between 2 and 3 km depth, and could be substantially higher within the
central portion of the caldera.

1.3.3 Core

Rock core recovered fromtde2 7 t o 1057 m deepening of the LU
entirely tholeiitic ocean island basalt,; prev
experienced a poshield or rejuvenated stage that could produce more geochemicalgavo

l avas. Due to its location at the southern
expression of the ancient LUnadéi shieldds cal

watersaturated nature of the rock across the entire depthisofdtilling, virtually all of the

recovered rock core is highly altered from hydrothermal circulation. There are virtually no fresh
grains of olivine which, though generally the most common mineral in Hawaiian -skegje

lavas, is also the most suscej#ito alteration. Olivine grains are generally altered to brown or

red iddingsite clay or even entirely replaced by black smectite clay. This black clay is abundant
throughout the section and, based on other core examination of the progressivelwitietter
depth KMA2 core drilled in the saddle of Hawa
to elevated temperatures. The black smectite clay permeates the micropore groundmass of the
rock, and is also present as connected vein, fracture, ardievidsin most of the core. There is
additional vesicle fill and less common vein and fracture fill by mainly white zeolite minerals, a
common byproduct of tholeiitic basalt weather
is much less commonnd even those intervals do not appear less altered outside of that one
characteristic. Other than the most altered lithologic units that are highly friable, the result of
alteration by hydrothermal circulation has been to weld and cement the rock togethsvy

producing core with fewer fractures than typically seen when drilling less altered Hawaiian rock.

Initial volume estimates of the rock types recovered are, by abundance: lava flows,
intrusive dikes, and volcanic breccia deposits. Detadbaracterization of this rock has just
begun, but initial impressions from the period of drilling can be stated here: The lava flows are
difficult to distinguish from each other because of their highly altered nature, and contacts
between lava flow uniter between multiple lobes within a compound flow unit are heavily

obscured by alteration. Despite this difficul
is typical in a setting so close to the eruptive vents these flows probably originateith fitoen
cal dera region. Any 6adé6U flow determinations

zones and massive interiors characteristic of this flow type, through the alteration that permeates
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them. Overall, lava flows are the dominant litholograt type in the drilled interval, composing
an estimated 600% of it.

The easiest lithologic unit type to identify in the core is usually the intrusive dike rock.

Our initial estimate of the fraction of the drilled section composed of dike5-B5%, a
somewhat large value but typical of caldera regions and fitting for the caldera rim location of
Well 10. Despite the strong alteration, the abrupt change in rock character from lava flow to
intrusive dike is clear: The dikes are usually more siwasand fineigrained as well as less
vesicular than the lava flows, and these characteristics really make the dike units stand out to a
trained eye. Some of these massive dike interiors may also be the best candidates for
geochemical analysis, as thene a@ssentially the only places that were somewhat able to resist
being penetrated and altered by hydrothermal circulation. The dike contacts are no longer glassy,
but the alteration of their glass has usually not destroyed their typical sharpness amuglegh
nature. The real issue in characterizing the dike rock will be the complexity it adds to the section;
dikes intrude through lava flows and even other dikes, making stratigraphic interpretation more
difficult. At times, dike and flow rock are adjaden the core as well, undulating back and forth

as the dominant rock type over a given depth interval. It is clear that these dikes commonly
disturbed the rock they intruded into, but the subsequent hydrothermal alteration/fill/cementation
at depth produsd mostly solid core recovery even in areas of high dike density. Oddly enough,
no dikes were identified in the upper ~200 m (~600") of the drilled interval. This seems to
indicate a change in the active location(s) of magma supply and eruptive vents ttosvand of
LUnadéi 6s growt h.

The other i ndi cator of a change in the LU
lithologic unit type in the Well 10 core, volcanic breccia. Unlike the dikes which are exclusively
deeper, this material is only fod near the top of the drilled interviabver the first ~100 meters
(a few hundred feet). It is composed of large and varsizlgd basalt clasts in a fingrained
matrix and appears to represent multiple landslide deposits with lava flows in betexetht i
were part of the growth and evolution of LU
landslides at caldera rims are common, and these deposits are visible at younger Hawaiian
volcanoes | ike KQlauea and Maial mmostlinonediately day ,
when deepening Well 10 on LUnaédi was stil/l a
flows and dikes. The breccia is wekmented (again probably due to hydrothermal circulation
and alteration), producing mostly unbroken kramore from these once entirely fragmented
deposits. The volcanic breccia units seem to be separated by lava flows, so comprise 5% of the
drilled interval at most.

1.3.4 Comment on LUnaéib6s Unique Hydrology

Groundwater within Lotlynhasikelevated témpdrafives but abaaevated n o t
salinity. This presence of brackish groundwater hundreds of meters above sea level is unique in
the state and lacks a clear explanation. Convection of sea water has been invoked, but we
believe the abundae of dikes expected within this caldera would make {aogée convection

unlikely (Fig. 22). A large tsunami is another possible explanation, but tsunami deposits have
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not been found at an el evation as  hnatgrhis as t h
decadesi rofi gatriigpnd of pineappl enidP2ahdd%92.t hat c

Figure 22 Conceptual model of -dedlionaABi(ifsst tofr jgHty oRled hptghesaateoralagvelyc r o s s
impermeabile dikes; blackakches are caldera boundary faults. We postulate the presence of three aquifers: a thin basal low
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level aquifer at the coast; a warm brackish High v e | aquifer within the PUOI Owai Basin t
cold, fresh highetevel aaifer within the rift zone. The water composition and temperature is known at the water table of each
aqui fer. We use the data from LUnaodi We l | 10 to propose th
with depth.

The drip irrigaion technique would likely concentrate salts in the water that recharges the
aquifer. If drip irrigation was in fact, the cause of the increased salinltyUméasdé i hi gh | ev
groundwater, we would expect to see a freshening at some depth. To assess theasured

the conductivity of the Well 10 groundwater to the maximum depth (pressure) our Solinist
Leveloggef 5 Conductivity Temperature Depth (CTD) tool could withstand. In fact, we do see

a decrease in conductivity with depth that is consistéht fineshening. More data are needed to

fully resolve this.
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1.4 DRILLING SUMMARY
Previously submitted to NREL for PF Retrospective.

Results:

E Deepened existing water well on the rim of

E Measured roughly linear temperature gradient between 40 and 60 °@d& bottom
hole temp of 66 °C

E Prior to drilling: submitted an EA and obtained a FONSI, lowered camera down well,
performed gyroscopic log, and engaged with community

E The gradient measured is more than twice t
deepest well off of Hawai 6i l sl and!

E Had funds been adequate (roughly additional $1M total), we would have drilled into a

conductive zone (identifiedyp Phase 2 MT survey) within th
closer to 2 km. Expect this would have generated significantly more exciting
resul tséwould stildl |l i ke to do this, in ad
state!

Key elements to oursuccess include:

E

[Th

mh

mh

M M M M [T [Tt

[Th

Experience with deep core drilling in Haw
project |l ead for 4 for mer very successful
supervisor (Ron Fierbach)

dedicated effort to build a relationship with d¢ewner through land management

company (Pilama LUnaéi). This started in
and continues today, inc through briefings on findings and possible plans, and answering
their questions of interest wrt to energy and water L Una 6 i . Their | ogi

the drilling project was huge.

dedicated effort to inform and engage local community, including through community
meetings and a Drilling Open House

ensuring nearly any/all equipment and supplies for drilling aufmport drilling were on

site prior to the crew (this project gaine
much equipment, including vehicles, and a Gratlevere owned by UH and shipped

over to LUnadi)

writing of an EA, and obtaining a FONSI

hire of 1 highly competent (pe#flasters) staff member to assist project, including with

EA and procurement (Daniel Dores)

Ha w abased drill hand extraordinaire, experienced with welding and machinery
(Donald Mullikan)

experienced ALeasdt oDr(iHrli cCoHaes kArncshi vwho r ec
him

on LUnaéi, emphasizing the test well as a
AND geothermal potential

successfully acdavnopcuastG ngv efrolre ado fekfi n24 %,andn
donation funds from LUnab¢i | andowner

A Pl very committedd project success!
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Challenges:
E UH Drill Rig had been sitting between projects so needed maintenance
E  with Timberline Drilling
E Formation of or Partnership With a dedicated scientific drilling company would be

beneficial!

2. OTHER PHASE 3ITEMS

2.1 OUTREACH

We were cognizant of the need to engage with
effort to do so, with much succesBid. 24). Our drilling prolect was the focus of three
community meetings on LUnaédi, attendeaa by N.
regul ar series of meetings organized by Pil at
which the community was invited to witness the active drill site from a safe distance and ask
guestions that were fielded by N. Lautze, D. Thomas, E. Hagke#ad core archiver) and/or

members of the crew. All outreach activities were well attended to by a very inquisitive
community! Most recently (March 2022), a crew supervised by N. Lautze and postdoctoral
researcher Xavier de O0Bolcoosndsupcetntn g3 aweSeeK sf aProt Le
LUnadi provided housing and a vehicle at no ¢
research, again with much success :)

Community Support
INVESTIGATING - Palawal research pI'O_]eCt delayed
but coming soon B P

Visit the University of
Hawai' drill site at Well 10

geology

Scott Rowland, and « O

ty kno'
-

Figure 24. Summary slide of L U n a &iin-persorn evemingcctmmeniityf neeetings at thevihvitaion i nc | u
of Pilama LUnaéi, who holds community meetings routisnely and
were invited to visit the active drill site from a safe distance,landze, Thomas, and Haskins were present to discuss drilling

and provide a 6show and tell & of the rock core amwmtanddri |l |l ing

published several articles on it (articles center and right).
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In the last six months, Lautze and Thomas have received a flurry of requests to provide
seminars and participate in meetingg( 25, and the legislature and utility are recognizing the
need for geothermal and firm renewable energy. Segments of theidtaw@ammunity are, at
ti mes, i nitiating this discuss.i emfitorgaBzatert ai nab
whose president Richard Ha is Native Hawaiian. SEH believes geothermal paired with hydrogen
is the future f or edimpacful &SEH/idady dSinde hhe startlofa2022 .t (s
Lautze and Thomas have been asked to give a total of six presentations to a combination of SEH,
Department of Hawaiian Home Lands (DHHL) and the Hawaiian HoAssociation (HHA).
Additionally, the utility filed adraft Requst for Proposals for 56000 MW of firm, dispatchable
renewabl e e n eon Gepruary 28, 20223 Wwhich surprised many. There is an
expectation that this RFP wild.l |l argely 6go b
(deep) d at ageotbhemmal.O @arhRFA groundwater results lead us to believe a
geot her mal resource i s pr es ol describe ®hy & maxt, and

exploration step for O6ahu is deep slim hole
The Hawai 0i St at e Legislatureos 2022 ses
geothermal el at ed bill s since t he 2018 Kol auea (

Geothermal Venture power piaand made PGV a household name). During this legislative
session, the following bills supporting geothermal and firm renewable energy were introduced:

House Bill 1808: Relating to Geothermal Royalties
Senate Bill 2510: Relating to Renewable Energy
Senate Bill 2511: Relating to Taxation

Senate Bill 2513: Relating to Renewable Energy
Senate Bill 3195: Relating to Hawaiian Home Lands
Senate Bl 3229: Relating to Geothermal Royalties

O¢ O¢ O¢ O¢ O¢ O«

HGGRC has been encouraging supporters to submit supportive testimonies for these bills.

As of April 2022, the following bills wer
Hawai 0i St at e Lhe glouselFiaanae cammite®,ahe tast oogymittee before the
bills go for final votes and governor approval:

0 Senate Bill 2510: Relating to Renewable Egergquires a balance of renewables
including firm renewable energy
0 Senate Bill 2511: Relating to Taxatipnovides an income tax credit for firm reveble
energy
0 Senate Bill 3195: Relating to Hawaiian Home Laagpropriates money to DHHL for
investigation of geothermal resources on Hawaiian Home Lands.
Senate Bill 3229: Relating to Geothermal Royalteaps the amount of geothermal
royalty funding to the county and state and deposits the balancefundafor the
University of Hawai 6i to use for geot her ma

O«

If passed into lawSenate Bill 3229: Relating to Geothermal Royakuikprovide ~$400k/yr

once PGV6és expansiohotbhd8Ma'wasdéco@®@pbenhdwat er
Resources Center (HGGRC) to conduct further g
Director of HGGRC, whi ch GesphysicstardiPlanetoldgee Hawai 0
Senator Glenn Wakai and Representative Nicole Lowen are vocal in their support of firm

renewable energy. Sen. Wakai, who proposed SB3229 in his support of geothermal, recently
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https://vimeo.com/672809942
https://www.hawaiianelectric.com/clean-energy-hawaii/selling-power-to-the-utility/competitive-bidding-for-system-resources/oahu-renewable-dispatchable-firm-generation-rfp
https://www.hawaiianelectric.com/clean-energy-hawaii/selling-power-to-the-utility/competitive-bidding-for-system-resources/oahu-renewable-dispatchable-firm-generation-rfp
https://www.higp.hawaii.edu/hggrc/wp-content/uploads/2021/03/LautzeThomasGRCPaper2020.pdf
https://www.capitol.hawaii.gov/measure_indiv.aspx?billtype=HB&billnumber=1808&year=2022
http://www.capitol.hawaii.gov/measure_indiv.aspx?billtype=SB&billnumber=2510&year=2022
http://www.capitol.hawaii.gov/measure_indiv.aspx?billtype=SB&billnumber=2511&year=2022
https://www.capitol.hawaii.gov/measure_indiv.aspx?billtype=SB&billnumber=2513&year=2022
https://www.capitol.hawaii.gov/measure_indiv.aspx?billtype=SB&billnumber=3195
https://www.capitol.hawaii.gov/measure_indiv.aspx?billtype=SB&billnumber=3229&year=2022
http://www.capitol.hawaii.gov/measure_indiv.aspx?billtype=SB&billnumber=2510&year=2022
http://www.capitol.hawaii.gov/measure_indiv.aspx?billtype=SB&billnumber=2511&year=2022
https://www.capitol.hawaii.gov/measure_indiv.aspx?billtype=SB&billnumber=3195
https://www.capitol.hawaii.gov/measure_indiv.aspx?billtype=SB&billnumber=3229&year=2022
https://www.capitol.hawaii.gov/measure_indiv.aspx?billtype=SB&billnumber=3229&year=2022
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sentd etter of support for Hawai 6i El ectric Ligh
the Amended anBestated Power Purchase Agreement between HELCO and Puna Geothermal
Venture

&Join Us

Sustainoble Energy
Howoi

Sustainable Energy Hawaii

Presents A B,

Geothermal Power Hawaii's Groundwater &

for Hawaii's Energy Future Geothermal Resources ...

February 5, 2022 & 50 : What We Know
10:003m> 11:30 am HST : Nicole Lautze, Ph.D What We Don't Know

Director, Hawaii Groundwater &
Geothermal Resources Center

Learn about geothermal energy in Hawai i
What.it is = What it isn't
Why it's Important to our future - What it will take to realize its potential

PR UNIVERSITY Friday, January 15, 2021
)| of HAWAI'T 4PM - Via Zoom

MANOA Login Info Below

Richard Ha - Chairman, SEH
Peter Sternlicht - Board Member, SEH
Dr. Don Thomas = Univ. of Hawai'i - S.OES.T.

Dr. Nicole Loutze - Univ. of Hawai'i - HGGRC
Mike Kaleikini - Puna Geothermal Venture
Mililani Trask - Kupuna; Attorney, Island of Hawai'i
Rep. Nicole Lowen - State Representative - District 6

To join this virtual event, register at:

wrw siistainableenergyhawai org

Figure 25. Example flers advertising talks by HGGRC researchers.

2.2 NOBLE GAS SAMPLING AND GEOPHYSICS

Our Phase 3 Statement of Project Objectives included, should time and funding allow, additional
geophysics on Kauaodi and East Ma uum) distabutdd s a mp |
across the state. Time and funding did not allow for completion of any additional geophysics
through this project, although some funding from the State allowed us to obtain some additional
magnetotelluric data around Mauna Kea; such damiacluded in our PF Phase 3 model.

A noble gas study was conducted by graduate student C. Ferguson, who collected
samples from 23 wells across the state and obtained data previously collected by the USGS and
Ormat Inc. Interestingly, and consistentiwour broad PFA results, the newly collected data
provide evidence of magma degaskEigumso, 28r oss t h

3. FINAL PROBABILITY AND CONFIDENC E MAPS

At the conclusion of Phase 1, in Ito et &01{7), we published maps for each island in the State

of Hawai 0i showi ng t h ef each lofcHedt &), dldid (®g), aq@r ob a b i
Permeability (P#), b) the combined probability of a ResourcerjRalculated as the product of

the individual three probabilities, and c) our computed Confidencerin FRg. 26 shows such

Phase 1 results for thes | and of Obéahu. With the mat hemat
(2017, here we recall our reference to the equation used to calculate each Bf-,Rand Pras
the AVoter Equationd because it allows each d

or negatively. We referred to the equation used to calculai ®r t he AVet o Equat.
with each independent Pr between 0 and Inyfiadependent Pr is low, so will be the resource
probability. Not surprisingly, as shown ig. 14, our Phase 1 resource probabilitieszfRare

| ow: |l ess than 10% across most of the state,
45% atthestae 6s only proven site, PGV!

a7


https://twitter.com/PaulThomsen1/status/1493742965046398984/photo/1
https://twitter.com/PaulThomsen1/status/1493742965046398984/photo/1
https://twitter.com/PaulThomsen1/status/1493742965046398984/photo/1
https://scholarspace.manoa.hawaii.edu/handle/10125/73341
https://www.higp.hawaii.edu/hggrc/wp-content/uploads/2019/09/Play-Fairway-2.pdf
https://www.higp.hawaii.edu/hggrc/wp-content/uploads/2019/09/Play-Fairway-2.pdf
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Figure 26. Phase 1 Probability and Confidence results. This is Figure 6 in Ito 20&¥).(

While significant thought was put into our calculation and presentation of a combined
resource probability (Ry in Phase 1, we now believe that our Phase 1 results were too
conservative. While valuable to include in a generalized assessment of rggobedality, we
al so now recogni z ewiluhisetsally be equaHta vea any respurce tepthsP r
(bel ow sea |l evel). Further, due to the pauci:t
known geothermal resource region along KER&e have little ability to constrain #at
expected resource depths (further discussion in se8tn Thus, for this final report, we
present confidence not in therRUt instead in R, and emphasize that the statewide maps of
Pry and Confidencén the Pr should drive future exploration activities.
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3.1 PROBABILITY OF HEAT (PR 1) AND CONFIDENCE IN PRH, INCLUDING
LONAOGI DRI'LLI NG DATA

Figs. 286and29s how t he probability of heat i n the st
calculated following the method outlined in Ito et &017, however here excluding all
groundwater data.Fig. 29 shows the same probability resultsFag. 28 but with water well
temperatures overlaid. These final probability values incorporate all of the Phase 2 geophysical
data as well as an wupdated function for fnheat
new LUnaodi Well 10 t FKgm3dshows thelcaleulatetecanfidenceeimPr nt s .

Why exclude groundwater data from the probability calculationPhe eam discussed three
issues with using groundwater data, which we have in abundance, in the Heat probability and
confidence calculations: i) the absence of a positive thermal indicator in groundwater should not
decrease the Rgiven the conservative nagof such indicators where high rainfall rates can
overwhelm even significant discharges from active hydrothermal systems; ii) large uncertainties
in groundwater flow direction and our inability to unequivocally determine the ultimate source of
the thermalanomalies where observed; and iii) new investigations show there are confounding
factors that impact the silica geothermal indicator.

The first issue is related to the fact th
most of our water wells are stak, and there is an abundance of cold rainfall in much of the
state. We expect this to mute the appearance of geothermal anomalies in existing water wells.
Quantitatively, this issue could be addressed by having a threshold above which the groundwater
data would serve to increase the probability and using only such data. We took this approach in
Phases 1 and 2, but still this does not solve the groundwater flow issue. Establishing more
accurate groundwater flow paths is a monumental task that otherdamgcts are attempting to
take on. Note in Figure 2, the lines emanating from the summit of Mauna Kea. These are
modeled groundwater flow paths that we now know have large inaccuracies. As our
understanding of groundwater in the State increases, teadinto bring the groundwater
temperature, chemistry, and flow data into our probability calculation. As of this writing, we opt
to incorporate only those data in which we have a high level of confidence; thus we do not use
existing groundwater flow modgl and we analyze the groundwater well data in a qualitative
rather than quantitative fashiofig. 29).

How did the fAheat | oss Table below iiststhe shiéldivolcahoeso n ¢ I
within the State of H a w a iirdaist, volcanic emgion,wandt @am t h e
estimated temperature at bet ween 2 and 3 km
exhibit multiple stages, the shield stage,arpostshield stage, +/a rejuvenation stage (more in

section 3.5). The only volcanm which the listed temperature is proven (or such depths
reached) I's atOuK@li dee o fV KIQd aaruee.a , and across |
deeper than 1km have been drilled into el evat
outsice of KERZ in which a key purpose for drilling was to assess temperaiinesther well

is the Saddle Road Well (or PT3), which penetrated to 1.8 km in search of potable water and

in which a maximum temperature of 142°C and a gradient of 170 °C/kredretivand 2 km was

measured.
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rift zones of the older volcanoes across the state. These temperaturesedei® amstruct a
plot of the temperature versus time since thedhsld stagesruption, which was incorporated
into our calculation of Rt Specifically, the temperature age decay functiow/(®+tt) where t is
age since the last shield phase araddonstant (Ito et al2017). In Phases 1 and 2, we applied t
= 0.8 Myr, which gave a relatively rapid temperature decay with age. With the reviss3ha
temperatures and pldEig. 27) to=5.4 Myr, which provides a more modest decay in temperature
with time that favorably influences ir

50

Post Shield Last Shield
Island Volcano Shield (Ma) (Ma) Rejuvenation Eruption (Ma) Temperature (°C)
' ' 0275t0 ' ' '
Hawai KJI| au e apresent n/a n/a 0 310
0.75to
Mauna Loa present n/a n/a 0 310
Hual Ul al1.0t00.15 n/a 0.15 300
Mauna Kea  0.91t00.25 n/a 0.25 290
Kohala 1.3t00.30 n/a 0.4 200
Maui Hal eak al6to0.6 none 0.6 290
West Maui 23t01.3 1.3t01.1 0.61t0 0.39 1.3 290
LOnaé6LUnadéi 21toll none none 1.1 250
Mol ok East Mo25tol5 15t01.3 0.8t0 0.6 Ma 15 250
We s t Mo 25to 1.7 14to 1.7 none 1.7 250
1.1t00.08
O6ahuKod6ol au3.2tol.8 none Ma 1.8 220
Wai 6 ana>39t03.2 3.2to29 none 3.2 180
2.61t0 0.38
Kauadé Kauadi 56to~39 ~39t03.7 Ma 3.9 150
Table 3. Liss the age of volcanism and an estimated geothermal reservoir temperature for each subaerial
shield volcano in the State of Hawai
Table 3 uses the results of the Saddle R
6educated guessb6 at the temperatures at antic
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Figure 27. Empirical fit to establish temperatttiene decay, with temperatures updated based on Phase 3 results.

We opt to prioritize use of the last shield stage (versusgbusid or rejuvenation) given
that the shield stage is associated with the largest volume of magma erupted to form the volcanic
edifice. We envision that the large, leligpd (~1Myr) magmareservoirs associated with
shieldst age activity are most l i kely to cool sl c
erupting in its shield stage. The pgsield stage occurs at the conclusion of the ststlde and
is marked by a change in magmanmposition. Rejuvenation stage eruptions can occur up to
millions of years after shield stage volcanism, and they are typically-solathe. Current
knowledge accounts for magma generation through thespadtt and rejuvenation stage of
activity, butwe do not know how much of the magma that migrates through the crust is erupted
versus intruded into the deeper parts of the island in these later phases.

51



Hawaii Play Fairway

DE-EE0006729

T
158°15'W

22°15'N=1

Hawaii PFA [ ]0.5-0.6[_]0.05-0.1

[o9-10 104
[Jos-09[ o3
[Jo7-08[ 102
[ Jos-07[Jo01

-05 0.02-0.05
-04[Jo01-002 O

~0.3 [ 0005-001 L1 1
-0.2 [l 0-0.005

West
Molokai

b-21°"N

Lanai

T
157°W

Haeakla

Kahoolawe

Figure 28

Probability

of

52

A
IMauna Kea,

“Saddle
- Well

/N\WMauna
Loa| A

subsurface

Heat

across

t

he



Hawaid Play Fairway DE-EE0006729

T
156°W

— T T T
159°45'W 158°30'W 158°15'W

Kauai ey |

Hawaii

F21°15'N

Hawaii PFA [_]05-06[__]0.05-0.1
[o9-10[_J04-05[_]002-0.05
08-09[ 103-04[10.01-0.02
[ Jo.7-08[_]0.2-0.3[]0.005-0.01
[ J06-07[_10.1-0.2 M O0-0.005

15';'W
Molokai
Molokai
-21"N
Lanai New Well Data
Measured T (°C)
- T (°C surface)
Kahoolawe
¢
-20"30'N

Figure 29. Probabiltyof subsurface Heat across the State of Hawai di, over | atiad widgduarhes )l ow
collected in Phase 2 of this Play Fairway project. Wells in which no temperature anomaly was measureah @ shallblack circles.
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